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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e The activity of sensory and dorsal horn neurons controls the sen-
sations of pain and itch

e The recently identified potassium ion channel Slick is expressed on sen-
sory and spinal neurons, but its functional roles are poorly understood

What This Article Tells Us That Is New

e Using male and female mouse models, it was observed that Slick
reduces responses to noxious thermal and chemical stimulation

e Conversely, Slick expressed on spinal interneurons facilitates
somatostatin-induced itch

e Analgesics targeting Slick channels may decrease pain but could
increase itching if they reach the central nervous system

ociceptive pain serves as an important protective
mechanism for drawing attention to potentially
injured tissue. It results from the stimulation of nociceptors:

ABSTRACT

Background: Slick, a sodium-activated potassium channel, has been
recently identified in somatosensory pathways, but its functional role is poorly
understood. The authors of this study hypothesized that Slick is involved in
processing sensations of pain and itch. o
Methods: Immunostaining, in situ hybridization, Western blot, and real-time g
quantitative reverse transcription polymerase chain reaction were used to g
investigate the expression of Slick in dorsal root ganglia and the spinal cord. &
Mice lacking Slick globally (Slick”-) or conditionally in neurons of the spina

dorsal horn (Lbx1-Slick”-) were assessed in behavioral models.
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Results: The authors found Slick to be enriched in nociceptive AS-fibers ¢
and in populations of interneurons in the spinal dorsal horn. Slick”= mice
but not Lbx1-Slick”= mice, showed enhanced responses to noxious heat in%
the hot plate and tail-immersion tests. Both Slick”= and Lbx1-Slick”= mice %
demonstrated prolonged paw licking after capsaicin injection (mean = %
SD, 45.6+30.1s [95% Cl, 19.8 to 71.4]; and 13.1+16.1s [95% Cl, 1.8 &
to 28.0]; P = 0.006 [Slick”~ {n = 8} and wild-type {n = 7}, respectively]),‘g
which was paralleled by increased phosphorylation of the neuronal activity &
marker extracellular signal-regulated kinase in the spinal cord. In the spi- &
nal dorsal horn, Slick is colocalized with somatostatin receptor 2 (SSTR2),
and intrathecal preadministration of the SSTR2 antagonist CYN-154806 pre-
vented increased capsaicin-induced licking in Slick”- and Lbx1-Slick”~ mice.
Moreover, scratching after intrathecal delivery of the somatostatin analog
octreotide was considerably reduced in Slick”~ and Lbx1-Slick”~ mice (Slick"~
[n =8]:6.1+6.7 bouts [95% Cl, 0.6 to 11.7]; wild-type [n =8]: 47.4 +51.1
bouts [95% Cl, 4.8 t0 90.2]; P= 0.039).
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Conclusions: Slick expressed in a subset of sensory neurons modulates
heat-induced pain, while Slick expressed in spinal cord interneurons inhibits
capsaicin-induced pain but facilitates somatostatin-induced itch.

(AnesTHEsIoLogY 2022; XXX:00-00)

sensory neurons with thinly myelinated Ad-fibers and
unmyelinated C-fibers that terminate in the skin or deep
tissues. When encountering an acute noxious stimulus
(e.g., heat, cold, pressure, chemical stimulation), several
ion channels in nociceptors are activated, leading to neu-
ronal depolarization. The information is then transmitted
through dorsal root ganglia or trigeminal ganglia into the
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dorsal horn of the spinal cord and the brainstem, where

the central terminals of nociceptors synapse with intrinsic
second-order projection neurons and interneurons. Then
the information is conveyed to higher centers in the brain,
ultimately resulting in the perception of pain.' Similar to
pain, itch is also encoded by distinct neurons in both the
peripheral and central nervous systems, and the interaction
between pain and itch is widely distributed along somato-
sensory pathways.?

Reesearch in the past few decades has revealed that differ-
ent stimuli are decoded by different subsets of sensory neu-
rons with distinct receptors and ion channels.” Potassium
channels are emerging targets for understanding this pro-
cess and developing novel treatments. In general, potassium
channels are the most populous and diverse class of neu-
ronal ion channels that are governed by nearly 80 genes in
humans.* Recently, two distinct potassium channels, both
regulated by cytosolic sodium, have attracted significant
interest as regulators of pain and itch: Slack (sequence like
a Ca?'-activated potassium channel, also termed K 1.1,
Kent1, or Slo2.2) and Slick (sequence like an intermediate
conductance potassium channel, also termed K 1.2, Kent2,
or Slo2.1).# Slack, which is highly expressed in nonpepti-
dergic nociceptors, plays an important role in the process-
ing of neuropathic pain and itching, but it seems to have
a limited contribution to nociceptive pain sensing.>® Slick
has been detected in various regions of the nervous sys-
tem and in nonneuronal tissues such as the heart, smooth

9 In a previous

muscle, and pancreatic duct epithelial cells.
study addressing the role of Slick in processing pain, Slick
immunoreactivity was detected in a population of pepti-
dergic sensory neurons, and Slick knockout mice lacking
exons 2 to 7 of the Kent2 gene demonstrated increased
sensitivity to noxious heat.” Interestingly, a subsequent sin-
gle-cell RNA-sequencing study detected Slick in dorsal
horn neurons and suggested that Slick together with other
markers defines 4 of the 15 identified populations of inhib-
itory interneurons in the dorsal horn.'” Based on this dis-
tribution pattern, we hypothesized that Slick might exert
additional functions in somatosensory processing.

Here, we aimed to further characterize the role of Slick
in pain and itch processing. We thoroughly assessed the cel-
lular distribution of Slick in neuronal subpopulations in
dorsal root ganglia and the spinal dorsal horn by immunos-
taining and in situ hybridization, and we analyzed the pain
and itch behavior of global and tissue-specific knockout
lines lacking exon 22 of the Kent2 gene.

Materials and Methods

In response to peer review, several experiments were
added, including the allyl isothiocyanate test, itch behavior
induced by intrathecal injection of 300ng octreotide, and
itch behavior induced by intradermal injection of histamine
and chloroquine.
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Animals

To generate global Slick knockouts (referred to as Slick™"),
Slick floxed (Slick®) mice bearing loxP sites flanking
exon 22 of the Kent2 gene (B6(129S4)-Kent2*1<in/], JAX
stock No. 028419; The Jackson Laboratory, USA)® were
crossed with cytomegalovirus (CMV)-Cre mice (B6.C-
Tg(CMV-cre)1Cgn/J, JAX stock No. 006054, The Jackson
Laboratory)'" and backcrossed with C57BL/6N mice to
eliminate the Cre recombinase. Wild-type and Slick”™ mice
were obtained from heterozygous breeding. To ablate Slick
selectively in dorsal horn neurons, Slick¥® mice were crossed
with Lbx1-Cre mice'? to obtain homozygous conditional
Slick knockouts (referred to as Lbx1-Slick™") and control
(Slick™) mice. Mice were genotyped by polymerase chain
reaction using primer pairs for Kent2 (forward: 5-aactttat-
gagttcctettecatg-3"; reverse: 5'-gagcatcatactttgetttttggg-3";
Biomers, Germany) with standard thermocycler ampli-
fication conditions using polymerase chain reaction
RedMastermix (Genaxxon bioscience, Germany) and an
annealing temperature of 60°C. Resulting amplicons were
579bp for wild-type and 269 bp for Slick”,° and predicted
amplicons were 694 bp for Slick-floxed alleles. In addition,
Sprague-Dawley rats (Charles River, Germany) were used
for immunostaining.

All animals were housed on a 12/12 light/dark cycle
with free access to food and water ad libitum. Experiments
were performed in animals of either sex, but sex had no
significant effects in any assay. The total numbers used for
each experiment are listed in the Materials and Methods
and Results sections, as well as in figure legends, and the
numbers of male and female mice are listed in the Materials
and Methods. All mice weighed 20+ 4 g and were a mean
age of 12 weeks at the begin of the experiments. Animals
were numbered, randomly assigned to different experimen-
tal groups according to the experimental strategy, and tested
in sequential order. All behavioral tests and anatomical stud-
ies, including quantification, were performed by investiga-
tors who were blinded to the genotype of the animals. All
experiments adhered to the guidelines of the International
Association for the Study of Pain, Animal Research:
Reporting InVivo Experiments, and the 3Rs Principles, and
were approved by our local Ethics Committee for Animal
Research (Regierungsprisidium Darmstadt, Germany).

Real-time Reverse Transcription Polymerase Chain
Reaction

Lumbar (L1-L6) dorsal root ganglia, lumbar (L3-L5) spi-
nal cord, and prefrontal cortex of mice (Slick”:n = 3 [2
females and 1 male|;wild-type:n =3 [2 females and 1 male];
Lbx1-Slick”™:n = 4 |2 females and 2 males]; control:n = 4
[2 females and 2 males]) were rapidly dissected, snap-
frozeninliquidnitrogen,and stored at —80°C until use. Total
RNA from spinal cord and cortex was extracted using
TRIzol reagent (No. 15596026; Thermo Fisher Scientific,
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Germany) or QIAzol lysis reagent (No. 79306; Qiagen,
The Netherlands) and chloroform in combination
with the RNeasy Mini Kit (No. 74104; Qiagen, The
Netherlands) according to the manufacturer’s recom-
mendations. Total RNA from dorsal root ganglia was iso-
lated using the innuPREP Micro RNA Kit (No. C-6134;
Analytik Jena, Germany) following the manufacturer’s
instructions.

Isolated RNA was quantified with a NanoDrop 2000
(Thermo Fisher Scientific), and cDNA was synthesized
from 200 ng using the first strand cDNA synthesis kit (No.
10774691; Thermo Fisher Scientific) with random hex-
amer primer. Quantitative real-time reverse transcription
polymerase chain reaction was performed on a CFX96
Touch Real-Time System (Bio-Rad, Germany) using the
iTaq Universal SYBR Green SuperMix (No. 1725120; Bio-
Rad) and primer pairs for Kent2 (forward: 5'-gaaagcaccat-
gagtgcaga-3’, reverse: 5’-gttttgaaagcgcgagagag-3"), Kentl
(forward: 5-ctgctgtgectggtettca-3’, reverse: 5'-aaggaggt-
cagcaggttcaa-3’) and glyceraldehyde 3-phosphate dehy-
drogenase (forward: 5’-caatgtgtccgtegtggatct-37, reverse:
5’-gtccteagtgtageccaagatg-3'; all from Biomers, Germany).
Reactions were performed in duplicate or triplicate by
incubating for 2min at 50°C and 10min at 95°C, followed
by 40 15-s cycles at 95°C and 60s at 60°C. Water and tem-
plate controls were included to ensure specificity. Relative
expression of target gene levels was determined using the
comparative 244 method and normalized to glyceralde-

hyde 3-phosphate dehydrogenase.

