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Tandem pore-domain Halothane Inhibited K+ channel (THIK1) is a two-pore-domain potassium channel (K2P)
present in dorsal root ganglia (DRG). We previously demonstrated that THIK1 mRNA levels in the DRG dropped
ipsilaterally 1 day after CFA-induced cutaneous inflammation (CFA1). In this study we aimed to identify the cur-
rently unknown DRG subpopulations expressing THIK1, and to investigate the relationship between the channel
and both inflammatory and spontaneous pain in normal rats. Using a combination of immunohistochemistry,
western blotting and behavioural tests, we found that all small neurons and large groups of medium and large
DRG neurons express THIK1. Myelinated and unmyelinated fibers, nerve endings in the skin and lamina I and
II of the spinal cord also express the channel. THIK1 staining co-localizes with IB4-binding and trkA suggesting
that the channel is expressed by nociceptors. At CFA1, both cytoplasmic and edge (membrane-associated)
THIK1 staining were significantly reduced only in small neurons ipsilaterally compared to normal. At 4 days
after inflammation (CFA4), edge THIK1 staining levels in small neurons decreased bilaterally compared to nor-
mal. Medium and large size DRG neurons showed no change in THIK1 expression either at CFA1 or CFA4. Ipsilat-
eral (but not contralateral) mean %intensities of THIK1 in small neurons at CFA1 correlated strongly negatively
with spontaneous foot lifting (SFL) duration (a marker of spontaneous pain). Thus, nociceptors express THIK1
that can be regulated by cutaneous inflammation. Finally, in vivo siRNA knockdown of THIK1 resulted in longer
SFL duration than siRNA scramble-treated rats. Taken together our evidence suggests a potential involvement
for THIK1 in pain processing following inflammation.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Pathological and acute pain of peripheral origin can arise from par-
tial nerve injury, tissue damage and/or inflammation. Changes in the
electrophysiological properties of primary afferent neurons of thedorsal
root ganglia (DRG) are essential for the initiation and maintenance of
this pain. For example, alteration of soma membrane potential (Em) in
A- and C-fiber nociceptors can be seen in vivo (Djouhri et al., 2012).
The causes of these changes are only partly understood. Inmodels of in-
flammatory and pathological pain the reported changes involve in-
creased spontaneous firing (SF) rate, spontaneous foot lifting (SFL)
andem pore domain Halothane
els); CFA, (Complete Freund's
protein); NGF, (nerve growth
WIK-related acid-sensitive K+

).
science, School of Medicine,
and/or lowered nociceptive sensory and electrical thresholds in intact
fibers (Djouhri et al., 2006; Wu et al., 2001; Wu et al., 2002).

Given their contribution to setting up Em, K+ channels have recently
been recognized as potential new targets for the treatment of refractory
and pathological pain (Ocana et al., 2004; Tsantoulas, 2015; Tsantoulas
and McMahon, 2014; Wood, 2007). Leak K+ channels of the 2-pore do-
main family (K2Ps) are key contributors to resting Em and thus regulate
cell excitability making them of particular relevance for the control of
pain (Busserolles et al., 2016; Du et al., 2014; Mathie and Veale, 2015).
In fact, DRG neurons express several K2P channels that are involved in
neuroprotection, nociception and mechanotransduction. For example,
TRESK knockout and axotomy both enhance DRG neuron excitability
(Tulleuda et al., 2011), and a dominant negative TRESK mutation is im-
plicated in familialmigraine (Lafreniere et al., 2010). Further,we recent-
ly demonstrated that TREK2 expressed selectively in IB4-binding
nociceptors limits spontaneous pain (Acosta et al., 2014). TREK2 is
also involved in the response to non-aversive warm and moderate
cool temperatures (Pereira et al., 2014).

THIK1 (Tandem pore-domain Halothane Inhibited K+ channel) is
amongst the least studied K2P channels. THIK1 is encoded by the
KCNK13 gene and was first described in conjunction with its closely
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related partner, THIK2.When expressed inmammalian cell lines, THIK1
produced a large sustained K+ current, was activated by high levels of
arachidonic acid and inhibited by halothane (Rajan et al., 2001). THIK1
is expressed by a variety of tissues including arterial endothelium
(Bryan et al., 2006), kidney (Theilig et al., 2008) and in neurons of the
retrotrapezoid nucleus (Lazarenko et al., 2010) and the trigeminal gan-
glia (Kang et al., 2014). In the latter, THIK1 contributes to the back-
ground K+ conductance, showing a small unitary conductance
(~5 pS), and is inhibited ~80% by cold (10 °C) (Kang et al., 2014). In
our previous study, we demonstrated that THIK1 mRNA levels in the
DRG were lower 1 day after Complete Freund's adjuvant (CFA) induced
cutaneous inflammation (CFA1)when compared to normal (untreated)
rats and levels were higher at CFA4 compared to CFA1 (Marsh et al.,
2012). Although on the surface these findings suggest an involvement
of THIK1 in inflammation, several key questions remain unanswered re-
garding its possible role in pain processing. These include: what sub-
populations of DRGs normally express THIK1, does expression change
after CFA-induced cutaneous inflammation, and does a relationship
exist between THIK1 and inflammation-induced spontaneous pain
behavior.

Accordingly, we used a combination of immunohistochemistry,
western blotting and behavioral tests to examine the expression pattern
of THIK1 in adult normal DRGs classed by size and the overlapwith phe-
notypicmarkers (NF200, IB4 and trkA).We then examinedwhether ex-
pression of this channel changes 1 and 4 days after cutaneous
inflammation induced by CFA and whether such changes are related
to spontaneous pain behavior.

2. Materials and methods

2.1. Animals

All Methods complied with both Home Office (United Kingdom)
Guidelines and all animals were cared for in accordance with the Guid-
ing Principles in The Care andUse of Animals of theUSNational Institute
of Health. All procedures were approved by the Institutional Animal
Care and Use Committee of the School of Medical Sciences, Universidad
Nacional de Cuyo (Protocol approval N° 31/2014). A total of 40 young
female Wistar rats (140–160 g) were used throughout. Animals were
culled at the end of experiments with an overdose of anesthetic
(80 mg/kg ketamine plus 10 mg/kg xylazine).

2.2. Primary antibodies

2.2.1. THIK1 antibody characterization
Anti-THIK1 antibody (RRID: AB_10612227) was an affinity-purified

rabbit polyclonal from Santa Cruz Biotechnology (Z-21, sc-134,086).
Western blots of IMR-32whole cell lysate suggest this antibody is selec-
tive for THIK1 (Santa Cruz website).

Additionally we examined its selectivity for THIK1 versus the closely
related THIK2 and another K2P channel, TASK2. All aforementioned K2P
channels were heterologously expressed in HeLa cells (Fig. 1a). Three
separate cultures of HeLa cells were grown in DMEM containing 10%
FBS until they reached 60–80% confluence. Next they were co-
transfected with rat cDNAs encoding for the different K2P channels
and GFP using Attractene (Qiagen) following the manufacturer's in-
structions. These cells were chosen because their native expression of
most K2P channels is either undetectable or very low. THIK1, THIK2
and TASK2 were sub-cloned in pCMV-SPORT. All plasmids were se-
quenced to confirm the correct reading frame. Co-transfection with
pAc-GFPN1 (Clontech) was used because it allowed us to detect which
HeLa cells were more likely to have been transfected.

Three days after transfection, the HeLa cell cultures expressing the
different K2P channels were washed with PBS, fixed with 4% parafor-
maldehyde plus 4.2% sucrose (in PB, pH 7.2) for 20 min at 4 °C, rinsed
with PBS and then immediately processed for THIK1
immunocytochemistry as described below. This antibody proved selec-
tive for THIK1 versus the other transfected K2Ps. We performed aWest-
ern Blot analysis of HeLa transfected cells alongside a variety of other
tissues (Fig. 1b–c).

