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Abstract 43 

Potassium channel interacting protein 3 (KChIP3), also termed downstream regulatory element 44 

antagonist modulator (DREAM) and calsenilin, is a multi-functional protein belonging to the neuronal 45 

calcium sensor (NCS) family. Recent studies revealed the expression of KChIP3 in dorsal root 46 

ganglion (DRG) neurons, suggesting the potential role of KChIP3 in peripheral sensory processing. 47 

Herein, we show that KChIP3 co-localizes with TRPV1, a critical molecule involved in peripheral 48 

sensitization during inflammatory pain. Furthermore, the N-terminal 31-50 fragment of KChIP3 is 49 

capable of binding both the intracellular N- and C-termini of TRPV1, which substantially decreases 50 

the surface localization of TRPV1 and the subsequent Ca2+ influx through the channel. Importantly, 51 

intrathecal administration of the transmembrane peptide TAT-31-50 remarkably reduces Ca2+ influx 52 

via TRPV1 in DRG neurons and alleviates thermal hyperalgesia and gait alterations in a complete 53 

-induced inflammatory pain model in male rats. Moreover, intraplantar injection of 54 

TAT-31-50 attenuated the capsaicin-evoked spontaneous pain behavior and thermal hyperalgesia, 55 

which further strengthen the regulatory role of TAT-31-50 on TRPV1 channel. In addition, 56 

TAT-31-50 could also alleviate inflammatory thermal hyperalgesia in cnip3-/- rats generated in our 57 

study, suggesting that the analgesic effect mediated by TAT-31-50 is independent of endogenous 58 

KChIP3. Taken together, our study reveals a novel peripheral mechanism for the analgesic function of 59 

KChIP3 and provides a potential analgesic agent, TAT-31-50, for the treatment of inflammatory 60 

pain. 61 

 62 
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Significance Statement 63 

Inflammatory pain arising from inflamed or injured tissues significantly compromises the quality of 64 

life in patients. This study aims to elucidate the role of peripheral KChIP3 in inflammatory pain. 65 

Direct interaction of the KChIP3 N-terminal 31-50 fragment with TRPV1 was demonstrated. 66 

KChIP3-TRPV1 interaction reduces the surface localization of TRPV1 and thus alleviates heat 67 

hyperalgesia and gait alterations induced by peripheral inflammation. Furthermore, the 68 

transmembrane TAT-31-50 peptide showed analgesic effects on inflammatory hyperalgesia 69 

independent of endogenous KChIP3. Altogether, this work reveals a novel mechanism of peripheral 70 

KChIP3 in inflammatory hyperalgesia that is distinct from its classical role as a transcriptional 71 

repressor in pain modulation. 72 

 73 

Introduction 74 

Calcium signaling is involved in a range of cellular processes, including action potential generation, 75 

neurotransmitter release, gene transcriptional regulation and synaptic plasticity. Changes in 76 

intracellular [Ca2+]i can be precisely detected by Ca2+-binding proteins, such as the ubiquitous calcium 77 

sensor calmodulin (CaM), calcium-binding protein (CaBP) family members and neuronal calcium 78 

sensor (NCS) proteins (Burgoyne, 2007; Burgoyne and Haynes, 2015). Downstream regulatory 79 

element antagonist modulator (DREAM), a member of the NCS family, was first reported as a critical 80 

transcriptional repressor in pain processing (Carrion et al., 1999; Cheng et al., 2002). Numerous genes 81 

have been shown to be regulated by DREAM, such as preprodynorphin, c-fos, bdnf (brain-derived 82 

neurotrophic factor), the sodium/calcium exchanger NCX3 gene, the circadian AA-NAT 83 
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(arylalkylamine N-acetyltransferase) gene, IL-2 (interleukin-2), the deubiquitinase TNFAIP3 (tumor 84 

necrosis factor alpha-induced protein 3), MGLL (monoglyceride lipase) and the protease CTSL 85 

(cathepsin L) (Carrion et al., 1999; Link et al., 2004; Gomez-Villafuertes et al., 2005; Savignac et al., 86 

2005; Rivera-Arconada et al., 2010; Tiruppathi et al., 2014; Benedet et al., 2016). Genetic DREAM 87 

ablation results in elevated prodynorphin levels in the spinal cord, ultimately markedly attenuating 88 

pain response (Cheng et al., 2002). In contrast, transgenic mice expressing a constitutively active 89 

DREAM mutant displayed hyperalgesia in the basal state (Rivera-Arconada et al., 2010). 90 

Unexpectedly, these mice showed reduced nociceptive behaviors and impaired spinal sensitization 91 

after the intra-92 

BDNF content in the spinal cord. These contradictory findings indicate the complex regulatory roles of 93 

DREAM in nociceptive processing. 94 

DREAM is also termed calsenilin for its interaction with the C-terminus of presenilin (Buxbaum et al., 95 

1998) and potassium channel-interacting protein 3 (KChIP3) for its binding to the cytoplasmic 96 

N-terminus -subunit (An et al., 2000). Hereafter, the name KChIP3 is used for 97 

consistency with the gene nomenclature. In total, 4 KChIP proteins (KChIP1-4), sharing expression 98 

patterns and functions, constitute the KChIP subfamily of NCS proteins. Co-expression of the KChIP 99 

proteins remarkably promotes the membrane localization of Kv4 channels, increases current density, 100 

slows current inactivation and speeds recovery from inactivation (An et al., 2000; Takimoto et al., 101 

2002; Jerng et al., 2005; Hu et al., 2006). Reciprocally, the membrane localization of KChIP3, 102 

particularly when co-expressed with the Kv4.2 or Kv4.3 channels, was demonstrated in previous 103 

studies by our group and others (Takimoto et al., 2002; Ruiz-Gomez et al., 2007; Zhang et al., 2010). 104 



 

6 
 

In addition to Kv4 channels, direct interactions of KChIP3 with ion channels or anchoring proteins, 105 

including Cav3.2 or Cav3.3, the GluN1 subunit of NMDA receptors and PSD95, were indicated 106 

(Anderson et al., 2010; Wu et al., 2010; Zhang et al., 2010). Altogether, these findings provide further 107 

evidence for the multi-functional properties of KChIP3.  108 

Transient receptor potential ion channel V1 (TRPV1), a non-selective cation channel enriched in 109 

primary sensory neurons, responds to a variety of noxious stimuli, including heat (>43°C), capsaicin, 110 

low pH, and arachidonic acid metabolites (Caterina et al., 1997; Julius, 2013). Sensitization and 111 

desensitization are two functional features of 112 

sensitization and contributes to the development of peripheral sensitization. The underlying 113 

mechanism is related to the phosphorylation of TRPV1 intracellular domains by multiple protein 114 

kinases, which leads to the increased surface localization of the receptor and altered channel kinetics. 115 

In contrast, Ca2+ effectors activated following Ca2+ influx via TRPV1, including CaM and phosphatase 116 

calcineurin, mediate TRPV1 desensitization (Numazaki et al., 2003; Jung et al., 2004; Rosenbaum et 117 

al., 2004; Mohapatra and Nau, 2005; Lishko et al., 2007). Direct associations of CaM with both the 118 

intracellular N- and C-termini of TRPV1 were demonstrated (Rosenbaum et al., 2004; Lishko et al., 119 

2007). Here, we demonstrate that the KChIP3 N-terminal 31-50 fragment mediates its association 120 

with TRPV1 and alleviates inflammatory thermal hyperalgesia. This study reveals a novel mechanism 121 

of peripheral KChIP3 in inflammatory hyperalgesia that is distinct from its classical role as a 122 

transcriptional repressor in pain modulation. 123 

 124 
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Materials and Methods 125 

General experimental design 126 

In this study, multiple behavioral tests (e.g., radiant heat measurement) and non-behavioral tests (e.g., 127 

Ca2+ imaging) were employed. Behavioral tests were performed in a double-blinded manner and data 128 

were collected from more than 5 animals of each group. Non-behavioral tests include data from at 129 

least 3 duplications. The between-subject factors include genotype (i.e., wild type vs. kcnip3 130 

knockout), peptide (i.e., TAT-scramble vs. TAT-31-50) or plasmids (i.e., EGFP vs. EGFP-KChIP3) 131 

administration, time points after CFA intra-plantar injection (i.e., 1, 3, 6, 12 and 24 h), and DRG 132 

neuron size (small, medium, large). 133 

Animals 134 

Male Sprague Dawley (SD) rats (130 180 g) were used. All experiments were performed according to 135 

the guidelines of the Animal Care and Use Committee of Peking University. Kcnip3-/- rats were 136 

generated by the Nanjing Biomedical Research Institute of Nanjing University. In kcnip3-/- rats, 137 

deletion of exon 2 of the kcnip3 gene using the CRISPR/Cas9 system induces a frameshift mutation. 138 

Null KChIP3 expression in the knockout rats was verified by PCR and Western blot. The animals were 139 

housed in temperature-controlled rooms on a 12/12-h light-dark cycle with free access to food and 140 

water. 141 

CFA-induced inflammatory pain model 142 

In the CFA-induced inflammatory pain model, 100% CFA (Sigma-Aldrich) was diluted to 25% in 143 

incomplete Freund's adjuvant (IFA, Sigma-Aldrich) to avoid excessive inflammation and spontaneous 144 
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pain behavior. Nociceptive responses after the intrathecal injection or delivery of the plasmids or 145 

peptides were measured in a blinded manner. 146 

Plasmids 147 

The EGFP-KChIP3 plasmids were constructed by the PCR amplification of rat brain cDNA and 148 

subcloned into the XhoI-EcoRI site of the pEGFP-C2 vector (Clontech). The prokaryotic expression 149 

constructs containing different KChIP3 N-termini fragments were generated by PCR and subcloned 150 

into the PGEX-5x-1 (Clontech) and pet28a (+) (Novagen) vectors, respectively. The prokaryotic 151 

expression constructs encoding the intracellular TRPV1 domains were generated in a similar manner. 152 

The EGFP-KChIP3 -50 plasmid was constructed by deletion of amino acids 1-50 followed by 153 

insertion of amino acids 1-30 via the BamHI site. 154 

Peptides 155 

The TAT-31-50 peptide (RKKRRQRRR-KWQRPRFTRQALMRCCLIKW) and the control peptides 156 

TAT-1-20 (RKKRRQRRR-MQRTKEAMKASDGSLLGDPG) and TAT-scramble 157 

(RKKRRQRRR-TKMWWQRARLPFLRKCRCIQ) were synthesized and purified by Shanghai Gil 158 

Biochemical Co. Ltd. The peptides were dissolved in sterile, double-distilled water (ddH2O).  159 

Intrathecal catheterization and injection 160 

For the intrathecal delivery of drugs, a PE-10 polyethylene catheter was implanted into the intrathecal 161 

space, reaching the lumbar enlargement of the spinal cord (Li et al., 2014). Surgeries were performed 162 

under 10% chloral hydrate anesthesia (0.3 g/kg, i.p.), and rats were allowed 4 5 d for recovery. Any 163 

animals showing motor impairment from the intrathecal cannula placement were excluded from the 164 

study. 165 
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After 4 d of surgical recovery from the intrathecal catheter placement, the rats were randomly assigned 166 

to different experimental groups: EGFP, EGFP-KChIP3, or EGFP-KChIP3 -50. Their basal paw 167 

withdrawal latency (PWL) was measured before subjection to the intrathecal injection of the plasmids. 168 

