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ABSTRACT   18 

Trigeminal neuropathic pain (TNP) is often resistant to current pharmacotherapy and there is a 19 

pressing need to develop more efficacious treatments. Capsaicin is a pungent ingredient of chili 20 

peppers and specifically activates transient receptor potential vanilloid subtype 1 (TRPV1), a Ca2+-21 

permeable ion channel. Topical capsaicin invariably induces burning pain. Paradoxically, the 22 

transient pain is often followed by prolonged attenuation of the pre-existing pathological pain from 23 

the same region. However, the mechanisms underlying capsaicin-induced analgesia are not well 24 

understood. Although the reports of the involvement of TRPV1 and TRPV1+ afferents in 25 

neuropathic pain is controversial, we recently demonstrated that TRPV1 and TRPV1+ afferents 26 

are involved in mechanical hyperalgesia in mice with chronic constriction injury of the infraorbital 27 

nerve (ION-CCI). Consistently, chemogenetic inhibition of TRPV1-lineage afferents attenuated 28 

mechanical hyperalgesia and ongoing pain.  In mice with ION-CCI, we found that a single focal 29 

injection of capsaicin into facial skin led to attenuation of mechanical hyperalgesia over two weeks. 30 

Capsaicin treatment also attenuated secondary hyperalgesia in extraterritorial mandibular skin. 31 

Furthermore, capsaicin treatment decreased ongoing pain. Longitudinal in vivo two-photon 32 

imaging of cutaneous nerve fibers showed that such capsaicin-induced analgesia is correlated with 33 

cutaneous nerve terminal density. Furthermore, preventing capsaicin-induced ablation of afferent 34 

terminals by co-administration of capsaicin with MDL28170, an inhibitor of calpain, abolished 35 

capsaicin-induced analgesia. These results suggest that a single focal injection of capsaicin induces 36 

long-lasting analgesia for neuropathic pain via selective ablation of TRPV1+ afferent terminals 37 

and that TRPV1+ afferents contribute to the maintenance of trigeminal neuropathic pain. 38 

 39 

 40 
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Significance Statement  41 

Capsaicin has long been used as an analgesic to treat chronic pain conditions. Topical capsaicin is 42 

a FDA-approved treatment for neuropathic pain. However, the mechanisms underlying capsaicin-43 

induced analgesia have been enigmatic for centuries. Despite evidence for clinical analgesia, data 44 

supporting the analgesic effects of capsaicin on neuropathic pain in preclinical model is rare. We 45 

found that a single focal injection of capsaicin to facial skin robustly attenuated trigeminal 46 

neuropathic pain in mice for longer than two weeks, which is mediated by localized ablation of 47 

TRPV1+ terminals in the skin. These results suggest that TRPV1+ afferents contribute to the 48 

maintenance of TNP and that capsaicin injection could be a safe and effective treatment for TNP. 49 

  50 
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INTRODUCTION  51 

Trigeminal nerve damage due to accidents, orthognathic surgery or dental procedures often 52 

causes trigeminal neuropathic pain (TNP), which becomes chronic, lasting  more than a year, in one 53 

third of patients (Agbaje et al., 2016). Since TNP responds more poorly to conventional medications 54 

than does spinal traumatic neuropathic pain (McQuay et al., 1996; Haviv et al., 2014), development 55 

of novel methods to manage TNP is crucial.  56 

TRPV1 is a pro-nociceptive ion channel protein activated by capsaicin, heat and multiple 57 

endogenous ligands (Chung et al., 2011). Interestingly, administration of capsaicin not only 58 

produces transient burning pain but also induces analgesia for neuropathic pain conditions (Szallasi 59 

and Blumberg, 1999; Chung and Campbell, 2016). Topical capsaicin relieves self-reported pain 60 

ratings by >30% for ~3 months in ~40-45% of post-herpetic neuralgia patients (Mou et al., 2013; 61 

Treede et al., 2013). Topical capsaicin not only attenuates pain aversion, but is also reported to 62 

attenuate mechanical hyperalgesia in patients with peripheral neuropathy from multiple etiologies 63 

(Kennedy et al., 2010; Zis et al., 2014). The therapeutic effects of topical capsaicin on dynamic 64 

allodynia are even greater than those of pregabalin (Cruccu et al., 2018). Thus, targeting TRPV1+ 65 

afferents using topical capsaicin is a promising approach to treating neuropathic pain, especially 66 

in patients whose hyperalgesia is likely maintained by sensitized nociceptors (Baron et al., 2016). 67 

In addition to topical application, intra-articular or intrathecal injection of capsaicin or 68 

resiniferatoxin (RTX), a potent TRPV1 agonist, is also under active development for treating 69 

chronic pain (Iadarola et al., 2018; Sapio et al., 2018; Stevens et al., 2019). 70 

Despite clear therapeutic benefits of capsaicin, roles of TRPV1 and TRPV1+ nociceptors in 71 

neuropathic pain are controversial and, therefore, the logical rationale for capsaicin therapy is not 72 

well supported by mechanistic insights. A majority of reports dispute the involvement of these 73 
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entities in neuropathic mechanical allodynia: knockout or knockdown of TRPV1 does not affect 74 

mechanical hyperalgesia following peripheral neuropathy in mice (Caterina et al., 2000; Hirai et al., 75 

2014). Genetic ablation of TRPV1+ neurons or chemical ablation or desensitization of TRPV1+ 76 

afferents neither prevented nor attenuated mechanical hyperalgesia following neuropathy (Ossipov 77 

et al., 1999; King et al., 2011; Mishra et al., 2011; Abooj et al., 2016). These data contrast sharply 78 

with the aforementioned clinical data, as well as with multiple preclinical studies implicating TRPV1 79 

and TRPV1+ afferents in mechanical hyperalgesia following neuropathy (Pomonis et al., 2003; 80 

Rashid et al., 2003; Kanai et al., 2005; Christoph et al., 2007; Watabiki et al., 2011). Our recent study 81 

showed that TRPV1 and TRPV1+ afferents are clearly involved in orofacial mechanical 82 

hyperalgesia following chronic constriction injury of infraorbital nerve (ION-CCI) in mice (Kim et 83 

al., 2014). Injection of TRPV1 antagonist into the trigeminal subnucleus caudalis (Vc) effectively 84 

attenuated mechanical hyperalgesia, while systemic treatment with RTX prevented development of 85 

mechanical hyperalgesia following ION-CCI. However, it is not known if peripheral administration 86 

of capsaicin reduces trigeminal hyperalgesia in animals with ION-CCI. 87 

Capsaicin-induced long-lasting analgesia in patients might occur through multiple 88 

mechanisms (Chung and Campbell, 2016). A dominant presumption is that analgesia produced by 89 

local administration of capsaicin is associated with the localized ablation of TRPV1+ peripheral 90 

fibers based on the observations that topical or intradermal injection of capsaicin denervates 91 

intraepidermal nerve fibers in humans (Simone et al., 1998; Malmberg et al., 2004; Anand and 92 