Finally, we undertook further antibody characterization using selec-
tive knockdown of THIK1 expression with siRNA in adult DRG cultures.
DRGs from all rostrocaudal levels were dissected out (Acosta et al.,
2012; Acosta et al., 2014). Briefly, they were enzymatically digested at
37 °C in 0.25% trypsin with 0.625% collagenase in PBS, mechanically dis-
sociated, plated onto round coverslips (Bellco, Germany) coated with
10 ng/mm2 poly-D-Lysine and kept in DMEM supplemented with N2
medium at 37 °C in a 5% CO2 incubator until used. Neuron density at
plating was ~1 × 105 neurons/ml.

Dissociation and the culture process are equivalent to a formof acute
axotomy, leading to deprivation of normally available target-derived,
and nerve-derived, trophic factors. Trophic factor supplements are
therefore required to maintain a relatively normal phenotype in vitro.
Thus, cultures were supplemented with mouse NGF7S (10 ng/ml) and
rat recombinant GDNF (20 ng/ml) (Preprotech, UK). Both were dis-
solved in 0.1% BSA and were added daily with fresh N2 medium.

siRNA Silencer Select was obtained from Ambion (Life Technologies
Ltd., UK). 6 h after plating, DRG neurons were transfected with 5 nM
scrambled (scr) siRNA conjugated to 5′-carboxylfluorescein (FAM), or
with10nM siRNA directed against rat THIK1 (KCNK13, locus ID 64120,
sense 5′-CUCCCAUCUUGUAACUAAAtt-3′; antisense 5′-
UUUAGUUACAAGAUGGGAGct-3′) plus 5 nM scr-FAM (to allow identi-
fication of likely transfected cells). Transfection was performed with
Gene Silencer siRNA transfection reagent (Genlantis, San Diego, CA) fol-
lowing themanufacturer's protocol.We have used this transfection sys-
tem before and it works well in cultured DRG neurons (Wu et al., 2006;
Acosta et al., 2014). Subsequent daily medium changes included 10 nM
naked THIK1 siRNA.

Fluorescence microscopy at 2 days in vitro showed which neurons
were transfected with the non-targeting FAM-labeled scr siRNA (Fig.
1e), indicating that these neurons were probably also successfully
transfected with THIK1 siRNA.

2.2.2. Other antibodies and IB4 staining
For double labelling studies, we used stainingwith Isolectin B4 (IB4),

which labels small, C-nociceptor neurons in the DRG (Fang et al., 2006).
We also used the following phenotypic markers: RT97 (RRID:AB_
528399, DSHB, Iowa University, deposited by JNWood) amousemono-
clonal antibody against a highly phosphorylated form of the 200 kDa
neurofilament (NF200) subunit, that selectively labels DRG neuron
somata with myelinated A-fibers (Lawson et al., 1984; Lawson et al.,
1993). A goat affinity purified anti-trkA from R&D Systems (RRID:AB_
2154974) that has been fully characterized (Acosta et al., 2014;
Usoskin et al., 2015) and a guinea pig affinity purified anti-Substance
P from Neuromics (GP14110, RRID: AB_2315368) that has been exten-
sively used in the literature. For specific staining of nerve terminals, a
mouse anti-β tubulin III antibody was used (clone SDL.3D10, Cat#
ab11314 RRID:AB_297918).

2.3. Western blot

Total protein was extracted from either 72 h transected-HeLa cells,
whole cerebellum, kidney, heart, liver, spinal cord and L4/L5 DRGs or
skin (from the in vivo siRNA experiments, see Section 2.8) using
Laemmli buffer supplemented with Halt protease and phosphatase in-
hibitor cocktail (Thermo Scientific). Samples of ~20 μg of total protein
were run in 8–10% PAGE gels and transferred to a PVDF membrane be-
fore blotting.Membraneswere probedwith 1:500 rabbit anti-THIK1 an-
tibody and then with 1:1000 mouse anti-α-tubulin (clone DM1A,
eBioscience) as a loading control. Membranes were developed using
ECL-plus and captured with Image Quant LAS-4000 (GE Healthcare).

nif-antibody:AB_10612227
nif-antibody:AB_528399
nif-antibody:AB_528399
nif-antibody:AB_2154974
nif-antibody:AB_2154974
nif-antibody:AB_2315368
nif-antibody:AB_297918


Fig. 1. THIK1 antibody characterization (a) Top panels show GFP fluorescence in HeLa cells transfected with plasmids for GFP alone and 3 rat K2P channels indicated by their genes:
THIK1 (KCNK13), THIK2 (KCNK12) and TASK2 (KCNK5) (all subcloned in pCMV-SPORT vector). Lower panels: same fields show no immunostaining for THIK1 in HeLa cells transfected
with GFP alone, increased substantially following transfection with THIK1 cDNA and remained very low or undetectable after transfection with the non-THIK1 K2P channels tested.
This antibody therefore selectively recognizes THIK1 and not the other K2P channel tested, including THIK2, structurally the closest related to THIK1. (b) Western blot analysis of HeLa
cells transfected as described in (a) shows a single band only when the cells were transfected with the plasmid encoding the cDNA for KCNK13. (c) Representative Western blot
showing the expression of THIK1 protein from whole cerebellum (lane 1), heart (lane 2), liver (lane 3), spinal cord (lane 4), DRG (lane 5) and kidney (lane 6). Approximately 20 μg of
protein were run in each lane of SDS-PAGE gels mouse α-tubulin was used as loading control. The WB shows that the anti-rabbit polyclonal antibody used detects a single band of
approximately 46 kDa. Molecular weight ladder is included to the right of the blot. (d) In adult DRG neurons cultured with NGF plus GDNF for 2 days, THIK1 siRNA reduced THIK1
staining (bottom), compared with scr (top). Photomicrographs (×20 objective). For quantification of these 2-day cultures, only transfected neurons were measured (those with N20%
FAM cytoplasmic staining). THIK1 cytoplasmic staining intensity was highly significantly decreased (Mann-Whitney test, p b 0.001) with THIK1 siRNA compared with scr treatment.
These studies show selectivity of the THIK1 antibody in DRG neurons.

15W. Haskins et al. / Molecular and Cellular Neuroscience 83 (2017) 13–26

Image of Fig. 1
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2.4. Induction of cutaneous inflammation

Cutaneous inflammation in one hind limb was induced under anes-
thesia (25 mg/kg ketamine plus 5 mg/kg xylazine i.p.), by intradermal
injection of 100 μl Complete Freund's Adjuvant (CFA) (Sigma) into the
mid-plantar surface of the left hindpaw as previously described
(Acosta et al., 2014; Acosta et al., 2012). DRG tissue was removed
from one group of four rats after 24 h (CFA1) and from a further four
rats 4 days after CFA injection (CFA4). Four normal (untreated) rats
were used as absolute control. Intradermal CFA injection is a well-char-
acterizedmethod of generating inflammatory pain-related behavior as-
sociated with increased activity in nociceptors (Djouhri et al., 2006;
Millan, 1999). Comparisons of the effects of CFA-induced inflammation
are made with both, the contralateral side of the CFA-injected rats and
normal (untreated) rats throughout. Note that contralateral DRGs may
be affected due to the known global (i.e. systemic) effects of locally in-
duced inflammation (Jancalek et al., 2011; Koltzenburg, 1999).

The choice of times (1 and 4 days) after CFA injection is based on
studies in rat that showed both spontaneous firing (SF) in nociceptors
and spontaneous foot lifting (SFL) were greater at 1 day, and lower at
4 days (Djouhri et al., 2006).