DNA and Lipofectamine 2000 (Invitrogen) complexes were prepared as described below. DNA (10 g, 169 

1 g/ l) was diluted in saline (10 l) and gently mixed. Next, Lipofectamine 2000 (20 l) was added to 170 

saline (10 l) and mixed gently. After 5 min of incubation at room temperature, the diluted DNA was 171 

combined and mixed with the diluted Lipofectamine 2000, and the mixture was incubated for 20 min 172 

at room temperature to allow DNA-Lipofectamine complexes to form. The mixture was then 173 

intrathecally injected. The ratio of DNA (in g) to Lipofectamine 2000 (in l) was 1:2. After the 174 

injection, the needle remained in situ for 2 min before withdrawal. The basal PWL was then measured 175 

4 d after gene delivery, and 25% CFA was subsequently injected into the plantar surface of the left 176 

hind paw. Nociceptive responses were then measured 1, 3, 6, 12 and 24 h after CFA administration. 177 

For in vivo application of the peptide, after 4 d of recovery from surgically placing the intrathecal 178 

catheter, the rats were randomly divided into the different groups. Their basal paw withdrawal 179 

latencies were measured, and the rats were then subjected to an intrathecal injection of the peptides at 180 

different   181 

remained in situ for 2 min before withdrawal. Nociceptive responses were measured 1, 3, 6, 12 h and 1 182 

d after the subcutaneous administration of 25% CFA into their left hind paws. 183 

Immunofluorescence staining 184 

Rats were anesthetized by 10% chloral hydrate and briefly perfused transcardially with warm saline, 185 

followed by cold 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 186 
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mM KCl, 10 mM NaH2PO4, 2 mM K2HPO4, pH 7.4). After perfusion, lumbar 4/5 DRG neurons were 187 

isolated and immersed in 4% PFA at 4oC for 4 h. Following dehydration for cryoprotection in 30% 188 

(w/v) sucrose in 0.1 M PBS, all samples were kept at 4oC until sectioning. 189 

Sections of DRG neurons were cut with a cryostat at 10-  thickness and mounted directly onto 190 

gelatin-coated slides. Sections were washed with PBS once for 10 min and then once with PBS 191 

containing 0.1% Triton X-100 and 3% bovine serum albumin (BSA) for 40 min at room temperature. 192 

Sections were then incubated at 4oC for 24 h with primary antibodies (KChIP3, Abcam, ab3474, 1:100; 193 

TRPV1, Merck-Millipore, AB5566, 1:100; NF200, Sigma-Aldrich, N0142, 1:200; CGRP, Abcam, 194 

ab81887, 1:100; GFP, Abcam, ab5450, 1:400) diluted in PBS containing 1% BSA. After incubation 195 

with the primary antibodies, sections were washed with PBS three times for 5 min each and then 196 

incubated at 4oC overnight with secondary antibodies (Alexa Fluor 594-conjugated donkey anti-rabbit, 197 

Invitrogen, A-21207, 1: 500; Alexa Fluor 488-conjugated donkey anti-mouse, Invitrogen, A-21202, 1: 198 

500; Alexa Fluor 680-conjuagted donkey anti-guinea pig, Jackson Immuno Research, 706-625-148, 1: 199 

500; Alexa Fluor 488-conjugated donkey anti-goat, Invitrogen, A-11055, 1: 500), IB4-FITC 200 

(Sigma-Aldrich, L2895, 1:100) or Hoechst 33342 (Abcam, ab145597, 1:3000) diluted in PBS 201 

containing 1% BSA. After incubation with the secondary antibodies, the sections were washed three 202 

times for 5 min each and air-dried before being placed on coverslips with mounting medium 203 

(Invitrogen, P36961) 204 

Images were acquired by a confocal laser scanning microscope (Leica TCS SP8 STED) at a 512 × 512 205 

pixel resolution. The neuronal areas and staining densities of all the images were analyzed using 206 
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Image-Pro Plus 6.0 software. Only DRG neurons with clear nuclear morphology were subjected to 207 

quantification analysis. 208 

Tissue preparation and Western blot 209 

At 1, 6 and 24 h post-CFA injection, rats and naïve controls were deeply anesthetized with 10% chloral 210 

hydrate, and their L4-L5 DRG neurons were quickly removed and immediately homogenized in 211 

ice-cold lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1.5 mM MgCl2, 10% glycerol, 1% Triton 212 

X-100, 5 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 10 mM NaF, and a 213 

proteinase inhibitor cocktail purchased from AMRESCO that included 0.5 mM AEBSF, 0.3 mM 214 

aprotinin, 10 mM bestatin, 10 mM E-64, 10 mM leupeptin). The homogenates were centrifuged at 215 

12,000 g for 5 min at 4°C, and the supernatants were analyzed. Protein concentrations were measured 216 

using a BCA assay kit (Pierce). Next, 50 g of each sample was boiled for 5 min with 217 

SDS-polyacrylamide gel (SDS-PAGE) electrophoresis sample buffer, subjected to SDS-PAGE using 218 

10% or 12% running gels and transferred onto nitrocellulose membranes. The membranes were 219 

blocked with 5% non-fat milk in TBST (50 mM tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween 220 

20) for 1 h at room temperature and then incubated overnight at 4°C with the appropriate primary 221 

antibody (KChIP3, Santa Cruz Biotechnology, sc-166916, 1:100; KChIP3, Abcam, ab3474, 1:100; 222 

TRPV1, Santa Cruz Biotechnology, sc-12498, 1:100; -actin, Santa Cruz Biotechnology, sc-47778, 223 

1:500). The blots were then washed with TBST three times for 10 min each time. Next, the membranes 224 

were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (goat 225 

anti-mouse, Santa Cruz Biotechnology, sc-2005, 1:2000; goat anti-rabbit, Santa Cruz Biotechnology, 226 

sc-2004, 1:2000; Santa Cruz Biotechnology, sc-2768, rabbit-anti goat, 1: 2000) for 1 h at room 227 
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temperature. Finally, the blots were developed with a lightening chemiluminescence kit (Santa Cruz 228 

Biotechnology, sc-2048). 229 

Films were analyzed by Quantity One software, and the densities of specific bands were measured and 230 

normalized to that of a loading control band. 231 

Cell culture, plasmids transfection, and incubation with TAT-fusion peptides 232 

HEK293 cells and CHO-TRPV1 cells were cultured in 35-mm dishes (Fisher) in a humidified 233 

atmosphere of 95% air and 5% CO2 234 

Medium (DMEM) (Gibco) and F12 medium (Gibco), respectively, which were supplemented with 10% 235 

FBS (HyClone). Cells were transfected with Lipofectamine 2000 24 36 h after passage according to 236 

the methods described above. At 24 48 h post-transfection, the cells were used for further analyses. 237 

For peptide applications, CHO-TRPV1 cells were incubated with either 3 M TAT-scramble, 238 

TAT-1-20 or TAT-31-50 for 3 h until further analysis. 239 

Co-immunoprecipitation 240 

For immunoprecipitation, protein extracts containing 400 500 g of protein from rat DRG tissues 241 

were incubated overnight at 4°C with a goat anti-TRPV1 antibody (Santa Cruz Biotechnology) or 242 

normal goat immunoglobulin G (Santa Cruz Biotechnology  sc-2028) and a protein A-Sepharose 243 

CL-4B resin (GE Healthcare) in a volume of 500 l. The samples were then washed six times with 244 

TBS/0.1% TritonX-100 to solubilize the bound proteins. Proteins in the TRPV1 precipitates were 245 

separated by 10% SDS-PAGE electrophoresis, and KChIP3 was detected by Western blot analysis 246 

(Santa Cruz Biotechnology). 247 
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GST pull-down assay 248 

GST- or His6-fusion proteins were expressed in Escherichia coli BL21 bacteria and purified according 249 

-fusion proteins were immobilized 250 

on a glutathione-Sepharose resin (GE Healthcare). The His6-fusion protein was purified using 251 

Ni-nitrilotriacetic acid magnetic beads (QIAGEN). The purified His6-fusion protein was then 252 

incubated with the immobilized GST or GST-fusion proteins for 1 h at 4°C, washed, and subjected to 253 

SDS-PAGE electrophoresis. 254 

Cell surface biotinylation assay 255 

Cell cultures were washed twice with ice-cold PBS and incubated for 30 min at 4°C with EZ-Link 256 

Sulfo-NHS-SS-biotin (1 mg/ml; Pierce) to biotinylate surface proteins. Excess biotin reagent was 257 

quenched and removed by washing the cells with PBS containing 100 mM glycine. Cells were lysed 258 

with lysis buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 1% Triton X-100, 259 

0.1% SDS, and proteinase inhibitor mixture, pH 7.4). The lysates were centrifuged at 12,000 g for 5 260 

min to yield protein extracts in the supernatant. Then, the protein extracts were incubated with 261 

UltraLink Plus immobilized streptavidin beads (Pierce) for 2 h at 4°C to capture biotinylated surface 262 

proteins. After being washed with lysis buffer five times, bound proteins were eluted by boiling for 5 263 

min with loading buffer and subjected to SDS-PAGE electrophoresis. 264 

RT-PCR 265 

Total RNA was extracted using TRIzol reagent (Invitrogen). RNA concentration and purity were 266 

measured using a NanoDrop 2000c spectrophotometer (Thermo Scientific). Total RNA was 267 

reverse-transcribed for  h at 42°C in buffer containing 1 M oligo (dT) 18 primer, 2 mM dNTPs, 40 U 268 
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of rRNasin (Promega) and 25 U of AMV reverse transcriptase (Roche). The primers pairs used for 269 

RT-PCR were designed to span introns, and the sequences were as follows: 270 

-CCGAGGCTTCAAGAACGAATG- -TGCTCCAGAGGTGCGTCCTT-271 

fragment, spanning exon 3 to 7); 5 -AGCCTCGAGGCCACCATGCAGAGGACCAAGGAA-3  or 272 

5 -AGCAAGCTTGCCACCACCATGCAGAGGACCAAGGAA-3  and 273 

5 -AGCGAATTCTAGATGACGTTCTCAAACAG-3  (full-length). The PCR products were 274 

which was then observed 275 

under an ultraviolet light system. 276 

Dissociation of DRG neurons and Ca2+ imaging 277 

The DRG neuron dissociation and Fura-2 AM-based Ca2+ imaging experiments were performed as 278 

described previously (Liu et al., 2015). After 4 6 d of recovery from the surgical placement of the 279 

intrathecal catheter, plasmids (EGFP, EGFP-KChIP3, EGFP-KChIP3 -50) or peptides 280 

(TAT-scramble, TAT-31-50, TAT-1-20 of incremental dosages of 3 g, 10 g and 30 g) were 281 

delivered to the DRGs. One hour after CFA injection, the rats were anesthetized with 10% chloral 282 

hydrate, and their left L4-L5 DRG neurons were removed and sequentially digested with collagenase 283 

type IA (1.5 mg/ml; Sigma-Aldrich) for 40 to 50 min and 0.125% trypsin (Sigma-Aldrich) for 8 to 10 284 

min at 37°C. Enzymatic treatment was terminated by the addition of DMEM followed by gentle 285 

trituration of the ganglia with a flame-polished Pasteur pipette and centrifugation at 500 rpm for 5 min. 286 