Bley, 2011). However, causal contribution of capsaicin-induced ablation of TRPV1+ nerve 93 

terminals to the analgesic effects on neuropathic pain has not been investigated. It appears to be 94 

straightforward that ablation of peripheral nociceptive fibers produces analgesia. However, 95 

considering the fact that multiple neuropathic pain conditions are accompanied by reductions in 96 
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intraepidermal nerve fiber density (Landowski et al., 2016), it is important to determine the causal 97 

role for capsaicin-induced ablation of TRPV1+ fibers in capsaicin-induced analgesic effects. We 98 

recently showed that capsaicin ablates TRPV1+ nerve terminals through TRPV1-mediated Ca2+ 99 

influx followed by the activation of calpains, which are Ca2+-dependent proteases (Wang et al., 100 

2017b). MDL28170, an inhibitor of calpains, reduced capsaicin-induced ablation of TRPV1+ 101 

afferent terminals in vitro and in vivo. Importantly, MDL28170 prevented capsaicin-induced 102 

thermal hypoalgesia in hind paw (Wang et al., 2017b). However, it is not known if such capsaicin-103 

induced calpain-dependent ablation of TRPV1+ nerve terminals is necessary for analgesia of 104 

neuropathic pain conditions.  105 

In this study, we tested the efficacy of focal injection of capsaicin in a mouse model of 106 

TNP and tested the hypothesis that TRPV1+ afferents contribute to the maintenance of TNP and 107 

capsaicin-induced ablation of peripheral nociceptive fibers is necessary for capsaicin-induced 108 

long-lasting analgesia.  109 

 110 

MATERIALS AND METHODS 111 

Animals 112 

C57bl/6J (Jax #00064), TRPV1Cre  (Jax #017769)(Cavanaugh et al., 2011), R26LSL-tdTomato (Jax 113 

#007914), R26mT/mG (Jax #007576) and R26LSL-hM4Di (Jax #026219) mice were purchased from 114 

Jackson laboratory. TRPV1Cre mice (Cavanaugh et al., 2011) express Cre recombinase under the 115 

control of TRPV1 promoter, and when crossed with a Cre-dependent reporter line, show labeling 116 

of afferents that have expressed TRPV1 at any stage of development (TRPV1-lineage; TRPV1-117 

LN). Of these TRPV1-LN neurons, about half express TRPV1 in adult sensory ganglia 118 

(Cavanaugh et al., 2011). We generated a mouse line expressing tdTomato in TRPV1-LN neurons 119 
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(TRPV1tdTomato) by crossing TRPV1Cre mice and R26LSL-tdTomato mice. A mouse line expressing 120 

membrane-bound GFP from TRPV1 locus (TRPV1mGFP) was generated by crossing TRPV1Cre 121 

mice and R26mT/mG mice. A mouse line expressing inhibitory designer receptor exclusively 122 

activated by designer drugs (DREADD) under control of the TRPV1 promoter (TRPV1hM4Di) was 123 

generated by crossing TRPV1Cre mice and R26LSL-hM4Di mice. All procedures were conducted in 124 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 125 

Animals, and were performed under protocols approved by The University of Maryland Animal 126 

Care and Use Committees. Adult (8-week old) male and female mice were used for the 127 

experiments. Animals were group-housed under standard conditions with ad libitum access to 128 

water and food. 129 

Trigeminal neuropathic pain model  130 

To produce the trigeminal neuropathic pain model, we performed chronic constriction injury of 131 

the infraorbital nerve (ION-CCI) (Kim et al., 2014). Loose ligatures of the unilateral infraorbital 132 

nerve was done via an intraoral approach to keep orofacial skin intact for measurement of 133 

mechanical sensitivity. Mice were anesthetized with intraperitoneal injection of mixed ketamine 134 

(100 mg/kg) and xylazine (10 mg/kg). The head of the mouse was positioned in lateral recumbency 135 

and four limbs fixed on the table with adhesive tape. A 5-7 mm long incision was made along the 136 

gingivobuccal margin in the buccal mucosa, beginning immediately next to the first molar.  The 137 

ION was freed from surrounding connective tissues by a glass rod and clearly visualized using a 138 

surgical microscope.  At 3-4 mm from the nerve where its branches emerge from the infraorbital 139 

fissure, the ION was loosely tied with two chromic gut (4.0) ligatures, 2 mm apart.  The incision 140 

was closed using veterinary tissue glue. The sham-operated mice received only a unilateral nerve 141 

exposure without ligatures. 142 
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Behavioral assay for mechanical sensitivity 143 

All behavioral tests were conducted under blind conditions. To reduce any effects of restraint, the 144 

mouse was habituated for 20 min/day for 3d to stand on or lean against a regular leather work hand 145 

glove worn by the experimenter. As previously described (Kim et al., 2014), a series of calibrated 146 

von Frey filaments with bending forces ranging from 0.008 g to 4 g were applied to the orofacial 147 

skin. For assessing primary or secondary hyperalgesia, these filaments were applied to the skin 148 

just behind the vibrissa pad within the infraorbital territory (V2) and the skin just below the ear 149 

within the mandibular nerve territory (V3), respectively. A brisk or active withdrawal of the head 150 

from the probing filament was defined as a nocifensive response.  Each von Frey filament was 151 

applied 5 times at intervals of a few sec. The response frequencies [(number of responses/number 152 

of stimuli) X100%] to a range of von Frey filament forces were determined and S-R curves were 153 

plotted. Mechanical threshold was measured as the lowest intensity at which animals escaped from 154 

the stimuli over 50% of chance. In this mouse ION-CCI model, stable and long-lasting mechanical 155 

hyperalgesia and allodynia develops in maxillary V2 skin as well as in extraterritorial mandibular 156 

V3 skin within 1 week and persists over three months (Kim et al., 2014). 157 

Capsaicin injection into facial skin 158 

 To determine the effects of focal capsaicin on mechanical hyperalgesia, capsaicin was injected at 159 

day 14 following ION-CCI. A single bolus of either vehicle (20 μl, 25% PEG300 in water) or 160 

capsaicin (10 μg in 20 μl of vehicle) was subcutaneously injected into the skin just behind the 161 

vibrissa pad, in which Von Frey testing was performed for primary hyperalgesia. Von Frey testing 162 

was performed up to 4 weeks except in a cohort that was tested up to 9 weeks for determining the 163 

effects of two times of capsaicin injection. 164 
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 165 