2.5. Immunocytochemistry

2.5.1. Immunofluorescence on cultured DRG neurons and HeLa cells
After fixationwith 4% paraformaldehyde and 4.2% sucrose cells were

permeabilized for 4 min with 0.2% v/v Triton X-100 in PBS, blocked for
2–3 h at room temperature with 1% bovine serum albumin plus 5% foe-
tal calf serum and then incubated overnight at 4 °C with anti-THIK1
(1:400) diluted in the blocking solution. On the next day, coverslips
were washed with PBS and incubated for 1 h at room temperature
with 1:800 donkey anti-rabbit Alexa 594 (Molecular Probes), washed
again and mounted with FluorSave (Calbiochem).

For each transfection condition, images of 6 fields were captured at
40× (HeLa) or 20× (DRG cultures) magnification under fluorescence
illumination.

2.6. Immunohistochemistry

2.6.1. Tissue preparation
Four untreated, four CFA1 and four CFA4 rats were used for the

quantification study. For the in vivo siRNA experiment, twenty addition-
al rats were used (four as controls and sixteen treated, see Section 2.8).
Rats deeply anesthetized with 50 mg/kg ketamine plus 10 mg/kg
xylazine i.p. and transcardially perfused with 0.9% NaCl followed by
Zamboni's fixative (Stefanini et al., 1967). Skin, sciatic nerve and spinal
cord and L5 DRGs were then dissected and post-fixed for 20 min in
Zamboni's at RT and then kept in 30% sucrose overnight at 4 °C. The fol-
lowing day serial 7 μmcryostat DRG (transverse) sectionswere cut. This
tissue was kept at−20 °C until used for immunoassay.

2.6.2. ABC immunostaining
Mid-sections of L5 DRGs were processed for staining against THIK1

(antibody used at 1:400) using the avidin-biotin complex (Elite ABC
kit, Vector labs) immunocytochemistry method following previously
published protocols (Acosta et al., 2014; Fang et al., 2006). 3,3′-diami-
nobenzidine (DAB) was used to generate a coloured reaction product.
No staining resulted in the absence of the primary antibody. All sections
were developed simultaneously and for the same length of time to en-
able comparisons of relative staining intensity.

2.6.3. Immunofluorescence
For double or triple immunofluorescence staining of L5DRG sections

from 4 normal (untreated) rats, skin, sciatic nerve or spinal cord, mid-
cryosections of 5–7 μm were rehydrated with PBS for 10 min and then
permeabilized 5 min with 0.2% v/v triton-×100 and blocked for 1 h at
RT with 5% BSA. Anti-THIK1 (1:400) staining was performed overnight
at 4 °C followed by rinsingwith PBS and incubation 1 h at room temper-
ature with a donkey anti-rabbit Alexa 488 (1:800). After rinsing of the
secondary antibody with PBS, sections were incubated overnight at 4
°C with either mouse anti-NF200 (RT97, 1:4000), goat anti-trkA
(1:2000), goat anti-SP (1:1000), mouse anti-β-tubulin III (1:2000) or
IB4-conjugated to Alexa-594 (1:500). On the next day, sections incubat-
ed with RT97 or anti-trkA were incubated for 1 h at room temperature
with a goat anti-mouse 594 antibody (1:800) and in the case of triple
immunofluorescence, also with DAPI (1:1000), then washed and
mountedwith FluorSave. Imageswere capturedwith aNikon 80imicro-
scope and stored for offline analysis.

2.6.4. Image analysis
In vivo, wemeasured both the relative intensities of cytoplasmic and

edge immunostaining for THIK1. In vitrowe only examinedwhole cyto-
plasmic staining to assess the specificity of THIK1 antibody using siRNA-
induced knockdown of THIK1. Cytoplasmic levels are indicative of the
overall available protein including newly synthesized channels. It is
also the way most studies reported ion channel expression in the DRG,
and thus, ourmeasurements allow for direct comparisonwith previous-
ly published studies. We also measured THIK1 mean pixel densities at
the edge of the cytoplasm up to the membrane (referred to hereafter
as edge) as this likely reflects the levels of the channel close to or in
the plasma membrane, where it is presumably active. We have used a
similar approach to measure membrane-associated (edge) staining for
TREK2 (Acosta et al., 2014), alpha3-Na+/K+-ATPase (Parekh et al.,
2010) and HCN1/HCN2 (Acosta et al., 2012) in DRG sections. All mea-
surements were made using HCImage software. We measured the
same number of mid-sections of the L5 DRG in each rat and condition.
Only neurons with a clearly visible nucleus were measured. Our sam-
plingmethod assured that the number of small, medium and large neu-
rons we measured faithfully represent the proportions of such neurons
in the adult rat DRG. The average cytoplasmic pixel density (designated
c) over thewhole cytoplasm excluding the nucleuswasmeasured. Then
within the same section, the minimum neuronal cytoplasmic staining
(a, 0%) was determined as the average cytoplasmic pixel density of
the three least stained neurons, and themaximum cytoplasmic staining
was the average pixel density of the three neurons with densest cyto-
plasm (b, 100%). Percentage relative intensity of cytoplasmic staining
was obtained as follows: Relative intensity = 100 × ((c − a) / (b −
a). The same procedure was repeated to determine trkA and IB4 cyto-
plasmic relative intensities. Based on our previously published data
using immunostaining in in vivo dye-injected neurons, we considered
any staining %intensity equal to or larger than 20% above background
as positive (Acosta et al., 2014; Acosta et al., 2012; Fang et al., 2005;
Fang et al., 2006). In the same images, we measured edge relative
pixel density within a carefully drawn line (examples of cytoplasmic
and edge measurements are shown as masks in Supplementary Fig.
1S). These are also presented as percentages relative to the above min-
imum (background) and maximum total mean cytoplasmic values (a
and b).

2.7. Spontaneous foot lifting (SFL)

SFL was observed at CFA1 and CFA4. Observations were completed
within ~1 h prior to DRG harvest. SFL was measured after exploratory,
grooming behavior and locomotion had ceased and the rat was station-
ary on all four paws (for details see (Djouhri et al., 2006; Yoon et al.,
1996)). SFL was the cumulative duration of time (in seconds) for
which the rat elevated the ipsilateral hindpaw, measured over two
5 min intervals. In the case of siRNA knockdown experiments (see
Section 2.8) we also report the number of events of SFL during the
10min period. Due to ongoing inflammation, this SFL was often accom-
panied by foot shaking/licking or other aversive behavior. The contralat-
eral (untreated) hindpaw showed no SFL. Normal (untreated) rats do



17W. Haskins et al. / Molecular and Cellular Neuroscience 83 (2017) 13–26
not show SFL. The duration of SFL has been shown topositively correlate
with rate of C-fiber firing, rather than being secondary to allodynia
(Djouhri et al., 2006).

2.8. In vivo siRNA knockdown of THIK1

THIK1was knocked down in vivo following our previously successful
protocol for TREK2 (Acosta et al., 2014). At day 0, a single 2 μg dose of rat
THIK1-specific siRNA (see Section 2.2) or scr siRNA, with the cationic
polymer transfection reagent in vivo-jetPEI™ (Polyplus-transfection
SA, Illkirch, France), was injected intradermally into the left hindpaw
of 20 female Wistar rats. Neither these injections nor this transfection
reagent caused any detectable inflammatory response in our experi-
ments. Three days later, rats were injected at randomwith either saline
(4 rats) or CFA (16 rats); SFL duration and SFL number of events were
examined 24 h later. Although local biosynthesis in afferent A and C-fi-
bers/terminals occurs for some molecules e.g. (Asante et al., 2009) it is
not known whether THIK1 synthesis occurs only in neuron somata or
also in their fibers. The timingwe used (4 days after siRNA/scr injection)
allowed transport time for any knockdown in the soma to influence
fiber THIK1 levels and this timing would thus also probably allow
knockdown of any THIK1 expression that may occur within the fiber.
As it was the case for TREK2 in our previous study using this approach,
we predicted that down-regulation of THIK1 after THIK1 siRNA in fibers
innervating the injected regionwould occur by 4 days after siRNA injec-
tion i.e. 1 day after the CFA injection.

