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TRESK background potassium channel regulates
MrgprA31 pruriceptor excitability, acute and
chronic itch
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Abstract
A subset of peripheral sensory neurons expressing specific Mas-related G-protein–coupled receptors and transient receptor
potential channels mediate pruritogen-induced chemical itch. However, the molecular mechanisms that regulate the excitability of
these cells, and consequently itch sensation, are poorly understood. TWIK-related spinal cord K1 channel (TRESK) is a background
K1 channel that modulates the restingmembrane potential, action potential firing, and neuronal excitability, and it has been involved
in somatosensation and pain transduction. Here, we demonstrate that this channel contributes to pruritic transduction and it is
a potential target for treating chronic itch pathologies. TRESK channel coexpress with Mas-related G-protein-coupled receptor A3,
MrgprC11 and MrgprD in mouse sensory neurons, and with MrgprX1 in human ones. Genetic ablation of TRESK enhances firing of
MrgprA3-expressing pruriceptors and acute itch in response to intradermal injection of chloroquine, while the response to histamine,
BAM8-22, or leukotriene C4 remains unaffected. TRESK deletion also exacerbates chronic itch in mouse models of allergic contact
dermatitis, dry skin, and imiquimod-induced psoriasiform dermatitis, resulting in a significantly increased scratching behavior that
develops earlier and ismore robust.Moreover, pharmacologically enhancing TRESK function diminishes both acute and chronic itch
in wild-type mice but not in TRESK knockout (KO) animals. In summary, our data indicate that TRESK plays a role in regulating the
excitability of a subset of sensory neurons that mediate histaminergic-independent itch. Enhancing the channel function with
specific activators represents a promising antipruritic therapeutic approach that can be combined with other compounds for the
treatment of nonhistaminergic itch, which currently lack adequate treatment options.
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1. Introduction

Itch is an unpleasant sensation that triggers a desire to scratch
and is considered a warning sign aimed to remove possible
irritants or harmful stimuli. Pathologically, chronic itch is
associated with many skin (atopic dermatitis, psoriasis, dry skin)
and systemic diseases (cholestasis, chronic kidney disease).19,35

In rodents, 3 subpopulations of nonpeptidergic (NP) sensory
neurons involved in itch sensing have been described by genetic

and functional approaches7,35,58: NP1, presenting distinctive
expression of Mas-related G-protein–coupled receptor D
(MrgprD); NP2, expressing MrgprA3 and MrgprC11; and NP3,
expressing histamine and serotonin receptors.10,16,23,29,73 Other
itch receptors such as PAR2, interleukins, or thymic stromal
lymphopoietin are also expressed in these neurons.7,10,18,61,63 In
humans, similar populations of pruriceptors exist containing the
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same itch receptors or human orthologs (MrgprX1 in humans is
a functional homolog to MrgprA3 and MrgprC11 in rodents).
Nevertheless, in humans, the difference between peptidergic and
NP sensory neurons subtypes is more diffuse and pruriceptors
also express several neuropeptides.46,53

The intensity of pruriceptors’ activation by different stimuli is
directly related to the sensation of itch and beyond themembrane
receptors activated by pruritogens, ion channels such as TRPV1,
TRPA1, or ANO1 appear to play a role in the transduction
pathway, leading to neuronal depolarization and initiation of
action potentials firing.18,21,33,61 Interestingly, in MrgprA3-
expressing neurons, different transduction pathways can induce
either itch or pain, depending on the activation of metabotropic or
ionotropic membrane receptors, respectively.44 In addition, gain-
of-function mutations on NaV1.9 (SCN11A) cause a pruritic
phenotype in mice and severe pruritus in humans, which has
been associated with its high expression in itch nociceptors.43

These findings suggest that each neuronal subtype presents
a characteristic pattern of ion channel expression, defining their
intrinsic physiological properties, activation mechanism, AP
characteristics, and firing pattern.70

Two-pore domain potassium channels are expressed in
different sensory neuron subpopulations, including nocicep-
tors, where they predominantly carry “leak” or background
hyperpolarizing current.11 Their electrophysiological proper-
ties allow them to carry K1 currents across a broad range of
membrane potentials, positioning them as crucial regulators of
neuronal excitability. This is achieved by decreasing the
likelihood of depolarizing stimuli reaching AP threshold and
shaping the neuron firing response.11 In humans and rodents,
TWIK-related spinal cord K1 channel (TRESK) exhibit high
expression in neurons of the trigeminal (TG) and dorsal root
ganglion (DRG).6,20,31,58,68 We showed that genetic ablation of
TRESK enhances mechanical and cold sensitivity, whereas
sensitivity to heat remains largely unaffected.1,6 In addition,
mutations in the channel have been linked to migraine
pain.22,36,40

As transcriptomic analyses revealed that TRESK exhibits
preferential expression in NP1 and NP2 subtypes of sensory
neurons that are implicated in itch signal transmission,8,12,30,38,58,68

we investigated whether the channel could contribute to regulating
pruriceptor excitability and if changes in its expression or function
might cause persistent activation of pruriceptors, leading to chronic
itch. We show that TRESK is a key regulator of nonhistaminergic
itch and manipulating its function emerges as a promising novel
approach for antipruritic therapy.

2. Methods

2.1. Animals

All behavioral and experimental procedures were conducted in
accordance with the recommendations of the International
Association for the Study of Pain and were reviewed and
approved by the Animal Care Committee of the University of
Barcelona and by the Department of the Environment of the
Generalitat de Catalunya, Catalonia, Spain (#9876, 10191,
10326). Female and male C57BL/6 mice between 8 and
16 weeks old were used in all experimental procedures (RNA
extraction and qPCR, in situ hybridization [ISH], cell cultures,
electrophysiology, calcium imaging, and behavior) unless spec-
ified otherwise. Mice were kept in a controlled environment at
22˚C with unrestricted access to food and water in a 12-hour
alternating light and dark cycle.

TRESK channel (Kcnk18/K2P18.1) knockout mice (KO) and
wild-type (WT) littermates were obtained from the KOMP
Repository (Mouse Biology Program, University of California,
Davis, CA). The TRESK knockout mouse was generated by
replacing the complete Kcnk18 gene by a ZEN-UB1 cassette
according to the VelociGene’s KOMPDefinitive Null Allele Design.
At 3 weeks of age, WT or KO newborn mice were weaned,
separated, and identified by ear punching. Genomic DNA was
isolated from ear snip samples incubated in a solution containing
25 mM NaOH and 0.2 mM EDTA (pH 12) at 95˚C during
30 minutes, after neutralization with 40 mM Tris-HCl solution at
pH 5. Polymerase chain reaction (PCR) was performed with
primers to detect the Kcnk18 gene: forward 59-GGAGAACCC
TGAGTTGAAGAAGTTCC-39 and reverse GGCTCTAACTTTCCT
CACTGCACC or the inserted cassette in the KO mice: forward
(REG-Neo-F) GCAGCCTCTGTTCCACATACACTTCA and re-
verse (gene-specific) AGACTTCTCCCAGGTAACAACTCTGC.
The PCR mixture contained 9 mL DNA sample, 10 mL Master
Mix (ThermoFisher Scientific, Waltham, MA; Ref. K0171), 0.5 mL
(20 mM) forward and reverse primers (final volume of 20 mL).
Polymerase chain reaction amplifications were conducted with
35 cycles in a programmable thermal cycler (Eppendorf AG,
Hamburg, Germany). The program used was 95˚C for 3 minutes
and cycles of 95˚C for 30 seconds, 58˚C for 60 seconds, 72˚C for
40 seconds, with a final extension at 72˚C for 5 minutes.
Polymerase chain reaction products were analyzed by electro-
phoresis in 1.5% agarose gels. Once identified, genotyped
animals were used as breeders for colony expansion and their
offspring were used in all experimental procedures in which mice
were required. The transgenic MrgprA3GFP-Cre mouse
(Tg(Mrgpra3-GFP/cre)) line was kindly provided by Mark Hoon
(NIH, Bethesda, MD) and Xinzhong Dong (Johns Hopkins
University, HHMI)16 and crossed with a Cre-dependent
ROSA26tdTomato reporter mouse line (Gt(ROSA)26Sortm14(-
GAG-tdTomato)Hze) providing the expression and of tdTomato
in MrgprA3-expressing neurons in the resulting mouse line
(MrgprA3tdTomato). This MrgprA3tdTomato mouse line was further
crossed with TRESK2/2 mice to obtain the MrgprA3tdTomato;
TRESK2/2 mouse line. Primers for CRE recombinase (Cre-F:
CAGAGACGGAAATCCATCGC; Cre-R: GGTGCAAGTTGAATA
ACCGG), Gt(ROSA) WT (forward: GGCATTAAAGCAGCGTAT
CC; reverse: CTGTTCCTGTACGGCATGG), and Gt(ROSA) Mut
(forward: AAGGGAGCTGCAGTGGAGTA; reverse: CCGAAA
ATCTGTGGGAAGTC) were used. The program for the Cre
PCR used was 95˚C for 3 minutes and cycles of 95˚C for 30
seconds, 53˚C for 60 seconds, 72˚C for 30 seconds, with a final
extension at 72˚C for 5 minutes. The program for the Gt(ROSA)
PCR used was 95˚C for 3 minutes and cycles of 95˚C for 30
seconds, 58˚C for 60 seconds, 72˚C for 30 seconds, with a final
extension at 72˚C for 5 minutes. Mice generated were used to
obtain primary cultures of tdTomato-labeled MrgprA31 sensory
neurons from control or TRESK2/2 animals for electrophysiolog-
ical recordings.

