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Abstract
Introduction: Nociceptive stimulus triggers escape responses in Drosophila melanogaster larvae, characterized by 
360° rolling behavior along its own body axis. Therefore, it is possible to study analgesic drugs based on this stereo-
typical nociceptive-like escape behavior. Here, we aimed to develop an analgesic predictive validity test of thermal 
nociception through D. melanogaster larvae.

Materials and methods: We evaluated the effect of classical analgesics (morphine, dipyrone, acetylsalicylic acid 
(ASA) and dexamethasone (DXM)) in the rolling behavior latency of D. melanogaster larvae exposed to thermal-acute 
noxious stimulus and nociceptive sensitization paradigm. Drugs were injected into hemocoel (100 nL) before nocicep-
tive measurement.

Results and discussion: Rolling behavior latency was increased by morphine (2, 4, 8 and 16 ng) in dose-dependent 
manner. Naloxone (4 ng) fully reversed maximum effect of morphine. Dipyrone (32, 64 and 128 ng) and DXM (8 
and 16 ng) elicited dose-dependent antinociceptive effects. Exposure of larvae to 97% of maximal infrared intensity 
induced nociceptive sensitization, i.e., latency changed from 12 to 7.5 seconds. ASA (25, 50 and 100 ng) and DXM 
(4, 8 and 16 ng) were administered 150 min after nociceptive sensitization and displayed reverse sensitization in rapid 
onset (30 min after injection). DXM (16 ng), injected prior to nociceptive sensitization, displayed a delay in the onset 
of action (150 min after injection). Locomotor behaviors were not affected by analgesic substances.

Conclusion: Our findings open perspectives for evaluation and discovery of antinociceptive drugs using D. melano-
gaster larvae model.
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Introduction

The ethical principles and guidelines for scientific ex-
perimentation comprise methods that reduce and/or re-
place the use of animals, especially those subjected to 
painful conditions (Díaz et al. 2020; Fontana et al. 2021). 
Attempting to minimize the use of mammalian vertebrates 
in research, “low-order” animals, such as non-mammali-
an vertebrates and invertebrates, have been adopted for 
partial replacement in various aspects of neuroscience 
(Moulin et al. 2021). For example, to elucidate genetic 
and cellular processes of diseases or to initial drug screen-
ing (Lee and Min 2019; Papanikolopoulou et al. 2019; 
Millet-boureima and Selber-hnatiw 2021).

The study of pain in animals is based on their noci-
ceptive behavior, namely the capacity to respond to po-
tentially damaging stimuli (Abboud et al. 2021). The 
ability to detect and respond to noxious stimuli is present 
throughout the Metazoan kingdom, including in verte-
brates such as Drosophila melanogaster, known as the 
fruit fly (Williams et al. 2019). D. melanogaster has been 
used for over a century in biological research (Kimble 
and Nüsslein-Volhard 2022), as a model organism, in 
drug discovery, genetic research and molecular pathways, 
among other studies (Pandey and Nichols 2011; Verheyen 
2022). This species also has anatomical and physiologi-
cal components that trigger responses to avoid potentially 
harmful stimuli (Im and Galko 2012; Lopez-Bellido et al. 
2019; Dason et al. 2020; Lopez-Bellido and Galko 2020).

Tracey et al. (2003) described a paradigm for in-
vestigation of nociception in third instar larvae of 
D. melanogaster. A hot noxious stimulus evoked escape 
response mediated by nociceptive neurons (Burgos et 

al. 2018; Gu et al. 2022). The escape response consists 
first of body curvature, in which the head and tail move 
simultaneously. Then, larvae present rolling movements 
along their axis, like a corkscrew (Oswald et al. 2011), 
which occurs in variable numbers and most often with 
a 360° rotation. Although the escape behavior can be in-
duced experimentally, it occurs in their natural habitat 
after attacks by Leptopilina parasitic wasps (Tokusumi 
et al. 2017). Female wasps lay their eggs inside Dro-
sophila larvae, which defend themselves by moving the 
anterior and posterior region and/or exhibit the rolling 
behavior response triggered by somatosensory activation 
(Robertson et al. 2013).

Sensory neurons in Drosophila larvae are present 
within the epidermis and extend through the body wall 
(Orgogozo and Grueber 2005). Class IV multidendritic 
neurons (mdIV) are polymodal nociceptors, which encode 
and transduce different noxious stimuli (Smith and Lew-
in 2009; Im and Galko 2012). mdIV are present in both 
ventral and dorsal regions of larvae and have a complex 
branching pattern (Grueber et al. 2002). These neurons are 
essential to nociceptive behavior, and, when blocked, they 
significantly impair thermal and mechanical nociception 
behavior, whereas their optogenetic activation is enough 
to trigger the stereotyped rolling response (Hwang et al. 
2007; Dason et al. 2020). Nociceptive rolling behavior is 
also initiated at lower-threshold temperatures and at high-
er frequencies when the temperature increased rapidly 
(Luo et al. 2017a).