Intra-Vc microinjection of drug  166 

Microinjection into the Vc was performed as described previously (Kim et al., 2014; Wang et al., 167 

2017a). Animals were anesthetized by intraperitoneal injection of Ketamine and Xylazine cocktail 168 

and placed in a Kopf stereotaxic apparatus. After a midline incision, an opening was made in the 169 

skull. The needle of a 0.5 μl Hamilton microsyringe was placed in the left or right Vc regions 170 

according to the stereotaxic coordinates of the mouse brain (7.80 mm anterior and 4.3 mm ventral 171 

to bregma, , and ±1.60 mm lateral to the midline) (Paxinos and Franklin, 2008). Clozapine N-oxide 172 

(CNO; 0.1μg/1μl) or 2% lidocaine (0.5 μl) were administered for 1 min. Following injection, the 173 

needle was held in the tissue for 2 min to allow diffusion before removal.  174 

Conditioned place preference (CPP) assay 175 

To test effects of focal capsaicin treatment on CCI-induced pain aversion, conditional preference 176 

place (CPP) was performed as previously described (Wang et al., 2018). Mice with ION-CCI or 177 

sham surgery were conditioned by intra-Vc injection of 2% lidocaine or vehicle with capsaicin or 178 

saline pretreatment. In another experiment using TRPV1hM4Di and TRPV1Cre mice, CNO or vehicle 179 

was injected for conditioning. The CPP apparatus consisted of a rectangular chamber with one side 180 

compartment measuring 23 cm x 26 cm with black walls and grids on the floor, a central 181 

compartment measuring 23 cm x 11 cm with clear plexiglass walls and a plexiglass floor, and 182 

another side compartment measuring 23 cm x 26 cm with white walls and a mesh metal floor. 183 

Mouse position during each day of testing was monitored. All mice were exposed to the 184 

environment with full access to all chambers for 30 min each day for days 1-3. On day 3, behavior 185 

was recorded for 15 min and analyzed to verify absence of preconditioning chamber preference. 186 
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Following the preconditioning phase, mice underwent conditioning for one-day trial with alternate 187 

treatment-chamber pairings at day 4. Mice received vehicle and paired with a chamber in the 188 

morning. In the afternoon, drugs such as lidocaine or CNO was administered and paired with the 189 

other chamber. Mice were placed in the paired chamber with no access to the other chamber at 30 190 

min after intra-Vc injection of vehicle or drugs, by which time animals had completely recovered 191 

from anesthesia by isoflurane. Drug and chamber pairing were counterbalanced. On day 5, mice 192 

were placed into the central chamber with access to all chambers. For 15 min, with the mouse in a 193 

drug-free state, time spent in each of the chambers was recorded. Increased time spent in a chamber 194 

indicates preference for that chamber. 195 

Fluorescence imaging of cutaneous afferents in vivo 196 

Imaging was performed in the dark without any stimuli. After anesthetized with ketamine (100 197 

mg/kg,i.p.) and xylazine (10 mg/kg, i.p.), adult TRPV1tdTomato or TRPV1mGFP mice were placed 198 

prone on the animal platform with an electrical heating pad automatically around 38 ºC. A hindpaw 199 

was extended and mounted on the platform. The glabrous flat skin was located at the mid plantar 200 

region behind the footpad between the secondary and third digits of the hindpaw.  Saline was 201 

dropped on the mid plantar region and covered with a coverslip, and then a water immersion 202 

fluorescence objective was lowered into distilled water on the coverslip. TRPV1-lineage afferent 203 

terminals expressing tdTomato or membrane-bound GFP (mGFP) within the epidermis and dermis 204 

were imaged using a two-photon microscope (Scientifica) with a Ti:Sapphire laser (Mai Tai; 205 

Spectra Physics) using a Nikon X16 water-immersion lens (0.8 NA; 3.0 mm WD). The laser 206 

wavelength for two-photon excitation was 1040 nm for tdTomato and 900 nm for GFP, and the 207 

laser power was maintained at ≤25 mW. Consecutive z-stack images were captured at 2 μm 208 

(TRPV1tdTomato mice) or 0.5 μm (TRPV1mGFP mice)  depth intervals from the selected skin spots 209 
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by using photomultiplier tubes in whole-field detection mode until the fluorescence signal became 210 

undetectable. XZ-axis orthogonal view of the skin was reconstructed using ‘volume viewer’ 211 

plugins in ImageJ (NIH, USA). The raw images were processed to remove the nonspecific 212 

autofluorescence in the skin. To simplify the measurement procedure, the Z projection was applied 213 

to a stack of all imaging sections and a single merged imaging of the skin spot was created. With 214 

Imaging J analysis, a threshold was set to completely eliminate the background grayscale and 215 

binary images were generated. GFP+ area and entire region of interest (ROI) area were measured 216 

and the ratio of the GFP+ area/ROI area was calculated.  217 

Drugs 218 

Facial skin was injected with either vehicle (20 μl, 25% PEG300 and 75% H2O) or capsaicin (10 219 

μg in 20 μl of vehicle). Pharmaceutical grade of capsaicin dissolved in PEG300 was kindly donated 220 

by the Centrexion Therapeutics Corporation (Boston, MA). MDL28170 was from Tocris or Sigma. 221 

All other chemicals and drugs were purchased from Sigma-Aldrich. To determine the role of 222 

calpain, we injected 20 μl of 10 mM MDL28170 (200 nmol), which effectively prevented the 223 

ablation of TRPV1+ afferents in hindpaw (Wang et al., 2017b).  224 

Design and statistical analysis 225 

The method of statistical analysis used in each data set is indicated in the figure legend. Data from 226 

two groups were compared using Student’s t-test. Data from three or more groups were compared 227 

using one-way ANOVA followed by Bonferroni post hoc test. The effects of pharmacological 228 

manipulations at different time points were analyzed with two-way ANOVA with repeated 229 

measures. All multiple group comparisons were performed by Bonferroni post hoc test. Data are 230 
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presented as mean±s.e.m. The criterion for statistical significance was P<0.05. All statistical 231 

analyses were performed using GraphPad Prism 6.0. 232 

  233 
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RESULTS 234 

Chemogenetic inhibition of TRPV1-lineage afferents attenuates TNP in mice with ION-CCI.  235 

Our previous study suggested that TRPV1 in the central terminals of primary afferents in the 236 