2.2. RNAscope in situ hybridization

Mouse DRGs (bilateral lumbar L2-L5) or TG tissues were
dissected from WT or KO mice. Adult human fresh-frozen DRG
(from thoracic level T10) tissue from a healthy donor was obtained
from Anabios Corporation (San Diego, CA). Mouse TG/DRG and
human DRG were embedded with OCT (optimal cutting
temperature compound), cryostat-sectioned at 14 mm for mouse
TG/DRGs and 20 mm for the human DRG onto SuperFrost Plus
slides and then stored at 280˚C for ISH. Multilabeling ISH was
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performed using fresh frozen tissue with the RNAscope
technology (Advanced Cell Diagnostics, Newark, CA) according
to the manufacturer’s instructions. Probes against mouse Mm-
kcnk18 (TRESK, 440001), Mm-mrgpra3 (MAS-related GPR
family member A3, 548161), Mm-mrgprx1 (MAS-related GPR
family member X1(C11), 488771), Mm-mrgprD (MAS-related
GPR family member D, 417921), Mm-tubb3 (Tubulin beta 3,
423391) and human Hs-kcnk18 (TRESK, 596461), Hs-mrgprX1

(MAS-related GPR family member X1, 517011), Hs-tubb3
(Tubulin beta 3, 318901) mRNAs (Bio-Techne R&D Systems,
S.L.U, Minneapolis, MN) were used in conjunction with the
RNAscope multiplex fluorescent v2 development kit (ACD).
Images were obtained on a Zeiss LSM880 confocal laser-
scanning microscope (Jena, Germany) and Thunder Leica
widefield fluorescence microscope. ImageJ Fiji (NIH) was used
to analyze images and to determine soma size.

2.3. RNA extraction and quantitative real-time polymerase
chain reaction

Mouse tissue samples were obtained from TG at indicated times,
kept in RNAlater solution (Qiagen, Madrid, Spain), frozen in liquid
N2 and stored at 280˚C until use. Total RNA was isolated using
the Nucleospin RNA (Macherey-Nagel, Düren, Germany) and
quantified for purity in aNanodrop (ThermoFisher Scientific). First-
strand cDNA was then transcribed using the SuperScript IV
Reverse Transcriptase (Invitrogen, Waltham, MA; ThermoFisher
Scientific) according to the manufacturer’s instructions. Quanti-
tative real-time PCR was performed in an ABI Prism 7300 using
the Fast SYBR Green Master mix (Applied Biosystems, Waltham,
MA) and primers (detailed below) obtained from Invitrogen
(ThermoFisher Scientific). Amplification of glyceraldehyde 3-
phosphate dehydrogenase transcripts was used as a standard
for normalization of all qPCR experiments, and gene-fold
expression was assessed using the DCT method. All reactions
were performed in triplicate. After amplification, melting curves
were obtained and evaluated to confirm correct transcript
amplification. Gene-specific primers used were tresk (forward
59- CTCTCTTCTCCGCTGTCGAG-39; reverse 59-AAGAGAGCG
CTCAGGAAGG-39);mrgprA3 (forward 59-CTCAAGTTTACCCTA
CCCAAAGG-39; reverse 59-CCGCAGAAATAACCATCCAGAA-
39); mrgprD (forward 59-TTTTCAGTGACATTCCTCGCC-39; re-
verse 59-GCACATAGACACAGAAGGGAGA-39); mrgprC11 (for-
ward 59-ACTCTCTGCTACGGATCATTGA-39; reverse 59-TGA
TTGCTGCATTGCCTAAGATA-39); trpa1 (forward 59-GTCCAG
GGCGTTGTCTATCG-39; reverse 59-CGTGATGCAGAGGAC
AGAGAT-39); trpv1 (forward 59-CCCGGAAGACAGATAGCC
TGA-39; reverse 59-TTCAATGGCAATGTGTAATGCTG-39);
gapdh (forward 59-TCCACTGGCGTCTTCAC-39; reverse 59-
GGCAGAGATGATGACCCTTTT-39).

2.4. Primary culture of sensory neurons

Mice were humanely euthanized through cervical dislocation
and decapitation under isoflurane anesthesia. Trigeminal
ganglia were dissected for neuronal culture as previously
described.5,6 Briefly, the collected ganglia were maintained in
cold (4-5˚C) Ca21- and Mg21-free phosphate buffered saline
(PBS) solution supplemented with 10 mM glucose, 10 mM
HEPES, 100 U.I./mL penicillin, and 100 mg/mL streptomycin
until dissociation. Subsequently, ganglia were incubated in 2mL
HAM F-12 with collagenase CLS I (1 mg/mL; Biochrome AG,
Berlin, Germany), Bovine Serum Albumin (1 mg/mL), and
dispase II (5 mg/mL; Sigma-Aldrich, Madrid, Spain) for 1 hour

45 minutes at 37˚C followed. Ganglia were then resuspended in
culture media (HAM F-12 supplemented with 10% fetal bovine
serum (FBS), 100mg/mL of penicillin/streptomycin and 100mg/
mL of L-glutamine) andmechanical dissociation was conducted
with fire-polished glass Pasteur pipettes of decreasing diame-
ters, previously coated with Sigmacote (Sigma-Aldrich) and
autoclaved. The resulting neurons were centrifuged at 1000
revolutions per minute (rpm) for 5 minutes, resuspended in
culture medium, and transferred to 12-mm diameter glass
coverslips pretreated with poly-L-lysine/laminin. The primary
cultures were then incubated at 37˚C in humidified 5% CO2

atmosphere and used between 4 and 24 hours for patch-clamp
electrophysiological recordings or calcium imaging
experiments.

2.5. Calcium imaging in sensory neurons

Cultured trigeminal sensory neurons from WT and TRESK KO
mice were loaded with 5 mM fura-2/AM (F1221; Invitrogen,
ThermoFisher Scientific) for 45 to 60 minutes at 37˚C in culture
medium. Coverslips with fura-2 loaded cells were transferred into
an open-flow chamber (0.5 mL) mounted on the stage of an
inverted Olympus IX70microscope equipped with a Lambda 721
Optical Beam combiner equipped with LEDs (Sutter Instrument,
Novato, CA) as a source of illumination. Pictures were acquired
with an attached cooled CCD camera (Orca-Fusion; Hamamatsu
Photonics, Shizuoka, Japan) and stored and analyzed on a PC
computer using HCImage software (Hamamatsu Photonics).
After a stabilization period, pairs of images were obtained every 2
seconds at excitation wavelengths of 340 (l1) or 380 nm (l2; 10
nmbandwidth filters) to excite the Ca21 bound or Ca21 free forms
of the fura-2 dye, respectively. The emission wavelength was 510
nm (12-nm bandwidth filter). Typically, 30 to 50 cells were present
in the microscope field (20x). [Ca21]i values were calculated and
analyzed individually for each single cell from the 340- to 380-nm
fluorescence ratios at each time point. Only neurons that
produced a response .20% of the baseline value and that, at
the end of the experiment, produced a Ca21 response to
ionomycin (1 mM) application were included in the analysis.
Trigeminal neurons recorded were obtained from 4 to 5 different
animals per genotype and used 18 to 24 hours after primary
culture. The extracellular (bath) solution used was Hank’s
Balanced Salt Solution: 140 mMNaCl, 4 mMKCl, 1.8 mMCaCl2,
1 mM MgCl2, 10 mM glucose, 10 mM HEPES, at pH 7.4 with
NaOH. Experiments were performed at room temperature. Drugs
were bath-applied for 30 seconds and then washed out.

