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Abstract

Background and Purpose: The oxidant sensor transient receptor potential ankyrin

1 (TRPA1) channel expressed by Schwann cells (SCs) has recently been implicated in

several models of neuropathic pain in rodents. Here we investigate whether the pro-

algesic function of Schwann cell TRPA1 is not limited to mammals by exploring the

role of TRPA1 in a model of chemotherapy-induced peripheral neuropathy (CIPN) in

zebrafish larvae.

Experimental Approach: We used zebrafish larvae and a mouse model to test

oxaliplatin-evoked nociceptive behaviours. We also performed a TRPA1 selective

silencing in Schwann cells both in zebrafish larvae and mice to study their contribu-

tion in oxaliplatin-induced CIPN model.

Key Results: We found that zebrafish larvae and zebrafish TRPA1 (zTRPA1)-

transfected HEK293T cells respond to reactive oxygen species (ROS) with nocicep-

tive behaviours and intracellular calcium increases, respectively. TRPA1 was found to

be co-expressed with the Schwann cell marker, SOX10, in zebrafish larvae. Oxalipla-

tin caused nociceptive behaviours in zebrafish larvae that were attenuated by a

TRPA1 antagonist and a ROS scavenger. Oxaliplatin failed to produce mechanical

allodynia in mice with Schwann cell TRPA1 selective silencing (Plp1+-Trpa1 mice).

Comparable results were observed in zebrafish larvae where TRPA1 selective silenc-

ing in Schwann cells, using the specific Schwann cell promoter myelin basic protein

(MBP), attenuated oxaliplatin-evoked nociceptive behaviours.

Abbreviations: CIPN, chemotherapy-induced peripheral neuropathy; HEK293T, human embryonic kidney; PLP1, proteolipid protein 1; ROS, reactive oxygen species; SC, Schwann cell.
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Conclusion and Implications: These results indicate that the contribution of the oxi-

dative stress/Schwann cell/TRPA1 pro-allodynic pathway to neuropathic pain models

seems to be conserved across the animal kingdom.
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nociceptive behaviours, oxaliplatin, oxidative stress, Schwann cells, transient receptor potential
ankyrin 1 (TRPA1)

1 | INTRODUCTION

Zebrafish represent an alternative and informative model for the

study of pain and its treatment (Malafoglia et al., 2013; Ohnesorge

et al., 2021). Growing evidence shows that zebrafish modulate their

behaviour in response to mechanical, chemical or thermal painful

stimuli (Curtright et al., 2015) by two different populations of somato-

sensory neurons in the head and body, trigeminal neurons and

Rohon–Beard (RB) neurons, respectively (Prober et al., 2008). Zebra-

fish larvae exhibit effortless evaluable pain behaviours and specifically

allow the study of the pathophysiology and pharmacology of unmy-

elinated axons, as Rohon-Beard (RB) neurons are typically unmyelin-

ated (Koudelka et al., 2016; Lysko & Talbot, 2022).

A member of the transient receptor potential (TRP) family of chan-

nels, the ankyrin 1 subtype (TRPA1), has been implicated in various pain

models (Nassini et al., 2014; Souza Monteiro de Araujo et al., 2020).

TRPA1 is highly sensitive to oxidative stress and amplifies reactive

oxygen species (ROS) production (De Logu et al., 2017; De Logu, Souza

Monteiro de Araujo, et al., 2021; Takahashi & Mori, 2011). Zebrafish

express two TRPA1 paralogs (TRPA1a and TRPA1b) (Prober

et al., 2008). TRPA1a is exclusively expressed in most posterior vagal

ganglion neurons, which innervate various visceral organs, including the

gut, whereas TRPA1b is mainly expressed in a subset of trigeminal and

RB sensory neurons that innervate skin and other somatic tissues

(Prober et al., 2008). In vivo and in vitro studies suggest that TRPA1b is

the major contributor to chemical sensation deriving from both internal

and external stimuli, whereas TRPA1a function is limited to internal

stimuli (Prober et al., 2008).

Chemotherapy-induced peripheral neuropathy (CIPN) is one of

the most frequent and disabling side effects of several anticancer

drugs, including platinum-based drugs (Banach et al., 2017;

Zajaczkowska et al., 2019), which occurs in approximatively 90% of

patients receiving chemotherapy (Fallon, 2013). CIPN symptoms are

varied in duration and intensity from acute, thermal and tactile allody-

nia or hyperalgesia to chronic pain and irreversible nerve damage

(Seretny et al., 2014; Zajaczkowska et al., 2019). The mechanisms

underlying painful CIPN are poorly understood. In recent years, zebra-

fish have gained prominence as a preclinical drug discovery model

thanks to many advantages, including the large number of larvae avail-

able, whole immunohistochemistry imaging and the conservation of

80% of human disease-causing genes (Goldsmith & Jobin, 2012). CIPN

models in zebrafish show marked similarity to mammal models

(Cirrincione & Rieger, 2020). A dose-dependent reduction in sensory

axon branch density and altered movement was reported in zebrafish

embryos treated with vincristine and bortezomib (Khan et al., 2012).

Paclitaxel treatment in zebrafish larvae induces degeneration of

unmyelinated axons of RB sensory neurons and increases sensitivity

to mechanical stress and hydrogen peroxide levels (Lisse et al., 2016).

We previously reported the implication of TRPA1 and TRP vanilloid

4 (TRPV4) and oxidative stress, in mediating mechanical and cold

hypersensitivity in different mouse models of CIPN (De Logu

et al., 2020; Materazzi et al., 2012; Nassini et al., 2011; Trevisan

et al., 2013). More recently, antagonism of sigma-1 receptor reduced

the trafficking of TRPA1 to the plasma membrane preventing the

painful symptoms associated with CIPN in mice (Marcotti et al., 2023).

Schwann cells (SCs), among the most represented nucleated cells

of peripheral nerves, are known to protect and nurture nerve fibres

(Oliveira et al., 2023). Recently, we reported in mouse models of neu-

ropathic, cancer and migraine pain a novel pro-algesic function of SCs

that, via TRPA1, sense and amplify oxidative stress burden to signal

mechanical allodynia to adjacent nerve fibres (De Logu et al., 2020,

2017; De Logu et al., 2023; De Logu, Marini, et al., 2021; Landini

What is already known

• The TRPA1 channel in Schwann cells is linked to neuro-

pathic pain in rodent models.

What does this study add

• The oxidative stress/Schwann cell/TRPA1 pathway con-

tribution to neuropathic pain is conserved across differ-

ent species.

What is the clinical significance

• Zebrafish provides an in vivo model for studying Schwann

cells/TRPA1/oxidative stress in pain responses.

