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Background and Purpose: Paclitaxel produces a chemotherapy-induced peripheral

neuropathy that persists in 50–60% of cancer patients upon treatment. Evidence

from animal models suggests an axonopathy of peripheral A- and C-type fibres that

affects their excitability. However, direct effects of paclitaxel on sensory neuron

excitability and sexual dimorphism remain poorly understood.

Experimental Approach: We used a long-lasting (10 days in vitro) primary culture of

rat dorsal root ganglion (DRG) neurons to investigate the time course effect of pacli-

taxel on the electrical activity of IB4(�) and IB4(+) sensory neurons of female and

male adult Wistar rats.

Key Results: Paclitaxel strongly and reversibly stimulated spontaneous activity and

augmented action potential tonic firing in IB4(�) and IB4(+) neurons in both sexes,

peaking at 48 h post-treatment and virtually disappearing at 96 h. Paclitaxel

decreased the current rheobase for action potential firing by reducing and accelerat-

ing the after-hyperpolarization phase. Molecularly, paclitaxel modulated Na+ and K+

ion currents. Particularly, the drug significantly augmented the function of Nav1.8,

TRPV1 and TRPM8 channels. Furthermore, paclitaxel increased Nav1.8 and TRPV1

expression at 48 h post-treatment. Notably, we observed that female DRG neurons

appear more sensitive to paclitaxel sensitization than their male counterparts.

Conclusions and Implications: Our data indicate that paclitaxel similarly potentiated

IB4(�) and IB4(+) electrogenicity and uncover a potential sex dimorphism in

paclitaxel-induced chemotherapy-induced peripheral neuropathy. Our in vitro, pre-

clinical, chemotherapy-induced peripheral neuropathy paradigm provides a tool for

studying the dynamics and underlying molecular mechanisms contributing to noci-

ceptor sensitization in peripheral neuropathies and for testing desensitizing

compounds.

Abbreviations: AHP, after-hyperpolarization phase; AITC, allyl isothiocyanate; AP, action potential; CIPN, chemotherapy induced peripheral neuropathy; DIV, days in vitro; DRG, dorsal root

ganglion; G-V, conductance–voltage relationship; IB4, isolectin B4; iPSC, induced pluripotent stem cells; J-V, Current density–voltage relationship; KA, fast-inactivating potassium current; KDR,

delayed-rectifier potassium current; MEA, microelectrode array; RMP, resting membrane potential; Rpl29, ribosomal protein L29; SA, spontaneous activity; tAHP, time to recover from the AHP;

tpeak, time to reach the maximum amplitude; tr, repolarization time; TTX, tetrodotoxin; Vth, voltage threshold.
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1 | INTRODUCTION

Paclitaxel is used as a first-line chemotherapeutic drug to treat several

solid tumours (Abu Samaan et al., 2019; Markman, 1991; ). This drug

also induces a peripheral neuropathy (chemotherapy-induced periph-

eral neuropathy, CIPN), with a prevalence of up to 90% of patients

during treatment that may persist for up to 48 months post-treatment

(Colvin, 2019; Seretny et al., 2014). CIPN is a sensory disorder charac-

terized by both paraesthesia and dysesthesia, encompassing numb-

ness, tingling, shooting, burning, stabbing and throbbing pain and

frequently dysfunctional motor function (da Costa et al., 2020; Tanay

et al., 2017). These sensory symptoms point to a central role of the

epidermal nociceptive system in CIPN pathophysiology (Zajączkowska

et al., 2019).

Paclitaxel stabilizes microtubules,thus inhibiting mitosis in prolif-

erating cells (Xiao et al., 2006). In nociceptive neurons, however, inter-

ference with microtubule dynamics inhibits axonal transport affecting

epidermal sensory fibre innervation (Smith et al., 2016; Zajączkowska

et al., 2019). Thus, paclitaxel produces an axonopathy that appears to

underlie the sensory alterations suffered by cancer patients receiving

the drug, including an increase of the electrical excitability of sensory

fibres (Zhang & Dougherty, 2014). Higher neural excitability arises

from an increase in the expression of voltage-gated Na+ and Ca2+

channels and a decrease of voltage-gated K+ ion channels (Waxman

& Zamponi, 2014). TRP channels, mitochondrial dysfunction and oxi-

dative stress have been also involved (Zajączkowska et al., 2019). Ana-

lytical studies of CIPN have used primary cultures of nociceptors

obtained from rodents treated with paclitaxel following a range of

regimes, from acute to chronic, to reproduce the thermal and mechan-

ical hypersensitivity seen in humans (Hara et al., 2013; Smith

et al., 2004). These studies suggested that paclitaxel also promoted

the release of cytokines and chemokines from immune cells (Doyle

et al., 2012; Son et al., 2019) that, in turn, sensitized nociceptors con-

tributing to the CIPN sensory abnormalities (Zajączkowska

et al., 2019). Thus, the direct effect of paclitaxel on sensory neurons

excitability remains poorly understood, as previous studies involved

multifactorial components arising from the action of paclitaxel in dif-

ferent types of cells.

Primary cultures of DRG neurons have been proposed to

preclinically model CIPN in vitro (Eldridge et al., 2020; Malgrange

et al., 1994; Scuteri et al., 2006). Li et al. reported an in vitro model

of nociceptors in culture that faithfully reproduced the acute toxic-

ity of paclitaxel, including an increase in pERK and pp38 expression

along with an increment in the expression of algesic factors that

resulted in an increase in the excitability of nociceptors (Li

et al., 2020). In our present experiments, we have used a long-term,

in vitro culture of DRG neurons (10 DIV) to investigate the time

course of paclitaxel-induced sensitization of neural excitability after

drug removal. We analysed the effect of paclitaxel on both IB4(�)

and IB4(+) neural subpopulations, as well as in sensory neurons iso-

lated from female and male rats, to evaluate the presence of any

sexual dimorphism. We report that paclitaxel reversibly potentiated

neural excitability, with a maximum at 48 h after drug treatment

that had virtually dissipated 96 h post-treatment. Neural excitability

resulted primarily in a decrease of the current rheobase in both

neural populations. Molecularly, paclitaxel modulated Na+ and K+

currents that define AP waveform generation and the activity of

TRPV1 and TRPM8 channels. Notably, we observed that DRG neu-

rons from female rats seemed to be more sensitive to paclitaxel-

evoked excitability than those derived from male rats. Taken

together, our findings indicate a direct and reversible effect of pacli-

taxel on the excitability of IB4(�) and IB4(+) and a potential sex-

related dimorphism on sensory neurons.

What is already known

• Paclitaxel produces an axonopathy that appears to under-

lie the sensory alterations in chemotherapy-induced

peripheral neuropathy.

• Paclitaxel promotes the release of cytokines and

chemokines from immune cells that sensitize sensory

neurons.

What this study adds

• Paclitaxel directly and reversibly increases IB4(�) and IB4

(+) nociceptor excitability.

• Paclitaxel sensitization exhibits sex dimorphism as

nociceptors from female rats are more sensitive.

What is the clinical significance

• Nav1.8 and TRPV1 channels are key therapeutic targets

for treating chemotherapy-induced peripheral

neuropathy.

• Topical TRPV1 antagonists appear to be clinically useful

therapeutics for alleviating chemotherapy-induced

peripheral neuropathy symptomatology.
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2 | METHODS

2.1 | Animals

All animal care and experimental procedures were approved by the

Institutional Animal and Ethical Committee of the Miguel Hernández

University of Elche (UMH.IDI.AFM.06.20) and the Autonomous

Government of Valencia (2021/VSC/PEA/0089), in accordance with

the guidelines of the Economic European Community in accordance to

Directive 2010/63/EU, the National Institutes of Health, and the

Committee for Research and Ethical Issues of the International Asso-

ciation for the Study of Pain. Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and

with the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020). Most of the in vivo studies regarding the neuro-

toxic effects of paclitaxel have been previously performed on Wistar

rats due to the similarities with the human pain pathway (Hara

et al., 2013; Li et al., 2018). Therefore, our experiments were con-

ducted on 12–20 weeks old male and female Wistar rats obtained

from Servicio de Experimentaci�on Animal (SEA) of Miguel Hernández

University of Elche. Animals were housed in polycarbonate plastic

cages (two to four animals per cage) at 21–23�C with a 12,h light/

dark cycle in a controlled environment with water and food available

ad libitum.

