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Abstract 47 

Pancreatitis-associated proteins (PAPs) display multiple functions in visceral diseases. 48 

Previous studies showed that the expression level of PAP-I was low in the dorsal root 49 

ganglion (DRG) of naïve rats but was de novo expressed after peripheral nerve injury. 50 

However, its role in neuropathic pain remains unknown. We found that PAP-I expression 51 

was continuously up-regulated in the DRG neurons from rat spared nerve injury (SNI) 52 

models, and transported towards the spinal dorsal horn to act as a pro-inflammatory 53 

factor. Intrathecal delivery of PAP-I enhanced sensory hyperalgesia, whereas PAP-I 54 

deficiency by either gene knockout or antibody application alleviated tactile allodynia at 55 

the maintenance phase after SNI. Furthermore, PAP-I functioned by activating the spinal 56 

microglia via C-C chemokine receptor type 2 (CCR2) that participated in neuropathic 57 

pain. Inhibition of either microglial activation or CCR2 abolished the PAP-I-induced 58 

hyperalgesia. Thus, PAP-I mediates the neuron-microglial crosstalk after peripheral nerve 59 

injury, and contributes to the maintenance of neuropathic pain. 60 

 61 

Significance Statement 62 

Neuropathic pain is maladaptive pain condition and the maintaining mechanism is largely 63 

unclear. Here we reveal that after peripheral nerve injury, PAP-I can be transported to the 64 

spinal dorsal horn and is crucial in the progression of neuropathic pain. Importantly, we 65 

prove that PAP-I mainly functions through activating the spinal microglia via CCR2-p38 66 

MAPK pathway. Furthermore, we confirm that the pro-inflammatory effect of PAP-I is 67 

more prominent after the establishment of neuropathic pain, thus indicating that microglia 68 

also participates in the maintenance phase of neuropathic pain. 69 
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Introduction 70 

Pancreatitis-associated proteins (PAPs) belong to a family of secretory proteins. Previous 71 

studies suggested the anti-inflammatory or anti-bacterial functions of PAPs in visceral 72 

diseases such as pancreatitis and bowel syndrome (Dusetti et al., 1993; Bodeker et al., 73 

1998; Gironella et al., 2005; Mukherjee et al., 2014). Among PAP family members, PAP-74 

I may play a protective role by acting as a chemoattractant for macrophages in the 75 

ischemic heart (Lorchner et al., 2015). PAP-I secreted by motor neurons after crushing 76 

the sciatic nerve both stimulated a survival pathway of motoneurons and triggered 77 

Schwann cell proliferation that contributed to the regeneration of motor fibers (Livesey et 78 

al., 1997; Nishimune et al., 2000). The expression of both PAP-I and PAP-II was 79 

increased in the dorsal root ganglion (DRG) neurons in the inflammatory pain model 80 

(Averill et al., 2008; He et al., 2010; LaCroix-Fralish et al., 2011) and the neuropathic 81 

pain models (Averill et al., 2002; Xiao et al., 2002; He et al., 2010; LaCroix-Fralish et al., 82 

2011). Interestingly, PAPs were expressed by small DRG neurons after peripheral 83 

inflammation induced by complete Freund’s adjuvant (CFA), while their expression 84 

markedly shifted from small to large-sized DRG neurons after peripheral nerve injury 85 

(Averill et al., 2002; Costigan et al., 2002; Averill et al., 2008; He et al., 2010; LaCroix-86 

Fralish et al., 2011). However, the significance of these expression patterns remains 87 

elusive. 88 

DRG neurons are pseudounipolar neurons that the efferent fibers are able to detect 89 

noxious stimuli and transfer the nociceptive signals along afferent fibers into the spinal 90 

cord, then local circuits in the spinal cord in turn transfer nociceptive signals into the 91 

brain to generate the sense of acute pain (Kuner, 2010). If noxious stimulations induced 92 
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by nerve injury or inflammation persist for a long period of time, nociceptive circuits 93 

exhibit tremendous plasticity, enhancing pain signals, producing hypersensitivity and 94 

developing into chronic pain. So far, studies have revealed that the mechanism of chronic 95 

pain is complicated and involved changes of neurons and glial cells. 96 

The activation of spinal microglia has been a well-known immune response during 97 

the development of neuropathic pain (Chen et al., 2018; Inoue and Tsuda, 2018). After 98 

peripheral nerve injury, microglia are quickly activated by sensory neuron-derived pro-99 

inflammatory factors, such as colony stimulating factor 1 or chemokine (C-C motif) 100 

ligand 2 (Thacker et al., 2009; Guan et al., 2016; Okubo et al., 2016), and further 101 

aggregate around the central terminals of injured DRG neurons, secreting cytokines and 102 

chemokines that can induce the central sensitization (Kettenmann et al., 2011; Tsuda et 103 

al., 2013). Several chemokine receptors participate in this process, including C-C 104 

chemokine receptor type 2 (CCR2) and CX3C chemokine receptor 1 (CX3CR1) 105 

(Abbadie, 2005; Zhang et al., 2007). Intriguingly, spinal microglia are also known as 106 

immune cells in the central nervous system. Microglia and peripheral macrophage are 107 

generated from closely related stem cell lineages and share some gene expression features 108 

(Prinz and Priller, 2014). Combining these findings with the report that PAP-I activated 109 

peripheral macrophage in the ischemic heart (Lorchner et al., 2015), we postulated that 110 

PAP-I secreted by DRG neurons might participate in the immune response during chronic 111 

pain.  112 

In the present study, we focused on the function and underlying mechanism of PAP-I 113 

after spared nerve injury (SNI), a specific model of neuropathic pain that mimics clinical 114 

peripheral nerve injury. The de novo expression of PAP-I was also detected in rat DRG 115 
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neurons after SNI. Nerve ligation in SNI model showed that a portion of the increased 116 

PAP-I transported towards the spinal dorsal horn, unlike the situation in naïve condition 117 

and peripheral inflammation model, in which PAP-I was only transported to the 118 

periphery. SNI-induced PAP-I acted as a central pro-inflammatory factor required for the 119 

maintenance of SNI-induced tactile allodynia via activating microglial CCR2. These 120 

findings indicate that PAP-I is an important central signal for peripheral nerve damage, 121 

which mediates neuron-microglial interaction in the spinal cord and participates in the 122 

maintenance of SNI-induced tactile allodynia. 123 

 124 

Materials and methods 125 

Animals 126 

All experimental procedures were approved by the Committee of Use of Laboratory 127 

Animals and Common Facility, Institute of Neuroscience. Animals were kept under a 12-128 

h light/dark cycle at 22~26°C. Adult (200~250 g), adolescent (60~80 g) and postnatal day 129 