• TRPA1 is a potential target for therapeutic intervention

in neuropathic pain across various models.
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et al., 2022). Here, we asked whether the SC/TRPA1/oxidative stress

pathway plays a role in producing and sustaining pain-like response in

Zebrafish. By using in vitro biochemical assay and in vivo behavioural

and genetic techniques, we found that zebrafish TRPA1 (zTRPA1) in

zebrafish SCs behaves as an oxidative stress sensor and amplifier, thus

contributing to the algesic symptoms of CIPN evoked by oxaliplatin,

as observed in mice.

2 | METHODS

2.1 | Animals

All animal studies are reported in compliance with the ARRIVE guide-

lines (Percie du Sert et al., 2020a) and with the recommendations

made by the British Journal of Pharmacology (Lilley et al., 2020).

2.1.1 | Zebrafish (Danio rerio)

Wild-type zebrafish larvae of the WT AB line and Casper (nacrew2/w2

and roya9/a9) zebrafish larvae were used for all behavioural experi-

ments. Animals were handled in compliance with protocols approved

by the Italian Ministry of Public Health and the local Ethical Commit-

tee of the University of Pisa (authorization #1695-2023), in confor-

mity with EU legislation (Directive 2010/63/EU). Adult and larval

zebrafish were maintained on a 14/10 h light/dark cycle at 28.5�C.

Embryos were raised in E3 medium (5 mM NaCl, 0.17 mM KCl,

0.33 mM CaCl2, 0.33 mM MgSO4) containing 0.00016% methylene

blue (Kimmel et al., 1995).

2.1.2 | Mice

To generate mice in which the Trpa1 gene was conditionally silenced

in SCs, homozygous 129S-Trpa1tm2Kykw/J (floxed Trpa1, Trpa1fl/fl,

RRID:IMSR_JAX:008649; Jackson Laboratory) were crossed with

hemizygous B6.CgTg (Plp1-CreERT)3Pop/J mice (Plp1-CreERT, RRID:

IMSR_JAX:005975; Jackson Laboratory), expressing a tamoxifen-

inducible Cre in their SCs (proteolipid protein myelin 1 [Plp1])

(De Logu et al., 2017). The progeny (Plp1-CreERT;Trpa1fl/fl) was geno-

typed using PCR for Trpa1 and Plp1-CreERT. Mice that were negative

for Plp1-CreERT (Plp1-CreERT�;Trpa1fl/fl) were used as control. Both

positive and negative mice for CreERT and homozygous floxed Trpa1

(Plp1+-Trpa1 and control, respectively, male 25–30 g, 6–8 weeks old)

were treated with intraperitoneal (i.p.) 4-hydroxytamoxifen (4-OHT,

1 mg 100 μl�1 in corn oil once a day consecutively for 3 days). To

selectively delete Trpa1 in primary sensory neurons, homozygous

129S-Trpa1tm2Kykw/J (floxed Trpa1, Trpa1fl/fl, RRID:IMSR_JAX:

008649; Jackson Laboratory) mice were crossed with hemizygous

Advillin-Cre mice (Adv-Cre). Mice positive or negative for Cre and

homozygous for floxed Trpa1 (Adv-Trpa1 and control, respectively)

were used. The successful Cre-driven deletion of TRPA1 mRNA was

confirmed using reverse transcription quantitative real-time PCR

(RT-qPCR). The group size of n = 8 mice for behavioural experiments

was determined by sample size estimation using G*Power (v3.1; Faul

et al., 2007) to detect the size effect in a post hoc test with types

1 and 2 error rates of 5% and 20%, respectively. Allocation conceal-

ment of mice into the vehicle(s) or treatment groups was performed

using a randomization procedure (http://www.randomizer.org/). The

assessors were blinded to the identity of the animals (genetic back-

ground) or allocation to treatment groups. None of the animals were

excluded from the study. Animal experiments and sample collections

were carried out according to the European Union (EU) guidelines for

animal care procedures and Italian legislation (DLgs 26/2014) applica-

tion of the EU Directive 2010/63/EU. All animal studies were

approved by the Animal Ethics Committee of the University of

Florence and the Italian Ministry of Health (#1194/2015-PR). Animals

were anaesthetized with a mixture of ketamine and xylazine (90 and

3 mg�kg�1, respectively, i.p.) and killed with inhaled CO2 plus 10% to

50% O2. Confirmation of death was achieved by a physical method of

killing (decapitation). Mice were housed in a temperature (20 ± 2�C)

and humidity (50% ± 10%) controlled vivarium (12 h dark/light cycle,

free access to food and water, five animals per cage). At least 1 h

before behavioural experiments, mice were acclimatized to the experi-

mental room and behaviour was evaluated between 9:00 AM and 5:00

PM. All the procedures were conducted following the current guide-

lines for laboratory animal care and the ethical guidelines for investi-

gations of experimental pain in conscious animals set by the

International Association for the Study of Pain (Zimmermann, 1983).

2.2 | Behavioural analysis

2.2.1 | Locomotor tracking assay

Five days post fertilization (dpf) zebrafish larvae were placed in

200 μl of E3 medium in a 96-well plate. For each experimental condi-

tion, a group of at least eight larvae were used. Larvae were accli-

mated to the wells for 600 s, after which an eight-channel pipette

was used to simultaneously dispense 200 μl of 2� concentration of

the TRPA1 agonists in E3 medium into each well (final concentration:

allyl isothiocyanate [AITC, 0.01–0.1–1–10 μM], 4-hydroxynonenal

[4-HNE, 1–10–100 μM] and hydrogen peroxide [H2O2, 100–

1000 μM]). Locomotor activity was subsequently tracked with Etho-

Vision® XT (Version 17, Noldus) and quantified as cumulative dis-

tance moved in mm/0.05 s. For incubation with TRPA1 antagonist

A-967079, larvae were placed in a 96-well plate pretreated with

A-967079 (10 μM) in 200 μl E3 medium for 10 min. After incubation,

200 μl of 2� concentration of TRPA1 agonist was added directly to

the well, and the resulting behaviour was recorded. In another set of

experiments, larvae were placed in a Petri dish loaded with oxaliplatin

(1–10 μM) in E3 medium for 4 days, from 1 to 5 dpf, and t locomotor

activity was tracked at 5 days post fertilization. Some larvae were

co-incubated with glutathione (GSH, 10 μM) and oxaliplatin or

vehicle.
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2.2.2 | Acute nociceptive behaviour

Zebrafish larvae at 24–27 h post fertilization (hpf) were manually

dechorionated and acclimated for 10 s in 12-well plates. Larvae were

stimulated with 2� concentration of AITC (50–100–500 μM), 4-HNE

(100–500–1000 μM) and H2O2 (30–100–300 mM) in E3 medium.

Immediately after stimulation, the number of writhing movements (tail

coils) in a range of 10 s was counted. Single writhes were counted

when the tail was coiled either to the left or right of the embryo.

Some larvae were exposed to A-967079 (30 μM) for 10 min before

exposure to TRPA1 agonists.