2.2 | Culture of DRG neurons

Rats under isoflurane anaesthesia (IsoFlo®, Zoetis) were decapi-

tated, and the vertebral column was excised. DRG were then iso-

lated in a Petri dish containing Dulbecco's phosphate buffered

saline (DPBS, Sigma-Aldrich) with the use of a stereo microscope

(VWR). Thereafter, DRG neurons were isolated by incubating the

ganglia with 0.25% (w/v) collagenase type IA (Sigma-Aldrich) in

DMEM (Gibco) with 1% penicillin–streptomycin (P/S, 5000 U�ml�1,

Invitrogen) at 37�C for 1 h in 5% CO2. After digestion, the DRG

was mechanically dissociated by pipetting, placed into DMEM

medium containing 10% of foetal bovine serum (FBS, Invitrogen)

and 1% P/S and centrifuged at 300 x g at ≈22ºC for 5 min. The

supernatant with containing connective tissue was discarded and

the cell pellet was resuspended. This centrifugation and

resuspension procedure was performed 3 times. Cell culturing con-

ditions were adapted from a previously described protocol

(Newberry et al., 2016). One hour later, cell medium was replaced

by Neurobasal-A medium (Gibco) supplemented with 1% P/S, B-

27® Supplement (2%; Gibco) and GlutaMAXTM (1%; Invitrogen).

Nerve growth factor (NGF, 5 ng�ml�1; Sigma-Aldrich), NaCl

(5 mg�ml�1; Sigma-Aldrich), uridine (17.5 μg�ml�1; Sigma-Aldrich)

and 5-fluoro-2-deoxyuridine (7.5 μg�ml�1; Sigma-Aldrich) were

added to the cell medium 24 h after seeding. For microelectrode

arrays (MEA), due to technical requirements, the final NGF concen-

tration was 100 ng�ml�1. Cells were maintained at 37�C in a

humidified incubator with 5% CO2. During cell culture, half of the

medium was changed for fresh medium every 3–4 days. Five days

after cell seeding, cells were treated with 1 μM of paclitaxel or

with the vehicle (0.04% DMSO) for 24 h.

2.3 | Immunofluorescence staining

DRG neurons seeded in coverslips were washed with DPBS and

fixed in 4% (v/v) paraformaldehyde (Sigma-Aldrich) for 20 min at

room temperature. After three washes with DPBS, cells were

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min

and blocked with 5% normal goat serum (NGS, Sigma-Aldrich) for

1 h at ≈22�C. Then, cells were incubated overnight at 4�C in

DPBS solution with 5% NGS containing primary antibodies against

the following targets: neuron-specific protein NeuN using a mouse

monoclonal antibody at 1:50 dilution (Millipore, Cat# MAB377C3,

RRID:AB_10918200); TRPV1 using a rabbit polyclonal antibody at

1:100 dilution (Alomone Labs, Cat# ACC-029, RRID:AB_2040258);

TRPA1, with a rabbit polyclonal antibody, 1:100 (Alomone Labs,

Cat# ACC-037, RRID:AB_2040232); TRPM8, with a rabbit poly-

clonal antibody, 1:100 (Alomone Labs, Cat# ACC-049, RRID:

AB_2040254); NaV1.7, with a rabbit polyclonal antibody, 1:200

(Alomone Labs, Cat# ASC-008, RRID:AB_2040198); NaV1.8, with a

rabbit polyclonal antibody, 1:200 (Alomone Labs, Cat# ASC-016,

RRID:AB_2040188); and NaV1.9, with a rabbit polyclonal antibody

1:200 (Alomone Labs Cat# ASC-017, RRID:AB_2040200), respec-

tively. The following day, cells were washed with DPBS and incu-

bated with goat anti-rabbit IgG Alexa Fluor® 488, 1:500 (Thermo

Fisher Scientific, Cat# A-11034, RRID:AB_2576217) and goat anti-

mouse IgG Alexa Fluor® 568, 1:500 (Thermo Fisher Scientific, Cat#

A-11031, RRID:AB_144696) secondary antibodies at ≈22�C for 1 h.

After DPBS washed, cells were stained with DAPI, 300 nM (Thermo

Fisher Scientific Cat# D1306, RRID:AB_2629482). Coverslips were

mounted with Mowiol® (Calbiochem). All dilutions were freshly pre-

pared the day of the experiment from original stocks stored in indi-

vidual aliquots at �20�C. Samples were visualized with an inverted

fluorescence microscope (Zeiss Axio Observer, Carl Zeiss). Fluores-

cence was quantified removing the mean background fluorescence

from each cell fluorescence using Fiji® software (Fiji, RRID:

SCR_002285) (Schindelin et al., 2012). Representative pictures

shown were obtained with an inverted confocal microscope (Zeiss

LSM 5 Pascal, Carl Zeiss). Experimental details of the immunocyto-

chemical procedures conform with BJP guidelines.

2.4 | Patch-clamp recordings

Small-diameter (<30 μm) DRG neurons seeded in coverslips were

registered in voltage and current-clamp modes. For cell culturing,

crystals were coated with poly-L-lysine (50 μg�ml�1, Sigma-Aldrich)

for 2 h. After four washes with deionized water, crystals were

incubated during 1 h at 37�C with laminin diluted in DMEM

medium (10 μg�ml�1; Sigma-Aldrich). After DRG neurons extraction,
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laminin was replaced by the cell suspension diluted in DMEM 1%

FBS 1% P/S. Patch pipettes from borosilicate glass with OD

1.5 mm � ID 1.17 mm (Warner Instruments) were pulled using a

Flaming/Brown micropipette puller P-97 (Sutter Instruments) to

have 2–5 MΩ resistance. Seal resistance was between 200 MΩ

and 1.5 GΩ, and series resistance was compensated around 80%.

Extracellular solution contained (in mM): 140 NaCl, 4 KCl, 2 CaCl2,

2 MgCl2, 10 HEPES, 5 glucose, 20 mannitol, pH 7.4 adjusted with

NaOH. Pipette internal solution contained (in mM): 144 KCl,

2 MgCl2, 10 HEPES, 5 EGTA, pH 7.2 adjusted with KOH. Experi-

ments were performed in whole-cell configuration at ≈22�C. After

establishing whole-cell access, cells were recorded in current-clamp

mode. First, the resting membrane potential (RMP) was determined

without any current injection. Cells with RMP higher than �40 mV

or AP that did not overshoot 0 mV were not considered for

analysis. Neurons that fired action potentials in the absence of

stimulus were considered as having spontaneous activity (SA). To

calculate the rheobase, the firing frequency and to classify neu-

rons into tonic or phasic behaviour, 1 s current depolarizing

pulses from 0 to 300 pA in 10 pA intervals were applied. The

minimum current required to evoke the first action potential was

considered as the current rheobase. Neurons were classified as

phasic if they fired one or few action potentials at the onset of

the current stimulus. Tonic neurons were those that were able to

fire continuously during one or more of the 1 s current pulses. The

AP parameters were measured in the action potential fired at the

minimum current injected using 10 ms depolarizing pulses from 0 to

300 pA in 10 pA steps. AP threshold was considered when the

upstroke slope was ≥10 V�s�1. AP amplitude was measured from

RMP to peak.

For voltage-clamp recordings, capacitive transients were com-

pensated. Cells with capacitance values higher than 40 pF were

excluded from the analysis. For measuring K+ currents, the fast-

inactivating K+ current (KA) and the non-inactivating K+ current

remaining before the end of the protocol (KDR), respectively, were

measured in a 300 ms voltage-step protocol from �80 to 70 mV in

10-mV intervals. For registering Na+ currents, external solution

contained (in mM): 70 NaCl, 65 choline chloride, 3 KCl, 1 CaCl2,

1 MgCl2, 20 TEA-Cl, CsCl2 10 HEPES and 10 glucose, pH 7.4

adjusted with NaOH. Pipette internal solution contained (in mM):

140 CsF, 10 NaCl, 1 EGTA, 5 glucose and 10 HEPES, pH 7.30

adjusted with CsOH. Nav1.8 currents were isolated using previous

described voltage steps protocols (Soriano et al., 2019), The G-V

curves were calculated from current–voltage relations, using

G = Ix/(V � Vx), where Ix and Vx are the ionic currents and the equi-

librium potential for Na+ or K+, respectively. These curves were

fitted to Boltzmann equation and the voltage for half-maximum

activation (V1/2) and gating valence (z) were determined (details are

given in figure legends).