14 (P14) male Sprague Dawley (SD) rats were provided by Shanghai Laboratory Animal 130 

Center, Chinese Academy of Sciences (Shanghai, China). The gene knockout rat was 131 

constructed to delete a DNA fragment containing the exon 3~4 of PAP-I-coding gene 132 

Reg3b using CRISPR/Cas9 (Biocytogen Co., Ltd, China). The genotyping primers were 133 

used as following: Forward 5’-AGATGTTGCATCGCTTGGCCTTC-3’ for Reg3b-/-134 

/wildtype; Reverse 5’-CAGAAGATCTTGACAAGCTGCCAC-3’ for Reg3b-/-; Reverse 135 

5’- ACTTACTTCTGCATCAAACCAG-3’ for wildtype. 136 

 137 

Animal surgery 138 
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SNI and CFA-induced inflammation models were created according to earlier protocol 139 

(Decosterd and Woolf, 2000; Liu and Chen, 2012) with minor modifications. Briefly, 140 

adult male rats were anesthetized using 2% sodium pentobarbital. For SNI model, the 141 

segments (approximately 0.5 cm) of the common peroneal and tibial nerves in the left 142 

thigh (for immunohistochemistry and behavior tests) or both thighs (for immunoblotting 143 

and fluorescence-activated cell sorting) were exposed and removed, leaving the sural 144 

nerve intact. For CFA-induced inflammation model, a subcutaneous injection of 40 μl 145 

CFA was performed at the root of each toe and the center of the left or both hindpaws. 146 

The rats were kept in standard environment before further experiments. 147 

Dorsal root ligation and sciatic nerve ligation were performed as previously 148 

described (He et al., 2010). After anesthesia, the lumber (L) 4-5 dorsal roots were ligated 149 

near the spinal cord about 1.5 cm and sciatic nerve was ligated at mid-thigh level with 150 

thin and thick suture in rats respectively. One day after surgery, the rats were sacrificed 151 

for further experiments. 152 

 153 

Behavior tests 154 

All animals were housed in individually ventilated cages under a 12-h light/dark cycle 155 

and given food and water. They were randomly assigned into different groups. All 156 

behavior tests were carried out double-blinded as previously described (Zhang et al., 157 

2010; Liu et al., 2012b), which complied with the guidelines of the International 158 

Association for the Study of Pain. For the rotarod test, the locomotor ability was tested on 159 

a rotarod (Xin Ruan, Shanghai, China). The speed was set from 4-40 rpm in 5 min and 160 

the running durations before the rats fell off were recorded. For the radiant heat test, rats 161 
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were put into chambers on flat glass sheets for habituation. After they had maintained a 162 

resting state for several minutes, a radiant light was continuously applied to the planar 163 

side of their hindpaw until they lifted hindpaw away. The duration of light application 164 

was recorded to represent thermal nociceptive threshold. For the von Frey test, rats were 165 

put into chambers on steel mesh for habituation. Then, von Frey filaments were applied 166 

to the lateral plantar side of the left hindpaw to measure the mechanical threshold. Each 167 

filament was applied at most 5 times, switched to the next filament of either smaller force 168 

(if positive response occurred 3 times), or bigger force (if negative response occurred 3 169 

times). The value of the smallest positive force was defined as the mechanical threshold. 170 

For the formalin test, formalin [1% in 1 × phosphate-buffered saline (PBS), 50 μl] was 171 

injected subcutaneously into the dorsal part of the left hindpaw and the nociceptive 172 

responses of rats were video-recorded for 1 h. The number of hindpaw flinches in each 5-173 

min interval was counted. For drug treatment, vehicle, PAP-I-Myc-His or other solutions 174 

were intrathecally injected 30 min before formalin injection. 175 

 176 

Immunohistochemistry / immunocytochemistry 177 

Adult male rats were fixed with 4% paraformaldehyde as previously described (He et al., 178 

2010). Cryostat sections of sciatic nerves, L4-5 DRGs, dorsal roots and spinal cord 179 

segments were stained overnight at 4°C with primary antibodies used before (He et al., 180 

2010) that against PAP-I (1:400, MAB1996, R&D Systems), peripherin (1:1000, 181 

AB1530, Chemicon), S100 calcium binding protein B (S100b, 1:1000, Z0311, Dako), 182 

calcitonin-related polypeptide alpha (CGRP, 1:1000, 24112, Dia Sorin), protein kinase C 183 

gamma (PKC-γ, 1:1000, sc-166451, Santa Cruz), Neurofilament 200 (NF-200, 1:1000, 184 
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N2912, Sigma), P2X3 (1:1000, AB5896, Chemicon) and Iba1 (1:1000, ab5076, Abcam), 185 

followed by 40 min incubation at 37°C with secondary antibodies conjugated with FITC, 186 

Cy5 or/and Cy3 (1:100, Jackson Laboratory). Cultured microglia were fixed with 4% 187 

paraformaldehyde and stained with primary antibody against ED1/CD68 (1:1000, 188 

ab31630, Abcam). F-actin was labeled with Alexa Fluor 546 phalloidin (1:300, A22283, 189 

Invitrogen) for 40 min at 37°C. Fluorescein-conjugated isolectin-I B4 (IB4; 1:1,000, FL-190 

1201, Vector Labs) was incubated for 40 min at 37°C to label IB4+ neurons and fibers. 191 

The sections and cells were mounted and scanned using a Leica TCS SP5 or SP8 192 

confocal microscope (Leica).  193 

For quantitative analysis of cell number and colocalizing percentage, 3-4 sections from 194 

each rat and 3-4 rats were collected for each group. For quantitative analysis of 195 

microglial cell area, 20-30 cells from each experiment and 60-100 cells from 4 196 

independent experiments were collected for each group. The confocal images were 197 

processed by Image J software. First, several Iba1- regions were outlined in the dorsal 198 

horn to calculate average background signal intensity. Then, the module ‘subtract 199 

background’ was used to make the cells more distinguishable, and a default signal 200 

intensity threshold with minor adjustments to improve the precision of the area was set to 201 

separate Iba1+ microglia from the background signal. After that, the module ‘analyze 202 

particles’ was used to analyze the area and average signal intensity of each microglial 203 

cell. The actual average intensity of Iba1+ signal in each cell was obtained by deducting 204 

background intensity from average signal intensity. And the total Iba1 signal was 205 

obtained by adding up the signal of every individual microglia, which was calculated by 206 

multiplying the area and average actual signal intensity. The ratio of Iba1+ area in each 207 
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dorsal horn was obtained by dividing the area of microglia with the area of dorsal horn. 208 

For the quantitative analysis of PAP-I signal at ligation points in dorsal root and sciatic 209 

nerve, 4-6 rats each group were analyzed. Similar area of the nerve segments proximal to 210 