2.2.3 | Light touch response

Zebrafish larvae at 24–27 post fertilization were manually dechorio-

nated, and touch-evoked behaviours were elicited by striking the tail

of the larvae with a sideways motion up to three times using a dulled

0.2 mm insect pin attached to a surgical blade holder. A response was

considered positive when writhing behaviour was observed immedi-

ately after tactile stimulus. To avoid any pre-stimulus modulation of

the response, we waited about 5 s between each stimulus. Larvae

were exposed to AITC (50–100–500 μM), 4-HNE (100–500–

1000 μM) and H2O2 (30–100–300 mM) individually in 12-well plates

for 3 min, after which tactile stimulus was applied. Some larvae were

exposed to A-967079 (30 μM) for 10 min before exposure to TRPA1

agonists for 3 min before the test.

2.2.4 | Mechanical allodynia

The mechanical paw-withdrawal threshold was measured in mice

using von Frey filaments of increasing stiffness (0.02–2 g) applied to

the plantar surface of the mouse hind paw, according to the

up-and-down paradigm (Chaplan et al., 1994). The 50% mechanical

paw-withdrawal threshold (g) response was then calculated from the

resulting scores. Mechanical paw-withdrawal threshold was measured

at baseline and at different times following treatments.

2.3 | Immunofluorescence

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018).

2.3.1 | Whole-mount immunofluorescence in
zebrafish larvae

Five days post fertilization zebrafish larvae were anesthetized in

0.016% tricaine and fixed in 4% paraformaldehyde overnight at 4�C.

After fixation, zebrafish larvae were washed three times in PBS

+ 0.3% Triton-X (PBT) for 5 min. Blocking was performed using

normal donkey serum (5% NDS), dimethyl sulfoxide (10% DMSO)

and 0.1% Tween-20 in phosphate buffer saline (PBS) for 1 h and

incubated with the following primary antibodies: anti-acetylated

tubulin (#T7451, mouse monoclonal, 1:500; Merck, RRID:AB_

609894) and SOX10 (#GTX128374, rabbit polyclonal, 1:200; Gene-

Tex, RRID:AB_2885766) diluted in blocking solution overnight at

4�C. Larvae were washed five times with PBT for 10 min, blocked

with blocking solution for 1 h and incubated with the following

fluorescent polyclonal secondary antibodies: Alexa Fluor®

488 (#A32731, goat polyclonal anti-mouse, 1:1000; Thermo Fisher

Scientific, RRID:AB_2633280) and Alexa Fluor® 594 (#A21207, don-

key polyclonal anti-rabbit, 1:1000; Thermo Fisher Scientific, RRID:

AB_141637) diluted in the blocking solution for 2 h. After incubation

with secondary antibody, larvae were washed with PBST three times

for 10 min and coverslipped using water-based mounting medium

containing DAPI (#ab104139, Abcam). Slides were visualized and

analysed using a ZEISS Axio Imager 2 microscope with Z-stacks in

the Aptome mode (ZEISS).

2.3.2 | Immunofluorescence in mouse sciatic nerves
and dorsal root ganglion

Sciatic nerves were collected, postfixed for 24 h in 4% paraformal-

dehyde and cryoprotected in 30% sucrose until cryosectioning

(10 μm). The slides were washed three times for 10 min and blocked

with blocking solution 5% normal goat serum (NGS) for 1 h and incu-

bated with 4-HNE primary antibody (#ab48506, mouse monoclonal,

1:25; Abcam, RRID:AB_867452) or TRPA1 (#ACC-037, rabbit poly-

clonal, 1:200; Alomone, RRID:AB_2040232; #NB110-40763, rabbit

polyclonal, 1:200; Novus Biologicals, RRID:AB_715124) diluted in

blocking solution for 1 h and washed two times for 10 min. Sections

were then incubated with the fluorescent secondary antibodies

Alexa Fluor® 594 (#A11005, goat polyclonal anti-mouse, 1:600;

Thermo Fisher Scientific, RRID:AB_2534073), Alexa Fluor®

488 (#A32731, goat polyclonal anti-rabbit, 1:600; Thermo Fisher

Scientific, RRID:AB_2633280) and Alexa Fluor® 594 (#A21207, don-

key polyclonal anti-rabbit, Thermo Fisher Scientific, RRID:AB_

141637) diluted in blocking solution for 2 h. After incubation with

secondary antibody, the slides were washed two times for 10 min

and slides containing 4-HNE antibody were coverslipped using the

mounting medium with DAPI (#ab104139, Abcam); slides containing

TRPA1 were incubated with S100 beta antibody (#ab196175,

monoclonal anti-rabbit Alexa Fluor® 647, 1:50; Abcam, RRID:AB_

2868562) or NeuN (#MAB377X, monoclonal anti-mouse Alexa

Fluor® 488, 1:250; Merck, RRID:AB_2149209). Slides were again

washed three times for 10 min and were coverslipped using the

mounting medium with DAPI (#ab104139, Abcam). All slides were

visualized and analysed using a ZEISS Axio Imager 2 microscope with

Z-stacks in the Apotome mode (ZEISS). The 4-HNE staining was

reported as the fluorescence intensity. Pearson correlation (Rcoloc)

values in the colocalization analysis were calculated using the

4 BELLANTONI ET AL.
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colocalization Plugin of the ImageJ (v.1.54f; National Institutes of

Health, Bethesda, MD, USA).

2.4 | Axon branch density analysis

Images of the lateral view of 5 days post fertilization zebrafish larvae,

stained with anti-acetylated tubulin, were analysed with ImageJ

Software (NIH, USA). The images were converted in 8 bits, and

fluorescence intensity was calculated measuring the average of three

different regions of interest (area: 10,000 μm2) for each zebrafish

larva. Data were reported as axon branch density/μm2.

2.5 | Dual RNAScope Fluorescent in situ
hybridization and immunofluorescence

Fluorescent in situ hybridization was performed using RNAscope™

Multiplex Fluorescent V2 Assay (ACDbio), according to manufac-

turer's protocol. Whole zebrafish larvae were fixed with paraformal-

dehyde 4% in PBS for 17–24 h at room temperature (RT). Larvae

were washed with PBST for 10 min at RT and dehydrated in 25%,

50%, 75% and 100% methanol for 10 min. Larvae were incubated

with 0.2 M HCl in 100% methanol at RT for 30 min and rehydrated

by subsequent steps in 75%, 50% and 25% methanol at RT for

10 min. For targeting retrieval, larvae were incubated at 100�C with

1� Target Retrieval Solution (ACDbio) for 15 min and then incubated

with Protease Plus (ACDbio) at 40�C for 1 h. Slides were incubated

at 40�C in HybEZ II Oven (ACDbio) and hybridized for 2 h with

probes to detect TRPA1b mRNA. Signal amplification was obtained

by consecutive incubations with the 3 antimicrobial peptides, AMP1,

AMP2 and AMP3 reagents and RNAscope Multiplex FL v2 HRP-C1

enzyme (ACDbio) for 15 min at 40�C. Then, larvae were incubated

for 30 min at 40�C with fluorophore (#7534 TSA Vivid-520 ACDbio)