The cell pellet was then resuspended in DMEM with 10% FBS. The dissociated cells were plated on 287 

poly-D-lysine-coated (100 mg/ml; Sigma-Aldrich) glass coverslips inside 35-mm culture dishes with a 288 

10-mm bottom well and incubated for 1.5 h at 37°C with 5% CO2 and 95% air. 289 



 

15 
 

DRG cells were washed with extracellular solution (ES) (130 mM NaCl, 5 mM KCl, 2 mM KH2PO4, 290 

1.5 mM CaCl2, 6 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.2) twice and then incubated 291 

with Fura-2 AM (Invitrogen, 5 M) in ES at room temperature for 1 h. The cells were then washed 292 

with ES and incubated in ES at room temperature in the dark for a recovery period of 1 h. For calcium 293 

imaging, an inverted fluorescence microscope (Olympus) equipped with 340- and 380-nm excitation 294 

filters and a computer with MetaFluor software were used. Fluorescence images and F340/F380 ratios 295 

were acquired every 10 s. TRPV1 activation was evoked by the addition of 5 M capsaicin. 296 

Radiant heat measurement 297 

Thermal hyperalgesia was evaluated by following a thermal stimulus paradigm adapted from 298 

(Hargreaves et al., 1988). Before testing, the animals were allowed to 299 

acclimatize to their environment for 10 min. The radiant heat source was adjusted to a range of 12 15 300 

s for rats as the baseline latency with a cut-off time of 30 s to prevent tissue damage. To record the 301 

PWL in response to the heat stimulus, each hind paw was measured four times at 5-min interval, and 302 

the mean value was recorded. 303 

Hot plate 304 

The rat was placed on a hot plate set at 50 ºC or 54 ºC (IITC) and the latencies to flinching and 305 

licking of hindpaws were measured. All animals were tested sequentially with a minimum interval of 306 

5 min between tests. To avoid tissue injury, a cut-off time was set at 60 s and 30 s for assays at 50 ºC 307 

and 54 ºC, respectively (Duan et al., 2014). 308 
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Intraplantar njection of TAT-peptide/capsaicin 309 

30  TAT-scramble or TAT-31-50 was injected into left hindpaw 3 h before 310 

intraplantar injection. All intraplantar injection was performed via micro-syringe (Hamilton) in 311 

waking SD rats, and the needle remained in situ for 10 s before withdrawal. After intraplantar injection 312 

of capsaicin, spontaneous pain behavior was tested by counting the total lifting time in the first 10 min. 313 

After that, evoked nociceptive responses were measured by radiant heat (as described above) 15, 30, 314 

60, 90, and 120 min after capsaicin injection. 315 

Von Frey filament measurement 316 

The paw withdrawal threshold in response to mechanical stimulus was determined using a series of 317 

von Frey filaments (Stoelting) ranging from 1.08 to 21.09 g. Animals were placed in a plastic cage 318 

with a metal mesh floor and allowed to move freely. They were accustomed to this environment for 319 

approximately 10 min prior to testing to allow for behavioral accommodation. Von Frey filaments 320 

were applied to the mid-plantar surface of the operated hind paw through the mesh floor. Probing was 321 

 in contact with the floor. Each probe was applied to the 322 

foot until it bent and was kept in this position for 6 8 s (Chaplan et al., 1994). The interval between 323 

consecutive filaments was at least 5 s. Filaments were started in 2 g increments, and the mechanical 324 

threshold was calculated by the formula provided in previous studies (Chaplan et al., 1994). 325 

Light touch sensitivity 326 

To assess light touch sensitivity, rats were habituated on an elevated wire grid for 15 min. The 327 

plantar hindpaw was stroked lightly with a paintbrush, in the direction from heel to toe. This 328 

stimulation was repeated three times, with interval of 10 s. For each test, no evoked movement was 329 
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scored as 0, and walking away or occasionally brief paw lifting (~1 s or less) was scored as 1. For 330 

each rat, the accumulative scores of three tests were used to indicate touch score (Duan et al., 2014). 331 

Sticky tape assay 332 

For sticky tape assay, we put a 1 × 2 cm rectangular adhesive sticky tape (Comix) on the hindpaw 333 

plantar of rat and measured the latency of biting or licking to remove the tape (Duan et al., 2014). 334 

Pinprick test 335 

For pinprick test, we stroked the plantar surface of the hindpaw with a pin without skin penetration, 336 

and counted the quantity of withdrawal response per ten tries with 1 min interval (Duan et al., 2014). 337 

Catwalk XT analysis  338 

The core of the CatWalk system (Noldus Information Technology) consists of an enclosed walkway 339 

on a glass plate that is traversed by a rodent from one side of the walkway to the other (Chen et al., 340 

2014). Green light enters at the long edge of the plate and is completely internally reflected. Light can 341 

342 

 high-speed video camera that is 343 

positioned underneath the walkway. The CatWalk XT system includes a high-speed digital camera 344 

(GP-345 

8.5 mm in size and 65 degrees in curvature (Fujinon). The pixel brightness depends on the amount of 346 

347 

 348 
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The 3D footprint intensity tab plots the print intensity of the 4 paws for each individual frame in which 349 

the paws contact the glass plate in a 3D chart. The intensities vary from 0 to 225 and are represented by 350 

different colors. The 3D chart can be rotated in all directions. 351 

For our experiment, 1 w prior to surgery, animals were trained daily on the CatWalk XT system until 352 

they could consistently make uninterrupted runs. Training was considered complete when the animals 353 

could make three consecutive uninterrupted runs within 3.0 s. Measurements were taken at 6 h 354 

post-CFA plantar injection. Each rat was placed in the CatWalk XT system, and runs were repeatedly 355 

performed until three uninterrupted runs were completed. 356 

Analysis of these recordings yields many parameters, of which the following are of the most interest in 357 

the CFA-induced inflammatory pain model (Chen et al., 2014): 358 

1. Intensity data (STAND intensity, CATWALK max intensity and CATWALK max intensity of the 359 

top 15 pixels). STAND intensity is the mean intensity of the contact area of the hind paw at the 360 

moment of maximal paw-floor contact during standing. CATWALK max intensity and CATWALK 361 

max intensity of the top 15 pixels are the mean intensity of the contact area and the 15 most intensive 362 

pixels of the hind paw at the moment of maximal paw-floor contact during the catwalk, respectively. 363 

This parameter is expressed in arbitrary units (A.U.). 364 

2. Coordination data (CATWALK swing duration). This parameter is the duration of the swing phase 365 

366 

and degree of dysfunction, these parameters are transformed to a fraction of the total step duration 367 

according to the following formula: fraction swing phase = [time in swing phase/(time in single step)] 368 

× 100%. Duration of the swing phase and total steps are expressed in seconds. 369 
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3. Print area data (STAND contact area, CATWALK max contact area and CATWALK print area). 370 

The STAND contact area is the total floor area contacted by the paw during standing in pixels. The 371 

CATWALK max contact area is the maximum of the total floor area in pixels from single pictures of 372 

the paw in the stance phase during the catwalk. The CATWALK print area is the total floor area in 373 

pixels summated from all the pictures of the paw in the stance phase during the catwalk (compared to 374 

the max contact area, this parameter reflects the entire paw area from the third toe to the heel). 375 

To clearly illustrate alterations of the intensity and print area data of the inflamed left hind paw, we 376 

employed a formula, (RH  LH)/RH, to highlight difference between two hind paws and to remove 377 

confounding factor influences, such as the weight and baseline levels of the print area. 378 

Statistical analysis 379 

All of the data are represented as the mean ± SEM. Statistical analyses were performed using Prism 7.0 380 

-test (interval and 381 

ratio scale data) or Chi-squared test (nominal scale data). Comparisons among groups were made by 382 

one- ultiple comparisons test for comparing the mean of each 383 

group with the mean of every other group or Dunn384 

mean of each group with the mean of a control group. Comparisons among groups with different time 385 

points were made by two-386 

significance was set at p -test) or 387 

the Greenhouse-Geisser correction (for ANOVA) was applied to adjust the degree of freedom. 388 
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Results 389 

KChIP3 is widely expressed in different subpopulations of DRG neurons 390 

Recent immunostaining studies revealed the distribution of KChIP3 391 

sensory neurons as well as that of peptidergic nociceptive neurons in rats (Cheng et al., 2016). 392 

Considering the high homology of KchIP1-4 in their C-terminal regions, herein, we investigated the 393 

expression pattern of KChIP3 in rat DRG neurons using a commercial antibody generated against the 394 

N-terminal 31-45 fragment of KChIP3. The specificity of the antibody was proven in kcnip3 395 

knockout rats (Extended Data Fig. 1-1 and Fig. 8B). The immunostaining results indicated that the 396 

KChIP3 protein is present in different subpopulations of DRG neurons, including small-, medium- 397 

and large-diameter neurons (Fig. 1A), which is consistent with previous studies (Pruunsild and 398 

Timmusk, 2005; Palczewska et al., 2011; Matsuyoshi et al., 2012; Cheng et al., 2016). For 399 

quantification analysis, 2754 neurons (small: n = 1389; medium: n = 852; large: n = 513) from rat L4 400 

or L5 DRGs were counted. In total, 42.34% of the DRG neurons were KChIP3-immunoreactive. 401 

Among these KChIP3-positive neurons, 33.53% were small-sized, 35.85% were medium-sized and 402 

the remaining 30.62% were large-sized (Fig. 1B). Moreover, the percentage of KChIP3-positive 403 

neurons increased as the cell diameter increased (Fig. 1C). The quantification results indicated that 404 

28.15% of the small-sized neurons, 49.06% of the medium-sized neurons and 69.59% of the 405 

large-sized neurons were KChIP3-positive, respectively (Chi-square test: small vs. medium: 2
(2) 406 

=100.1; p < 0.001; small vs. large: 2
(2) = 269.6, p < 0.001; medium vs. large: 2

(2) = 54.99, p < 0.001) 407 

(Fig. 1D). Additionally, staining densitometry was performed to measure the staining intensity of 408 

KChIP3 in the differently sized neurons (Fig. 1E). As seen in Fig. 1A, compared to KChIP3-negative 409 
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DRG neurons (marked by white arrows), cell diameter was positively correlated with KChIP3 410 

staining intensity (marked by colored arrows). The KChIP3 staining intensity increased with the cell 411 

diameter increment (small: n = 389; medium: n = 352; large: n = 225, one-way ANOVA with 412 

Greenhouse-Geisser correction: F(2, 963) 413 

vs. medium, p < 0.001; small vs. large: p < 0.001; medium vs. large, p < 0.001) (Fig. 1F). 414 

In addition to immunofluorescence, reverse transcription PCR experiments were performed to detect 415 

KChIP3 mRNA expression in the rat DRG tissue. Three pairs of primers were used to amplify 416 

fragmented or full-length KChIP3 mRNA. PCR products with the expected sizes were acquired 417 

