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Contribution of TRESK two-pore domain
potassium channel to bone cancer-induced
spontaneous pain and evoked cutaneous
pain in rats

Jiang-Ping Liu1,2, Hong-Bo Jing1,2, Ke Xi1,2, Zi-Xian Zhang1,2,
Zi-Run Jin1,2, Si-Qing Cai1,2, Yue Tian1,2, Jie Cai1,2, and
Guo-Gang Xing1,2,3,4

Abstract

Cancer-associated pain is debilitating. However, the mechanism underlying cancer-induced spontaneous pain and evoked pain

remains unclear. Here, using behavioral tests with immunofluorescent staining, overexpression, and knockdown of TRESK

methods, we found an extensive distribution of TRESK potassium channel on both CGRPþ and IB4þ nerve fibers in the

hindpaw skin, on CGRPþ nerve fibers in the tibial periosteum which lacks IB4þ fibers innervation, and on CGRPþ and IB4þ

dorsal root ganglion (DRG) neurons in rats. Moreover, we found a decreased expression of TRESK in the corresponding

nerve fibers within the hindpaw skin, the tibial periosteum and the DRG neurons in bone cancer rats. Overexpression of

TRESK in DRG neurons attenuated both cancer-induced spontaneous pain (partly reflect skeletal pain) and evoked pain

(reflect cutaneous pain) in tumor-bearing rats, in which the relief of evoked pain is time delayed than spontaneous pain. In

contrast, knockdown of TRESK in DRG neurons produced both spontaneous pain and evoked pain in naı̈ve rats. These

results suggested that the differential distribution and decreased expression of TRESK in the periosteum and skin, which is

attributed to the lack of IB4þ fibers innervation within the periosteum of the tibia, probably contribute to the behavioral

divergence of cancer-induced spontaneous pain and evoked pain in bone cancer rats. Thus, the assessment of spontaneous

pain and evoked pain should be accomplished simultaneously when evaluating the effect of some novel analgesics in animal

models. Also, this study provides solid evidence for the role of peripheral TRESK in both cancer-induced spontaneous pain

and evoked cutaneous pain.
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Introduction

Bone metastases are common complications of cancer,
and metastatic cancer-induced bone pain is one of the
most common types of pain in cancer patients.1 Owing
to the direct skeletal destruction in cancer progression,
cancer-induced skeletal pain is an accurate and common
assessment of bone cancer pain and can be measured by
several skeletal pain-related behaviors such as limb use,
weight bearing, and day/night activity.2,3 Unfortunately,
these skeletal pain-related behaviors are time and labor
intensive. Recent studies have suggested that in humans
and animals with significant skeletal pain, changes in
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skin hypersensitivity can be detected.4–6 Therefore, mea-
surement of cancer-induced cutaneous pain, manifested
as mechanical allodynia and thermal hyperalgesia, is
proposed as a surrogate for assessing skeletal pain.7–10

However, as the repertoire of sensory nerve fibers that
innervate the skeleton is quite different from the reper-
toire of sensory nerve fibers that innervate the skin, thus
the skeletal pain cannot be replaced by cutaneous pain
simply and there seems to be a mechanistic decoupling
between them. Using a battery of skeletal pain-related
behaviors (e.g. spontaneous foot lifting, SFL, reduced
weight-bearing, sporadic hopping, et al.) and von Frey
assessment of mechanical hypersensitivity on the plantar
surface of the hind paw (i.e. evoked pain), Guedon et
al.11 have identified the dissociation between the relief of
skeletal pain behaviors and skin hypersensitivity in a
mouse model of bone cancer pain. They demonstrated
that anti-P2X3 showed a reduction in skin hypersensi-
tivity but no attenuation of skeletal pain behaviors,
whereas anti-nerve growth factor (NGF) showed a
reduction in both skin hypersensitivity and skeletal
pain behaviors. These results suggested that the relief
of skin hypersensitivity may not always be a predictive
surrogate for measuring the relief of underlying skeletal
pain itself. Thus, understanding the relationship between
skeletal and skin pain may provide insight into how pain
is processed and integrated and help define the preclin-
ical measures of skeletal pain that are predictive end
points for clinical trials.

Accumulative evidence has documented that the dif-
ferential distribution of peptide-rich calcitonin gene-
related peptide (CGRP)- and peptide-poor isolectin B4
(IB4)-positive nerve fibers innervating the bone and skin,
for instance, an abundant innervation of both CGRPþ

and IB4þ nerve fibers within the skin, and a lack of IB4þ

nerve fibers innervation within the bone and joint, may
underlie the dissociation between the cancer-induced
skeletal pain and cutaneous pain.12–14 CGRPþ fibers
have been shown to express substance P (SP) and tropo-
myosin receptor kinase A (TrkA), and be regulated by
the corresponding ligand, nerve growth factor (NGF),15

while IB4þ fibers have been shown to express the puri-
nergic P2X3 receptor and the GDNF receptor complex,
and be regulated by glial cell line-derived neurotrophic
factor (GDNF).16,17 Thus, the purinergic P2X3 receptor
is specifically required for the pathogenesis of cutaneous
pain rather than skeletal pain, whereas NGF is required
for the development of both pain phenotypes.11,18,19

In addition, sensitization of primary sensory neurons
in dorsal root ganglion (DRGs) is critical for the devel-
opment of bone cancer pain.20,21 Abnormal changes of
various ion channels in DRG neurons contribute to the
hyperexcitability of nociceptive sensory neurons under
pathological conditions,5,22–24 among them, TWIK-
related spinal cord Kþ channel (TRESK), a type of

two-pore-domain potassium channel (K2P), mediates

major background currents in primary afferent neu-

rons,25 and plays an important role in the regulation
of neuronal excitability.6,26–28 In human and rodent

tissue, TRESK is highly enriched in sensory ganglia of

the DRG and trigeminal ganglion (TG).6,26,29 Several
RNA sequencing studies in DRG and TG ganglia have

provided evidence showing that TRESK is present in a

subpopulation of low-threshold mechanoreceptors

involved in touch sensation (expressing TRKB and
Piezo2) and, predominantly, in non-peptidergic nocicep-

tors.30–32 Using RNA in situ hybridization (ISH) and

immunohistochemistry to define TRESK expression in

the TG, Weir et al.33 found TRESK expression to be
highly heterogeneous across neurons. While expression

data is somewhat conflicted,26,30,34 it is consistently

reported that TRESK is a K2P channel with a prominent

role in pain pathways, and that loss of channel activity
results in enhanced sensory neuron excitability and

increased activation of in vivo pain pathways.26,27,34

Guo et al.35 found that endogenous TRESK activity
regulates trigeminal nociception, and genetic loss of

TRESK significantly increases the likelihood of develop-

ing headache. Royal et al.36 demonstrated that migraine-

associated frameshift mutations of TRESK lead to the
production of a second protein fragment, which carries

the pathophysiological function by inhibiting TREK1

and 2, due to a mechanism called frameshift mutation-

induced alternative translation initiation (fsATI).
Moreover, Castellanos et al.37 discovered that genetic

removal of TRESK specifically enhances mechanical

and cold sensitivity in mice, not affecting the sensitivity

to other stimuli. In rodent models of inflammatory pain,
TRESK expression and TRESK-mediated background

currents are decreased in the DRG, which contribute to

the enhanced excitability of nociceptive sensory neu-
rons.38,39 TRESK gene (Kcnk18) silencing by RNA

interference increases animals’ sensitivity to painful stim-

uli,27 whereas TRESK overexpression in DRG neurons

reduces nerve trauma-induced mechanical allodynia in
rats.40 Both of the skeletal pain and cutaneous pain

behaviors have been applied to assess the contribution

of TRESK in pain signaling,38,40 however, the underly-

ing mechanisms of TRESK channels involved in the
cancer-induced skeletal pain and cutaneous pain

remain largely unclear.
In the present study, we investigated the role of

TRESK in cancer-induced spontaneous pain (partly
reflect skeletal pain) and evoked pain (reflect cutaneous

pain) in tumor-bearing rats. We found that the differen-

tial distribution and the decreased expression of TRESK
channels in the periosteum and skin, which is attributed

to the lack of IB4þ fibers innervation within the perios-

teum of the tibia, probably contribute to the behavioral

2 Molecular Pain



divergence of cancer-induced spontaneous pain and
evoked pain in bone cancer rats.