The efficacy of the in vivo THIK1 knockdown by siRNAwas evaluated
by Western blot and immunocytochemistry (representative examples
of these are shown in Fig. 8) after SFL measurement, i.e. 4 days after
siRNA/scr and 1 day after CFA. For the evaluation, rats were deeply ter-
minally anesthetized (80mg/kg Ketamineplus 10mg/kg xylazine). Skin
tissuewas harvested for protein extraction andWestern Blottingwithin
2 h of completing the behavioral tests. These rats were then immediate-
ly perfused with fixative, for removal of tissues (additional skin and
proximal nerves innervating the skin). Immunocytochemistry was
then performed on frozen sections of skin and sciatic nerve (see
Section 2.6).

2.9. Statistical tests

All statistical comparisons of subgroups of neurons were non-para-
metric due to small numbers in groups, or groups failing the
D'Agostino-Pearson normality test. Results are shown as means ±
SEM and comparison of means were with Kruskal-Wallis for three
groups (solid lines indicate groups tested), with Dunn's post hoc tests
between all combinations of groups. Correlations were with the non-
parametric Spearman correlations (Spearman's correlation coefficient,
rs, given where significant). All tests were performed with Prism 7
(GraphPad software). Tests were 2-tailed and a level of p b 0.05 was
considered statistically significant. Significance is indicated on all graphs
by *p b 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

3. Results

3.1. THIK1 antibody characterization

The polyclonal THIK1 antibody that we used throughout was Z-21
(RRID: AB_10612227, Santa Cruz Biotechnology). Fig. 1a shows that
this antibody recognizes heterologously expressed THIK1 (KCNK13)
but not the structurally, closely related THIK2 (KCNK12) nor the other
K2P channel tested (TASK2, KCNK5), indicating high selectivity for
THIK1. Fig. 1b shows that this antibody also recognizes a band of the ex-
pectedmolecularweight (~46kDa) inwhole protein extracts fromHeLa
cells transfected with KCNK13 cDNA but not in those transfected with
the closely structurally related KCNK12 (THIK2) or KCNK5 (TASK2).
The antibody also recognizes a single band in protein extracts from
cerebellum (lane 1), heart (weak, lane 2), DRG (lane 5) and kidney
(lane 6) but not from liver or spinal cord (lanes 3 and 4 respectively)
(Fig. 1c). This pattern of expression coincides with reports in the litera-
ture (Enyedi and Czirjak, 2010; Ishii et al., 2010; Theilig et al., 2008). Fi-
nally, we show that the anti-THIK1 antibody detected a significant
reduction in the expression of THIK1 in 2 days in vitro cultured adult
DRG neurons treated with a selective THIK1 siRNA compared to scr
(as a negative control) (Fig. 1d).

3.2. THIK1 is expressed differentially by neurons according to size

Supplementary Fig. 1 shows a representative image of THIK1 ABC
immunostaining in normal L5DRG and twomasks illustrating examples
of the regions of interests (ROI) drawn in HCImage to allow quantifica-
tion of cytoplasmic and edge immunointensities. Note that a mask is
created for cytoplasmic measurements and then, on the same cells, a
newmask is created tomeasure the edge pixel densities. Small neurons
(≤400 μm2, black arrowheads) are strongly stained for THIK1 unlike
large neurons (≥800 μm2, black arrows) that show little or no staining.
There is also some visible peripheral (not cytoplasmic) staining in glial
cells.

DRG neurons with cytoplasmic and edge %intensities (i.e. relative
percentages of maximum) of THIK1 ≥ 20% were classed as THIK1+,
and those with b20% as THIK1- (see Section 2.6.4). Edge levels are as-
sumed to reflect membrane associated staining and therefore expres-
sion of active channels. Cytoplasmic levels are also used as they better
reflect total synthesis of the channel but additionally permit comparison
with other studies on the expression of channels in vivo, such as Nav1.8,
HCN1 and 2, TREK2 etc. published by our own group. Image analysis of
206 neurons from L5 midsections obtained from 4 normal rats showed
that both THIK1 cytoplasmic and edge %intensities were significantly
and negatively correlated with cell area (Spearman's correlations were
rs=−0.46 and−0.39, p b 0.0001, for cytoplasmic and edge respective-
ly, Fig. 2a–c). Mean ± SEM percentages of cytoplasmic vs. edge THIK1
for small, medium and large DRG neurons were 60.3 ± 1.9% vs. 58.7
± 2.1% (n = 121), 42.7 ± 3.3% vs. 42.5 ± 3.2% (n = 51) and 27.0 ±
3.6% vs. 33.1 ± 3.4% (n = 34) respectively (Fig. 2d–e). Mean cytoplas-
mic and edge %intensities were not significantly different within each
neuronal size group (Fig. 2f). Thus, DRG neurons of all sizes express
THIK1 butmost small neuronswere THIK1+ and displayed the greatest
THIK1 staining, followed bymedium size neurons.With ~50% positively
stained for THIK1, large neurons demonstrated the least staining.

3.3. IB4-binding (IB4+) and trkA+ DRG neurons express THIK1

To establish what subpopulation of DRG neurons expressed THIK1
we carried out double immunofluorescence staining of the channel
and known phenotypic markers. First we examined whether neurons
rich in neurofilament of 200 kDa (NF200) expressed THIK1. These neu-
rons have been shown to have myelinated A-fibers (Lawson et al.,
1984). Fig. 3a shows that in most large neurofilament-rich neurons
there is no visible THIK1 cytoplasmic staining above background level.
A few large NF200+ neurons exhibited weak cytoplasmic THIK1 stain-
ing (asterisk in Fig. 3a) whichwas also visible inmyelinated fibers (Figs.
3f and S2b). Further, some THIK1 edge staining was observed in most
neurofilament-rich neurons likely reflecting a degree of functional
channel expression. Thus, at least some A-fiber neurons expressed
THIK1 albeit at levels lower than those seen in unmyelinated, putative
C-fiber DRG neurons (see Figs. 2d–e).

Almost all small neurons were positively stained for THIK1. Accord-
ingly we next examined whether its expression was restricted to the
IB4-binding (IB4+) subpopulation. We found that cytoplasmic %inten-
sities of THIK1 and IB4 were weakly positively correlated (Spearman's
correlation rs = +0.24, p b 0.01, Fig. 3b). The co-localization between
THIK1+ and IB4+ (≥20% maximum IB4 staining, see Methods) stain-
ing was relatively poor: 48.5% of 103 THIK1+ neurons were IB4+. On
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Fig. 2. THIK1 immunostaining in normal DRG (a) THIK1 typical ABC immunostaining with ×40 objective. Black arrowheads indicate examples of small DRG neurons with strong THIK1
staining. The arrows point to negatively stained medium and large size neurons. Plots show a significant negative Spearman's correlation between cross-sectional area and THIK1
cytoplasmic %intensities (b) and edge %intensities (c) of L5 DRG neurons (n = 4 rats). Neurons are classed as small (≤400 μm2), medium (400–800 μm2) and large (≥800 μm2). Cells
with cytoplasmic intensities below 20% were considered negatively stained for THIK1. Plots show THIK1 cytoplasmic %intensities (d) and edge %intensities (e) for small, medium and
large DRG neurons in the L5 DRG of adult female Wistar rats. (f) Mean cytoplasmic and edge %intensities were not significantly different within each neuronal size group. Means ±
SEM are shown for each neuronal subpopulation classed by size. Significance is indicated in all plots by *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001.
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the other hand, the proportion of IB4+ and IB4- neurons that were
THIK1+ were 77.4 and 84.4%, respectively. This indicates that THIK1
is expressed in similar proportions in both subgroups. It was previously
shown that IB4+ DRG small neurons are C-fiber nociceptors in rat
while a few weakly IB4+ medium sized (N400 μm2) neurons were D
hair units (Fang et al., 2006). Thus, about half of the THIK1+ DRG neu-
rons in rat, being small and IB4+, are probably non-peptidergic C-fiber
nociceptors.