(Extended Data Fig. 1-2A). The PCR product from spinal cord tissue was simultaneously used as a 418 

positive control (Extended Data Fig. 1-2B). Taken together, our studies confirm the broad expression 419 

of KChIP3 in different subpopulations of DRG neurons, supporting its potential role in peripheral 420 

sensory processing. 421 

KChIP3 alleviates the thermal hyperalgesia in the rat inflammatory pain model 422 

Considering the distribution of KChIP3 in small-sized nociceptive neurons, we speculated whether 423 

KChIP3 is involved in nociceptive processing. First, an inflammatory pain model was induced in rats 424 

via an intra-plantar injection of 25% CFA (100 l/paw). The time course of KChIP3 protein 425 

expression in L4/5 (ipsilateral) DRG tissue post-CFA injection was examined. Expression of the 426 

KChIP3 protein peaked at 6 h (~2.1-fold that of the naïve rat) and returned to the basal level at 24 h 427 

post-CFA injection (n = 3; one-way ANOVA: F(3,8) 428 

test: naïve vs. 6 h, p = 0.004) (Fig. 2A). 429 
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To investigate the potential role of KChIP3 upregulation in inflammatory pain behaviors, we 430 

intrathecally injected the EGFP-KChIP3 plasmids to induce exogenous KChIP3 expression in DRG 431 

neurons 7 d before the CFA injection. Efficient expression of the plasmids was verified by the 432 

detection of an ~55 kDa EGFP-KChIP3 protein band in both in vitro and in vivo studies (Extended 433 

Data Fig. 2-1A-B) and the EGFP fluorescence in the majority of DRG neurons (Extended Data Fig. 434 

2-1C). The radiant heat test indicated that exogenous EGFP-KChIP3 expression did not alter the paw 435 

withdrawal latency (PWL) of the hind paw in the basal state however, EGFP-KChIP3 expression 436 

significantly alleviated CFA-induced thermal hyperalgesia at 6 h post-CFA injection (n = 7 or 8, 437 

two-way repeated measures ANOVA: group effect F(1,13) 438 

comparisons test: p(6) = 0.0105) (Fig. 2B), which was consistent with the peak KChIP3 protein 439 

expression post-CFA injection. In addition, the area under the curve (AUC) from 1 to 24 h was 440 

calculated, and significant differences were detected between the control and EGFP-KChIP3 groups (n 441 

-test: t(13) = 2.543, p = 0.0245) (Fig. 2B). Taken together, these findings 442 

suggest that increased KChIP3 levels in DRG neurons following plantar inflammation might reduce 443 

thermal hyperalgesia. 444 

The association of KChIP3 and TRPV1 is enhanced after peripheral inflammation 445 

Given that KChIP3 is a calcium sensor protein that negatively regulates inflammatory thermal 446 

hyperalgesia, we tested whether the calcium-permeable channel TRPV1, a key molecule responsible 447 

for thermal hyperalgesia behavior, could be modulated by KChIP3. 448 

First, triple immunostaining in rat DRG tissue slices confirmed the co-localization of KChIP3 and 449 

TRPV1 in multiple subpopulations of DRG neurons (Fig. 2C). In total, 2754 DRG neurons were 450 
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counted, among which 15.32% were double-labeled by KChIP3 and TRPV1, 27.02% were 451 

KChIP3+/TRPV1-, 24.33% were KChIP3-/TRPV1+, and the remaining 33.33% were KChIP3-/TRPV1- 452 

(Fig. 2D). Further quantification analysis revealed that the co-localization of KChIP3 and TRPV1 was 453 

more prominent in small-sized KChIP3-positive DRG neurons than in the medium- and large-sized 454 

neurons (Chi-square test: small vs. medium: 2
(2) =90.77; p <0.001; small vs. large: 2

(2) = 299.59, p < 455 

0.001; medium vs. large: 2
(2) = 91.43, p < 0.001) (Fig. 2E-F). Of these KChIP3+/TRPV1+ neurons, 456 

44.76% were co-labeled with IB4 (64/143, n = 1028), 26.15% were co-expressed with CGRP (51/195, 457 

n = 1167) and 21.18% were merged with NF200 (18/85, n = 567), suggesting that the interaction 458 

between KChIP3 and TRPV1 occurs mainly in both non-peptidergic and peptidergic nociceptive DRG 459 

neurons (Fig. 2C). 460 

Next, co-immunoprecipitation (co-IP) studies in DRG lysates showed that the TRPV1 antibody could 461 

precipitate KChIP3, and this interaction peaked 6 h after CFA injection (n =3; one-way ANOVA: F(3,8) 462 

= 15.00, p = 0.0012; Tu463 

time of interaction between TRPV1 and KChIP3 was in accordance with that of elevated KChIP3 464 

protein expression and the analgesic effect exhibited by exogenous KChIP3 after CFA injection. 465 

Altogether, these data imply that the interaction between KChIP3 and TRPV1 might be involved in the 466 

analgesic effect afforded by exogenous EGFP-KChIP3 expression. 467 

KChIP3 binds to both the intracellular N- and C-termini of TRPV1 468 

Interaction between TRPV1 and KChIP3 was further investigated with co-IP studies in HEK293 cells 469 

co-transfected with TRPV1 and KChIP3 plasmids. The TRPV1 protein can be precipitated together 470 

with EGFP-KChIP3 by a GFP antibody (Fig. 3A). Reciprocally, the KChIP3 protein can be 471 
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precipitated together with GFP-TRPV1 by a GFP antibody (Fig. 3B). Because co-IP studies could not 472 

exclude the possibility of indirect protein-protein interaction involving an accessory protein, we 473 

performed GST pull-down assays to investigate direct binding between KChIP3 and TRPV1. As 474 

expected, GST-KChIP3 precipitated both the N-terminus (Nt) and C-terminus (Ct) of His6-TRPV1 475 

(Fig. 3C and D). Conversely, both GST-TRPV1 Nt and Ct precipitated His6-KChIP3 (Fig. 3E). 476 

Moreover, the binding of KChIP3 and TRPV1 showed calcium sensitivity. The addition of 100 M 477 

Ca2+ enhanced the binding between GST-KChIP3 and His6-TRPV1 Ct, whereas Ca2+ chelation by 1 478 

mM EGTA reduced this effect (Fig. 3F). Altogether, the above in vitro studies revealed direct binding 479 

between KChIP3 and the intracellular N- and C-termini of TRPV1. 480 

To investigate the potential effect of KChIP3 binding on TRPV1 function, we examined surface 481 

TRPV1 using a biotinylation assay in CHO-TRPV1 cells (CHO cells stably expressing TRPV1) 482 

transfected with either the EGFP or EGFP-KChIP3 plasmids. A significant decrease (approximately 483 

-test: t(6) = 2.849, p = 484 

0.0292) (Fig. 3G). However, the total amount of TRPV1 protein was not affected by the transfection of 485 

EGFP-KChIP3 - (9) = 1.377, p = 0.2266) 486 

(Fig. 3H). This finding suggests that KChIP3 negatively modulates the surface localization of TRPV1 487 

via binding its intracellular domains. 488 

KChIP3 N-terminal 31-50 fragment is responsible for the binding with TRPV1 N- and 489 

C-termini 490 

To identify the critical domains of KChIP3 responsible for its binding with TRPV1, GST-fusion 491 

proteins containing different fragments of KChIP3 were generated, including GST-1-50, GST-51-100, 492 



 

25 
 

GST-101-256, GST- -50 and GST-KChIP3 (Fig. 4A). GST pull-down assays showed that 493 

GST-1-50 strongly precipitated both His6-TRPV1 Nt and His6-TRPV1 Ct (Fig. 4C). In contrast, 494 

deletion of the N-terminal 1-50 fragment of KChIP3 remarkably reduced the binding between 495 

KChIP3 and TRPV1-Nt or TRPV1-Ct (Fig. 4C). These data suggest that the KChIP3 1-50 fragment 496 

is required for its binding with TRPV1. 497 

To further map critical binding sites in the KChIP3 1-50 fragment, GST-1-20, GST-21-40 and 498 

GST-31-50 fusion proteins were generated (Fig. 4B). GST pull-down assays indicated that 499 

GST-31-50 precipitated both His6-TRPV1 Nt and His6-TRPV1 Ct in a manner similar to that of 500 

GST-1-50 (Fig. 4D). Thus, the 31-50 fragment constitutes the core domain mediating KChIP3 501 

binding with the intracellular domains of TRPV1. 502 

Next, we investigated whether the 31-50 fragment of KChIP3 was sufficient for mediating the effect 503 

of KChIP3 on TRPV1. The protein transduction domain of the HIV-1 transactivator of transcription 504 

(TAT) protein was fused with the fragments of KChIP3 1-20, 31-50, and the scramble control of 31-50 505 

to introduce these fragments into the cytoplasm (Fig. 4E). Incubation with the TAT-31-50 peptide (3 506 

M, 3 h) significantly reduced the surface TRPV1 in CHO-TRPV1 cells in comparison with groups 507 

treated with TAT-1-20 or TAT-scramble (n = 4 or 5, one-way ANOVA: F(2, 11) = 4.956, p = 0.0292; 508 

 multiple comparisons test: TAT-31-50 vs. TAT-1-20, p = 0.0471; TAT-31-50 vs. 509 

TAT-scramble, p = 0.0244) (Fig. 4F). However, the total TRPV1 protein levels were similar among 510 

the groups following treatment with the TAT fusion peptide (Fig. 4G). Taken together, these data 511 

suggest that TAT-31-50 dramatically inhibits the surface localization of TRPV1. 512 
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Transmembrane TAT-31-50 peptide exhibits the analgesic effect in the rat inflammatory pain 513 

model 514 

Given the inhibitory effect of TAT-31-50 on the surface localization of TRPV1 in CHO-TRPV1 cells, 515 

we next tried to investigate whether intrathecal administration of this peptide could alleviate 516 

CFA-induced thermal hyperalgesia by down-regulating the function of TRPV1 (procedure diagram 517 

shown in Fig. 5A). 518 

The thermal pain thresholds were comparable between the groups in which TAT-31-50 and 519 

TAT-scramble were injected after catheterization. However, the intrathecal injection of TAT-31-50 520 

(10 ) significantly prolonged the PWL 6 h post-CFA injection compared to that of the 521 

TAT-scramble group (n = 5 or 6, two-way repeated measures ANOVA: group effect F(1, 9) = 2.907, p = 522 

(6) = 0.0292) (Fig. 5C, left panel). The analgesic effect 523 

was remarkable when the peptide dosage was increased to 30 -way repeated 524 

measures ANOVA: group effect F(1, 9) (6) = 525 

0.0251, p(12) = 0.0256) (Fig. 5D, left panel). Simultaneously, the AUC (1 24 h) values were 526 

compared between the TAT-31-50- and TAT-scramble-injected groups, and a significant difference 527 

was detected (n = 5-6 -test: t(9) = 3.204, p = 0.0108) (Fig. 5D, right panel). In 528 

addition, due to its inability to bind TRPV1, TAT-1-20 was also used as a negative control. Compared 529 

to TAT-1-20, TAT-31-50 significantly increased the PWL and AUC (1 24 h) values post-CFA 530 

injection (Extended Data Fig. 5-1). Altogether, these data demonstrate the analgesic effect of 531 

intrathecally administered TAT-31-50 on thermal hyperalgesia. 532 
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To further prove that the 31-50 fragment was indispensable for the analgesic effect of KChIP3, we 533 

constructed the EGFP-KChIP3 -50 plasmid. In contrast to the analgesia elicited by EGFP-KChIP3, 534 

intrathecal injection of EGFP-KChIP3 -50 showed no effect on PWL post-CFA injection (n = 7, 8, 535 

or 10, PWL: two-way repeated measures ANOVA: group effect F(2, 22) 536 

multiple comparisons test of group effects: EGFP vs. EGFP-KChIP3, p = 0.0239; EGFP vs. 537 