Vc and TRPV1+ afferents mediates orofacial mechanical hyperalgesia following ION-CCI (Kim et 237 

al., 2014). To further determine the role of TRPV1+ afferents in mechanical hyperalgesia in mice 238 

with ION-CCI, we performed the chemogenetic inhibition using TRPV1hM4Di  mice, which was 239 

produced by crossing TRPV1Cre with Rosa26LSL-hM4Di mice (Fig. 1A). Basal mechanical sensitivity 240 

and ION-CCI-induced mechanical hyperalgesia were comparable in TRPV1hM4Di and TRPV1Cre 241 

animals. However, mechanical hyperalgesia was significantly suppressed by intraperitoneal 242 

administration of CNO in TRPV1hM4Di, an effect fully reversible after 1 day. To examine if 243 

functional blockade of TRPV1-LN peripheral nerve terminals mediates CNO-induced analgesia, 244 

we locally injected CNO into the ipsilateral facial skin in the same animals, and found that  CNO  245 

also significantly attenuated mechanical hyperalgesia. In contrast, the contralateral injection of 246 

CNO did not affect mechanical hyperalgesia, suggesting that the action of CNO was local and 247 

peripherally confined. Intra-Vc injection of CNO also significantly attenuated mechanical 248 

hyperalgesia, which supports our previous observation that central terminals of TRPV1+ afferent 249 

are  involved in mechanical hyperalgesia (Kim et al., 2014). Administration of CNO via any route 250 

did not affect mechanical sensitivity in sham groups either in TRPV1hM4Di or TRPV1Cre mice (not 251 

shown). These results provide evidence that TRPV1-LN afferents contribute to mechanical 252 

hyperalgesia following ION-CCI. Moreover, silencing central terminals of TRPV1-LN afferents 253 

within Vc promoted CPP in TRPV1hM4Di mice with ION-CCI but not in TRPV1Cre mice (Fig. 1B; 254 

F(3,41)=5.62, p=0.002), which further supports the hypothesis that TRPV1+ afferents contribute 255 

to the maintenance of TNP.  256 
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We previously showed that pharmacological inhibition of TRPV1 in central terminals within the 257 

Vc attenuates mechanical hyperalgesia in mice with ION-CCI (Kim et al., 2014). However, 258 

injection of AMG9810, an antagonist of TRPV1, into ipsilateral skin did not affect mechanical 259 

hyperalgesia (Fig. 1C), suggesting that TRPV1 plays different roles at peripheral and central 260 

terminals. Together, these results indicate that peripheral TRPV1+ afferents but not TRPV1 261 

channels expressed in its peripheral terminals contribute to the maintenance of mechanical 262 

hyperalgesia after trigeminal nerve injury. 263 

Capsaicin-induced long-lasting analgesia in mice with CCI-ION 264 

To further test the hypothesis that capsaicin-induced ablation of TRPV1+ peripheral terminals 265 

produces analgesia, we conducted focal application of capsaicin to determine the effects of specific 266 

targeting TRPV1+ afferents. After the full establishment of mechanical hyperalgesia 2 weeks after 267 

the unilateral ION-CCI, we injected capsaicin (10μg) into maxillary V2 skin by subcutaneous 268 

injection under anesthesia. Then, mechanical sensitivity was tested at indicated time points after 269 

injection. The mice with ION-CCI exhibited a significant increase in mechanical threshold in V2 270 

skin from 1d (Fig. 2A). Capsaicin injection did not produce any significant changes of the 271 

mechanical threshold in the sham group. However, a single injection of capsaicin in mice with 272 

ION-CCI resulted in prolonged elevation of mechanical threshold from 1d through 14d compared 273 

to the vehicle group (drug, F(1,151)=45.47, p<0.0001; time, F(5,151), p=0.0021; interaction, 274 

F(5,151)=3.15, p=0.0099; two-way repeated-measures ANOVA). At 28d, mechanical threshold was 275 

still elevated compared to the vehicle group but did not reach statistical significance. Capsaicin 276 

injection did not affect mechanical sensitivity of ipsilateral skin in the sham group. We further 277 

examined whether capsaicin treatment in V2 skin also changes hypersensitivity in V3 skin. 278 

Interestingly, we found that capsaicin injection confined only to V2 skin also attenuated 279 
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mechanical hyperalgesia in  V3 skin (Fig. 2B). When percent responses to two Von Frey (VF) 280 

filaments were compared (Fig. 2C, D), the effects of capsaicin were more pronounced. VF 281 

filaments exerting 0.39g produced withdrawal responses approximately 60% of the time whereas 282 

VF filaments exerting 0.81g did so almost 100% time in ION-CCI group. After injection of 283 

capsaicin, there were substantially no responses to VF-0.39g whereas responses to VF-0.81g only 284 

occurred approximately 50% of the time. ION-CCI did not produce mechanical hyperalgesia in 285 

the contralateral skin and capsaicin injection into the ipsilateral skin did not affect mechanical 286 

sensitivity in the contralateral skin (not shown). 287 

Capsaicin injection attenuates pain aversion in mice with CCI-ION.  288 

We next evaluated the effect of capsaicin on affective or aversive  pain using a CPP paradigm (Fig. 289 

3A). At two weeks after ION-CCI or sham surgery, mice received vehicle or capsaicin injection 290 

into the ipsilateral V2 skin. Two weeks after capsaicin or vehicle injection, we conditioned the 291 

mice using intra-Vc injection of lidocaine or vehicle. Comparing time spent in the lidocaine-paired 292 

chamber, there was a significant interaction between time and treatment groups (F(3,41)=9.76, 293 

p<0.0001; two-way RM ANOVA). Mice with ION-CCI receiving vehicle to V2 skin (CCI/Veh) 294 

spent a significantly longer time in the lidocaine-paired chamber on the testing day than on the 295 

preconditioning day, indicating analgesic effects of intra-Vc lidocaine on ongoing pain (pre-296 

conditioning, 331±27s; testing, 462±34s; n=13; p<0.0001 in Bonferroni post-hoc test following 297 

two-way ANOVA). In contrast, ION-CCI mice with capsaicin injection (CCI/Cap) spent almost 298 

equal amounts of time in lidocaine-paired chambers before and after the conditioning, indicating 299 

a lack of analgesia induced by lidocaine (pre-conditioning, 336±39s; testing, 343±36s; n=14; 300 

p>0.99). When difference scores were calculated (Fig. 3B), the CCI/Veh group showed 301 

significantly greater scores than sham groups and CCI/Cap groups (F(3,41)=9.76, p<0.0001 in 302 
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one-way ANOVA). The CCI/Cap group did not show a significant difference compared to sham 303 

groups. Overall, these results provide evidence that focally injected capsaicin leads to attenuation 304 

of ongoing affective pain.  305 

 306 

Capsaicin-induced ablation of TRPV1+ peripheral terminals correlates with analgesia.  307 