2.6. Calcium imaging in transfected cells

HEK293T cells, cultured in (Dulbecco’s Modified Eagle Medium)
DMEM supplemented with 10% FBS, 100 mg/mL penicillin/
streptomycin, and 100 mg/mL L-glutamine at 37˚C in humidified
5% CO2, were seeded on 12-mm diameter poly-L-lysine coated
glass coverslips 24 hours before transfection. Cells were
transiently transfected using ROTIFect transfection reagent (Carl
Roth, Karlsruhe, Germany), according to the manufacturer’s
instructions. MrgprA3-pcDNA3.1 was kindly provided by X. Dong
(Johns Hopkins University, HHMI). Human TRESK (kindly pro-
vided by Y. Sano, Astellas Pharma, Tokyo, Japan) was subcloned
into the pIRES2-EGFP vector (Clontech, Mountain View, CA) to
form the hTRESK-pIRES2-EGFP construct. Cells we cotrans-
fected with MrgprA3-pcDNA3.1 and pIRES2-EGFP (5:1 ratio) to
allow identification of transfected cells or with MrgprA3-
pcDNA3.1 and hTRESK-pIRES2-EGFP (5:1 ratio). Cells were
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used 24 hours later for calcium imaging with Fura-2 using the
same solutions and methods as described for sensory neurons.
Chloroquine (CQ) 1 mM was used to stimulate the MrgprA3
receptor.

2.7. Electrophysiological recordings

Electrophysiological recordings in sensory neurons were
performed as previously described.4–6 Briefly, recordings were
performed with a patch-clamp amplifier (Axopatch 200B;
Molecular Devices, Union City, CA) and restricted to
tdTomato-expressing TG neurons from MrgprA3TdTomato or
MrgprA3TdTomato; TRESK2/2 mice, which had a soma diame-
ter ,30 mm and largely correspond to nociceptive/pruriceptive
neurons.25 Patch electrodes were fabricated in a Flaming/
Brown micropipette puller P-97 (Sutter instrument). Electrodes
had a resistance between 2 and 4 MV when filled with
intracellular solution (in millimolar): 30 KCl, 110 K-Gluconate, 2
MgCl2, 10 HEPES, adjusted to pH 7.2. Bath solution (in
millimolar): 145 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 5
glucose at pH 7.4. The osmolality of the isotonic solution was
310.6 6 1.8 mOsm/kg. To study sensory neuron excitability,
after achieving the whole-cell configuration of the patch-clamp
technique, the amplifier was switched to current-clamp bridge
mode. Recorded signals were filtered at 2 kHz, digitized at 10
kHz, and acquired with pClamp 10 software. Data were
analyzed with Clampfit 10 (Molecular Devices) and Prism 10
(GraphPad Software, Inc, La Jolla, CA). Series resistance was
always kept below 15 MV and compensated at 70% to 80%. All
recordings were done 4 to 6 hours after dissociation at room
temperature (22-23˚C) rather than body temperature to permit
direct comparisons to other studies of underlying biophysical
mechanisms. Only neurons with a resting membrane voltage
below 245 mV were considered for the study. Rheobase was
determined with ascending series of 200ms depolarizing pulses
(10 pA increments from250 pA) while the neuron was held at its
resting membrane potential (RMP). Action potential (AP)
properties (amplitude, duration, time to AP peak) were
measured at the spike fired at the rheobase current. Membrane
input resistance (Ir) was measured at the250 pA current pulse.
Neuronal depolarization to subthreshold stimuli (110 pA and
120 pA) was measured to assess the contribution of potassium
currents in the range of membrane potentials between resting
and AP threshold. Intrinsic neuronal excitability to injected
current was measured as the number of spikes during a 1
second depolarizing ramp from 0 to 500 pA. Neuronal
excitability to a pruritogenic stimulus was measured as the
number of spikes fired in response to bath application of CQ (1
mM) for 20 seconds.

2.8. Histology

To evaluate the skin lesions produced by the imiquimod (IMQ)-
induced psoriatic skin model in WT and TRESK KO animals,
a new batch of animals were treated as described in section 2.11
and sacrificed at day 4. Cheek skin specimens were dissected
immediately after animals were sacrificed and fixed in 4%
paraformaldehyde in Ca21/Mg21-free PBS and processed for
paraffin embedding. Five micrometer thick sections were stained
with hematoxylin and eosin. Images were obtained in a bright-
field Nikon Eclipse E-800 microscope at 20x, and main
histological parameters from at least 4 sections of each mouse
were analyzed with ImageJ software (NIH) in a blinded manner by
2 researchers. In particular, epidermal thickness was measured

inmmand as the number of epidermal cell layers, hypergranulosis
(thickness of the stratum granulosum) was assessed as
a percentage of epidermal length with 2 or more epidermal
granular layers, and microabscesses were quantified as the
number per epidermal length.

2.9. Behavioral studies

Female and male WT or TRESK KO mice aged between 8 and
16 weeks were used in all behavioral studies. To mitigate stress-
induced variability in the results, mice were acclimated to the
experimental room and the experimental setup before testing
(2h). Behavioral measurements were conducted in a quiet
environment, with careful attention to minimize or prevent any
distress of the animals. All experimenters were blind to the
genotype, or the drug/vehicle assayed.

2.10. Cheek assay of acute itch

To assess acute itch sensitivity, we used the cheek assay, which
allows to differentiate between itch and pain responses to
a substance.47 Mice were acclimated to the experimental room
for 2 hours 1 day before testing. Compounds were intradermally
injected into the cheek of the animal (10 mL). A characteristic
scratching response with the posterior leg is indicative of itch
while a wipe with the anterior leg indicates pain, as the animal
attempts to eliminate the painful stimulus. The number of
scratching bouts towards the injection site during 15-minute
period was counted. In experiments using cloxyquin or olive oil
(vehicle), animals received an intraperitoneal injection of the drug
(50 mg/kg) 2 hours before testing.

2.11. Imiquimod-induced psoriasis model of chronic itch

The IMQ model of psoriatic itch42 was performed as described,
on the mouse cheek. Briefly, on the day before the treatment and
under short anesthesia with 2% isoflurane, the mouse’s cheek
skin was shaved (0.53 0.5 cm). For 7 consecutive days (days 0-
6), mice received a daily topical application of 12.5 mg Aldara
cream (5% IMQ; 3M Pharmaceuticals, Northridge, CA) on the
shaved cheek skin. Control mice was treated similarly with
a control vehicle cream (Vaseline Lanette, Bioglan AB, Malmö,
Sweden). The behavior of each mouse was recorded during
1 hour on day 0 (baseline, before applying any treatment), on days
1 to 6 (before IMQ reapplication), and on day 7. Animals were
observed individually in its home cage where they could move
freely without any type of restriction. The number of scratching
bouts directed to the area was counted as a measure of
spontaneous itch.

2.12. Dry skin model of chronic itch

The dry skin model was performed on the mouse cheek as
described.62 Briefly, after shaving (0.5 3 0.5 cm), the mouse
cheek was treated twice daily during 5 days, with a cotton swab
moistened with water (control group) or with a 1:1 mixture of
acetone and ether (dry skin group) during 15 seconds. The
treated cheek skin was then washed with water for 30 seconds.
On day 1 (before applying any treatment) and on days 3 and 5
(after the second treatment of the day), the behavior of each
mouse was individually observed while the animal freely moved in
its home cage. The number of scratching bouts during a 1 hour
period was counted as a measure of spontaneous itch.
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2.13. Allergic contact dermatitis model of chronic itch

To induce allergic contact dermatitis, each mouse was chal-
lenged with the contact sensitizer squaric acid dibutyl ester
(SADBE; 339792; Sigma-Aldrich) to elicit contact hypersensitiv-
ity.37 Mice were sensitized by a topical application of 25 mL of 1%
SADBE in acetone to the shaved back skin (0.5 3 0.5 cm) once
a day for 3 consecutive days (days 0, 1, and 2). Five days later (day
5), the SADBE-treated group was challenged with a topical
application of 1%SADBE to the shaved cheek skin once a day for
2 consecutive days (days 7 and 8), whereas acetone alone was
used as the vehicle control. Spontaneous scratching behavior
was observed for 1 hour on 3 consecutive days, before the
SADBE challenge (day 7) and during the 2 days after (days 8
and 9).

2.14. Drugs

All reagents and culture media were obtained from Sigma-
Aldrich unless otherwise indicated, including histamine (H7250),
b-alanine (146064), CQ (C6628), BAM 8 to 22 (SML0729), and
cloxyquin (C47000). N-methyl leukotriene C4 (LTC4; CAY-
13390) was obtained fromCaymanChemical (Ann Arbor, MI). All
drugs were prepared fresh before every experimental procedure
by diluting them in PBS at the desired concentration except
LTC4 that was diluted in PBS from a stock solution in ethanol.
Cloxyquin was diluted and injected intraperitoneally in olive oil.69

For cheek injection, cloxyquin was diluted in 1% DMSO/PBS or
in olive oil.

