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KChIP3 N-Terminal 31-50 Fragment Mediates Its
Association with TRPV1 and Alleviates Inflammatory
Hyperalgesia in Rats
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Potassium voltage-gated channel interacting protein 3 (KChIP3), also termed downstream regulatory element antagonist modulator
(DREAM) and calsenilin, is a multifunctional protein belonging to the neuronal calcium sensor (NCS) family. Recent studies revealed the
expression of KChIP3 in dorsal root ganglion (DRG) neurons, suggesting the potential role of KChIP3 in peripheral sensory processing.
Herein, we show that KChIP3 colocalizes with transient receptor potential ion channel V1 (TRPV1), a critical molecule involved in
peripheral sensitization during inflammatory pain. Furthermore, the N-terminal 31-50 fragment of KChIP3 is capable of binding both the
intracellular N and C termini of TRPV 1, which substantially decreases the surface localization of TRPV1 and the subsequent Ca*" influx
through the channel. Importantly, intrathecal administration of the transmembrane peptide transactivator of transcription (TAT)-31-50
remarkably reduces Ca®" influx via TRPV1 in DRG neurons and alleviates thermal hyperalgesia and gait alterations in a complete
Freund’s adjuvant-induced inflammatory pain model in male rats. Moreover, intraplantar injection of TAT-31-50 attenuated the capsaicin-
evoked spontaneous pain behavior and thermal hyperalgesia, which further strengthened the regulatory role of TAT-31-50 on TRPV1 channel.
In addition, TAT-31-50 could also alleviate inflammatory thermal hyperalgesia in kcnip3 ~/~ rats generated in our study, suggesting that the
analgesic effect mediated by TAT-31-50 is independent of endogenous KChIP3. Our study reveals a novel peripheral mechanism for the analgesic
function of KChIP3 and provides a potential analgesic agent, TAT-31-50, for the treatment of inflammatory pain.
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Inflammatory pain arising from inflamed or injured tissues significantly compromises the quality of life in patients. This study
aims to elucidate the role of peripheral potassium channel interacting protein 3 (KChIP3) in inflammatory pain. Direct interaction
of the KChIP3 N-terminal 31-50 fragment with transient receptor potential ion channel V1 (TRPV1) was demonstrated. The
KChIP3-TRPV1 interaction reduces the surface localization of TRPV1 and thus alleviates heat hyperalgesia and gait alterations
induced by peripheral inflammation. Furthermore, the transmembrane transactivator of transcription (TAT)-31-50 peptide
showed analgesic effects on inflammatory hyperalgesia independently of endogenous KChIP3. This work reveals a novel mecha-
nism of peripheral KChIP3 in inflammatory hyperalgesia that is distinct from its classical role as a transcriptional repressor in
pain modulation. j

ignificance Statement

gene transcriptional regulation, and synaptic plasticity. Changes
in intracellular [Ca**]; can be detected precisely by Ca**-
binding proteins such as the ubiquitous calcium sensor calmod-
ulin (CaM), calcium-binding protein (CaBP) family members,

Introduction
Calcium signaling is involved in a range of cellular processes,
including action potential generation, neurotransmitter release,
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and neuronal calcium sensor (NCS) proteins (Burgoyne, 2007;
Burgoyne and Haynes, 2015). Downstream regulatory element
antagonist modulator (DREAM), a member of the NCS family,
was first reported as a critical transcriptional repressor in pain pro-
cessing (Carrion et al., 1999; Cheng et al., 2002). Numerous genes
have been shown to be regulated by DREAM, such as preprodynor-
phin, c-fos, bdnf (brain-derived neurotrophic factor), the sodium/
calcium exchanger NCX3 gene, the circadian AA-NAT (arylalkylamine
N-acetyltransferase) gene, IL-2 (interleukin-2), the deubiquitinase
TNFAIP3 (tumor necrosis factor a-induced protein 3), MGLL
(monoglyceride lipase), and the protease CTSL (cathepsin L) (Car-
rién et al., 1999; Link et al., 2004; Gomez-Villafuertes et al., 2005;
Savignac et al., 2005; Rivera-Arconada et al., 2010; Tiruppathi et al.,
2014; Benedet et al., 2017). Genetic DREAM ablation results in ele-
vated prodynorphin levels in the spinal cord, ultimately markedly
attenuating pain response (Cheng et al., 2002). In contrast, trans-
genic mice expressing a constitutively active DREAM mutant dis-
played hyperalgesia in the basal state (Rivera-Arconada et al., 2010).
Unexpectedly, these mice showed reduced nociceptive behaviors
and impaired spinal sensitization after the intraplantar injection
of complete Freund’s adjuvant (CFA) that was attributable to
reduced BDNF content in the spinal cord. These contradictory
findings indicate the complex regulatory roles of DREAM in no-
ciceptive processing.

DREAM is also termed calsenilin for its interaction with the C
terminus of presenilin (Buxbaum et al., 1998) and potassium
channel-interacting protein 3 (KChIP3) for its binding to the
cytoplasmic N terminus of the Kv4 a-subunit (An et al., 2000).
Hereafter, the name KChIP3 is used for consistency with the gene
nomenclature. In total, four KChIP proteins (KChIP1-4), shar-
ing expression patterns and functions constitute the KChIP sub-
family of NCS proteins. Coexpression of the KChIP proteins
remarkably promotes the membrane localization of Kv4 chan-
nels, increases current density, slows current inactivation, and
speeds recovery from inactivation (An et al., 2000; Takimoto et
al., 2002; Jerng et al., 2005; Hu et al., 2006). Reciprocally, the
membrane localization of KChIP3, particularly when coex-
pressed with the Kv4.2 or Kv4.3 channels, was demonstrated in
previous studies by our group and others (Takimoto et al., 2002;
Ruiz-Gomez et al., 2007; Zhang et al., 2010). In addition to Kv4
channels, direct interactions of KChIP3 with ion channels or an-
choring proteins, including Cav3.2 or Cav3.3, the GluN1 subunit
of NMDA receptors, and PSD95, were indicated (Anderson et al.,
2010; Wu et al., 2010; Zhang et al., 2010). Altogether, these find-
ings provide further evidence for the multifunctional properties
of KChIP3.

Transient receptor potential ion channel V1 (TRPV1), a non-
selective cation channel enriched in primary sensory neurons,
responds to a variety of noxious stimuli, including heat (>43°C),
capsaicin, low pH, and arachidonic acid metabolites (Caterina et
al., 1997; Julius, 2013). Sensitization and desensitization are
two functional features of TRPV1. During inflammatory pain,
TRPV1 undergoes sensitization and contributes to the develop-
ment of peripheral sensitization. The underlying mechanism is
related to the phosphorylation of TRPV1 intracellular domains
by multiple protein kinases, which leads to the increased surface
localization of the receptor and altered channel kinetics. In con-
trast, Ca®™" effectors activated after Ca** influx via TRPV1, in-
cluding CaM and phosphatase calcineurin, mediate TRPV1
desensitization (Numazaki et al., 2003; Jung et al., 2004; Rosen-
baum et al., 2004; Mohapatra and Nau, 2005; Lishko et al., 2007).
Direct associations of CaM with both the intracellular N and C
termini of TRPV1 were demonstrated (Rosenbaum et al., 2004;
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Lishko et al., 2007). Here, we demonstrate that the KChIP3
N-terminal 31-50 fragment mediates its association with TRPV1
and alleviates inflammatory thermal hyperalgesia. This study re-
veals a novel mechanism of peripheral KChIP3 in inflammatory
hyperalgesia that is distinct from its classical role as a transcrip-
tional repressor in pain modulation.

Materials and Methods

General experimental design. In this study, multiple behavioral tests (e.g.,
radiant heat measurement) and nonbehavioral tests (e.g., Ca** imaging)
were used. Behavioral tests were performed in a double-blinded manner
and data were collected from more than five animals of each group.
Nonbehavioral tests include data from at least three duplications. The
between-subject factors include genotype (i.e., wild-type vs kenip3 KO),
peptide [i.e., transactivator of transcription (TAT)-scramble vs TAT-31-
50] or plasmids (i.e., EGFP vs EGFP-KChIP3) administration, time
points after CFA intraplantar injection (i.e., 1, 3, 6, 12, and 24 h), and
dorsal root ganglion (DRG) neuron size (small, medium, large).

Animals. Male Sprague Dawley (SD) rats (130—180 g) were used. All
experiments were performed according to the guidelines of the Animal
Care and Use Committee of Peking University. Kcnip3 /'~ rats were
generated by the Nanjing Biomedical Research Institute of Nanjing Uni-
versity. In kcnip3 ~/ ™~ rats, deletion of exon 2 of the kcnip3 gene using the
CRISPR/Cas9 system induces a frameshift mutation. Null KChIP3 ex-
pression in the KO rats was verified by PCR and Western blot. The
animals were housed in temperature-controlled rooms on a 12/12 h
light-dark cycle with ad libitum access to food and water.

CFA-induced inflammatory pain model. In the CFA-induced inflam-
matory pain model, 100% CFA (Sigma-Aldrich) was diluted to 25% in
incomplete Freund’s adjuvant (Sigma-Aldrich) to avoid excessive in-
flammation and spontaneous pain behavior. Nociceptive responses after
the intrathecal injection or delivery of the plasmids or peptides were
measured in a blinded manner.

Plasmids. The EGFP-KChIP3 plasmids were constructed by PCR am-
plification of rat brain cDNA and subcloned into the XhoI-EcoRI site of
the pEGFP-C2 vector (Clontech). The prokaryotic expression constructs
containing different KChIP3 N termini fragments were generated by
PCR and subcloned into the PGEX-5x-1 (Clontech) and pet28a (+)
(Novagen) vectors, respectively. The prokaryotic expression constructs
encoding the intracellular TRPV1 domains were generated in a similar
manner. The EGFP-KChIP3A31-50 plasmid was constructed by dele-
tion of amino acids 1-50 followed by insertion of amino acids 1-30 via
the BamHI site.

Peptides. The TAT-31-50 peptide (RKKRRQRRR-KWQRPRFTR
QALMRCCLIKW) and the control peptides TAT-1-20 (RKKRRQRRR-
MQRTKEAMKASDGSLLGDPG) and TAT-scramble (RKKRRQRRR-
TKMWWQRARLPFLRKCRCIQ) were synthesized and purified by
Shanghai Gil Biochemical. The peptides were dissolved in sterile, double-
distilled water.