Current responses to capsaicin, allyl isothiocyanate (AITC),

menthol and menthol with AMTB were measured using a continuous

protocol at �60 mV. These compounds were applied diluted in exter-

nal solution using a continuous perfusion system (10 ml�min�1). To

activate TRPV1 and TRPA1 channels, four 1 μM capsaicin pulses of

15 s duration followed by a 60 s pulse of 100-μM AITC were applied,

respectively. TRPM8 channel currents were elicited by a 20 s pulse of

100 μM menthol. Then, the TRPM8 channel blocker AMTB was used

at 10 μM with menthol for 20 s. Data were acquired at 20 kHz for all

the protocols except for the continuous voltage protocols performed

to study capsaicin, AITC and menthol responses that were sampled at

1 kHz. These currents were additionally filtered to 2 Hz for plotting.

Recordings were performed with an EPC10 amplifier controlled by

Patchmaster software (HEKA Elektronik).

To study separately peptidergic and non-peptidergic DRG neu-

rons, before each measurement, coverslips were incubated for 10 min

with the fluorescent dye Isolectin-GS-IB4 Alexa Fluor® 568 conjugate

(10 μg�ml�1; Invitrogen) diluted in external solution, followed by two

washes. As previously described, IB4 labelling did not alter viability or

the electrophysiological parameters of the neurons (Stucky &

Lewin, 1999). Cells were visualized with a fluorescent microscope

(Axiovert 200 Inverted Microscope, Carl Zeiss) with an excitation filter

ET545 and an emission filter ET605 (CHR-49004, Laser 2000 SAD).

Cells that did not show fluorescence were considered as IB4(�). Only

one cell per dish was recorded and analysed.

2.5 | Quantitative RT-PCR

Total RNA was isolated using the E.Z.N.A.® microElute total RNA kit

(Omega Bio-tek). Extracellular RNA samples quantity and purity were

analysed using the NanoDrop 1000 Spectrophotometer

(ThermoFisher Scientific). Possible contaminating DNA was digested

using the DNase I (Sigma), and then the RNA extracted was reverse

transcribed using the First Strand cDNA Synthesis Kit (ThermoFisher

Scientific). Primers targeting rat selective channels were designed, and

their sequences were as follows: TRPV1: Fw: 50 TGGACGAGGTAAAC

TGGACT, Rv: AGTTTCTCCCTGAAACTCGG; TRPA1: Fw: 50 AGTGGC

AATGTGGAGCGATA Rv: 50 TCCCGTCGATCTCAGCAATG; TRPM8:

Fw: 50 GCTACGGACCAGCATTTCAT, Rv: 50 GCTTGTCAATGGGCTT

CTT; NaV1.7: Fw: 50 TGGCGTCGTGTCGCTTGT, Rv: 50 TGGCCCTTT

GCCTGAGAT; NaV1.8: Fw: 50 TCCTCTCACTGTTCCGCCTCAT, Rv: 50

TTGCCTGGCTCTGCTCTTCATAC; NaV1.9: Fw: 50 ATACGGTGCCCT

GATCCTCT, Rv: GGAAGTGAAGGGGCGGAAAT, Rpl29: Fw: 50 ACAG

AAATGGCATCAAGAAACCC, Rv: 50 TCTTGTTGTGCTTCTTGGCAAA.

The complementary DNA (cDNA) was added to the PowerUp™

SYBR™ Green Master Mix (ThermoFisher Scientific) with the forward

and reverse primers described and nuclease-free water. To verify the

results, we used no template negative controls and reverse transcrip-

tase minus (RT-) negative controls. Amplification and quantification of

the cDNA was carried out with the QuantStudio3 Real-Time PCR

Instrument (Applied Biosystems) using the following thermal cycling

conditions: 50�C for 2 min, 90�C for 10 min; 40 cycles of 95�C during

15 s and 60�C for 1 min; and final steps of 95�C for 15 s, 60�C for

1 min and 95�C for 15 s. The expression level of the mRNA was nor-

malized to the housekeeping Rpl29 mRNA levels and calculated using

the 2�ΔΔCt method.
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2.6 | Immunoblotting

The immuno-related procedures used comply with the recommen-

dations made by the British Journal of Pharmacology (Alexander

et al., 2018). At DIV8, cell cultures were homogenized, dissolved in

RIPA lysis buffer (50-mM HEPES, 140 mM NaCl, 10% glycerol, 1%

v/v Triton X-100, 1 mM EDTA, 2 mM EGTA, 0.5% deoxycholate,

pH 7.4) with EDTA-free protease inhibitor cocktail (cOmplete™,

Sigma-Aldrich) and centrifuged at 18400 x g at 4ºC for 15 min.

The supernatant was collected, and the protein concentration was

determined using the Pierce™ BCA Protein Assay Kit (Thermo

Scientific). Cellular protein extracts were mixed (1:1) with 2� sam-

ple buffer (0.125 mM Tris–HCl pH 6.8, 40 mg�ml�1 SDS, 2 mg�ml�1

bromophenol blue, 20% glycerol and 0.1-M dithiothreitol) boiled

for 10 min. Thereafter, proteins were separated by electrophoresis

on a 7.5% SDS-PAGE gel and transferred to a 0.45-μm nitrocellu-

lose membrane (Bio-Rad) for 90 min at 100 V using an electro-

phoretic transfer system (Bio-Rad). Membranes were blocked with

non-fat milk at 5% in TBST (200-mM glycine, 25 mM Tris base,

20% methanol and 0.05% Tween, pH 8.3) at room temperature

for 1 h for all primary antibodies, except for TRPM8 that required

3-h blocking with non-fat milk and 0.5,h blocking with 5% BSA in

TBST, according to manufacturer's instructions. Next, membranes

were incubated at 4�C overnight with the following primary anti-

bodies diluted in 1% BSA in TBST: rabbit anti-Actin, 1:1000

(Sigma-Aldrich, Cat# A2066, RRID:AB_476693); rabbit anti-TRPV1,

1:1000 (Alomone Labs, Cat# ACC-029); rabbit anti-TRPM8, 1:500

(Alomone Labs, Cat# ACC-049); rabbit anti-NaV1.7, 1:2500

(Alomone Labs, Cat# ASC-008); and rabbit anti-NaV1.8, 1:1000

(Alomone Labs, Cat# ASC-016), respectively. After washing the

membranes with TBST, they were incubated with the secondary

antibody anti-rabbit IgG, 1:20000 (Sigma-Aldrich, Cat# A0545,

RRID:AB_257896). To minimize the number of animals used, blots

were cut in three different sections to test the same blot with

multiple antibodies. Signals were detected with the SuperSignal™

West Pico PLUS Chemiluminescent Substrate (Thermo Scientific),

visualized in a ChemiDoc™ MP Imaging System (Bio Rad

ChemiDoc MP Imaging System, RRID:SCR_019037) and quantified

using Image Lab software (Image Lab Software, BioRad, RRID:

SCR_014210). Protein signals were normalized to actin levels within

the same blot.

2.7 | Data and statistical analysis

Data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis

et al., 2018), with the exceptions that data collection and analysis

were not blinded because they were performed by the same

researcher and, because effects and standard deviation could not

be previously predicted, data were evaluated through experiments

to minimize the number of animals used. Data were statistically

analysed using the GraphPad Prism® 9.0.0 software (GraphPad

Prism, RRID:SCR_002798). For quantitative variables, first we

assessed whether data followed a gaussian distribution using

D'Agostino-Pearson (omnibus k2) normality test. Data with a nor-

mal distribution are expressed as mean ± SD and analysed with

unpaired t tests as indicated. As the heterogeneity of DRG neurons

is high, and our sample size was not sufficient to determine multi-

ple associations, we restricted our statistical analysis to the defined

groups (treatment and sex type) that were analysed using the two-

way ANOVA test for parametric data, with the Tukey post hoc

test when F achieved statistical significance or Kruskal–Wallis with

Dunn's multiple comparisons test for non-parametric data.