Injection of capsaicin into V2 skin contralateral to ION-CCI did not affect mechanical sensitivity 308 

in either the ipsilateral side or the contralateral side, which supports that the effects of capsaicin 309 

are mediated by mechanisms localized to the ipsilateral skin (Fig. 4A). In our model, after 310 

capsaicin injection, mechanical threshold was not affected at 6h whereas it was significantly 311 

attenuated at 1d in mice with ION-CCI (Fig. 4B). In mice with sham surgery, capsaicin injection 312 

produced a modest decrease in mechanical threshold at 6h, which was not statistically significant 313 

(p=0.16). In the clinic, capsaicin-induced analgesia is not permanent. Likewise, capsaicin-induced 314 

analgesia for mechanical hyperalgesia in the setting of ION-CCI was extinguished by 315 

approximately 7 weeks (Fig. 4C). Following complete reacquisition of mechanical hyperalgesia, 316 

a second administration of capsaicin again produced similar analgesia (2nd Cap in Fig. 4C).  317 

To evaluate reversible and repeatable ablation of cutaneous afferents, we performed longitudinal 318 

in vivo two-photon microscopy imaging to monitor TRPV1-LN nerve terminals in intact hind paw 319 

skin of a TRPV1tdTomato mouse (Fig. 5). We longitudinally acquired images from the same skin site 320 

on multiple days. We found that intraplantar capsaicin treatment caused a reduction in the number 321 

of tdTomato+ nerve terminals after 3 days (Fig. 5A, B). Ablation occurred in a majority of 322 

tdTomato+ fibers, but some fibers were resistant to capsaicin (e.g., arrow heads in Fig. 5). This is 323 

likely due to the lack of TRPV1 expression in a subpopulation of TRPV1-LN neurons (Cavanaugh 324 

et al., 2011). The unaffected terminals served as a reference to facilitate longitudinal monitoring 325 
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of the same site. When we checked the same site 6 weeks following capsaicin injection, the number 326 

of tdTomato+ fibers had recovered to a value similar to that at baseline (Fig. 5C), which was 327 

consistent with our findings in an immunohistochemical assay (Wang et al., 2017b). A second 328 

intraplantar injection of capsaicin produced ablation again (Fig. 5D). Overall, these results support 329 

that attenuation of mechanical hyperalgesia by capsaicin is correlated with ablation of afferent 330 

terminals in skin, and that such ablation and attenuation can be carried out more than once.  331 

Capsaicin-induced ablation of TRPV1+ axonal terminals is necessary for capsaicin-induced 332 

analgesia.  333 

To determine the role of the Ca2+/calpain pathway in capsaicin-induced analgesia, we tested the 334 

effects of calpain inhibition on capsaicin-induced analgesia by co-administration of MDL28170 335 

and capsaicin. Administration of capsaicin to V2 skin robustly attenuated mechanical hyperalgesia 336 

both in V2 and V3 in mice with ION-CCI but not in Sham mice (Fig. 6A, B), which is consistent 337 

with the results in Figure 2. In contrast, co-administration of capsaicin with MDL28170 did not 338 

increase mechanical threshold and substantially prevented capsaicin-induced analgesia both in V2 339 

and V3 (interaction, F(3,48)=14.11, p<0.0001; two-way RM ANOVA). The inhibitory effects of 340 

MDL28170 on capsaicin-induced ablation of afferent terminals were assessed through longitudinal 341 

imaging of cutaneous afferent terminals in hindpaw of TRPV1mGFP mice (Fig. 7). Using two-342 

photon microscopy, GFP+ nerve terminals were captured from identical sites before and 3 days 343 

after the injection of capsaicin+vehicle (Cap+Veh) or capsaicin+MDL28170 (Cap+MDL) to the 344 

hindpaw (Fig. 7A). For quantification, the proportion of GFP+ pixels in entire ROI was calculated 345 

in each field of view (Fig. 7B). In baseline before injection, approximately 15% of area was GFP+ 346 

in both groups. Compared to the TRPV1tdTomato mice (Fig. 5), TRPV1mGFP mice exhibited networks 347 

of fine cutaneous afferent terminals more clearly. In 10 mice, we injected Cap+Veh or Cap+MDL 348 
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to both hindpaws of 5 mice in each group. Three days after injection, we identified the same site 349 

by using the pattern of unaffected GFP+ afferents as a reference. We were not able to locate the 350 

identical site in 3 hindpaws in each group, which were excluded from the analysis. In the Cap+Veh 351 

group, overall GFP+ signals were substantially reduced; fine GFP+ fibers disappeared and the 352 

brightness of GFP in large bundles of fibers were reduced, both of which were interpreted as 353 

consequence of the ablation by capsaicin. By contrast, GFP+ signals in the Cap+MDL group were 354 

comparable to those in baseline. When we quantified the GFP signals by measuring the proportion 355 

of GFP+ pixels, the Cap+Veh group and the Cap+MDL showed significant different changes from 356 

baseline (interaction, F(1,12)=9.19, p=0.01; two-way RM ANOVA). In posthoc analysis, the 357 

Cap+Veh group showed significantly less GFP+ pixels than Cap+MDL, indicating protective role 358 

of MDL28170 for capsaicin-induced ablation. These results suggest that TRPV1/Ca2+/calpain-359 

dependent signaling plays a dominant role in capsaicin-induced analgesia for TNP and that 360 

capsaicin-induced ablation of afferent terminals is necessary for capsaicin-induced analgesia.  361 

 362 

DISCUSSION 363 

Capsaicin has been widely used as a tool for reliably producing pain in both clinical and preclinical 364 

studies, which is mediated by the activation of TRPV1 in nociceptive afferent terminals (Caterina 365 

et al., 2000). Although capsaicin also has long been used as a therapeutic tool to attenuate chronic 366 

pain conditions (Chung and Campbell, 2016), mechanisms underlying capsaicin-induced analgesia 367 

has been enigmatic for centuries. In this study, we showed that a single focal injection of capsaicin 368 

induces long-lasting analgesic effects on both mechanical hyperalgesia and pain aversion in ION-369 

CCI, a clinically relevant neuropathic pain model. We also showed that capsaicin-induced ablation 370 

of TRPV1+ nociceptor terminals is closely correlated with capsaicin-induced analgesia: Time 371 
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course of initiation of capsaicin-induced analgesia (1day) is correlated with the time course of 372 

achieving full ablation of TRPV1+ afferents terminals after capsaicin injection (Wang et al., 373 