EGFP-KChIP3 -50, p = 0.7586; EGFP-KChIP3 vs. EGFP-KChIP3 -538 

multiple comparisons test of each time point: EGFP vs. EGFP-KChIP3, p(6) = 0.0435; EGFP-KChIP3 539 

vs. EGFP-KChIP3 -50, p(1) = 0.0397, p(3) = 0.008, p(6) = 0.0045, p(12) = 0.0354) (Fig. 5E, left panel). 540 

AUC (1 24 h) analysis also showed no difference between the EGFP and EGFP-KChIP3 -50 541 

groups (AUC: one-way ANOVA: F(2, 22) 542 

EGFP vs. EGFP-KChIP3, p = 0.0239; EGFP vs. EGFP-KChIP3 -50, p = 0.7586; EGFP-KChIP3 vs. 543 

EGFP-KChIP3 -50, p = 0.0024) (Fig. 5E, right panel). However, consistent with the results in Fig. 544 

2B, the analgesic effect exerted by the intrathecal injection of EGFP-KChIP3 was remarkable. Taken 545 

together, these findings demonstrated that deletion of the 31-50 fragment abolished the analgesic 546 

effect of KChIP3, suggesting the necessity of this fragment for the functional effect of full-length 547 

KChIP3. 548 

In addition to radiant heat, hot plate test set at 50 ºC or 54 ºC was performed 6 h post CFA injection549 

Intrathecal administration of 30 g TAT-31-50 significantly prolonged the latency of flinching or 550 

licking compared to scramble control (multiple t tests, TAT-scramble vs. TAT-31-50: 50 ºC flinching: 551 

p = 0.0338; 50 ºC licking: p = 0.0398; 54 ºC flinching: p = 0.0400, 54 ºC licking: p = 0.0223) (Fig. 5F). 552 



 

28 
 

In addition to the attenuation of thermal hyperalgesia by TAT-31-50 both 6 and 24 h post CFA 553 

injection (n = 10 or 14, two-way repeated measures ANOVA: group effect F(1, 22) = 48.25, p < 0.0001; 554 

(6) < 0.0001, p(12) < 0.0001) (Extended Data Fig. 5-2A), 555 

mechanical nociceptive threshold was slightly increased 6 h post CFA injection (n = 10 or 14, two-way 556 

repeated measur (6) = 0.0433) (Extended Data Fig. 557 

5-2B). Moreover, the correlation between the thermal hyperalgesia and mechanical nociceptive 558 

threshold was detected (n = 10 or 14, linear regression, p(TAT-scramble) = 0.0244, p(TAT-31-50) = 0.0486) 559 

(Extended Data Fig. 5-2C). 560 

In consideration of the wide expression of KChIP3 in different-sized DRG neurons and thereby the 561 

possible effect of TAT-31-50 on A-fibers where TRPV1 is scarcely expressed, multiple 562 

somatosensory assays dependent on A-fibers are performed, including (1) light touch sensitivity, (2) 563 

pinprick test and (3) sticky tape assay. TAT-31-50 exerted no effect on these A-fiber-related 564 

somatosensation 6 h post CFA injection (Extended Data Fig. 5-2D-F). 565 

To further confirm the TRPV1-dependent in vivo analgesic effect in the periphery, we administered 30 566 

 TAT-scramble or TAT-31-50 through intraplantar injection 3 h before capsaicin ( ) injection 567 

(Fig. 5G). Spontaneous pain behavior was assayed by counting the total lifting time in the first 10 min. 568 

Intraplantar injection of TAT-31-50 significantly shortened the lifting duration (n = 7 or 8, unpaired t 569 

test, p = 0.0401) (Fig. 5H). In addition, evoked nociceptive responses were measured by radiant heat at 570 

15, 30, 60, 90, and 120 min after capsaicin injection. The PWL at 15 min (n = 7 or 8, two-way repeated 571 

measures ANOVA: group effect F(1, 13) (15) = 572 

0.0047) (Fig. 5I, left panel) and total AUC (n = 7 or 8, unpaired t test, p = 0.0158) (Fig. 5I, right panel) 573 
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were significantly increased by TAT-31-50. In summary, both central and peripheral application of574 

TAT-31-50 exert analgesic effect. 575 

TAT-31-50 alleviates the gait alterations elicited by plantar inflammation 576 

CatWalk gait analysis, computer-assisted locomotor analysis, has been used to detect gait alterations 577 

and proposed as an objective tool for evaluating mechanical allodynia induced by nerve injury 578 

(Vrinten and Hamers, 2003). It allows the rapid quantification of individual paw parameters as well 579 

as that of parameters related to interlimb coordination. To evaluate the effect of TAT-31-50 on 580 

inflammation-induced mechanical allodynia, the CatwalkTM XT gait analysis system was used to 581 

assess changes in both static and dynamic gaits (illustrated in Fig. 6A) at 6 h post-CFA injection. The 582 

intensity difference of paw prints between the right hind paw (RH, contralateral side) and the left 583 

hind paw (LH, ipsilateral side) was calculated. To rule out body weight and pedal size influences on 584 

the paw print intensities, the RH  LH/RH ratio was used in the following studies. 585 

For static gait, the STAND intensity ratio was 13.8% in the TAT-scramble group, whereas 586 

administration of the TAT-31-50 peptide lowered this value 587 

t-test: t(9) = 2.359, p = 0.0427) (Fig. 6D), suggesting that the difference in STAND intensity between 588 

the two limbs was reduced by TAT-31-50. For dynamic gait, gait-related parameters were collected 589 

during walking. The representative paw print graphs showed that the rats initially contacted the floor 590 

with their palm, then transferred to their toes, and ended with their heel (Fig. 6B). Footprints with the 591 

largest contact area were highlighted in red frames and further displayed in three-dimensional graphs 592 

(Fig. 6C). The yellow or red regions in the three-dimensional graphs, representing regions with high 593 

intensity within one step-cycle, were enlarged in the TAT-31-50-injected group compared to those in 594 
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the TAT-scramble control group. However, no significant differences in the contralateral hind paws 595 

were detected between the two groups (Extended Data Fig. 6-1A). 596 

In addition to the STAND intensity, the maximal and mean intensities of the most intense 15 pixels 597 

during walking were compared between the TAT-scramble- and TAT-31-50-injected groups. The 598 

results showed that both parameters were reduced by the administration of TAT-31-50 (max intensity: 599 

-test: t(9) = 2.359, p = 0.0454; mean intensity of top 15 pixels: n = 5 or 6, 600 

(9) = 3.753, p = 0.0045) (Fig. 6E and F), suggesting the alleviation of 601 

inflammation-induced gait alterations by TAT-31-50. 602 

In humans, individuals suffering from unilateral knee pain tend to avoid bearing weight on their 603 

injured leg. Therefore, the percentage of swing duration, or the time of non-contact with the floor 604 

during one step-cycle, was calculated. As expected, intraplantar inflammation increased the swing 605 

duration of the ipsilateral hind paw to ~25%, whereas administration of the TAT-31-50 peptide 606 

reduced this time to ~20% (n = 5 or 6, two-way repeated measures ANOVA: interaction effect F(1, 9) = 607 

(LH) = 0.0318, p(RH) = 0.9952) (Fig. 6G). In 608 

addition, the STAND contact area (Extended Data Fig. 6-1B), the CATWALK maximal contact area 609 

(Extended Data Fig. 6-1C) and the paw print area (calculated according to the accumulation of all the 610 

footprints) (Extended Data Fig. 6-1D) were compared between the TAT-scramble- and 611 

TAT-31-50-injected groups, and no significant differences were detected, suggesting that the paw 612 

area and its contact with the floor were not affected by the analgesic peptide. 613 

In the following studies, correlation analysis of the nociceptive behaviors and parameters of CatWalk 614 

was performed. The developments of both thermal hyperalgesia (n = 5 or 6, two-way repeated 615 
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measures ANOVA: interaction effect F(1, 9) t: p(6) 616 

= 0.0077) (Extended Data Fig. 6-1E) and mechanical allodynia behaviors (n = 5 or 6, two-way 617 

repeated measures ANOVA: interaction effect F(1, 9) 618 

comparisons test: p(6) = 0.0448) (Extended Data Fig. 6-1F) were attenuated by administration of the 619 

TAT-31-50 peptide. A significant positive correlation between the thermal and mechanical thresholds 620 

was detected (n = 11, linear regression: R2 = 0.4881, F(1, 9) = 8.582, p = 0.0168) (Fig. 6H). In contrast, 621 

a significant negative correlation between intensity (including STAND intensity, CATWALK max 622 

intensity and CATWALK mean intensity of the top 15 pixels) and the thermal pain threshold was 623 

detected (n = 11, linear regression, STAND intensity: R2 = 0.5595, F(1, 9) = 11.43, p = 0.0081; 624 

CATWALK max intensity: R2 = 0.3629, F(1, 9) = 5.127, p = 0.0498; CATWALK mean intensity of the 625 

top 15 pixels: R2 = 0.5076, F(1, 9) = 9.279, p = 0.0139) (Fig. 6I). In addition, a significant negative 626 

correlation between the coordination (% swing duration of the ipsilateral hind paw) and the thermal 627 

pain threshold was detected (n = 11, linear regression, CATWALK swing (%) LH: R2 = 0.4199, F(1, 9) 628 

= 6.515, p = 0.0311; CATWALK swing (%) RH: R2 = 0.1928, F(1, 9) = 2.149, p = 0.1767) (Fig. 6J). 629 

However, no correlation between the print area data (including the STAND contact area, the 630 

CATWALK max contact area and the CATWALK print area) and the thermal pain threshold was 631 

detected (Extended Data Fig. 6-1G). Taken together, the above data indicated that TAT-31-50 632 

contributed to the attenuation of gait alterations elicited by plantar inflammation, and this 633 

improvement could be correlated (~40%, estimated by the R2 in the statistical analysis of linear 634 

regression in Fig. 5I & J) to the alleviation of thermal hyperalgesia. 635 
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KChIP3-31-50 fragment inhibits the TRPV1-mediated Ca2+ influx 636 

As shown in the above data (Fig. 4F), application of TAT-31-50 induced a significant reduction of 637 

surface TRPV1, mimicking the function of the KChIP3 31-50 fragment. To further clarify the effect of 638 

TAT-31-50 on the function of TRPV1, Ca2+ imaging assays were performed in freshly dissociated 639 

ipsilateral DRG neurons at 6 h post-CFA injection. 640 

Compared to TAT-scramble -31-50 slightly reduced the Ca2+ influx evoked by capsaicin 641 