Intrathecal catheterization and injection. For the intrathecal delivery of
drugs, a PE-10 polyethylene catheter was implanted into the intrathecal
space, reaching the lumbar enlargement of the spinal cord (Li et al.,
2014). Surgeries were performed under 10% chloral hydrate anesthesia
(0.3 g/kg, i.p.), and rats were allowed 45 d for recovery. Any animals
showing motor impairment from the intrathecal cannula placement
were excluded from the study.

After 4 d of surgical recovery from the intrathecal catheter placement,
the rats were randomly assigned to different experimental groups: EGFP,
EGFP-KChIP3, or EGFP-KChIP3A31-50. Their basal paw withdrawal
latency (PWL) was measured before subjection to the intrathecal injec-
tion of the plasmids. DNA and Lipofectamine 2000 (Invitrogen) com-
plexes were prepared as described below. DNA (10 ug, 1 ug/ul) was
diluted in saline (10 ul) and mixed gently. Next, Lipofectamine 2000
(20 wl) was added to saline (10 ul) and mixed gently. After 5 min of
incubation at room temperature, the diluted DNA was combined and
mixed with the diluted Lipofectamine 2000 and the mixture was incu-
bated for 20 min at room temperature to allow DNA-Lipofectamine
complexes to form. The mixture was then injected intrathecally. The
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ratio of DNA (in micrograms) to Lipofectamine 2000 (in microliters)
was 1:2. After the injection, the needle remained in situ for 2 min before
withdrawal. The basal PWL was then measured 4 d after gene delivery
and 25% CFA was subsequently injected into the plantar surface of the
left hindpaw. Nociceptive responses were then measured 1, 3, 6, 12, and
24 h after CFA administration.

For in vivo application of the peptide, after 4 d of recovery from placing
the intrathecal catheter surgically, the rats were randomly divided into
the different groups. Their basal PWLs were measured and the rats were
then subjected to an intrathecal injection of the peptides at different
dosages: 3 ug (1 mg/ml), 10 pg (1 mg/ml), and 30 ug (3.33 mg/ml). After
injection, the needle remained in situ for 2 min before withdrawal. No-
ciceptive responses were measured 1, 3, 6, and 12 h and 1 d after the
subcutaneous administration of 25% CFA into their left hindpaws.

Immunofluorescence staining. Rats were anesthetized by 10% chloral
hydrate and briefly perfused transcardially with warm saline, followed by
cold 4% paraformaldehyde (PFA) in PBS (137 mm NaCl, 2.7 mm KCl, 10
mM NaH,PO,, 2 mm K,HPO,, pH 7.4). After perfusion, lumbar 4/5 DRG
neurons were isolated and immersed in 4% PFA at 4°C for 4 h. After
dehydration for cryoprotection in 30% (w/v) sucrose in 0.1 M PBS, all
samples were kept at 4°C until sectioning.

Sections of DRG neurons were cut with a cryostat at 10 wm thickness
and mounted directly onto gelatin-coated slides. Sections were washed
with PBS once for 10 min and then once with PBS containing 0.1%
Triton X-100 and 3% bovine serum albumin (BSA) for 40 min at room
temperature. Sections were then incubated at 4°C for 24 h with primary
antibodies (KChIP3, Abcam, ab3474, 1:100; TRPV1, Merck-Millipore,
AB5566, 1:100; NF200, Sigma-Aldrich, N0142, 1:200; CGRP, Abcam,
ab81887, 1:100; GFP, Abcam, ab5450, 1:400) diluted in PBS containing
1% BSA. After incubation with the primary antibodies, sections were
washed with PBS 3 times for 5 min each and then incubated at 4°C
overnight with secondary antibodies (Alexa Fluor 594-conjugated donkey
anti-rabbit, Invitrogen, A-21207, 1: 500; Alexa Fluor 488-conjugated donkey
anti-mouse, Invitrogen, A-21202, 1: 500; Alexa Fluor 680-conjuagted don-
key anti-guinea pig, Jackson Immuno Research, 706-625-148, 1: 500; Alexa
Fluor 488-conjugated donkey anti-goat, Invitrogen, A-11055, 1: 500), IB4-
FITC (Sigma-Aldrich, 12895, 1:100) or Hoechst 33342 (Abcam, ab145597,
1:3000) diluted in PBS containing 1% BSA. After incubation with the sec-
ondary antibodies, the sections were washed 3 times for 5 min each and
air-dried before being placed on coverslips with mounting medium (Invit-
rogen, P36961)

Images were acquired by a confocal laser scanning microscope (Leica,
TCS SP8 STED) ata 512 X 512 pixel resolution. The neuronal areas and
staining densities of all the images were analyzed using Image-Pro Plus
version 6.0 software. Only DRG neurons with clear nuclear morphology
were subjected to quantification analysis.

Tissue preparation and Western blot. At 1, 6, and 24 h after CFA injec-
tion, treated rats and naive controls were deeply anesthetized with 10%
chloral hydrate and their L4—L5 DRG neurons were quickly removed and
immediately homogenized in ice-cold lysis buffer (50 mwm Tris, pH 7.4,
150 mMm NaCl, 1.5 mm MgCl,, 10% glycerol, 1% Triton X-100, 5 mm
EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mm Na;VO,, 10 mm NaF,
and a proteinase inhibitor mixture purchased from AMRESCO that in-
cluded 0.5 mm AEBSF, 0.3 mwm aprotinin, 10 mm bestatin, 10 mm E-64, 10
mM leupeptin). The homogenates were centrifuged at 12,000 X gfor 5 min at
4°C and the supernatants were analyzed. Protein concentrations were mea-
sured using a BCA assay kit (Pierce). Next, 50 ug of each sample was boiled
for 5 min with SDS-PAGE sample buffer, subjected to SDS-PAGE using 10%
or 12% running gels, and transferred onto nitrocellulose membranes. The
membranes were blocked with 5% nonfat milk in TBST (50 mwm tris-HCI,
pH 7.5, 150 mm NaCl, and 0.05% Tween 20) for 1 h atroom temperature and
then incubated overnight at 4°C with the appropriate primary antibody
(KChIP3, Santa Cruz Biotechnology, sc-166916, 1:100; KChIP3, Abcam,
ab3474, 1:100; TRPV1, Santa Cruz Biotechnology, sc-12498, 1:100; 3-actin,
Santa Cruz Biotechnology, sc-47778, 1:500). The blots were then washed
with TBST three times for 10 min each time. Next, the membranes were
incubated with the appropriate horseradish peroxidase-conjugated second-
ary antibody (goat anti-mouse, Santa Cruz Biotechnology, sc-2005, 1:2000;
goatanti-rabbit, Santa Cruz Biotechnology, sc-2004, 1:2000; Santa Cruz Bio-
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technology, sc-2768, rabbit-anti goat, 1: 2000) for 1 h at room temperature.
Finally, the blots were developed with a lightening chemiluminescence kit
(Santa Cruz Biotechnology, sc-2048).

Films were analyzed by Quantity One software and the densities of
specific bands were measured and normalized to that of aloading control
band.

Cell culture, plasmids transfection, and incubation with TAT fusion pep-
tides. HEK293 cells and CHO-TRPV1 cells were cultured in 35 mm
dishes (Fisher) in a humidified atmosphere of 95% air and 5% CO, at
37°C. The culture media were DMEM (Invitrogen) and F12 medium
(Invitrogen), respectively, which were supplemented with 10% FBS
(HyClone). Cells were transfected with Lipofectamine 2000 24-36 h after
passage according to the methods described above. At 24—48 h after trans-
fection, the cells were used for further analyses. For peptide applications,
CHO-TRPV1 cells were incubated with either 3 um TAT-scramble, TAT-1-
20, or TAT-31-50 for 3 h until further analysis.

Coimmunoprecipitation (co-IP). For co-IP, protein extracts containing
400-500 ug of protein from rat DRG tissues were incubated overnight at
4°C with a goat anti-TRPV1 antibody (Santa Cruz Biotechnology) or
normal goat IgG (Santa Cruz Biotechnology, sc-2028) and a protein
A-Sepharose CL-4B resin (GE Healthcare) in a volume of 500 ul. The
samples were then washed six times with TBS/0.1% Triton X-100 to
solubilize the bound proteins. Proteins in the TRPV1 precipitates were
separated by 10% SDS-PAGE electrophoresis and KChIP3 was detected
by Western blot analysis (Santa Cruz Biotechnology).

GST pull-down assay. GST or His, fusion proteins were expressed in
Escherichia coli BL21 bacteria and purified according to the manufactur-
er’s instructions. For binding assays, GST or GST fusion proteins were
immobilized on a glutathione-Sepharose resin (GE Healthcare). The His,
fusion protein was purified using Ni-nitrilotriacetic acid magnetic beads
(QIAGEN). The purified His, fusion protein was then incubated with the
immobilized GST or GST fusion proteins for 1 h at 4°C, washed, and
subjected to SDS-PAGE electrophoresis.

Cell surface biotinylation assay. Cell cultures were washed twice with
ice-cold PBS and incubated for 30 min at 4°C with EZ-Link Sulfo-NHS-
SS-biotin (1 mg/ml; Pierce) to biotinylate surface proteins. Excess biotin
reagent was quenched and removed by washing the cells with PBS con-
taining 100 mum glycine. Cells were lysed with lysis buffer (137 mm NaCl,
2.7 mm KCl, 10 mm Na,HPO,, 2 mm KH,PO,;, 1% Triton X-100, 0.1%
SDS, and proteinase inhibitor mixture, pH 7.4). The lysates were centri-
fuged at 12,000 X g for 5 min to yield protein extracts in the supernatant
and then the protein extracts were incubated with UltraLink Plus immo-
bilized streptavidin beads (Pierce) for 2 h at 4°C to capture biotinylated
surface proteins. After being washed with lysis buffer 5 times, bound
proteins were eluted by boiling for 5 min with loading buffer and sub-
jected to SDS-PAGE electrophoresis.