D. melanogaster larvae have a relatively simple ner-
vous system and exhibit sensory response to high intensi-
ty mechanical and thermal stimuli. The robust escape be-
havior upon nociceptive thermal stimulus is well defined, 
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allowing the determination of the larvae thermal nocicep-
tion, as well as the replacement of mammalians in pain 
research. To validate D. melanogaster larvae as a model 
to detect potential analgesic substances upon nociceptive 
stimulus and pain-induced sensitization, we assessed the 
effects of opioid, nonsteroidal and steroidal substances in 
infrared noxious stimulus. This methodology would con-
tribute to the progress in the nociceptive biology field and 
the reduction of mammals in animal experimentation.

Materials and methods
Animals

Third instar larvae of D. melanogaster (wild-type, WT) 
were provided by the Evolutionary Cytogenetic Laborato-
ry of Department of General Biology – Institute of Biolog-
ical Science, Federal University of Minas Gerais (Brazil). 
The fly strain used was derived from WT D. melanogaster 
specimens collected in nature and kept for successive 
crossings that ensure genetic homogeneity. All animals 
were descendant from a single female fly. D. melanogaster 
larvae were grown at 24±1 °C in a natural light/dark cy-
cle of 12 hours and maintained in glass vials containing 
standard corn meal food media mixture (51% cornmeal, 
14% agar, 14% yeast, 11% soy flour, 9% sugar, and 1% 
methylparaben) prepared in de-ionized water.

Drugs and chemicals

Artificial hemolymph contained (mM): NaCl (117.5), 
KCl (20), CaCl2 (2), MgCl2·6H2O (8.5), NaHCO3 (10.2), 
NaH2PO4 (4.3), HEPES (8.6), L-glutamine (10), and glucose 
(20) (Bijelik et al. 2005). Morphine (Merck, Germany), Nal-
oxone (Sigma, USA), Dipyrone (Sigma, USA) and Dexa-
methasone (Aché, Brazil) were dissolved or diluted in arti-
ficial hemolymph. Acetylsalicylic acid (Sigma, USA) was 
dissolved in artificial hemolymph with DMSO 0.002%.

Hemocoel injections

Each D. melanogaster larva was immobilized on a micro-
scope slide with a double-sided tape and placed under an 
electrophysiology micromanipulator (Molecular Device, 
HL-U pipette holder; Siskiyou, MC1000e-J) coupled to 
40× objective. A 200 μL tip, pulled out to a fine tip over 
a low flame, was used to transfer 100 nL of drug solution 
to a glass micropipette (tip diameter 3 μm). This glass mi-
cropipette was coupled to the micromanipulator and used 
to insert the tip into the hemocoel, between A4–A5 larvae 
segments. Positive air pressure, supplied by a 5 ml sy-
ringe connected to polyethylene tubing in the back of the 
glass micropipette, was used to dispense solutions into the 
hemocoel. All solutions were injected to final volume of 
100 nL. Immediately after the injection, larva was careful-
ly removed from double-sided tape with water and a brush. 
This procedure was adapted from Bijelic et al. (2005).

Rolling behavior assay

Each D. melanogaster larva was placed in water droplet 
(20 µL) on a petri dish. The petri dish was positioned on 
glass surface of a Hargreaves apparatus (Ugo Basile, Ita-
ly). Infrared radiation source (infrared light with 8V volt-
age and 50W power) was perpendicularly positioned un-
der the glass, towards the water droplet. Rolling Behavior 
Latency, time (seconds, s) from incidence until escape 
motion (360° rolling along body axis), was defined as 
the nociceptive measurement and visualized by binocular 
loupe (16× magnification, Zeis). The upper cutoff was set 
to 32 s, as when this value was reached, the infrared light 
was switched off automatically. The rolling behavior as-
say was conducted blind to drug and dose injection.

Infrared radiation intensity

To determine the best working infrared radiation intensi-
ty, 20 larvae per group were exposed under different rela-
tive intensities of infrared radiation lamp (85, 90, 95 and 
99% of apparatus maximum power). 95% was chosen for 
other procedures, in which the rolling behavior latency 
was observed in 11.7±1.3 s.