2017b). Time course of extinction of capsaicin-induced analgesia (~7 weeks) is also correlated 374 

with the time required for epidermal nerve fiber regeneration following ablation (Wang et al., 375 

2017b). A second application of capsaicin also produced ablation of nerve terminals and analgesia, 376 

which is reminiscent of the analgesia achieved by repeated application of topical capsaicin as is 377 

done in the clinic (Mou et al., 2013). Furthermore, capsaicin-induced analgesia was effectively 378 

abolished by co-administration of capsaicin and MDL28170. Based on the effects of  MDL28170 379 

preventing capsaicin-induced ablation of afferent terminals (Fig. 7; Wang et al., 2017b), we 380 

concluded that the effects of MDL28170 on capsaicin-induced analgesia is likely mediated by the 381 

prevention of capsaicin-induced ablation of TRPV1+ afferent terminals. Due to the technical 382 

difficulty of quantifying afferent terminals in hairy skin, we were not able to directly determine 383 

the association of capsaicin-induced ablation of afferent terminals in facial skin with analgesia. 384 

Despite this limitation, our data strongly support our hypothesis that capsaicin-induced ablation of 385 

peripheral nociceptive fibers is necessary for capsaicin-induced analgesia.   386 

Capsaicin administration can cause desensitization of TRPV1 (Joseph et al., 2013), inhibition of 387 

nociceptor firing (Ma et al., 2015) or decrease in mechanotransduction (Borbiro et al., 2015). Such 388 

early effects of capsaicin on the function of primary afferents might potentially contribute to 389 

analgesic effects immediately after capsaicin injection. However, we do not think these early 390 

events contributed to the long-lasting analgesia observed in this study since capsaicin-induced 391 

analgesia was evident at 1 day after injection but not at 6 hour. Capsaicin administration could also 392 

produce analgesia through diffuse noxious inhibitory control (DNIC) (Da Silva et al., 2018). It is 393 

unlikely, however, that such DNIC effects contribute to the long-lasting analgesia since the time 394 
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course of DNIC is transient (~30 min) (Da Silva et al., 2018) and capsaicin-induced DNIC is lost 395 

following neuropathic injury (Phelps et al., 2019).  396 

The amount of capsaicin used in this study is less than 1% of the dose required for systemic 397 

ablation of afferents (Jancso et al., 1985). Consistently, injection of capsaicin to the contralateral 398 

skin did not produce analgesia on the ipsilateral side, providing evidence that capsaicin exerts its 399 

effects locally. Although the extent of ablation of afferent soma in sensory ganglia following 400 

subcutaneous injection of capsaicin has not been precisely determined, the proportions of TRPV1-401 

LN neurons in sensory ganglia were not affected by intraplantar capsaicin injection (Wang et al., 402 

2017b), which is also consistent with localized effects (Karai et al., 2004; Yu and Premkumar, 403 

2015). Along with the correlation between capsaicin-induced hypoalgesia and the ablation of 404 

afferent terminals in humans (Simone et al., 1998; Polydefkis et al., 2004; Rage et al., 2010), our 405 

results suggest that capsaicin-induced localized ablation of TRPV1+ terminals is the primary 406 

determinant of capsaicin-induced analgesia.  407 

TRPV1+ afferents and TRPV1-LN afferents do not function as mechanosensitive neurons 408 

under physiological conditions: Ablation of TRPV1-LN neurons in mice eliminates heat and cold 409 

responses but basal mechanical sensitivity is not affected (Mishra et al., 2011). Chemical ablation 410 

of TRPV1+ afferents does not affect mechanical sensitivity (Karai et al., 2004). Our previous study 411 

in the TRPV1hM4Di mice also indicated that basal thermal and mechanical nociceptive threshold as 412 

well as the development of inflammatory pain were unaffected compared to TRPV1Cre control 413 

mice (Wang et al., 2017a). Consistently, mechanical sensitivity in sham animals were not affected 414 

by chemogenetic silencing of TRPV1-LN afferents by CNO. However, chemogenetic inhibition 415 

of TRPV1-LN afferent terminals in mice with ION-CCI attenuated mechanical hyperalgesia, 416 

which further support the necessity of TRPV1+ afferent terminals in mechanical hyperalgesia 417 
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under pathological conditions. Of note, since TRPV1-LN afferents contain TRPV1-negative 418 

afferents (Cavanaugh et al., 2011) and TRPV1-negative TRPV1-LN neurons are mostly non-419 

peptidergic A  or c-nociceptors (Patil et al., 2018), we cannot exclude the possibility that TRPV1-420 

negative nociceptors could have contributed in the chemogenetic study. Further investigation of 421 

neuroplasticity of trigeminal afferents in TRPV1-LN, including non-peptidergic nociceptors, is 422 

warranted. 423 

How do TRPV1+ afferents contribute to mechanical hyperalgesia after ION-CCI? 424 

Peripheral neuropathy is known to produce a wide variety of changes in TRPV1 expression in 425 

sensory ganglia (Hudson et al., 2001; Fukuoka et al., 2002; Kanai et al., 2005; Biggs et al., 2007; 426 

Christoph et al., 2007; Kim et al., 2008; Vilceanu et al., 2010; Urano et al., 2012; Hirai et al., 2014). 427 

Sensitization of TRPV1 in central terminals within the Vc contributes to synaptic facilitation of 428 

primary afferent excitatory input and maintains mechanical hyperalgesia following ION-CCI in 429 

mice (Kim et al., 2014). ION-CCI enhances overall capsaicin responses of TG neurons including 430 

some larger diameter TG neurons (Kim et al., 2014). These functional changes are consistent with 431 

the TRPV1 upregulation in larger diameter myelinated afferents reported in other trigeminal 432 

neuropathy models (Kim et al., 2008; Urano et al., 2012; Zakir et al., 2012). Peripheral nerve 433 

axotomy also induces de novo expression of TRPV1 in isolectin B4+ afferents (Vilceanu et al., 434 

2010; Wang et al., 2011), a subset of mechanosensitive afferents (Cavanaugh et al., 2009). 435 