Western Blots

For Slick detection, lumbar (L1-L5) dorsal root ganglia
and lumbar (L1-L5) spinal cord of Slick”™ and wild-type
mice (n = 3 males per group) were rapidly dissected, frozen
in liquid nitrogen, and stored at —80°C until use. Lysates
were prepared with buffer containing 0.32 M sucrose, 0.1
M NaFE 5mM sodium phosphate buffer (pH, 7.4 [protocol
from University of California—Davis/National Institutes of
Health NeuroMab Facility, USA]) mixed with a protease
inhibitor cocktail (Complete Mini,No.4693132001;Roche
Diagnostics, Germany). For phosphorylated extracellular
signal-regulated kinase (pERK) and ERK detection, lum-
bar (L4-L5) spinal cord of Slick”™ and wild-type mice (n
= 4 per group [1 female and 3 males]) was homogenized
in Phosphosafe extraction reagent (No. 71296, Novagen,
Germany) mixed with the protease inhibitor cocktail. For
somatostatin receptor 2 (SSTR2) detection, the lumbar
(L4-L5) spinal cord of Slick™”, wild-type, Lbx1-Slick™,
and control mice (n = 3 per group [1 female and 2 males])
were prepared with radioimmunoprecipitation assay buffer
containing 150mM sodium chloride, 1% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
and 50 mM Tris (protocol from Abcam, United Kingdom)
mixed with the protease inhibitor cocktail. Extracted pro-
teins (40 to 50 pg per lane) were separated by 6 or 10%

Slick Channels Control Pain and Itch

SDS-PAGE and blotted onto a nitrocellulose membrane.
After blocking of nonspecific binding sites with blocking
buffer (Intercept Blocking Buffer, No. 927-70001; LI-COR
Bioscience, USA), membranes were incubated with mouse
anti-KCNT2/Slo2.1/Slick  (1:500, clone N11/33, No.
75-055; NeuroMab, USA), rabbit anti-phospho-p44/42
mitogen-activated protein kinase ((MAPK] Thr202/Tyr204,
1:700, No. 9101S; Cell Signaling, USA), rabbit anti-p44/42
MAPK (Erk1/2; 1:600, No.4695S; Cell Signaling), mouse
anti-SSTR2 (1:200, No. sc-365502, Santa Cruz, USA) and
mouse anti—0a-tubulin (1:1,000; clone DM1A, No. 05-829;
Sigma-Aldrich, Germany) dissolved in blocking buffer con-
taining Tween 20, 0.1%, overnight at 4°C. After incubation
with secondary antibodies for 1h at room temperature,
proteins were detected using an Odyssey Infrared Imaging
System (LI-COR Bioscience). Quantification of band den-
sities was done using Image Studio Lite software (LI-COR
Bioscience).

Immunostaining and /n Situ Hybridization

Mice (n = 5 per group [2 females and 3 males]) and rats
(n = 2 females) were killed by carbon dioxide and imme-
diately perfused intracardially with 0.9% saline, followed by
1% or 4% paraformaldehyde in phosphate-buffered saline
(pH, 7.4). Lumbar (L3-L5) dorsal root ganglia and lumbar
(L3-L5) spinal cord were dissected and cryoprotected in
20% sucrose for 4h, followed by 30% sucrose overnight.
Tissues were frozen in tissue freezing medium (Tissue-Tek
O.C.T. Compound, No. 4583; Sakura, USA) on dry ice,
cryostat-sectioned at a thickness of 14 pm, and stored at
—80°C.

For immunostaining, sections were permeabilized
for 5min in Triton X-100, 0.1%, in phosphate-buffered
saline, blocked for 1h using normal goat serum, 10%, (No.
10000C; Thermo Fisher Scientific) and bovine serum albu
min,3%,(No.A6003;Sigma-Aldrich) in phosphate-buftered
saline, and incubated with primary antibodies diluted
in 3% bovine serum albumin in phosphate-buffered saline
overnight at 4°C or for 2h at room temperature. The fol-
lowing antibodies were used:mouse anti-Slick (1:500, clone
N11/33, No. 75-055; NeuroMab); rabbit anti—calcitonin
gene-related peptide ((CGRP] 1:800,No.PC205L; Sigma-
Aldrich); guinea pig anti-CGRP (1:600, No. 414 004;
Synaptic Systems, Germany); mouse anti-neurofilament
200 ([NF200] 1:2,000, No. N0142; Sigma-Aldrich); rabbit
anti-NF200 (1:2,000, No. N4142; Sigma-Aldrich); rabbit
anti-transient receptor potential vanilloid 1 ([TRPVT1]
1:800, No. ACC-030; Alomone, Israel); and rabbit anti—
vesicular glutamate transporter type 3 ([VGLUT3] 1:400,
No. 135203; Synaptic Systems). Sections were then washed
in phosphate-buffered saline and stained with second-
ary antibodies conjugated with Alexa Fluor 350, 488, or
555, or Cy5 (1:1,200; all from Thermo Fisher Scientific).
For staining of class III -tubulin (TUBB3), Alexa Fluor
488—conjugated anti-TUBB3 (1:1,000; clone TUJ1, No.
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801203; BioLegend, USA) diluted in bovine serum albu-
min, 3%, in phosphate-buffered saline was incubated for 2h
at 4°C. For staining with Griffonia simplicifolia isolectin B4,
sections were incubated with Alexa Fluor 488—conjugated
isolectin B4 (10 pg/ml in buffer containing 1 mM CaCl, - 2
H,O, 1TmM MgCl,, 1mM MnCIZ’ and Triton X-100,
0.2%; pH, 7.4 [No. 121411; Thermo Fisher Scientific])
for 2h at room temperature. After immunostaining, slices
were immersed for 5min in 0.06% Sudan black B (No.
199664; Sigma-Aldrich) in 70% ethanol to reduce lipofus-
cin-like autofluorescence, washed in phosphate-buftered
saline, and coverslipped. In double-labeling experiments,
primary antibodies were consecutively incubated.

For in situ hybridization, we used the QuantiGene
ViewRNA tissue assay (Thermo Fisher Scientific), in
which target mRNA signals appear as puncta in micros-
copy. Experiments were performed according to the manu-
facturer’s instructions using a type-1 probe set designed by
Thermo Fisher Scientific to the coding region of mouse
Slick (Kent2; No. VB1-17744) and type-6 probe sets for
mouse Slack (Kentl; No. VB6-21049), vesicular y-
aminobutyric acid (GABA) transporter ([VGAT] No.VB6-
17400), vesicular glutamate transporter 2 (VGLUT2; No.
VB6-16625), galanin (GAL; No. VB6-3199892), nitric
oxide synthase 1 (nNOS; No.VB6-3197829), neuropeptide
Y (NPY; No.VB6-16274), parvalbumin (PVALB; No.VB6-
13220), SSTR2 (No.VB6-3201802), and gastrin-releasing
peptide receptor ([GRPR] No. VB6-3197053). Controls
included scramble type-1 (No.VF1-17155) and type-6 (No.
VF6-18580) probe sets. Briefly, tissue sections were fixed
in 4% paraformaldehyde for 16 to 18h at 4°C, dehydrated
through 50%, 70%, and 100% ethanol, treated with protease
QF for 25min at 40°C, and incubated with probe sets for
2h at 40°C. In double in situ hybridization experiments,
type-1 and type-6 labeled probes were simultaneously incu-
bated. After preamplifier and amplifier hybridization, the
signal was developed via reaction with fast red and blue sub-
strate (for type-1 and -6 probes, respectively). Finally, sec-
tions were costained with 4’,6-diamidino-2-phenylindole
(No. D1306; Thermo Fisher Scientific) and mounted
with Fluoromount G (No. 00-4958-02; Thermo Fisher
Scientific).

Images were taken using an Eclipse Ni-U (Nikon,
Germany) microscope equipped with a monochrome
charge-coupled device, and were pseudocolored and super-
imposed. Adjustment of brightness and contrast was done
using Adobe Photoshop 2020 software (Adobe Systems,
USA). Controls were performed by omitting the first
and/or the second primary antibodies, incubating type-1
and type-6 scramble probes, and incubating tissues of
Slick™”" mice.

Cell Counting

For quantification of the number of cells expressing Slick
or marker, at least three nonadjacent sections per dorsal root
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ganglia or spinal cords per animal (three mice per geno-
type) were counted. Only cells showing staining clearly
above background were included. The specificity of Slick
immunoreactivity was confirmed by simultaneous staining
of coembedded tissues of wild-type and Slick”™ mice. The
percentage of marker-positive dorsal root ganglia neurons
in wild-type and Slick”" mice is expressed as a proportion
of marker-positive cells per total number of dorsal root
ganglia neurons. The percentage of Slick-positive dorsal
root ganglia neurons that expressed marker was calculated
by dividing the number of Slick-positive cells colocalized
with marker by the total number of Slick-positive cells.
For quantification of mRINA-positive dorsal horn neurons,
only nuclei-positive cells with hybridization signals clearly
above background were counted.

Behavioral Testing

All behavioral studies were performed with littermate mice.
Animals were habituated to the experimental room and
randomized to different groups. All experiments were con-
ducted between 9:00 am and 5:00 pMm.

Rotarod Test. Motor coordination was assessed with a
Rotarod Treadmill for mice (Ugo Basile, Italy) at a constant
rotating speed of 13 rpm. All mice had at least two training
sessions before the day of the experiment (Slick”’:n = 16
[7 females and 9 males]; wild-type: n = 16 [9 females and
7 males|; Lbx1-Slick”’™ n = 14 [8 females and 6 males];
control: n = 18 [9 female and 9 males]). The latency to fall
was recorded during a maximum period of 120s. The mean
from three latencies was used for analysis.

Hot Plate Test. Mice were individually confined in a Plexiglas
chamber on a heated metal surface (Hot/Cold Plate; Ugo
Basile, Italy). The time between placement and a nocifen-
sive behavior (shaking or licking of a hind paw, jumping)
was recorded, and the animal was removed from the plate
immediately after a response.To prevent tissue damage, tem-
peratures of 48°C (Slick”™:n = 12 [6 females and 6 males];
wild-type: n = 12 [5 females and 7 males]; Lbx1-Slick™™
n = 13 [7 females and 6 males]; control: n = 14 [9 females
and 5 males]); 50°C (Slick”: n = 18 [7 females and 11
males]; wild-type: n = 18 [7 females and 11 males]; Lbx1-
Slick”™: n = 13 [7 females and 6 males]; control: n = 14
[9 females and 5 males]); 52°C (Slick”™: n = 18 [7 females
and 11 males]; wild-type: n = 18 [7 females and 11 males];
Lbx1-Slick” n = 12 [6 females and 6 males]; control:
n = 12 [7 females and 5 males]); and 54°C (Slick”™:n = 18
[7 females and 11 males|; wild-type: n = 18 [7 females and
11 males|; Lbx1-Slick”: n = 12 [6 females and 6 males];
control: n = 12 [7 females and 5 males]) were applied with
cutoff times of 80, 40, 30, and 20s, respectively. Only one
test per animal per temperature was performed.
Tail-immersion Test. Mice were immobilized in aluminum
foil, which allowed free tail movement. For accommoda-
tion, the tip of the tail (approximately one third of the tail
length) was first immersed in a water bath (Sunlab D-8810;
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neoLab, Germany) at 32°C for 20s. Then the tip of the
tail was immersed in another water bath maintained at
46°C (Slick”’:n = 17 [7 females and 10 males]; wild-type:
n = 17 [6 females and 11 males|; Lbx1-Slick”: n = 16
[9 females and 7 males]; control: n = 16 [8 females and 8
males]); 47°C (Slick”: n = 18 [12 females and 6 males];
wild-type: n = 18 [9 females and 9 males]; Lbx1-Slick™”:
n = 16 [9 females and 7 males]; control: n = 16 [8 females
and 8 males|); 48°C (Slick”":n = 18 [9 females and 9 males];
wild-type: n = 18 [6 females and 12 males]; Lbx1-Slick™”:
n = 16 [9 females and 7 males]; control: n = 16 [8 females
and 8 males]); 49°C (Slick”: n = 18 [8 females and 10
males|; wild-type: n = 18 [11 females and 7 males|; Lbx1-
Slick”=n = 16 [9 females and 7 males]; control: n = 16 [8
females and 8 males]); or 50°C (Slick”:n = 19 [6 females
and 13 males]; wild-type: n = 19 [8 females and 11 males];
Lbx1-Slick”":n = 16 [9 females and 7 males]; control:n = 16
[8 females and 8 males]) with cutoff times of 80, 60, 40, 30,
and 20s, respectively. The latency time to a tail withdrawal
reflex was recorded, and the tail was removed from the bath
immediately after response.” Only one test per animal per
temperature was used for analysis.