Non-normal distribution data are expressed as median, (with

Q25–Q75) and analysed with Mann–Whitney test. For qualitative

variables, data are expressed as percentage and analysed with Fisher's

exact test. Significant differences were set to P < 0.05.

For patch clamp experiments, n represents the number of cells

measured and correspond to the number of independent experiments,

as a single neuron was monitored in each vehicle and paclitaxel-

treated crystal; N denotes the number of rats used. For immunofluo-

rescence measurements, n represents the number of neurons, and

N the number of independent experiments; and for MEA, n denotes

the number of active electrodes. Statistical analysis was based on the

number of independent experiments. Details of the statistics are

reported in the figure legends or Supporting Information.

2.8 | Materials

Paclitaxel (Taxol®, Tocris Bioscience, Bristol, UK) was dissolved in

DMSO to create a stock of 25 mM; these stock solutions were stored

at �20�C and used within 1 month. Before cell treatment, the stock

solution was diluted in DMEM 10% FBS 1% P/S and passed through a

0.2-μm filter. The required quantity was added to the cell medium to

yield a final concentration of 1 μM. Controls were prepared following

the same procedure using only DMSO (0.04%).

For electrophysiological experiments, capsaicin, AITC, menthol,

AMTB and PF04885614 (all from Sigma, St. Louis, MO, USA) were

dissolved in DMSO to have stock concentrations of 10 mM, 1 M,

1 M, 100 mM and 100 μM, respectively. ProTx II (Tocris Bioscience)

stock solution was prepared in water to a concentration of 50 μM.

The day of the experiment, these solutions were diluted in the

external solution to reach the final concentration indicated for each

experiment. Final concentration of DMSO was 0.01% of the total

volume for capsaicin, AITC, menthol and AMTB, and 0.075% for

PF04885614.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021).
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3 | RESULTS

3.1 | Paclitaxel reversibly augmented the electrical
excitability of small diameter DRG sensory neurons

The experimental paradigm consisted of seeding the sensory neurons

(0 DIV) and, after their full maturation (5 DIV), treating them with 1

μM paclitaxel for 24 h (Figure 1a). Thereafter, the drug was removed,

and the neural excitability was evaluated at 0 (6 DIV), 48 (8 DIV) and

96 h (10 DIV) after paclitaxel removal (post-treatment) (Figure 1a). As

control, DRG cultures were exposed to paclitaxel vehicle (0.04%

DMSO). We used 1 μM paclitaxel as a clinically relevant concentration

(Cmax) reached in a 24h infusion (Ohtsu et al., 1995). Incubation of

neural cultures with paclitaxel for 24 h did not affect cell viability as

neurons display normal RMPs, although it produced an axonal retrac-

tion (Figure 1b).

Paclitaxel increased the excitability of small diameter sensory

neurons in a time-dependent manner, as shown by the larger number

F IGURE 1 Small DRG neurons displayed increased excitability 48 h after paclitaxel treatment. (a) Diagram of the experimental design used
for investigating the effect of paclitaxel on DRG neurons activity. Cells were incubated with the vehicle (0.04% DMSO) or with 1 μM paclitaxel
during 24 h between days 5 and 6 of culture (5–6 DIV). Electrical recordings were performed at 0 h (DIV6), 48 h (DIV8) and 96 h (DIV10) post-
treatment. (b) Representative images of the DRG neurons through the culture after paclitaxel exposure (lower panels) in comparison with vehicle

condition (upper panels). (c and d) Representative recordings (top) and raster plot (bottom) of DRG neurons spontaneous firing of APs at 0, 48 and
96 h after vehicle (c) or paclitaxel (d) exposure. Each dot represents an individual spike fired during an 8 s protocol at 0 pA of current. The cell
corresponding to the AP recording shown is blue coloured for vehicle and orange for paclitaxel-treated neurons in the raster plots. (e) Percentage
of small DRG neurons exhibiting spontaneous activity (SA) at 0, 48 and 96 h after vehicle or paclitaxel treatment. Data are given as percentage
with N = 15, n = 34 for vehicle and n = 54 for paclitaxel 24 h after exposure; N = 20, n = 46 for vehicle and n = 54 for paclitaxel, 48 h after
exposure; N = 19, n = 50, 96 h after exposure. Results are shown as individual values with means ± SEM. *P < 0.05, significantly different from
vehicle; Fisher's exact test
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of sensory neurons exhibiting SA (Figure 1c,d, Table S1), that increased

2.4-fold at 48 h post-treatment and declined to virtually normal levels

at 96 h (Figure 1e). We also observed a 1.8-fold increase in the percent-

age of small diameter sensory neurons exhibiting tonic firing, along with

a 2-fold decrease in their current rheobase (Table S1). Thus, paclitaxel

reversibly increased electrogenicity of sensory neurons, peaking at 48 h

post-treatment and virtually dissipating at 96 h.

3.2 | Paclitaxel increased electrical firing in IB4(�)
and IB4(+) sensory neurons

We next investigated the effect of paclitaxel on the electrical excit-

ability of IB4(�) and IB4(+) neurons. In both neural populations, we

observed a similar reversible effect of paclitaxel on their electrical

activity, peaking at 48 h post-treatment (Tables S2 and S3). Paclitaxel

increased the percentage of IB4(�) neurons displaying SA (Figure 2a)

without changing the SA mean firing frequency (Figure 2c, Table S2).

The chemotherapeutic drug significantly depolarized the RMP of IB4

(�) nociceptors (Figure 2d). Similarly, IB4(+) neurons revealed a strong

increase in the percentage of neurons exhibiting SA after paclitaxel

exposure (Figure 2b,c, Table S3). We observed a tendency to RMP

depolarization, but it did not reach statistical significance (Figure 2d).

Cell capacitance and input resistance were not altered by paclitaxel in

either neural population (Figure 2e,f).

We also evaluated paclitaxel effect on electrically evoked AP firing

in both neural subtypes (Figure 3). As shown in Figure 3a, 55% of IB4

(�) neurons recorded 48 h post-treatment exhibited tonic AP firing in

response to a 120 pA current pulse (Table S2). Notably, paclitaxel aug-

mented the firing frequency 2-fold (Figure 3a,b; Table S2) and signifi-

cantly reduced the current rheobase (Figure 3b,e,f; Table S2). Notice

that this increment in firing frequency was observed in the full range of

currents from 10 to 300 pA (Figure 3b, Table S2), which resulted in an

increment in the percentage of IB4(�) neurons exhibiting tonic firing

(Figure 3g; Table S2). IB4(+) neurons primarily exhibited phasic AP firing

when stimulated with a 120 pA current pulse. Paclitaxel increased 3-

fold AP triggering (Figure 3c,d, Table S3), concomitant to a 3-fold

decrease in the current rheobase, resulting in a 2-fold increment in the

percentage of IB4(+) neurons exhibiting repetitive AP discharging after

drug treatment (Figure 3g). These changes in the current rheobase and

the percentage of IB4(+) neurons firing tonically disappeared 96 h after

paclitaxel exposure (Table S3). Therefore, paclitaxel treatment of DRG

cultures increased the electrogenic activity of both IB4(�) and IB4(+)

neural subtypes. The effect on IB4(+) neurons is notable as they change

from a silent and phasic to a tonic firing phenotype.