DRG were selected for analysis. The procedure was similar to the analysis of microglia 211 

cell area. The module ‘analyze particles’ was used to calculate the total area of PAP-I+ 212 

fibers. 213 

 214 

In situ hybridization  215 

Adult male rats with or without SNI surgery were perfused with 4% RNAse-free 216 

paraformaldehyde as previously described (He et al., 2010). Frozen sections of spinal 217 

cord and L4-5 DRGs were fixed and followed by acetylation and pre-hybridization in the 218 

hybridization buffer for 3 h at 67°C, then incubated with the hybridization buffer 219 

containing 1 μg/ml of the antisense probe for 16 h at 67°C. Sections were then incubated 220 

in alkaline phosphatase-conjugated sheep anti-digoxigenin antibody (1:2,000; Roche 221 

Molecular Biochemicals). The sections were washed and then developed in a solution of 222 

1 μl/ml NBT and 3.5 μl/ml BCIP in the alkaline phosphatase buffer. The primers for 223 

detection of PAP-I mRNA (Reg3b) were as following: 5’-224 

ATGATGAGAGTTAAGATGTTGC-3’ and 5’-TTAACCTGTAAATTTGCAGACG-3’.  225 

 226 

Cell culture, transfection and protein purification 227 

HEK293 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, Thermo 228 

Fisher Scientific) supplemented with 10% fetal bovine serum and antibiotics. The coding 229 

region of Reg3b was cloned from rat DRG cDNA and inserted into the vector pcDNA 230 
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3.1/myc-His (-) A. HEK293 cells were transiently transfected with PAP-I-Myc-His using 231 

PEI reagent (Sigma) for 36 h, and then cultured in serum-free Iscove's Modified 232 

Dulbecco's Media (IMDM, Thermo Fisher Scientific) for 2 d. The IMDM containing 233 

secreted PAP-I-Myc-His was collected for protein purification using Ni NTA purification 234 

system (Thermo Fisher Scientific). The buffer of purified PAP-I-Myc-His was changed to 235 

1 × PBS using Amicon Ultra-4 10K centrifugal filters (Merck Millipore). The protein 236 

solution was then diluted to 1 mg/ml and stored under -70°C for later use. To denature 237 

PAP-I-Myc-His, the protein was boiled at 100°C for 10 min. 238 

COS7 cells were maintained in DMEM supplemented with 10% fetal bovine serum 239 

and antibiotics. The transient transfection was accomplished using Lipofectamine 2000 240 

reagent (Thermo Fisher Scientific) and 1-4 μg plasmids. AR-42J cells were maintained in 241 

Ham's F12K medium (Thermo Fisher Scientific) supplemented with 20% fetal bovine 242 

serum and antibiotics. The cells were cultured for 24-48 h for further experiments. 243 

 244 

Primary spinal microglia culture and Boyden Chamber assay 245 

The protocol used for primary spinal microglia culture was modified from that of several 246 

reports (Silva et al., 1998; Kim et al., 2010; Witting and Moller, 2011). P14 male rats 247 

were sacrificed and the spinal cords were dissected, minced and sieved. The mixed cells 248 

were cultured in DMEM (Thermo Fisher Scientific) with 10% fetal bovine serum 249 

(Biochrom) and 10% horse serum (Thermo Fisher Scientific) in Poly-D-lysine (Sigma)-250 

coated flasks for 14-21 d at 37°C, under 5% CO2. Primary spinal microglia were 251 

resuspended by gently shaking the flasks and then harvested for further assays. The 252 

primary microglia were cultured at 37°C, under 5% CO2 in the following processes. 253 
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For morphological analysis, primary spinal microglia were cultured in DMEM in 254 

Poly-D-lysine-coated dish. After 30 min, the culture medium was replaced to remove cell 255 

debris and other types of cells. The relatively purified spinal microglia were cultured for 256 

24 h and then PAP-I-Myc-His or other drugs were added. The cells were cultured for 48 257 

h before immunocytochemistry assay. 258 

Boyden chamber assay was modified from previous reports (Bianchi et al., 2011; 259 

Jeon et al., 2012). Briefly, the primary spinal microglia were cultured in Macrophage-260 

SFM (Thermo Fisher Scientific) for at least 48 h and resuspended at a density of 2 × 105 261 

cells / ml. After 200 μl Macrophage-SFM was loaded into the lower well of Boyden 262 

chamber (Neuro Probe), a filter membrane with 8 μm pore (Neuro Probe) was placed on 263 

the liquid surface. Then, 200 μl Macrophage-SFM containing 4 × 104 cells was filled into 264 

the upper well. The cells were cultured for 7 h to migrate through the membrane from the 265 

upper surface to the lower side. For drug treatment, PAP-I-Myc-His was added in the 266 

lower well while the inhibitors were added into both upper and lower wells. A cotton 267 

swap was used to wipe the unmigrated cells on the upper surface of the membrane, and 268 

then the membrane was fixed with 4% paraformaldehyde and stained with hematoxylin. 269 

Neurolucida fluorescent microscope (Nikon) was used to acquire the images. The number 270 

of migrated microglia was calculated manually using Image-Pro Plus 6.0 software (Media 271 

Cybernetics). 272 

 273 

Fluorescence-activated cell sorting  274 

The protocol used for generating microglia single-cell suspension was modified 275 

according to earlier report (Hammond et al., 2019). Briefly, the SNI day 7 and sham 276 
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control rats were sacrificed, and then L4-6 spinal cord was dissected. Next, tissue 277 

samples were dissociated using Dounce homogenizer, the cell suspension was filtered by 278 

the Falcon tube with cell strainer cap (Corning). The cells were re-suspended in DMEM 279 

medium with 20% Percoll (Yeasen Biotech) and spun down for 30 min to collect the 280 

pellet using sorting buffer (0.5% bovine serum albumin, 1 mM EDTA, in 1 × PBS). All 281 

samples were re-suspended in sorting buffer containing Cd11b antibody (1:20, CBL1512, 282 

Millipore) at 4°C for 1 h, followed by 45 min incubation at 4°C with secondary antibody 283 

conjugated with Cy3 (1:10, Jackson Laboratory) . Microglia was sorted using Sony 284 

MA900 (Sony Biotechnology) and then centrifuged for 10 min. Sorted microglia were 285 

harvested for further quantitative PCR.  286 

 287 

RNA extraction and PCR  288 

The method of single-cell PCR was described previously (Li et al., 2016). The single 289 

cultured microglia was aspirated into a glass pipette and gently transferred into lysis 290 

buffer, then reverse transcription was performed using a SMARTer Ultra Low RNA Kit 291 

(Clontech) directly in the cell lysate.  The single-cell cDNA was amplified using an 292 