for labelling the C1 probe. Any further HRP activity was stopped by

incubation with HRP blocker for 15 min at 40�C. For immunohisto-

chemistry, larvae were blocked in blocking solution (5% NDS, 10%

DMSO, 0.1% Tween-20, PBS) for 2 h and incubated with primary

antibodies:- SOX10 (#GTX128374, rabbit polyclonal, 1:200; Gene-

Tex) and anti-acetylated tubulin (#T7451, mouse monoclonal, 1:500

Merck) diluted in the blocking solution overnight at 4�C. Larvae were

washed five times with PBT for 10 min, blocked with blocking solu-

tion for 1 h and incubated with the following fluorescent polyclonal

secondary antibodies: Alexa Fluor® 488 (#A32731, goat polyclonal

anti-mouse, 1:1000; Thermo Fisher Scientific) and Alexa Fluor®

594 (#A21207, donkey polyclonal anti-rabbit, 1:1000; Thermo Fisher

Scientific) diluted in the blocking solution for 2 h at RT and cover-

slipped using the mounting medium with DAPI. All slides were visual-

ized and analysed using a confocal microscope Stellaris 5 (Leica). The

percentage of TRPA1b positive SOX10 nuclei was counted (104 μm2

images) in the whole-mount zebrafish larvae at 5 days post

fertilization.

2.6 | Cell line

2.6.1 | Human embryonic kidney 293T (HEK293T)

HEK293T cells (#CRL-3216, RRID:CVCL_0063; ATCC) were main-

tained in Dulbecco's modified Eagle's medium (DMEM) high glucose

supplemented with 10% heat inactivated fetal bovine serum (FBS),

2 mM L-glutamine and 1 mM penicillin/streptomycin at 37�C in 5%

CO2 and 95% O2.

2.6.2 | Cell transfection

HEK293T cells were plated on poly-L-lysine-coated (8.3 μM) 35 mm

glass coverslips and maintained at 37�C in 5% CO2 and 95% O2 16 h

before transfection; then, cells were transfected with plasmid DNA

(1 μg) expressing TRPA1b gene (pcDNA3.1-zTRPA1b, kindly donated

by Prof Richard M. van Rijn, Purdue University College of Pharmacy,

West Lafayette, USA) using polyethylenimine in a ratio of 1:3

(#23966, PEI, Polyscience).

2.7 | Calcium imaging

Cells were plated on poly-L-lysine-coated (8.3 μM) 35 mm glass cover-

slips and maintained at 37�C in 5% CO2 and 95% O2 for 24 h. Cells

were loaded for 40 min with Fura-2, AM ester (5 μM) added to the

buffer solution (37�C) containing (in mM) 2 CaCl2; 5.4 KCl; 0.4

MgSO4; 135 NaCl, 10 D-glucose, 10 HEPES and 0.1% bovine serum

albumin (BSA). Cells were washed and transferred to a chamber on

the stage of a fluorescent microscope for recording (Axio Observer 7;

with a fast filter wheel and Digi-4 lens to record excitations ZEISS).

Cells were exposed to AITC (10 nM to 100 μM), H2O2 (10 μM to

1 mM) or 4-HNE (1–100 μM), and the calcium response was moni-

tored in the presence of A-967079 (30 μM, 10 min of incubation) or

its vehicle (0.001% DMSO). In another set of experiments, zTRPA1b

transfected cells were first stimulated with oxaliplatin (300 μM) for

10 min and then with a subthreshold concentration of H2O2 (30 μM),

also in the presence of A-967079 (30 μM) or GSH reduced (30 μM).

Results were expressed as percentage increase in ratio 340/380 over

baseline normalized to the maximum effect induced by ionomycin

(5 μM) added at the end of each experiment.

2.8 | H2O2 assay

H2O2 levels were assessed in zebrafish larvae homogenates using the

Amplex Red® assay (Invitrogen, Waltham, MA, USA), according to

the manufacturer's protocol. Fluorescence excitation and emission

were measured at 540 and 590 nm, respectively. H2O2 production

was calculated using the H2O2 standard and expressed as nmol�mg�1

protein.
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2.9 | Plasmid construction

pTST3-Hyper7 was produced using Gibson assembly strategy

(Gibson Assembly® Master Mix NEB #E2611L) starting from pT3TS-

RfxCas13d-HA (RRID: Addgene #141320) backbone (P1/P2) and

Hyper7 coding sequence (P3/P4) kindly donated by Emrah Eroglu

(Pak et al., 2020). pTST3-Tol2 was produced using Gibson assembly

strategy starting from pT3TS-RfxCas13d-HA backbone (P5/P6), and

Tol2 coding sequence was amplified from pRP[Exp]-CAG>Tol2

transposase (P7/P8) (VectorBuilder). All constructs were confirmed

by Sanger sequencing. All primer (P) sequences are reported in

Table S1.

2.10 | Microinjection

Hyper7 and Tol2 mRNAs were in vitro transcribed with T3 promoter

using mMESSAGE mMACHINE™ T3 Transcription Kit (Thermo Fisher

#AM1348). Hyper7 mRNA was injected (300 pg per embryo) into the

yolk of one-cell-stage zebrafish embryos using a microinjector

(Narishige, Japan). pTol2[miR30]-(Gow et al.)>TurboGFP-dre_trpa1b

[miR30-shRNA#1] (trpa1b shRNA 50-ATCATCTACATTGCACAT-

TAAT-30) from VectorBuilder was linearized using ApaLI restriction

enzyme (NEB #R0507S). Then, linearized plasmid (25 pg per embryo)

was injected into the zygote of one-cell-stage zebrafish embryos in

the presence of Transposase Tol2 mRNA (100 pg per embryo) to be

integrated in the zebrafish embryo genome.

2.11 | Statistical analysis

The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis et al., 2022).

The results are expressed as the mean ± SEM. For multiple compari-

sons, a one-way ANOVA followed by a post hoc Bonferroni's test was

used. The two groups were compared using Student's t test. For

mouse behavioural experiments with repeated measures, a two-way

mixed-model ANOVA followed by a post hoc Bonferroni's test was

used. Statistical analyses were performed on raw data using GraphPad

Prism 8 (GraphPad Software Inc.). Before statistical significance analy-

sis was performed, data were tested for normality using the

Kolmogorov–Smirnov test and homogeneity using the Bartlett test.

P values less than 0.05 (P < 0.05) were considered significant. EC50

values were determined from non-linear regression models using

Graph Pad Prism 8. The statistical tests used and sample size for each

analysis are shown in the figure legends.

2.12 | Materials

If not otherwise indicated, all reagents were from Merck Life Science

S.r.l. (Milan, Italy). Details of other materials and suppliers were

provided in the specific sections.