2.15. Data analysis

Data are presented as mean 6 SEM. Statistical differences
between different sets of data were assessed by performing
unpaired Student t-tests, one-way or 2-way analysis of variance
plus Bonferroni or Holm–Šı́dák multiple comparisons tests, as
indicated. The significance level was set at P , 0.05 in all
statistical analyses. Data analysis was performed using Graph-
Pad Prism 10 software and GraphPad QuickCalcs online tools
(GraphPad Software, Inc).

3. Results

3.1. TRESK colocalizes in sensory neuron subpopulations
involved in itch signaling

Single-cell transcriptomic studies of both trigeminal and dorsal
root ganglia have revealed predominant TRESK expression in
specific sensory neuronal subtypes8,24,30,38,58,68 and particularly
enriched in MrgprA31 neurons.66 The channel is expressed in
low-threshold mechanoreceptors involved in touch sensation
(NF1; expressing TrkB and Piezo2) but predominantly in NP
nociceptors subpopulations NP1 and NP2, responsible for itch
transduction. To validate these findings, we performed ISHs and
quantified the coexpression percentage of TRESK with known
markers of these subpopulations, MrgprD for NP1 or MrgprA3
and MrgprC11 for NP2. Trigeminal ganglia slices obtained from 3
different WT mice were assayed for tubb3, kcnk18 (TRESK) and
mrgprA3, mrgprC11 or mrgprD. From 5852 neurons (Tubb31),
2129were positive for TRESK (35.66 6.7%) and 305 forMrgprA3
(4.96 1.5%), mostly being small or medium-sized neurons (Figs.
1A and B). A significant percentage of MrgprA31 neurons
(67.9 6 24.3%, 196 neurons) exhibited a notable degree of
TRESK coexpression (Fig. 1A). In situ hybridization from TRESK
KO animals did not show any significant staining for the channel

(Suppl Fig. 1A, http://links.lww.com/PAIN/C222). Similar results
were found in DRGs, where 57.9 6 4.8% MrgprA31 neurons
express TRESK (MrgprA31, 85 neurons, TRESK1 642 neurons,
Tubb31, 1865 neurons; Figs. 1A and B). MrgprC11 showed
a similar degree of colocalization with TRESK in TG neurons.
From 2999 neurons (Tubb31), 904 were positive for TRESK
(29.6 6 3.0%) and 188 for MrgprC11 (6.8 6 1.5%), with 80.6 6
7.0% of neurons (148) showing both TRESK and MrgprC11
coexpression (Fig. 1C). TWIK-related spinal cord K1 channel also
showed a high percentage of expression in a different population
of TG and DRG neurons, characterized by MrgprD1 expression.
A 60.2 6 2.4% of MrgprD1 trigeminal neurons express the ion
channel (MrgprD1, 962 neurons, TRESK1 2789 neurons,
Tubb31, 7645 neurons; Fig. 1C). In DRGs, the percentage of
MrgprD1 neurons expressing the channel was slightly higher
(73.26 6.2%; MrgprD1, 1064 neurons, TRESK1 1509 neurons,
Tubb31, 4590 neurons; Suppl Fig. 1B, http://links.lww.com/
PAIN/C222). Therefore, ISH data confirm transcriptomic studies,
showing that TRESK is highly expressed in NP1 and NP2
neuronal subtypes involved in itch transduction. Next, we
assayed whether TRESK was also present in human DRG
sensory neurons expressing MrgprX1, the human analog of
MrgprA3, and if they present a similar expression pattern. As
shown in Figure 1D, a similar degree of coexpression was found,
with 96.9 6 1.9% of MrgprX11 neurons presenting TRESK
expression (MrgprX11, 76 neurons, TRESK1 142 neurons,
Tubb31, 502 neurons; Fig. 1D). These data confirm that
pruriceptors expressing Mrgpr receptors coexpress TRESK
channels in both species, humans, and rodents.

3.2. TRESK ablation enhances acute itch

Considering the role of TRESK regulating neuronal excitabil-
ity6,36,40,60 and its expression in pruriceptors, we reasoned that
the absence of the channel could heighten neuronal activation by
pruritogenic compounds. To test this hypothesis, we used the
cheek assay47 to assess itch responses after the injection of
different well-known pruritogens in WT and TRESK KO mice. As
anticipated, CQ injection (50 mg in 10 mL), a MrgprA3 agonist,28

resulted in significant scratching compared to vehicle injection in
both genotypes (Fig. 2A). Interestingly, mice lacking TRESK
exhibited an augmented response to CQ (WT vs KO: 24.56 13.9
vs 48.6 6 26.6 scratching bouts; P , 0.01; Fig 2A and Suppl
Fig. 2, http://links.lww.com/PAIN/C222), suggesting that the
absence of the channel facilitates neuronal activation. Similar
results for CQ injection in the nape of the neck were found,
a territory innervated by DRG neurons (WT vs KO; P , 0.01;
Fig. 2B). In contrast, scratching bouts induced by cheek injection
of histamine (30 mg; activating H1R receptors), BAM8-22 (5 mM;
activating MrgprC11), and N-met LTC4 (1 mg; activating Cysltr2)
were similar between WT or KO animals, despite inducing
significant scratching in all groups compared to vehicle (Fig. 2C).
In our hands, cheek injection of b-alanine (1 mM) only produced
a mild effect in both WT and KO mice (not shown) despite others
have reported significant effects29 or a higher concentration must
be used.15 None of these compounds elicited almost any wiping
responses (indicative of pain47), thus confirming that tested
compounds induced itch rather than pain. These results suggest
that TRESK modulates specific populations of itch-transducing
sensory neurons, preferentially nonhistaminergic itch transduc-
tion mediated by MrgprA31 pruriceptors (NP2) activation. To
assess if the enhanced scratching response in KO mice resulted
from an increased number of neurons responding to CQ, we
performed calcium imaging experiments to determine the
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Figure 1. Coexpression of TRESK and Mrg receptors in sensory neurons. (A) Left, Triple-label in situ hybridization of MrgprA3 (green), TRESK (red), and tubulin
beta 3 (Tubb3, blue) in the trigeminal ganglion from wild-type (WT) mouse. Detailed coexpression of MrgprA3 and TRESK can be seen in neurons (Tubb31) from
the inset. Scale bar: 100 mm; Inset: 50 mm. Right, Venn diagrams depicting the number of cells expressing MrgprA3 and TRESK in the total neuronal population
(Tubb31) and the overlapping mRNA expression pattern in trigeminal and dorsal root ganglia. Data were obtained from 8 to 10 sections from n5 3 to 4 mice per
ganglia. (B) Quantification and distribution of soma size for the 3 groups in trigeminal and dorsal root ganglia sensory neurons, revealing that TRESK and MrgprA3
are predominantly expressed in small and medium sensory neurons. (C) Top, Triple-label in situ hybridization of MrgprC11 (left; yellow) or Mas-related
G-protein–coupled receptor D (MrgprD) (right; yellow), TRESK (red), and tubulin beta 3 (Tubb3, blue) in the trigeminal ganglion from WT mouse. Detailed
coexpression of MrgprC11 or MrgprD and TRESK can be seen in neurons (Tubb31) from the inset. Scale bar: 100 mm; Inset: 50 mm. Bottom, Venn diagrams
depicting the number of cells expressing MrgprC11 or MrgprD and TRESK in the total neuronal population (Tubb31) and the overlapping mRNA expression
pattern. Data were obtained from 8 to 10 sections from n5 3 to 4 mice. (D) Left, Triple-label in situ hybridization of MrgprX1 (yellow), TRESK (red), tubulin beta 3
(Tubb3, green) and cell nuclei (dapi, blue) in a human dorsal root ganglion. Detailed coexpression of MrgprX1, TRESK can be seen in neurons (Tubb31) from the
inset, as well as individually. Scale bar: 300 mm; Inset: 50 mm. Right, Venn diagram depicting the number of cells expressing MrgprX1 and TRESK in the total
neuronal population (Tubb31) and the overlappingmRNA expression pattern in dorsal root ganglia. Data were obtained from 3 different sections from a hDRG T10
ganglion. TRESK, TWIK-related spinal cord K1 channel.
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percentage of trigeminal neurons responding to b-alanine (1
mM), CQ (1 mM), histamine (300 mM), or BAM8-22 (100 mM). No
significant differences were found in the percentage of neurons
activated by b-alanine (WT, 10.3%, KO 10.7%), histamine (WT,
10.6%, KO 9.9%), or BAM8-22 (WT, 5.2%, KO 6.2%; Figs. 2D
and E) or the amplitude of the calcium peaks, indicating that
neuronal populations were largely similar and unaltered in KO
mice. Nevertheless, the percentage of trigeminal neurons
responding to CQ in KO animals were slightly higher compared
to WT (16.2% vs 11.7%, respectively; P, 0.05; Fig. 2D) but not
the amplitude of the calcium peak (340/380 nm ratio fold-change,
WT 1.40 6 0.70 vs KO 1.62 6 0.72, P . 0.05). To specifically
assess if the presence of TRESK modifies the calcium response
to MrgprA3 activation, we evaluated CQ-mediated calcium
responses in a heterologous system where other possible
mechanisms are largely absent. HEK293 cells expressing
MrgprA31TRESK were activated by CQ (1 mM) and produced
Ca21 peaks similar to cells transfected with MrgprA31EGFP
(340/380 nm ratio fold-change: 1.44 6 0.23 vs 1.62 6 0.39,
respectively; P . 0.05; Suppl Fig. 3, http://links.lww.com/PAIN/
C222), suggesting that the activation of MrgprA3 is independent
of TRESK presence. All together indicates that the absence of