THIK1 showed significant co-expression with trkA, the high affinity
NGF receptor: 72.1% of 61 THIK1+ neurons were trkA+. Most neurons
were stained for THIK1 (green) and trkA (red) (Fig. 3c). Therewas a sig-
nificant and positive correlation between them (Spearman's correlation
rs = +0.73, p b 0.001, Fig. 3c). We only observed a very few large
THIK1+/trkA+ neurons, which suggest that these were Aβ-
nociceptors. We next examined whether THIK1+ neurons also co-lo-
calized with substance P, a known marker of peptidergic nociceptors
that is also expressed by ~78% of trkA+ neurons (Kashiba et al.,
1996).We observed thatmost THIK1+ small neurons indeed expressed
SP (indicated by arrows in Fig. 3d) but, we found no SP+ large neurons,
which is not surprising given that only 10% of A-fiber neurons express
SP normally and none of those are Aα/β (McCarthy and Lawson,
1989). We also examined whether THIK1 was expressed in the periph-
ery and centrally. We found THIK1 expression in the sciatic nerve,
which co-localized partly with IB4 (Fig. 3e) and with RT97, a marker
of myelinated fibers (Fig. 3f). This pattern was also recognizable by
the presence of the typically large, elongated nuclei of Schwann cells
(Radtke et al., 2005) (Figs. S2b and 8c). Nerve terminals in the skin
were also stained positively for THIK1 (Fig. S2a). Therefore, THIK1 is
expressed in both, IB4+ and trkA+/SP+ neuronal subpopulations
and their fibers. Accordingly, we observed profuse THIK1 expression
in the lamina I and II of the spinal cord, where the channel co-localized
with both SP and IB4 (Fig. S2c,d). These observations suggest the possi-
bility that THIK1may be regulated by inflammation; a condition that in-
volves pain responses mediated by IB4-binding and trkA+ neurons.
Thus, we next examined whether THIK1 expression was regulated by
cutaneous CFA-induced inflammation.
3.4. CFA-induced cutaneous inflammation alters THIK1 expression in DRG
neurons

Due to our previous report of changes in THIK1 mRNA levels after
cutaneous inflammation (see Introduction), we next examined a)
whether THIK1 expression was altered in L4/L5 DRG neurons in a pain
model and b) whether its expression was associated with spontaneous
foot lifting (SFL), a measure of spontaneous pain. We choose the Com-
plete Freund's Adjuvant (CFA) model for various reasons. First, it is sim-
pler to study immunohistochemically than the 7-days spinal nerve
axotomy (SNA) or the modified SNA (mSNA) models. In all these
models intact DRG neurons are “inflamed” i.e. subject to inflammatory
influences (Acosta et al., 2014; Djouhri et al., 2001; Djouhri et al.,
2012; Watkins and Maier, 2002). However, in the SNA and mSNA
models of nerve injury ~20–40% of ipsilateral L4 DRG neurons have
axotomised/damaged fibers (Djouhri et al., 2006). This means that the
L4 DRG contains a mixture of inflamed and axotomised neurons. Be-
cause phenotypic changes in inflamed and axotomised neurons often
go in opposite directions (Djouhri et al., 2001), histological studies of
their ipsilateral L4DRGneurons are hard to interpret. Second, spontane-
ous firing in C-nociceptors increased by day 1 but recovered by day 4
after CFA-induced cutaneous inflammation (Acosta et al., 2014;
Djouhri et al., 2001).

Thus, in this study we examined how THIK1 expression changed in
small, medium and large neurons from L4/L5 DRG from 4 adult rats
after 1 or 4 days subcutaneous injection of CFA (refer to as CFA1 and
CFA4) compared with untreated rats (normal). THIK1 expression at
the contralateral side of the same CFA-treated rats was also examined.
Therewere differences in the appearance of ipsilateral and contralateral
THIK1 immunostaining at CFA1 (Fig. 4a) and for ipsilateral at CFA4 (Fig.
5a) compared with untreated rats (normal).

At CFA1 the changes included significantly lowered cytoplasmic
staining ipsilaterally in small neurons compared with both normal (un-
treated) and contralateral, with little or no change in medium and large
neurons (Fig. 4b). THIK1 levels at the edge were significantly lowered
both contra and ipsilaterally compared to normal, again with no

Image of Fig. 2


Fig. 3. THIK1 co-localization with DRG phenotypic markers (a) Cystoplasmic THIK1 staining (green) is present only in a few in large, myelinated, neurofilament-rich (RT97+, red)
neurons (asterisk) but most RT97+ display some edge THIK1 staining. There is cytoplasmic THIK1 staining in RT97-, unmyelinated, small neurons (fine white arrows). (b) THIK1
staining (green) with IB4 conjugated to Alexa 594 (red) show that THIK1 cytoplasmic staining is evident in small neurons with strong IB4 staining. Spearman's correlation analysis (far
right plot) shows that THIK1 cytoplasmic %intensities are positively but weakly correlated with IB4 cytoplasmic %intensities. (c) Representative photomicrographs of THIK1
immunostaining (green) and trkA (red). Most THIK1+ neurons are also trkA+. Spearman's correlation shows that cytoplasmic immunostaining for THIK1 is strongly and positively
correlated with that of trkA. For statistical significance, see Methods. (d) Photomicrographs shows that THIK1+ small neurons (green) co-localize with SP+ neurons (red) in the L5
DRG (examples are indicated by arrows), suggesting that some THIK1+ neurons are peptidergic C-nociceptors. There were also a few small THIK1+/SP- neurons (indicated by an
asterisk). (e) Longitudinal sections of sciatic nerve show abundant THIK1 staining that partly overlaps with IB4 binding. (f) THIK1 (green) is also present in myelinated fibers (stained
with RT97, red). (a–c): All images captured at 40× magnification, (d) at 20× and (e,f) at 60× magnification. Yellow is indicative of overlapping expression. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. THIK1 immunointensities 1 day after inflammation (a) Representative images of
ABC/DAB THIK1 staining in normal (untreated), contra- and ipsilateral L5 DRG 1 day after
CFA-induced cutaneous inflammation (CFA1). Note the reduction in the overall bilateral
staining of small neurons with no change in medium and large neurons at this time. (b)
Neurons subdivided into small, medium and large (cross sectional areas with nuclear
profiles of ≤400μm2, 400–800 μm2, ≥800 μm2 respectively). The scatter plot shows a
comparison of cytoplasmic staining in sections of normal (N) L5 DRGs versus
contralateral (C) and ipsilateral (I) L5 DRGs at CFA1. (c) A scatter plot showing a
comparison of cell edge staining in the same neurons as described in (b). For each
group, mean ± SEM are shown. Multiple comparisons done with ANOVA of N, I and C
groups within each size range with Tukey's post-hoc test between each possible pair. For
significances see Fig. 1 legend.