Advantage 2 PCR Kit (Clontech), and the molecular expression was detected using 293 

following primers: 5’-GCCAGAGCAAGGATTTGCAG-3’ and 5’-294 

GACCAGTTGGCTTCTGGTGT-3’ for Iba1 (405 bp), and 5’-295 

ATCCTGCCCCCACTCTACTC-3’ and 5’-AGGGCCACAAGTATGCTGAT-3’ for 296 

CCR2 (447 bp).  297 

The total RNA of sorted microglia was extracted using TRIzol reagent (Thermo 298 

Fisher Scientific) and then reversely transcribed, followed by amplification. Quantitative 299 
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PCR was performed using Hieff qPCR SYBR Green Master Mix (Yeasen Biotech). The 300 

molecular expression was detected using following primers: 5’-301 

AGTGTGAAGCAAATTGGAGCTTG-3’ and 5’-AGTGAGCCCAGAATGGGAGT-3’ 302 

for CCR2 (196 bp), and 5’-GGCAAGTTCAACGGCACAG-3’ and 5’-303 

CGCCAGTAGACTCCACGAC-3’ for Gapdh (142 bp). 304 

The spinal cords were homogenized and the total RNA was extracted using TRIzol 305 

reagent. Then, 1 μg RNA was reversely transcribed to cDNA using the superscript III 306 

reverse transcriptase (Thermo Fisher Scientific). Semi-quantitative PCR was performed 307 

using 2 × Taq Plus Master Mix (Vazyme) and Veriti Thermal Cycler (Applied 308 

Biosystems). The molecular expression was detected using following primers: 5’-309 

ATCTCTGCAAGACAGCTAAGGA-3’ and 5’-TCTTGACAAGCTGCCACAGAAT-3’ 310 

for Reg3b (501 bp), and 5’-CCCAGAACATCATCCCTGCAT-3’ and 5’-311 

GCATGTCAGATCCACAACGGA-3’ for Gapdh (134 bp). The bands of PCR samples 312 

after electrophoresis were captured by Tanon 1600 (Tanon). The bands were quantified 313 

using Image J 1.47 software. 314 

 315 

Prediction of protein-protein interactions based on a machine learning method 316 

A sequence-based machine learning method (Shen et al., 2007; Liu and Chen, 2012) was 317 

adopted to predict the interacting membrane proteins with PAP-I and PAP-II. Totally, 318 

16,456 protein-protein interactions in 4,382 rat proteins were used for training a random 319 

forest classifier. In which, 8,228 experimentally validated protein-protein interactions 320 

were collected from six databases as positive samples. The same number of negative 321 

samples was generated by randomly pairwise coupling. For each interaction, the primary 322 



 

Science Advances                                               Manuscript   Page 15 of 48 
 

sequences of two interacting proteins were encoded into a 686-dimension feature vector 323 

by transforming the frequency of amino acid conjoint triads. After training and accuracy 324 

evaluation, the predictor was used to screen 5,200 membrane proteins in rats for 325 

identifying the interactors of PAP-I and PAP-II. Among them, 79 and 231 membrane 326 

proteins were predicted to be the partners of PAP-I and PAP-II respectively and 71 327 

membrane proteins were predicted to interact with both PAP-I and PAP-II. 328 

 329 

Co-immunoprecipitation and immunoblotting 330 

Tissue samples or cultured cells were homogenized in RIPA buffer (150 mM NaCl, 30 331 

mM HEPES, 10 mM NaF, 1% Triton X-100 and 0.01% SDS) with protease inhibitors (1 332 

mM PMSF, 10 mg/ml aprotinin, 1 mg/ml pepstatin and 1 mg/ml leupeptin). The cell 333 

supernatants were incubated with Myc antibodies (Sigma) and the tissue supernatants 334 

were incubated with IgG or CCR2 antibodies (Abcam) overnight at 4°C. The 335 

immunoprecipitates and 7.5% total lysates were performed for immunoblotting. The 336 

samples were denatured and loaded for SDS-PAGE, and then transferred to nitrocellulose 337 

membrane. Primary antibody was applied overnight at 4°C and secondary antibodies 338 

were applied for 1 h at room temperature. The specific protein bands were visualized 339 

with chemiluminescence. The primary antibodies include that against PAP-I (1:1000, 340 

AF1996, R&D Systems), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 341 

1:400,000, ab8245, Abcam), Actin (1:6000, MAB1501, Chemicon), Myc (1:1000, self-342 

made), HA (1:2000, H9658, Sigma), CCR2 (1:1000, ab32144, Abcam), p38 (1:1000, 343 

9212, Cell Signaling), phopspho-p38 (P-p38, 1:1000, 9211S, CST), protein kinase B 344 

(Akt, 1:1000, 4631S, Abcam) and phopspho-Akt (P-Akt, 1:1000, 4051S, CST). The 345 



 

Science Advances                                               Manuscript   Page 16 of 48 
 

immunoreactive bands were quantified from 3 independent experiments using Image J 346 

1.47 software (NIH). 347 

 348 

Electrophysiological recording 349 

L4-6 DRGs of SD rats were dissected and digested with 1 mg/ml collagenase, 0.4 mg/ml 350 

trypsin and 0.1 mg/ml DNase in DMEM for 30 min at 37℃. After trituration, freshly 351 

dissociated cells were plated onto coverslips at room temperature and patch-clamp 352 

recording was performed within 6 h. Patch pipettes with 3-5 MΩ resistance were filled 353 

with solution containing 135 mM K-gluconate, 0.5 mM CaCl2, 2 mM MgCl2, 5 mM KCl, 354 

5 mM EGTA, 5 mM HEPES and 5 mM D-glucose, adjusted to pH 7.4 with KOH. The 355 

extracellular solution contained 150 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 356 

10 mM HEPES, adjusted to pH 7.4 with NaOH. Whole-cell current-clamp recording was 357 

conducted with an AxonPatch-700B amplifier in voltage-clamp mode with a holding 358 

potential of -70 mV and then performed after switching to current-clamp mode. Only the 359 

cells with stable resting potentials below -40 mV were used. The data were filtered at 5 360 

kHz and digitized at 20 kHz. The recording chamber was continuously perfused with 361 

fresh extracellular solution at a flow rate of 2 ml/min. Cells were immersed in vehicle, 362 

PAP-I or high K+ (40 mM) solution puffed from a drug delivery system for 30 min. The 363 

neuronal excitability was evoked by 1000-ms long suprathreshold pulses from 0 pA to 364 