TRESK might increase the number of neurons activated and,
therefore, the behavioral response associated. The percentage of
neurons responding to CQ in calcium imaging experiments were
slightly higher compared to the percentage of neurons MrgprA31

in ISH experiments. This might be because of an overestimation
of small Ca21 responses or to off-target effects of CQ.
Nevertheless, this is likely to occur similarly in both WT and KO
neurons, allowing to compare between genotypes.

3.3. TRESK regulates MrgprA31 neurons excitability

In a previous study, we observed that TRESK deletion
enhanced the excitability of small and medium sensory
neurons.6 To specifically investigate whether the absence of
TRESK enhances the excitability of MrgprA31 neurons, we
recorded trigeminal neurons from the MrgprA3tdTomato;
TRESK1/1 (n 5 14) and MrgprA3tdTomato; TRESK2/2 mice
(n 5 11). As illustrated in Figures 3A and B, we noted
significant differences in the input resistance (P 5 0.033) and
rheobase current (P 5 0.039), while no differences were
encountered for AP amplitude (P 5 0.658) and width (P 5
0.613), time-to-AP peak (P 5 0.729) or afterhyperpolarization

Figure 2. Deletion of TRESK enhances nonhistaminergic acute itch. (A) Intradermal injection of chloroquine (50 mg/10 mL; 9.7 mM; wild-type [WT] n 5 12,
knockout [KO] n5 19), histamine (30 mg/10 mL; 16.3 mM; WT, KO n5 6 each), BAM8-22 (50 nmol/10 mL; 5 mM; WT n5 8, KO n5 6), or N-met leukotriene C4
(LTC4) (1 mg/10 mL; 0.16 mM; WT, KO n 5 7 each) into the cheek induced acute scratching that was significantly greater than vehicle injection (n 5 4-5). An
enhanced response was observed in TRESK KO animals in response to chloroquine compared to WT mice (**P , 0.01, unpaired 2-tailed Student t-test). (B)
Similar results were obtained when injecting chloroquine in the nape of the neck, a territory innervated by dorsal root ganglion (DRG) sensory neurons (**P, 0.01,
unpaired 2-tailed Student t-test).WT vehicle n5 5, CQn5 19; KO vehicle n5 5, CQn5 13. (C) No significant differences were observed between genotypes after
cheek intradermal injection of histamine (30mg/10mL; 16.3mM;WT, KO n5 6 each), BAM8-22 (50 nmol/10mL; 5mM;WTn5 8, KO n5 6), or N-met LTC4 (1mg/
10 mL; 0.16 mM;WT, KO n5 7 each). (D) Percentage of neurons fromWT and TRESK KOmice showing increases in intracellular calcium after challenge with the
above-indicated pruritogens (b-alanine, 1mM; chloroquine, 1mM; histamine, 300mMandBAM8-22, 100mM). Trigeminal neurons fromWT (n5 943) and TRESK
KO (n5 1500) mice were obtained from 4 to 5 different animals per genotype and recorded 18 to 24 hours after primary culture. A significant percentage of TRESK
KO neurons responded to CQ (*P, 0.05, unpaired 2-tailed Student t-test). (E) Top. Example traces of calcium experiments for the different pruritogens tested in
WT trigeminal neurons.Bottom. Example traces of calcium peaks induced by chloroquine (left) and BAM8-22 (right) inWT and TRESKKO trigeminal neurons. CQ,
chloroquine; TRESK, TWIK-related spinal cord K1 channel.
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(P 5 0.512). A small tendency to a more hyperpolarized RMP
was observed in KO neurons but did not reach statistical
significance (P 5 0.058). Although a removal of a leak
conductance would depolarize the cell, other compensatory
mechanisms might compensate this and a possible effect of
TRESK removal on RMP needs to be further studied with
a larger number of recordings. Nevertheless, a previous study
did not show significant differences, either.6 On the contrary,
differences in input resistance and rheobase agree with
a reduced potassium conductance, thereby facilitating neuro-
nal depolarization and AP firing. To assess the contribution of
potassium currents in the range of membrane potentials
between resting and AP threshold, we measured the neuronal
depolarization to subthreshold stimuli (110 and 120 pA),
which rendered significant larger depolarizations in neurons
from TRESK KO animals (Fig. 3B). In addition, when subjected
to a depolarizing ramp, KO neurons exhibited a trend towards
firing a greater number of spikes (4.006 0.67; n5 10; Fig. 3C)
compared with their WT counterparts (3.62 6 0.57; n 5 13),
although this difference did not reach statistical significance
(P 5 0.332). However, upon stimulation with CQ (1 mM),

neurons lacking TRESK fired significantly more spikes (18.206
6.63; n 5 10; P , 0.05; Fig. 3D) than those expressing the
channel (6.82 6 2.41; n 5 11). This can explain why pruritic
stimuli might lead to a heightened activation of the pathway.

3.4. TRESK delays and reduces chronic itch

In addition to systemic and neuropathic conditions, several
dermatological conditions contribute significantly to itch, in-
cluding psoriasis, dry skin (xerosis), and atopic or allergic
dermatitis.39,49 As TRESK appears to modulate some forms of
acute itch and MrgprA3-expressing neurons have been involved
in chronic itch,37,66 we aimed to investigate whether the channel
shapes the excitability of sensory afferents during chronic itch,
potentially leading to an intensified sensation of spontaneous itch.
To address this, we initially implemented a well-described mouse
model of psoriasiform dermatitis induced by IMQ treatment,
which closely resembles the human disease.17,42 Application of
IMQ on the cheek skin over 7 consecutive days developed
a psoriasis-like lesion accompanied by chronic spontaneous itch
inWT animals.While bothmale and femalemice exhibited evident

Figure 3.MrgprA31 sensory neurons lacking TRESK exhibit increased excitability. (A) Representative whole-cell current-clamp recordings from primary cultures
of MrgprA31 sensory neurons obtained from MrgprA3tdTomato; TRESK1/1 (left, top) and MrgprA3tdTomato; TRESK2/2 (left, bottom) mice. Hyperpolarizing or
depolarizing 400 ms current pulses in 10 pA increments from 250 pA to AP firing (Rheobase) were used. Inset: Magnification of the AP elicited at rheobase. (B)
Quantification of the electrophysiological parameters analyzed in MrgprA31 sensory neurons from wild-type (grey bars, n 5 14) and TRESK knockout (KO) (red
bars, n5 11) animals. Mean membrane capacitance (Cm) and resting membrane potential (RMP) from neurons recorded are shown. Whole-cell input resistance
(Rin) was calculated from the 250 pA current pulse. Rheobase was measured using 400 ms depolarizing current pulses in 10 pA increments. Action potential
amplitude was measured from the RMP to the AP peak. Time to AP peak was measured from the beginning of the depolarizing pulse to AP peak. Action potential
duration/width was measured at 80% of the AP amplitude. Afterhyperpolarization (AHP) was measured from RMP. Depolarization induced by110 and120 pA
subthreshold stimuli wasmeasured from 400ms depolarizing current pulses. (C) Intrinsic neuronal excitability wasmeasured as the number of AP fired in response
to a depolarizing ramp from 0 to 500 pA in 1 second fromRMP (left). (D) Neuronal excitability to a pruritogenic stimulus wasmeasured as the number of spikes fired
in response to bath application of chloroquine (CQ, 1 mM; n5 10 for each genotype) for 20 seconds. Data are presented as mean6 SEM. Statistical differences
between groups are shown as *P , 0.05, unpaired 2-tailed Student t-test. AP, action potential; TRESK, TWIK-related spinal cord K1 channel.
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skin lesion and spontaneous itching, the number of scratching
bouts was more pronounced in male mice, with female mice
displaying a milder phenotype, consistent with previous
reports.13 Consequently, subsequent studies using the IMQ
model focused on male mice because of their more robust
response, with data from female mice are provided in supple-
mentary Figure 4 (http://links.lww.com/PAIN/C222).