Fig. 5. THIK1 immunointensities 4 days after inflammation (a) Representative images
of ABC/DAB THIK1 staining in normal, contra- and ipsilateral L5 DRG 4 days after CFA-
induced cutaneous inflammation (CFA4). Note that overall, neurons of all sizes show
ipsilaterally increased THIK1 staining intensity compared to normal (untreated) rats. (b)
Neurons subdivided into small, medium and large (cross sectional areas with nuclear
profiles of ≤400μm2, 400–800 μm2, ≥800 μm2 respectively). The scatter plot shows
cytoplasmic staining in sections of normal (N) L5 DRGs, contralateral (C) and ipsilateral
(I) L5 DRGs at CFA4. (c) A scatter plot showing a comparison of cell edge staining in the
same neurons as described in (b). For each group, mean ± SEM are shown. Multiple
comparisons ran with ANOVA of N, I and C groups within each size range with Tukey's
post-hoc test between each possible pair. Significance is indicated by *p ≤ 0.05, **p ≤ 0.01
and ***p ≤ 0.001.
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significant changes either in medium or large neurons (Fig. 4c). This
pattern is similar to the one we described for changes in THIK1 mRNA
levels at CFA1, where the effects were also bilateral (Marsh et al.,
2012). Notice that the drop ipsilaterally in THIK1 levels was more pro-
nounced at the edge (17.7%) than in thewhole cytoplasm (10.2%) com-
pared to normal rats.

In contrast, at CFA4 we observed no significant changes in the cyto-
plasmic THIK1 immunostaining for any neuronal size. In fact, ipsilateral
THIK1wasnot significantly different fromnormal for small neurons.We
observed a slightly (not significant) increased THIK1 cytoplasmic %in-
tensities ipsilaterally in medium neurons compared to normal, while
in large neurons both contra and ipsilateral levels were similar to nor-
mal (Fig. 5b). Interestingly, and similarly to what happened at CFA1,
THIK1 edge %intensities were significantly and bilaterally lowered com-
pared to normal rats. The drops were similar for contralateral (15.6%)
and ipsilateral (15%). There were no significant differences in the
THIK1 edge levels for either medium or large neurons (Fig. 5c).
Fig. 6 summarises our findings. The changeswe observed ipsilateral-
lywere significant or highly significant (Kruskal-Wallis, Dunn's post-hoc
test, p b 0.05) comparedwith untreated (normal) rats. In small neurons,
the mean % (±SEM) cytoplasmic staining in untreated (N), CFA1 (1)
and CFA4 (4) were 60.3 ± 1.9 (n = 121), 50.1 ± 1.7 (n = 145) and
59.2 ± 2.1 (n = 102) respectively. For medium neurons the corre-
sponding values for N, 1 and 4 were 42.7 ± 3.3 (n = 51), 39.1 ± 2.7
(n = 81) and 50.3 ± 3.2 (n = 68). Finally, for large neurons the mean
% (±SEM) for N, 1 and 4 were 27.0 ± 3.6 (n = 34), 32.8 ± 4.1 (n =
35) and 24.1 ± 3.3 (n = 47) respectively. These data show that THIK1
cytoplasmic levels dropped significantly ipsilaterally in small neurons
at CFA1 recovering by CFA4. There is also a modest increment in medi-
um size neurons ipsilaterally at CFA4 compared to CFA1 but not differ-
ent from the levels seen in untreated rats (Fig. 6a).

Image of Fig. 4
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Fig. 6. Summary of the inflammation-induced changes in THIK1 immunostaining (a)
Comparison of THIK1 cytoplasmic %intensities (staining) in sections of normal (N) L5
DRGs with ipsilateral L5 DRGs at CFA1 (1) and CFA4 (4) (b) Comparison of edge THIK1
%intensities in sections of normal (N) L5 DRGS with ipsilateral L5 DRGs at CFA1 (1) and
CFA4 (4). Neurons subdivided into small, medium and large as in previous plots. Mean
± SEM are shown. Comparisons were made using ANOVA of N, 1 and 4 groups within
each size range with Tukey's post-hoc test between each possible pair. Significance is
indicated by *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001.
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THIK1mean edge %intensities (±SEM) values for N, 1 and 4 in small
neurons were 58.7 ± 2.1 (n = 121), 42.4 ± 1.9 (n = 145) and 43.7 ±
2.6 (n = 102) respectively. For medium neurons the corresponding
values for N, 1 and 4 were 42.5 ± 3.2 (n = 51), 42.1 ± 2.5 (n = 81)
and 45.0 ± 3.2 (n = 68). For large neurons the percentages for N, 1
and 4 were 33.1 ± 3.4 (n = 34), 41.5 ± 3.9 (n = 35) and 33.7 ± 3.9
(n= 47) respectively. Thus, THIK1 edge levels dropped significantly ip-
silaterally compared to normal in small neurons only, an effect that was
maintained from CFA1 through CFA4. There were no significant differ-
ences for medium and large neurons (Fig. 6b).

3.5. THIK1 expression and spontaneous pain at CFA1 & CFA4

The final question we addressed was whether the extent of sponta-
neous pain behavior (measured as SFL duration) was related to either
ipsilateral or contralateral DRG neuron THIK1 cytoplasmic and edge
levels (i.e. immunoreactivity) in the CFA pain model. We found that ip-
silateral but not contralateralmeanTHIK1 cytoplasmic and edge %inten-
sities in small neurons significantly and negatively correlated with SFL
duration at CFA1 (Fig. 7a). This means that lower average levels of
THIK1 expression in small DRG neurons occurred in rats that showed
longer SFL durations, thus suggesting a possible involvement of this
channel in spontaneous pain. This correlation was absent in medium
and large DRG neurons ipsilaterally and in all neuronal sizes
contralaterally (Supplementary Fig. S3). Note that THIK1 expression
levels vary amongst animals (aswe also observed for TREK2) suggesting
that the extent of spontaneous pain would also be variable.

At CFA4 we found strong positive and significant correlations with
SFL duration for a) mean cytoplasmic %intensities ipsilaterally in small
neurons; b) ipsilaterally for both, mean cytoplasmic and edge %intensi-
ties in medium neurons and c) ipsilaterally for mean cytoplasmic %in-
tensities in large neurons (Fig. 7b and Supplementary Fig. S4). So, at
this time point greater THIK1%intensities correlates with more pain,
not less as one might expect. However it must be noted, the duration
of SFL at CFA4 is largely reduced in comparison to those recorded at
CFA1, suggesting that spontaneous pain is far less intense at this later
time (Djouhri et al., 2006). Nonetheless, correlation analysis suggested
the distinct possibility that THIK1 is in some part involved in spontane-
ous pain. We next tested this hypothesis further, by examining the ef-
fect of decreasing THIK1 expression in vivo on this inflammation-
induced SFL.

3.6. Selective THIK1 knockdown in vivo increases spontaneous pain
behavior

Plantar intradermal THIK1 siRNAwas injected in vivo 3 days prior to
intradermal CFA or saline injection in the same region; SFL duration and
number of events was measured at CFA1, i.e. 4 days after the siRNA (or
scr-vehicle) injection (see Section 2.8). Rats received either CFA or sa-
line at random. Fig. 8a shows that the siRNA treatment knocked down
THIK1 effectively (2 rats shown here), while scr had no effect compared
to either saline or CFA1 alone. The average drop in THIK1 expression
with siRNA compared to saline was ~50% (p b 0.01) (Fig. 8b). In the
proximal section of the nerve innervating ipsilateral plantar skin,
IB4+ (red) and IB4- fibers clearly express THIK1 (green) after scr treat-
ment; in contrast after 3 days with THIK1 siRNA these fibers had very
low THIK1 after CFA treatment (Fig. 8c). Thus THIK1 siRNA treatment
resulted in clearly decreased THIK1 expression.