Materials and methods

Animals

Adult female Sprague-Dawley rats weighing 150–200g at
the beginning of the experiment were provided by the
Department of Experimental Animal Sciences, Peking
University Health Science Center. The rats were
housed in separated cages with free access to food and
water. The room temperature was kept at 25� 1�C
under a 12-h light–dark cycle. All animal experimental
procedures were carried out in accordance with the
guidelines of the International Association for the
Study of Pain41 and were approved by the Animal
Care and Use Committee of Peking University. The
behavioral experimenters were kept blind from the
groupings of the rats.

Animal model of bone cancer pain

A rat model of bone cancer pain was established by
intratibial injections of syngeneic rat breast carcinoma
cells (MRMT-1) as previously described.5,6,42 Briefly,
after anesthetized with pentobarbital sodium (50 mg/
kg, intraperitoneal injection, i.p.), the left tibia of rat
was carefully exposed and a 23-gauge needle was
inserted in the intramedullary canal of the bone. It was
then removed and replaced with a long, thin blunt needle
attached to a 10-ml Hamilton syringe containing the
medium to be injected. A volume of 4 ml of MRMT-1
tumor cells (4� 104) or vehicle (PBS) was injected into
the tibial bone cavity. After injection, the site was sealed
with bone wax, and the wound was finally closed. Any
rats exhibiting motor deficiency or lack of pain hyper-
sensitivity after tumor cell inoculation, as well as those
that died during the experiments, were excluded from
the study.

Behavioral studies

Rats were acclimatized to the testing environment for 30
minutes on 4 consecutive days 1 week before naive base-
line behavioral testing. All behavioral testing was per-
formed in the morning and completed before noon.
Testing was performed at baseline (pre-sarcoma inocu-
lation) and 7, 14, and 18 days post-sarcoma inoculation.
As described in previous studies,12–14 spontaneous noci-
fensive behavioral indicators of pain, that is, spontane-
ous foot-lifting (SFL) behaviors including SFL duration
(SFLd) and numbers (SFLn) were assessed for skeletal
pain, while cutaneous stimulus-evoked pain such as
mechanical withdrawal thresholds to von Frey filaments
stimuli and paw withdrawal latency to radiant heat

stimulation were assessed for cutaneous pain. Each indi-
vidual behavioral measure was performed by the same
experimenter for the duration of the experiment. These
individuals were blinded to the treatments of animals
received.

Assessment of spontaneous pain. As described in previous
reports,6,43 spontaneous foot-lifting (SFL) behavior
including SFL duration (SFLd) and number (SFLn) is
a useful assessment for spontaneous pain. In brief, rats
were placed in a clear plastic box with a glass floor. SFL
was not measured until the rats had finished exploring
and grooming. The SFLd was the cumulative amount of
time that the left hindpaw was lifted over 10 minutes
(two 5-min periods separated by an interval over 5
minutes). Lifts or flicks of the foot/leg which were too
short to measure accurately were recorded as 0.5 sec-
onds. The SFLn was recorded simultaneously during
the same duration. Foot lifting associated with explor-
atory behavior, locomotion and grooming was excluded
from the test.

Assessment of mechanical allodynia. Mechanical allodynia
was assessed by measuring 50% paw withdrawal thresh-
old (PWT) as described in our previous studies.5,44 The
PWT in response to a series of von Frey filament
(Stoelting, Wood Dale, US) was determined by the up-
down method.45 Briefly, the rat was placed on a metal
mesh floor covered with a clear plastic cage
(18� 8� 8cm) and allowed a habituation period for 20
minutes. Eight von Frey filaments with approximately
equal logarithmic incremental bending forces (0.224)
were chosen (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50,
and 15.10g). Each test started with a 2.00g von Frey
filament which was delivered perpendicularly to the
plantar surface of the left hindpaw for 2 to 3 seconds.
Abrupt withdrawal of the foot during stimulation or
immediately after the removal of the filament was
regarded as a positive response. Whenever there was a
positive or negative response, the next weaker or stron-
ger filament was applied, respectively. This procedure
was completed until 6 stimuli after the first change in
response had been observed. The 50% PWT was calcu-
lated using the following formula: 50% PWT (g)¼
(10[Xf

þjd]), where Xf is the value of the final von Frey
filament used (in log units), j is a value acquired from
the pattern of positive/negative response, and d is the
average interval (0.224, in log units) between the von
Frey filaments.46 An allodynia rat is defined as whose
50% PWT is less than 4.0g (i.e., withdrawal in response
to non-noxious tactile stimulus).47

Assessment of thermal hyperalgesia. Thermal hyperalgesia
of the hind paws was tested as described in our previous
reports.5,44 Rats were allowed to acclimate for at least 30
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minutes within acrylic enclosures on a clear glass plate
before testing. A radiant heat source was focused onto
the plantar surface of the left hindpaw. Paw withdrawal
latency (PWL) were measured by a timer that was
started by the activation of the heat source and stopped
when the withdrawal of the paw was detected. A maxi-
mal cut-off time of 30 seconds was used to prevent
unnecessary tissue injury. Three measurements of PWL
at 5-minute intervals were taken and averaged as the
final result data.

Immunofluorescent staining

Deeply anesthetized rats were perfused with 250 ml of
normal saline followed by 200 ml of 4% paraformalde-
hyde (in 0.1 M phosphate buffer [PB], pH 7.4). The prep-
aration of periosteum (representative of bone), glabrous
skin, as well as DRG and the spinal cord tissues were
performed as previously described.12 Periosteums from
the ipsilateral tibia diaphysis were removed for a whole
mount. The periosteum was harvested from the distal
growth plate region to immediately below the third tro-
chanter by performing a vertical cut along the boundary
of the desired area on the bone with a scalpel blade.
Under a stereoscope, the periosteum was removed
gently by scraping against the bone with forceps. The
whole-mount preparations of periosteum were placed
in PBS for further processing. The ipsilateral glabrous
skin of hindpaws, the L4/5 DRGs and the spinal cord
were quickly removed, post-fixed in the same fixative
solution for 4 hours and then were cryoprotected in
30% sucrose (in 0.1M PB). Several days later, frozen
glabrous skin of the hindpaw (40-mm thick) sections
and DRG (10-mm thick) sections were cut on a cryostat
and collected in PBS or mounted on adhesion micro-
scope slides for the following staining. For immunoflu-
orescent staining, tissues were blocked in 10% goat
serum (in 0.1M PBS) with 0.3% Triton-X 100 for 1
hour at room temperature after being washed three
times by PBS for 5 minutes each. Then, tissues were
incubated with the respective primary antibody in PBS
at 4�C overnight, which includes rabbit anti-TRESK
(1:200, APC-122, Alomone Labs, Jerusalem, Israel),
mouse anti-CGRP (1:200, Abcam, Cambridge, US),
mouse anti-NeuN (1:200, MAB377, Merck Millipore,
Billerica, MA, USA), mouse anti-NF200 (1:200,
N0142, Sigma-Aldrich, St. Louis, MO, USA), mouse
anti-UCHL1 (i.e. PGP9.5, 1:200, AMAB91145, Merk-
Millipore), mouse anti-EpCAM (1:500, MA512436,
Invitrogen), and rabbit anti-KCNK18 (TRESK)
(1:200, APC-122, Alomone). Control sections (the neg-
ative control) were processed without the addition of
primary antibody. After three washes in PBS, the tissues
were incubated with the following secondary antibody at
room temperature for 1 hour: tetramethylrhodamine