Measurement of water droplet temperature

Water droplet temperature (20 μL) was measured for 95% 
infrared intensity. Measurements were made by thermo-
couple connected to a computer every 5 s, for 30 s. It was 
recorded and analyzed by Clampex 10.5 and Clampfit 
10.5 software, respectively. The following second order 
polynomial function was used to determinate water drop-
let temperature (y) after rolling behavior latency at 95% 
infrared intensity (x):

y = 25.36 + 0.4721x − 0.008134x2

Effects of analgesic substances on infrared nociception

Basal rolling behavior latency was initially recorded 
(n = 7 per group). Morphine (2, 4, 8 and 16 ng), dipyrone 
(32, 64 and 128 ng) and dexamethasone (DXM; 4, 8 and 
16 ng) were evaluated at 0, 5, 10, 15, 20 minutes (min) 
after hemocoel injection (a.i.h) until 30, 60 or 120 min. 
The involvement of opioid receptors was assessed by 
concomitant administration of 16 ng morphine and nalox-
one (1, 2 or 4 ng) after injection. Doses were established 
from those used in mice, considering proportions of body 
weights. Artificial hemolymph was used as negative con-
trol for all the experiments.

Effects of analgesic substances on locomotor behavior

After hemocoel injection of vehicle, morphine (16 ng), 
dipyrone (128 ng) or dexamethasone (16 ng), each 
D. melanogaster larva (n = 10 per group) was gently placed 
on a Petri dish with 1% agar over a graph paper with 0.1 cm². 
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Locomotor behaviors were registered for 2 minutes in the 
peak of antinociceptive action (1 min after morphine and 
dipyrone injection and 150 min after for dexamethasone). 
Drosophila locomotion patterns were categorized as strid-
ing (when larva moves linearly covering a significant dis-
tance) or non-striding (when larva turns its head sideways 
and bends its body without moving long distances) (Lahiri 
et al. 2011; Aleman-Meza et al. 2015). The results were re-
ported as the total striding locomotor distance (cm²) and the 
total number of non-striding movements.

Induction of thermal nociceptive sensitization

After basal rolling behavior latency measurement, each 
larva was exposed to 95, 97 or 99% infrared intensity 
during 32 s. The SHAM group consists of animals placed 
on the apparatus for 32 s without exposure to infrared 
stimulus, whereas the NAÏVE group was not previously 
exposed to the apparatus. Rolling behavior latency was 
evaluated at 95% infrared intensity, each 30 min up to 
300 min (5 hours). 97% infrared intensity was selected to 
induce infrared nociceptive sensitization.

Effects of ASA and DXM on infrared-induced nocicep-
tive sensitization

Basal rolling behavior latency was initially measured. Ar-
tificial hemolymph was used as control for all treatments. 
ASA (25, 50 and 100 ng) or DXM (4, 8 or 16 ng) were 
administered 150 min after infrared-induced nociceptive 
sensitization. Alternatively, DXM (16 ng) was adminis-
tered before the nociceptive sensitization protocol. Rolling 
behavior latency was measured each 10 min for 60 min.

Statistical analysis

D. melanogaster larvae were randomly distributed be-
tween experimental and control groups. Rolling behavior 
latency was represented as mean±standard error of the 
mean (SEM) (n = 7 per group). Maximum possible effect 
(MPE) was defined by the following equation, adapted 
from (Le Bars et al. 2001):

MPE RL RL
C RL

t

0

100

where, RLt is rolling behavior latency after treatment; RL 
is rolling behavior latency of the control group; Co is cut-
off time (32 s).

Data were presented as the mean ± the standard error 
of the mean (SEM). All the data were subjected to tests 
to verify the homogeneity of variances (Bartlett’s test) 
and if they followed a normal distribution (Shapiro–Wilk 
test). A two-way analysis of variance (ANOVA) repeated 
measures with Bonferroni’s post-hoc test was performed 
to compare treatments at different time points. One-way 
ANOVA followed by the post hoc Bonferroni test was 
performed to compare the differences among treatments 
in a determined time point. All statistical analyses were 

performed using a GraphPad Prism version 5.02 for Win-
dows (GraphPad Software, San Diego, California, USA). 
Values of p < 0.05 were considered statistically significant.

Results and discussion
Choice of infrared radiation intensity

Rolling behavior latencies for 85% and 90% were 
12.6±3.0 s and 12.3±2.7 s, respectively. 95% displayed 
mean rolling behavior latency in 11.7±1.3 s. The lowest 
rolling behavior latency was observed for 99% (9.8±2.6 s) 
(Fig. 1A). 95% was chosen to evaluate potential antinoci-
ceptive substances.