Imiquimod treatment in maleWTmice resulted in a progressive
increase of spontaneous scratching bouts (day 2: 14.3 6 3; day
3: 34.66 8; day 4: 54.86 13; P, 0.01 vs day 0) concurrent with
the development of the skin lesion. Persistent itch remained
elevated until the conclusion of the protocol (days 5-7: 41-45

scratching bouts, Fig. 4A). Vehicle-treated mice (vaseline) barely
exhibited any significant itch response (scratching bouts ranged
between 1 and 5; Fig. 4A), consistent with observations in basal
conditions without any treatment. As expected, the IMQ-treated
area displayed a characteristic psoriasis-like skin inflammation,
characterized by thickening, scaliness, and erythema.42 A
different cohort of mice (n 5 5 mice per group) was used to
collect histological samples from cheek skin and mRNA from
ipsilateral trigeminal ganglion at day 4 of the treatment (maximum
scratching time point). Compared to vehicle treatment, histolog-
ical sections from cheek skin showed epidermal hyperplasia with
a 2-fold increase in epidermal thickness (WT vehicle: 27.4 6

Figure 4.Psoriatic chronic itch is enhanced in the absence of TRESK. (A) Imiquimod (IMQ)-induced psoriasiform dermatitis model. Top: Time course for this model
in themouse cheek.Bottom: Time-dependent scratching bouts directed to the cheek skin fromwild-type (WT) (vehicle, n5 8; IMQ, n5 15) and TRESK knockout
(KO) male mice (vehicle, n5 4; IMQ, n5 8). Significant differences between groups are indicated as *P, 0.05; **P, 0.01; ***P, 0.001 vs vehicle WT/KO; #P,
0.05 IMQWT vs IMQ KO; 2-way ANOVA followed by Bonferroni multiple comparisons tests. (B) Top. Imiquimod treatment on the cheek skin causes psoriasis-like
skin lesions. Representative histological sections stained with hematoxylin and eosin from cheek skin on day 4 of treatment with vehicle (vaseline) or IMQ in WT or
TRESK KOmice are shown.Bottom. Quantification of epidermal hyperplasia (as number of epidermal layers and epithelial thickness inmm), hypergranulosis (as%
epidermal length with thickened stratum granulosum), and microabscesses (numbers/cm) in cheek skin samples from WT and TRESK KO mice. n 5 6 (vehicle)
and 8 (IMQ) per genotype. Scale bar 5 100 mm. *P , 0.05; **P , 0.01; ****P , 0.0001 vs vehicle WT/KO; One-way ANOVA followed by Holm–Šı́dák multiple
comparisons tests. (C) mRNA expression of TRESK,Mas-relatedG-protein–coupled receptor A3 (MrgprA3), MrgprD,MrgprC11, TRPA1, and TRPV1 in trigeminal
sensory neurons from WT and TRESK KO mice at day 4 of IMQ treatment. Data obtained by quantitative polymerase chain reaction (PCR) show a significant
decrease of MrgprA3 and MrgprD expression in WT and KO, and TRPA1 in KO animals, when comparing with vehicle-treated animals. However, no significant
differences were observed between IMQ-treated WT and KO animals. Y-axis shows the DCt (number of cycles target - number of cycles GAPDH) for the different
mRNAs. Notice that the Y-axis has been inverted to visually show that lowerDCt numbers are indicative of a higher expression. Each dot represents a single animal
(n 5 5 ganglia per group and genotype). Statistical differences between groups are shown (*P , 0.05, **P , 0.01 unpaired 2-tailed Student t-test). ANOVA,
analysis of variance; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TRESK, TWIK-related spinal cord K1 channel.
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1.2 mm vs WT IMQ: 55.7 6 2.0 mm, P, 0.0001; Fig 4B) and 3-
fold increase in the number of skin epidermal layers (6.46 0.2 vs
1.96 0.2, respectively; P, 0.0001; Fig. 4B). Imiquimod-treated
skin also showed hypergranulosis (% epidermal length, vehicle:
7.86 3.4% vs IMQ: 34.56 5.3%; P, 0.05) and a higher number
of microabscesses (number/cm, vehicle 0.06 0.0 vs IMQ: 5.16
0.8;P, 0.0001;Fig. 4B). In animals lacking TRESK, a similar skin
lesion was observed after IMQ treatment, and no significant
differences were observed in histological sections when com-
paring epidermal thickness (WT: 55.7 6 2.0 mm vs KO: 58.5 6
2.6 mm) or the number of skin epidermal layers between WT
and KO animals treated with IMQ (6.4 6 0.2 vs 6.3 6 0.2,
respectively). Small differences that did not reach statistical
significance were seen for hypergranulosis (% epidermal length
WT: 34.5 6 5.3% vs KO: 53.0 6 6.5%; P 5 0.074) and the
number of microabscesses (number/cm WT: 5.1 6 0.8 vs KO:
3.56 0.6; P5 0.051; Fig. 4B), suggesting that differences might
exist at later time points. Nevertheless, in TRESK KO mice
spontaneous itch was consistently higher compared to WT
animals (analysis of varianceP, 0.0001; IMQ-treatedWT vs KO).
Spontaneous itch developed earlier in the model and a larger
number of scratching bouts were observed (day 2: 29.6 6 5.5
scratching bouts; day 3: 97.0 6 16.0, P , 0.05; day 4: 141.0 6
21.8, P , 0.05; Fig. 4A) compared to IMQ-treated WT mice.
Later, spontaneous scratching reached similar levels to those
found in WT mice, suggesting that the absence of the channel
promotes an earlier development of persistent spontaneous itch
by facilitating pruriceptor activation and/or enhancing their
excitability.

Trigeminal ganglion mRNA from the treated side (day 4) was
extracted, and the expression of different membrane receptors
and channels involved in itch detection and transduction was
compared in the different groups (Fig. 4C). Imiquimod treatment
did not induce a significant change in TRESK expression.
However, both MrgprA3 and MrgprD showed a significant
downregulation on their expression levels, both in WT and KO
animals (Fig. 4C), suggesting that the skin lesion resulting from
IMQ treatment may be inducing a deregulation of these
membrane receptors. Similar effects on these receptors have
been previously reported in DRGs after IMQ treatment in the back
of WT animals.42 No significant changes in expression were
observed for MrgprC11, TRPA1, or TRPV1, except a slight but
significant decrease in TRPA1 expression in KO animals (Fig. 4C).

To further investigate the potential role of TRESK in itch
associated with different dermatological conditions, we con-
ducted a comparative analysis between WT and KO animals in 2
additional skin diseasesmodels, allergic contact dermatitis (ACD)
and dry skin (Fig. 5). In the ACD model, animals were initially
sensitized through topical application of SADBE on the back skin
and subsequently challenged with the compound in the mouse
cheek a few days later, after stablished protocols.37 After the first
challenge, WT animals showed an increased number of scratch-
ing bouts directed to the treated area compared to vehicle or to
values obtained previously to allergen application (vehicle: 1.9 6
0.6 scratching bouts; prechallenge: 1.3 6 0.5; first challenge:
18.4 6 3.0; P , 0.001 vs prechallenge; Fig. 5A). Similar itching
scores were observed during the second challenge with the
allergen 1 day later (18.16 3.3; P, 0.01 vs prechallenge values),

Figure 5. TRESK deletion also enhances chronic itch in other models of skin disease. (A) Allergic contact dermatitis model. Top: Time course for this model in the
mouse cheek. Animals were initially sensitized with SADBE topical application in the back skin and then challenged with the compound in the mouse cheek a few
days later.Bottom: quantification of the number of spontaneous scratching bouts directed to the cheek during 1 hour are plotted before (pre), 1 day after (first), and
2 days after (second) repetitive SADBE cheek application. Wild-type (WT) (vehicle, n 5 15; SADBE, n 5 16) and TRESK knockout (KO) mice (vehicle, n 5 15;
SADBE, n5 17). Significant differences between groups are shown as **P, 0.01; ***P, 0.001 vs vehicle WT/KO 2-way ANOVA followed by Bonferroni multiple
comparisons tests; #P, 0.05 SADBEWT vs KO; 2-way ANOVA followed by Bonferroni multiple comparisons tests. (B) Dry skin model. Top: Time course for this
model in the mouse cheek by repetitive application of acetone, ether, and water (AEW) to the cheek skin. Bottom: quantification of the number of spontaneous
scratching bouts during 1 hour on day 3 and 5 are plotted.WT (vehicle, n5 7; AEW, n5 8) and TRESKKOmice (vehicle, n5 7; AEW, n5 8). Significant differences
between groups are shown as *P, 0.05; **P, 0.01; ***P, 0.001 vs vehicle WT/KO; #P, 0.05 AEWWT vs KO 2-way ANOVA followed by Bonferroni multiple
comparisons tests. ANOVA, analysis of variance; SADBE, squaric acid dibutyl ester; TRESK, TWIK-related spinal cord K1 channel.
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indicating that allergen sensitization resulted in a persistent effect
upon each subsequent challenge with the allergic compound. In
this model, KO animals displayed a more pronounced effect on
the scratching score on the first day of the challenge (vehicle:
2.6 6 0.7 scratching bouts; prechallenge: 1.6 6 0.7; first
challenge: 30.5 6 4.5; P , 0.001 vs prechallenge; P , 0.05 vs
WT mice; Fig. 5A), suggesting an enhanced activation of
peripheral sensory afferents. On the second challenge, both
WT and KO did not differ in the number of scratching bouts
elicited (second challenge WT: 18.1 6 3.3; KO: 21.7 6 3.9),
despite both groups presented significant itching compared to
vehicle application.