3.3 | Paclitaxel altered the electrical properties of
IB4(�) and IB4(+) action potentials

The decrease in the current rheobase and the increase in repetitive fir-

ing in both IB4(�) and IB4(+) neurons produced by paclitaxel suggest

an alteration in the AP waveform (Figure 4a). In control conditions, we

observed that 58% of IB4(�) neurons exhibited a typical AP waveform

with an inflection in the AP repolarization phase. Paclitaxel reduced this

percentage to 27% of neurons. Paclitaxel also reduced the amplitude

and accelerated the AHP phase. The tr and the tAHP were 32% and 22%

F IGURE 2 Paclitaxel increased the number of IB4(�) and IB4(+) neurons displaying spontaneous activity. (a and b) Representative AP recordings

of IB4(�) (a) and IB4(+) (b) neurons 48 h after vehicle or paclitaxel treatment fired spontaneously (0 pA). The percentage of neurons firing SA for
each group is indicated on the right as pie charts. The SA (%) is indicated inside the chart. (c) Frequency of spontaneous AP firing in 30 s recordings.
Spontaneous activity was not detected in IB4(+) neurons treated with vehicle (ND). (d) Resting membrane potential (RMP) for IB4(�) and IB4(+)
neurons at 48 h after vehicle or paclitaxel treatment. (e) Capacitance of the cells recorded in vehicle and paclitaxel groups for IB4(�) and IB4(+) was
not statistically different. (f) Input resistance (Rinput) remains unaltered for IB4(�) and IB4(+) neurons after paclitaxel exposure. Results are shown as
individual values with means ± SD. N = 20, for IB4(�) with n = 49 for vehicle and n = 42 for paclitaxel; N = 13, for IB4(+) with n = 25. *P < 0.05,
significantly different from vehicle; Fisher's exact test (a and b), unpaired t test (c, d and f) or Mann–Whitney test (e)
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faster in drug treated IB4(�) neurons (Figure 4b). In addition, the AHP

amplitude in these neurons was significantly reduced by 3 mV

(Figure 4c). Other AP properties such as the tpeak, the Vth, overshoot,

amplitude and the maximum upstroke slope were not altered by pacli-

taxel (Figure 4b–e). A similar analysis in IB4(+) neurons revealed that

paclitaxel significantly depolarized the AHP amplitude by 3 mV

(Figure 4h). All the other parameters did not evidence a statistically sig-

nificant difference (Figure 4g–j). Thus, the higher electrical excitability

observed in paclitaxel-treated IB4(�) and IB4(+) neurons appears pri-

marily to arise from a smaller AHP and, in IB4(�) neurons, a faster repo-

larization and AHP recovery were also contributors.

3.4 | Paclitaxel increased Nav channel currents in
IB4(�) and IB4(+) neurons

IB4(�) sensory neurons displayed fast-inactivating inward currents

upon 40 ms depolarizing pulses (Figure 5a), with a typical J-V curve

for Na+ ionic currents. The G-V relationship (Figure 5b) showed that

paclitaxel hyperpolarized the V1/2 and slightly altered the total Na+

inward current, without altering the recovery from inactivation

(Figure 5c). In contrast, paclitaxel did not affect the J-V nor the G-V

curves of IB4(+) neurons (Figure 5d,e) but promoted a faster recovery

of their Na+ currents from inactivation (Figure 5f).

Because Nav1.7 and Nav1.8 channels have been shown to be

altered by paclitaxel in animal models (Li et al., 2018; Zhang

et al., 2018), we evaluated if the chemotherapeutic drug also affected

them in our pre-clinical model. We used ProTx II and PF04885614 as

specific blockers of Nav1.7 and Nav1.7 channels to study the contribu-

tion of these channels to Na+ currents in IB4(�) and IB4(+) neurons

(Figure 6). Nav1.7 and Nav1.8 ionic currents were obtained by sub-

tracting the Na+ ionic currents recorded in the presence of the

blockers from that in their absence (Figure S1). In IB4(�) neurons, pac-

litaxel did not significantly alter Nav1.7 currents (Figure 6a). A similar

result was observed in IB4(+) neurons (Figure 6b). For Nav1.8 chan-

nels, we observed an apparent current increase in IB4(+) nociceptors

F IGURE 3 Paclitaxel potentiated electrically-evoked AP firing of IB4(�) and IB4(+) small-DRG neurons. (a and c) Representative recordings of
AP firing evoked by a 1 s of current injection pulse of 120 pA for IB4(�) (a) and IB4(+) (c) neurons exposed to vehicle or paclitaxel recorded 48 h
post-treatment. (b and d) Firing frequency (no. of APs evoked during 1 s depolarizing pulse) at each current injected from 0 to 300 pA in 10-pA
intervals for IB4(�) (b) and IB4(+) (d) neurons exposed to vehicle or paclitaxel. (e) Area under the curve (AUC0

300) obtained plotting the firing
frequency as a function of the injected current in the range of 0 to 300 pA. (f) Rheobase values for IB4(�) and IB4(+) small DRG neurons exposed
to vehicle or paclitaxel. (g) Percentage of neurons exposed to vehicle and paclitaxel exhibiting tonic firing. Data are expressed as individual values
with medians, with interquartile ranges (IQR). Each dot represents the values measured for each cell recorded. Data were collected 48 h post-
treatment. N = 20, for IB4(�) with n = 49 for vehicle and n = 42 for paclitaxel; N = 13, for IB4(+) with n = 25. *P < 0.05, significantly different
from vehicle; Mann–Whitney test (b, d, e and f) or Fisher's exact test (g)
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F IGURE 4 Paclitaxel altered the action potential parameters of IB4(�) and IB4(+) neurons. (a and f) Representative APs of IB4(�) (a) and IB4
(+) (f) neurons exposed to vehicle or paclitaxel. Arrows mark action potential parameters in which statistical differences were found, as the
repolarization time (tr), the AHP amplitude (AHP) and the duration of the half AHP (tAHP). APs were triggered using 10 ms current pulses from 0 to
300 pA and analysed at the current threshold. (b and g) Time to peak (tpeak), tr and tAHP parameters for IB4(�) (b) and IB4(+) neurons (g). tr and
tAHP were significantly shorter in paclitaxel-treated IB4(�) neurons, whereas in IB4(+) neurons, there were no significant changes in tr, tpeak and
and tAHP, following paclitaxel. (c and h) Action potential threshold (Vth) and AHP recorded for IB4(�) (c) and IB4(+) (h) neurons. Although the Vth

was not affected by paclitaxel treatment in either set of neurons, the AHP amplitude was significantly increased by paclitaxel in both IB4(�) and
IB4(+) neurons. (d and i) Overshoot and amplitude for IB4(�) (d) and IB4(+) (i). These parameters were not affected by paclitaxel treatment in
either set of neurons. (e and j) Maximum upstroke slope (max. slope) for IB4(�) (e) and IB4(+) (j) neurons. This parameter was not affected by
paclitaxel treatment in either set of neurons. Data were collected 48 h post-treatment. Values are expressed as mean ± SD. N = 20, n = 37 for
vehicle, n = 34 for paclitaxel treated IB4(�) cells; N = 10, n = 19 for vehicle, n = 22 for paclitaxel IB4(+) cells. *P < 0.05, significantly different as
indicated; unpaired t test or Mann–Whitney test (for tAHP for IB4(�) and tr for IB4(�) and IB4(+) cells)

F IGURE 5 NaV channel activity after exposure of IB4(�) and IB4(+) neurons to vehicle or paclitaxel. (a) Representative recordings of a family
of ionic currents evoked using the 30 ms depolarizing protocol from �80 mV to 35 mV in 5 mV steps for IB4(�) and IB4(+) neurons 48 h after
vehicle or paclitaxel treatment for IB4(�) (up) and IB4(+) (down) neurons. (b) J-V relationships of Na+ inward currents present in the recordings
for IB4(�) (up) and IB4(+) (down). J (pA�pF�1) median values (with interquartile range) are shown. Right G-V curves obtained from the J-V curves.

Reversal potential was interpolated from each J-V curve. Curves were fitted to the Boltzmann equation: G=Gmax ¼ 1= 1þe�
zF V1=2�Vð Þ

RT

� �� �
.

(c) Recovery from inactivation of the NaV currents against time for IB4(�) (up) and IB4(+) (down). Representative registers of the NaV recovery
from inactivation are indicated in each graph. Data are expressed as medians (with interquartile range). Data were collected 48 h post-treatment.
IB4(�): N=5, n=18 for vehicle and n=19 for paclitaxel; IB4(+): N=5, n=16 for vehicle and n=18 for paclitaxel. *P< 0.05, significantly
different from vehicle; Mann–Whitney test for J, unpaired t test for recovery from inactivation
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(Figure 6b) that was less evident in IB4(�) sensory neurons

(Figure 6a). To further interrogate the potential alteration of Nav1.8

currents, we applied a stimulation protocol consisting in a 500-ms

depolarizing pre-pulse to �50 mV to inactivate TTX-sensitive and

TTX-resistant Nav channels, followed by a family of 30-ms dep-

olarizing 10 mV step potentials from �70 mV to 40 mV to monitor

the activity of Nav1.8 channels (Figure 6c,d) (Soriano et al., 2019). In

IB4(�) neurons, paclitaxel produced a modest increase in Nav1.8 ionic

currents (Figure 6c). In contrast, paclitaxel produced a significant

increase in Nav1.8 ionic currents in IB4(+) neurons (Figure 6d) that

was accompanied by a 9 mV hyperpolarizing shift of the V1/2

(Figure 6d). Furthermore, treatment of IB4(+) neurons with

PF04885614 inhibited the fast recovery from inactivation promoted

by paclitaxel (Figure S2). To substantiate these findings, we evaluated

the expression of these channels. mRNA levels of Nav1.7, Nav1.8 and

Nav1.9 in nociceptor cultures were not significantly affected by pacli-

taxel (Table S5). Similarly, we did not detect a significant increase in

the protein expression in whole cell extracts evaluated by immuno-

blotting (Figure S3). However, immunocytochemical measurements

revealed a significant increase in Nav1.8 immunoreactivity in sensory

neurons treated with paclitaxel consistent with an increment in pro-

tein expression in a subset of neurons (Figure S4). Taken together,

these results imply that in our in vitro nociceptor model paclitaxel pri-

marily appears to increase the expression and function of Nav1.8

channels.