(TRITC)-labeled goat anti-rabbit IgG (1:200, ZSGB-
BIO, Beijing, China), fluorescein isothiocyanate (FITC)-
labeled goat anti-mouse IgG (1:200, ZSGB-BIO, Beijing,
China), and Alexa Fluor 647 goat anti-mouse IgG (1:200,
Bioss, Beijing, China). For IB4 staining, the tissues were
incubated with IB4-FITC (10 mg/ml, Sigma-Aldrich,
Saint Louis, US) for 2 hours at 37�C. The fluorescence
signal was detected by confocal microscopy at excitation
wavelengths of 488nm (green), 543 nm (red) and 647 nm
(blue). At least three fields per section were analyzed to
avoid bias, and at least three independent experiments
were performed for immunostaining.

Neutralizing peptide blocking experiment

The specificity validation of anti-TRESK was carried
out via a neutralizing peptide blocking experiment
using a specific blocking peptide targeting anti-TRESK
antibody. In brief, before proceeding with the immuno-
blot protocol, the antibody was neutralized by co-
incubation with a specific blocking peptide that
corresponds to the epitope recognized by the antibody.
The antibody that was bound to the blocking peptide
was no longer available to bind to the epitope present
in the protein. The neutralized antibody was then used
side by side with the antibody alone, and the results
were compared. By comparing the immunoblot from
the blocked antibody versus the antibody alone. The
specific immunoblot signal was blocked by pre-
incubation with a specific blocking peptide, but not by
a control peptide IgG. The specificity of anti-TRESK
antibody was determined by specific inhibition of
TRESK immunoblot after co-incubation with a specific
blocking peptide targeting the TRESK antibody.

Implantation of intrathecal catheter

Under pentobarbital sodium (50 mg/kg, i.p.) anesthesia,
implantation of intrathecal cannula was carried out as
described in our previous study.44 That is, a PE-10 poly-
ethylene catheter was implanted between the L5 and L6
vertebrae to reach the lumbar enlargement of the spinal
cord. The correct intrathecal localization was confirmed
by a tail-flick or a paw retraction, by easy insertion of a
catheter through the cannula, and occasionally by a
backflow of spinal fluid. The outer part of the catheter
was plugged and fixed onto the skin upon closure of the
wound. All surgical procedures were completed in sterile
conditions. Rats showing neurological deficits after the
catheter implantation were excluded from the
experiment.

Lentivirus infection and siRNA injection

Construction and production of recombinant lentivirus
expressing TRESK linked with ZsGreen (LV-TRESK)
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were completed by BioWit Technologies (Shenzhen,
China) using pLVX-mCMV-ZsGreen vector and the
rTRESK-pcDNA3.1 plasmid (provided by X. Gasull in
University of Barcelona, Barcelona, Spain). For the in
vivo studies, lentivirus, including LV-TRESK and its
control LV-ZsGreen, was intrathecally administered to
rats at a final titer of 4� 108 transducing units/ml (in a
25-ml volume of solution), respectively. The lentivirus
was intrathecally delivered to animals on day 7 after
sarcoma inoculation based on our previous findings.
Overexpression efficiency was determined by RT-qPCR
and Western blotting.

Targeted siRNAs were applied to knock down the
abundance of TRESK. Briefly, three siRNAs targeting
rat TRESK mRNA were designed and synthesized by
Invitrogen Technologies (Carlsbad, US). Knockdown effi-
ciency was determined by RT-qPCR andWestern blotting.
The preliminary experiments showed that intrathecal injec-
tion of TRESK siRNA3 (2mg in a 10-ml volume) could
significantly inhibit the abundance of TRESK protein in
the DRG. Hence, the synthesized TRESK siRNA3 was
chosen for the present study. TRESK siRNA was intra-
thecally administered to the naı̈ve rats once per day and
continued for 2 days. Sequences of the three TRESK
siRNAs are listed as follows:

TRESK siRNA1 forward, 50-GACAGUGGUUGA
AGGUAGCAGGAAA-30,reverse, 50-UUUCCUGCU
ACCUUCAACCACUGUC-30;

TRESK siRNA2 forward, 50-CACAUCCUGGCCG
CCAUCUUAUCUA-30,reverse, 50-UAGAUAAGAU
GGCGGCCAGGAUGUC-30;

TRESK siRNA3 forward, 50-GCACAGUGUUCAG
CACAGUGGGUUA-30,reverse, 50-UAACCCACUGU
GCUGAACACUGUGC-30.

RNA extraction and RT-qPCR

Total RNA of the ipsilateral rat L4/5 DRG was
extracted with TRIzol reagent (Life Technologies,
Carlsbad, US) according to the operational instructions.
Reverse transcription was performed with 1mg of total
RNA by using PrimeScript RT-PCR kit (Takara Bio,
Dalian, China) according to the manufacturer’s
instructions.

Real-time quantitative PCR (RT-qPCR) was per-
formed on an ABI 7500 Real-Time PCR System
(Applied Biosystems, Foster City, US) with GoTaqVR

qPCR Master Mix (Promega, Madison, US). Data was
expressed as 2-(DDCt), that is, the fold change in TRESK
mRNA. The following primers were used for RT-qPCR
reactions: TRESK forward 50-CTCACTTCTTCCT
CTTCTTCTC-30, reverse 50-TAGCAAGGTAGCGAA
ACCTCT-30; b-actin forward 50-AGCCATGTACG
TAGCCATCC-30, reverse 50-GCCATCTCTTGCTC
GAAGTC-30

Western blot

Rats were deeply anesthetized with pentobarbital sodium

(50 mg/kg, i.p.) and then the ipsilateral L4/5 DRG were

removed and homogenized in cold lysis buffer containing
50mM Tris (pH 8.0), 150mM NaCl, 1% Nonidet P 40

(NP40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl

sulfate (SDS), and protease inhibitor cocktail (Roche,

Indianapolis, US). The homogenates were centrifuged at
12,000g for 10 minutes at 4�C, and then the supernatant

was analyzed. The concentration of protein was measured

with a BCA assay kit (Pierce, Rockford, US), and the

sample containing 60mg of protein were denatured and
then separated through polyacrylamide gel electrophoresis

(SDS-PAGE) using 10% separating gels and transferred

to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad,

Hercules, US). After blocking with 5% nonfat milk in
TBST (20mM Tris-HCl, pH 7.5, 150mM NaCl, and

0.05% Tween-20) for 1 hour at room temperature, the

membranes were incubated with primary antibody,

rabbit anti-TRESK (1:1000, Alomone, Jerusalem, Israel),
or mouse anti-b-actin (1:2000, Santa Cruz Biotechnology,

Santa Cruz, US), at 4�C overnight. The blots were washed

in TBST and then incubated in horseradish peroxidase

(HRP)–conjugated secondary antibody (1:2000, goat
anti-rabbit or mouse, Santa Cruz Biotechnology, Santa

Cruz, US). Protein bands were visualized using an

enhanced chemiluminescence detection kit (Pierce,

Rockford, US) followed by photography using a chemilu-
minescent imaging system (Tanon Science & Technology,

Shanghai, China). The standardized ratio of TRESK to

b-actin band density was used to calculate the alteration in

TRESK expression.