A similar pattern was observed in the dry skin model, where
repetitive application of acetone, ether, and water in the cheek led
to the development of a skin lesion that induced robust itch
behaviors on day 3 and beyond.62 As anticipated and compared to
the vehicle (7.4 6 1.7 scratching bouts), WT mice presented
a substantial spontaneous pruritus on day 3 (27.16 4.9; P, 0.05
vs vehicle; Fig. 5B), which further intensified at day 5 of treatment
(43.6 6 6.8; P , 0.001 vs vehicle). Similarly, to the ACD model,
scratching induced by dry skinmanifested earlier in the absence of
TRESK channel, with maximum scratching values observed as
earlier as day 3 (44.06 6.4; P, 0.001 vs vehicle and P, 0.05 vs
WT; Fig. 5B) and remaining consistent on day 5 (37.06 4.8; P,
0.01 vs vehicle; ns vs WT). The similar pattern of early itch
development across the 3 skinmodels suggests that the presence
of the channel impedes or delays the development of persistent
pruriceptor activation, and in its absence, sensory neurons display
an enhanced susceptibility to activation by pruritic agonists.

3.5. Pharmacological activation of TRESK reduces itch

In contrast to histaminergic itch, which has a plethora of
antihistaminergic drugs available, the ability to modulate certain
forms of nonhistaminergic itch has long been pursued because of
the lack of effective treatments or specific pharmacological
compounds. Given that the absence of TRESK correlates with an
enhancement of acute and chronic itch, both for therapeutic
purposes and to further demonstrate the role of this channel, we
evaluated whether its activation diminish scratching behavior,
serving as a functional readout of itch sensitivity. Cloxyquin (Clx),
an old antibacterial and antifungal drug used in tuberculosis
treatment, has been identified as specific TRESK opener among
the other 2-pore domain potassium channels,27,64 with an effect
independent of the Ca21/calcineurin-mediated potentiation of
the channel current. Initially, we examined whether Clx could
prevent CQ-induced acute itch in the cheek model. Intraperito-
neal injection of Clx (50mg/kg) or its vehicle (olive oil) administered
2 hours before the pruritic test did not induce any significant
scratching inWTmice (Fig. 6A). In line with previous observations
(Fig. 2A), CQ injection resulted in abundant scratching bouts
directed to the cheek (61.4 6 3.9; P , 0.0001 vs vehicle).
Conversely, in animals previously injected with Clx, a significant
reduction (57%) in the number of scratching bouts was obtained
(35.1 6 2.4; P , 0.0001 CQ 1 Clx vs CQ 1 veh; Fig. 6A),
indicating that TRESK activation greatly reduced the number of
observed scratchings. To confirm that the effect of Clx was
because of TRESK channel activation and to rule out other
potential side effects, we conducted the same experiment inmice
lacking the channel. As previously demonstrated, in TRESK KO
mice, CQ produced a significantly larger effect compared to WT
animals (79.6 6 8.2 scratching bouts vs 61.4 6 3.9; P , 0.05;
Fig. 6A), and this effect was not altered after Clx administration
(74.4 6 5.8; P . 0.99 vs CQ 1 veh). The significant difference

compared to WT mice (P , 0.0001) indicates that the channel
must be present to obtain the therapeutic effect. We also tested
whether a local application of Clx was able to reduce CQ-induced
scratchings in the cheek. Neither a topical application of Clx, an
intradermal coinjection with CQ, nor a Clx injection 30 minutes
before CQ reduced the scratching bouts produced by CQ (Suppl
Fig. 5, http://links.lww.com/PAIN/C222). These results suggest
that either Clx is not being correctly absorbed or it does not reach
sensory terminals in the skin. Alternatively, it is also possible that
despite reaching the free nerve endings in the skin, TRESK effect
is not significant there either because TRESK is not present in the
nerve endings, or its effect ismore prominent in the AP generation
and transmission through the sensory fiber.

We next investigated whether the beneficial effect of TRESK
activation extended to a model of chronic itch. Using the IMQ-
induced of psoriatic itch model, we administered Clx or vehicle
(i.p.) once daily from days 2 to 7, 2 hours before assessing
scratching behavior. Vehicle injection yielded no significant effect,
while, as anticipated, IMQ treatment in male mice led to
a progressive increase in the number of scratchings events
(Fig. 6B). In contrast, Clx treatment notably diminished sponta-
neous scratching over several consecutive days (P , 0.01;
Fig. 6B), once again underscoring that the modulation of TRESK
reduces the development of spontaneous itch in this model. As
a control, TRESKKOmice developed IMQ-induced psoriatic itch,
but no effect of the channel activator was observed (Fig. 6C).

4. Discussion

Channels active at subthreshold voltages, such as 2-pore domain
potassium channels, are crucial for preventing excessive
neuronal excitability by acting as a regulatory brake.3 Knocking
out TRESK enhances neuronal excitability, increasing mechan-
ical and cold pain,6 and channel downregulation postinjury,
inflammation, or bone metastasis heightens sensory neurons
excitability.31,57,65,67,71 Transcriptomic studies indicate notable
TRESK expression in NP mouse sensory neurons and pruritogen
receptor-enriched neurons in humans.8,12,30,34,38,53,58,59,68 We
confirm significant coexpression of TRESK with MrgprD,
MrgprA3, and MrgprC11 receptors in mice and with MrgprX1 in
humans.32 This expression pattern implies TRESK’s specific role
in modulating the excitability of these neuronal subtypes. The
enhanced effects of CQ in MrgprA31 neurons and scratching
behavior in TRESK KO animals confirm this hypothesis.
Pruritogens acting on specific subpopulations were used to
pharmacologically dissect this effect. Hrh1 is predominantly
expressed in MrgprA31 (NP2) and Nppb1 (NP3) neurons,48 but
histamine did not render significant differences in scratchings
between WT and KO animals, suggesting that the combined
effect in NP2/NP3 masks any enhanced response because of
TRESK ablation. Indeed, after ablation of MrgprA31 neurons with
diphtheria toxin,16 mice still respond to histamine, indicating that
histamine effects are not exclusively mediated by MrgprA31

neurons. In fact, TRESK has a minimal expression in NP3
neurons and likely plays a minor role in their excitability.58,68 In
agreement, LTC4, an agonist of Cysltr2 receptor specifically
expressed in Nppb1 neurons,48 did not produce observable
differences in the scratching response between WT and KO
animals. MrgprA31 neurons have been further subdivided into
NP2.1 and NP2.2.58 To distinguish between both subpopula-
tions, we used BAM8-22, whose receptor MrgprC11 is exclu-
sively expressed in NP2.2 neurons.58,68 Despite NP2.2 neurons
expressing MrgprA3 and TRESK at lower levels, the channel
seems to play a minor role in these cells, as BAM8-22 induced
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similar scratching responses in WT and KO animals, which
suggests an enhanced response to CQ mediated by NP2.1
neurons.