RT-PCR. Total RNA was extracted using TRIzol reagent (Invitrogen).
RNA concentration and purity were measured using a NanoDrop 2000c
spectrophotometer (Thermo Scientific). Total RNA was reverse-transcribed
for 1 h at 42°C in buffer containing 1 m oligo (dT) 18 primer, 2 mm dNTPs,
40 U of rRNasin (Promega) and 25 U of AMV reverse transcriptase (Roche).
The primers pairs used for RT-PCR were designed to span introns, and the
sequences were as follows: 5'-CCGAGGCTTCAAGAACGAATG-3" and 5'-
TGCTCCAGAGGTGCGTCCTT-3’ (351 bp fragment, spanning exon 3-7);
5-AGCCTCGAGGCCACCATGCAGAGGACCAAGGAA-3' or 5'-AG-
CAAGCTTGCCACCACCATGCAGAGGACCAAGGAA-3" and 5'-AGC-
GAATTCTAGATGACGTTCTCAAACAG-3" (full-length). The PCR
products were separated by agarose gel electrophoresis with 0.5 ug/ml
ethidium bromide, which was then observed under an ultraviolet light
system.

Dissociation of DRG neurons and Ca“" imaging. The DRG neuron
dissociation and Fura-2 AM-based Ca*" imaging experiments were per-
formed as described previously (Liu et al., 2015). After 4—6 d of recovery
from the surgical placement of the intrathecal catheter, plasmids (EGFP,
EGFP-KChIP3, EGFP-KChIP3A31-50) or peptides (TAT-scramble,
TAT-31-50, TAT-1-20 of incremental dosages of 3, 10, and 30 ug) were
delivered to the DRGs. One hour after CFA injection, the rats were anes-
thetized with 10% chloral hydrate and their left L4-L5 DRG neurons
were removed and digested sequentially with collagenase type IA (1.5
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mg/ml; Sigma-Aldrich) for 40-50 min and 0.125% trypsin (Sigma-
Aldrich) for 8—10 min at 37°C. Enzymatic treatment was terminated by
the addition of DMEM followed by gentle trituration of the ganglia with
aflame-polished Pasteur pipette and centrifugation at 500 rpm for 5 min.
The cell pellet was then resuspended in DMEM with 10% FBS. The
dissociated cells were plated on poly-D-lysine-coated (100 mg/ml; Sigma-
Aldrich) glass coverslips inside 35 mm culture dishes with a 10 mm
bottom well and incubated for 1.5 h at 37°C with 5% CO, and 95% air.

DRG cells were washed with extracellular solution (ES) containing the
following (in mm): 130 NaCl, 5 KCl, 2 KH,PO,, 1.5 CaCl,, 6 MgCl,, 10
glucose, and 10 HEPES, pH 7.2, twice and then incubated with Fura-2
AM (Invitrogen, 5 um) in ES at room temperature for 1 h. The cells were
then washed with ES and incubated in ES at room temperature in the
dark for a recovery period of 1 h. For calcium imaging, an inverted
fluorescence microscope (Olympus) equipped with 340 and 380 nm ex-
citation filters and a computer with MetaFluor software were used. Flu-
orescence images and F;,/F5q, ratios were acquired every 10 s. TRPV1
activation was evoked by the addition of 5 uM capsaicin.

Radiant heat measurement. Thermal hyperalgesia was evaluated by
following a thermal stimulus paradigm adapted from Hargreave’s pub-
lished reports (Hargreaves et al., 1988). Before testing, the animals were
allowed to acclimatize to their environment for 10 min. The radiant heat
source was adjusted to a range of 1215 s for rats as the baseline latency
with a cutoff time of 30 s to prevent tissue damage. To record the PWL in
response to the heat stimulus, each hindpaw was measured 4 times at
5 min intervals and the mean value was recorded.

Hot plate. The rat was placed on a hot plate set at 50°C or 54°C (IITC)
and the latencies to flinching and licking of hindpaws were measured. All
animals were tested sequentially with a minimum interval of 5 min be-
tween tests. To avoid tissue injury, a cutoff time was set at 60 and 30 s for
assays at 50°C and 54°C, respectively (Duan et al., 2014).

Intraplantar injection of TAT peptide/capsaicin. 30 ug TAT-scramble
or TAT-31-50 was injected into left hindpaw 3 h before 3 ug capsaicin
intraplantar injection. All intraplantar injection was performed via mi-
crosyringe (Hamilton) in awake SD rats and the needle remained in situ
for 10 s before withdrawal. After intraplantar injection of capsaicin,
spontaneous pain behavior was tested by counting the total lifting time in
the first 10 min. After that, evoked nociceptive responses were measured
by radiant heat (as described above) 15, 30, 60, 90, and 120 min after
capsaicin injection.

Von Frey filament measurement. The paw withdrawal threshold in re-
sponse to mechanical stimulus was determined using a series of von Frey
filaments (Stoelting) ranging from 1.08 to 21.09 g. Animals were placed
in a plastic cage with a metal mesh floor and allowed to move freely. They
were allowed to acclimate to this environment for ~ 10 min before testing
to allow for behavioral accommodation. Von Frey filaments were applied
to the midplantar surface of the operated hindpaw through the mesh
floor. Probing was only performed when the animal’s paw was in contact
with the floor. Each probe was applied to the foot until it bent and was
kept in this position for 6—8 s (Chaplan et al., 1994). The interval be-
tween consecutive filaments was at least 5 s. Filaments were started in 2 g
increments and the mechanical threshold was calculated by the formula
provided in previous studies (Chaplan et al., 1994).

Light touch sensitivity. To assess light touch sensitivity, rats were habit-
uated on an elevated wire grid for 15 min. The plantar hindpaw was
stroked lightly with a paintbrush in the direction from heel to toe. This
stimulation was repeated three times with interval of 10 s. For each test,
no evoked movement was scored as 0 and walking away or occasionally
brief paw lifting (~1 s or less) was scored as 1. For each rat, the accumu-
lative scores of three tests were used to indicate touch score (Duan et al.,
2014).

Sticky tape assay. For the sticky tape assay, we puta 1 X 2 cm rectan-
gular adhesive sticky tape (Comix) on the hindpaw plantar of each rat
and measured the latency of biting or licking to remove the tape (Duan et
al., 2014).

Pinprick test. For the pinprick test, we stroked the plantar surface of the
hindpaw with a pin without skin penetration and counted the quantity of
withdrawal response per 10 tries with 1 min interval (Duan et al., 2014).

J. Neurosci., February 14,2018 - 38(7):1756—1773 « 1759

Catwalk XT analysis. The core of the CatWalk system (Noldus Infor-
mation Technology) consists of an enclosed walkway on a glass plate that
is traversed by a rodent from one side of the walkway to the other (Chen
etal., 2014). Green light enters at the long edge of the plate and is com-
pletely internally reflected. Light can escape only at areas in which an
animal’s paw contacts the glass plate, resulting in scattered light. Using
Iluminated Footprint technology, paws are captured by a high-speed
video camera that is positioned underneath the walkway. The CatWalk
XT system includes a high-speed digital camera (GP-3360; Gevicam) that
acquires images at 100 frames/s. The CatWalk XT system’s lens is 8.5 mm
in size and 65 degrees in curvature (Fujinon). The pixel brightness de-
pends on the amount of light received from such an area by the camera.
The Illuminated Footprint enables intensity differences between an ani-
mal’s paws to be detected.

The 3D footprint intensity tab plots the print intensity of the four paws
for each individual frame in which the paws contact the glass plate ina 3D
chart. The intensities vary from 0 to 225 and are represented by different
colors. The 3D chart can be rotated in all directions.

For our experiment, 1 week before surgery, animals were trained daily
on the CatWalk XT system until they could consistently make uninter-
rupted runs. Training was considered complete when the animals could
make 3 consecutive uninterrupted runs within 3.0 s. Measurements were
taken at 6 h after CFA plantar injection. Each rat was placed in the
CatWalk XT system and runs were performed repeatedly until three
uninterrupted runs were completed.

Analysis of these recordings yields many parameters, of which the
following are of the most interest in the CFA-induced inflammatory pain
model (Chen et al., 2014).

Intensity data include STAND intensity, CATWALK max intensity,
and CATWALK max intensity of the top 15 pixels. STAND intensity is
the mean intensity of the contact area of the hindpaw at the moment of
maximal paw—floor contact during standing. CATWALK max intensity
and CATWALK max intensity of the top 15 pixels are the mean intensity
of the contact area and the 15 most intensive pixels of the hindpaw at the
moment of maximal paw—floor contact during the catwalk, respectively.
This parameter is expressed in arbitrary units (AU).

Coordination data include CATWALK swing duration. This parame-
ter is the duration of the swing phase during catwalk. Because the dura-
tion of the stance or swing phase depends on the animal’s walking speed
and degree of dysfunction, these parameters are transformed to a fraction
of the total step duration according to the following formula: fraction
swing phase = [time in swing phase/(time in single step)] X 100%.
Duration of the swing phase and total steps are expressed in seconds.

Print area data include STAND contact area, CATWALK max contact area,
and CATWALK print area. The STAND contact area is the total floor area
contacted by the paw during standing in pixels. The CATWALK max contact
area is the maximum of the total floor area in pixels from single pictures of
the paw in the stance phase during the catwalk. The CATWALK print area is
the total floor area in pixels summated from all the pictures of the paw in the
stance phase during the catwalk (compared with the max contact area, this
parameter reflects the entire paw area from the third toe to the heel).

To illustrate alterations of the intensity and print area data of the
inflamed left hindpaw clearly, we used the formula (RH — LH)/RH to
highlight difference between two hindpaws (where RH is the right hind-
paw and LH is the left hindpaw) and to remove confounding factor
influences such as the weight and baseline levels of the print area.

Statistical analysis. All of the data are represented as the mean = SEM.
Statistical analyses were performed using Prism version 7.0 software.
Comparisons between two groups were performed by either Student’s ¢
test (interval and ratio scale data) or y? test (nominal scale data). Com-
parisons among groups were made by one-way ANOVA followed by
Tukey’s multiple-comparisons test for comparing the mean of each group
with the mean of every other group or Dunnett’s multiple-comparisons test
for comparing the mean of each group with the mean of a control group.
Comparisons among groups with different time points were made by two-
way ANOVA followed by Sidak’s multiple-comparisons test. Statistical sig-
nificance was set at p < 0.05. In cases of heterogeneity, Welch’s correction
(for Student’s ¢ test) or the Greenhouse—Geisser correction (for ANOVA)
was applied to adjust the degree of freedom.
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Figure 1.

KChIP3 is widely expressed in different-sized DRG neurons, including small-, medium-, and large-diameter neurons. 4, Representative image of immunostaining of KChIP3 in rat DRG.