Therefore, ION-CCI possibly induces de novo expression of TRPV1 in mechanosensitive afferents, 436 

e.g., IB4+ afferents, which could facilitate synaptic transmission of mechanical afferent information 437 

in the central terminals to maintain mechanical hyperalgesia. Certainly, our data (Fig. 1C) suggest 438 

that TRPV1 molecule itself at the peripheral terminals is not responsible for transducing mechanical 439 

pain in ION-CCI. However, de novo expression of TRPV1 in mechanosensitive afferents after ION-440 
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CCI should render sensitivity to administered capsaicin to the peripheral terminals of these afferents 441 

and, focal capsaicin could thereby produces ablation and concomitant analgesia for mechanical 442 

hyperalgesia under ION-CCI. Any such causal contributions of neuroplastic changes of TRPV1 in 443 

distinct subsets of trigeminal afferents to hyperalgesia following ION-CCI need to be determined 444 

in future studies. 445 

It is highly likely that capsaicin-induced ablation of nerve terminals is necessary but not 446 

sufficient to explain the full spectrum of analgesic effects of this compound, and that these effects 447 

also involve supraspinal mechanisms. For example, since capsaicin-induced analgesia occurs in 448 

extraterritorial V3 skin and the secondary mechanical hyperalgesia in V3 is driven by central 449 

terminal TRPV1 sensitization (Kim et al., 2014) and descending facilitation from the rostral 450 

ventromedial medulla (Okubo et al., 2013), peripheral capsaicin injection may produce analgesia 451 

over a broad orofacial area through the normalization of descending pain facilitation after long-452 

term attenuation of nociceptive input from injured nerves.  In addition to analgesia to evoked pain, 453 

capsaicin injection also attenuates aversive features of neuropathic pain as assessed by CPP. This 454 

suggests the effects of capsaicin-induced ablation on brain structures involved in affective pain. 455 

We do not anticipate direct actions of capsaicin on the brain. Rather, capsaicin-induced ablation 456 

of nociceptive afferent terminals and consequent prolonged reduction of nociceptive inputs into 457 

the brain likely result in altered pain processing, e.g, reduced central sensitization, in regions 458 

subserving sensory-discriminative and affective components of pain. Indeed, lidocaine patch 459 

treatment attenuates spontaneous pain from post-herpetic neuralgia, which is accompanied by 460 

attenuation of increased activity of pain-related brain regions (Geha et al., 2007). It will be 461 

necessary to define the plastic changes in sensory and affective pain pathways associated with 462 

capsaicin-induced analgesia in the future. 463 
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Given the paucity of data supporting the contribution of TRPV1+ afferents to hyperalgesia 464 

in spinal neuropathic pain models (Ossipov et al., 1999; King et al., 2011; Mishra et al., 2011; Abooj 465 

et al., 2016), our results in the ION-CCI model are surprising. Diverse pathophysiological 466 

mechanisms among the variety of commonly used peripheral neuropathy models might contribute 467 

to the discrepancy. Presumably TRPV1+ afferents could contribute to mechanical hyperalgesia in 468 

cases when nociceptors are relatively intact and abnormally sensitized. In our model, we used 469 

chromic gut for loose ligation of ION. Although this model does not involve substantial 470 

deafferentation, it is accompanied by strong inflammatory components due to chromic gut (Ma et 471 

al., 2012) and likely involves a greater role of TRPV1+ nociceptors and, hence, a greater degree of 472 

capsaicin-induced analgesia.  It is possible that ION-CCI mimics neuropathic pain in a certain 473 

population of patients who are more susceptible to topical capsaicin treatment. Indeed, capsaicin is 474 

not effective in every neuropathic pain patient but is only effective in less than half of patients treated 475 

(Backonja et al., 2008). Recent studies have shown that patients with neuropathic pain syndromes 476 

exhibit a wide spectrum of sensory symptoms (loss or gain in thermal and mechanical sensitivity), 477 

suggesting the involvement of diverse underlying central and peripheral mechanisms (Maier et al., 478 

2010; Baron et al., 2016). In a study of ~900 peripheral neuropathy patients with diverse etiologies, 479 

unbiased clustering based on their sensory profiles revealed that 33% of patients formed a group 480 

showing significant sensory gain (without sensory loss) (Baron et al., 2016). This group of patients 481 

showed heat and cold hyperalgesia as well as mechanical hyperalgesia (enhanced pressure and 482 

pinprick response) (Baron et al., 2016). Such hyperalgesia may be mediated by intact but abnormally 483 

hyperactive primary afferent nociceptors (”irritable nociceptors” (Fields et al., 1998)). These 484 

findings suggest that selectively targeting “irritable” nociceptors using capsaicin might improve pain 485 

management in this group of patients. Considering the fact that topical capsaicin was shown to be 486 
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effective in alleviating TNP in humans (Epstein and Marcoe, 1994; Pastre et al., 2008; Wagner et al., 487 

2013), our data using the ION-CCI model likely suggest that TRPV1 or TRPV1+ afferents are 488 

effective targets for treating TNP. 489 

 In conclusion, we showed that local chemogenetic silencing of peripheral TRPV1-LN 490 

afferents reduces mechanical hyperalgesia after trigeminal nerve injury. Strikingly, we further 491 

found that a single focal injection of capsaicin induces long-lasting analgesia. Capsaicin-induced 492 

analgesia is closely correlated with capsaicin-induced ablation of TRPV1+ nociceptor fibers, 493 

which supports our hypothesis that TRPV1+ afferents contribute to the maintenance of TNP and 494 

capsaicin-induced ablation of peripheral nociceptive fibers is necessary for capsaicin-induced 495 

analgesia. These results strongly suggest that TRPV1+ afferents contribute to the maintenance of 496 

TNP and their targeting could be therapeutic for treating TNP in the clinic. Further elucidation of 497 

the mechanisms underlying capsaicin-induced analgesia should facilitate improve capsaicin 498 

therapy by reducing the associated procedural pain and enhancing therapeutic efficacy. 499 

  500 
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FIGURE LEGENDS 671 

Fig. 1. Chemogenetic inhibition of TRPV1+ afferent terminals attenuates mechanical 672 

hyperalgesia and ongoing pain in mice with ION-CCI. 673 

A. Effects of CNO on mechanical hyperalgesia following ION-CCI in mice expressing inhibitory 674 

DREADD in TRPV1-lineage neurons (TRPV1Cre;R26LSL-hM4Di; hM4Di) or TRPV1Cre mice (Cre).   675 

CNO was repeatedly injected intraperitoneally (IP; 40μg/20μl), to ipsilateral (ipsi; 20μg/10μl) or 676 

contralateral (contra; 20μg/10μl) V2 skin or intra-Vc (Vc; 0.1μg/1μl) at indicated time points. 677 

Mechanical sensitivity is presented as EF50 (the mechanical force that produced a 50% response 678 

frequency) in the ipsilateral V2 skin. *p<0.05; **p<0.01, ***p<0.001 in Bonferroni post-hoc test 679 

following two-way ANOVA. Throughout the figures, numbers in parenthesis represent the number 680 

of mice in each group. 681 

B. Pre-conditioning habituation started at 4-5 weeks after CCI or sham surgery. Following the 682 

habituation period, the mice received intra-Vc microinjection of vehicle (0.5μl saline) in the 683 

ipsilateral side and paired with a chamber for 30 min. Four hours later, the same mouse  received 684 