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY

http://www.guidetopharmacology.org and are permanently archived

in the Concise Guide to PHARMACOLOGY 2023/2024 (Alexander,

Christopoulos, et al., 2023; Alexander, Mathie, et al., 2023).

3 | RESULTS

3.1 | TRPA1 agonists induce nociceptive-like
behaviour in zebrafish larvae

Two TRPA1 paralogs (TRPA1a and TRPA1b) are expressed in zebra-

fish and are activated by AITC and 4-HNE (Prober et al., 2008) that

are known pain-inducing molecules and TRPA1 agonists in mammals

(Jordt et al., 2004; Trevisani et al., 2007). However, only TRPA1b is

sensitive if compounds are applied as external stimuli (Prober

et al., 2008). First, we confirmed that AITC and 4-HNE concentration

dependently increases intracellular calcium in zTRPA1b-HEK293T

cells, a response that was inhibited by the selective TRPA1 antago-

nist A-967079 (Figure 1a,b). Intraplantar administration of AITC and

4-HNE in the mouse hindpaw is known to evoke early and transient

spontaneous nociceptive behaviours (Trevisani et al., 2007) that are

followed by a delayed and sustained mechanical allodynia (De Logu

et al., 2023). As previously reported (Ko et al., 2019; Prober

et al., 2008; Stevens et al., 2018) in zebrafish larvae (5 days post

fertilization), AITC (0.01–0.1–1–10 μM) and 4-HNE (1–10–100 μM)

dose dependently and transiently (300 s) increased the locomotor

activity (Figure 1c,d), a behavioural pain-like response that was inhib-

ited by A-967079 (Figure 1e,f). Also, larvae at early stages of devel-

opment (24–27 post fertilization), exposed to AITC (50–100–

500 μM) and 4-HNE (100–500–1000 μM), responded with a dose-

dependent and transient enhancement in the number of tail coils.

The response was attenuated by pretreatment with A-967079

(Figure 1g,h). Zebrafish larvae (24–27 post fertilization) exposed to

AITC or 4-HNE also showed enhanced responsivity to light tactile

stimuli (Figure 1i,j), which is considered a reliable index of mechani-

cal sensitization (Faucherre et al., 2013; Low et al., 2010; Pietri

et al., 2009). This response was abated in the presence of A-967079

(Figure 1i,j). These data support the hypothesis that the zebrafish

model recapitulates TRPA1 functions described in mammals, as the

channel appears to mediate transient noxious sensations and sus-

tained mechanical hypersensitivity.

3.2 | zTRPA1 encodes the response to oxidative
stress

TRPA1 channel is activated by multiple oxidative stress agents

including H2O2 (Andersson et al., 2008; Landini et al., 2022; Nassini

et al., 2014; Sawada et al., 2008). In vitro experiments showed that
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stimulation of zTRPA1b-transiently transfected HEK293T cells with

H2O2 induced a concentration (10 μM to 1 mM)-dependent calcium

response that was prevented by A-967079 (Figure 2a). Exposure of

5 days post fertilization zebrafish larvae to H2O2 (100–1000 μM)

elicited increased locomotor activity that was attenuated by pretreat-

ment with A-967079 (Figure 2b,c). Zebrafish larvae (24–27 post fer-

tilization) stimulated with H2O2 also showed a dose-dependent

(30–100–300 μM) increase in the number of tail coils and respon-

siveness to light tactile stimuli, which were reduced by A-967079

(Figure 2d,e). These data confirm that zTRPA1 exhibits the mamma-

lian features of an oxidative stress sensor that mediates both the

acute nociceptive response and the sensitization to mechanical

stimuli.

3.3 | Oxaliplatin sensitizes TRPA1 to oxidative
stress

The platinum-based anticancer drug, oxaliplatin, was found to elicit

mechanical allodynia in rodents by generating oxidative stress (Joseph

et al., 2008; Kopetz et al., 2009) and by targeting TRPA1 (Nassini

et al., 2011). To understand whether and how oxaliplatin induces a

CIPN-like condition in zebrafish, acetylated tubulin (α-tubulin) was

assessed by whole-mount immunofluorescence in larvae incubated

with oxaliplatin from 1 to 5 days post fertilization (Khan et al., 2012;

Lisse et al., 2016). Oxaliplatin induced a dose-dependent reduction in

α-tubulin, indicating axon degeneration (Figure 3a) by the toxic action

of oxaliplatin.

F IGURE 1 AITC and 4-HNE promote nociceptive-like behaviour in zebrafish larvae via TRPA1. (a,b) Typical traces, concentration–response
curve and cumulative data of calcium responses in zTRPA1b-HEK293T cells stimulated with AITC, 4-HNE or vehicle (Veh) and in the presence of
A-967079 (A96, 30 μM) (cell numbers: AITC: 1 nM n = 96, 10 nM n = 75, 100 nM n = 112, 1 μM n = 70, 3 μM n = 111, 10 μM n = 94,
100 μM n = 80, 1 mM n = 84, A96 = 85, Veh = 44; n = 3 independent experiments) (cell numbers: 4-HNE: 300 nM n = 56, 1 μM n = 52, 3 μM
n = 90, 10 μM n = 77, 30 μM n = 80, 100 μM n = 98, 300 μM n = 92, 1 mM n = 64, A96 = 88, Veh = 77). (c–f) Typical traces and cumulative
data of the locomotor activity of 5 days post fertilization (dpf) zebrafish larvae exposed to AITC (0.01–0.1–1–10 μM), 4-HNE (1–10–100 μM) or
Veh and in the presence of A96 (10 μM) (n = 8–16 larvae per group). (g,h) Typical images and dose-dependent writhing behaviour in 24–27 post
fertilization (hpf) zebrafish larvae exposed to AITC (50–100–500 μM), 4-HNE (100–500 μM, 1 mM) or Veh and in the presence of A96 (30 μM)
(n = 60 larvae per group). (i,j) Typical images and dose-dependent light touch response in 24–27 hpf zebrafish larvae exposed to AITC (50–100–
500 μM), 4-HNE (100–500 μM, 1 mM) or Veh and in the presence of A96 (30 μM) (n = 60 larvae per group). Mean ± SEM. *P < 0.05; #P < 0.05,
one-way ANOVA and Bonferroni post hoc test.
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Four days of oxaliplatin (1–10 μM) exposure to zebrafish larvae

dose dependently increased locomotor activity (Figure 3b). Using

transparent Casper zebrafish larvae expressing the H2O2 genetically

encoded biosensor, Hyper7, we observed that oxaliplatin increased

Hyper7 fluorescence, a response that was prevented in the presence

of the antioxidant, GSH (Figure 3c). GSH also inhibited the increased

locomotor activity following oxaliplatin, thus revealing the contribu-

tion of oxidative stress in this pain-like behaviour (Figure 3d). Simi-

larly, selective TRPA1 blockade by A-967079 reduced both Hyper7

fluorescence and locomotor activity (Figure 3e,f). The combination of

a dose of oxaliplatin, per se insufficient to increase the locomotor

activity, and a normal subthreshold dose of H2O2 increased

locomotor activity. This response was reduced by the TRPA1 antago-

nist, A-967079, and by the antioxidant, glutathione (GSH;

Figure 3g,h). A combination of subthreshold concentrations of oxali-

platin and AITC increased the locomotory activity that was reduced in

the presence of A-967079 or GSH (Figure 3i).