Cold Plate Test. Mice were individually placed in a Plexiglas
chamber on a cold metal surface (Hot/Cold Plate; Ugo
Basile) maintained at 10°C or 5°C. The total time the
mouse spent lifting the forepaw during a 60-s period was
measured via stopwatch (Slick”: n = 12 [8 females and 4
males]; wild-type: n = 11 [6 females and 5 males])."* Only
one test per animal per temperature was performed.

Cold Plantar Test. Mice were acclimated on a borosilicate glass
plate (6.5-mm thickness; GVB GmbH, Germany) in trans-
parent plastic enclosures and acclimated for 40 to 60 min.
Powdered dry ice was packed into a modified syringe (3 ml;
B. Braun, Germany) with a cut top (1-cm diameter). The
open end of the syringe was held against a flat surface while
pressure was applied to the plunger to compress the dry ice,
and then the dense dry ice pellet was applied to the glass
surface underneath a hind paw.” The latency to move the
paw vertically or horizontally away from the glass plate was
measured with a stopwatch. An interval of at least 7 min was
allowed between testing separate paws of a single mouse, and
an interval of at least 15 min was allowed between trials on
any single paw. Three to five measurements per paw were
performed (Slick”: n = 15 [7 females and 8 males|; wild-
type:n = 13 [5 females and 8 males]).

Dynamic Plantar Test. Paw withdrawal latency after mechan-
ical stimulation was assessed using a dynamic plantar aesthe-
siometer (Ugo Basile), which pushes a thin probe (0.5-mm
diameter) with increasing force through a wire-gated floor
against the plantar surface of the hind paw from beneath.
The force increased from 0 to 5g within 10s and was then
held at 5 g for an additional 10s.> The latency was calculated
as the average of four to six exposures with at least 20s in
between (Slick”’:n = 10 [5 females and 5 males]; wild-type:
n =9 [4 females and 5 males]).

Slick Channels Control Pain and Itch

Tail-clip Test. Mice were individually placed in a Plexiglass
chamber and habituated for 5min. A plastic clip (force,
approximately 300g; Ericotry, China) was applied on the
base of the tail, and the latency to the first response (bit-
ing, grasping, or jumping) was recorded (Slick”™: n = 14
[6 females and 8 males]; wild-type: n = 13 [4 females and
9 males])."

Tape-response Test. Mice were individually placed in
Plexiglas cylinders and habituated for 5min. A 3-cm piece
of a common laboratory tape (marking tape; Diversified
Biotech, USA) was put on the back of the mouse. A response
was considered when the mouse stopped moving and bit the
piece of tape or showed a visible “wet-dog shake” motion
in an attempt to remove the tape.'® Responses occurring
within 5min were counted (Slick”™:n = 18 [9 females and
9 males|; wild-type: n = 15 [9 females and 9 males)).
Capsaicin Test. Mice were individually confined in a
Plexiglas cylinder and habituated for 30 min. Capsaicin (5
pg in 20 pl phosphate-buffered saline containing dimethyl
sulfoxide, 2% [Sigma-Aldrich]) was injected into the dorsal
surface of a hind paw. The time spent licking the injected
paw was recorded with a stopwatch in 1-min intervals
during a 20-min period (Slick”: n = 8 [4 females and 4
males]; wild-type: n = 7 [4 females and 3 males]; Lbx1-
Slick”™: n = 8 [3 females and 5 males|; control: n = 9 [6
females and 3 males]). In experiments with the SSTR2
antagonist CYN-154806 (500ng in 5 ul NaCl, 0.9%; No.
C2490; Sigma-Aldrich), the compound was intrathecally
administered by direct lumbar puncture under short iso-
flurane anesthesia 30 min before capsaicin injection into a
hind paw (Slick”=:n = 5 [1 female and 4 males|; wild-type:
n = 6 [1 female and 5 males]; Lbx1-Slick"=:n = 5 [1 female
and 4 males]; control: n = 5 [1 female and 4 males]). The
time spent licking the injected paw was recorded during
the 20 min after capsaicin injection.

Allyl Isothiocyanate Test. Mice were individually habitu-
ated in a Plexiglass cylinder for 30 min. Allyl isothiocyanate
(10 nmol in 20 pl phosphate-buffered saline containing
dimethyl sulfoxide, 0.05% [Sigma-Aldrich]) was injected
into the plantar side of a hind paw. The time spent lick-
ing the injected paw was recorded in 5-min intervals up
to 30min after allyl isothiocyanate injection.!”” Mechanical
sensitivity was evaluated with a series of von Frey hairs stiff-
ness (0.04 to 2.00g; Ugo Basile) at 1, 3, 5, and 24h after
allyl isothiocyanate injection (Slick”’™:n = 8 [4 females and
4 males|; wild-type: n = 6 [2 females and 4 males]; Lbx1-
Slick”™: n = 7 [4 females and 3 males|; control: n = 8 [4
females and 4 males]).

Itch Behavior. Mice were habituated in a Plexiglass cylinder
for 30min. The pruritogens octreotide ([100ng or 300 ng
in 5 pl NaCl, 0.9%; No. O1014; Sigma-Aldrich]; 100ng
octreotide: Slick” n = 8 [4 females and 4 males]; wild-
type: n = 8 [2 females and 6 males|; Lbx1-Slick”":n = 8
[6 females and 2 males|; control: n = 8 [4 females and 4
males]; 300ng octreotide: Slick”: n = 7 [3 females and 4
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males]; wild-type:n = 7 [3 females and 4 males]) or gastrin-
releasing peptide (1 nmol in 5 pl NaCl, 0.9% [No.
4011670; Bachem, Switzerland]; Slick”’: n = 8 [4 females
and 4 males]; wild-type:n = 8 [4 females and 4 males|) were

intrathecally administered by direct lumbar puncture under
short isoflurane anesthesia. The pruritogens histamine (200
pgin 10 pl NaCl, 0.9% [No. H7125; Sigma-Aldrich]; Lbx1-
Slick” n = 5 [3 females and 2 males]; control: n = 6 [2
females and 4 males|) and chloroquine (200 pg in 10 pl
NaCl, 0.9% [No. C6628; Sigma-Aldrich]; Lbx1-Slick”":
n = 5 [3 females and 2 males]; control: n = 6 [2 females and
4 males|) were injected intradermally into the nape of the
neck.The number of scratching bouts that occurred during
a 30-min period was recorded using a video tracking sys-
tem (VideoMot; TSE Systems, Germany) without human
presence in the experiment room.'

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
software version 8.0 (GraphPad, USA). No statistical power
calculation was conducted before the study, and the sample
sizes were determined based on our previous knowledge and
experience with this design. Group sizes and experimental
units are indicated in the Materials and Methods and Results
sections, as well as figure legends. No outliers were observed,
and no data were excluded from statistical analysis. Rotarod
fall-off latencies were analyzed with Mann—Whitney U test
and are expressed as medians and interquartile ranges. All
other data are presented as mean + SD. For some data, 95%
CI are reported in the Results section, and f or F values
are reported in the figure legends. Differences between two
groups (e.g., responses to the hot plate, tail-immersion, cold
plate, cold plantar, dynamic plantar, tail-clip, and tape test;
sum of licking time after allyl isothiocyanate injection; sum
of scratching bouts after injection of histamine and chloro-
quine) were determined using two-tailed, unpaired ¢ tests.
Differences in Slack mRNA expression, dorsal root gan-
glia neurons subpopulations, Slick mRINA expression, sum
of licking time after capsaicin, and Western blots of phos-
phorylated extracellular signal-regulated kinase and extra-
cellular signal-regulated kinase, and sum of scratching bouts
after injection of octreotide with two doses were deter-
mined using multiple ¢ tests. Allyl isothiocyanate—induced
mechanical hypersensitivity was determined using two-way
repeated-measures ANOVA followed by the post hoc Sidak
multiple comparison test. For all tests, P < 0.05 was consid-
ered as statistically significant.

Results
Slick Is Expressed in Ad-Fiber Nociceptors and Dorsal
Horn Interneurons

To study the functions of Slick potassium channels in pain
processing, we first produced mice lacking Slick globally
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by crossing a mouse strain containing exon 22 of the
Kent2 gene flanked by two loxP sites® with transgenic
mice expressing Cre under the transcriptional control of
the cytomegalovirus promotor."" The resulting knockout
mice (referred to as Slick™”") were viable and fertile, and in
accordance with previous studies, there were no obvious
differences in gross appearance and general behavior among
Slick”~ and wild-type littermates.®* The deletion of Slick was
confirmed by Western blotting in tissue extracts from dorsal
root ganglia and the spinal cord (n = 3 per group; fig. 1A).
The mRNA expression of Slack, a paralogous potassium
channel that has been reported to form heteromers with
Slick," was unaltered in dorsal root ganglia (Slick™™ [n = 3]:
0.8%+0.2 [95% CI, 0.4 to 1.3]; wild-type [n = 3]: 1.0+ 0.1
[95% CI, 0.8 to 1.2]; P = 0.163; fig. 1B) and the spinal cord
of Slick”~ mice (Slick”™ [n = 3]: 0.5%0.0 [95% CI, 0.4 to
0.6]; wild-type [n = 3]: 0.5%£0.1 [95% CI, 0.2 to 0.8]; P >
0.999; fig. 1B). Moreover, the overall frequencies of dorsal
root ganglia neuron populations positive for the established
markers isolectin B4 (Slick”™ [n = 3]:29.8 £3.6% [95% CI,
20.8 to 38.9%]; wild-type [n = 3]: 31.4£2.4% [95% CI,
25.5 to 37.3%]; P = 0.920; fig. 1C); CGRP (Slick”~ [n = 3]:
33.0£8.6% [95% CI, 11.8 to 54.3%]|; wild-type [n = 3|:
39.6+£1.0% [95% CI, 37.0 to 42.2%]; P = 0.371; fig. 1C);
and NF200 (Slick” [n = 3]: 58.3£0.8% [95% CI, 56.2 to
60.4%]; wild-type [n = 3]: 58.5£8.0% [95% CI, 38.7 to
78.3%]; P = 0.953; fig. 1C) were similar between genotypes,
suggesting that there are no general defects in Slick™™ mice.