Enlarged image of the boxed area in the leftimage is shown on the right. Red, yellow, and white arrows indicate the strongly positive, weakly positive, and negative neurons, respectively. Scale bar,
200 um. B, Quantification analysis of the proportion of small, medium, or large neurons among KChIP3 * neurons (KChIP3 * neurons of each subtype/total KChIP3 * neurons). , Cell counting of
KChIP3 ~ and KChIP3 * neurons in DRG neurons with cross-sectional area of <600 (small), 600 —1200 (medium), and >>1200 mm? (large), respectively. D, Quantification analysis of the
percentage of KChIP3 * neuronsin small, medium, and large neurons, respectively [KChIP3 * /(KChIP3 * plus KChIP3 ~)]. x *test, ***p << 0.001. E, Staining intensity of KChIP3 in DRG neurons with
cross-sectional area of <<600 (small), 600 —1200 (medium), and >1200 mm 2 (large), respectively. F, Quantification analysis of the staining intensity of KChIP3 in small, medium, and large sized
DRG neurons. One-way ANOVA followed by Tukey’s multiple-comparisons test, ***p << 0.001. For more information, refer to Figures 1-1and 1-2 (available at https://doi.org/10.1523/JNEUROSCI.

2242-17.2018.f1-1 and https://doi.org/10.1523/INEUR0SCI.2242-17.2018.f1-2, respectively).

Results

KChIP3 is widely expressed in different subpopulations of
DRG neurons

Recent immunostaining studies revealed the distribution of
KChIP3 in myelinated A3 and Ad sensory neurons as well as that
of peptidergic nociceptive neurons in rats (Cheng et al., 2016).
Considering the high homology of KchIP1-4 in their C-terminal
regions, we investigated the expression pattern of KChIP3 in rat
DRG neurons using a commercial antibody generated against the
N-terminal 31-45 fragment of KChIP3. The specificity of the an-
tibody was proven in kcnip3 KO rats (Fig. 1-1, available at https://
doi.org/10.1523/JNEUROSCI.2242-17.2018.f1-1, and Fig. 8B). The
immunostaining results indicated that the KChIP3 protein is present
in different subpopulations of DRG neurons, including small-,
medium- and large-diameter neurons (Fig. 1A), which is consistent

with previous studies (Pruunsild and Timmusk, 2005; Palczewska et
al.,, 2011; Matsuyoshi et al., 2012; Cheng et al., 2016). For quantifi-
cation analysis, 2754 neurons (small: # = 1389; medium: n = 852;
large: n = 513) from rat L4 or L5 DRGs were counted. In total,
42.34% of the DRG neurons were KChIP3 immunoreactive. Among
these KChIP3-positive neurons, 33.53% were small, 35.85% were
medium, and the remaining 30.62% were large (Fig. 1B). Moreover,
the percentage of KChIP3-positive neurons increased as the cell di-
ameter increased (Fig. 1C). The quantification results indicated that
28.15% of the small neurons, 49.06% of the medium neurons, and
69.59% of the large neurons were KChIP3 positive, respectively (x*
test: small vs medium: x(,) = 100.1; p < 0.001; small vs large: x(,) =
269.6, p < 0.001; medium vs large: X(ZZ) =54.99, p <0.001; Fig. 1D).
In addition, staining densitometry was performed to measure the
staining intensity of KChIP3 in the different sizes of neurons (Fig.
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1E). As seen in Figure 1A, compared with KChIP3-negative DRG
neurons (marked by white arrows), cell diameter was positively cor-
related with KChIP3 staining intensity (marked by colored arrows).
The KChIP3 staining intensity increased with the cell diameter in-
crement (small: n = 389; medium: n = 352;large: n = 225, one-way
ANOVA with Greenhouse-Geisser correction: F, g3y = 46.44, p <
0.001; Tukey’s multiple-comparisons test: small vs medium, p <
0.001; small vs large: p < 0.001; medium vs large, p < 0.001; Fig. 1F).

In addition to immunofluorescence, RT-PCR experiments were
performed to detect KChIP3 mRNA expression in the rat DRG tis-
sue. Three pairs of primers were used to amplify fragmented or
full-length KChIP3 mRNA. PCR products with the expected sizes
were acquired (Fig. 1-2A, available at https://doi.org/10.1523/
JNEUROSCI.2242-17.2018.f1-2). The PCR product from spinal
cord tissue was simultaneously used as a positive control (Fig. 1-2 B,
available at https://doi.org/10.1523/]NEUROSCI.2242-17.2018.f1 -
2). Our studies confirm the broad expression of KChIP3 in different
subpopulations of DRG neurons, supporting its potential role in
peripheral sensory processing.

KChIP3 alleviates the thermal hyperalgesia in the rat
inflammatory pain model

Considering the distribution of KChIP3 in small nociceptive neu-
rons, we speculated whether KChIP3 is involved in nociceptive
processing. First, an inflammatory pain model was induced in
rats via an intraplantar injection of 25% CFA (100 ul/paw). The
time course of KChIP3 protein expression in L4/5 (ipsilateral)
DRG tissue after CFA injection was examined. Expression of the
KChIP3 protein peaked at 6 h (~2.1-fold that of the naive rat)
and returned to the basal level at 24 h after CFA injection (n = 3;
one-way ANOVA: F; ¢ = 23.23, p < 0.001; Tukey’s multiple-
comparisons test: naive vs 6 h, p = 0.004; Fig. 2A).

To investigate the potential role of KChIP3 upregulation in
inflammatory pain behaviors, we injected the EGFP-KChIP3
plasmids intrathecally to induce exogenous KChIP3 expression
in DRG neurons 7 d before the CFA injection. Efficient expres-
sion of the plasmids was verified by the detection of an ~55 kDa
EGFP-KChIP3 protein band in both in vitro and in vivo studies
(Fig. 2-1A, B, available at https://doi.org/10.1523/JNEUROSCI.
2242-17.2018.f2-1) and the EGFP fluorescence in the majority of
DRG neurons (Fig. 2-1C, available at https://doi.org/10.1523/
JNEUROSCI.2242-17.2018.f2-1). The radiant heat test indicated
that exogenous EGFP-KChIP3 expression did not alter the PWL
of the hindpaw in the basal state; however, EGFP-KChIP3 expres-
sion significantly alleviated CFA-induced thermal hyperalgesia at
6 h after CFA injection (n = 7 or 8, two-way repeated-measures
ANOVA: group effect F(, 5y = 6.466, p = 0.0245; Sidak’s
multiple-comparisons test: p, = 0.0105; Fig. 2B), which was
consistent with the peak KChIP3 protein expression after CFA
injection. In addition, the area under the curve (AUC) from 1-24
h was calculated and significant differences were detected be-
tween the control and EGFP-KChIP3 groups (n = 7 or 8, un-
paired Student’s ¢ test: #,5, = 2.543, p = 0.0245; Fig. 2B). These
findings suggest that increased KChIP3 levels in DRG neurons
after plantar inflammation might reduce thermal hyperalgesia.

Association of KChIP3 and TRPV1 is enhanced after
peripheral inflammation

Given that KChIP3 is a calcium sensor protein that regulates
inflammatory thermal hyperalgesia negatively, we tested whether
the calcium-permeable channel TRPV1, a key molecule respon-
sible for thermal hyperalgesia behavior, could be modulated by
KChIP3.

J. Neurosci., February 14,2018 - 38(7):1756 —1773 « 1761

First, triple immunostaining in rat DRG tissue slices confirmed
the colocalization of KChIP3 and TRPV1 in multiple subpopula-
tions of DRG neurons (Fig. 2C). In total, 2754 DRG neurons were
counted, among which 15.32% were double labeled by KChIP3 and
TRPV1, 27.02% were KChIP3 */TRPV1 ~, 24.33% were KChIP3 ~/
TRPV1 ", and the remaining 33.33% were KChIP3 ~/TRPV1 ~ (Fig.
2D). Further quantification analysis revealed that the colocalization
of KChIP3 and TRPV1 was more prominent in small KChIP3-
positive DRG neurons than in the medium and large neurons (x> test:
small vs medium: )((22) = 90.77; p < 0.001; small vs large: )((22) =299.59,
P <0.001; medium vslarge: )((22) =91.43,p <0.001; Fig. 2E, F). Of these
KChIP3 "/TRPV1 " neurons, 44.76% were colabeled with IB4 (64/143,
n = 1028), 26.15% were coexpressed with CGRP (51/195, n = 1167),
and 21.18% were merged with NF200 (18/85, n = 567), suggesting that
the interaction between KChIP3 and TRPV1 occurs mainly in both
nonpeptidergic and peptidergic nociceptive DRG neurons (Fig. 2C).

Next, co-IP studies in DRG lysates showed that the TRPV1
antibody could precipitate KChIP3 and this interaction peaked
6 h after CFA injection (n = 3; one-way ANOVA: F; 4, = 15.00,
p = 0.0012; Tukey’s multiple-comparisons test: naive vs 6 h, p =
0.0069; Fig. 2G). The peak time of interaction between TRPV1
and KChIP3 was consistent with that of elevated KChIP3 protein
expression and the analgesic effect exhibited by exogenous KChIP3
after CFA injection. Altogether, these data imply that the interaction
between KChIP3 and TRPV1 might be involved in the analgesic
effect afforded by exogenous EGFP-KChIP3 expression.

KChIP3 binds to both the intracellular N and C termini of TRPV1
Interaction between TRPV1 and KChIP3 was further investigated
with co-IP studies in HEK293 cells cotransfected with TRPV1
and KChIP3 plasmids. The TRPV1 protein can be precipitated
together with EGFP-KChIP3 by a GFP antibody (Fig. 3A). Recip-
rocally, the KChIP3 protein can be precipitated together with
GFP-TRPV1 by a GFP antibody (Fig. 3B). Because co-IP studies
could not exclude the possibility of indirect protein—protein in-
teraction involving an accessory protein, we performed GST pull-
down assays to investigate direct binding between KChIP3 and
TRPVI. As expected, GST-KChIP3 precipitated both the Nand C
terminus of Hisg-TRPV1 (Fig. 3C,D). Conversely, both GST-
TRPV1 N and C terminus precipitated His,-KChIP3 (Fig. 3E).
Moreover, the binding of KChIP3 and TRPV1 showed calcium
sensitivity. The addition of 100 um Ca*" enhanced the binding
between GST-KChIP3 and His,-TRPV1 C terminus, whereas
Ca** chelation by 1 mm EGTA reduced this effect (Fig. 3F). The
above in vitro studies revealed direct binding between KChIP3
and the intracellular N and C termini of TRPV1.