500 pA in increments of 50 pA. In order to minimize the possibility that the response of 365 

glial cells to PAP-I during incubation might affect the neuronal excitability, the injecting 366 

pipette of the drug delivery system was placed about 1-mm upstream to the recording 367 

cell. 368 
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 369 

Drug treatment 370 

Minocycline (Selleck) was dissolved in phosphate buffer saline, while VX-702 (Selleck) 371 

and RS 504393 (Sigma) were dissolved in DMSO (Sigma). For morphological assay and 372 

Boyden chamber assay, primary microglia were incubated with 200 nM VX-702 (0.4% 373 

DMSO) or 700 nM RS 504393 (0.7‰ DMSO). For intrathecal injection, 25 μl 374 

minocycline (2 μg/μl) mixed with either 2.5 μl PAP-I-Myc-His (1 μg/μl) or same volume 375 

of vehicle was administered via lumber puncture. The 2.5 μl RS 504393 (1 μg/μl) mixed 376 

with either 2.5 μl PAP-I-Myc-His (1 μg/μl) or same amount of vehicle was further mixed 377 

with 22.5 μl phosphate buffer saline and administered via lumber puncture, and the final 378 

concentration of DMSO is 9.1%. For intraplantar injection, 5 μl PAP-I-Myc-His (1 μg/μl) 379 

or same amount of vehicle was injected subcutaneously in the hindpaw at the site for 380 

subsequent von Frey test or radiant heat test. 381 

 382 

Experimental design and statistical analysis  383 

Data are presented as mean ± SEM. Sample number (n) values are indicated in figure 384 

legends. Statistical analysis was performed using Prism 4 (GraphPad Software). Two 385 

groups of data were compared using two-tailed, paired or unpaired Student’s t-tests. For 386 

behavioral tests, two different time curves were compared using two-way ANOVA 387 

followed by the test of post-hoc Bonferroni's multiple comparisons. Differences were 388 

considered significant at P < 0.05 (* P < 0.05, ** P < 0.01, *** P < 0.001 and N.S. not 389 

significant). 390 

 391 
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Results 392 

PAP-I is de novo expressed in DRG neurons and transported to the spinal dorsal 393 

horn after SNI 394 

Previous studies showed that the mRNA of PAP-I was present in rat DRG after 395 

peripheral nerve injury (Costigan et al., 2002; LaCroix-Fralish et al., 2011). We analyzed 396 

the protein level of PAP-I in the DRG of rat SNI model. Immunoblotting showed that the 397 

level of PAP-I in DRG was increased as soon as 2 days after SNI (t = 8.175, df = 2, P = 398 

0.0146), reached peak level between Day 7 (t = 179.500, df = 2, P < 0.0001) to Day 14 (t 399 

= 4.841, df = 2, P = 0.0401), then went through a gradual decline (Fig. 1A, Day 28, t = 400 

4.447, df = 2, P = 0.0470; Day 43, t = 2.058, df = 2, P = 0.1758). Interestingly, 401 

immunostaining showed that PAP-I was not expressed by a certain subpopulation of 402 

DRG neurons. Under naïve condition, PAP-I was only expressed by few small DRG 403 

neurons; while after SNI, PAP-I expression was up-regulated in large neurons at SNI Day 404 

14 (Fig. 1B-1D). However, PAP-I-positive (PAP-I+) neurons began to shift from large to 405 

small DRG neurons at SNI Day 43 (Fig. 1B-1D). Double-immunostaining detected that 406 

under naïve condition, PAP-I was expressed in 0.22 ± 0.10% of total DRG neurons that 407 

were all peripherin+, indicating them to be small DRG neurons (Fig. 1B and 1C). 408 

Fourteen days after SNI, 0.49 ± 0.15% of DRG neurons were PAP-I+/peripherin+, while 409 

3.0 ± 0.36% of DRG neurons were PAP-I+/S100b+ (Fig. 1B and 1C). S100b is a marker 410 

for large DRG neurons. Forty-three days after SNI, 2.45 ± 0.59% of DRG neurons were 411 

PAP-I+/peripherin+ small neurons, while 1.67 ± 0.22% of DRG neurons were PAP-412 

I+/S100b+ large neurons (Fig. 1B and 1C). In addition, in situ hybridization and semi-413 

quantitative PCR result showed that the PAP-I mRNA was almost absent in the spinal 414 
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dorsal horn after nerve injury, excluding the possibility that PAP-I was expressed by cells 415 

in the spinal dorsal horn (Fig. 1E and 1F). Thus, peripheral nerve injury triggers the de 416 

novo expression of PAP-I only in DRG neurons, the sizes of which shift from small to 417 

large and back to small ones. 418 

Since PAP-I was a secretory protein that could be transported to the nerve terminals, 419 

we examined the distribution of PAP-I in the peripheral and central fibers of DRG 420 

neurons. To observe the transport direction of PAP-I clearly, we ligated the dorsal root 421 

and the sciatic nerve to detect the accumulation of PAP-I. Immunostaining showed that 7 422 

days after SNI, PAP-I accumulated at the ligation sites of both the L4-5 dorsal roots (t = 423 

5.735, df = 13, P < 0.0001) and the sciatic nerves (t = 7.221, df = 7, P = 0.0002) on the 424 

side proximal to DRGs, while it was scarcely observable in intact rats (Fig. 2A and 2B). 425 

We also observed the trafficking direction of PAP-I 2 days after intraplantar injection of 426 

CFA, for PAP-I was also reported to be up-regulated in DRG neurons in this model 427 

(Averill et al., 2008). Interestingly, in the CFA model, PAP-I was abundant in the sciatic 428 

nerve (t = 7.691, df = 7, P = 0.0001), but was scarcely detected in the dorsal root (Fig. 2A 429 

and 2B). In addition, triple-immunostaining showed that the axons containing PAP-I 430 

belonged to large DRG neurons expressing neurofilament 200 (NF200) after SNI, while 431 

in CFA model, the axons belonged to small DRG neurons expressing P2X3 receptors 432 

(Fig. 2C). Distribution of PAP-I in NF200+ fibers may represent an increased 433 

transportation of PAP-I to the deep layers of spinal dorsal horn. However, 434 

immunostaining did not detect the PAP-I signals in spinal dorsal horn. PAP-I may be 435 

immediately secreted in the nerve terminals of spinal dorsal horn and the amount of PAP-436 
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I is relatively low. Taken together, PAP-I is largely transported via afferent fibers to the 437 

spinal dorsal horn only after peripheral nerve injury. 438 

 439 

PAP-I in the spinal cord induces hyperalgesia 440 

To examine the function of PAP-I in the spinal dorsal horn, we intrathecally injected the 441 

recombinant PAP-I-Myc-His purified from the culture medium of HEK293 cells 442 

expressing this protein (Fig. 3A) into naive rats. Intrathecal application of 2.5 μg PAP-I-443 