0.5μl CNO paired with the other conditioning chamber for 30 min. On the following test day, the 685 

mice were placed in the CPP chambers with free access to all chambers to measure time spent in 686 

both chambers. Mice were recorded for 15 min and difference scores were calculated by 687 

subtracting time spent in CNO-paired chambers before conditioning from the time after 688 

conditioning.. *p<0.05; **p<0.01 in Bonferroni post-test following two-way ANOVA. 689 

C. The effects of AMG9810 (100nmol/10μl), a TRPV1 antagonist, or vehicle injected into the 690 

ipsilateral V2 skin on mechanical sensitivity in the ipsilateral V2 skin of mice with ION-CCI.  691 

Fig.2. Single subcutaneous injection of capsaicin attenuates mechanical hyperalgesia in mice 692 

with chronic constriction injury of infraorbital nerve (ION-CCI).   693 

A-B. Mechanical sensitivity in the ipsilateral V2 skin (A) or in the ipsilateral V3 skin (B). Vehicle 694 

or capsaicin (10 μg) was subcutaneously injected into the ipsilateral V2 skin area 14 days after 695 

CCI or sham surgery.  696 
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C-D. Percent response frequency in response to Von Frey hair 3.61 (C) or 4.08 (D). Symbols and 697 

n numbers within parenthesis in A and B are also applied to panel C and D.  Two-way ANOVA 698 

followed by Bonferroni post-test (CCI/Veh vs CCI/Cap); *p<0.05, **p<0.01, ****<0.0001.  699 

Fig. 3. Conditioned place preference (CPP) test following capsaicin or vehicle injection in 700 

mice with CCI-ION or sham surgery.   701 

A. Time course of CPP experiment. Pre-conditioning habituation started at 4 weeks after CCI or 702 

sham surgery  (2 weeks after cap or veh injection). Time spent in two chambers were recorded for 703 

15 min (Pre-conditioning trial). Following the habituation period, the mice received intra-Vc 704 

microinjection of vehicle (0.5μl saline) in the ipsilateral side and paired with a chamber for 30 min. 705 

Four hours later, the same mouse  received 0.5μl 2% lidocaine paired with the other conditioning 706 

chamber for 30 min. On the following test day, the mice were placed in the CPP chambers with 707 

free access to all chambers to measure time spent in both chambers (Testing trial). Mice were 708 

recorded for 15 min and chamber preference in comparison with pre-conditioning time was 709 

analyzed.  710 

B. Difference scores were calculated by subtracting time spent in lidocaine-paired chambers during 711 

preconditioning trial from the time during testing trial. ***p<0.001 in Bonferroni post-test 712 

following one-way ANOVA. 713 

Fig. 4. Properties of capsaicin-induced analgesia 714 

A. In mice with ION-CCI on the left side, the effects of capsaicin (red) or vehicle (black) injection 715 

into V2 skin on the right contralateral side. Mechanical sensitivity was measured from V2 skin in 716 

the contralateral side (open circles; capsaicin-injected right side) and ipsilateral side (filled circles; 717 

left side with ION-CCI). 718 

B. The effects of capsaicin injection into the ipsilateral V2 skin on mechanical sensitivity in the 719 

ipsilateral V2 skin of mice with ION-CCI (red) or sham (blue) at indicated time points. Capsaicin-720 

induced analgesia was not initiated at 6h following capsaicin injection. One-way RM ANOVA 721 

followed by Sidak’s multiple comparison test. *p<0.05 (vs cap 0d in CCI/Cap group). 722 

C. The effects of repeated injection of capsaicin into the ipsilateral V2 skin on mechanical 723 

sensitivity in the ipsilateral V2 skin of mice with ION-CCI at indicated time points. Analgesia by 724 



 

 31 

1st capsaicin disappeared after 7 wks following injection. 2nd capsaicin produced analgesia again. 725 

*p<0.05 (vs CCI/Veh group in each time point) in post-test following two-way RM ANOVA. 726 

Fig. 5. Capsaicin-induced ablation of TRPV1-lineage afferent terminals is reversible and 727 

repeatable.  728 

Longitudinal monitoring of tdTomato+ afferent terminals in intact hindpaw skin of a mouse 729 

expressing tdTomato from the locus of TRPV1 (TRPV1tdTomato) using two-photon microscopy. To 730 

monitor capsaicin-mediated changes of tdTomato+ afferent terminals, the same site was imaged 731 

repeatedly before (A) and 3 days after 1st intraplantar injection of capsaicin (10 μg; B). 6 weeks 732 

after 1st injection of capsaicin (C), the fibers were regenerated. 2nd injection of capsaicin 733 

reproduced ablation of the fibers (D). Projected image stacks across ~680 μm (340 z-axis sections 734 

at 2 μm). scale bar 100 μm. 735 

Fig. 6. Inhibition of calpain attenuates capsaicin-induced analgesia for trigeminal 736 

neuropathic pain.  737 

Mechanical hyperalgesia in V2 (A) or V3 skin (B) following ION-CCI was attenuated by injection 738 

of capsaicin (Cap; 10 μg; blue). Co-administration of capsaicin with calpain inhibitor MDL28170 739 

(MD; 10 μM in 20 μl) into whisker pad area abolished capsaicin-induced analgesia for TNP 740 

compared to the injection of vehicle (Veh).  Two-way RM ANOVA followed by Bonferroni post-741 

test (CCI/Cap/Veh vs CCI/Cap/MDL); *p<0.05, **p<0.01, ***p<0.0005, ****<0.0001. 742 

Fig. 7. Inhibition of calpain attenuates capsaicin-induced ablation of TRPV1-LN afferent 743 

terminals in hindpaw. 744 

A. Longitudinal in vivo two-photon imaging of GFP+ afferent terminals in intact hindpaw of a 745 

mouse expressing membrane-bound GFP from the locus of TRPV1 (TRPV1mGFP). To assess 746 

changes of GFP+ afferent terminals, the same site was imaged repeatedly before (Baseline) and 3 747 

days after intraplantar injection of vehicle or MDL28170 (10 μM in 10 μl) followed by capsaicin 748 

(10 μg). The images represent projected image stacks across 100 to 150 μm (200 to 300 z-axis 749 

sections at 0.5 μm). Scale bar 50 μm. B. In each stacked image, the proportion of GFP+ pixels/total 750 

pixels in the imaged area was calculated. N=7 hindpaws from 5 mice per group. **p<0.01 in Sidak 751 

posthoc assay following two-way ANOVA. 752 


