To investigate the potential effect of KChIP3 binding on TRPV1
function, we examined surface TRPV1 using a biotinylation assay in
CHO-TRPV1 cells (CHO cells stably expressing TRPV1) transfected
with either the EGFP or EGFP-KChIP3 plasmids. A significant de-
crease (~50%) in the surface TRPV1 level was detected (n = 4,
unpaired Student’s ttest: £, = 2.849, p = 0.0292; Fig. 3G). However,
the total amount of TRPV1 protein was not affected by the transfec-
tion of EGFP-KChIP3 (n = 5 or 6, unpaired Student’s ¢ test with
Welch’s correction: t, = 1.377, p = 0.2266; Fig. 3H). This finding
suggests that KChIP3 modulates the surface localization of TRPV1
negatively by binding its intracellular domains.

KChIP3 N-terminal 31-50 fragment is responsible for the
binding with TRPV1 N and C termini

To identify the critical domains of KChIP3 responsible for its
binding with TRPV1, GST fusion proteins containing different
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Introduction of exogeneous KChIP3 expression alleviates CFA-induced thermal hyperalgesia behavior and an association between KChIP3 and TRPV1 was observed in DRG tissue.

A, Representative image of KChIP3 Western blots in ipsilateral L4 —5 DRG lysates at 1, 6, 24 h after the intraplantar injection of CFA (left). Quantification analysis of the KChIP3 protein expression in
the left image (right). One-way ANOVA followed by Tukey’s multiple-comparisons test, *p << 0.05. B, Time course of PWL of the ipsilateral hindpaw before and after CFA injection in EGFP or
EGFP-KChIP3 plasmid-injected rats (left). Two-way ANOVA, group effect: *p < 0.05, shown at the end of the lines; post test: Sidak’s multiple-comparisons test, *p << 0.05, shown above the lines.
AUCvalues from 1-24 h after CFA injection were compared between the EGFP- and EGFP-KChIP3-injected groups, which is shown on the right (right). Unpaired t test, *p << 0.05. C, Representative
images of the immunostaining of KChIP3 (red), TRPV1 (green), and B4 (blue, left)/CGRP (blue, middle)/NF200 (blue, right) in DRG neurons. Scale bar, 100 wm. D, Quantification analysis of the
percentage of KChIP3 *-TRPV1 ™, KChIP3 *-TRPV1 —,KChIP3 ~-TRPV1 *,and KChIP3 ~-TRPV1 ~ neuronsin DRG neurons. E, Cell counting of KChIP3 *-TRPV1 ~ and KChIP3 " -TRPV1 * neurons
in DRG neurons with cross-sectional areas of 100 —500 (small), 600 —1100 (medium), and >>1200 mm > (large), respectively. F, Quantification analysis of the percentage of TRPV1 * neurons in
KChIP3 * neurons dlassified as small, medium, or large DRG neurons. y ? test, ***p << 0.001. G, Representative result of TRPV1 and KChIP3 co-IP studies in ipsilateral DRG lysates at 1,6, and 24 h
after CFA injection. One-way ANOVA followed by Tukey’s multiple-comparisons test, **p << 0.01. For more information, see Figure 2-1 (available at https://doi.org/10.1523/JINEUR0SCI.2242-17.

2018.f2-1).
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Figure 3.

KChIP3 binds with both the intracellular N and C termini of TRPV1. 4, B, Representative results of KChIP3 and TRPV1 co-IP studies in HEK293 cells transfected with the EGFP-KChIP3 and

GST-TRPV1 plasmids (A) or the EGFP-TRPV1 and KChIP3 plasmids (B). C~E, Representative results of GST pull-down assays. GST-KChIP3 precipitated the His,-TRPV1 N terminus (Nt; €) and the
Hiss-TRPV1 Cterminus (Ct; D); His,-KChIP3 precipitated the GST-TRPVT Ntand GST-TRPV1 Ct (E). F, Representative results of the GST pull-down assays showing the Ca2* sensitivity of the association
between GST-KChIP3 and His-TRPV1 Ct. The addition of 100 um Ca 2% in the reaction bufferincreased the binding of KChIP3 and TRPV1-Ct, whereas the chelation of intracellular Ca™ by 1 mmEGTA
reduced this effect. G, H, Representative results of biotinylation studies on the surface of TRPV1 (G) in CHO-TRPV1 cells transfected with EGFP or EGFP-KChIP3 plasmids. Statistical analysis of the
surface level of TRPVT is shown on the right. Unpaired ¢ test, *p << 0.05. The total level of TRPV1 was also examined, and quantification analysis of the results is shown on the right (unpaired ¢ test).

fragments of KChIP3 were generated, including GST-1-50, GST-
51-100, GST-101-256, GST-A1-50, and GST-KChIP3 (Fig. 4A).
GST pull-down assays showed that GST-1-50 strongly precipi-
tated both His,-TRPV1 N terminus and His,-TRPV1 C terminus
(Fig. 4C). In contrast, deletion of the N-terminal 1-50 fragment
of KChIP3 remarkably reduced the binding between KChIP3 and
the TRPV1 N or C terminus (Fig. 4C). These data suggest that the
KChIP3 1-50 fragment is required for its binding with TRPV1.

To further map critical binding sites in the KChIP3 1-50 frag-
ment, GST-1-20, GST-21-40, and GST-31-50 fusion proteins were
generated (Fig. 4B). GST pull-down assays indicated that GST-31-50
precipitated both His,-TRPV1 N terminus and Hisg-TRPV1 C ter-
minus in a manner similar to that of GST-1-50 (Fig. 4D). Therefore,
the 31-50 fragment constitutes the core domain mediating KChIP3
binding with the intracellular domains of TRPV1.

Next, we investigated whether the 31-50 fragment of KChIP3
was sufficient for mediating the effect of KChIP3 on TRPV1. The
protein transduction domain of the HIV-1 TAT protein was
fused with the fragments of KChIP3 1-20, 31-50, and the scram-
ble control of 31-50 to introduce these fragments into the cyto-
plasm (Fig. 4E). Incubation with the TAT-31-50 peptide (3 uMm,
3 h) reduced the surface TRPV1 significantly in CHO-TRPV1
cells compared with groups treated with TAT-1-20 or TAT-
scramble (1 = 4 or 5, one-way ANOVA: F(, ;) = 4.956, p =
0.0292; Dunnett’s multiple-comparisons test: TAT-31-50 vs
TAT-1-20, p = 0.0471; TAT-31-50 vs TAT-scramble, p = 0.0244;
Fig. 4F). However, the total TRPV1 protein levels were similar
among the groups after treatment with the TAT fusion peptide
(Fig. 4G). Together, these data suggest that TAT-31-50 inhibits
the surface localization of TRPV1 dramatically.
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KChIP3 N-terminal 31-50 fragment binds with both the N and C termini of TRPV1. 4, B, Schematic diagram of the GST fusion proteins containing different fragments of KChIP3 (4) or

KChIP3-1-50 (B). C, D, Representative results of GST-pull down assays. GST-1-50 precipitated both His,-TRPV1 N and C termini (). More specificly, GST-31-50 precipitated both His,-TRPV1 N and
Ctermini (D). E, Schematic diagram of TAT fusion peptides containing different fragments of KChIP3-1-50 and a scramble control of TAT-31-50. F, G, Representative results of biotinylation studies
on the TRPV1 surface level in CHO-TRPV1 cells incubated with 3 um TAT fusion peptides for 3 h. F, Bottom, Quantification analysis of the surface level of TRPV1. One-way ANOVA followed by Tukey's
multiple-comparisons test, *p << 0.05. Total protein level of TRPV1 was also examined as well (G) and quantification analysis of the results is shown below (one-way ANOVA).

Transmembrane TAT-31-50 peptide exhibits the analgesic
effect in the rat inflammatory pain model

Given the inhibitory effect of TAT-31-50 on the surface localiza-
tion of TRPV1 in CHO-TRPVI cells, we next investigated
whether intrathecal administration of this peptide could alleviate

CFA-induced thermal hyperalgesia by downregulating the func-
tion of TRPV1 (see procedure diagram in Fig. 5A).

The thermal pain thresholds were comparable between the
groups in which TAT-31-50 and TAT-scramble were injected
after catheterization. However, the intrathecal injection of TAT-
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31-50 (10 wg) prolonged the PWL significantly 6 h after CFA
injection compared with that of the TAT-scramble group (n =5
or 6, two-way repeated-measures ANOVA: group effect F, 5, =
2,907, p = 0.1224; Sidak’s multiple-comparisons test: p) =
0.0292; Fig. 5C, left). The analgesic effect was remarkable when
the peptide dosage was increased to 30 ug (n = 5 or 6, two-way
repeated-measures ANOVA: group effect F, 4 = 10.26, p =
0.0108; Sidak’s multiple-comparisons test: p, = 0.0251, p,) =
0.0256; Fig. 5D, left). Simultaneously, the AUC (1-24 h) values
were compared between the TAT-31-50- and TAT-scramble-
injected groups and a significant difference was detected (n =
5—6, unpaired Student’s ¢ test: ¢4y = 3.204, p = 0.0108; Fig. 5D,
right). In addition, due to its inability to bind TRPV1, TAT-1-20
was also used as a negative control. Compared with TAT-1-20,
TAT-31-50 increased the PWL and AUC (1-24 h) values signifi-
cantly after -CFA injection (Fig. 5-1, available at https://doi.org/
10.1523/JNEUROSCI.2242-17.2018.f5-1). These data demon-
strate the analgesic effect of intrathecally administered TAT-
31-50 on thermal hyperalgesia.