We then analyzed the cellular distribution of Slick in
dorsal root ganglia by immunostaining and detected Slick
immunoreactivity in a population of sensory neurons of
wild-type mice (fig. 1D). Costaining with the pan-
neuronal marker TUBB3 revealed that 9.3£4.2% of total
dorsal root ganglia neurons in wild-type mice expressed
Slick (n = 4 per group; fig. 1D). No Slick immunoreactivity
was seen in dorsal root ganglia from Slick”™ mice (fig. 1E),
validating the specificity of our Slick antibody-based stain-
ing protocol. In further costaining experiments, we found
that the vast majority (91.5%12.0%) of Slick-positive
(Slick™) cells expressed CGRP, a marker of the peptidergic
population of nociceptors (fig. 1, F and H), confirming a
previous report.” Conversely, 36.3 £25.1% of CGRP" cells
coexpressed Slick, suggesting that Slick is localized to only a
fraction of CGRP" cells. Interestingly, 93.9 = 8.6% of Slick”
cells were immunoreactive for NF200, which labels myelin-
ated dorsal root ganglia neurons, and 90.2 = 13.8% of Slick”
cells expressed both CGRP and NF200 (n = 5 per group;
fig. 1, F and H). This finding implicates that Slick is mainly
localized to thinly myelinated Ad-fiber nociceptors, which
are CGRP" and NF200".**# This subclass of dorsal root
ganglia neurons has recently been classified as peptidergic
2 (PEP2) neurons in a single-cell RNA-sequencing study.?

Slick immunostaining was virtually absent from sen-
sory neurons binding isolectin B4, a marker of nonpep-

tidergic unmyelinated C-fiber nociceptors (n = 5 per
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Fig. 1. Distribution of Slick in dorsal root ganglia. (4) Western blot analysis of Slick (130 kDa) in dorsal root ganglia and spinal cord
from wild-type and Slick”- mice. Slick was specifically detected in tissues of wild-type, but not Slick”-, mice. a-Tubulin (55 kd) was used
as loading control. (B) Quantitative reverse transcription polymerase chain reaction in dorsal root ganglia and the spinal cords of wild-
type and Slick”- mice revealed that Slack mRNA expression is not compensatory regulated in the absence of Slick (dorsal root ganglia:
t, = 1.96, P = 0.163; spinal cord: t, = 0.00, P> 0.999; n = 3 per group). Values were normalized to wild-type dorsal root ganglia. ()
Percentages of dorsal root ganglia neurons that are isolectin B4—binding or immunoreactive for calcitonin gene-related peptide (CGRP)
or neurofilament 200 (NF200) are comparable between wild-type and Slick”~ mice (isolectin B4: t, = 0.37, P = 0.920; CGRP: t,, = 1.57,
P =0.371; NF200: t,, = 0.06, P = 0.953; n = 3 per group). (0) Double-immunostaining of Slick with the pan-neuronal marker class Il 3-
tubulin (TUBB3) in dorsal root ganglia of wild-type mice reveals Slick expression in 9.3 +2.4% of TUBB3-positive dorsal root ganglia neurons
(892 neurons counted; n = 4 per group). (E) No Slick immunoreactivity was detected in dorsal root ganglia of Slick”~ mice, confirming the
specificity of the anti-Slick antibody. (F) Triple-immunostaining of Slick with CGRP and NF200 shows that Slick is mainly localized to dorsal
root ganglia neurons that are positive for both CGRP and NF200 (i.e., are in myelinated Ad nociceptors). (G) Double-labeling of Slick and
isolectin B4 shows that Slick is absent from isolectin B4—binding dorsal root ganglia neurons. (H) Percentage of marker-positive neurons
that coexpress Slick (5,959 cells counted; n = 5 per group). () Double in situ hybridization of Slick mRNA with Slack mRNA confirms that
Slick and Slack are not coexpressed in dorsal root ganglia neurons. Data are shown as mean =+ SD. Scale bars = 50 pm.

2202 UdIeN Zg uo sasn AysieAlun uoyoes Aq Jpd €91 7000000000000 Ule/E¥Z#09/€9 1000000000000 NTW/L601 0L /10p/pd-ajonLe/ABojoisaysaue/biobyese sqndj/:dpy woy papeojumoq

Flauaus et al.

group; fig. 1, G and H). Considering that Slack is nearly
exclusively expressed in isolectin B4-binding nocicep-
tors,” this observation suggests that Slick and Slack do not
form heteromers in dorsal root ganglia neurons, unlike in
other tissues.*** Indeed, double-labeling fluorescent in sifu
hybridization confirmed that Slick and Slack mRINA do
not overlap in dorsal root ganglia neurons (n = 3 per group;

fig. 1I). Furthermore, a similar distribution pattern of Slick
with enrichment in CGRP*;NF200" cells and absence
from isolectin B4-binding cells was observed in dorsal root
ganglia from rats (Supplemental Digital Content 1 fig. 1,
http://links. Iww.com/ALN/C805). Together, these analy-
ses of dorsal root ganglia tissues indicate that Slick is mainly
expressed in Ad-fiber nociceptors.
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We next assessed the distribution of Slick in the spi-
nal cord and observed profound immunoreactivity in the
superficial dorsal horn of wild-type mice (fig. 2A, left).
Control experiments confirmed that Slick immunoreactiv-
ity was absent in the spinal cord of Slick”™ mice (fig. 2A,
right). Inconsistent with the expression pattern of Slick in
dorsal root ganglia neurons, Slick immunoreactivity in the
dorsal horn was not limited to the central terminals of Ad-
fibers that terminate mainly in lamina I and V.* Colabeling
experiments revealed that Slick immunoreactivity is present
in lamina I and outer lamina II (marked by CGRP staining;
fig. 2B), in the dorsal region of inner lamina II (marked by
isolectin B4 binding; fig. 2C), and in the ventral region of
inner lamina II (marked by VGLUT?3 staining; fig. 2D).%
These observations, together with available single-cell

10

RNA-sequencing data,'” suggest that in addition to dorsal
root ganglia neurons, populations of intrinsic neurons in the
dorsal horn express Slick.

To further investigate the expression of Slick in the spi-
nal dorsal horn, we performed fluorescent in situ hybrid-
ization experiments of Slick mRNA. Consistent with the
protein expression pattern previously described (fig. 2),
multiple hybridization signals were detected in the dorsal
horn (fig. 3A, left). As our hybridization probe (which binds
to nucleotides 624 to 1568 of Slick mRNA, correspond-
ing to exons 8 through 16) cannot distinguish between tis-
sues from wild-type and Slick™™ mice (in which exon 22 is
deleted), we used a scramble probe as a specificity control
(fig. 3A, right).To estimate the distribution of Slick in inhib-
itory and excitatory interneurons of the superficial dorsal
horn, we performed double-labeling in situ hybridization of
Slick mRNA with VGAT mRNA, a marker of inhibitory
neurons, and VGLUT2 mRNA, which marks excitatory
neurons.'” We found that 67.3£2.5% of Slick™ cells in the
superficial dorsal horn expressed VGAT (fig. 3B), whereas
28.7+8.8% of Slick® cells were positive for VGLUT?2
(fig. 3C). Conversely, 69.8+4.5% of VGAT" neurons and
21.5+5.6% of VGLUT2" neurons in the superficial dorsal
horn express Slick (fig. 3, B and C). These data indicate
that Slick is predominantly, but not exclusively, expressed
in inhibitory interneurons of the superficial dorsal horn of
the spinal cord.

We then further analyzed the cellular distribution of
Slick in subpopulations of inhibitory interneurons in the
dorsal horn. Previous studies have identified five largely
nonoverlapping neurochemical populations that express
GAL, nNOS, NPY, PVALB, and calretinin.?® We found that
38.41£5.7%, 11.9£2.8%, and 10.8£2.7% of Slick" cells
coexpressed GAL, nNOS, and NPY, respectively (fig. 3,
D to F). Conversely, 80.2£1.1% of GAL", 49.5+4.8% of
nNOS*, and 25.4£8.8% of NPY" neurons coexpressed
Slick (fig. 3, D to F). By contrast, there was virtually no
colocalization of Slick with PVALB (fig. 3G). We did not
analyze the colocalization of Slick and calretinin, because
this marker is also significantly expressed by excitatory
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interneurons.” Altogether, the localization in distinct pop-

ulations of dorsal horn neurons in combination with the
enrichment in Ad-fiber nociceptors supports the idea that
Slick is involved in somatosensory processing.

Slick~ Mice Display Increased Heat Sensitivity but
Normal Cold and Mechanical Sensitivity

To assess the functional relevance of Slick for somatosen-
sory processing, we tested the sensitivity of Slick”™ and lit-
termate wild-type mice to various innocuous and noxious
sensory stimuli. As a prerequisite for behavioral testing, we
first characterized their motor coordination and balance
using the rotarod test. Slick”™ and wild-type mice demon-
strated intact motor coordination, as analyzed in the rotarod
test (median fall-off latencies: Slick”™ [n = 16]: 1205 [inter-
quartile range, 108.0 to 120.0]; wild-type [n = 16]: 1205
[interquartile range, 120.0 to 120.0]; P = 0.174), suggesting
that Slick’~ mice are suitable for behavioral analyses.We then
tested the ability of Slick”™ mice to respond to heat. In the
hot plate test, Slick”™ mice exhibited significantly shorter
latencies than wild-type mice when the plate was set at
48°C (Slick”™ [n = 12]:29.3£11.05 [95% CI,22.3 to 36.3];
wild-type [n = 12]: 47.3+17.8s [95% CI, 36.0 to 58.6];
P = 0.007) and 50°C (Slick”™ [n = 18]: 22.1+9.0s [95%
CI, 17.6 to 26.6]; wild-type [n = 18]:28.6 £6.05s [95% CI,
25.6 to 31.5]; P = 0.015), but they responded normally at
higher temperatures of 52°C (Slick”™ [n = 18]: 15.6 £ 6.3
[95% CI, 12.5 to 18.8]; wild-type [n = 18]: 18.41+4.8s
[95% CI, 16.0 to 20.7]; P = 0.149) and 54°C (Slick”~
[n=18]:8.5£2.55[95% CI,7.3 to 9.7]; wild-type [n = 18]:
10.1£3.35 [95% CI, 8.4 to 11.7]; P = 0.122; fig. 4A; results
for female and male cohorts are shown in Supplemental
Digital Content 2 fig. 2, A and B, http://links.lww.com/
ALN/C806). Similarly, in the tail-immersion assay, Slick™~
animals showed significantly shorter tail flick latencies com-
pared with wild-type littermates for bath temperatures of
46°C (Slick” [n = 17]:20.1£13.05 [95% CI, 13.4 to 26.8];
wild-type [n = 17]: 32.7119.0s [95% CI, 22.9 to 42.4];
P = 0.032), 47°C (Slick”™ [n = 18]: 7.6£3.5s [95% CI,
5.9 to 9.3]; wild-type [n = 18]: 11.4+5.35 [95% CI, 8.7 to
14.0]; P = 0.016), and 48°C (Slick”™ [n = 18]: 5.0+2.05
[95% CI, 4.0 to 6.0]; wild-type [n = 18]: 7.1£2.1s [95%
CL 6.0 to 8.1]; P = 0.004), whereas responses to the higher
temperatures 49°C (Slick”™ [n = 18]: 3.1£1.7s [95% CI,
2.2 to 3.9]; wild-type [n = 18]: 7.1£2.1s [95% CI, 3.3
to 4.3]; P = 0.107) and 50°C (Slick”~ [n = 19]: 2.5%£1.0s
[95% CI, 2.1 to 3.0]; wild-type [n = 19]: 3.0£1.65 [95%
CIL, 2.2 to 3.7]; P = 0.323) were unaltered (fig. 4B; results
for female and male cohorts are presented in Supplemental
Digital Content 2 fig. 2, C to E, http://links.lww.com/
ALN/CB806). These data suggest that Slick specifically con-
trols heat sensation at distinct temperatures.