In vitro data also reported the ability of a subthreshold concentra-

tion of H2O2 to activate the zTRPA1 channel following oxaliplatin

exposure. In zTRPA1b-HEK293T cells, a combination of ineffective

concentrations of oxaliplatin and subthreshold H2O2 induced a signifi-

cantly increased calcium response that was reduced in the presence

of A-967079 or GSH (Figure 3j). Altogether, these data indicate that

TRPA1 exerts a dual proalgesic activity in zebrafish larvae exposed to

oxaliplatin: on one hand it is gated by the oxidative stress generated

by oxaliplatin and on the other hand, by amplifying oxidative stress,

maintaining the pain-like signal.

3.4 | Schwann cell (SC) TRPA1 amplifies oxidative
stress to sustain pain-like response in mice and
zebrafish chemotherapy-peripheral neuropathy (CIPN)
models

Recently, we revealed the key role of SC TRPA1 in the oxidative

stress generation that sustains mechanical allodynia in mouse models

evoked by partial sciatic nerve ligation, alcohol polyneuropathy, can-

cer and the pro-migraine agent, calcitonin gene-related peptide

(CGRP) (De Logu et al., 2020, 2017, 2022; De Logu, Marini,

et al., 2021; Landini et al., 2023). Thus, we wondered whether SC

TRPA1 contributes to CIPN in mice and zebrafish larvae. To this pur-

pose, mice with selective and conditional deletion of TRPA1 in SC

(Plp1+-Trpa1) received a single administration of oxaliplatin

(3 mg�kg�1) (Nassini et al., 2011). Efficiency of TRPA1 deletion in SCs

was confirmed by a reduction of TRPA1 immunoreactivity in S100+

cells in sciatic nerve (Figure S1a). As previously reported in C57BL/6J

mice (Nassini et al., 2011), oxaliplatin induces a time-dependent

mechanical allodynia in control mice, a response that was reduced in

Plp1+-Trpa1 (Figure 4a). In addition, the increased 4-HNE levels in sci-

atic nerve of control mice treated with oxaliplatin were attenuated in

Plp1+-Trpa1 (Figure 4b). These findings suggest that, in mice, SC

F IGURE 2 H2O2 induces nociceptive-like behaviour in zebrafish larvae via TRPA1. (a) Typical traces, concentration–response curve and

cumulative data of calcium responses in zTRPA1b-HEK293T cells exposed to H2O2 or vehicle (Veh) and in the presence of A-967079 (A96,
30 μM) (cell numbers: H2O2: 3 μM n = 120, 10 μM n = 93, 30 μM n = 78, 100 μM n = 81, 300 μM n = 90, 1 mM n = 83, 3 mM n = 90, 10 mM
n = 99, A96 = 110, Veh = 77). (b,c) Typical traces and cumulative data of the locomotor activity of 5 days post fertilization (dpf ) zebrafish larvae
exposed to H2O2 (100–500 μM, 1 mM) or Veh and in the presence of A96 (10 μM) (n = 8–15 larvae per group). (d) Typical images and dose-
dependent writhing behaviour in 24–27 post fertilization (hpf) zebrafish larvae exposed to H2O2 (30–100–300 mM) or Veh and in the presence
of A96 (30 μM) (n = 60 larvae per group). (e) Typical images and dose-dependent light touch response in 24–27 hpf zebrafish larvae exposed to
H2O2 (30–100–300 mM) or Veh and in the presence of A96 (30 μM) (n = 60 larvae per group). Mean ± SEM. *P < 0.05; #P < 0.05 one-way
ANOVA and Bonferroni post hoc test.
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TRPA1 amplifies the oxidative burden that sensitizes sciatic nerve

fibres after exposure to oxaliplatin. In line with previous reports in

various mouse pain models (De Logu et al., 2019, 2020, 2022; De

Logu, Marini, et al., 2021; Landini et al., 2022), selective deletion of

TRPA1 in mouse primary sensory neurons (Adv+-Trpa1) (Figure S1b)

attenuated mechanical allodynia elicited by oxaliplatin (Figure 4c), thus

confirming the key role of neuronal TRPA1 as the final target of the

SC/TRPA1/oxidative stress pathway in pain signalling.

Next, we explored whether results obtained in mice could be

reproduced in zebrafish. First, we reported that zebrafish larvae

(5 days post fertilization) peripheral nerves positive for α-tubulin

showed SOX10 staining, as expected for SCs (Kamenev et al., 2021;

McGraw et al., 2008; Xie et al., 2019) (Figure 4d). To confirm the

expression of TRPA1 channel in larvae SCs, we used combined immu-

nofluorescence and RNAscope. SOX10 positive nuclei were superim-

posed with the RNAscope probe for trpa1b (Figure 4e). Furthermore,

F IGURE 3 Oxaliplatin increases oxidative stress, which targets TRPA1 to induce nociceptive behaviour and calcium response. (a) Schematic
representation of zebrafish larvae body section and representative images of the lateral view of 5 days post fertilization (dpf ) zebrafish larvae
stained with anti-acetylated tubulin (α-tubulin) and cumulative data of axon branch density following exposure to oxaliplatin (Oxa, 1–10 μM) or
vehicle (Veh) (n = 6 larvae per group). (b) Typical traces and cumulative data of the locomotor activity of 5 dpf zebrafish larvae exposed to Oxa
(1–10 μM). (c) Schematic representation of zebrafish larvae body section and representative images of the lateral view of 5 dpf zebrafish larvae
injected with Hyper7 mRNA at one-cell stage and cumulative data of HyPer ratio (YFP500/YFP400) fluorescence following exposure to Oxa
(10 μM) or Veh and in the presence of reduced glutathione (GSH, 10 μM) (n = 6 larvae per group). (d) Typical traces and cumulative data of the
locomotor activity of 5 dpf zebrafish larvae exposed to Oxa (10 μM) or Veh and in the presence of GSH (10 μM) (n = 13–16 larvae per group).
(e) Schematic representation of zebrafish larvae body section and representative images of the lateral view of 5 dpf zebrafish larvae injected with
Hyper7 mRNA at one-cell stage and cumulative data of HyPer ratio (YFP500/YFP400) fluorescence following exposure to Oxa (10 μM) or Veh
and in the presence of A-967079 (A96, 1 μM) (n = 6 larvae per group). (f) Typical traces and cumulative data of locomotor activity of 5 dpf
zebrafish larvae exposed to Oxa (10 μM) or Veh and in the presence of A96 (10 μM) (n = 16 larvae per group). (g–i) Typical traces and cumulative
data of the locomotor activity of 5 dpf exposed to a subthreshold dose of H2O2 (100 μM) and AITC (0.01 μM) or Veh following incubation with a