To further prove that the 31-50 fragment was indispensable
for the analgesic effect of KChIP3, we constructed the EGFP-
KChIP3A31-50 plasmid. In contrast to the analgesia elicited by
EGFP-KChIP3, intrathecal injection of EGFP-KChIP3A31-50
showed no effect on PWL after CFA injection (n = 7, 8, or 10, PWL:
two-way repeated-measures ANOVA: group effect F, ,,) = 7.980,
p = 0.0025; Tukey’s multiple-comparisons test of group effects:
EGFP vs EGFP-KChIP3, p = 0.0239; EGFP vs EGFP-KChIP3A31—
50, p = 0.7586; EGFP-KChIP3 vs EGFP-KChIP3A31-50, p =
0.0024; Tukey’s multiple-comparisons test of each time point: EGFP
vs EGFP-KChIP3, p,, = 0.0435; EGFP-KChIP3 vs EGEFP-
KChIP3A31-50, p,, = 0.0397, ps5, = 0.008, ps, = 0.0045, py,, =
0.0354; Fig. 5E, left). AUC (1-24 h) analysis also showed no differ-
ence between the EGFP and EGFP-KChIP3A31-50 groups (AUC:
one-way ANOVA: F, ,,) = 7.980, p = 0.0025; Tukey’s multiple-
comparisons test: EGFP vs EGFP-KChIP3, p = 0.0239; EGFP vs
EGFP-KChIP3A31-50, p = 0.7586; EGFP-KChIP3 vs EGFP-
KChIP3A31-50, p = 0.0024; Fig. 5E, right). However, consistent
with the results in Figure 2B, the analgesic effect exerted by the in-
trathecal injection of EGFP-KChIP3 was remarkable. These findings
demonstrated that deletion of the 31-50 fragment abolished the an-
algesic effect of KChIP3, suggesting the necessity of this fragment for
the functional effect of full-length KChIP3.

In addition to radiant heat, a hot plate test with the plate set at
50°C or 54°C was performed 6 h after CFA injection. Intrathecal
administration of 30 ug of TAT-31-50 prolonged the latency of
flinching or licking significantly compared with scramble control
(multiple ¢ tests, TAT-scramble vs TAT-31-50: 50°C flinching:
p = 0.0338; 50°C licking: p = 0.0398; 54°C flinching: p = 0.0400,
54°C licking: p = 0.0223; Fig. 5F).

In addition to the attenuation of thermal hyperalgesia by TAT-
31-50 both 6 and 24 h post CFA injection (n = 10 or 14, two-way
repeated-measures ANOVA: group effect F(, ,,, = 48.25, p <
0.0001; Sidak’s multiple-comparisons test: p) < 0.0001, p,) <
0.0001; Fig. 5-2 A, available at https://doi.org/10.1523/JNEUROSCI.
2242-17.2018.f5-2), mechanical nociceptive threshold was
slightly increased 6 h after CFA injection (n = 10 or 14, two-way
repeated-measures ANOVA, Sidak’s multiple-comparisons test:
P = 0.0433; Fig. 5-2B, available at https://doi.org/10.1523/
JNEUROSCI.2242-17.2018.5-2). Moreover, the correlation be-
tween the thermal hyperalgesia and mechanical nociceptive
threshold was detected (n = 10 or 14, linear regression,
Perat-scamble) = 0:0244, Perat31.50) = 0.0486; Fig. 5-2C, available at
https://doi.org/10.1523/]NEUROSCI.2242-17.2018.{5-2).
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In consideration of the wide expression of KChIP3 in different-
sized DRG neurons and thereby the possible effect of TAT-31-50 on
A-fibers where TRPV1 is scarcely expressed, multiple somatosen-
sory assays dependent on A-fibers are performed, including: (1) the
light touch sensitivity test, (2) the pinprick test, and (3) the sticky
tape assay. TAT-31-50 exerted no effect on these A-fiber-related so-
matosensation 6 h after CFA injection (Fig. 5-2 D-F, available at
https://doi.org/10.1523/INEUROSCI.2242-17.2018.f5-2).

To further confirm the TRPV1-dependent in vivo analgesic
effect in the periphery, we administered 30 ug of TAT-scramble
or TAT-31-50 through intraplantar injection 3 h before capsaicin
(3 ng) injection (Fig. 5G). Spontaneous pain behavior was as-
sayed by counting the total lifting time in the first 10 min. Intra-
plantar injection of TAT-31-50 significantly shortened the lifting
duration (n = 7 or 8, unpaired ¢ test, p = 0.0401; Fig. 5H). In
addition, evoked nociceptive responses were measured by radiant
heat at 15, 30, 60, 90, and 120 min after capsaicin injection. The
PWLat 15 min (n = 7 or 8, two-way repeated-measures ANOVA:
group effect F(, 5y = 7.686, p = 0.0158; Sidak’s multiple-
comparisons test: p, 5, = 0.0047; Fig. 51, left) and total AUC (n =
7 or 8, unpaired t test, p = 0.0158; Fig. 5I, right) were increased
significantly by TAT-31-50. In summary, both central and pe-
ripheral application of TAT-31-50 had an analgesic effect.

TAT-31-50 alleviates the gait alterations elicited by

plantar inflammation

CatWalk gait analysis, a computer-assisted locomotor analysis,
has been used to detect gait alterations and has been proposed as
an objective tool for evaluating mechanical allodynia induced by
nerve injury (Vrinten and Hamers, 2003). It allows the rapid
quantification of individual paw parameters and parameters re-
lated to interlimb coordination. To evaluate the effect of TAT-
31-50 on inflammation-induced mechanical allodynia, the
Catwalk XT gait analysis system was used to assess changes in
both static and dynamic gaits (Fig. 6A) at 6 h after CFA injection.
The intensity difference of paw prints between the RH (contralat-
eral side) and the LH (ipsilateral side) was calculated. To rule out
body weight and pedal size influences on the paw print intensi-
ties, the RH — LH/RH ratio was used in the following studies.

For static gait, the STAND intensity ratio was 13.8% in the
TAT-scramble group, whereas administration of the TAT-31-50
peptide lowered this value to 6.5% (n = 5 or 6, unpaired Stu-
dent’s ttest: o) = 2.359, p = 0.0427; Fig. 6D), suggesting that the
difference in STAND intensity between the two limbs was re-
duced by TAT-31-50. For dynamic gait, gait-related parameters
were collected during walking. The representative paw print
graphs showed that the rats initially contacted the floor with their
palm, then transferred to their toes, and ended with their heel
(Fig. 6B). Footprints with the largest contact area were high-
lighted in red frames and further displayed in 3D graphs (Fig.
6C). The yellow or red regions in the 3D graphs, representing
regions with high intensity within one step cycle, were enlarged in
the TAT-31-50-injected group compared with those in the TAT-
scramble control group. However, no significant differences in
the contralateral hindpaws were detected between the two groups
(Fig. 6-1A, available at https://doi.org/10.1523/J]NEUROSCI.
2242-17.2018.f6-1).

In addition to the STAND intensity, the maximal and mean
intensities of the most intense 15 pixels during walking were
compared between the TAT-scramble- and TAT-31-50-injected
groups. The results showed that both parameters were reduced by
the administration of TAT-31-50 (max intensity: n = 5 or 6, un-
paired Student’s ¢ test: £,4) = 2.359, p = 0.0454; mean intensity of top
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Figure 5. Intrathecal injection of TAT-31-50 peptide alleviates CFA-induced thermal hyperalgesia. A, Schematic diagram of the protocol for the measurement of thermal pain threshold after
intrathecal administration of peptides. B—D, Time course of PWL of the ipsilateral hindpaw before and after CFA injection from 1—24 h in the TAT-31-50- or TAT-scramble-injected (i.t.) rats. A dose
of 3(B), 10 (C), or 30 g (D) TAT-31-50 or TAT-scramble peptide was injected intrathecally. B-D, Left, Two-way ANOVA, group effect: *p << 0.05, shown in the end of the lines; post test: Sidak’s
multiple-comparisons test, *p << 0.05, shown above the lines. Right, AUCfrom 1-24 h after CFA injection was compared between the TAT-31-50- and TAT-scramble-injected groups. Unpaired ¢ test,
*p << 0.05. E, Time course of PWL of the ipsilateral hindpaw before and after CFA injection (left) in the EGFP, EGFP-KChIP3, or EGFP-KChIP3A31-50 plasmid-injected rats. Two-way ANOVA, post test:
Tukey’s multiple-comparisons test, *p << 0.05, compared with the EGFP group, ##p < 0.01, compared with the EGFP-KChIP3 group, shown in the end of the lines; post test: Sidak’s multiple-
comparisons test, *p << 0.05 compared with the EGFP group, #p << 0.05, and ##p << 0.01 compared with the EGFP-KChIP3 group, shown above the lines. Right, AUC from 1-24 h after CFA injection
was compared among the three groups. One-way ANOVA, *p << 0.05, compared with the EGFP group, ##p << 0.01, compared with the EGFP-KChIP3 group. F, Latency of flinching and licking on hot
plate (50°Cand 54°C) was compared between the 30 r.g TAT-31-50- and TAT-scramble-injected (i.t.) groups 6 h after CFA injection. Multiple ¢ test, *p << 0.05. G, Schematic diagram of the protocol
for the measurement of spontaneous and evoked pain after intraplantar (i.pl.) injection of the peptide and capsaicin (cap). H, Lifting time in the first 10 min after capsaicin injection was compared
between the TAT-31-50- and TAT-scramble-injected groups. Unpaired ¢ test, *p << 0.05. I, Time course of PWL of the left hindpaw before and after capsaicin injection from 15—-120 min in the
TAT-31-50- or TAT-scramble-injected rats. Left, Two-way ANOVA, group effect: *p << 0.05, shown in the end of the lines; post test: Sidak’s multiple-comparisons test, **p << 0.01, shown above the
lines. Right, AUCfrom 15—120 min after capsaicin injection was compared between the TAT-31-50- and TAT-scramble-injected groups. Unpaired ¢ test, *p << 0.05. For more information, see Figures
5-1and 5-2 (available at https://doi.org/10.1523/INEUR0SCI.2242-17.2018.f5-1 and https://doi.org/10.1523/JINEUR0SCI.2242-17.2018.£5-2, respectively).
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Figure6.  TAT-31-50 administration attenuates the gait alterations induced by CFA injection. 4, Schematic diagram of the procedure evaluating gait alterations during STAND (left) or CATWALK
(right). B, Consecutive graphs within a duty cycle of the LH and RH 6 h after CFA injection in the LH. €, 3D graphs of the LH print boxed by the red line in B. x-axis: length (0.926 mm per unit), y-axis:
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ANOVA, interaction effect: p << 0.05; post test: Sidak’s multiple-comparisons test, *p << 0.05. H-J, Correlation analysis between PWL and mechanical threshold (H), intensity data (/), and
coordination data (/). Linear regression, n = 11, *p << 0.05, **p << 0.01. For more information, see Figure 6-1 (available at https://doi.org/10.1523/INEUR0SCI.2242-17.2018.6-1).
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15 pixels: n = 5 or 6, unpaired Student’s t test: t4) = 3.753, p =
0.0045; Fig. 6E,F), suggesting the alleviation of inflammation-
induced gait alterations by TAT-31-50.