Statistical analysis

Statistical analyses were performed with GraphPad Prism

8.0 for Window (GraphPad Software Inc., La Jolla, CA).

All quantitative biochemical data and histological stain-

ing are representative of at least three independent experi-
ments. Shapiro-Wilkes tests were used to assess normality

in the distribution (Gaussian distribution) for each group,

and only the data were normally distributed and varian-

ces were similar between groups to be compared were
subjected to parametric statistical tests, otherwise specific

nonparametric tests were applied as indicated in the text.

Two-tailed unpaired Student’s t test was used for the

comparison of the mean values between two groups.
One-way ANOVA with Tukey’s post-hoc test, or two-

way ANOVA (treatment and time factors) with Sidak’s

post-hoc test was used for multiple comparison. All data

are expressed as means�SEM, and differences with
p< 0.05 were considered statistically significant. The sig-

nificant differences between groups were represented as

*p< 0.05, **p< 0.01, and ***p< 0.001.
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Results

Distribution of TRESK in the nerve fibers innervating
the tibial periosteum and the hindpaw skin in
naı̈ve rats

It has been established that TRESK channel mediates
major background currents in primary afferent neurons
and determines neuronal excitability.25,27 Although the
existence of TRESK has been confirmed in DRG neu-
rons, the expression of TRESK in primary afferent nerve
fibers that innervate the bone and skin is still unknown.
The main nerve fibers mediating nociception are
peptide-rich CGRPþ- and peptide-poor IB4þ-C fibers.
We first examined the distribution of TRESK channels
in these types of sensory nerve fibers within the tibial
periosteum and the hindpaw skin in naı̈ve rats by immu-
nofluorescence staining with TRESK and CGRP (or
IB4). The specificity of TRESK antibody was verified
by using immunocytochemistry and Western blot,
including a neutralizing peptide-blocking experiment
(i.e. with pre-absorbed antibody) with TRESK-
transfected and non-transfected human embryonic
kidney (HEK) 293 cells, which do not express endoge-
nous TRESK (Supplementary material, Fig. S1).
Consistent with previous findings,12,48,49 we found a
lack of IB4þ fibers innervation within the periosteum
of the tibia, while both CGRPþ and IB4þ nerve fibers
were present in the glabrous skin of the hindpaw in rats
(Figure 1(a)). Moreover, the results revealed that
TRESK was widely expressed on these two types of
nerve fibers (Figure 1(a) and (b)), and accordingly, a
co-localization of TRESK with both CGRPþ and IB4þ

nerve fibers were found in the glabrous skin of the hind-
paw (Figure 1(b)), whereas in the periosteum, the
TRESK was only expressed on the CGRPþ nerve
fibers due to the lack of IB4þ fibers innervation
(Figure 1(a)). Furthermore, a co-staining of TRESK
with nerve fiber markers NF200 (the large fiber
marker) and PGP9.5/UCHL1 (the small fiber marker),
as well as with the epidermal cell marker, EpCAM has
been performed in the glabrous skin of hindpaws in
naı̈ve rats. The results showed that the TRESK staining
seems rather large in many parts of the skin including
dermal and epidermal cells, even with the neuronal
markers, NF200 (the large fiber marker, Figure 2(a))
and PGP9.5/UCHL1 (the small fiber marker, Figure 2
(b)), as well as with the epidermal cell marker, EpCAM
(Figure 2(c)). Together, these results suggested that
although the TRESK was widely expressed on both
CGRPþ and IB4þ nerve fibers, however, that the lack
of IB4þ fibers innervation within the periosteum of the
tibia will result in the differential distribution of TRESK
in the nerve fibers innervating the tibial periosteum and
the hindpaw skin in rats.

Decreased expression of TRESK in the tibial
periosteum, the hindpaw skin and the nociceptive
DRG neurons in bone cancer rats

Next, we investigated the alternation of TRESK expres-
sion in the corresponding nerve fibers innervating the
tibial periosteum and the hindpaw skin in rats with
bone cancer pain. A reduction of TRESK expression on
these fibers was found in the ipsilateral tibial periosteum
and hindpaw skin of tumor-bearing (MRMT-1) rats
(Figure 3). The mean fluorescence intensity of co-
expressed TRESK with CGRPþ fibers was significantly
decreased in ipsilateral tibial periosteum in tumor-bearing
rats (21.1� 2.4) compared with controls of naı̈ve (58.3�
2.4) and PBS (56.5� 2.3)-treated rats on day 14 post-
surgery (p< 0.0001, F2,24¼76.29, one-way ANOVA,
Figure 3(a) and (b)). Likewise, the mean fluorescence
intensity of co-expressed TRESK with both CGRPþ

fibers (MRMT-1 35.5� 2.4 vs. naı̈ve 54.6� 4.3,
p¼ 0.0015; vs. PBS 53.1� 3.2, p¼ 0.0034, F2,24¼ 9.82,
one-way ANOVA, Figure 3(c) and (d)) and IB4þ fibers
(MRMT-1 38.2� 3.1 vs. naı̈ve 57.4� 3.8, p¼ 0.0015; vs.
PBS 56.8� 3.3, p¼ 0.0021, F2,24¼ 10.25, one-way
ANOVA, Figure 3(e) and (f)) was also decreased in the
glabrous skin of the hindpaw in tumor-bearing rats com-
pared with naı̈ve and PBS rats on day 14 post-surgery.

Furthermore, we examined the TRESK expression on
their corresponding cell bodies in DRG neurons. We
found a wide expression of TRESK on both peptide-
rich CGRPþ (Figure 4(a)) and peptide-poor IB4þ DRG
neurons (Figure 4(c)). Also, a significant decrease of
TRESK immunofluorescence intensity in CGRPþ neu-
rons (MRMT-1 21.6� 0.6 vs. naı̈ve 73.1� 1.4, vs. PBS
70.6� 1.6, p< 0.0001, F2,317¼ 552.1, one-way ANOVA,
Figure 4(b)) and IB4þ neurons (MRMT-1 34.8� 0.9 vs.
naı̈ve 60.5� 1.3, vs. PBS 64.7� 1.4, p< 0.0001,
F2,294¼ 178.6, one-way ANOVA, Figure 4(d)) was
observed in ipsilateral L4/5 DRG neurons in tumor-
bearing rats on day 14 post-surgery. Moreover, using
real-time quantitative PCR (RT-qPCR) and Western
blotting, we also examined the alterations of TRESK
abundance, at the protein and mRNA levels, in ipsilateral
L4/5 DRGs from rats at 14 days after implantation of
MRMT-1 tumor cells into the tibial bone cavity. We
found a concomitant and significant decrease in
TRESK mRNA (MRMT-1 0.46� 0.05 vs. naı̈ve 1.08�
0.10, vs. PBS 1.05� 0.09, p¼ 0.0001 compared between
MRMT-1 and naı̈ve, p¼ 0.0002 compared between
MRMT-1 and PBS, F2,18¼ 17.80, one-way ANOVA,
Figure 4(e)) and protein (MRMT-1 0.43� 0.07 vs. PBS
1.04� 0.05, p< 0.0001, F2,42¼ 14.63, two-way ANOVA,
Figure 4(f)) abundance in ipsilateral L4/5 DRGs in
tumor-bearing rats on day 14 post-surgery. These results
suggested that the TRESK expression was reduced in
DRG neurons innervating both the tibial periosteum
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and the ipsilateral hindpaw skin in rats, where a decreased