Water droplet temperature of rolling behavior

The water droplet average temperature that evoked roll-
ing behavior latency was 29.8 °C (Fig. 1B).

Morphine antinociceptive effect in D. melanogaster 
larvae

Morphine (2, 4, 8 and 16 ng) affected rolling behav-
ior latency in a dose-dependent manner (treatment: 
F(4, 270) = 213.64; time: F(9, 270) = 274.56; interaction: 
F(36, 270) = 38.27, p < 0.0001) (Fig. 2A). The highest dose 
(16 ng) produced 91% MPE at 0 min, i.e., rolling behav-
ior latency reached 30.2±0.6 s after hemocoel injection. 
Thresholds reduced gradually but did not return to the 
baseline even 120 min after hemocoel injection. The 57% 
MPE was observed immediately after the administration 
of 8 ng of morphine (23.3±0.5 s). This effect decreased 
with time and lasted for 90 min. Morphine (4 ng) evoked 
rolling behavior latency in 19.6±0.3 s (39% MPE), 
whereas morphine (2 ng) – in 15.3±0.5 s (18% MPE). 
The antinociceptive effect of those doses lasted 20 and 
10 min, respectively. Naloxone was able to reverse mor-
phine antinociceptive effect in dose-dependent manner 
(F5, 36 = 305.9, p < 0.0001). Naloxone 4 ng completely re-
versed morphine effect (11.9±0.4 s), while doses of 2 and 
1 ng exhibited partial reversal (16.8±0.9 s and 23.0±1.8 s, 
respectively). Naloxone (4 ng) administered alone had no 
effect in comparison to vehicle group (Fig. 2B).

Dipyrone acts as an antinociceptive substance in 
D. melanogaster larvae

Hemocoel injections of dipyrone (32, 64 and 128 ng) 
elicited dose-dependent antinociception (rolling behavior 
latencies were 16.4±0.4 s, 21.3±1.5 s and 26.2±0.9 s, re-
spectively; treatment: F(3, 168)=19.93; time: F(7, 168)=110.08; 
interaction: F(21, 168)=21.84; p < 0.0001) (Fig. 3). All dos-
es produced the peak effect immediately after adminis-
tration, in which MPE increased according to the dose: 
23, 47 and 71%, respectively. Dipyrone effect lasted for 
10 min for the highest dose and 5 min for other doses.
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Infrared-induced nociceptive sensitization

Exposing larvae for 32 s to 95% infrared intensity did 
not induce nociceptive sensitization during the time 
observed (5 hours after induction). 97% intensity sen-
sitization peaked 180 min after induction. At this time, 

rolling behavior latency was reduced from 12.1±0.5 s to 
7.5±0.4 s. Similarly, the group exposed to 99% intensi-
ty reduced rolling behavior latency from 11.8±0.4 s to 
7.3±0.4 s; however, sensitization peaked after 120 min 
(treatment: F(4, 406) = 13.43; time: F(14, 406) = 5.52; interac-
tion: F(56, 406) = 8.51; p < 0.0001) (Fig. 4). Rolling behavior 

Figure 1. Infrared radiation intensity and time/temperature curve. (A) Larvae were exposed to different relative intensities of 
infrared radiation (85, 90, 95 and 99% of apparatus maximum potency). The traced line represents the rolling behavior latency 
mean±SEM of 20 larvae per group. 85%=12.6±3.0 s; 90%=12.3±2.7 s; 95%=11.7±1.3 s; 99%=9.8±2.6 s. Each symbol represents 
rolling behavior latency of a single larvae. (B) The water droplet (20 µL) was placed on a petri dish and submitted to infrared radi-
ation at 95% maximum potency. Each point represents mean±SEM for 4 measurements determined with a thermocouple, 5 s each. 
Dotted plot represents the relationship between rolling behavior latency (11.7 s) and temperature (29.8 °C), determined by a second 
order polynomial regression curve.

Figure 2. Antinociception induced by morphine in D. melanogaster larvae. (A) Morphine (2, 4, 8 and 16 ng) was injected into 
hemocoel. Each line represents mean±SEM of 7 animals per group. *p < 0.05, significant difference compared with vehicle group 
(Two-way ANOVA repeated measures and Bonferroni test). (B) The non-selective antagonist, naloxone (1, 2 and 4 ng) was adminis-
tered concomitantly with morphine (16 ng). Each bar represents mean±SEM of 7 animals per group. *p < 0.05 significant difference 
compared with vehicle group; #p < 0.05 indicated a significant difference compared to morphine (16 ng) (One-way ANOVA and 
Bonferroni test). Vehicle = artificial hemolymph.
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latencies were significantly different 30 min before sensi-
tization peak when compared to SHAM rolling behavior 
latency and returned to the baseline 60 min after sensiti-
zation peak (97 and 99%). There were no statistical dif-
ferences between SHAM and NAÏVE groups, i.e., expo-
sure to the apparatus did not interfere with the observed 
responses. 97% infrared intensity was selected to induce 
nociceptive sensitization in the following protocols.