Myc-His per rat induced thermal (F(1,84) = 5.723, P = 0.0190) and mechanical 444 

hyperalgesia (F(1,48) = 7.197, P = 0.0100; 3 h, t = 3.514, df = 8, P = 0.0079; 4 h, t = 3.182, 445 

df = 8, P = 0.0130) in naïve rats as well as enhanced the Phase II nociceptive behavior (t 446 

= 2.553, df = 12, P = 0.0253) induced by formalin injection (F(1,24) = 7.893, P = 0.0097) 447 

(Fig. 3B-3E). On the contrary, intrathecal injection of the same amount of denatured 448 

PAP-I-Myc-His did not affect nociceptive thresholds and the formalin-induced 449 

nociceptive behavior in rats, indicating the specificity of PAP-I-Myc-His effect (Fig. 3F-450 

3I) (Fig. 3F, F(1,60) = 1.956, P = 0.1667; Fig. 3G, F(1,84) = 1.476, P = 0.2277; Fig. 3H, F(1,72) 451 

= 0.157, P = 0.6932; Fig. 3I: Phase I, t = 0.682, df = 6, P = 0.5207; Phase II, t = 0.141, df 452 

= 6, P = 0.8929). Therefore, PAP-I is pro-nociceptive in the spinal cord.  453 

As PAP-I was also transported to the peripheral tissues, we further studied whether 454 

peripherally applied PAP-I-Myc-His could also induce hyperalgesia in naïve rats. The 455 

behavior results showed that unlike intrathecal injection, intraplantar injection of 5 μg 456 

PAP-I-Myc-His did not cause thermal (F(1,72) = 0.123, P = 0.7269) or mechanical 457 

hyperalgesia (F(1,78) = 0.989, P = 0.3231) (Fig. 3J and 3K). Taken together, PAP-I has a 458 

distinct pro-nociceptive effect only in the spinal cord but not in the periphery. 459 
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 460 

PAP-I in the spinal cord participates in the maintenance of neuropathic pain  461 

To verify whether the up-regulation of PAP-I plays a role in neuropathic pain, we 462 

constructed the PAP-I gene knockout rat. A DNA fragment including exon 3 and 4 of 463 

PAP-I-encoding gene Reg3b was deleted (Reg3b-/-) using CRISPR/Cas9, so that most of 464 

the protein-coding sequence was missing (Fig. 4A). Immunoblotting combined with 465 

immunohistochemistry confirmed that PAP-I was totally absent in the DRG neurons of 466 

these rats after peripheral nerve injury (Fig. 4B and 4C), suggesting successful knockout 467 

of PAP-I in rats. Since the augment of PAP-II in injured DRG neurons was reported 468 

before (He et al., 2010), loss of PAP-I staining in knockout rats also implied the absence 469 

of cross-reaction of PAP-I antibody against PAP-II. Immunoblotting confirmed that PAP-470 

I antibody did not cross-react with PAP-II in HEK293 cells expressing PAP-II-myc-his 471 

(Fig. 4D), further supporting the excellent specificity of PAP-I antibody.   472 

We first analyzed the behavior of Reg3b-/- rats and their wildtype littermates under 473 

normal condition. The body weight of Reg3b-/- rats were similar to their littermates (t = 474 

0.333, df = 9, P = 0.7466), thus the overall development and metabolism should be 475 

normal (Fig. 4E). The basal nociceptive thresholds (t = 0.649, df = 33, P = 0.5209) and 476 

motor function (F(1,39) = 0.008, P = 0.9309) of Reg3b-/- rats were also similar with that of 477 

their wildtype littermates (Fig. 4F and 4G), indicating that the lack of transient embryonic 478 

PAP-I expression in DRG neurons and motor neurons (Nishimune et al., 2000) does not 479 

affect neural circuit development.  480 

Next, we analyzed the nociceptive behaviors of Reg3b-/- rats under chronic pain 481 

condition. After SNI, Reg3b-/- rats and their wildtype littermates both developed tactile 482 
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allodynia within the first week (Fig. 4G). However, as soon as SNI Day 14, the tactile 483 

allodynia in Reg3b-/- rats was alleviated, whereas it was maintained at a severe extent in 484 

their wildtype littermates (Fig. 4G). This difference reached statistical significance at Day 485 

43 (F(1,189) = 14.410, P = 0.0002; Day 43, t = 2.762, df = 24, P = 0.0108) (Fig. 4G). 486 

Furthermore, an intrathecally injection of specific antibody against PAP-I into SNI model 487 

rats was applied to examine the effect of acute PAP-I deficiency. In accordance with the 488 

behavior results of Reg3b-/- rats, blocking PAP-I with the antibody at SNI Day 7 had no 489 

pain-relieving effect (F(1,60) = 0.902, P = 0.3461), while a very prominent anti-nociceptive 490 

effect was observed at SNI Day 28 (F(1,54) = 11.190, P = 0.0015) (Fig. 4H and 4I). The 491 

alleviation of mechanical allodynia was most significant around 2 to 3.5 h (2 h, t = 3.999, 492 

df = 9, P = 0.0031; 3.5 h, t = 2.716, df = 9, P = 0.0238) after the antibody injection (Fig. 493 

4I). Therefore, the results obtained from both Reg3b-/- rats and PAP-I antibody treatment 494 

indicate that after SNI, PAP-I is not necessary in the initiation of tactile allodynia but is a 495 

major factor for its long-term maintenance. 496 

Since PAP-I was also up-regulated in DRG neurons after peripheral inflammation 497 

induced by CFA, the behavioral tests were performed on Reg3b-/- rats in CFA-induced 498 

inflammation model. In contrast with SNI, the absence of PAP-I had no detectable effect 499 

upon CFA-induced mechanical hyperalgesia (Fig. 4J, F(1,125) = 0.275, P = 0.6006). This 500 

result suggests that PAP-I transported to the peripheral nerves is not crucial for the 501 

formation of hypersensitivity and further support that PAP-I transported to the spinal cord 502 

participates in the maintenance of neuropathic pain.  503 

 504 

PAP-I activates the spinal microglia 505 
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Previous studies report that some members of PAP family are able to activate and attract 506 

peripheral macrophage (Namikawa et al., 2005; Viterbo et al., 2008; Lorchner et al., 507 

2015). Considering the similarities between macrophage and microglia, we assumed 508 

microglia to be the potential target of PAP-I in the dorsal horn of spinal cord. To verify 509 

this hypothesis, we cultured primary microglia from rat spinal cord at P14, and stimulated 510 

the cells with PAP-I-Myc-His, while the endotoxin lipopolysaccharide (LPS)-induced 511 

inflammatory reaction was used as positive control. Immunostaining with F-actin and 512 

ED1, a microglial marker, showed that the cell bodies of microglia were expanded after 513 