expression of TRESK was present in both CGRPþ and

IB4þ nerve fibers within the hindpaw skin and DRG

neurons, while in CGRPþ nerve fibers within the tibial

periosteum due to the lack of IB4þ fibers innervation

within the periosteum of the tibia.

Overexpression of TRESK in DRG neurons attenuates

the spontaneous pain and evoked pain behaviors in

bone cancer rats

To elucidate whether the decreased expression of

TRESK in tibial periosteum, hindpaw skin and DRG

neurons contribute to the pathogenesis of bone cancer-

induced spontaneous pain and evoked pain, we investi-

gated the effects of TRESK overexpression on both

spontaneous pain (spontaneous foot-lifting behaviors)

and evoked cutaneous pain (mechanical allodynia, paw

withdrawal threshold in response to von Frey filaments;

and thermal hyperalgesia, paw withdrawal latency in

response to radiant heat) in bone cancer rats.

Overexpression of TRESK protein in DRG neurons

was validated by enhanced fluorescence intensity of

TRESK in LV-TRESK infected DRG neurons using

immunostaining with TRESK and lentivirus-linked

ZsGreen (Figure 5(a)) and increased expression of

TRESK protein using Western blotting assay (LV-

TRESK 1.2� 0.1 vs. LV-ZsGreen 0.5� 0.1, p¼ 0.0015,

t6¼ 5.54, unpaired two-tailed t-test, Figure 5(b)) in

DRG tissues obtained from tumor-bearing rats on day

7 after intrathecal injection (i.t.) of lentivirus-expressed

TRESK linked ZsGreen (LV-TRESK). Also, intrathecal

injection of LV-TRESK increases TRESK expression in

the spinal cord neurons (Supplementary materials, Fig.

S2). The behavioral results showed that overexpression

of TRESK attenuated both the bone cancer-induced

spontaneous pain and evoked pain in tumor-bearing

rats, in which the reduction of evoked cutaneous pain

Figure 1. Distribution of TRESK in primary afferent nerve fibers innervating the tibial periosteum and the hindpaw skin in naı̈ve rats. (a)
Representative images of immunofluorescence staining with TRESK (red) and CGRP (blue)/IB4 (green) in the tibial periosteum are shown.
Note that due to the lack of IB4þ fibers innervation within the tibial periosteum, the TRESK is merely co-expressed with CGRPþ nerve
fibers in the tibial periosteum. Scale bar¼ 100 mm, n¼ 3 independent experiments. (b) Shown are representative images of immunoflu-
orescence staining with TRESK (red) and CGRP (blue)/IB4 (green) in the hindpaw skin. Note that a co-localization of TRESK with both
CGRPþ and IB4þ nerve fibers is found in the hindpaw skin. Scale bar¼ 250 mm, n¼ 3 independent experiments.
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is delayed than evoked pain in the time course after LV-
TRESK application (Figure 5(c) to (f)). In contrast,
overexpression of TRESK by intrathecal injection of
LV-TRESK did not affect the evoked pain behaviors
in control (PBS) rats (Figure 5(e) and (f)). For example,
the bone cancer-induced spontaneous pain, as indicated
by spontaneous foot-lifting (SFL) behaviors including

SFL duration (SFLd) and numbers (SFLn), were
relieved on day 14 after tumor cells inoculation (SFLd:
LV-TRESK 1.0� 0.2 sec vs. LV-ZsGreen 2.9� 0.6 sec,
p¼ 0.04, F3,68¼ 3.2; SFLn: LV-TRESK 2.8� 0.6 events
vs. LV-ZsGreen 6.9� 1.2 events, p¼ 0.0337, F3,45¼ 3.13,
two-way ANOVA, Figure 5(c) and (d)) and lasted to day
18 after tumor cells inoculation (SFLd: LV-TRESK

Figure 2. Double immunofluorescent staining of TRESK with NF200, UCHL1 (PGP9.5), and EpCAM in the hindpaw skin of rats. (a)
Representative images of immunofluorescence staining with TRESK (red) and NF200 (the large nerve fiber marker, green) are shown
(upper). Lower, negative controls omitting the primary antibody. (b) Representative images of immunofluorescence staining with TRESK
(red) and UCHL1 (PGP9.5) (the small nerve fiber marker, green) are shown (upper). Lower, negative controls omitting the primary
antibody. (c) Representative images of immunofluorescence staining with TRESK (red) and EpCAM (the epidermal cell marker, green) are
shown (upper). Lower, negative controls omitting the primary antibody. Scale bar¼ 50 mm for (a) and (b), Scale bar¼ 200 mm for (c), n¼ 3
independent experiments.
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Figure 3. Decreased expression of TRESK in the tibial periosteum and the hindpaw skin of bone cancer rats. (a, b) Expression of TRESK
in CGRPþ fibers innervating the tibial periosteum of naı̈ve, PBS- and MRMT-1 (tumor cells)-treated rats. (a) Representative images of
immunofluorescence staining with TRESK (red) and CGRP (green) in ipsilateral tibial periosteum on day 14 post-surgery are shown. Scale
bar¼ 100 mm. (b) Statistical analysis for the mean fluorescence intensity of TRESK immunostaining in CGRPþ fibers of the tibial peri-
osteum. ***p< 0.001, one-way ANOVA with Turkey post-hoc test, n¼ 9 visual fields from 3 rats per group. (c, d) Expression of TRESK in
CGRPþ fibers innervating the hindpaw skin of naı̈ve, PBS- and MRMT-1 (tumor cells)-treated rats. (c) Representative images of immu-
nofluorescence staining with TRESK (red) and CGRP (green) in ipsilateral hindpaw skin on day 14 post-surgery are shown. Scale bar¼ 250
mm. (d) Statistical analysis for the mean fluorescence intensity of TRESK immunostaining in CGRPþ fibers of the tibial periosteum.
**p< 0.01, one-way ANOVA with Turkey post-hoc test, n¼ 9 visual fields from 3 rats per group. (e, f) Expression of TRESK in IB4þ fibers
innervating the hindpaw skin of naı̈ve, PBS- and MRMT-1 (tumor cells)-treated rats. (e) Representative images of immunofluorescence
staining with TRESK (red) and IB4 (green) in ipsilateral hindpaw skin on day 14 post-surgery are shown. Scale bar¼ 250 mm. (f) Statistical
analysis for the mean fluorescence intensity of TRESK immunostaining in IB4þ fibers of the tibial periosteum. **p< 0.01, one-way ANOVA
with Turkey post-hoc test, n¼ 9 visual fields from 3 rats per group.
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0.9� 0.3 sec vs. LV-ZsGreen 3.3� 0.7 sec, p¼ 0.0044,
F3,68¼ 3.2; SFLn: LV-TRESK 1.6� 0.5 events vs. LV-
ZsGreen 6.9� 1.5 events, p¼ 0.0032, F3,45¼ 3.13, two-
way ANOVA, Figure 5(c) and (d)) at the end of our
experimental observation. In contrast, the bone cancer-
induced cutaneous pain (evoked pain) was alleviated at
day 18 but not day 14 after tumor cells inoculation, as
indicated by increased paw withdrawal threshold (PWT,
LV-TRESK 13.2� 0.6g vs. LV-ZsGreen 7.0� 1.3g,