CFA injection caused increased SFL duration and number of events
whether preceded by scrambled siRNA or THIK1 siRNA (p b 0.001).
However, the latter showed a moderately higher level of SFL than the
former (p b 0.05) (Fig. 8d). This increase in SFL duration and number
of events in rats with THIK1 knockdown, although mild, is consistent
with THIK1 contributing to spontaneous pain.

4. Discussion

This is the first demonstration that THIK1 is widely expressed
amongst DRG neurons. Almost all small neurons and a substantial sub-
population of medium and large neurons express the channel. THIK1
co-localizes with IB4+and trkA+neurons in vivo suggesting this chan-
nel is largely expressed by nociceptors, although NF200 staining sug-
gests possible low-level THIK1 expression in low threshold
mechanoreceptors (LTMs) also. Accordingly, THIK1 expression is pres-
ent in both, myelinated and unmyelinated fibers in the sciatic nerve
and also in the nerve terminals innervating the skin. Further, we show
that CFA-induced cutaneous inflammation downregulates THIK1 ex-
pression in small neurons selectively at different times. We also report
that at CFA1 mean ipsilateral THIK1 cytoplasmic and edge %intensities
in small DRG neurons correlated significantly and negatively with SFL
duration (ameasure of spontaneous pain). At CFA4 we found compara-
tively reduced SFL durations that correlated positively with
THIK1%intensities. Finally, selective in vivo knockdown of THIK1 slightly
(but significantly) increased SFL at CFA1. Overall, our evidence suggests
that THIK1 may be involved in pain processing during inflammation.

4.1. Identity of THIK1-expressing neurons

When investigating THIK1 cytoplasmic immunoreactivity we found
staining is particularly intense in DRG neurons classed as small accord-
ing to their cross-sectional area at the nuclear level (≤400 μm2). These
small DRG neurons are unmyelinated, slowly conducting and are
thought to be mostly C-fiber nociceptors (Lawson, 2002; Lawson et al.,
1993; Lawson and Waddell, 1991). A comparatively smaller, but still
substantial proportion of medium and large neurons are also positively
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Fig. 7. THIK1 correlations with spontaneous foot lifting (SFL) during inflammation in small neurons SFL duration (in sec) recorded just prior to DRG removal plotted against THIK1
mean cytoplasmic %intensities and edge %intensities (±SEM) after inflammation induced by CFA injection contralaterally (Contra) and ipsilaterally (Ipsi). Each dot represents themean±
SEM of 4 rats. (a) At CFA1 ipsilateral both THIK1 cytoplasmic and edge mean immunointensities were linearly and negatively correlated with SFL duration only for small neurons.
Significance level was *p b 0.05. (b) At CFA4 ipsilateral THIK1 cytoplasmic mean immunointensities were linearly and positively correlated with SFL duration for small neurons.
Significance level was *p b 0.05. No correlation was observed with edge mean immunointensities.
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immunostained for THIK1, albeit the %intensities in these two groups
are lower than in small neurons. Considering that medium and large
size neurons include Aδ and Aβ nociceptors respectively (Lawson,
2002; Lawson and Waddell, 1991), it is possible that these are the
THIK1+ medium and large neurons we observed. Considering this
and the known sensory properties of DRG neurons classed by size,
THIK1 could play a role in nociception. Nevertheless, it is possible that
THIK1 is also expressed by other sensory subpopulations, like the C-
low threshold mechanoreceptors (C-LTMs) or A-fiber LTMs. To address
this question, we examined the co-expression of THIK1 with known
phenotypic markers of DRG neurons.

First, we studied the co-localization of THIK1with theNeurofilament
of 200 kDa (NF200) using the monoclonal antibody RT97 that stains
only myelinated A-fibers (both LTMs and Aβ and Aδ nociceptors)

Image of Fig. 7


Fig. 8. Effects on spontaneous foot lifting (SFL) of THIK1knockdown. THIK1 siRNA or scrambled siRNAwas injected intradermally into the plantar region of one hind foot 3 days prior to
CFA intradermal injection in the same area. (a)Western blots of skin tissue at the site of siRNA/scr injection. siRNA, not scr, treatment reduced THIK1 expression. (b) Quantitation of THIK1
protein levels shows a significant reduction of the channel with siRNA compared to saline and scr treated rats. CFA alone and CFAwith scr showed amodest (statistically non-significant)
reduction in THIK1 compared to saline. (c) In the nerve innervating the plantar skin 5–10 mm from the skin, THIK1 was knocked down, as shown by decreased fiber THIK1
immunostaining after siRNA. (d) Neither SFL duration (left) or number of events (right) was increased by THIK1 knockdown (siRNA) or scr pre CFA. After CFA, both SFL duration and
number of events were increased (p b 0.001, Mann Whitney) in both scr and siRNA rats; SFL was significantly greater in THIK1 siRNA rats, compared with scr (p b 0.05). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Lawson, 2002; Lawson et al., 1984; Perry et al., 1991). As shown in Fig.
3, cytoplasmic THIK1 is usually low or absent inmost NF200+ neurons,
although a degree of edge THIK1 staining is observed in most NF200+
neurons. Although edge staining is a better reflectionof functional chan-
nels, the absence of cytoplasmic staining in neurofilament-rich neurons
suggests total cell THIK1 to be low in myelinated A-fibers and we thus
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speculate the functional significance of THIK1 in these fibers may be
small. However, a full-scale study of THIK1 contribution to Em would
be needed to confirm this hypothesis. To further clarify the sensory ex-
pression of THIK1, we next used 2 markers of nociceptors: IB4-binding
and expression of trkA.

IB4 is a plant lectin that selectively binds to versican in a subpopula-
tion of DRG neurons (Bogen et al., 2015). IB4-binding neurons (IB4+)
are very small (≤300 μm2), NF200-, non-peptidergic C-nociceptors
that express high levels of Nav1.9 (Fang et al., 2006). IB4+ neurons in-
nervate skin where they penetrate into the epidermis and express
mrgprD (Zylka et al., 2005). IB4+ neurons include heat sensitive C-
nociceptors (Fang et al., 2006) and 95% of them express the K2P channel
TREK2, which limits spontaneous pain (Acosta et al., 2014). Thus, the
co-localization of THIK1 and IB4 suggests that this K2P channel may
be involved in pain perception mediated by this neuronal subpopula-
tion. However the correlation between THIK1 staining and IB4-binding
is relatively weak, meaning that the role of THIK1 in IB4+ neurons re-
quires further examination.

Intriguingly, THIK1 staining was positively and strongly correlated
with trkA, the high affinity receptor for NGF (see (Jankowski and
Koerber, 2010) and references therein). In vivo studies have demon-
strated that trkA is expressed almost exclusively by nociceptors, albeit
there are also low levels in some C and Aδ-LTMs (Fang et al., 2005).
The fact that only a very few trkA+/THIK1+ large neurons were ob-
served, and none of these were SP+, seems to suggest that medium
and large THIK1+ neurons are likely LTMs rather than A-nociceptors.
In fact, all THIK1+/SP+ neurons were small making them peptidergic
C-nociceptors. NGF activation of trkA in peripheral nociceptors plays a
central role in initiating and sustaining heat and mechanical
hyperalgesia following inflammation (Lewin and Nykjaer, 2014;
McMahon, 1996; Stucky et al., 1999). Interestingly, blockage of trkA
using monoclonal antibodies ameliorates CFA-induced electrophysio-
logical changes in nociceptors (Djouhri et al., 2001) and also attenuates
pain associatedwith inflammatory arthritis (Ashraf et al., 2016). Finally,
the NGF/trkA system is essential for the establishment of neural net-
works for interoception, homeostasis and emotional responses
(Anand, 2004; Indo, 2012). These facts support the notion that
THIK1+ neurons are likely to be involved in NGF/trkA-mediated
nociception.