We next analyzed cold sensitivity of Slick”~ and wild-
type littermates. In the cold plate test, the duration of fore-
paw lifting'* at either 10°C or 5°C was comparable between
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Fig. 2. Distribution of Slick protein in the spinal cord. (4) Immunostaining of Slick in the lumbar spinal cord of wild-type (/eff) and Slick~"-
(right) mice reveals specific Slick expression in the superficial dorsal horn. Dotted lines delineate the gray matter. (B through D) Double-
labeling of Slick with calcitonin gene-related peptide ([CGRP] which labels lamina | and outer lamina Il [B]), isolectin B4 (inner/dorsal region
of lamina Il [C]), and vesicular glutamate transporter type 3 ([VGLUT3] inner/ventral region of lamina Il [O]) shows that Slick immunoreactivity
expands from lamina | to the ventral part of inner lamina Il. Scale bars = 100 pm.

genotypes (10°C: Slick™”™ [n = 12]: 16.2+8.7s [95% CI,
10.6 to 21.7]; wild-type [n = 11]: 16.9+7.55 [95% CI, 11.9
to 21.9]; P = 0.915; 5°C: Slick”™ [n = 12]: 39.5+13.15
[95% CI, 31.1 to 47.8]; wild-type [n = 11]: 41.0£8.5s
[95% CI, 35.3 to 46.7]; P = 0.915; fig. 4C). Similar to the
cold plate test, Slick”~ mice showed normal latencies in
the cold plantar test (Slick”™ [n = 15]: 11.6£2.0s [95%
CIL, 10.5 to 12.7]; wild-type [n = 13]: 11.8 £2.45 [95% CI,
10.4 to 13.2]; P = 0.814; fig. 4D), in which a dry ice pellet
is pushed to a glass surface beneath the hind paw." These

data suggest an unimpaired cold sensitivity in the absence
of Slick. In tests of mechanosensitivity, Slick™”~ mice showed
normal withdrawal latencies to an increasing mechanical
force applied to the hind paw with a dynamic plantar aes-
thesiometer (Slick”™ [n = 10]: 9.1£0.9s [95% CI, 8.4 to
9.7]; wild-type [n = 9]: 9.1£0.7s [95% CI, 8.6 to 9.6 s];
P = 0.956; fig. 4E). They also demonstrated unaltered
responses to a noxious mechanical stimulus in the tail-
clip test (Slick”™ [n = 14]: 6.7+£7.0s [95% CI, 2.7 to
10.7]; wild-type [n =13]: 6.8 £ 6.0s [95% CI, 3.1 to 10.4];
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Fig. 3. Expression of Slick mRNA in the spinal dorsal horn. (4) Distribution of Slick mRNA (/eff) in the dorsal horn of the spinal cord assessed
by fluorescent in situ hybridization. No hybridization signal was detected using a scramble control (righd). (B and C) Double in situ hybridiza-
tion of Slick mRNA with mRNA of VGAT (B), a marker of inhibitory interneurons, and of VGLUT2 (C), a marker of excitatory interneurons. (D
through G) Double in situ hybridization of Slick mRNA with mRNA of galanin (GAL; D), neuronal nitric oxide synthase (nNOS; £), neuropeptide
Y (NPY; A, and parvalbumin (PVALB; G), which mark subpopulations of inhibitory interneurons. The percentage of Slick* neurons that coex-
press the selected marker and the percentage of marker-positive neurons that coexpress Slick are presented in the column (righf). Scale bar
=100 pm (A); scale bars = 50 ym (B and G).
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Fig. 4. Behavioral responses of Slick”- mice to heat, cold, and mechanical stimuli. (4 and B) Responses to heat stimuli. (4) In the hot plate
test, Slick”- mice showed significantly reduced latencies compared with wild-type mice at 48° and 50°C, but showed unaltered responses
at 52° and 54°C (48°C [n = 12 per group]: t,, = 2.99, P = 0.007; 50°C [n = 18 per group]: t,, = 2.55, P=0.015; 52°C [n = 18 per group]:
t,, = 1.48, P=0.149; 54°C [n = 18 per group]: t,, = 1.58, P= 0.122). (B) In the tail-immersion test, tail withdrawal latencies were signifi-
cantly reduced in Slick”~ mice compared with wild-type mice at 46°C (t,, = 2.24, P=0.032; n = 17 per group), 47°C (t,, = 2.53, P=0.016;
n = 18 per group), and 48°C (t,, = 3.05, P = 0.004; n = 18 per group), but were normal at 49°C (t,, = 1.65, P= 0.107; n = 18 per group)
and 50°C (t,; = 1.00, P= 0.323; n = 19 per group). (Cand D) Responses to cold stimuli. (C) On a cold plate maintained at 10°C or 5°C, the
duration of forepaw lifting within 1 min was comparable between groups (10°C: t,, = 0.22, P= 0.831; n = 12 [Slick”"], n = 11 [wild-type];
5°C:t,, = 0.33, P=0.744; n = 12 [Slick"], n = 11 [wild-type]). (D) Paw withdrawal latencies in the cold plantar test were similar between
groups (t,, = 0.24, P=0.814; n = 15 [Slick "], n = 13 [wild-type]). (E through G) Responses to mechanical stimuli. Slick”~ mice showed
normal responses to mechanical stimuli in the dynamic plantar test ([£] t,, = 0.06, P = 0.956; n = 10 [Slick™], n = 9 [wild-type]); tail-clip
test ([A t,, = 0.02, P = 0.982; n = 14 [Slick"], n = 13 [wild-type]) and tape response test ([G] t,, = 0.64, P = 0.526; n = 18 [Slick™"],
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n = 15 [wild-type]). Data are presented as mean + SD. *P < 0.05.

P = 0.982; fig. 4F) and to innocuous mechanical stimuli
evoked by applying an adhesive tape to the hairy skin of
the back (Slick”™ [n = 18]: 35.3£18.5s [95% CI, 26.1 to
44.5]; wild-type [n = 15]: 39.5+19.65 [95% CI, 28.7 to
50.4]; P = 0.526; fig. 4G).Altogether, these behavioral assays
implicate a specific alteration of noxious heat sensation in
Slick™™ mice.

Slick in the Spinal Dorsal Horn Is Dispensable for Heat
Sensation

Given the significant expression of Slick in dorsal horn
neurons, we aimed to assess to what extent Slick in intrin-
sic spinal cord neurons contributes to pain processing. For
that purpose, we crossed Lbx1-Cre mice, in which Cre is
mainly restricted to neurons of the dorsal spinal cord and
the dorsal hindbrain,'> with Slick™® mice. In the result-
ing conditional knockouts (referred to as Lbx1-Slick™),
Slick mRNA expression in the spinal cord was signifi-
cantly downregulated as compared to control (Slick™*)
mice (Lbx1-Slick™” [n = 4]: 0.3+0.0 [95% CI, 0.2 to 0.3];

control [n = 4]: 0.9+0.0 [95% CI, 0.9 to 0.9]; P < 0.001;
fig. 5A), whereas Slick mRINA expression was unaltered
in dorsal root ganglia (Lbx1-Slick™”™ [n = 4]: 0.9£0.1 vs.
1.0+0.1; P = 0.420; fig. 5A) or brain cortex (Lbx1-Slick™~
[n = 4] vs. control [n = 4]:4.0£0.2 vs. 3.710.3; P = 0.122;
fig. 5A). Immunostainings confirmed a considerable reduc-
tion of Slick immunoreactivity in the spinal dorsal horn of
Lbx1-Slick”~ mice (fig. 5B), and the antibody specificity
was confirmed by staining of Slick™~ tissues (fig. 5B). The
expression of Slack mRINA in dorsal root ganglia, the spinal
cord and brain cortex was not compensatory regulated in
Lbx1-Slick”" mice (Lbx1-Slick”™ [n = 4] vs. control [n = 4]:
dorsal root ganglia: 2.4 +0.3 vs. 2.110.3; P = 0.218; spinal
cord: 1.1£0.2 vs. 1.0£0.1; P = 0.816; cortex: 1.1 £0.3 vs.
1.0£0.3; P = 0.816; fig. 5C). Furthermore, in the rotarod
test, Lbx1-Slick”~ and control mice demonstrated intact
motor coordination, as analyzed in the rotarod test (median
fall-off latencies: Lbx1-Slick™™ [n = 14]: 1205 [interquartile
range, 120.0 to 120.0]; control [n = 18]: 1205 [interquartile
range, 120.0 to 120.0]; P = 0.806), indicating intact motor
coordination and balance.
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We then tested heat, cold, and mechanical sensations in
Lbx1-Slick”~ mice. Unlike Slick”~ mice, the responses to
acute heat stimuli in the hot plate (Lbx1-Slick”™ [n = 13]
vs. control [n = 14]: 48°C: 48.5+18.4s vs. 51.3+14.8s;
P = 0.661; 50°C: 27.4+7.6s vs. 25.2+4.7s; P = 0.383; and
Lbx1-Slick”™ [n = 12] vs. control [n = 12]: 52°C: 18.2+4.0s
vs. 18.913.55; P = 0.665; 54°C, 12.1+2.65 vs. 11.2£3.15;
P = 0.431) and tail immersion test (Lbx1-Slick”~ [n = 16] vs.
control [n = 16]:46°C: 13.8£8.1s vs. 14.8£7.65; P = 0.640;
47°C:5.5%12.4s vs. 8.0 4.6s; P = 0.496;48°C: 3.4+ 1.55 vs.
3.4£2.05,P=0.942;49°C:2.0£0.8svs. 1.7£0.55; P = 0.856)
were unaltered in Lbx1-Slick”™ mice (fig. 5, D and E).
Moreover, similar to Slick”~ mice, Lbx1-Slick”~ mice demon-
strated normal responses to cold and mechanical stimuli (cold
plate, cold plantar, dynamic plantar, tail-clip, and tape-response
test: data not shown). These data suggest that Slick in dor-
sal horn neurons 1s dispensable for the immediate behavioral
responses to acute heat, cold, and mechanical stimuli.