(5 M), the most specific known TRPV1 agonist (n = 12, two-way repeated measures ANOVA: 642 

group effect F(1, 22) = 5.649, p = 0.0266) (Fig. 7A and B). Furthermore, tripling the dose of TAT-31-50 643 

induced a much greater decrease (~60%) of TRPV1-mediated Ca2+ influx (n = 5 or 7, two-way 644 

repeated measures ANOVA: group effect F(1, 10) = 20.01, p = 0.0012) (Fig. 7C and D). Likewise, 645 

diminishment of capsaicin-induced Ca2+ influx by TAT-31-50 was also observed compared to that by 646 

the TAT-1-20 peptide, which was unable to bind TRPV1 (Extended Data Fig. 7-1). Thus, the 647 

KChIP3-31-50 fragment is sufficient to inhibit TRPV1-mediated Ca2+ influx. 648 

Next, we explored whether the 31-50 fragment was required for the inhibitory effect of KChIP3 on 649 

TRPV1-mediated Ca2+ influx. In accordance with the results in Figure 5F, exogenous EGFP-KChIP3 650 

expression via intrathecal injection, but not EGFP-KChIP3 -50 expression, decreased the 651 

capsaicin-evoked Ca2+ influx (n = 7, 8, or 9, two-way repeated measures ANOVA: group effect F(2, 21) 652 

-KChIP3, p = 653 

0.0213; EGFP vs. EGFP-KChIP3 -50, p = 0.8264; EGFP-KChIP3 vs. EGFP-KChIP3 -50, p = 654 

0.0088) (Fig. 7E and F). In other words, deletion of the 31-50 fragment abolished the inhibition of 655 

Ca2+ influx through TRPV1 by full-length KChIP3. Altogether, the above data indicate that the 31-50 656 
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fragment is sufficient and necessary for the inhibitory effect of KChIP3 on TRPV1-mediated Ca2+ 657 

influx. 658 

TAT-31-50 alleviated the CFA-induced thermal hyperalgesia in kcnip3 knock-out rats 659 

To further investigate the analgesic mechanisms of TAT-31-50, we constructed kcnip3 knockout (KO) 660 

rats (Fig. 8A). Efficient deletion of the kcnip3 gene was verified by immunoblotting analysis of DRG 661 

lysates. At the same time, expression of the TRPV1 protein was not affected by kcnip3 deletion (Fig. 662 

8B). Consistent with previous studies (Cheng et al., 2002; Rivera-Arconada et al., 2010), kcnip3 663 

664 

t-test: t(10) = 2.456, p = 0.0339) (Fig. 8C, left panel). However, kcnip3 knockout rats showed reduced 665 

PWL values in the radiant heat test at 6 and 12 h after intra-planter CFA injection (n = 5 or 7, two-way 666 

repeated measures ANOVA: group effect F(1, 10) 667 

test: p(6) = 0.0049, p(12) = 0.0295) (Fig. 8C, right panel). Quantification analysis of the AUC (1 24 h) 668 

also showed the increased sensitivity of the kcnip3 KO rats to thermal pain in the inflammatory pain 669 

state. The opposite roles of KChIP3 in the basal and inflammatory states might be attributed to its 670 

distinct roles in the nucleus and plasma membrane. In the nucleus, Ca2+-bound KChIP3 was shown to 671 

dimerize to block its DNA-binding ability (Carrion et al., 1999; Lusin et al., 2008) and depress the 672 

expression of genes, such as bdnf, thus strengthening the role of BDNF and facilitating spinal 673 

sensitization in inflammation-induced thermal hyperalgesia. While localized on the plasma membrane, 674 

binding between KChIP3 and TRPV1 receptors may result in decreased surface level of TRPV1, 675 

which may lead to reduced thermal hypersensitivity.  676 
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To exclude the possibility that TAT-31-50 induces analgesia by competitively inhibiting the binding of 677 

KChIP3 and TRPV1, the analgesic effect of the TAT-31-50 peptide was tested in the kcnip3 KO rats. 678 

The results showed that TAT-31-50 retained its ability to alleviate thermal hyperalgesia relative to the 679 

scramble control in the kcnip3 KO rats (n = 5 or 6, PWL: two-way repeated measures ANOVA: group 680 

effect F(1, 9) (3) = 0.0176; p(6) = 0.0265; p(12) = 681 

(9) = 3.063, p = 0.0135) (Fig. 8D). Taken together, these results 682 

indicate that the kcnip3 deletion had distinct effects on the thermal pain thresholds in the basal and 683 

inflammatory states, and the analgesic effect of TAT-31-50 was independent of endogenous KChIP3. 684 

 685 

Discussion 686 

In the present study, we revealed the peripheral analgesic effect of KChIP3 in CFA-induced 687 

inflammatory pain and identified TRPV1 as a new KChIP3-binding protein. In the basal state, binding 688 

between KChIP3 and TRPV1 remains at a low level (Fig. 8E, left panel). During inflammatory pain, 689 

TRPV1 undergoes functional sensitization, which leads to increased Ca2+ influx via TRPV1. 690 

Concurrently, the protein expression of KChIP3 is upregulated. Therefore, the binding between 691 

KChIP3 and TRPV1 is enhanced, which results in the reduced surface localization of TRPV1 and the 692 

subsequent diminishment of Ca2+ influx through the channel (Fig. 8E, middle panel). Importantly, the 693 

transmembrane TAT-31-50 peptide, which was generated based on the critical binding site of KChIP3 694 

mediating its association with TRPV1, has an effect on the surface localization of TRPV1 similar to 695 

that of KChIP3. In the behavioral tests, intrathecal injection of TAT-31-50 alleviates 696 
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inflammation-induced thermal hyperalgesia and gait alterations (Fig. 8E, right panel). Therefore, 697 

TAT-31-50 might be a potential analgesic agent for the treatment of inflammatory pain. 698 

Peripheral KChIP3 contributes to pain modulation 699 

Previous studies have shown that KChIP3 is a critical transcriptional repressor in pain modulation. 700 

Kcnip3 KO mice exhibit elevated levels of prodynorphin mRNA in their spinal cords and reduced 701 

sensitivity to noxious stimuli in both physiological and acute inflammatory pain states (Cheng et al., 702 

2002). In later studies, transgenic mice expressing DREAM with the EF hands mutant (EFmDREAM 703 

or daDREAM), which shows sustained transcriptional repression activity in a Ca2+-independent 704 

manner, were generated (Rivera-Arconada et al., 2010). These mice exhibit basal hyperalgesia but705 

impaired response to inflammatory pain. Results in these mice are in accordance with our present 706 

results in kcnip3 KO rats, which show hypoalgesia in the basal state and exacerbated thermal 707 

hyperalgesia after CFA injection (Fig. 8C-D). However, a recent study indicated opposite results in the 708 

trigeminal neurons of mice overexpressing EFmDREAM. These mice showed enhanced responses to 709 

acute inflammatory pain stimuli. Further cDNA microarray analysis revealed two new target genes of 710 

KChIP3 related to pain modulation in trigeminal ganglion neurons, including cathepsin L and the 711 

monoglyceride lipase, which are involved in the proteolytic processing of dynorphin in secretory 712 

vesicles and the hydrolysis of endocannabinoid 2-arachidnonoyl glycerol, respectively (Benedet et al., 713 

2016). In our opinion, the multiple KChIP3 target genes in peripheral sensory neurons and the central 714 

nervous system might contribute to its complex regulatory roles in physiological and pathological pain 715 

states. Additionally, as the binding of KChIP3 with Kv4.2 or NMDA receptors on the plasma 716 
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membrane has significant effects on neuronal excitability (Anderson et al., 2010; Zhang et al., 2010), 717 

their association might further complicate the profound role of KChIP3 in pain modulation. 718 

Although the expression of KChIP3 in DRG neurons has been previously reported by several studies 719 

(Matsuyoshi et al., 2012; Cheng et al., 2016), herein, we describe the expression pattern of KChIP3 in 720 

different subpopulations of rat DRG neurons in detail (Fig. 1). In DRG, unlike the other Kv4 auxiliary 721 

subunits (KChIP1, KChIP2 and dipeptidyl peptidase like protein 10), KChIP3 exhibited no 722 

co-localization with Kv4.3, the major contributor of the subthreshold A type K+ current in primary 723 

sensory neurons (Kuo et al., 2017), suggesting the unique role of KChIP3 in the periphery.  724 

Furthermore, our studies showed the molecular weight of KChIP3 in DRG neurons to be 725 

approximately 27 kDa, which is slightly smaller than that reported previously (Carrion et al., 1999; An 726 

et al., 2000). Previous studies indicated that the hKChIP3-Ib isoform, which contains 230 amino acids 727 

and carries an N-terminal 1-60 amino acid replacement in comparison with KChIP3-Ia (Pruunsild and 728 

Timmusk, 2012), has a similar molecular weight to the peripheral KChIP3 identified in our studies.729 

Thus, to determine whether KChIP3-Ib is the major isoform of KChIP3 expressed in DRG neurons, we 730 

used a commercial antibody generated against the N-terminal 31-45 fragment of KChIP3 during 731 

Western blot analysis. A clear band corresponding to ~27 kDa was detected in the DRG tissues of WT, 732 

not kcnip3-/- rats (Fig. 8B). Therefore, it is inferred that a different KChIP3 isoform containing the 733 

31-45 fragment is present in primary sensory neurons, and further studies are needed to delineate the 734 

characteristics of the KChIP3 isoform in DRG neurons. 735 
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The KChIP3-TRPV1 interaction reduces the surface localization of TRPV1 736 

In the present study, the KChIP3-TRPV1 interaction was proven by co-IP studies in both tissue and 737 

cell cultures and with GST pull-down studies. Furthermore, the Ca2+ sensitivity of this association, 738 

which possibly contributed to the increased binding between KChIP3 and TRPV1 6 h post CFA 739 

injection, was revealed in the in vitro study. As previous studies indicated, the surface localization and 740 

gating properties of TRPV1 were modulated by the interaction of its intracellular N- or C-termini with 741 

scaffolding proteins, signaling molecules and protein kinases, such as AKAP79/150, CaM, 742 

phosphatidylinositol 4,5-bisphosphate (PIP2) and protein kinase D (Numazaki et al., 2003; Wang et al., 743 

2004; Lishko et al., 2007; Zhang et al., 2008; Zhu et al., 2008; Fischer et al., 2013; Julius, 2013; Chung 744 

et al., 2015). Thus, we speculate that the KChIP3-TRPV1 binding might interfere with the interaction 745 

between TRPV1 and its intracellular binding partners, ultimately leading to the reduction of surface 746 

TRPV1. As the critical binding sites of the N- and C-termini of TRPV1 with KChIP3 were not 747 

investigated in the present study, the mechanisms underlying the inhibition of TRPV1 surface 748 

localization and receptor function by KChIP3 need to be explored in future studies. 749 

KChIP3 N-terminal 31-50 fragment exhibits an analgesic effect on inflammatory pain via 750 

negatively regulating the function of TRPV1 751 

Mapping studies indicated that the KChIP3 N-terminal 31-50 fragment had the strongest ability of 752 

binding with both the N- and C-termini of TRPV1 (Fig. 4A-D). Functional studies further indicated 753 

that deletion of the 31-50 fragment abolished not only the inhibitory effect of KChIP3 on 754 