48-h treatment of 500 ng/ml PAP-I-Myc-His (t = 4.442, df = 3, P = 0.0212), which was 514 

comparable with that induced by 50 ng/ml LPS (t = 9.006, df = 3, P = 0.0029) (Fig. 5A 515 

and 5B), suggesting that microglia underwent a robust metamorphosis in response to the 516 

PAP-I stimulation. Moreover, we used Boyden chamber (Fig. 5C) to test whether PAP-I 517 

had a chemotactic effect upon spinal microglia. The number of migrated microglia was 518 

increased markedly in the chamber containing 50 (t = 6.841, df = 2, P = 0.0207) or 100 519 

ng/ml (t = 4.868, df = 7, P = 0.0018) PAP-I-Myc-His (Fig. 5D and 5E). Thus, PAP-I 520 

directly activates spinal microglia.  521 

To examine whether PAP-I directly sensitized DRG neurons, we did whole-cell patch-522 

clamp recording on acutely dissociated DRG neurons. PAP-I-Myc-His was closely 523 

applied to one single neuron at a time to avoid the indirect effect of other cells (Fig. 5F). 524 

Whole-cell patch-clamp recording showed that the number of action potential in response 525 

to the ramp stimulation was not increased after 30-min application of 500 ng/ml PAP-I-526 

Myc-His to the DRG neurons from either naïve rats or SNI rats (Fig. 5G and 5H). 527 

Interestingly, 500 ng/ml PAP-I-Myc-His even inhibited the activity of DRG neurons from 528 
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SNI Day 7 (t = 2.300, df = 22, P = 0.0313) rats (Fig. 5G and 5H). In addition, the drug 529 

delivering efficiency upon DRG neurons was similar between the perfusion system and 530 

direct incubation by comparing the neuronal activity induced by high potassium chloride 531 

(KCl) (Fig. 5I, t = 1.243, df = 16, P = 0.2316). These results exclude the possibility that 532 

PAP-I directly sensitizes DRG neurons after peripheral nerve injury.  533 

The effect of PAP-I on microglia was then examined in the spinal dorsal horn. The 534 

status of spinal microglia was analyzed 3 h after intrathecal injection with 2.5 μg PAP-I-535 

Myc-His. Immunostaining showed that both the total area (t = 4.188, df = 45, P = 0.0001) 536 

and intensity of Iba1 (t = 4.722, df = 45, P < 0.0001), a marker of spinal microglia, in the 537 

dorsal horn of L4-6 spinal cord were distinctively increased, indicating a more active 538 

state of microglia (Fig. 6A and 6B). On the other hand, we immunostained the L4-6 539 

spinal cord of Reg3b-/- rats at SNI Day 43. The projection area of injured DRG neurons 540 

was marked by the disappearance of IB4 signal in the ipsilateral dorsal horn of spinal 541 

cord, and the border of lamina II was marked by PKC-γ (Fig. 6C). Significantly, the total 542 

area and total intensity of Iba1 signal in the injured area of lamina I-II and III-V of 543 

ipsilateral dorsal horn were increased when compared with those in the symmetrical area 544 

of the contralateral side in wildtype rats (Fig. 6C-6E), indicating a robust microglial 545 

activation induced by nerve injury. Importantly, the activation of spinal microglia after 546 

SNI was impaired in Reg3b -/- rats (lamina I-II, Iba1 area ratio, t = 5.825, df = 12, P < 547 

0.0001; Iba1 signal ratio t = 4.989, df = 12, P = 0.0003; lamina III-V, Iba1 area ratio, 548 

t=2.365, df=12, P=0.0357; Iba1 signal ratio, t = 2.482, df = 12, P = 0.0289) (Fig.6C-6E). 549 

These results suggest that PAP-I is necessary for microglial activation in the spinal dorsal 550 

horn after peripheral nerve injury. 551 
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 552 

Microglia activation is required for the pro-nociceptive effect of PAP-I 553 

Based on above evidences showing an activation of spinal microglia by PAP-I, we tested 554 

whether the spinal microglia were the major target cells required for the pro-nociceptive 555 

effect of PAP-I. Minocycline, an inhibitor of microglia (Tikka et al., 2001; Hua et al., 556 

2005), was intrathecally injected together with PAP-I-Myc-His to inhibit the activation of 557 

spinal microglia. Behavioral tests showed that intrathecal application of 50 μg 558 

minocycline almost completely blocked the thermal (F(1,144) = 5.604, P = 0.0193) and 559 

mechanical hyperalgesia (F(1,114) = 11.480, P = 0.0010; 2 h, t = 2.625, df = 20, P = 0.0162; 560 

3 h, t = 3.076, df = 20, P = 0.0060) induced by 2.5 μg PAP-I-Myc-His (Fig. 7A and 7B). 561 

In the formalin test, intrathecal injection of 50 μg minocycline also completely blocked 562 

the enhancement of Phase II nociceptive response (Phase II, vehicle versus P, t = 2.899, 563 

df = 14, P = 0.0117; P versus P + Mino, t = 3.392, df = 13, P = 0.0048) induced by 2.5 μg 564 

PAP-I-Myc-His, making the level comparable to that of vehicle group (P versus P + 565 

Mino, F(1,13) = 14.730, P = 0.0021; 25 min, t = 4.508, df = 13, P = 0.0006; 30 min, t = 566 

2.465, df = 13, P = 0.0284; 35 min, t = 2.336, df = 13, P = 0.0362; 55 min, t = 2.715, df = 567 

13, P = 0.0177) (Fig. 7C and 7D). Thus, PAP-I induces hyperalgesia mainly through 568 

activating microglia in the spinal cord. 569 

 570 

CCR2-p38 MAPK pathway mediates the effect of PAP-I 571 

Finally, we explored the molecular mechanism underlying the activation of spinal 572 

microglia by PAP-I. Secretory proteins usually display functions via affecting their 573 

interacting proteins on the cell membrane. Although two interacting proteins of PAP 574 
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family have been reported, functional analysis is still needed to verify their interactions 575 

and identify downstream pathways (Kobayashi et al., 2000; Acquatella-Tran Van Ba et 576 

al., 2012). In the present study, a sequence-based machine learning method was adopted 577 

to predict the interacting membrane proteins with PAP-I. Among them, the 9 proteins in 578 

the top rank all belonged to chemokine receptor family (Fig. 8A). Although CCR6 had 579 

the highest score, its expression was low in spinal microglia and its relationship with pain 580 

was hardly reported (Hickman et al., 2013). On the other hand, CCR2 seemed more 581 

promising, because previous studies reported that CCR2 was expressed in the spinal 582 

microglia, and participated in chronic pain (Abbadie et al., 2003; Abbadie, 2005; Zhang 583 

et al., 2007).  584 

Next, we used different approaches to verify the candidate. The single-cell PCR and 585 

immunoprecipitation from purified cultured primary microglia showed the expression of 586 