p¼ 0.0008, F3,42¼ 2.77, two-way ANOVA, Figure 5(e))
rather than paw withdrawal latency (PWL, LV-TRESK
14.3� 1.5 sec vs. LV-ZsGreen 11.1� 1.3 sec, p¼ 0.4022,
F3,42¼ 0.59, two-way ANOVA, Figure 5(f)) on day 18
after tumor cells inoculation in TRESK overexpressed
rats. These results suggested that the relief of bone
cancer-induced cutaneous pain (evoked pain) is time
delayed than spontaneous pain by overexpressing
TRESK in DRG neurons.

Figure 4. Decreased expression of TRESK in the DRG neurons of bone cancer rats. Immunofluorescence staining of TRESK with CGRP
(a, b) and IB4 (c, d) in the DRG neurons. (a, b) Expression of TRESK in CGRPþ DRG neurons of naı̈ve, PBS- and MRMT-1 (tumor cells)-
treated rats. (a) Representative images of immunofluorescence staining with TRESK (red) and CGRP (green) in ipsilateral L4/5 DRG
neurons on day 14 post-surgery are shown. Scale bar¼ 100 mm. (b) Statistical analysis for the mean fluorescence intensity of TRESK
immunostaining in CGRPþ DRG neurons. ***p< 0.001, one-way ANOVA with Turkey post-hoc test, n¼ 104–108 cells from 3 rats per
group. (c, d) Expression of TRESK in IB4þ DRG neurons of naı̈ve, PBS- and MRMT-1 (tumor cells)-treated rats. (a) Representative images
of immunofluorescence staining with TRESK (red) and IB4 (green) in ipsilateral L4/5 DRG neurons on day 14 post-surgery are shown. Scale
bar¼ 100 mm. (b) Statistical analysis for the mean fluorescence intensity of TRESK immunostaining in IB4þ DRG neurons. ***p< 0.001,
one-way ANOVA with Turkey post-hoc test, n¼ 76–115 cells from 3 rats per group. (e) Expression of TRESK mRNA in ipsilateral L4/5
DRGs of naı̈ve, PBS- and MRMT-1 (tumor cells)-treated rats. ***p< 0.001, one-way ANOVA with Turkey post-hoc test, n¼ 7 rats per
group. (F) Alterations of TRESK protein abundance in ipsilateral L4/5 DRGs before (day 0) and on day 7 and day 14 post-surgery in PBS-
and MRMT-1 (tumor cells)-treated rats. ***p< 0.001, two-way ANOVA with Sidak’s post-hoc test, n¼ 8 rats per group. P, PBS group; M,
MRMT-1 group.
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Knockdown of TRESK in DRG neurons induces
spontaneous pain and evoked pain behaviors in
naı̈ve rats

Furthermore, we investigated whether knockdown of
TRESK in DRG neurons by intrathecal delivery of
TRESK siRNA could produce spontaneous pain and
evoked pain behaviors in naı̈ve rats. Knockdown of

TRESK in DRG neurons was validated by a reduction
of both TRESK mRNA level (TRESK siRNA 0.3� 0.1
vs. Scramble 1.6� 0.1, p< 0.0001, t10¼ 12.25, unpaired
two-tailed t-test, Figure 6(a)) and TRESK protein abun-
dance (TRESK siRNA 0.5� 0.07 vs. Scramble 1.3�
0.04, p¼ 0.0011, t4¼ 8.35, unpaired two-tailed t-test,
Figure 6(b)) in the DRG of TRESK siRNA-treated
rats. The behavioral results showed that the spontaneous

Figure 5. Effects of TRESK overexpression on bone cancer-induced spontaneous pain and evoked cutaneous pain in tumor-bearing rats.
(a, b) Validation of TRESK overexpression in ipsilateral L4/5 DRG neurons of bone cancer rats received intrathecal injection (i.t.) of
lentivirus-expressed TRESK linked ZsGreen (LV-TRESK). (a) Representative images of immunofluorescence staining with TRESK (red) and
ZsGreen (green) in DRG neurons are shown. Scale bar¼ 100 mm. (b) TRESK protein abundance in ipsilateral L4/5 DRGs of bone cancer
rats received intrathecal LV-TRESK or LV-ZsGreen (control) treatment. **p< 0.01, two-tailed unpaired t-test, n¼ 4 rats per group. (c, d)
Effects of i.t. LV-TRESK on bone cancer-induced spontaneous pain in bone cancer rats. Spontaneous foot-lifting (SFL) behaviors including
SFL duration (SFLd) (c) and numbers (SFLn) (d) were video recorded to assess the spontaneous pain. *p< 0.1, **p< 0.01, two-way
ANOVA with Sidak’s post-hoc test, n¼ 8–10 rats per group. (e, f) Effects of i.t. LV-TRESK on bone cancer-induced cutaneous pain in bone
cancer rats. Paw withdrawal threshold (PWT) in response to von Frey filaments stimulation (e) and paw withdrawal latency (PWL) to
radiant heat stimulation (f) were measured to assess the evoked cutaneous pain. ***p< 0.001 compared between LV-TRESK/MRMT-1 and
the LV-ZsGreen/MRMT-1 groups, two-way ANOVA with Sidak’s post-hoc test, n¼ 8 rats per group.
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pain, indicated as the spontaneous foot-lifting (SFL)
behavior including SFL duration (SFLd) and numbers
(SFLn) were both increased on day 1 post-TRESK
siRNA administration (SFLd: TRESK siRNA 4.2�
0.95 sec vs. Scramble 0.9� 0.30 sec, p< 0.0001,
F6,91¼ 3.98; SFLn: TRESK siRNA 6.7� 0.8 events vs.
Scramble 2.0� 0.6 events, p¼ 0.0007, F6,105¼ 1.81) but
disappeared quickly at 3 days after siRNA withdrawal
(two-way ANOVA, Figure 6(c) and (d)). In contrast, the

cutaneous pain manifested as evoked pain behaviors
including decreased paw withdrawal threshold (PWT)
in response to von Frey filaments and paw withdrawal
latency (PWL) in response to radiant heat emerged on
day 2 post-TRESK siRNA administration (PWT:
TRESK siRNA 10.7� 1.3g vs. Scramble 14.1� 0.7g,
p¼ 0.0173, F6,84¼ 5.80; PWL: TRESK siRNA 18.4�
0.9 sec vs. Scramble 24.4� 1.1 sec, p¼ 0.0073,
F6,91¼ 1.64) but lasted for a long time (2 days for