In humans, individuals suffering from unilateral knee pain tend
to avoid bearing weight on their injured leg. Therefore, the percent-
age of swing duration, or the time of noncontact with the floor dur-
ing one step cycle, was calculated. As expected, intraplantar
inflammation increased the swing duration of the ipsilateral hind-
paw to ~25%, whereas administration of the TAT-31-50 peptide
reduced this time to ~20% (n = 5 or 6, two-way repeated-measures
ANOVA: interaction effect F, 4, = 7.108, p = 0.0476; Sidak’s
multiple-comparisons test: p; ) = 0.0318, p(rsr) = 0.9952; Fig. 6G).
In addition, the STAND contact area (Fig. 6-1 B, available at https://
doi.org/10.1523/INEUROSCI.2242-17.2018.f6-1), the CATWALK
maximal contact area (Fig. 6-1C, available at https://doi.org/10.
1523/JNEUROSCI.2242-17.2018.t6-1), and the paw print area (cal-
culated according to the accumulation of all the footprints; Fig.
6-1D, available at https://doi.org/10.1523/JNEUROSCI.2242-17.20
18.f6 - 1) were compared between the TAT-scramble- and TAT-
31-50-injected groups and no significant differences were detected,
suggesting that the paw area and its contact with the floor were not
affected by the analgesic peptide.

In the following studies, correlation analysis of the nociceptive
behaviors and parameters of CatWalk was performed. The devel-
opments of both thermal hyperalgesia (n = 5 or 6, two-way
repeated-measures ANOVA: interaction effect F(, 5, = 6.093,p =
0.0200; Sidak’s multiple-comparisons test: p, = 0.0077; Fig.
6-1E, available at https://doi.org/10.1523/JNEUROSCI.2242-17.
2018.f6-1) and mechanical allodynia behaviors (n = 5 or 6, two-
way repeated-measures ANOVA: interaction effect F, 5) = 6.093,
p = 0.0196; Sidak’s multiple-comparisons test: p s = 0.0448; Fig.
6-1F, available at https://doi.org/10.1523/JNEUROSCI.2242-17.
2018.f6-1) were attenuated by administration of the TAT-31-50
peptide. A significant positive correlation between the thermal
and mechanical thresholds was detected (n = 11, linear regres-
sion: R> = 0.4881, F, 4 = 8.582, p = 0.0168; Fig. 6H). In
contrast, a significant negative correlation between intensity (in-
cluding STAND intensity, CATWALK max intensity, and
CATWALK mean intensity of the top 15 pixels) and the thermal
pain threshold was detected (n = 11, linear regression, STAND
intensity: R> = 0.5595, F(, ) = 11.43, p = 0.0081; CATWALK
max intensity: R? = 0.3629, Foo = 5127, p = 0.0498;
CATWALK mean intensity of the top 15 pixels: R* = 0.5076,
Fio) = 9.279, p = 0.0139; Fig. 6I). In addition, a significant
negative correlation between the coordination (percent swing
duration of the ipsilateral hindpaw) and the thermal pain thresh-
old was detected (n = 11, linear regression, CATWALK swing
(%) LH: R? = 0.4199, F, 5, = 6.515, p = 0.0311; CATWALK
swing (%) RH: R? =10.1928, F9) = 2.149, p = 0.1767; Fig. 6]).
However, no correlation between the print area data (including the
STAND contact area, the CATWALK max contact area, and the
CATWALK print area) and the thermal pain threshold was
detected (Fig. 6-1G, available at https://doi.org/10.1523/
JNEUROSCI.2242-17.2018.f6-1). The above data indicate that
TAT-31-50 contributed to the attenuation of gait alterations elicited by
plantar inflammation and that this improvement could be correlated
(~40%, estimated by the R? in the statistical analysis of linear regression
in Fig. 51,]) to the alleviation of thermal hyperalgesia.

KChIP3-31-50 fragment inhibits the TRPV1-mediated

Ca’* influx

As shown in the above data (Fig. 4F), application of TAT-31-50
induced a significant reduction of surface TRPV1, mimicking the
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function of the KChIP3 31-50 fragment. To further clarify the
effect of TAT-31-50 on the function of TRPV1, Ca®" imaging
assays were performed in freshly dissociated ipsilateral DRG neu-
rons 6 h after CFA injection.

Compared with TAT-scramble, 10 ug TAT-31-50 slightly re-
duced the Ca®" influx evoked by capsaicin (5 um), the most
specific known TRPV1 agonist (n = 12, two-way repeated-
measures ANOVA: group effect F, ,,) = 5.649, p = 0.0266; Fig.
7A,B). Furthermore, tripling the dose of TAT-31-50 induced a
much greater decrease (~60%) of TRPV1-mediated Ca*" influx
(n = 5 or 7, two-way repeated-measures ANOVA: group effect
F 10)=20.01,p = 0.0012; Fig. 7C,D). Likewise, diminishment of
capsaicin-induced Ca*" influx by TAT-31-50 was also observed
compared with that by the TAT-1-20 peptide, which was unable
to bind TRPV1 (Fig. 7-1, available at https://doi.org/10.1523/
JNEUROSCI.2242-17.2018.£7-1). Therefore, the KChIP3-31-50
fragment is sufficient to inhibit TRPV1-mediated Ca*" influx.

Next, we investigated whether the 31-50 fragment was required
for the inhibitory effect of KChIP3 on TRPV1-mediated Ca*" in-
flux. Consistent with the results shown in Figure 5F, exogenous
EGFP-KChIP3 expression via intrathecal injection, but not EGFP-
KChIP3A31-50 expression, decreased the capsaicin-evoked Ca*"
influx (n = 7, 8, or 9, two-way repeated-measures ANOVA: group
effect F(, ;) = 6.580, p = 0.006; Tukey’s multiple-comparisons test
of group effects: EGFP vs EGFP-KChIP3, p = 0.0213; EGFP vs
EGFP-KChIP3A31-50, p = 0.8264; EGFP-KChIP3 vs EGFP-
KChIP3A31-50, p = 0.0088; Fig. 7E, F). In other words, deletion of
the 31-50 fragment abolished the inhibition of Ca*" influx through
TRPV1 by full-length KChIP3. The above data indicate that the
31-50 fragment is sufficient and necessary for the inhibitory effect of
KChIP3 on TRPV1-mediated Ca*" influx.

TAT-31-50 alleviated the CFA-induced thermal hyperalgesia
in kenip3 KO rats
To further investigate the analgesic mechanisms of TAT-31-50,
we constructed kcnip3 KO rats (Fig. 8A). Efficient deletion of the
kenip3 gene was verified by immunoblotting analysis of DRG
lysates. At the same time, expression of the TRPV1 protein was
not affected by kcnip3 deletion (Fig. 8B). Consistent with previ-
ous studies (Cheng et al., 2002; Rivera-Arconada et al., 2010),
kenip3 deletion led to an increased thermal pain threshold in the
basal state (n = 5 or 7, unpaired Student’s ¢ test: ;5 = 2.456, p =
0.0339; Fig. 8C, left). However, kcnip3 KO rats showed reduced
PWL values in the radiant heat test at 6 and 12 h after intraplanter
CFA injection (n = 5 or 7, two-way repeated-measures ANOVA:
group effect F(, ;) = 15.06, p = 0.0031; Sidak’s multiple-
comparisons test: ps, = 0.0049, p(,,, = 0.0295; Fig. 8C, right).
Quantification analysis of the AUC (1-24 h) also showed the
increased sensitivity of the kcnip3 KO rats to thermal pain in
the inflammatory pain state. The opposite roles of KChIP3 in the
basal and inflammatory states might be attributed to its distinct
roles in the nucleus and plasma membrane. In the nucleus, Ca*™ -
bound KChIP3 was shown to dimerize to block its DNA-binding
ability (Carrion et al., 1999; Lusin et al., 2008) and depress the
expression of genes such as bdnf, thus strengthening the role of
BDNF and facilitating spinal sensitization in inflammation-
induced thermal hyperalgesia. Although localized on the plasma
membrane, binding between KChIP3 and TRPV1 receptors may
result in decreased surface level of TRPV1, which may lead to
reduced thermal hypersensitivity.

To exclude the possibility that TAT-31-50 induces analgesia
by inhibiting the binding of KChIP3 and TRPV1 competitively,
the analgesic effect of the TAT-31-50 peptide was tested in the
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Figure 7.  The KChIP3 N-terminal 31-50 fragment is necessary and sufficient for the inhibition of TRPV1-mediated Ca® " influx by KChIP3. A—F, Ca®™ imaging assays in dissociated ipsilateral
L4 -5 DRG neurons 6 h after CFA injection. The rats were pretreated with an intrathecal administration of 10 (4, B) or 30 g of the TAT-scramble or TAT-31-50 peptides (C, D) or the EGFP,
EGFP-KChIP3 or EGFP-KChIP3A31-50 plasmids (E, F). A, C, E, Images of dissociated DRG neurons at the baseline are shown above and images after capsaicin treatment are shown below. Scale bar,
200 wm. B, D, F, Quantification analysis of the capsaicin (5 m)-evoked 2" influxin 4, € and E, respectively. B, D, Group effect: *p << 0.05, **p << 0.01. F, two-way ANOVA, post test: Sidak’s
multiple-comparisons test, *p << 0.05, compared with the EGFP group, ##p << 0.01, compared with the EGFP-KChIP3 group. For more information, see Figure 7-1 (available at https://doi.org/10.

1523/JNEUR0SCI.2242-17.2018.7-1).

kenip3 KO rats. The results showed that TAT-31-50 retained its
ability to alleviate thermal hyperalgesia relative to the scramble con-
trol in the kcnip3 KO rats (n = 5 or 6, PWL: two-way repeated-
measures ANOVA: group effect F; o) = 9.382, p = 0.0135; Sidak’s
multiple-comparisons test: p;;y = 0.0176; p) = 0.0265; p(15) =
0.0192; AUC: unpaired Student’s t test: £, = 3.063, p = 0.0135; Fig.
8D). These results indicate that the kcnip3 deletion had distinct ef-
fects on the thermal pain thresholds in the basal and inflammatory
states and that the analgesic effect of TAT-31-50 was independent of
endogenous KChIP3.