3.5 | Paclitaxel affected A-type K+ currents in IB4
(�) and IB4(+) DRG neurons

We also studied the effect of paclitaxel on K+ currents in IB4(�) and IB4

(+) neurons. In IB4(�) neurons, depolarizing 10-mV voltage pulses from

�80 to 40 mV evoked a family of outwardly rectifying, non-inactivating

K+ currents (KDR). Paclitaxel produced outwardly rectifying K+ currents

that displayed two discernible components, a fast-inactivating A-type

current (KA) followed by a KDR current, clearly shown at depolarizing

potentials ≥�30 mV (Figure 7a). Their distinct kinetics allowed us to

analyse both K+ currents (McFarlane & Cooper, 1991). The J-V

F IGURE 6 Paclitaxel augmented NaV1.8 currents in IB4(�) and IB4(+) sensory neurons. (a and b) Pharmacological dissection of vehicle and
paclitaxel NaV currents using the specific blockers: ProTX II at 10 nM for NaV1.7 channels and PF04885614 at 75 nM for NaV1.8 channels. The
current after blockade was subtracted from the total current measured. J-V relationships of Na+ inward currents for each channel indicated
below their respective representative registers for IB4(�) (a) and IB4(+) (b). J (pA�pF�1) median values (with interquartile range) are shown. N = 5,
n = 6 for each blocker. (c and d) Representative registers of the isolated NaV1.8 currents activated using a voltage protocol from �70 to 40 mV in
10 mV intervals. Black lines indicate the ionic current detected at �40 mV for IB4(�) (c) and IB4 (+) (d). JV and GV curves for NaV1.8 current are
exhibited below the recordings. V1/2 values are indicated inside squares. Data are expressed as medians (with interquartile range). Data were
collected 48 h post-treatment. N = 7. IB4(�): n = 17 for vehicle, n = 19 for paclitaxel; IB4(+): n = 17 for vehicle, n = 21 for paclitaxel. *P < 0.05,
significantly different from vehicle; Mann–Whitney test for J and the unpaired t test for V1/2
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relationship for KA currents showed that paclitaxel significantly

increased the magnitude of this component at V ≥ 10 mV (Figure 7b).

Paclitaxel effect on KA currents could be larger as it may be partially

obscured by the presence of the KDR currents. The G-V curve was

shifted to depolarizing potentials, resulting in a 9 mV right-shift of the

V1/2 (Figure 7c). In contrast, the magnitude of KDR currents was not sig-

nificantly affected by paclitaxel (Figure 7d), whereas the G-V curve

appeared depolarized by 6 mV, most likely because of the change in the

KA current.

In IB4(+) neurons, depolarizing voltage pulses elicited both KA

and KDR currents (Figure 7f). Paclitaxel reduced 20% the KA current

magnitude (Figure 7g,i) but did not alter the V1/2 (Figure 7h,j). There-

fore, the drug promoted the appearance of a high threshold KA cur-

rent in IB4(�) neurons, while in IB4(+) neurons, it reduced a low

threshold KA current.

3.6 | Paclitaxel sensitized IB4(�) and IB4(+)
neurons from both female and male rats

Next, we evaluated whether there was any sign of sex dimorphism in

the neural sensitization by paclitaxel (Figure 8). Paclitaxel augmented

2-fold the percentage of IB4(�) neurons of both sexes exhibiting SA

(Table S4), as well as their tonic firing (Figure 8a,b). Paclitaxel intensi-

fied the firing activity of female IB4(�) neurons by 2.2-fold, while for

male neurons there was a 1.5-fold increase. The peak of the bell-

shaped curve in female neurons was shifted towards lower current

values (Figure 8c), implying a stronger sensitizing effect in female IB4

(�) neurons (Figure 8g, Table S4). Furthermore, paclitaxel significantly

reduced the current rheobase in female IB4(�) neurons (Figure 8H,

Table S4) and depolarized the RMP by 4 mV (Figure 8i, Table S4). In

male IB4(�) neurons, the effect of paclitaxel on the current rheobase

and RMP did not reach statistical significance.

In IB4(+) neurons, paclitaxel increased the percentage of neurons

displaying SA in both sexes, by up to 40% (Table S4). Noteworthy, the

drug increased ≥3.0-fold tonic firing in female IB4(+) neurons and

1.5-fold in male (Figure 8d,g). This augment of AP firing in female IB4

(+) neurons was also accompanied by a 3-fold decrease of the current

rheobase (Figure 8h, Table S4). The drug also depolarized the RMP of

female IB4(+) neurons as compared to male neurons, although it did

not reach statistical significance (Figure 8I, Table S4). Thus, small sen-

sory neurons from female rats appear more sensitive to paclitaxel

potentiation than those from males.

3.7 | Paclitaxel increased TRPV1 and TRPM8
channel functionality

TRPV1, TRPM8 and TRPA1 are thermoTRP channels that may be

implicated in the thermal hypersensitivity experienced by CIPN

patients (Nazıro�glu & Braidy, 2017). Multielectrode array measure-

ments revealed that paclitaxel augmented by ≥3-fold the electrogenic

responses to capsaicin or menthol, without altering TRPA1 channel

activity (Figure S5), suggesting an increment in the expression of

TRPV1 and TRPM8 channels. However, analysis of their mRNA

F IGURE 7 Paclitaxel affected the fast-inactivating (KA) component of K+ outward currents in IB4(�) and IB4(+) neurons. (a and f)
Representative recordings of ionic currents in response to a depolarizing pulse to 20 mV and �30 mV for IB4(�) (a) and IB4 (+) (f) neurons. Note
that a fast-inactivating (KA) and non-inactivating (KDR) components can be distinguished. (b, d, g and i) J-V relationships of KA and KDR

components in IB4(�) (b and d) and IB4(+) (g and i). Current densities (pA�pF�1) are given as median values with interquartile range. (c, e, h and j)
G-V curves obtained from IV curves for KA and KDR for IB4(�) (c and e) and IB4(+) (h and j) using a VK

+ = �92 mV. Mean values with SEM are
shown and curves were fitted to Boltzmann equation (see Figure 5 legend) with the following parameters: for IB4(�) KA (c): Vehicle: z = 1.4 e0,
df = 546, R2 = 0.85; paclitaxel: z = 1.5 e0, df = 440, R2 = 0.9; for KDR (e): Vehicle: z = 1.3 e0, df = 559, R2 = 0.9; paclitaxel: z = 1.3 e0, df = 557,
R2 = 0.9; for IB4(+) KA (h): Vehicle: z = 1.4 e0, df = 258, R2 = 0.9; paclitaxel: z = 1.4 e0, df = 348, R2 = 0.9; for KDR (j): Vehicle: z = 1.3 e0,
df = 245, R2 = 0.9; paclitaxel: z = 1.3 e0, df = 349, R2 = 1.0 half-maximum activation voltages (V1/2) for each G-V curve are indicated inside a
square on each graph. Data were collected 48 h post-treatment. IB4(�): N = 15, n = 28 for vehicle and n = 33 for paclitaxel. IB4(+): N = 13,
n = 20 for vehicle, n = 27 for paclitaxel. *P < 0.05, significantly different from vehicle; Mann–Whitney test
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expression (Table S5) did not show a transcriptional regulation by pac-

litaxel of these channels. At a protein level, we observed a significant

increase of TRPV1 expression (Figure S3). Similarly, immunocyto-

chemical analysis of sensory neurons revealed a significant increase of

TRPV1 immunoreactivity (Figure 9b,c). For TRPM8, we observed an

increase in immunoreactivity (Figure 9h,i) that was not substantiated

by immunoblots (Figure S3). TRPA1 immunoreactivity was not

affected by paclitaxel (Figure 9e,f).