subthreshold dose of Oxa (1 μM) or Veh and in the presence of A96 (10 μM) or GSH (10 μM) (n = 16 larvae per group). (j) Cumulative data of the
calcium response evoked by subthreshold concentration of H2O2 (30 μM) in zTRPA1b-HEK293T cells pre-incubated with Oxa (300 μM) or Veh in
the absence or presence of A96 (30 μM) or GSH (30 μM) (cell numbers: Veh-Veh n = 83, Veh-H2O2 n = 78, Veh-Oxa n = 111, Oxa-H2O2

n = 129, Oxa-H2O2-A96 n = 156, Oxa-H2O2-GSH n = 148; n = 3 independent experiments). Mean ± SEM. *P < 0.05, #P < 0.05, one-way
ANOVA and Bonferroni post hoc test.

BELLANTONI ET AL. 9

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.17318 by R

om
ina N

assini - U
niversita D

i Firenze Sistem
a , W

iley O
nline L

ibrary on [06/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



to identify the role of SC TRPA1 in mediating pain behaviour in zebra-

fish larvae, one-cell-stage zebrafish embryos were injected with an

shRNA-(trpa1b) expression plasmid under the control of SC selective

myelin basic protein (MBP) promoter (MBP+-trpa1b zebrafish larvae)

(Figure 4f) (Gow et al., 1992). Selective silencing of trpa1b in zebrafish

SC was confirmed by co-expression of the gene reporter TurboGFP

and the SC marker SOX10 (Figure 4g) and the reduction of trpa1b

RNAscope probe fluorescence in SOX10 positive cells (Figure S1c).

F IGURE 4 Schwann cell TRPA1 modulates painful behaviours in oxaliplatin-induced CIPN. (a) Time-dependent mechanical allodynia induced
by oxaliplatin (Oxa, 3 mg�kg�1, i.p.) or vehicle (Veh) in Plp1+-Trpa1 and control mice (n = 8 animals per group). (b) Representative images and
cumulative data of 4-HNE immunostaining in mouse sciatic nerve tissue in Plp1+-Trpa1 and control mice after Oxa (3 mg�kg�1, i.p.) or Veh (scale
bar: 50 μm) (n = 5 animals per group, yellow dashes represent the edge of sciatic nerve). (c) Time-dependent mechanical allodynia induced by
oxaliplatin (Oxa, 3 mg�kg�1, i.p.) or Veh in Adv+-Trpa1 and control mice (n = 8 animals per group). (d) Schematic representation of zebrafish larvae
body section and representative images of the lateral view of 5 days post fertilization (dpf) zebrafish larvae stained with anti-acetylated tubulin
(α-tubulin, axons marker) and SOX10 (Schwann cells marker) (scale bar: 20 μm). (e) Representative images of the lateral view of RNAscope images

of TRPA1b mRNA, SOX10 and α-tubulin in 5 dpf zebrafish larvae. (f) Schematic representation of pTol2-MBP-TurboGFP-dre-trpa1_b[shRNA]
plasmid. (g) Schematic representation of zebrafish larvae body section and representative images of SOX10 immunostaining and turbo GFP
protein in 5 dpf MBP�-trpa1b zebrafish larvae (scale bar: 10 μm). (h,i) Writhing behaviour and light touch response in 24–27 post fertilization (hpf)
MBP+-trpa1b or control zebrafish larvae exposed to AITC (500 μM) or Veh (n = 20 larvae per group). (j) H2O2 levels in 5 dpf MBP+-trpa1b or
control zebrafish larvae homogenates exposed to AITC (10 μM) or Veh (n = 5 larvae per group). (k,l) Time-dependent and cumulative data of the
locomotor activity of 5 dpf MBP+-trpa1b or control zebrafish larvae exposed to a subthreshold dose of H2O2 (100 μM) and AITC (0.01 μM) or
Veh following incubation with a subthreshold dose of Oxa (1 μM) (n = 12 larvae per group). Mean ± SEM. *P < 0.05 (vs. Control-Veh-Oxa in a);
#P < 0.05 (vs. Control-Oxa in a) one-way and two-way ANOVA and Bonferroni post hoc test.
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Trpa1b selective silencing in MBP cells in MBP+-trpa1b zebrafish lar-

vae did not affect the number of tail coils (Figure 4h) but conversely

reduced the light touch responses following AITC stimulation in 24–

27 post fertilization zebrafish larvae (Figure 4i). In addition, the

increased H2O2 levels observed in control MBP�-trpa1b zebrafish lar-

vae after AITC stimulation were reduced in MBP+-trpa1b zebrafish

larvae at the same developmental stage (Figure 4j), thus confirming a

role of SC TRPA1 in amplifying oxidative stress. Moreover, the

increased locomotor activity in zebrafish larvae incubated with a sub-

threshold dose of oxaliplatin and stimulated with a subthreshold dose

of either H2O2 or AITC was reduced in MBP+-trpa1b zebrafish larvae

(Figure 4k,l). These data confirm a role of SC TRPA1 as a pain sensor

in CIPN in mice and in zebrafish larvae and its role as ROS enhancer

to sustain pain-like behaviours.

4 | DISCUSSION

In this study, we found that the exposure of zebrafish larvae to oxali-

platin increases mechanical sensitivity, a response that recapitulates

the primary sensory alteration (mechanical allodynia) produced in mice

by the anticancer drug (Nassini et al., 2011). TRPA1 has been identi-

fied as a major oxidant sensor and signal integrator for excitation in

response to oxidative stress increase (Bessac et al., 2008; Takahashi &

Mori, 2011). The role of TRPA1 as a sensor and amplifier of oxidative

stress in mammals has also been described in zebrafish. Here, we first

tested the role of zTRPA1 as an oxidant sensor. Previous data

reported that direct TRPA1 stimulation with selective channel ago-

nists, such as AITC and 4-HNE, induced a behavioural response in

zebrafish larvae and embryos (Ko et al., 2019; Prober et al., 2008;

Stevens et al., 2018). Cells expressing the two zTRPA1 paralogs were

activated by several chemical irritants in vitro (Prober et al., 2008).

Here, in addition to AITC and 4-HNE, we report that H2O2 induces a

calcium response in cells transfected with zTRPA1. Furthermore,

exposure of zebrafish larvae to H2O2 increases a series of nociceptive

responses, including locomotor activity, number of tail coils and ensu-

ing sensitization to light touch, all dependent on TRPA1 activation,

thus confirming that zTRPA1 possesses the mammalian features of an

oxidative stress sensor.