4.2. THIK1 and inflammation

Followingon fromour previous study,we showhere that THIK1pro-
tein levels closely mimic the changes reported for THIK1 mRNA levels
after CFA-induced cutaneous inflammation (Marsh et al., 2012). The
pattern of expression was somewhat similar: a bilateral drop at CFA1
and at CFA4 at the edge of small neurons, with little or no change for
medium and large neurons either at cytoplasmic or edge levels, in
both instances compared to normal. Lowering the expression of K2P
channels or inhibiting its activity will result in a reduced K+ leakage
and therefore a more depolarized Em. In turn, this depolarization
makes nociceptors more excitable as they are closer to the threshold
of activation for Nav1.7 channels, facilitating firing of action potentials
and causing pain (Dib-Hajj et al., 2007; Dib-Hajj et al., 2008).

Although a relatively modest reduction, we demonstrated that
THIK1 expression significantly dropped at CFA1 (cytoplasmic and
edge) and CFA4 (edge) in small neurons only. There is a recovery in
the cytoplasmic expression of THIK1 in small neurons at CFA4, but the
levels at the edge remain consistently lowered compared to contralater-
al and normal. Assuming that the edge %intensities aremore likely to re-
flect functional channels, this finding may indicate that THIK1
involvement in inflammatory pain continues through from CFA1 to
CFA4. In this context, the lack of change in expression of THIK1 inmedi-
um and large neurons at CFA1 and CFA4 points to amore influential role
for the channel in C-fiber like neurons. Therefore, the determinants of
THIK1 expression differ between large and small neurons, as is also
the case for other ion channels in DRG neurons (Acosta et al., 2012).
We must point out that a larger sample of small neurons was analyzed
compared to medium and large. This is a result of the larger proportion
of small vs. medium/large neurons in the mid-sections of L5 DRG and
the fact that we measured only neurons with a visible nuclei and the
same number of sections per rat. Thus, this reflects the actual subpopu-
lations within the DRG. However, given the high range of channel ex-
pression, and relatively small change in expression within small
neurons following inflammation, it is plausible that a larger sample of
medium and large neurons may reveal alterations to THIK1 expression.
Notwithstanding this and considering the lower baseline channel ex-
pression in larger neurons and the homoscedasticity of the data, we
do not believe this to be the case.

In terms of the bilateral changes in THIK1 expression seen with in-
flammation it must be noted that growing evidence suggests that sys-
temic (i.e. circulating) inflammatory influences may reach and affect
all DRGs (e.g. see (Jancalek et al., 2011; Koltzenburg, 1999; Marsh et
al., 2012)). These influences have been shown to result from circulating
pro-inflammatory mediators (i.e. cytokines) and/or hormones, all re-
leased in response to inflammation or pain (Milligan et al., 2003;
Uceyler et al., 2009).

Paired with our findings that a large proportion of THIK1+ neurons
are likely nociceptors (co-expressing trkA and binding IB4) this is con-
sistent with this K2P channel playing a role in inflammatory pain.

In our previous study demonstrating K2P mRNA changes at CFA1,
we found THIK1 and THIK2 to exhibit the greatest change. However,
non-significant changes were observed for TRESK, TASK1, TASK2,
TASK3 and TWIK2 (Marsh et al., 2012). Nonetheless, there is evidence
for the involvement of other K2P channels in inflammation. For in-
stance, Kollert et al. showed that excitation of nociceptors by the inflam-
matory pain mediator lysophosphatidic acid was attenuated by
activation of TRESK channels (Kollert et al., 2015). Similarly, colon in-
flammation reduced TREK1 mRNA levels and TREK-like channels activ-
ity probably increasing DRG neurons mechanosensitivity (La and
Gebhart, 2011). Thus, our findings add THIK1 to the list of K2P's proba-
bly implicated in inflammatory pain.

4.3. THIK1 and spontaneous pain

It is believed changes in Em are likely to contribute to changes in
spontaneous firing (SF) and sensitivity of C-fibers, corroborated by the
findings that neuropathic pain patients with spontaneous pain have
more SF than those without spontaneous pain (Kleggetveit et al.,
2012). Accordingly, the K2Ps with greatest influence on Em are
theorised to carry greatest impact towards development of spontaneous
pain. Interestingly, we observed that mean overall cytoplasmic and
more importantly, edge THIK1%intensities in small neurons at CFA1 cor-
relate significantly and negatively with SFL duration. It is believed that
lower K2P expression would translate into lowered K+ leakage, thus
causing membrane potential depolarization. This, in turn, would result
in a facilitation of spontaneous firing by nociceptors. Unfortunately no
data on the contribution of THIK1 to Em in DRG neurons exist. This
fact makes it difficult to ascertain the exact contribution of THIK1 to
spontaneous pain at CFA1. Notwithstanding this, our immunostaining
shows that THIK1 is expressed by almost all small neurons (likely C-
fiber nociceptors) and by large subpopulations of medium and large
neurons as well. This is somewhat similar to what has previously been
observed for other K2Ps involved in pain such as TRAAK and TRESK, in-
deed suggesting a role for THIK1 in nociception and pain processing.
Further to this, our finding that selectively knocking down THIK1 in
vivo resulted in a moderately longer duration of SFL lends credence to
a possible role of THIK1 in spontaneous pain.

The positive correlations we observed at CFA4 are intriguing. How-
ever, in the absence of concrete experimental evidence, we can only
speculate about its physiological meaning. In the case of correlations
of SFL with mean THIK1 edge %intensities, it is likely that increased
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edge expression of THIK1 would equate to increased K+ leakage from
the cell (unless inhibition or inactivation of channels occurs). Perhaps
some neurons increase the synthesis of THIK1 as part of a delayed re-
sponse to inflammation. Such a response may attempt a hyperpolariza-
tion of Em and a reduction in neuronal excitability that would
ultimately attenuate pain. However, SFL is much reduced at CFA4, thus
whether THIK1 plays a role in spontaneous pain at this time requires
more detailed studies.

Considering our observed expression of THIK1 in suggested nocicep-
tor-like neurons and the results from our siRNA in vivo experiments,
correlations observed between THIK1 %intensities and SFL duration
are interesting. However, in view of the dominating influence and po-
tential up regulation of more abundant K2Ps in the DRG (like TREK2
or TRESK), we propose that THIK1 may be a contributor rather than
the most important player in the context of spontaneous pain.

5. Conclusion

This study highlights the relevant participation of K+ channels in the
genesis and maintenance of inflammatory and pathological pain. The
magnitude and nature of the K+ channel involvement in pain states
will vary depending on the biophysical properties and localization to
specific subpopulations of DRG neurons. These channels are postulated
to inhibit peripheral excitability by limiting or impeding AP initiation at
peripheral nerve terminals, thus reducing conduction fidelity across the
axon, or limiting neurotransmitter release at central terminals. This
opens up new therapeutic possibilities. Indeed, peripheral application
of K+ channel openers invariably decreases DRG excitability, whereas
K+ channel blockers augment firing (reviewed by (Busserolles et al.,
2016; Tsantoulas and McMahon, 2014)). Neurons of all size express
THIK1 although high IB4 and trkA co-expression suggest physiological
importancewithin nociceptors. Given that cutaneous inflammation reg-
ulates THIK1 expression in small neurons, where channel expression is
greatest, THIK1 may carry biggest influence within C-nociceptors. Thus,
this study suggests that THIK1may contribute to pain processing in the
DRGmaking it a potential new therapeutic target alongside other K2Ps.
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