ASA reversed infrared-induced nociceptive sensitization

ASA (25, 50 and 100 ng), injected 150 min after infra-
red-induced nociceptive sensitization, produced signif-
icant and dose-dependent increment in rolling behavior 
latency (treatment: F(4, 210) = 204.86; time: F(7, 210) = 118.30; 
interaction: F(28, 210) = 15.22; p < 0.0001) (Fig. 5A). ASA 
(25 and 50 ng) partially reversed infrared-induced noci-
ceptive sensitization. These effects occurred for 40 min, 
with peaks at 30 and 20 min after hemocoel injection, re-
spectively. 10 min after hemocoel injection, ASA (100 ng) 
completely reversed nociceptive sensitization. This effect 
was significant over time and peaked 20 min after hemo-
coel injection. ASA (100 ng) was also evaluated without 
induction of nociceptive sensitization. Rolling behavior 
latency assessed for this group was not different when 
compared to negative control group (Fig. 5B).

Short-term and long-term effects of DXM in infra-
red-induced nociceptive sensitization

DXM (4, 8 and 16 ng), was injected 150 min after in-
frared-induced nociceptive sensitization, produced a 
dose-dependent profile (treatment: F(4, 300) = 107.92; time: 
F(10, 300) = 77.57; interaction: F(40, 300) = 11.96; p < 0.0001) 
(Fig. 6A). Nociceptive sensitization was completely re-
versed by DXM (8 and 16 ng). Both effects persisted 
for 50 min, with peaks 30 min after hemocoel injection. 
Dexamethasone (4 ng) produced a significant antinoci-
ceptive effect upon sensitization from 10 to 60 min after 
hemocoel injection, peaking at 20 min after hemocoel in-
jection. The rapid onset and shorter duration of the effect 
indicates a short-term effect of DXM, which is defined 
as acute antinociceptive action of DXM. Regarding the 
long-term effect, DXM (16 ng) reversed rolling behavior 
latency 150 min after hemocoel injection. and lasted for 
60 min (treatment: F(1, 120) = 283.68; time: F(10, 120) = 34.15; 
interaction: F(10, 120) = 26.77; p < 0.0001) (Fig. 6B). DXM 
(8 and 16 ng) (without previous nociceptive sensitization) 
elicited antinociceptive effects 20 and 15 min after hemo-
coel injection, respectively. In both groups, peak effect 
was also observed 30 min a.i.h (treatment: F(4, 270) = 2.91; 
F(7, 210) = 118.30; p < 0.0001; interaction: F(36, 270) = 6.00; 
p < 0.0378) and was no longer detected 60 min after 
hemocoel injection. DXM (4 ng) did not show significant 
effect when compared to vehicle group (Fig. 6C).

Locomotor behaviors of D. melanogaster larvae were 
not affected by analgesic substances

The striding and non-striding locomotor behaviors of 
D. melanogaster larvae were not significantly different 
in the peak of antinociceptive action compared to vehicle 
group (Fig. 7).

It is hard to estimate, even roughly, the number of an-
imals used in research worldwide. Currently, only a few 
countries collect, analyze and publish this data, making 
it difficult to precisely quantify animal usage, but this 

Figure 3. Dipyrone induced antinociception in D. melanogaster 
larvae. Dipyrone (32, 64 and 128 ng) was injected into hemo-
coel. Each line represents mean±SEM of 7 animals per group. 
*p < 0.05 indicated significant difference compared with vehicle 
group (Two-way ANOVA repeated measures and Bonferroni 
test). Vehicle = artificial hemolymph.