We next evaluated the effect of paclitaxel on the ionic currents

induced by capsaicin, menthol and AITC in IB4(�) and IB4(+) neu-

rons (Figure 10; Table S6). Figure 10A illustrates representative cap-

saicin inward currents elicited in IB4(�) and IB4(+) neurons exposed

to vehicle and paclitaxel. Capsaicin-evoked ionic currents were

4-fold augmented in IB4(�) neurons and mildly promoted in IB4(+)

neurons treated with the drug (Figure 10B). As expected, paclitaxel

did not affect the AITC-evoked ionic currents in either neural popu-

lation (Figure 10c,d). In contrast, paclitaxel increased 3-fold the men-

thol response in IB4(�) neurons (Figure 10e,f). No menthol currents

were recorded from IB4(+) neurons. Thus, these results indicate that

paclitaxel mainly increased TRPV1 and TRPM8 channel activity in

IB4(�) neurons.

We also investigated if paclitaxel potentiation of TRPV1 and

TRPM8 activity displayed sexual dimorphism. Paclitaxel similarly

increased capsaicin-evoked ionic currents in male and female IB4(�)

neurons by ≥3.5-fold (Figure 10g,h). In contrast to the effects

obtained with capsacin, paclitaxel augmented menthol-evoked ionic

currents 4.5-fold in male IB4(�) neurons but showed no significant

increase in female IB4(�) neurons (Figure 10i,j). Paclitaxel similarly

affected the capsaicin currents of IB4(+) male and female neurons

(Figure 10k,l). Accordingly, paclitaxel similarly potentiated capsaicin

responses in male and female sensory neurons, but the responses to

menthol were potentiated only in male IB4(�) neurons.

4 | DISCUSSION

We have examined the direct effect of paclitaxel on nociceptor excit-

ability using a long-term, in vitro, pre-clinical model of nociception

that allowed us to study the reversibility of paclitaxel-induced neural

sensitization. A salient finding was that paclitaxel exposure (24 h)

increased SA and tonic firing of IB4(�) and IB4(+) sensory neurons,

peaking at 48 h and dissipating at 96 h post-treatment. Potentiation

of the electrogenic activity mainly resulted from a reduction of the

current rheobase in IB4(�) and IB4(+) neurons, and a modest RMP

depolarization in IB4(�) neurons. IB4(+) neurons shifted from a phasic

to an irregular tonic firing, while in IB4(�) neurons, the tonic firing

F IGURE 8 Neural excitability of IB4(�) and IB4(+) neurons from female rats appear more sensitive to paclitaxel. (a, b, d and e) Representative
action potential firing of IB4(�) and IB4(+) neurons from female (b and e) and male (a and d) rats evoked by 1 s current pulse as indicated on the
left side. (c and f) Firing frequency as a function of the injected current in the range of 0 to 300 pA in 10-pA pulses. Firing frequency was
obtained counting the number fired APs during the 1 s current pulse. (g) Area under the curve (AUC0

300) obtained by integrating the firing
frequency curve for the 0 to 300 pA current interval in female and male neurons. (h) Rheobase values estimated as the minimum injected current
need to fire an action potential in female and male neurons. (i) RMP measured using a continuous current protocol of 0 pA in female and male
neurons. Data are presented as individual values and the means ± SD. Data were collected 48 h post-treatment. Male IB4(�): N = 9, vehicle:
n = 23, paclitaxel: n = 19; female IB4(�): N = 11, vehicle: n = 26, paclitaxel: n = 23; male IB4(+): vehicle: n = 10, paclitaxel: n = 10; female IB4
(+): vehicle: n = 13, paclitaxel: n = 17. IB4(�) and IB4(+) neurons were analysed separately. *P < 0.05, significantly different as indicated;
Kruskal–Wallis test with Dunn's multiple comparisons test (g, h) or two-way ANOVA with Tukey's multiple comparisons test (i)
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was potentiated. Analysis of the AP waveform indicated that electro-

genic changes in IB4(�) were due to faster AP repolarization and to a

faster and shallower AHP, while the effects observed in IB4(+) neu-

rons resulted from down-regulation of the AHP amplitude. These

results confirm that paclitaxel-induced electrogenic sensitization of

DRG neurons does not require the participation of immune cells,

although an autocrine action of IL-6 and CCK2 could be a contribu-

tory factor (Miller et al., 2009).

Several studies have shown an alteration of neural Na+ currents in

CIPN due to paclitaxel (Nieto et al., 2008; Zhang & Dougherty, 2014)

that mainly arises from an up-regulation of Nav1.7 channels in sensory

neurons (Li et al., 2018). Nav1.7 channels are TTX-sensitive channels

displaying a hyperpolarized activation potential that contributes to set

the AP threshold and the current rheobase in nociceptors (Dib-Hajj

et al., 2005). Furthermore, the ratio of Nav1.7: Nav1.8 expression has

been proposed to modulate the amplitude of subthreshold oscillations

that may promote repetitive firing and control electrogenicity (Choi &

Waxman, 2011). Nav1.8 channels are TTX-resistant Nav channels

mainly involved in setting the upstroke of the AP, defining the inflection

of the repolarization phase occurring in 60% of IB4(�) neurons, tuning

the fast recovery from inactivation and contributing to the generation

of resurgent Na+ currents (Renganathan et al., 2001; Xiao et al., 2019).

Recent studies have shown that paclitaxel hyperexcitability could be

blocked by the Nav1.8-specific antagonist A-803467 (Verma

et al., 2020). Similarly, the work of Zhang et al. suggested that puerarin

reduced paclitaxel induced neuropathic pain in rats by blocking the

Nav1.8 β1 subunit (Zhang et al., 2018). Our findings also point to

Nav1.8 channels in both nociceptor subtypes, as a central player of

paclitaxel-induced neural excitability. The greater increase of Nav1.8

channel activity in IB4(+) nociceptors treated with paclitaxel is consis-

tent with the faster recovery of inactivation of Na+ ionic currents

observed in these nociceptors. In support of this proposal, treat-

ment of IB4(+) nociceptors with PF04885614 eliminated the faster

recovery from inactivation provoked by paclitaxel. Intriguingly, in

our model we did not observe any increase of Nav1.7 channel

activity, as reported in nociceptors from other animal models of

F IGURE 9 Paclitaxel increased immunoreactivity for TRPV1 and TRPM8 in sensory neurons. Immunocytochemical staining of cultured DRG
neurons treated with vehicle or paclitaxel using anti-TRPV1, anti-TRPA1 or anti-TRPM8 antibodies along with the neuronal marker NeuN and
DAPI staining. Green: TRPV1 (a, b), TRPA1 (d, e) or TRPM8 (g and h). Red: NeuN. DAPI: cyan. Scale bar denotes 20 μm. (c, f and i) Mean
fluorescence intensity of TRPV1 (c), TRPA1 (f) or TRPM8 (i) immunoreactivity for vehicle and paclitaxel treated neurons. Data were collected 48 h
post-treatment. Data are presented as individual values with means ± SD; N = 7. *P < 0.05, significantly different from vehicle; paired t test
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paclitaxel-induced CIPN (Li et al., 2018; Xia et al., 2016). A possible

explanation is that modulation of Nav1.7 channel activity in

nociceptors by paclitaxel may require the participation of pro-

algesic agents released from immune cells affected by the drug

or/and that paclitaxel increased the axonal location of the channel

(Akin et al., 2021). Thus, our findings suggest that Nav1.8 channels

are the major players defining the electrogenic properties following

exposure to paclitaxel, including the threshold of action potential

firing and the occurrence of repetitive firing (Choi et al., 2007;

McDermott et al., 2019). Nonetheless, additional experiments are

needed to define the contribution of Nav1.7 and Nav1.9 channels to

setting the RMP and to regulate the neuronal excitability of different

subpopulations of sensory neurons.