Chemotherapeutic agents, including oxaliplatin/cisplatin, increase

ROS and their by-products in plasma, cells and tissues of treated ani-

mals or patients, and ROS scavengers or antioxidants show some

degree of protection against chemotherapy-induced peripheral neu-

ropathy (CIPN) in humans or their rodent counterparts (Jaggi &

Singh, 2012). Here, we confirm that an antioxidant or TRPA1 antago-

nist reduces the pain-like behavioural response associated to a CIPN

model induced by oxaliplatin in zebrafish, as previously found in

rodent models of CIPN (Nassini et al., 2011). Taken together, these

findings indicate that TRPA1, via its activation by oxidative stress by-

products, is necessary and sufficient to produce a neuropathy para-

digm in a zebrafish model of CIPN.

Several preclinical studies and clinical investigations have found

that neurons play a key role in CIPN; altered activity of voltage gated

ion channel (Adelsberger et al., 2000; Boyette-Davis et al., 2015;

Zajaczkowska et al., 2019), increased neurotransmission (Boyette-

Davis et al., 2015), sensibilization of TRP channels (Boyette-Davis

et al., 2015; Chukyo et al., 2018; Yamamoto et al., 2015) and

increased neuroinflammation (Fumagalli et al., 2020) are reported as

some of the molecular mechanisms that define a neuron dysfunction

as the cause of CIPN. While neurons play a central and exclusive role

in receiving and transmitting pain signals, non-neuronal cells, including

glial cells (Vallejo et al., 2010), astrocytes (Gao et al., 2009; Robinson

et al., 2014) and satellite glial cells (Warwick & Hanani, 2013), are

receiving evermore attention for their function as a promoter of a

proalgesic phenotype in CIPN.

Recently, we reported that Schwann cells (SCs), a primary glial

cell type that protects and nurtures all peripheral nerve fibres and

speeds up transmission velocity via the myelin sheet, are key con-

tributors to sustain pain signals in mouse models of neuropathic

(De Logu et al., 2017), cancer (De Logu, Marini, et al., 2021; Landini

et al., 2022) and migraine (De Logu et al., 2022) pain. ROS produced

under neuroinflammatory conditions target SC TRPA1 that, in a

calcium-dependent manner, activates NADPH oxidase 1 (NOX1) to

promote the feed-forward mechanism that sustains the release of

ROS and the ensuing mechanical hyperalgesia (De Logu et al., 2020,

2017). Accumulating evidence implicates immune-mediated pro-

cesses in CIPN, highlighted by immune cell infiltration into peripheral

nerve tissue and phenotypic changes of peripheral glial cells (Kiguchi

et al., 2008; Liu et al., 2016; Peters et al., 2007). A SC contribution in

CIPN has been reported. SC treatment with taxanes induces cyto-

toxicity and downregulation of the myelin basic protein (MBP)

expression (Imai et al., 2017). Intraperitoneal (i.p.) injection of pacli-

taxel in mice induces the upregulation of the macrophage recruiter

molecule galectin-3 in cultured SCs and peripheral nerves (Koyanagi

et al., 2021). SC gene expression analysis indicates endoplasmic

reticulum damage followed by the downregulation of myelin-related

genes in patients after a high dose of bortezomib (Filosto

et al., 2007; Shin et al., 2010).

Here, we report that selective silencing of Trpa1 in mouse SCs

reduces the accumulation of the oxidative stress by-product, 4-HNE,

in the sciatic nerve and mechanical allodynia induced by oxaliplatin

administration. In addition, the selective silencing of Trpa1 in mouse

primary sensory neurons also reduces mechanical allodynia. Taken

together, these findings confirm the critical role of SCs in sustaining

mechanical allodynia by amplifying oxidative stress generation that,

finally, targets the neuronal TRPA1. The pathway revealed here for

the CIPN model of peripheral polyneuropathy has been previously

reported in rodent models of neuropathic (De Logu et al., 2020, 2017)

or cancer (De Logu, Marini, et al., 2021; Landini et al., 2022) pain.

Here, we extended this hypothesis to zebrafish, implicating SC TRPA1

as a conserved proalgesic pathway across the animal kingdom. RNA-

Scope assay revealed that the SOX10+ (SC marker) cells in zebrafish

express the Trpa1 mRNA, as previously reported in C57BL/6J mice

(Al-Omari et al., 2022). Expression of an H2O2 genetically encoded

biosensor showed a TRPA1-dependent increase in H2O2 in larvae

exposed to oxaliplatin.

BELLANTONI ET AL. 11

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.17318 by R

om
ina N

assini - U
niversita D

i Firenze Sistem
a , W

iley O
nline L

ibrary on [06/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5343
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=3001
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=6619


A shRNA for zebrafish Trpa1 under the selective SC promoter

(MBP) selectively silenced Trpa1 expression in SCs. Trpa1 silencing in

zebrafish SCs did not affect the early tail coil response evoked by the

TRPA1 selective agonist, AITC. This response occurs immediately

after exposure to the stimulus and is most likely dependent on a direct

activation of neuronal TRPA1. These results are consistent with find-

ings obtained previously in mice showing that the early, spontaneous

nociceptive response to AITC was not reduced by SC TRPA1 silencing

(De Logu et al., 2017). However, selective TRPA1 antagonism or

genetic silencing in SCs reduced the light touch response, a phenome-

non that may recall the mechanical allodynia produced in mice by a

variety of stimuli (De Logu et al., 2017). Moreover, Trpa1 silencing in

zebrafish SCs reduced H2O2 increase and locomotor activity, evoked

by subthreshold concentrations of AITC and oxaliplatin. Overall, these

methods confirmed in zebrafish the data obtained in mice (De Logu

et al., 2017) that SC TRPA1 amplifies the oxidative stress signal. One

limitation of the study is the relative efficiency of target gene deletion

(in mice) and gene silencing (in zebrafish larvae) that may explain the

incomplete reduction of mechanical allodynia in mice and locomotor

activity in zebrafish larvae associated with these genetic interven-

tions. Our findings report that oxaliplatin, an important and widely

used chemotherapeutic agent, causes changes at both behavioural

(increased locomotor activity) and cellular levels (reduction in the den-

sity of sensory innervation) in zebrafish larvae, implicating that the

functions of SC TRPA1 and oxidative stress are remarkably similar, if

not identical, to those of mice in the oxaliplatin CIPN model.

5 | CONCLUSION

Although the practical advantages in the study of rodent models are

emphasized for their similarities in genetic and pathophysiological fea-

tures with humans, the easy maintenance and rapid experimental

manipulations of zebrafish provide an in vivo model that allows a facili-

tated approach for the study of SCs, TRPA1 and the oxidative stress

role in mediating painful behavioural responses of chemotherapeutics

and possible other pain stimuli and conditions.
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