Figure 4. Infrared-induced nociceptive sensitization in D. mela-
nogaster larvae. Larvae were exposed for 32 s to 95, 97 or 99% 
maximal infrared intensity. Each line represents mean±SEM 
for 7 animals per group. *p < 0.05 significant difference com-
pared with SHAM rolling behavior latency (Two-way ANOVA 
repeated measures and Bonferroni test). NAÏVE group was not 
previously exposed to the apparatus. SHAM group was placed 
on apparatus during the same time interval without exposure to 
infrared radiation. Vehicle = artificial hemolymph.

https://pubchem.ncbi.nlm.nih.gov/compound/Aspirin
https://pubchem.ncbi.nlm.nih.gov/compound/Aspirin
https://pubchem.ncbi.nlm.nih.gov/compound/Aspirin
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dexamethasone
https://pubchem.ncbi.nlm.nih.gov/compound/Dipyrone
https://pubchem.ncbi.nlm.nih.gov/compound/Dipyrone


Research Results in Pharmacology 8(4): 185–196 191

number is large, reaching up to 190 million higher animals 
killed per year (Taylor and Alvarez 2019). There is great 
effort aimed at reducing this number, and the requirement 
of an ethics committee approval for publishable research 
conducted on animals reflects this struggle. Despite this, 
new approaches are needed and the use of invertebrates 
for research purposes is gaining attention, especially those 
well characterized, such as Drosophila melanogaster.

Here we show that morphine, dipyrone and DXM, 
well-known analgesic substances, are capable of eliciting 
antinociceptive effects on thermal nociception in D. mela-
nogaster larvae. In addition, infrared-induced nociceptive 
sensitization was achievable in the scope of the proposed 

model. Such sensitization was shown to be reversed by 
ASA and DXM, in which DXM produced short and long-
term effects.

Several studies demonstrated nociceptive behavioral re-
sponses of D. melanogaster larvae upon mechanical stim-
ulus (Hwang et al. 2007; Jang et al. 2019, 2022) and local 
or global thermal stimulation (Oswald et al. 2011; Chat-
topadhyay et al. 2012; Yoshino et al. 2017). The present 
study aimed at induced thermal nociception using an infra-
red lamp was based on the classical Hargreaves method for 
murines (Hargreaves et al. 1988). The 95% apparatus max-
imal infrared power was chosen since the rolling behavior 
response variation allows the detection and visualization 

Figure 5. ASA reversed infrared-induced nociceptive sensitization. (A) ASA (25, 50 and 100 ng) was injected into hemocoel 150 
min after induced nociceptive sensitization. Each line represents mean±SEM for 7 animals per group. *p < 0.05; significant differ-
ence compared with vehicle group (Two-way ANOVA repeated measures and Bonferroni test). Nociceptive sensitization: larvae 
were exposed to 97% infrared intensity during 32 seconds. SHAM group was placed on the apparatus for the same time interval 
without exposure to radiation. (B) ASA (100 ng) was injected into hemocoel. Each line represents mean±SEM of 7 animals per 
group. Vehicle = artificial hemolymph and DMSO 0.002%.

Figure 6. Short-term and long-term effects of DXM in D. melanogaster larvae. (A) DXM (4, 8 and 16 ng) was injected into 
hemocoel 150 min after induced nociceptive sensitization. (B) DMX (16 ng) was injected into hemocoel prior induced nocicep-
tive sensitization. (C) DXM (4, 8 and 16 ng) was injected into hemocoel. Each line represents mean±SEM of 7 animals per group 
(Two-way ANOVA repeated measures and Bonferroni test). *p < 0.05 indicated significant difference compared with vehicle group. 
Nociceptive sensitization: larvae were exposed to 97% infrared intensity for 32 seconds. SHAM group was placed on the apparatus 
for the same time interval without exposure to radiation time. Each line represents mean±SEM of 7 animals per group. Vehicle = 
artificial hemolymph.
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of analgesic effects. In contrast, the dispersed rolling be-
havior latency at 85 and 90% could impair the detection 
of antinociceptive effect since the cut-off time of apparatus 
is 32 s. At 99% intensity stereotypic behaviors appeared, 
such as whipping and tremors, followed by rolling behav-
ior. Those behaviors are typically elicited after rolling be-
havior (Oswald et al. 2011; Chattopadhyay et al. 2012), 
therefore, it could damage larvae tissue exposed to 99%.

Radiation from the infrared lamp is absorbed mainly by 
water molecules, causing agitation, hence, heating (Hardy 
et al. 1951). This kinetics can be measured by temperature. 
To assess the water droplet temperature at the rolling be-
havior latency, we measured the related heating kinetics. 
Using a second order polynomial fitting to the obtained 
curve, we estimated that the water droplet temperature was 
29.8 °C at mean rolling behavior latency. Considering that 
infrared beam directed to water droplet plus larva system 
has a high potency and homogenously irradiates the entire 
system, it is expected that the surrounding water will heat 
more slowly than the larval tissues. Indeed, water specific 
heat (1.0 cal.g-1 °C-1) is 25% higher than the specific heat 
of larval insect, namely 0.8 cal.g-1 °C-1 (Shinozaki 1957), 
resulting in larval temperatures being higher than those 
measured in pure water droplet. As an example, and con-
sidering that the amount of heat transferred is proportional 
to specific heat, a water droplet at 30 °C would indicate a 
larva at 38 °C, a temperature consistent with activation of 
peripheral nociceptors was observed in literature (Tracey 
et al. 2003; Oswald et al. 2011; Chattopadhyay et al. 2012). 
Moreover, nociceptive rolling behavior is also initiated at 
lower-threshold temperatures and at higher frequencies 
when the temperature increased rapidly (Luo et al. 2017b).