Slick in the Spinal Dorsal Horn Modulates Capsaicin-
induced Behavior

We then analyzed the tonic pain behavior of Slick””
and wild-type mice using the capsaicin test. Intraplantar
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injection of capsaicin (5 pg) into a hind paw elicits a robust
paw licking behavior that typically lasts for a few minutes
and is mainly driven by TRPV1 activation.”® As shown in
figure 6A, the paw licking response was similar in Slick™”~
and wild-type mice during the first 5min after the capsa-
icin injection (Slick”™ [n = 8]: 27.0+11.1s [95% CI, 17.7
to 36.4]; wild-type [n = 7]: 21.4%£7.7s [95% CI, 14.3 to
28.5]; P = 0.574). Interestingly however, Slick”~ mice con-
tinued to lick the paw during 6 to 20min after the cap-
saicin injection, while this late-stage licking behavior was
virtually absent in wild-type mice. The sum of licking time
during the 6 to 20min period was significantly increased
in Slick”™ mice compared with wild-type mice (Slick”~
[n = 8]: 45.6£30.1s [95% CI, 19.8 to 71.4]; wild-type
[n = 7]: 13.1+16.15 [95% CI, —1.8 to 28.0]; P = 0.006;
fig. 6A; results for female and male cohorts are presented
in Supplemental Digital Content 3 fig. 3, A and B, http://
links.Iww.com/ALN/C807), suggesting that Slick controls
the nocifensive behavior at late stages of the capsaicin test.
We then exposed Lbx1-Slick”™ mice to capsaicin injec-
tion. Notably, similar to Slick”~ mice, the licking behav-
ior in Lbx1-Slick”~ mice was enhanced in the later phase,
i.e., 6 to 20min after capsaicin injection (Lbx1-Slick”~

Lbx1-Slick”

Tail immersion

46°C 47°C

48°C 49°C

Fig. 5. Lbx1-Slick’~ mice show normal heat responses. (4 and B) Confirmation of tissue-specific deletion of Slick in Lbx1-Slick*~ mice. (4)
Quantitative reverse transcription polymerase chain reaction revealed that in Lbx1-Slick~ mice, Slick mRNA is selectively reduced in the spinal
cord (t, = 32.7, P < 0.001), but remains unaltered in dorsal root ganglia (t, = 0.87, P = 0.420) and the brain cortex (t, = 1.80, P = 0.122;
n = 4 per group). Values were normalized to wild-type dorsal root ganglia. (B) Immunostaining revealed that Slick immunoreactivity in the
superficial dorsal horn is considerably reduced in spinal cords of Lbx1-Slick”~ mice compared with control mice. Weak Slick immunoreactivity
was detected throughout the spinal cords of Lbx1-Slick”- mice, as revealed by comparison with spinal cords of Slick”~ mice. (C) Expression
of Slack mRNA in Lbx1-Slick”= and control mice is comparable in dorsal root ganglia (t,, = 1.86, P = 0.218), the spinal cord (t,, = 0.58,
P=0.816), and the brain cortex (t,, = 0.47, P= 0.816; n = 4 per group). (Dand £) Responses to heat stimuli in Lox1-Slick*~ mice. The behavior
of Lbx1-Slick”~ mice was unaltered as compared to control mice in the hot plate test ([0] 48°C: t,, = 0.44, P= 0.661; n = 13 [Lbx1-Slick™], n
= 14 [control]; 50°C: t,, = 0.89, P= 0.383; n = 13 [Lbx1 -Slick™], n = 14 [control]; 52°C: t,, = 0.44, P= 0.665; n = 12 per group; 54°C: t,, =
0.80, P=0.431; n = 12 per group), and in the tail-immersion test ([£] 46°C: t,, = 0.37, P= 0.714; 47°C:t,, = 1.85, P= 0.075; 48°C: t,, = 0.05,
P=0.957; 49°C: t,) = 1.00, P= 0.323; n = 16 per group). Data are presented as mean + SD. *P < 0.05. Scale bar = 100 pm (B).
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Fig. 6. Increased capsaicin-induced pain behavior in Slick”- and Lbx1-Slick* mice. (A and B) Capsaicin test in Slick”’- and wild-type mice.
(A) Capsaicin-induced licking behavior. (4, leff) Time course of paw licking induced by injection of 5 pg capsaicin into a hind paw. (4, right)
Sum of paw licking shows that the behavior of Slick”~ mice compared with wild-type mice is normal during the 0- to 5-min period (t,, = 0.57,
P=0.574; n = 8 [Slick"], n = 7 [wild-type]), but significantly increased during the 6- to 20-min period (t,, = 3.30, P= 0.006; n = 8 [Slick"],
n = 7 [wild-type]) after the capsaicin injection. (B) Capsaicin test in Lbx1-Slick®= and control mice. Similar to Slick’~ mice, Lbx1-Slick”~ mice
exhibited an unaltered paw-licking behavior compared with control mice in the first 5 min after capsaicin injection (t,, = 0.16, P=0.871;n =8
[Slick™], n = 9 [wild-type]), whereas the paw licking was significantly increased during the 6- to 20-min period (t,, = 2.97, P= 0.012;n =8
[Slick™-], n = 9 [wild-type]). (C) Double immunostaining of Slick and transient receptor potential vanilloid 1 (TRPV1) in dorsal root ganglia reveals
that Slick is virtually absent from TRPV1-positive sensory neurons. (D) Double immunostaining of Slick and TRPV1 in the spinal cord shows
some overlap of Slick and TRPV1 immunoreactivity. (£) Higher magnification of the area marked in the merge picture in D. Slick immunoreac-
tivity is in close proximity to the central projections of TRPV1-positive afferent fibers. (F) Western blot analysis of phosphorylated extracellular
signal-regulated kinase in the spinal cord of wild-type and Slick”’~ mice 10min after capsaicin injection into a hind paw. Data show that
phosphorylation of both p44 (t,, = 3.72, P= 0.003; n = 4 per group) and p42 (t,, = 4.39, P=0.002; n = 4 per group) mitogen-activated protein
kinase is significantly increased in Slick”- mice as compared to wild-type mice. (G) Western blot of extracellular signal-regulated kinase in the
spinal cord confirmed a similar expression of p44 (t,, = 0.32, P= 0.940; n = 4 per group) and p42 (t,, = 0.10, P= 0.940; n = 4 per group) in
Slick”~ and wild-type mice. Values in Fand G were normalized to a-tubulin as loading control and are expressed as relative values compared
to phosphorylated p44 expression of wild-type control. Data are presented as mean + SD. *P < 0.05. Scale bars = 50 pm (C and D); scale
bar = 25 pm ().
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[n=8]:73.6+85.45[95% CI,2.2 to 145.1]; control [n = 9]:
12.3£9.9s [95% CI, 4.6 to 19.9]; P = 0.012; fig. 6B),
but unaltered in the first 5min as compared with control
mice (Lbx1-Slick™”™ [n = 8]:37.5+15.35 [95% CI, 24.7 to
50.3]; control [n = 9]: 40.9%+10.35 [95% CI, 33.0 to 48.9];
P = 0.871; fig. 6B; results for female and male cohorts are
shown in Supplemental Digital Content 3 fig. 3, C and D,
http://links.Iww.com/ALN/C807). These results indicate
that Slick in dorsal horn neurons modulates the pain behav-
ior at a late stage of the capsaicin test.

To further explore this finding, we performed double-
labeling immunostaining of Slick and TRPV1 in dorsal root
ganglia and the spinal cord. Consistent with the observation
that Slick is enriched in Ad-fibers (fig. 1, F and H) and most

8 we found that

TRPV1" sensory neurons are C-fibers,?
Slick* sensory neurons virtually do not coexpress TRPV1
(fig. 6C). In the dorsal horn of the spinal cord, Slick immu-
noreactivity is partly colocalized with the central projec-
tions of TRPV1" afferent fibers (fig. 6D). Interestingly, at
higher magnification, we detected TRPV1" fibers in close
proximity to somata of Slick” cells (fig. 6E), pointing to
a possible interaction of Slick” dorsal horn neurons and
TRPV1" sensory neurons that respond to capsaicin.

We then performed Western blot analyses of pERK as a
marker for neuronal activation in the dorsal horn.?” Lumbar
(L4-L5) spinal cords from wild-type and Slick™~ mice were
obtained 10 min after intraplantar capsaicin injection, i.e., at
a time point of increased paw licking in Slick”~ mice (com-
pared to fig. 6A). Of note, phosphorylation of ERK1 (p44
MAPK) and ERK2 (p42 MAPK), which both are detected
by the anti-pERK antibody, was significantly increased in
Slick”~ mice compared with wild-type mice (p-p44, Slick "
1.5£0.3 [95% CI, 1.1 to 2.0], wild-type: 1.0 £ 0.0 [95% CI,
1.0 to 1.0], P = 0.003; p-p42, Slick": 1.3 £ 0.2 [95% CI,0.9
to 1.7], wild-type: 0.7 £ 0.1 [95% CI, 0.5 to 0.9]; P = 0.002;
n = 4/group; fig. 6F). Control experiments confirmed that
ERK1 and ERK2 protein expression is similar between
wild-type and Slick”" mice in the lumbar spinal cord (p44,
Slick”: 1.2£0.1 [95% CI, 1.0 to 1.4], wild-type: 1.1£0.2
[95% CI,0.9 to 1.4]; P = 0.940; p42, Slick": 1.3+ 0.1 [95%
CI, 1.1 to 1.4], wild-type: 1.3£0.2 [95% CI, 1.0 to 1.5];
P = 0.940;n = 4/group; fig. 6G). Together, these data indi-
cate that Slick modulates the activity of dorsal horn neu-
rons in response to TRPV1 activation in sensory neurons.