Figure 6. Effects of TRESK knockdown on spontaneous pain and evoked pain behaviors in naı̈ve rats. (a, b) Validation of TRESK
knockdown in ipsilateral L4/5 DRGs of naı̈ve rats received intrathecal injection (i.t.) of TRESK siRNA. (a) Real-time quantitative PCR (RT-
qPCR) assay of TRESK mRNA expression. ***p< 0.001, two-tailed unpaired t-test, n¼ 6 rats per group. (b) Western blotting assay of
TRESK protein abundance. **p< 0.001, two-tailed unpaired t-test, n¼ 3 rats per group. (c, d) Effects of i.t. TRESK siRNA on spontaneous
pain behaviors of naı̈ve rats. Spontaneous foot-lifting (SFL) behaviors including SFL duration (SFLd) (c) and numbers (SFLn) (d) were video
recorded to assess the spontaneous pain. **p< 0.01, ***p< 0.001, two-way ANOVA f with Sidak’s post-hoc test, n¼ 7–9 rats per group. (e,
f) Effects of i.t. TRESK siRNA on evoked cutaneous pain behaviors of naı̈ve rats. Paw withdrawal threshold (PWT) in response to von Frey
filaments stimulation (e) and paw withdrawal latency (PWL) to radiant heat stimulation (f) were measured to assess the evoked cutaneous
pain. *p< 0.05, **p< 0.01, ***p< 0.001, two-way ANOVA f with Sidak’s post-hoc test, n¼ 6–8 rats per group.
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PWT and 1 day for PWL) after siRNA withdrawal (two-
way ANOVA, Figure 6(e) and (f)). These results revealed
that knockdown of TRESK in DRG neurons produce
significant spontaneous pain and evoked pain behaviors
in naı̈ve rats, suggesting the role of decreased TRESK in
the pathogenesis of bone cancer-induced pain.

Discussion

In this study, we found a wide distribution of TRESK on
both CGRPþ and IB4þ nerve fibers in the hindpaw skin
as well as on CGRPþ nerve fibers in the tibial perioste-
um which lacks IB4þ fibers innervation, and on CGRPþ

and IB4þ DRG neurons in rats. We also found a signif-
icant reduction of TRESK expression in the correspond-
ing nerve fibers within the hindpaw skin, the tibial
periosteum and the DRG neurons in bone cancer rats.
Overexpression of TRESK in DRG neurons attenuated
the bone cancer-induced spontaneous pain and evoked
cutaneous pain in tumor-bearing rats. In contrast,
knockdown of TRESK in DRG neurons produced
both spontaneous pain and evoked pain in naı̈ve rats.
Using a battery of skeletal pain-related behaviors (e.g.
spontaneous foot lifting, SFL, reduced weight-bearing,
sporadic hopping, et al.) and von Frey assessment of
mechanical hypersensitivity on the plantar surface of
the hind paw (i.e. evoked pain), Guedon et al.11 have
identified the dissociation between the relief of skeletal
pain behaviors and skin hypersensitivity in a mouse
model of bone cancer pain. The nocifensive behaviors
used for assessment of skeletal pain-related behaviors
were defined as any of the following: (1) full guarding
(lifting the affected limb and holding it against its body),
(2) reduced weight-bearing (affected limb is held in such
a way that the foot, or the side of the foot, is merely
resting on the floor), (3) tending to the affected limb
(abnormal grooming behavior directed solely to affected
limb, specifically licking lower limb and foot), (4) flinch-
ing the affected limb, and (5) sporadic hopping (inter-
mittent jumps without utilizing affected limb). This
method is the same as reported in previous studies.2,50,51

Based on the abovementioned evidence, the spontaneous
foot lifting behaviors probably just partly reflects the
skeletal pain, while the evoked pain behaviors on the
plantar surface of the hind paw mainly reflects the cuta-
neous pain. Thus, we speculated that the differential dis-
tribution and decreased expression of TRESK channels
in the periosteum and skin, which is attributed to the
lack of IB4þ fibers innervation within the periosteum
of the tibia, probably contribute to the behavioral diver-
gence of bone cancer-induced spontaneous pain (partly
reflect skeletal pain) and evoked pain (reflect cutaneous
pain) in bone cancer rats.

It is suggested that skeletal pain and cutaneous pain
behaviors can be mediated by different types of nerve

fibers in the bone and the skin.11,12 According to the
expression of neuropeptides, receptors, channels and
their responses to the growth factors in adulthood, C-
fibers (as the main nociceptors) can be divided into two
different types including peptide-rich CGRPþ fibers and
peptide-poor IB4þ fibers.52,53 CGRPþ fibers have been
shown to express substance P (SP) and tropomyosin
receptor kinase A (TrkA), and be regulated by the cor-
responding ligand, nerve growth factor (NGF).15 In con-
trast, IB4þ fibers have been shown to express the
purinergic P2X3 receptor and the GDNF receptor com-
plex, and be regulated by glial cell line-derived neuro-
trophic factor (GDNF).16,17 Our results showed that
while both CGRPþ and IB4þ nerve fibers innervate
the skin, only CGRPþ nerve fibers innervate the perios-
teum. Consistently, previous studies have demonstrated
that P2X3þ/IB4þ sensory nerve fibers innervate densely
the skin but not the bone, while TrkAþ/CGRPþ sensory
nerve fibers have the innervation to the bone and skin
either.12,48,49 So the lack of IB4þ nerve fibers in the bone
may explain the limited relief of cancer-induced skeletal
pain in mice with anti-P2X3 treatment,11,18 and may be
the potential reason for the divergence of skeletal and
cutaneous pain in some circumstance.

The TRESK channel has been regarded as a key com-
ponent of the resting membrane potential of primary
afferent neurons and plays an important role in the reg-
ulation of neuronal excitability.38,54 In this study, we
found a wide distribution of TRESK on both CGRPþ

and IB4þ nerve fibers in the glabrous skin of the hind-
paw as well as on the CGRPþ nerve fibers in the tibial
periosteum which lacks IB4þ fibers innervation, and on
both CGRPþ and IB4þ DRG neurons in naı̈ve rats.
These results are consistent with previous findings show-
ing that the expression of TRESK is found in almost all
neurons and especially abundant in small-diameter noci-
ceptive neurons in the DRG.34 It is reported that
TRESK is highly expressed in sensory ganglia 26,29,55–58

within specific subtypes of sensory neurons, mainly noci-
ceptors and especially in non-peptidergic neu-
rons.30,31,57,59,60 In fact, several RNA sequencing
studies in DRG and TG ganglia have provided evidence
showing that TRESK is present in a subpopulation of
low-threshold mechanoreceptors involved in touch sen-
sation (expressing TRKB and Piezo2) and, predomi-
nantly, in non-peptidergic nociceptors.30–32 Combined
RNA in situ hybridization (ISH) with immunohisto-
chemistry for molecular markers of canonical sensory
neuron populations, Weir et al.33 have examined the
TRESK expression in the TG neurons of mice, and
found that TRESK was present in neurons of all soma
diameters. Within small diameter neurons that likely
represent unmyelinated C-fibers, the TRESK was pre-
sent in approximately 72% of neurons that bound the
IB4þ neurons, and 29% of CGRPþ neurons. Whereas
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within medium/large diameter neurons, the TRESK was
expressed in a large proportion of CGRPþ neurons
(�67%) and neurons highly expressing TRKBþ

(�90%), representing a subset of Ad-nociceptors and
D-hairs respectively. In our present study, we indeed
found that the TRESK is expressed in both CGRPþ

(peptidergic) and IB4þ (non-peptidergic) DRG neurons,
however, the number of TRESK/CGRP-positive neu-
rons is lower than that of TRESK/IB4-positive neurons,
which is consistent with the results reported by Weir et
al.33 in their previous study.