Here, analgesic agents were injected into D. melanogas-
ter larvae hemocoel, a cavity filled with hemolymph, which 
bathes the organs with oxygen and nutrients and maintains 

larvae osmolarity (Bijelic et al. 2005). Hemocoel injection 
provides a bolus of drugs, which are expected to be evenly 
distributed throughout larval tissues in quick manner due to 
its small size. It is also known that all drugs used cross the 
blood brain barrier in mammals, rendering please check as 
capable of permeating neuronal tissues in D. melanogas-
ter larvae (Schirmeier and Klämbt 2015). Considering the 
complexity of this fluid, artificial hemolymph was used as 
a drug vehicle and administered in all control groups. As 
expected, artificial hemolymph has no antinociceptive ef-
fects. To rule out any mechanical impairment of larval roll-
ing behavior related to hemocoel injection, rolling behavior 
latency of groups treated only with vehicle was compared 
to those of sham animals. No significant difference was 
found in latency for rolling behavior between those groups.

The first analgesic investigated with the proposed mod-
el was morphine, an opioid commonly used to treat pain 
(Devereaux et al. 2018). The presence of opioid peptide, 
enkephalin, has been demonstrated in the nervous sys-
tem of D. melanogaster (Pagés et al. 1983). Accordingly, 
opioid drugs have been shown to bind stereo-specifical-
ly and with high affinity to neuronal tissue of the fruit 
fly D. melanogaster (Santoro et al. 1990). Although no 
bona fide opioid receptor has been identified in flies using 
bioinformatics (Birgül et al. 1999), four receptors with 
structural similarities to mammalian somatostatin, galanin 
and opioid receptors, as well different neurotransmitters 
were found from all stages of D. melanogaster (Hewes 
and Taghert 2001; Estacio-Gómez et al. 2020; Nässel and 
Zandawala 2020; Dvořáček and Kodrík 2021). We showed 
that morphine was able to increase rolling behavior la-
tency in a dose-dependent manner. The possible role of 
opioid-like receptors in morphine antinociception is sug-
gestive from our results, since naloxone, a non-selective 
opioid receptor, fully reversed morphine effects.

Figure 7. Effects of analgesic substances on locomotor behaviors. Morphine (16 ng), dipyrone (128 ng) and DXM (16 ng) did not 
affected the striding (locomotor distance, cm²) and non-striding behavior (total number of movements) when compared to vehicle 
group. Locomotor behaviors were evaluated in the peak of action of each drug (morphine and dipyrone: t = 1 min post-injection; 
DXM: t = 30 min post-injection). Data represents mean±SEM of 10 animals per group. Vehicle = artificial hemolymph.
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Dipyrone is a well-known and effective analgesic and 
antipyretic, commonly used in human health care and vet-
erinary practice (Jasiecka et al. 2014). In D. melanogaster 
larvae, dipyrone also had dose-dependent antinociceptive 
effect. This result opens perspectives aiming to elucidate 
the still controversial mechanism of action, since D. mela-
nogaster can be manipulated genetically and used in con-
junction with other pharmacological tools.

We also investigated whether nociceptive sensitiza-
tion could be induced by infrared radiation, detected by 
infrared stimulus and reversed by specific pharmacolog-
ical agents. Nociceptive sensitization is characterized 
by the facilitation and increase in nociceptor responses, 
triggered by a decreased threshold to mechanical, chem-
ical or thermal tissue injuries (Woolf 2018). Here, we in-
duced nociceptive sensitization in D. melanogaster larvae 
through acute exposure to distinct intensities (95, 97 and 
99% maximal potency of the apparatus) of infrared radi-
ation, during 32 s. Sensitization peaked after three and 
two hours (97% and 99%, respectively), characterized by 
a reduction in baseline rolling behavior latencies.