Slick Is Dispensable for Allyl Isothiocyanate—induced
Pain Behavior

In response to peer review, we assessed the behavior after
intraplantar injection of the transient receptor poten-
tial ankyrin 1 (TRPA1) activator, allyl isothiocyanate, to
explore the role of Slick in TRPA1-dependent pain pro-
cessing. Compared to wild-type mice, Slick”~ mice demon-
strated unaltered licking behavior after allyl isothiocyanate
injection (Slick”™ [n = 8]: 210.4 £ 127.0s [95% CI, 104.1
to 316.6]; wild-type [n = 6]: 253.9£166.3s [95% CI, 79.4
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to 428.4]; P = 0.587; fig. 7A). We also tested allyl isothio-
cyanate—induced mechanical pain sensitivity, but did not
observe significant differences between Slick™” and wild-
type mice (baseline: Slick”™ [n = 8]: 0.9+0.1g [95% CI,
0.8 to 1.0]; wild-type [n = 6]: 0.8 £0.1g [95% CI, 0.7 to
0.9]; P = 0.844; 1 h: Slick”" [n = 8]: 0.2+0.1g [95% CI,
0.1 to 0.3]; wild-type [n = 6]: 0.2£0.1g [95% CI, 0.1 to
0.3]; P> 0.999; 3 h: Slick”™ [n = 8]: 0.2+0.1g [95% CI,
0.1 to 0.3]; wild-type [n = 6]: 0.2£0.1g [95% CI, 0.1 to
0.3]; P = 0.935; 5 h: Slick”" [n = 8]: 0.3+0.2g [95% CI,
0.2 to 0.4]; wild-type [n = 6]: 0.2£0.1g [95% CI, 0.1 to
0.2]; P = 0.230; 24 h: Slick”" [n = 8]: 0.5+ 0.2¢g [95% CI,
0.4 to 0.7]; wild-type: 0.4£0.2g [95% CI, 0.2 to 0.6];
P = 0.917; fig. 7B). Similar to Slick”’~ mice, Lbx1-Slick”"~
mice demonstrated intact licking behavior (Lbx1-Slick™"
[n = 7]: 158.3£111.55 [95% CI, 55.2 to 261.5]; control
[n = 8]:103.0£90.55 [95% CI, 27.3 to 178.6]; P = 0.308;
fig. 7C) and mechanical hypersensitivity (baseline: Lbx1-
Slick™ [n = 5]: 0.9+0.1g [95% CI, 0.8 to 1.0]; control
[n = 6]:0.9%£0.1g [95% CI, 0.7 to 1.0]; P = 0.995; 1 h:
Lbx1-Slick”™ [n = 5]: 0.2 0.1g [95% CI, 0.1 to 0.3]; con-
trol [n = 6]: 0.2+ 0.1g [95% CI, 0.1 to 0.3]; P = 0.998; 3
h: Lbx1-Slick”™ [n = 5]: 0.2+0.1g [95% CI, 0.1 to 0.4];
control [n = 6]:0.2£0.1g [95% CI, 0.1 to 0.4]; P> 0.999;
5 h: Lbx1-Slick™" [n = 5]: 0.3+ 0.1g [95% CI, 0.1 to 0.5];
control [n = 6]:0.2£0.1g [95% CI, 0.1 to 0.4]; P = 0.986;
24 h: Lbx1-Slick”" [n = 5]:0.9£0.2g [95% CI, 0.6 to 1.2];
control: 0.8 £0.2¢g [95% CI, 0.6 to 1.0]; P = 0.997; fig. 7D)
compared with control mice. Thus, unlike the capsaicin
test, Slick seems not to be involved in allyl isothiocyanate—
induced pain.

Slick in the Spinal Dorsal Horn Modulates Somatostatin
Signaling

To further explore the functional role of Slick in dorsal
horn neurons, we focused on the neuropeptide soma-
tostatin, because (1) previous studies reported that soma-
tostatin is released from capsaicin-sensitive sensory nerve
terminals in the dorsal horn®’; (2) immunostaining revealed
that SSTR2, the most abundant somatostatin receptor in
the spinal cord,®' is expressed by virtually all GAL" cells in
the dorsal horn*>—of which approximately 80% are Slick*
(fig. 3D); and (3) single-cell RNA-sequencing data further
support a colocalization of SSTR2 and Slick in dorsal horn
neuron populations (i.e., both were detected in the Gaba2,
3, 8, and 9 populations of inhibitory interneurons in the
dorsal horn).!” In accordance with these data, we observed
a substantial degree of coexpression of Slick mRINA and
SSTR2 mRNA in the dorsal horn using double in situ
hybridization experiments; 50.4%+1.6% of Slick® cells
expressed SSTR2, whereas 61.31£7.4% of SSTR2" cells
were positive for Slick (fig. 8A).

We then assessed whether Slick and somatostatin path-
ways might functionally interact in the dorsal horn. For that
purpose, we intrathecally administered the selective SSTR2
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Fig. 7. Allyl isothiocyanate—induced pain behavior in Slick”- and Lbx1-Slick”~ mice. (4) Allyl isothiocyanate test in Slick*~ and wild-type
mice. (4, lefi) Time course of paw licking induced by injection of 10 nmol allyl isothiocyanate into a hind paw. (4, righf) Sum of paw licking
shows that the behavior of Slick”~ mice is comparable to wild-type mice during 30 min after the allyl isothiocyanate injection (t,, = 0.56, P=
0.587; n = 8 [Slick™"], n = 6 [wild-type]). (B) Intraplantar injection of allyl isothiocyanate elicits similar mechanical hypersensitivity in Slick~
and wild-type mice (F[4,48] = 0.91 P=0.464; n = 8 [Slick""], n = 6 [wild-type]). (C) Allyl isothiocyanate test in Lbx1-Slick”-and control mice.
(Leff Time course of paw licking induced by injection of 10 nmol allyl isothiocyanate into a hind paw. (Righf) Sum of paw licking shows that
the behavior of Lbx1-Slick”~ mice is comparable to control mice during 30 min after the allyl isothiocyanate injection (t,, = 1.06, P= 0.308; n
=7 [Lbx1-Slick”-], n = 8 [control]). (D) Intraplantar injection of allyl isothiocyanate elicits similar mechanical hypersensitivity in Lbx1-Slick~
and control mice (F[4,36] = 0.05, P= 0.464; n = 5 [Lbx1-Slick""], n = 6 [control]). Data are presented as mean =+ SD.

antagonist CYN-154806" in Slick”~ and wild-type mice
30 min before intraplantar capsaicin injection and analyzed
the pain behavior. Interestingly, the enhanced paw licking
in the later phase (6 to 20min after capsaicin injection;
fig. 6A) was absent in Slick”™ mice pretreated with CYN-
154806 (Slick”™ [n = 5] vs. wild-type [n = 6]: 6.8 £ 4.15
vs. 10.1£12.95, respectively; P = 0.862; fig. 8B). Similarly,
intrathecal CYN-154806 pretreatment prevented the later
phase of paw licking in Lbx1-Slick”™ mice (Lbx1-Slick”~
[n = 5] vs. control [n = 5]: 16.1£18.9s vs. 19.1+9.95,
respectively; P = 0.942; fig. 8C [compared to fig. 6B]).
Together, these data point to a signaling pathway that
involves TRPV1* sensory neurons and Slick®/SSTR2*
dorsal horn neurons.

Recent studies revealed that somatostatin contributes to
the processing of itch in the dorsal horn, and that intrathe-
cal administration of somatostatin or its analog octreotide
induces scratching in rodents via binding to SSTR2 and
subsequent inhibition of inhibitory interneurons.'®* We
therefore analyzed the scratching behavior of Slick”™ and
wild-type mice after intrathecal injection of octreotide.
Interestingly, the scratching behavior induced by 100ng
octreotide was observed in wild-type mice but consider-
ably reduced in Slick™”™ mice (Slick”™: 6.1+ 6.7 bouts [95%
CIL, 0.5 to 11.7]; wild-type: 47.5+51.1 bouts [95% CI, 4.8
to 90.2]; P = 0.039,n = 8/group; fig. 8D; results for female
and male cohorts are presented in Supplemental Digital
Content 4 fig. 4, A and B, http://links.lww.com/ALN/
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Fig. 8. Slick interacts with somatostatin pathways in pain and itch. (4) Double in situ hybridization experiments show that Slick and somatostatin
receptor 2 (SSTR2) are colocalized in the spinal dorsal horn. (B and () Capsaicin test after intrathecal pretreatment with the SSTR2 antagonist
CYN-154806 (500ng in 5 pl NaCl, 0.9%). (B) In Slick”~ mice, intrathecal CYN-154806 delivery 30 min before capsaicin injection into a hind paw
prevented increased paw licking from 6 to 20 min after capsaicin injection ([compare with fig. 6A] 0 to 5 min: t,, = 0.17, P= 0.871; 5 to 20 min:
t,=0.50,P=0.862,n=5 [Slick*], n = 6 [wild-type]). (0) Similarly, increased paw licking at 6 to 20 min after capsaicin injection (compare with
fig. 6B) did not occur in Lbx1-Slick-~ mice pretreated with intrathecal CYN-154806 (0 to 5 min: t,,=0.26, P=0.942; 6 to 20 min: t,, = 0.31, P=
0.942; n = 5 per group). (D and £) Somatostatin-induced itch behavior in Slick”~ and Lbx1-Slick*= mice. After intrathecal injection of the soma-
tostatin analog octreotide (100ng and 300ng in 5 pl NaCl, 0.9%), the scratching behavior during a 30-min period was significantly reduced in
Slick”~ mice compared with wild-type mice ([0] 100 ng: t,, = 2.27, P=0.039; n = 8 per group; 300 ng: t,, = 2.43, P=0.032; n = 7 per group), and
in Lbx1-Slick”~ mice compared with control mice ([£] t,, = 3.35, P= 0.005; n = 8 per group). (Fand G) Western blot of SSTR2 in the spinal cord
from Slick”~ and wild-type mice ([A t, = 0.38, P=0.725; n = 3 per group) and from Lbx1-Slick’~ and control mice ([G] t, = 0.13, P=0.904; n =
3 per group) demonstrated unaltered SSTR2 expression in the absence of Slick. Values were normalized to o.-tubulin as loading control. (H) Double
in situ hybridization of Slick mRNA with gastrin-releasing peptide receptor (GRPR) mRNA in the spinal dorsal horn shows virtually no colocalization.
(A After intrathecal injection of gastrin-releasing peptide (GRP), the scratching behavior was unaltered in Slick”~ mice compared to wild-type mice
(unpaired two-tailed ttest: t,, = 0.10, P= 0.921; n = 8 per group). Data are presented as mean + SD. *P < 0.05. Scale bar = 50 ym.
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C808). In response to peer review, we also injected 300ng
octreotide to investigate whether the effect is dose-
dependent. Indeed, a dose-dependent response to intra-
thecal octreotide was observed in wild-type mice (100ng
[n = 8]: 47.5£51.1 bouts [95% CI, 4.8 to 90.2]; 300ng
[n = 7]: 142.9+£79.1 bouts [95% CI, 69.7 to 216.1];
P = 0.005; fig. 8D), and again, a significant difference in
scratching behavior was observed between genotypes
(Slick”™ [n = 7]: 49.9 £ 63.4 bouts [95% CI,-8.8 to 108.5];
wild-type [n=7]:142.9 £ 79.1 bouts [95% CI,69.7 to 216.1];
P = 0.032; fig. 8D). Similarly, Lbx1-Slick”~ mice showed a
significantly reduced scratching behavior compared with
control mice after intrathecal administration of 100ng oct-
reotide (Lbx1-Slick”™ [n = 8]: 6.1+ 6.2 bouts [95% CI, 0.9
to 11.3]; control [n = 8]:50.3 £ 36.8 bouts [95% CI, 19.5 to
81.0]; P=0.005;fig. 8E; Supplemental Digital Content 4 fig.
4, C and D, http://links.lww.com/ALN/C808). Western
blot experiments demonstrated similar SSTR2 levels in the
spinal cord and dorsal root ganglia of wild-type and Slick™”~
mice (Slick”™ [n = 3] vs. wild-type [n =3]: 0.9+0.2 vs.
0.9+ 0.1, respectively; P = 0.725; fig. 7F), and of control
and Lbx1-Slick”~ mice (Lbx1-Slick”™ [n = 3] vs. control
[n = 3]: 1.0£0.2 vs. 1.0£0.2, respectively; P = 0.904;
fig. 8G), suggesting that there was no compensatory regula-
tion due to the Slick knockout that might have contributed
to the observed itch behavior. Together, these data suggest
that Slick expressed in dorsal horn neurons is required
for the behavioral response to intrathecally administered
octreotide.