Electrogenicity is also defined by the AHP phase of the AP that is

shaped by HCN (HCN1 and/or HCN2), K2P and Kir channels. Down-

regulation of K2P and Kir channels would reduce the AHP amplitude

depolarizing the RMP and increase neural excitability. Transcriptional

analysis of DRGs from paclitaxel-treated mice showed a down-

regulation of the mRNA for KCN1 (Kv1.1) and Kir3.4 (Zhang & Doug-

herty, 2014), which is consistent with the smaller AHP amplitude we

observed. Because of their Na+ permeability, HCN channels modulate

AHP dynamics and electrogenic adaptation (Gu et al., 2005). An up-

regulation of HCN channels reduces AHP amplitude and accelerates

restoration of RMP (Emery et al., 2012), thus promoting repetitive fir-

ing (Hogan & Poroli, 2008). Up-regulation of HCN2 channels has been

shown in inflammatory and neuropathic pain conditions (Liu

et al., 2018; Weng et al., 2012). Furthermore, a transcriptional

increase of HCN1 mRNA expression was reported in an in vivo model

of paclitaxel CIPN (Zhang & Dougherty, 2014), and HCN1 blockade

attenuated oxaliplatin-induced CIPN (Resta et al., 2018). Accordingly,

our finding that paclitaxel down-regulates AHP in IB4(�) and IB4(+)

neurons suggests an up-regulation of HCN channels, most likely

HCN1 (Zhang & Dougherty, 2014), although HCN2 cannot be fully

ruled out. Collectively, our findings suggest that the effects of pacli-

taxel on IB4(�) and IB4(+) electrogenicity are due to regulation of Nav

and HCN channels, and probably K2P and Kir channels. Nonetheless,

we cannot discard regulation of other channels that also contribute to

the AP waveform and electrogenicity, including Ca2+-activated K+

channels (BK, IK, SK) that are expressed in sensory neurons

(Tsantoulas & McMahon, 2014). For instance, in IB4(�) neurons the

faster AP repolarization may result from the up-regulation of a high-

threshold KA channel such as Kv4.3 that is a major contributor to KA

currents in IB4(�) nociceptors (Zemel et al., 2018). In IB4(+) neurons,

AP repolarization could be influenced by the down-regulation of a low

threshold KA channel, such as Kv1.4 that is highly expressed in these

neurons (Vydyanathan et al., 2005). Additional experiments are

F IGURE 10 Paclitaxel increases TRPV1 and TRPM8 channel activity in IB4(�) neurons. (a, c and e) Representative inward current responses
to a 1 μM capsaicin (a), 100 μM AITC (c) and 100 μM menthol (e) of IB4(�) and IB4(+) neurons exposed to vehicle or paclitaxel. Calibration bars
are for all recordings. TRPM8 channel activity was further confirmed by using the antagonist 10 μM AMTB along with the menthol pulse. (b, d,
and f) Peak current density observed after application of capsaicin (b), AITC (d) or menthol (f). AITC current was evoked in the same cells as
capsaicin, after application of 4 capsaicin pulses. To quantify TRPM8 responses the remaining inward current during co-application of menthol
and AMTB was subtracted from the peak response to menthol. Data are expressed as medians (with interquartile range) or as mean ± SD.
*P < 0.05, significantly different as indicated; Mann–Whitney test for capsaicin and AITC or unpaired t test for menthol. (g, i and k)
Representative current responses to 1 μM capsaicin (g) and 100 μM menthol (i) for IB4(�) neurons and to capsaicin for IB4(+) (k) from male and
female rats. (h) Quantitation of the current density in response to 1 μM capsaicin revealed a similar potentiating effect of paclitaxel evoked in
male DRG neurons, and their female counterparts. (j) Menthol-activated ionic currents were activated more potently in male IB4(�) DRG neurons
(N = 4, n = 7), than in female IB4(�) neurons (N = 4, n = 8 for vehicle, n = 11 for paclitaxel). *P < 0.05, significantly different as indicated.
(l) There was no significant effect of paclitaxel on the capsaicin-evoked currents in neurons from male rats (N = 5, n = 8 for vehicle and n = 10
for paclitaxel) or those from females (N = 6, n = 6 for vehicle and n = 13 for paclitaxel), although there was a trend towards an increase in both

male and female cells. Recordings were made 48 h post-treatment. Data are presented as individual values with medians and interquartile ranges.
*P < 0.05, significantly different as indicated; Kruskal–Wallis with Dunn's multiple comparisons test
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needed to identify the ion channels altered by paclitaxel and to ana-

lyse how the drug affects their function (Malacrida et al., 2019).

We found that paclitaxel also up-regulated TRPV1 and TRPM8

channels, implying their contribution to heat and cold hypersensitivity in

paclitaxel-evoked CIPN. Aligned with our findings, up-regulation of

TRPV1 channel function by paclitaxel was previously observed and

related to the burning pain that patients experience (Hara et al., 2013; Li

et al., 2015). Our data suggest that paclitaxel-induced cold allodynia

mainly arises from an up-regulation of TRPM8 channels. This result is

consistent with a previous report showing that AMTB, a TRPM8 channel

antagonist, reduced cold-hyperalgesia exhibited by paclitaxel-treated

mice (Sałat & Filipek, 2015). However, our finding contrasts with the sug-

gestion that paclitaxel-induced cold allodynia may be mediated by TRPA1

channels (Nazıro�glu & Braidy, 2017). A study in diabetic rats showed that

paclitaxel up-regulated TRPA1 channels in sensory neurons and pro-

posed a major role in cold allodynia in CIPN (Barrière et al., 2012). Intrigu-

ingly, we did not observe a direct effect of paclitaxel in the expression or

function of TRPA1 channels. This discrepancy may arise from the differ-

ent CIPN models used, as up-regulation of TRPA1 channels in vivo may

be not due to the direct action of the drugs, but rather by algesic mole-

cules released from immune cells (Materazzi et al., 2012; Viana, 2016).

Another relevant result of our preclinical in vitro nociceptor

model is the finding that sensory neurons from females exhibit an

apparently greater sensitivity to paclitaxel than those from males,

suggesting a sex dimorphism. In contrast to the results in neurons

from, paclitaxel provoked, in female neurons, a significant change in

firing frequency, current rheobase and RMP depolarization, indicating

a stronger drug-induced sensitization. However, sex-related differ-

ences in the electrogenic parameters did not reach statistical signifi-

cance, most likely due to the modest sample size for the large

phenotypic heterogeneity of nociceptors. Unexpectedly, we observed

that paclitaxel promoted a higher up-regulation of TRPM8 channel

activity in male sensory neurons than in females, while the effect on

TRPV1 channel function was similar in both sexes. Studies in animal

models have also reported the existence of sex dimorphism in pacli-

taxel CIPN, although these studies implied an immune-directed mech-

anism through TLR9-mediated nociceptor sensitization (Luo

et al., 2019). Our findings additionally indicate that differences in sen-

sitivity between male and female sensory neurons to paclitaxel are

possible contributors to sex dimorphism. Studies that explore the sex

prevalence of paclitaxel in humans also hint to higher prevalence in

women, although the number of studies is limited, and these data

need to be treated with caution (Kim et al., 2018). Nonetheless, the

potential sex dimorphism in paclitaxel-induced sensitization of DRG

neurons deserve further investigation and strongly supports the use

of female animals in pre-clinical studies.

In conclusion, our preclinical, in vitro, model of paclitaxel-evoked

CIPN provided insights of a direct drug effect on the electrogenic

activity of IB4(�) and IB4(+) neurons. Our findings substantiate the

use of pre-clinical in vitro models to investigate the direct effect of

drugs on neural excitability, the underlying mechanisms and to unveil

sex differences. In vitro models have the advantage of simplicity, com-

pared with in vivo animal models that necessarily involve the

contribution of different cell types. However, as a trade-off, in vitro

models for the highly heterogenous peripheral sensory system may

favour cellular populations such as small sensory neurons or myelin-

ated neurons depending on the trophic factors used for maturation

(Höke et al., 2003). Nonetheless, models in a dish pave the way for

using in vitro human sensory neurons reprogramed from iPSC or

transdifferentiated from fibroblasts (Blanchard et al., 2015; Chambers

et al., 2012) as preclinical models to investigate the pathophysiology

of peripheral neuropathies and to test drug candidates.
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