Discussion

In the present study, we revealed the peripheral analgesic effect of
KChIP3 in CFA-induced inflammatory pain and identified
TRPV1 as a new KChIP3-binding protein. In the basal state,
binding between KChIP3 and TRPV1 remains at a low level (Fig.
8E, left). During inflammatory pain, TRPV1 undergoes func-
tional sensitization, which leads to increased Ca®" influx via
TRPV1. Concurrently, the protein expression of KChIP3 is up-

regulated. Therefore, the binding between KChIP3 and TRPV1 is
enhanced, which results in the reduced surface localization of
TRPVI and the subsequent diminishment of Ca** influx
through the channel (Fig. 8E, middle). Importantly, the trans-
membrane TAT-31-50 peptide, which was generated based on
the critical binding site of KChIP3 mediating its association with
TRPV1, has an effect on the surface localization of TRPV1 similar
to that of KChIP3. In the behavioral tests, intrathecal injection of
TAT-31-50 alleviates inflammation-induced thermal hyperalge-
sia and gait alterations (Fig. 8E, right). Therefore, TAT-31-50
might be a potential analgesic agent for the treatment of inflam-
matory pain.

Peripheral KChIP3 contributes to pain modulation

Previous studies have shown that KChIP3 is a critical transcrip-
tional repressor in pain modulation. Kcnip3 KO mice exhibit
elevated levels of prodynorphin mRNA in their spinal cords and
reduced sensitivity to noxious stimuli in both physiological and
acute inflammatory pain states (Cheng et al., 2002). In later stud-
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of TRPV1 and the subsequent inhibition of TRPV1-mediated Ca ™ influx by KChIP3. Importantly, TAT-31-50, constructed based on the critical binding site of KChIP3 mediating its interaction with
TRPV1, alleviates thermal hyperalgesia and gait alterations induced by intraplantar CFA injection significantly.

(Fig. 8C,D). However, a recent study found the opposite results in
the trigeminal neurons of mice overexpressing EFmDREAM.
These mice showed enhanced responses to acute inflammatory
pain stimuli. Further cDNA microarray analysis revealed two
new target genes of KChIP3 related to pain modulation in trigem-
inal ganglion neurons, including cathepsin L and the monoglyc-
eride lipase, which are involved in the proteolytic processing of
dynorphin in secretory vesicles and the hydrolysis of endocan-

ies, transgenic mice expressing DREAM with the EF hands mu-
tant (EFmDREAM or daDREAM), which shows sustained
transcriptional repression activity in a Ca*>*-independent man-
ner, were generated (Rivera-Arconada et al., 2010). These mice
exhibit basal hyperalgesia but impaired response to inflamma-
tory pain. Results in these mice are consistent with our present
results in kcnip3 KO rats, which show hypoalgesia in the basal
state and exacerbated thermal hyperalgesia after CFA injection
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nabinoid 2-arachidnonoyl glycerol, respectively (Benedet et al.,
2017). In our opinion, the multiple KChIP3 target genes in pe-
ripheral sensory neurons and the CNS might contribute to its
complex regulatory roles in physiological and pathological pain
states. In addition, because the binding of KChIP3 with Kv4.2 or
NMDA receptors on the plasma membrane has significant effects
on neuronal excitability (Anderson et al., 2010; Zhang et al.,
2010), their association might further complicate the profound
role of KChIP3 in pain modulation.

Although the expression of KChIP3 in DRG neurons has
been reported previously (Matsuyoshi et al., 2012; Cheng et
al., 2016), herein, we describe the expression pattern of
KChIP3 in different subpopulations of rat DRG neurons in
detail (Fig. 1). In DRG, unlike the other Kv4 auxiliary subunits
(KChIP1, KChIP2, and dipeptidyl peptidase like protein 10),
KChIP3 exhibited no colocalization with Kv4.3, the major
contributor of the subthreshold A type K™ current in primary
sensory neurons (Kuo et al., 2017), suggesting the unique role
of KChIP3 in the periphery.

Furthermore, our studies showed the molecular weight of
KChIP3 in DRG neurons to be ~27 kDa, which is slightly smaller
than that reported previously (Carrién et al., 1999; An et al,,
2000). Previous studies indicated that the hKChIP3-Ib isoform,
which contains 230 amino acids and carries an N-terminal 1-60
amino acid replacement compared with KChIP3-Ia (Pruunsild
and Timmusk, 2012), has a similar molecular weight to the pe-
ripheral KChIP3 identified in our studies. Therefore, to deter-
mine whether KChIP3-Ib is the major isoform of KChIP3
expressed in DRG neurons, we used a commercial antibody gen-
erated against the N-terminal 31-45 fragment of KChIP3 during
Western blot analysis. A clear band corresponding to ~27 kDa
was detected in the DRG tissues of WT but not kcnip3 ~ '~ rats
(Fig. 8B). Therefore, it is inferred that a different KChIP3 isoform
containing the 31-45 fragment is present in primary sensory neu-
rons and further studies are needed to delineate the characteris-
tics of the KChIP3 isoform in DRG neurons.

The KChIP3-TRPV1 interaction reduces the surface
localization of TRPV1

In the present study, the KChIP3—TRPV1 interaction was
proven by co-IP studies in both tissue and cell cultures and
with GST pull-down studies. Furthermore, the Ca*" sensitiv-
ity of this association, which possibly contributed to the in-
creased binding between KChIP3 and TRPV1 6 h after CFA
injection, was revealed in the in vitro study. As previous stud-
ies indicated, the surface localization and gating properties of
TRPV1 were modulated by the interaction of its intracellular
N or C termini with scaffolding proteins, signaling molecules,
and protein kinases such as AKAP79/150, CaM, phosphatidyl-
inositol 4,5-bisphosphate (PIP2), and protein kinase D
(Numazaki et al., 2003; Wang et al., 2004; Lishko et al., 2007;
Zhang et al., 2008; Zhu et al., 2008; Fischer et al., 2013; Julius,
2013; Chung et al., 2015). Therefore, we speculate that the
KChIP3-TRPV1 binding might interfere with the interaction
between TRPV1 and its intracellular binding partners, ulti-
mately leading to the reduction of surface TRPV 1. Because the
critical binding sites of the N and C termini of TRPV1 with
KChIP3 were not investigated in the present study, the mech-
anisms underlying the inhibition of TRPV1 surface localiza-
tion and receptor function by KChIP3 need to be explored in
future studies.
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KChIP3 N-terminal 31-50 fragment exhibits an analgesic
effect on inflammatory pain via negatively regulating the
function of TRPV1

Mapping studies indicated that the KChIP3 N-terminal 31-50
fragment had the strongest ability of binding to both the Nand C
termini of TRPV1 (Fig. 4A-D). Functional studies further indi-
cated that deletion of the 31-50 fragment abolished, not only the
inhibitory effect of KChIP3 on TRPV1-mediated Ca*" influx
(Fig. 7E, F), but also its analgesic effect on inflammatory thermal
hyperalgesia (Fig. 5E).

Because the TAT fusion peptide construction has been proven
an efficient method with which to facilitate the cellular entrance
of peptide (Xing et al., 2012; Li et al., 2014; Liu et al., 2015), the
TAT-31-50 peptide was generated and applied in the behavioral
tests. Previous studies have shown that TRPV1 is essential for the
sensation of noxious heat and contributes to mechanical static
pressure (von Frey; Martinez-Rojas et al., 2014; Borbiro et al,,
2015; Watanabe etal., 2015; Xu et al., 2016), but is not involved in
the light touch perception and fast nociceptive reflex (Brenneis et
al., 2013). In the present work, behavioral tests of the other
somatosensory modalities such as light touch and pinprick per-
ception indicated that the TAT-31-50 did not affect the TRPV1-
independent somatosensation (Fig. 5-2, available at https://doi.
org/10.1523/JNEUROSCI.2242-17.2018.f5-2); however, applica-
tion of TAT-31-50 via intrathecal injection alleviated thermal
hyperalgesia and gait alterations induced by CFA injection signif-
icantly. The mechanism of the analgesic effect of TAT-31-50 is
related to the decreased surface localization of TRPV1 and the sub-
sequent reduction of TRPV1-mediated Ca’" influx. In addition,
intraplantar injection of TAT-31-50 decreased the capsaicin-evoked
spontaneous and evoked pain behavior, which further strengthen
the specificity of the action of TAT-31-50 on TRPV1 (Fig. 5G-I).

TAT-31-50 shows a similar analgesic effect as

full-length KChIP3

Generally, TAT fusion peptides compete with endogenous full-
length proteins in binding the target proteins and thereby down-
regulate the function of full-length proteins through competitive
inhibition. However, in our results, TAT-31-50 reduced
capsaicin-evoked Ca”™ influx and thermal hyperalgesia, exhibit-
ing an effect similar to that of KChIP3. We speculated that the
binding of TAT-31-50 to the TRPV1 intracellular termini might
block the function of critical domains mediating the interaction
of TRPV1 with its binding partners and therefore interfere with
the membrane trafficking of TRPV1.

To clarify whether TAT-31-50 exerts its function via inhibit-
ing the function of endogenous KChIP3 competitively, we tested
its analgesic effect in kcnip3 KO rats, in which TAT-31-50 showed
asimilar inhibitory effect on inflammatory thermal hyperalgesia.
Therefore, TAT-31-50 mimics the inhibitory effect on TRPV1
and the analgesic effect of full-length KChIP3. Elucidation of the
critical role of the N-terminal 31-50 fragment in the functional
regulation of TRPV1 by KChIP3 provides further evidence for
the importance of the unique KChIP3 N terminus compared with
other KChIP subtypes.

In conclusion, our findings reveal a new role of KChIP3 in
peripheral nociception that is independent of its transcriptional
repressor activity and provide new insights into the multifunc-
tional properties of KChIP3. Inhibitory effects of KChIP3 and the
transmembrane peptide TAT-31-50 on the surface localization of
TRPV1 and the Ca** influx through this channel were demon-
strated. Because the TAT-31-50 peptide alleviated inflammatory
thermal hyperalgesia and gait alterations significantly, it repre-
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sents a potential analgesic agent for the treatment of inflamma-
tory pain. A better understanding of the role of KChIP3 in pain
modulation may contribute to the development of new pain-
relieving drugs.
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