MrgprA3 is coupled to TRPA1 through a Gbg signaling
mechanism to allow an extracellular Ca21 entry that is required
for CQ-evoked itch.61 However, conflicting evidence arises from
skin-nerve studies, where C-fibers activation by CQ remains
unaffected in thepresence of a TRPA1blocker or inTrpa1-deficient
mice but requires the participation of phospholipase Cb3.41 The
chloride channel ANO1 also plays a role in transmitting Mrgpr-
dependent itch in the periphery, as itch mediated by CQ, SLIGRL,
or bilirubin is reduced in Ano1-deficient mice or in the presence of
a ANO1 blocker.21 The precise mechanism for MrgprA3 receptor
signaling remains to be fully elucidated, with potential involvement
of TRPA1, ANO1, or other mechanisms such as TRPC3.54

Interestingly, both TRPA1 and ANO1 expression is low in
MrgprA31 neurons, while ANO3 is highly expressed.54,66,68

Human MrgprX1 seems not linked to TRPA1 activation and
instead, effects on neuronal excitability and itchmight be related to
directmodulation of tetrodotoxin-resistant sodiumchannels.56 Our
findings reveal that TRESK, in conjunction with other hyper-
polarizing mechanisms, contributes to MrgprA3-dependent itch,
likely by counteracting the depolarization induced by activation of
TRPA1 and/or ANO1. Beyond membrane depolarization, calcium
entry will slowly enhance TRESK current by calcineurin-dependent
dephosphorylation of the intracellular loop serine cluster.9 Whether
this alsohappens in humans viaMrgprX1 receptors requires further
investigation. Because of the multimodal capacity of MrgprA31

sensory neurons, different agonists activate distinct signal trans-
duction pathways to trigger pain or itch.44 TRESK may be
specifically associated with certain mechanisms, as evidenced
by TRESK-deficient mice displaying increased itch in response to
CQ but not to BAM8-22 and despite an important coexpression of
MrgprC11 and TRESK. It is possible that both compounds activate
different cell subtypes (NP2.1 and NP2.2) or initiate different signal
transduction pathways.41,61

Determinants of MrgprA31 neurons’ excitability are less clear
compared to other neuronal subtypes, where specific ion
channels play a crucial role in determining their unique firing.70

Electrophysiological properties of MrgprA31 neurons are con-
sistent with previous findings.52 These neurons typically display
a lower frequency of APs to depolarizing current injection
compared to other sensory neurons, and repetitive firing is largely
absent when exposed to suprathreshold stimuli (data not shown).
However, MrgprA31 neurons from TRESK-deficient mouse
present larger depolarizations to subthreshold stimuli, a slightly
increased firing upon current ramp injection and, more impor-
tantly, an increased firing response to CQ activation.

MrgprA31 neurons play a significant role in the pathophysiology
of chronic itch, as deletion of the Mrgpr-cluster or specific ablation
of these neurons decrease itch in several dermatitis models.16,72 In
addition, induction of chronic dermatitis with SADBE increases
their excitability.37 In the dry skin model, has been observed an
increase in the number of MrgprA31 peripheral fibers, DRG
neurons, andMrgprA3mRNA.45 In thesemodels, TRESKabsence
enhances spontaneous scratchings, suggesting that increased
activation of MrgprA31 neurons facilitate the development of the
disease. These neurons also mediate the effects of endogenous
pruritogens such as peptide GPR15L, which is increased in the
skin of patients with psoriasis and atopic dermatitis.55 GPR15L is
released from inflamed keratinocytes and activates different Mas-
related G-protein–coupled receptors in mast cells and sensory

Figure 6. Pharmacological activation of TRESK reduces acute and chronic
itch. (A) Acute itch produced by intradermal injection of chloroquine (CQ;
50 mg) into the cheek was measured during 15 minutes, 2 hours after i.p.
injection of cloxyquin (Clx; 50 mg/kg) or its vehicle (olive oil). Neither vehicle
(olive oil) nor Clx produced significant scratching bouts compared to vehicle
(phosphate buffered saline [PBS]) cheek injection. Chloroquine-induced
scratchings were greatly reduced by pretreatment with Clx. The reducing
effect of Clx was not observed in TRESK knockout (KO) animals, which
corroborates the specific TRESK-mediated effect of the drug in wild-type (WT)
animals. WT (vehicle/vehicle, n5 21; vehicle/Clx, n5 21; vehicle/CQ, n5 24;
Clx/CQ, n5 22) and TRESKKOmice (vehicle/vehicle, n5 10; vehicle/Clx, n5
11; vehicle/CQ, n 5 21; Clx/CQ, n 5 19). Significant differences between
groups of the same genotype are shown as: ****P , 0.0001. Differences
between WT and KO groups are shown as #P , 0.05 and ####P , 0.0001.
Two-way ANOVA followed by Bonferroni multiple comparisons tests. (B) Time-
dependent scratching bouts in the imiquimod (IMQ)-induced psoriasiform
dermatitis model in the cheek skin fromWTmalemice. Mice were injected with
Clx (50 mg/kg; n5 9) or vehicle (olive oil; n5 6) 2 hours before observation as
indicated by green arrows. A significant difference between treatments is
shown as **P, 0.01 2-way ANOVA. (C) Time-dependent scratching bouts in
the IMQ-induced psoriasiformdermatitismodel in the cheek skin fromKOmale
mice. Mice were injected with Clx (50mg/kg; n5 4) or vehicle (olive oil; n5 4) 2
hours before observation as indicated by green arrows. No statistically
significant differences were obtained. ANOVA, analysis of variance; TRESK,
TWIK-related spinal cord K1 channel.
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neurons, including MrgprA3 (mice), MrgprX1, and X3 (humans).55

Psoriasis is a chronic skin inflammatory disease characterized by
hyperplasia, hyperkeratosis, and severe chronic itch.14 IMQ, a Toll-
like receptor 7 agonist, is frequently used to induce psoriatic skin
lesions and itch inmice,mimicking the human condition, especially
in the B6 mouse strain.42,51 Mice lacking TRESK exhibit an earlier
onset and a significant increase in the number of scratches,
suggesting that the absence of the channel promotes neuronal
activation and development of the itching associated psoriatic
phenotype.As reported,13 IMQskin treatment leads toasubstantial
increase in spontaneous scratching bouts in males, but only
a minor increase in females, despite similar skin lesion and
transcriptional IMQ signatures in both sexes.13,51 We noted that
TRESK-deficient mice displayed even higher spontaneous itch
behavior throughout the entire model. Although females exhibited
a small number of spontaneous scratching bouts, all KO animals
present higher spontaneous itch, albeit the differences were much
smaller compared to males.

Despite not observing significant differences in the skin lesion
between WT and KO mice at day 4 (when the maximum of
scratching bouts was observed), it is possible that enhanced itch in
KO animals facilitates an earlier development of the skin lesion.
Hypergranulosis seems slightly increased in the KO mice, and it
cannot be ruled out that, at later time points, some differences
might be more evident. It remains to be determined whether the
earlier onset of skin lesions in KO mice is because of increased
neuronal activation or a more significant mechanical effect of
scratchings. Elevated repetitive scratching could exacerbate skin
lesions over time, and enhancing TRESK activation could
potentially improve the condition. Furthermore, both WT and KO
mice have a C57Bl/6N background, which exhibits a milder
phenotype in the IMQ psoriasis model compared to that in C57Bl/
6J mice, likely because of lower expression of IL-22 in the former.2

Any differences between WT and KO mice might be more evident
in C57Bl/6J mice, which presents a more aggravated dermatitis.

Imiquimod treatment regulates countless genes in the skin and
in sensory neurons innervating the affected area, mirroring the
processes observed in human psoriasis.42,50,51 We did not
observe significant differences in mRNA expression of trpa1,
trpv1, or mrgprc11 in TG, when comparing IMQ-treated animals
form both genotypes, suggesting that the expression of these
proteins is not altered by the model. However, potential gene
expression changes in neurons innervating the affected area
might be masked by the overall expression of all TG neurons.
Gene expression evaluation at a single-cell level in neurons
innervating the affected area should provide a clearer view. As
reported,42 no differences between genotypes were observed in
IMQ-treated animals, but we noted a mRNA downregulation of
MrgprA3 and MrgprD in both genotypes (vehicle vs IMQ), likely
explained by the persistent activation. Imiquimod did not alter
TRESK expressed in WT animals (compared to vehicle), which
opens the possibility of using TRESK as a therapeutic target for
chronic itch. Besides, IMQ has inhibitory effects on Kv, TREK-1,
and TRAAK channels,26 which we also observed on TRESK (not
shown). This inhibition can contribute to chronic actions of IMQ,
together with the immune and inflammatory mechanisms
activated. Deleting TRESK produces a similar phenotypic pattern
in chronic itch models, with enhanced pruritus during the initial
days. This implies that, when present, TRESK limits sensory
neurons activation, although these differences fade as each
disease progresses.

Cloxyquin diminished the scratching episodes to CQ injection in
WT, but not in KO mice, implying a specific effect on TRESK and
unraveling the therapeutic potential of channel activation. Similarly,

in the IMQ chronic itch model, cloxyquin attenuated the pruritic
phenotype only in WT. Optimizing therapeutic dosages and
administration methods could improve the efficacy of pruritus
suppression. These findings highlight the potential for developing
TRESK activators as standalone or combination antipruritic agents
for nonhistaminergic itch, potentially in conjunction with drugs
targeting complementary mechanisms like Mrgpr inhibitors.
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