TRPV1-mediated Ca2+ influx (Fig. 7E and F) but also its analgesic effect on inflammatory thermal 755 

hyperalgesia (Fig. 5E).  756 
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Since the TAT-fusion peptide construction has been proven as an efficient method to facilitate the 757 

cellular entrance of peptide (Xing et al., 2012; Li et al., 2014; Liu et al., 2015), the TAT-31-50 peptide 758 

was generated and applied in the behavioral tests. Previous studies have shown that TRPV1 is essential 759 

for the sensation of noxious heat and contributes to mechanical static pressure (von Frey) 760 

(Martinez-Rojas et al., 2014; Borbiro et al., 2015; Watanabe et al., 2015; Xu et al., 2016), but is not 761 

involved in the light touch perception and fast-nociceptive reflex (Brenneis et al., 2013). In the present 762 

work, behavioral tests of the other somatosensory modalities such as light touch and pinprick 763 

perception indicated that the TAT-31-50 did not affect the TRPV1-independent somatosensation 764 

(Extended Data Fig. 5-2), however, application of TAT-31-50 via intrathecal injection significantly 765 

alleviated thermal hyperalgesia and gait alterations induced by CFA injection. The mechanism of the 766 

analgesic effect of TAT-31-50 is related to the decreased surface localization of TRPV1 and the 767 

subsequent reduction of TRPV1-mediated Ca2+ influx. Additionally, intraplantar injection of 768 

TAT-31-50 decreased the capsaicin-evoked spontaneous and evoked pain behavior, which further 769 

strengthen the specificity of the action of TAT-31-50 on TRPV1 (Fig. 5G-I). 770 

TAT-31-50 shows a similar analgesic effect as full-length KChIP3 771 

Generally, TAT-fusion peptides compete with endogenous full-length proteins in binding the target 772 

proteins, and thereby downregulate the function of full-length proteins through competitive inhibition. 773 

However, in our results, TAT-31-50 reduced capsaicin-evoked Ca2+ influx and thermal hyperalgesia, 774 

exhibiting an effect similar to that of KChIP3. We speculated that the binding of TAT-31-50 to the 775 

TRPV1 intracellular termini might block the function of critical domains mediating the interaction of 776 

TRPV1 with its binding partners and therefore interfere with the membrane trafficking of TRPV1. 777 
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To clarify whether TAT-31-50 exerts its function via competitively inhibiting the function of 778 

endogenous KChIP3, we tested its analgesic effect in kcnip3 KO rats, in which TAT-31-50 showed a 779 

similar inhibitory effect on inflammatory thermal hyperalgesia. Therefore, TAT-31-50 mimics the780 

inhibitory effect on TRPV1 and the analgesic effect of full-length KChIP3. Elucidation of the critical 781 

role of the N-terminal 31-50 fragment in the functional regulation of TRPV1 by KChIP3 provides 782 

further evidence for the importance of the unique KChIP3 N-terminus compared to other KChIP 783 

subtypes. 784 

In conclusion, our findings reveal a new role of KChIP3 in peripheral nociception independent of its 785 

transcriptional repressor activity and provide new insights into the multi-functional properties of 786 

KChIP3. Inhibitory effects of KChIP3 and the transmembrane peptide TAT-31-50 on the surface 787 

localization of TRPV1 and the Ca2+ influx through this channel were demonstrated. As the TAT-31-50 788 

peptide significantly alleviated inflammatory thermal hyperalgesia and gait alterations, it represents a 789 

potential analgesic agent for the treatment of inflammatory pain. A better understanding of the role of 790 

KChIP3 in pain modulation may contribute to the development of new pain-relieving drugs. 791 

  792 
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Figure Legends 932 

Figure 1. KChIP3 is widely expressed in different-sized DRG neurons, including small-, medium- 933 

and large-diameter neurons. A, Representative image of immunostaining of KChIP3 in rat DRG. 934 

Enlarged image of the boxed area in the left image is shown on the right. Red, yellow and white 935 

arrows indicate the strongly positive, weakly positive and negative neurons, respectively. Scale bar = 936 

B, Quantification analysis of the proportion of small-, medium- or large-sized neurons 937 

among KChIP3+ neurons (KChIP3+ neurons of each subtype/total KChIP3+ neurons). C, Cell 938 

counting of KChIP3- and KChIP3+ neurons in DRG neurons with cross-sectional area of < 600 939 

(small-sized), 600-1200 (medium-sized) and > 1200 mm2 (large-sized), respectively. D, 940 

Quantification analysis of the percentage of KChIP3+ neurons in small-, medium- and large-sized 941 

neurons, respectively (KChIP3+/(KChIP3+ plus KChIP3-)). Chi-square test, ***p < 0.001. E, 942 

Staining intensity of KChIP3 in DRG neurons with cross-sectional area of < 600 (small-sized), 943 

600-1200 (medium-sized) and > 1200 mm2 (large-sized), respectively. F, Quantification analysis of 944 

the staining intensity of KChIP3 in small-, medium- and large-sized DRG neurons. One-way 945 

ns test, ***p < 0.001. Refer to Extended Data 946 

Figure 1-1 and 1-2. 947 

 948 

Extended Data Figure 1-1. This extended data figure supports for Figure 1. Representative images 949 

of the immunostaining of KChIP3 (green) and Hoechst 33342 (blue) in DRG neurons of WT (left 950 

image) and kcnip3 KO rats (right image), respectively. A commercial antibody (Abcam) against the 951 

N-terminal 30-45 fragment of KChIP3  952 
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 953 

Extended Data Figure 1-2. This extended data figure supports for Figure 1. KChIP3 mRNA 954 

detection in DRG tissue by RT-PCR. A, Detection of KChIP3 mRNA in L4-5 DRG extracts by PCR 955 

using the primer pairs 1 (351 bp fragment), 2 and 3 (full-length), respectively. A no primer group 956 

was used as the negative control. B, Detection of KChIP3 mRNA in DRG neurons and spinal cord 957 

extracts, using the full-length primer pairs, respectively. A no cDNA group was used as the negative 958 

control. 959 

 960 

Figure 2. Introduction of exogeneous KChIP3 expression alleviates CFA-induced thermal 961 

hyperalgesia behavior, and an association between KChIP3 and TRPV1 was observed in DRG tissue. 962 

A, Representative image of KChIP3 Western blots in ipsilateral L4-5 DRG lysates at 1, 6, 24 h after 963 

the intra-plantar injection of CFA (left panel). Quantification analysis of the KChIP3 protein 964 

expression in the left image (right panel). One-965 

comparisons test, *p < 0.05. B, Time course of PWL of the ipsilateral hind paw before and after CFA 966 

injection in EGFP or EGFP-KChIP3 plasmid-injected rats (left panel). Two-way ANOVA, group 967 

effect: *p < 0.05, shown at the end of the lines; post- p < 968 

0.05, shown above the lines. Area under the curve values from 1 to 24 h post-CFA injection were 969 

compared between the EGFP- and EGFP-KChIP3-injected groups, which is shown on the right (right 970 

panel). Unpaired t-test, *p < 0.05. C, Representative images of the immunostaining of KChIP3 (red), 971 

TRPV1 (green) and IB4 (blue, left panel)/CGRP (blue, middle panel)/NF200 (blue, right panel) in 972 

D, Quantification analysis of the percentage of 973 

KChIP3+-TRPV1+, KChIP3+-TRPV1-, KChIP3--TRPV1+, and KChIP3--TRPV1-  neurons in DRG 974 
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neurons. E, Cell counting of KChIP3+-TRPV1- and KChIP3+-TRPV1+ neurons in DRG neurons with 975 

cross-sectional areas of 100-500 (small-sized), 600-1100 (medium-sized) and >1200 mm2 976 

(large-sized), respectively. F, Quantification analysis of the percentage of TRPV1+ neurons in 977 

KChIP3+ neurons classified as small-, medium- or large-sized DRG neurons. Chi-square test, ***p < 978 

0.001. G, Representative result of TRPV1 and KChIP3 co-IP studies in ipsilateral DRG lysates at 1, 979 

6, 24 h after CFA injection. One-980 

< 0.01. Refer to Extended Data Figure 2-1. 981 

 982 

Extended Data Figure 2-1. This extended data figure supports for Figure 2. Expression of 983 

EGFP-KChIP3 plasmids in HEK293 cell line and DRG tissues. A, Representative images of the 984 

expression of EGFP-KChIP3 in HEK293 cells. B, Representative images of the expression of 985 

EGFP-KChIP3 in DRG lysates. C, Representative images of immunostaining 986 

of EGFP (green), KChIP3 (red), Hoechst 33342 (blue) in DRG slices after intrathecal delivery 987 

ofEGFP-KChIP3 or EGFP plasmids and the DRG slices of naïve rats. Enlarged images of the boxed 988 

area in the upper rows are shown in the lower rows. Yellow arrows indicate the DRG neurons labelled 989 

by green and red immunofluorescence concurrently. Red and green arrows indicate the neurons 990 

labelled by red or green immunofluorescence respectively. Scale bar = 100  991 

 992 

Figure 3. KChIP3 binds with both the intracellular N- and C-termini of TRPV1. A, B, 993 

Representative results of KChIP3 and TRPV1 co-IP studies in HEK293 cells transfected with the 994 

EGFP-KChIP3 and GST-TRPV1 plasmids (A) or the EGFP-TRPV1 and KChIP3 plasmids (B). C-E, 995 
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Representative results of GST pull-down assays. GST-KChIP3 precipitated the His6-TRPV1 996 

N-terminus (Nt) (C) and the His6-TRPV1 C-terminus (Ct) (D); His6-KChIP3 precipitated the 997 

GST-TRPV1 Nt and GST-TRPV1 Ct (E). F, Representative results of the GST pull-down assays 998 

showing the Ca2+ sensitivity of the association between GST-KChIP3 and His6-TRPV1 Ct. Addition 999 

2+ in the reaction buffer increased the binding of KChIP3 and TRPV1-Ct, whereas the 1000 

chelation of intracellular Ca2+ by 1 mM EGTA reduced this effect. G, H, Representative results of 1001 

biotinylation studies on the surface of TRPV1 (G) in CHO-TRPV1 cells transfected with EGFP or 1002 

EGFP-KChIP3 plasmids. Statistical analysis of the surface level of TRPV1 is shown on the right. 1003 

Unpaired t-test, *p< 0.05. The total level of TRPV1 was also examined, and quantification analysis 1004 

of the results is shown on the right. Unpaired t-test. 1005 

 1006 

Figure 4. KChIP3 N-terminal 31-50 fragment binds with both the N- and C-termini of TRPV1. A, B, 1007 

Schematic diagram of the GST-fusion proteins containing different fragments of KChIP3 (A) or 1008 

KChIP3-1-50 (B). C, D, Representative results of GST-pull down assays. GST-1-50 precipitated 1009 

both His6-TRPV1 Nt and Ct (C). More specificly, GST-31-50 precipitated both His6-TRPV1 Nt and 1010 

Ct (D). E, Schematic diagram of TAT-fusion peptides containing different fragments of 1011 