In control experiments, we intrathecally injected GRP,
which evokes scratching via activation of its receptor,
GRPR, which is almost exclusively expressed in excitatory
interneurons.>'’ Double in sifu hybridization experiments
revealed that GRPR mRNA is virtually absent from Slick”
neurons in the dorsal horn (fig. 8H). In line with this obser-
vation, the scratching behavior after intrathecal injection of
GRP was not significantly altered in Slick”™ mice as com-
pared with wild-type mice (Slick”™ [n = 8] vs. wild-type
[n = 8]:97.8£49.5 bouts vs. 95.5 % 38.6 bouts, respectively;
P = 0.921; fig. 81), indicating that the scratching behavior is
not generally impaired in Slick knockouts. Altogether, these
data suggest that Slick at distinct neuronal populations con-
tributes to pain and itch processing.

Slick Is Not Required for Histamine or Chloroquine-
induced ltch

Recent evidence has indicated that Slick”’™ mice exhibit
normal responses to the pruritic stimuli histamine and chlo-
roquine,” but the specific contribution of Slick in the spinal
dorsal horn to these pruritic stimuli is unclear. In response
to peer review, we analyzed the scratching behavior after
intradermal injection of histamine (200 pg) and chloro-
quine (200 pg) into the nape of the neck. As expected,
histamine and chloroquine evoked robust scratching
behavior in control mice (fig. 9, A and B). However, similar

Slick Channels Control Pain and Itch

to Slick”™ and wild-type mice, no differences between
Lbx1-Slick”~ mice and control littermates were observed
for either histamine (Lbx1-Slick”™ [n = 5] ws. control
[n = 6]:59.6 £ 33.6 bouts vs. 101 £68.7 bouts, respectively;
P = 0.249; fig. 9A) or chloroquine (Lbx1-Slick”™ [n = 5]
vs. control n = 6]): 105.0 £28.0 bouts vs. 150 £88.3 bouts,
respectively; P = 0.305; fig. 9B). These results suggest that
Slick does not contribute to the processing of histamine-
and chloroquine-evoked itch.

Discussion

Using multiple tissue-staining procedures, biochem-
ical assays, and behavioral tests in global and conditional
knockout mice, we delineated novel roles of the potassium
channel Slick in sensations of both pain and itch. Using
immunostaining and in situ hybridization, we identified
Slick in Ad-fiber nociceptors and in populations of inter-
neurons in the spinal dorsal horn. Global Slick knockouts
demonstrated increased nocifensive responses to noxious
heat and intraplantar capsaicin, whereas the scratching
behavior induced by intrathecal octreotide was abolished.
Our experiments in tissue-specific Lbx1-Slick”™ mice
revealed that Slick localized to dorsal horn neurons mod-
ulates capsaicin and octreotide behavior, but not noxious
heat responses. In combination with previous reports,®’ the
fact that in our study both Slick”~ and Lbx1-Slick”~ mice
displayed normal responses to cold and mechanical stim-
uli, as well as after intrathecal GRP injection supports the
hypothesis that Slick exerts distinct functions in pain and
itch pathways.

Slick”~ mice showed enhanced sensitivity to heat stim-
uli at 48° to 50°C in the hot plate test and at 46° to 48°C
in the tail-immersion test, but had normal responses after
exposure to higher temperatures. This implies that Slick,
which may inhibit pain processing in sensory neurons by
potassium efflux across the plasma membrane, modulates
heat pain only in a certain temperature range. During the
past 2 decades, several ion channels have been identified
as potential molecular thermosensors in mammals. These
include various temperature-sensitive members of the TRP
channel family (e.g., TRPV1, TRPV2, TRPV3, TRPV4,
TRPA1, TRPM2, TRPM3, and TRPMS); the Ca*-
activated chloride channel, anoctamin 1;stromal interaction
molecule 1 (STIM1); members of the two-pore domain
potassium channel family (such as KCNK2, KCNK4, and
KCNK10); and Nav1.8 channels.** Many studies illustrate
that these channels are sensitive to heat or cold at differ-
ent temperature ranges. This is also reflected by the pheno-
typic profile of respective knockout mice in pain models.
For example, TRPV1~" mice showed impaired behavioral
responses in the hot plate test at temperatures greater than
or equal to 52.5°C, as well as in the taill-immersion test
at temperatures of 50°C, but showed normal responses at
lower temperatures.”® Furthermore, TRPM3~~ mice exhib-
ited increased hot plate latencies at temperatures 52°C or
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Fig. 9. Lbx1-Slick”- mice show normal itch behavior after injection of histamine or chloroquine. (4) Histamine-induced scratching behavior
in Lbx1-Slick-~ and control mice. (4, /eft) Time course of scratching bouts induced by injection of 200 pg histamine into the nape of the neck.
(A, right) Total scratching bouts within 30 min after histamine injection. Note that histamine-induced itch behavior is comparable between
Lbx1-Slick=~and control mice (unpaired two-tailed ttest: t, = 1.23, P=0.249; n = 5 [Lbx1-Slick""], n = 6 [control]). (B) Chloroquine-induced
itch behavior in Lbx1-Slick”~ and control mice. (B, /eff) Time course of scratching bouts induced via 200 pg chloroquine injection into nape
of the neck. (B, right) Total scratching bouts within 30 min after chloroguine injection (unpaired two-tailed ftest: t, = 1.09, P= 0.305; n = 5

[Lbx1-Slick], n = 6 [control]). Data are presented as mean =+ SD.

higher and unaltered latencies at 50°C, whereas their laten-
cies in the tail immersion test were increased in the range of
45° to 57°C.%* Conversely, TRPM2™~ mice showed a defi-
cit in their sensation of non-noxious warm temperatures.*®
While TRPA1™" mice demonstrated a normal behavior on
a 50 to 55°C hot plate,” a recent study revealed that tri-
ple knockouts lacking TRPA1, TRPV1 and TRPM3 show
considerably reduced responses to noxious heat at 45° to
52°C in the hot plate test and at 45° to 57°C in the tail-
flick test,*® implicating that noxious heat sensing in a wide
temperature spectrum essentially relies on these three TRP
channels. Future work will be necessary to determine the
mechanism underlying the specific modulation of heat sen-
sation by Slick.

In addition to its function in acute heat pain, our study
provides several lines of evidence that Slick expressed
in the spinal cord contributes to nociceptive signaling
between TRPV1* sensory neurons and SSTR2* dorsal
horn neurons. First, both Slick”~ and Lbx1-Slick”~ mice
showed a prolonged paw licking behavior after intraplan-
tar injection of the TRPV1 activator capsaicin. The altered
behavior in Lbx1-Slick”™ mice suggests that this pheno-
type is driven by Slick in dorsal horn neurons. Second,
the prolonged capsaicin paw licking was paralleled by
increased phosphorylation of the neuronal activity marker
ERK in spinal cord extracts of Slick”™ mice. Third, the
prolonged capsaicin paw licking in Slick”™ and Lbx1-
Slick”™ mice was abolished by intrathecal pretreatment
with the SSTR2 antagonist CYN-154806. This finding is
in accordance with previous reports that the activation of
TRPV1" sensory neurons—which largely project to lam-
ina I and outer lamina II in the spinal cord*—results not
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Copyright © 2022, the American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

only in glutamate release from presynaptic terminals* but
also in the release of neuropeptides, including somatosta-
tin.*' In general, somatostatin exerts a wide range of effects
that are mediated via SSTR1-5 (somatostatin cell-surface
receptor subtypes 1 through 5), which belong to the seven
transmembrane G protein—coupled receptor superfamily.*?
Among these, SSTR2 is dominantly detected in the dorsal
horn of the spinal cord,'”* and several studies implicate
important functions of SSTR2 in the processing of pain
and itch."® Like all other SST receptors, SSTR2 associates
with the pertussis toxin—sensitive Gi protein and is cou-
pled to adenylate cyclase and other signaling pathways,*
and SSTR2 activation has been shown to result in mem-
brane hyperpolarization and inhibition of exocytosis.*>*
Our finding that intrathecal CYN-154806 abolished the
prolonged capsaicin-induced licking behavior in Slick™~
and Lbx1-Slick™~ mice, but did not affect the behavior in
control mice, points to an increased activity of SSTR2*
dorsal horn neurons in the absence of Slick. Considering
that SSTR2" dorsal horn neurons mostly release GABA,'
one might assume that after capsaicin injection, somatosta-
tin inhibits the GABA release from SSTR2* dorsal horn
neurons in a Slick-dependent manner. Further studies are
needed to elucidate the mechanisms by which Slick™/
SSTR2* dorsal horn neurons limit the nocifensive response
to intraplantar capsaicin. It must also be considered that the
response of an interneuronal population to a given sensory
modality is defined not only by its peripheral afferent input
but also by the neuronal input it receives from other local
circuit interneurons.”

A function of Slick in SSTR2" dorsal horn neurons is
further supported by the considerably reduced scratching
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behavior of Slick”™ and Lbx1-Slick”™ mice after intra-
thecal injection of octreotide, which binds preferentially
to SSTR2 with only moderate affinity for SSTR5 and
SSTR3.* Given the prolonged nocifensive behavior of
Slick-deficient mice after intraplantar capsaicin, their
ameliorated itch behavior was quite surprising. However,
these apparently contrasting functions of Slick in pain and
itch are in line with the complex interactions between
the circuitries for pain and itch within the dorsal horn
that were reported in previous studies (for review, see Lay
and Dong,? Koch et al.,* and Chen and Sun*®). The essen-
tial function of SSTR2" interneurons in both pain and
itch has been demonstrated in several previous studies. For
example, Huang ef al. demonstrated that intrathecal oct-
reotide potentiates itch through disinhibition of SSTR2*
inhibitory interneurons, which results in disinhibition of
GRPR" neurons that exert a key function in the pro-
cessing of itch.'"® Moreover, many SSTR2* dorsal horn
neurons contain the transcription factor helix-loop-he-
lix family member B5 (Bhlhb5).* The essential function
of Bhlhb5* interneurons in itch processing is reflected by
the observation that mice lacking Bhlhb5 develop self-in-
flicted skin lesions and elevated scratching in response to
various pruritogens.*’” As the deletion of Bhlhb5 resulted
in a substantial loss of spinal interneurons expressing GAL
and nNOS, while other inhibitory neuronal populations
expressing NPY or PVALB remained intact, it was con-
cluded that spinal GAL" and nNOS" interneurons both
can play a key role in gating chemical itch.”” Therefore,
the enrichment of Slick in spinal interneurons express-
ing GAL, nNOS (fig. 3, D and E), and SSTR2 (fig. 8A)
further supports a function of Slick in itch pathways.
Furthermore, Bhlhb5" interneurons are thought to sup-
press itch wvia cross-activation by nociceptive afferents
(including those responding to capsaicin), such that the
priming of Bhlhb5" interneurons by a nociceptive stim-
ulus inhibits itch transmission.*>* These findings are in
accordance with the contrasting pain and itch behavior
of Slick-deficient mice we report in our study. Similar
contrasting phenotypes have also been observed in other
knockout strains, such as mice lacking somatostatin'® or
VGLUT?2.* Future studies are needed to further elucidate
the circuits of pain and itch, and the mechanisms by which
they interact.

In conclusion, we here provide evidence that Slick in
distinct populations of sensory neurons and dorsal horn
neurons exerts specific functions in the processing of pain
and itch.
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