Moreover, we found that the expression of TRESK
protein was decreased in the corresponding nerve fibers
within the hindpaw skin, the tibial periosteum and the
DRG neurons in tumor-bearing rats, for example, a
decreased expression of TRESK was observed on both
CGRPþ and IB4þ nerve fibers in the hindpaw skin,
on CGRPþ nerve fibers in the tibial periosteum, and
on CGRPþ and IB4þ DRG neurons in bone cancer
rats. In fact, the reduction of TRESK expression and
TRESK-mediated background currents are shown in
rodent models of inflammatory pain and neuropathic
pain.38,40 Also, Guo et al.35 found that endogenous
TRESK activity regulates trigeminal nociception, and
genetic loss of TRESK significantly increases the likeli-
hood of developing headache. Royal et al.36 demonstrat-
ed that migraine-associated frameshift mutations of
TRESK lead to the production of a second protein frag-
ment, which carries the pathophysiological function by
inhibiting TREK1 and 2, due to a mechanism called
frameshift mutation-induced alternative translation ini-
tiation (fsATI). Moreover, Castellanos et al.37 discov-
ered that genetic removal of TRESK specifically
enhances mechanical and cold sensitivity in mice, not
affecting the sensitivity to other stimuli. Therefore, a
decreased expression of TRESK in the periosteum, the
skin and the nociceptive DRG neurons likely contributes
to the pathogenesis of cancer-induced skeletal pain and
cutaneous pain in rats. Indeed, we found an apparent
dissociation of bone cancer-induced spontaneous pain
(partly reflect skeletal pain) and evoked pain (reflect
cutaneous pain) behaviors in tumor-bearing rats. For
instance, overexpression of TRESK in DRG neurons
attenuated both cancer-induced spontaneous pain and
evoked pain in tumor-bearing rats, in which the relief
of cutaneous pain (evoked pain) is time delayed than
spontaneous pain. In contrast, knockdown of TRESK
in DRG neurons produced significant spontaneous pain
and evoked pain behaviors in naı̈ve rats, suggesting the
role of decreased TRESK in the pathogenesis of bone
cancer-induced pain. We speculated that the differential
distribution and decreased expression of TRESK in the
periosteum and skin, which is attributed to the lack of
IB4þ fibers innervation within the periosteum of the
tibia, may be a reason for the dissociation of bone

cancer-induced spontaneous pain and evoked pain in
rats. In tumor-bearing rats, the TRESK channels are
decreased gradually along with tumor progression in
CGRPþ and IB4þ small-diameter neurons, in CGRPþ

and IB4þ nerve fibers innervating the skin, and in
CGRPþ nerve fibers within the periosteum. Thus, intra-
thecal delivery of lentivirus-expressed TRESK (LV-
TRESK) could rescue the decreased TRESK channels
within the periosteum, the skin, and the nociceptive
DRG neurons, subsequently attenuating the cancer-
induced spontaneous pain and evoked pain in bone
cancer rats. It is because only one type of CGRPþ

nerve fibers innervate the periosteum, whereas both
CGRPþ and IB4þ nerve fibers are existed in skin, so
the decreased TRESK abundance within the bone is
much easy to be restored than that within the skin in
tumor-bearing rats received LV-TRESK treatment. As a
result, the cancer-induced spontaneous pain (partly
reflect skeletal pain) is easy to be alleviated than the
evoked cutaneous pain after TRESK overexpression.

On the other hand, because the lacks of IB4þ nerve
fibers innervation within the periosteum whereas there
have both CGRPþ and IB4þ nerve fibers innervation
within the skin, so intrathecal delivery of TRESK
siRNA is easy to knock down TRESK in the periosteum
than that in the skin. Hence, a slight reduction of
TRESK in CGRPþ fiber innervating the periosteum is
enough to induce spontaneous pain, whereas only when
a wide distributed TRESK was knocked down in both
CGRPþ and IB4þ fibers innervating the skin can lead to
the evoked cutaneous pain in naı̈ve rats with intrathecal
TRESK siRNA application. These may be a possible
reason for explaining our present findings to show that
knockdown of TRESK in DRG neurons induced a rapid
and transient skeletal pain but a delayed and prolonged
cutaneous pain in naı̈ve rats.

In addition, because there is no direct damage to the
skin in the model of bone cancer pain, we speculated that
the hypersensitivity of nearby skin is also probably
derived from cancer-induced skeletal pain, which may
be considered as an alternative explanation for the
delayed response of cutaneous pain behaviors under
both TRESK overexpression and knockdown condi-
tions. Sensitization in different site of pain pathway
likely underlies the skeletal pain-induced skin hypersen-
sitivity. The injury-induced infiltration of macrophages
and pathological sprouting in DRG lead to the hyper-
excitability of the sensory neurons innervating the
undamaged skin,61–63 while central sensitization in the
spinal cord and brain can also be the potential mecha-
nism underlying this phenomenon.64–66

Of course, our present study has several potential
limitations. First, although a prominent effect of
TRESK overexpression or knockdown has been shown
in DRG neurons, we still cannot rule out the role for the
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spinal cord in cancer-induced skeletal pain and cutane-

ous pain owing to the intrathecal delivery of LV-TRESK

or siRNA in our experiments. The difference between

skeletal pain and cutaneous pain is probably partially

due to the role of central sensitization. In the spinal

cord, downregulated TRESK in dorsal horn neurons

mediates inflammation and apoptosis via activation of

the MAPK pathway in SNI rats.67 To exclude the influ-

ence of spinal cord TRESK, local intra-DRG injection

or spinal nerve injection 68,69 for the delivery of LV-

TRESK or TRESK siRNA is a preferable choice in

this case. Second, owing to the extensive expression of

TRESK on nociceptive sensory neurons, the intervening

methods for the TRESK cannot be restricted to a par-

ticular type of fibers just like anti-NGF or anti-P2X3.11

To get a better understanding for the contribution of

TRESK in cancer-induced skeletal pain and cutaneous

pain, we should use specific promoters to induce

TRESK overexpression or knockdown targeting

CGRPþ and IB4þ fibers respectively and elucidate the

mechanisms underlying the behavioral divergence of

cancer-induced skeletal pain and cutaneous pain.

Third, there is a doubt whether spontaneous pain behav-

iors reflect skeletal pain faithfully without the mix of

cutaneous pain. It has been shown that severe injury to

the skin induces remarkable changes in mechanical sen-

sitivity of the foot and therefore affect the ability to

place weight on the damaged foot.70 A feasible way is

to measure the skeletal pain with local anesthetics on

hindpaw, which is inspired by a clinic trial.10

Nevertheless, considering the dissociation of skeletal

pain and skin hypersensitivity in our animal model, the

interruption can be ignored.
In conclusion, our present data suggested the differ-

ential distribution and decreased expression of TRESK

channels in the periosteum and skin, which is attributed

to the lack of IB4þ fibers innervation within the perios-

teum of the tibia, probably contribute to the behavioral

divergence of cancer-induced (partly reflect skeletal

pain) and evoked pain (reflect cutaneous pain) in bone

cancer rats.
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