KChIP3-1-50 and a scramble control of TAT-31-50. F, G, Representative results of biotinylation 1012 

studies on the TRPV1 surface level in CHO- -fusion peptides 1013 

for 3 h. Quantification analysis of the surface level of TRPV1 was shown below (F). One-way 1014 

p< 0.05, ***p< 0.001. Total protein level 1015 
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of TRPV1 was examined as well (G) and quantification analysis of the results was shown below. 1016 

One-way ANOVA. 1017 

 1018 

Figure 5. Intrathecal injection of TAT-31-50 peptide alleviates CFA-induced thermal hyperalgesia. 1019 

A, Schematic diagram of the protocol for the measurement of thermal pain threshold after intrathecal 1020 

administration of peptides. B-D, Time course of PWL of the ipsilateral hindpaw before and after 1021 

CFA injection from 1 to 24 h in the TAT-31-50- or TAT-scramble-injected (i.t.) rats. 3 (B), 10 (C), 1022 

D) TAT-31-50 or TAT-scramble peptide was injected intrathecally. In the left panel of 1023 

figure B-D, two-way ANOVA, group effect: *p < 0.05, shown in the end of the lines; post-test: 1024 

p < 0.05, shown above the lines. In the right panel of figure B-D, 1025 

area under the curve from 1 to 24 h after CFA injection was compared between the TAT-31-50- and 1026 

TAT-scramble-injected groups. Unpaired t test, *p < 0.05. E, Time course of PWL of the ipsilateral 1027 

hindpaw before and after CFA injection (left panel) in the EGFP, EGFP-KChIP3 or 1028 

EGFP-KChIP3 -50 plasmid-injected rats. Two-way ANOVA, post-test: Tuke1029 

comparisons test, *p < 0.05, compared to the EGFP group, ##p < 0.01, compared to the 1030 

EGFP-KChIP3 group, shown in the end of the lines; post- p 1031 

< 0.05, compared to the EGFP group, #p < 0.05, and ##p < 0.01, compared to the EGFP-KChIP3 1032 

group, shown above the lines. In the right panel, area under the curve from 1 to 24 h after CFA 1033 

injection was compared among the three groups. One-way ANOVA, *p < 0.05, compared to the 1034 

EGFP group, ##p < 0.01, compared to the EGFP-KChIP3 group. F, Latency of flinching and licking 1035 

on hot plate (50 and 54oC -31-50- and 1036 
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TAT-scramble-injected (i.t.) groups 6 h post CFA injection. Multiple t test, *p < 0.05. G, Schematic 1037 

diagram of the protocol for the measurement of spontaneous and evoked pain after intraplantar (i.pl.) 1038 

injection of the peptide and capsaicin (cap). H, Lifting time in the first 10 min after capsaicin 1039 

injection was compared between the TAT-31-50- and TAT-scramble-injected groups. Unpaired t test, 1040 

*p < 0.05. I, Time course of PWL of the left hindpaw before and after capsaicin injection from 15 to 1041 

120 min in the TAT-31-50- or TAT-scramble-injected rats. In the left panel, two-way ANOVA, 1042 

group effect: *p < 0.05, shown in the end of the lines; post-1043 

**p < 0.01, shown above the lines. In the right panel, area under the curve from 15 to 120 min after 1044 

capsaicin injection was compared between the TAT-31-50- and TAT-scramble-injected groups. 1045 

Unpaired t test, *p < 0.05. Refer to Extended Data Figure 5-1 and 5-2. 1046 

 1047 

Extended Data Figure 5-1. This extended data figure supports for Figure 5. Intrathecal injection of 1048 

TAT-31-50 alleviates CFA-induced thermal hyperalgesia compared to TAT-1-20. A-B, Time course 1049 

of the PWL of the ipsilateral hind paw before and after CFA injection from 1 to 24 h in TAT-1-20- 1050 

or TAT-31-50-injected rats. The rats were pre-treated with an intrathecal administration of 10 or 30 1051 

-1-20 or TAT-31-50 (n = 5) peptides (B). The left panel of A-B shows two-way 1052 

ANOVA, group effect: *p < 0.05, shown at the ends of the lines; post-1053 

comparisons test, **p < 0.01, *p < 0.05, shown above the lines. In the right panel of A-B, area under 1054 

the curve values of the paw withdrawal latencies from 1 to 24 h after CFA injection were compared 1055 

between the TAT-31-50- and TAT-scramble-injected groups. Unpaired t-test, *p < 0.05. 1056 

 1057 
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Extended Data Figure 5-2. This extended data figure supports for Figure 5. Intrathecal injection of 1058 

TAT-31-50 exerts no influence on the mechanosensation of A-fibers. A-B, Time course of PWL (A) 1059 

or mechanical threshold (B) of the ipsilateral hindpaw before and after CFA injection from 6 to 24 h 1060 

-scramble- or TAT-31-50-injected (i.t.) rats. Two-way ANOVA, group effect: ***p 1061 

< 0.001, shown in the end of the lines; post- p < 0.001, 1062 

**p < 0.01, *p < 0.05, shown above the lines. C, Correlation analysis between PWL and mechanical 1063 

-scramble- or TAT-31-50-injected (i.t.) rats. Linear regression, n = 10 or 1064 

14. D, E, F, Light touch sensitivity (D), latency to detect the sticky tape (E) and pinprick reactivity 1065 

(F -scramble- or 1066 

TAT-31-50-injected (i.t.) rats 6 h post CFA injection. Unpaired t test. 1067 

 1068 

Figure 6. TAT-31-50 administration attenuates the gait alterations induced by CFA injection. A, 1069 

Schematic diagram of the procedure evaluating gait alterations during STAND (left panel) or 1070 

CATWALK (right panel). B, Consecutive graphs within a duty cycle of the left hind paw (LH) and 1071 

right hind paw (RH) 6 h after CFA injection in the left hind paw. C, Three-dimensional graphs of the 1072 

left hind paw print boxed by the red line in B. x-axis: length (0.926 mm per unit), y-axis: width 1073 

(0.926 mm per unit), z-axis: intensity (A.U.). D-F, STAND intensity (D), CATWALK max intensity 1074 

(E), and CATWALK mean intensity of the top 15 pixels (F) in TAT-31-50- or 1075 

TAT-scramble-injected rats at 6 h after CFA injection. Unpaired t-test, n = 5 or 6, *p < 0.05, **p < 1076 

0.01. G, CATWALK swing duration (% of step-cycle) of LH or RH at 6 h after CFA injection in the 1077 

left hind paw. Two-way ANOVA, interaction effect: p < 0.05; post-1078 
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comparisons test, *p < 0.05. H-J, Correlation analysis between PWL and mechanical threshold (H), 1079 

intensity data (I) and coordination data (J). Linear regression, n = 11, *p < 0.05, **p < 0.01. Refer to 1080 

Extended Data Figure 6-1. 1081 

 1082 

Extended Data Figure 6-1. This extended data figure supports for Figure 6. TAT-31-50 1083 

administration did not affect the contact area or hind paw print area after CFA injection. A, 1084 

Three-dimensional graphs of the right hind paw. x-axis: length (0.926 mm per unit), y-axis: width 1085 

(0.926 mm per unit), z-axis: intensity (A.U.). B-D, STAND contact area (B), CATWALK max 1086 

contact area (C), and CATWALK paw print area (D) in rats 6 h after CFA injection. Unpaired t- test, 1087 

n = 5 or 6. E-F, Ipsilateral paw withdrawal latencies (E) and mechanical thresholds (F) in 1088 

TAT-31-50- or TAT-scramble-injected rats before and 6 h after CFA injection. Two-way ANOVA, 1089 

post- p < 0.05, **p < 0.01. G, Correlation analysis between 1090 

PWL and print area data. 1091 

 1092 

Figure 7. The KChIP3 N-terminal 31-50 fragment is necessary and sufficient for the inhibition of 1093 

TRPV1-mediated Ca2+ influx by KChIP3. A-F, Ca2+ imaging assays in dissociated ipsilateral L4-5 1094 

DRG neurons 6 h after CFA injection. The rats were pre-treated with an intrathecal administration of 1095 

10 (A, B -scramble or TAT-31-50 peptides (C, D) or the EGFP, EGFP-KChIP3 1096 

or EGFP-KChIP3 -50 plasmids (E, F). A, C, E, Images of dissociated DRG neurons at the 1097 

baseline are shown above, and images after capsaicin treatment are shown below. Scale bar = 200 1098 

B, D, F -evoked Ca2+ influx in A, C, E, 1099 
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respectively. B, D, group effect: *p < 0.05. F, two-way ANOVA, post-1100 

comparisons test, *p < 0.05, compared to the EGFP group, ##p < 0.01, compared to the 1101 

EGFP-KChIP3 group. Refer to Extended Data Figure 7-1. 1102 

 1103 

Extended Data Figure 7-1. This extended data figure supports for Figure 7. TAT-31-50 decreases 1104 

TRPV1-mediated Ca2+ influx compared to TAT-1-20. A, B, Ca2+ imaging assay in dissociated 1105 

ipsilateral L4-5 DRG neurons of rats 6 h after CFA injection. The rats were pre-treated with an 1106 

-1-20 or TAT-31-50. A, Images of dissociated DRG 1107 

neurons at the baseline are shown above, and images after capsaicin treatment are shown below. 1108 

B, Quantification analysis of the capsaicin (5 mM)-evoked Ca2+ influx in A. 1109 

Two-way ANOVA, group effect: **p < 0.01. 1110 

 1111 

Figure 8. TAT-31-50 alleviates CFA-induced thermal hyperalgesia in kcnip3 KO rats. A, Schematic 1112 

diagram of the genetic editing in kcnip3-/- rats. B, Representative Western blots of KChIP3 and 1113 

TRPV1 in wild type (WT), heterozygous (Het) and kcnip3 knockout (KO) rats. C, D, Time course of 1114 

the PWL of the ipsilateral hind paw before and after CFA injection in WT and kcnip3 KO rats (C) or 1115 

kcnip3 KO rats pre- -31-50 or 1116 

TAT-scramble (D). The left panel of C, D shows two-way ANOVA, group effect: *p < 0.05, shown 1117 

at the ends of the lines; post- p < 0.05, **p < 0.01, shown 1118 

above the lines. In the right panel of C, D, area under the curve values of the PWL time courses were 1119 

compared between the WT and kcnip3 KO rats or the TAT-31-50- and TAT-scramble-injected rats. 1120 
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Unpaired t-test, *p < 0.05, **p < 0.01. E, Schematic diagram of the inhibitory effect of KChIP3 and 1121 

TAT-31-50 on TRPV1. Under physiological conditions, a low amount of TRPV1 is expressed on the 1122 

plasma membrane. During inflammatory pain, TRPV1 undergoes functional sensitization, and the 1123 

intracellular [Ca2+]i is increased. Concurrently, expression of the KChIP3 protein is upregulated at 6 1124 

h post-CFA injection. Thus, binding between KChIP3 and the intracellular domains of TRPV1 is 1125 

enhanced, which leads to a reduction in the surface localization of TRPV1 and the subsequent 1126 

inhibition of TRPV1-mediated Ca2+ influx by KChIP3. Importantly, TAT-31-50, constructed based 1127 

on the critical binding site of KChIP3 mediating its interaction with TRPV1, significantly alleviates 1128 

thermal hyperalgesia and gait alterations induced by intra-plantar CFA injection. 1129 


