Several inflammatory mediators, such as prostaglan-
dins (PGs), are essential during inflammatory processes 
and consequently play central roles in nociceptive sen-
sitization (Gold and Gebhart 2010; Jang et al. 2020; Oi-
kawa et al. 2022). PGs are derived from arachidonic acid 
and synthesized by cyclooxygenases (COX), which are 
irreversibly inhibited by ASA, a non-steroidal anti-in-
flammatory drug (Roth and Majerus 1975). Pagés et al. 
(1986) determined the existence of COX-like activity in 
D. melanogaster. A possible Cox homolog is Pxt (perox-
inctin-like) with conserved COX-like catalytic residues 
(Tootle and Spradling 2008; Scarpati et al. 2019). To in-
vestigate whether nociceptive sensitization could be relat-
ed to an inflammatory response, increasing doses of ASA 
were administered into sensitized larvae. Dose-dependent 
antinociceptive effect was detected. However, the ASA 
effect is attenuated over time, i.e., inhibition of sensitiza-
tion does not persist. Since the drug irreversibly inhibits 
COX, we posit that other inflammatory mediators could 
be present, but further studies are needed.

DXM is a synthetic analogue of glucocorticosteroids 
that acts mainly via steroid receptors (Smoak and Cid-
lowski 2004). During inflammation, the most important 
factor blocked by DXM is the nuclear factor kappa B 
(NF-κB), with consequent decrease in the levels of COX 
and TNF. DXM also regulates inflammatory resolution 
genes, such as annexin 1, which requires time to the on-
set of action (Smoak and Cidlowski 2004; Jiang et al. 
2015). In mammals, non-genomic mechanisms have also 
been described, characterized by their rapid action on-
set, hence defined as short-term effects (Panettieri et al. 
2019). Several orphan steroid receptors were identified 
in Drosophila, as well as two annexins, involved in cell 
differentiation and insect development (Johnston et al. 
1990; Carney and Bender 2000). Moreover, the Estrogen 
Related Receptor (Err) gene was identified as the closest 
genetic vertebrate glucocorticoid receptor homolog in D. 

melanogaster (Bartolo et al. 2020). Here, DXM reversed 
dose-dependent sensitization approximately 20 min after 
injection; then, we categorized such an action as a short-
term effect. The same doses increased rolling behavior 
latency without prior exposure to nociceptive sensitiza-
tion. We also identified possible long-term genomic ef-
fects of DXM.

Systemic injections of analgesic drugs could impact 
nociception and sensory neurons specifically or affect 
motor neurons and central neurons in the nociceptive 
circuit. To demonstrate that the antinociceptive effects 
by analgesics are sensory/nociceptive rather than loco-
motory/motor, we evaluated the striding and non-striding 
movements of larvae injected with vehicle, morphine, 
dipyrone or DXM (drugs that produced antinociception 
without infrared-induced nociceptive sensitization). As 
expected, the results presented here are due to antinoci-
ceptive effects and not due to inhibition of normal loco-
motion and motor coordination.

Over the past decades, studies in pain-suppressed 
behavior along with pain-evoked behaviors have been 
performed to improve the translation of putative anal-
gesic drugs from animals to humans. Although neither 
D. melanogaster nociceptive models nor pain-suppressed 
behaviors have been described yet, it has been shown that 
many proteins play an important role in nociception and 
other behaviors. For example, the TRPA channel protein 
(painless) is required for thermal and mechanical noci-
ception and for an abnormal fly male–male courtship be-
havior (Wang et al. 2011). The loss of G-Protein-Coupled 
Neuropeptide Y-Like Receptor leads to abnormal larval 
sugar-averse behavior as well as a delay in the thermal 
aversive response (Xu et al. 2010). Here, we evaluated 
the use of acute noxious thermal stimulus on larvae and 
the suppression of the avoidant behavior they evoke by 
classical analgesics. It is known that larvae exposed to 
long global heating of their bodies, in a model similar the 
one applied here, display a seizure-like behavior that is 
followed by paralysis (Chattopadhyay et al. 2012). Most 
of the larvae exposed to that paradigm end up becoming 
non-viable pupas, an occurrence linked to the cited pain-
evoked behavior. It would be interesting to test pupal 
viability of treated vs. sham larvae, to address how pain 
suppression could impact pupation.

Conclusion

In sum, the characterization of behavioral escape respons-
es, modulation of nociception and antinociceptive effects 
of distinct classes of drugs suggest that D. melanogaster 
could be used in pain pharmacological research and noci-
ceptive biology. The easy genetic manipulation and avail-
ability of usable pharmacological tools appear as an alterna-
tive in the drug discovery process. In addition, Drosophila 
approaches to physiological and pharmacological pain will 
reduce nociceptive experimentation in mammals, as one of 
the animal experimentation ethical principles.
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