CCR2 mRNA and protein in microglia (Fig. 8B and 8C), which was consistent with 587 

previous microglia RNA-seq data (Hickman et al., 2013; Bennett et al., 2016). Co-588 

immunoprecipitation experiments detected an interaction between PAP-I and CCR2 in 589 

the COS7 cells exogenously coexpressing PAP-I-HA and Myc-CCR2, and in the rat 590 

pancreas-derived AR-42J cells endogenously expressing these two proteins (Fig. 8D and  591 

8E). Previous study reported that p38 mitogen-activated protein kinase (p38 MAPK) 592 

was an important downstream pathway of CCR2 in the microglia activation (Abbadie et 593 

al., 2003). Consistently, immunoblotting showed that the phosphorylation level of p38 594 

MAPK in cultured primary microglia was increased as soon as 30 min after 500 ng/ml 595 

PAP-I application (t = 18.500, df = 2, P = 0.0029) (Fig. 8F and 8G). Blocking this 596 

pathway using 200 nM VX-702 completely inhibited the morphological change (vehicle 597 
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versus PAP-I, t = 2.900, df = 6, P = 0.0273; PAP-I versus VX-702, t = 3.651, df = 5, P = 598 

0.0147) and chemotaxis (PAP-I versus VX-702, t = 3.890, df = 6, P = 0.0081) of spinal 599 

microglia induced by PAP-I-Myc-His (Fig. 8H and 8I). Similarly, application of 700 nM 600 

RS 504393, a CCR2 inhibitor, also completely blocked PAP-I-Myc-His-induced 601 

morphological change (PAP-I versus RS 504393, t = 3.875, df = 5, P = 0.0117) of spinal 602 

microglia (Fig. 8H and 8I). Therefore, the stimulating effect of PAP-I upon the spinal 603 

microglia could be mainly via the CCR2-p38 MAPK pathway. 604 

Furthermore, we examined the role of CCR2 in PAP-I-induced hyperalgesia. Firstly, 605 

we detected whether nerve injure altered the CCR2 expression in microglia. From 606 

isolated spinal microglia using fluorescence-activated cell sorting, quantitative PCR 607 

showed that the level of CCR2 mRNA was not remarkable changed in SNI day 7 rats 608 

(Fig. 8J, t = 2.150, df = 3, P = 0.1207). However, intrathecal injection of 25 μg RS 609 

504393 completely blocked the thermal (P + DMSO versus P + RS 504393, F(1,144) = 610 

26.250, P < 0.0001; 2 h, t = 2.770, df = 24, P = 0.0107; 3 h, t = 2.273, df = 24, P = 0.0323; 611 

4 h, t = 3.741, df = 24, P = 0.0010) and mechanical hyperalgesia (P + DMSO versus P + 612 

RS 504393, F(1,84) = 10.330, P = 0.0019; 2 h, t = 2.995, df = 14, P = 0.0096; 3 h, t = 3.132, 613 

df = 14, P = 0.0074) induced by 2.5 μg PAP-I-Myc-His, while having little effect upon 614 

rats injected with vehicle (Fig. 8K and 8L). In the formalin test, intrathecal injection of 615 

RS 504393 almost inhibited PAP-I-Myc-His-induced enhancement of Phase II 616 

nociceptive response (P + DMSO versus P + RS 504393, F(1,14) = 9.713, P = 0.0076; 30 617 

min, t = 3.644, df = 14, P = 0.0027; 35 min, t = 3.516, df = 14, P = 0.0034; Phase II, V + 618 

DMSO versus P + DMSO, t = 2.314, df = 13, P = 0.0377; P + DMSO versus P + RS 619 
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504393, t = 3.289, df = 14, P = 0.0054) (Fig. 8M ). Taken together, PAP-I activates the 620 

spinal microglia and induces hyperalgesia mainly via CCR2. 621 

 622 

Discussion 623 

The present study reveals the dynamic expression of PAP-I after SNI and its function as a 624 

central pro-inflammatory factor which contributes to the maintenance of neuropathic 625 

pain. Peripheral nerve injury triggers PAP-I expression in different types of DRG neurons 626 

in a time-dependent manner. The newly synthesized PAP-I can be transported to the 627 

spinal dorsal horn and activate the spinal microglia through the CCR2-p38 MAPK 628 

pathway. PAP-I does not affect the early establishment of SNI-induced tactile allodynia, 629 

however, its expression is very important for the long-term maintenance of tactile 630 

allodynia. Thus, the peripherally injured DRG neurons establish an immune crosstalk 631 

with the spinal microglia via PAP-I that leads to the long-term maintenance of 632 

neuropathic pain. This study may provide potential target for clinical neuropathic pain 633 

treatment. 634 

 635 

PAP-I expression shifts among DRG neurons during the development of 636 

neuropathic pain 637 

Present study showed that PAP-I was also de novo strongly expressed in DRG neurons 638 

after SNI. Interestingly, PAP-I was expressed in distinct types of DRG neurons during 639 

the progression of neuropathic pain. Similar size shift of PAP-I-expressing neurons 640 

occurred in the axotomy model (Averill et al., 2002) and even shared by PAP-II (He et 641 

al., 2010). The expression of other secretory neuropeptides such as neuropeptide galanin 642 
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shifted between small and large DRG neurons after nerve injury (Villar et al., 1989; Xu et 643 

al., 2008). These dramatic changes may be due to the complicated mechanisms of 644 

neuropathic pain. The transition from normal sensation to allodynia consists of several 645 

processes: small DRG neurons that mainly mediates nociception are sensitized; some of 646 

the large neurons switch to participate in the transduction of nociception; microglia and 647 

astrocytes in the spinal cord are activated, changing circuit structure and connecting 648 

strength (Campbell and Meyer, 2006; Costigan et al., 2009). Thus, PAP-I expressed by 649 

different types of neurons at progressing states of neuropathic pain may have distinct 650 

functions in the functional aspects.  651 

Another interesting finding is the different trafficking directions of PAP-I in SNI 652 

model and CFA-induced inflammation model. The ligation assay of dorsal roots and 653 

sciatic nerve proved that after CFA injection, most of PAP-I was transported along sciatic 654 

nerve to the periphery. However, in SNI model, PAP-I was accumulated not only in the 655 

sciatic nerve but also in the dorsal roots, suggesting a unique function of PAP-I in the 656 

spinal cord after nerve injury, which was confirmed by our behavior tests. It would be 657 

interesting to investigate the mechanisms underlying the directed trafficking of PAP-I in 658 

the sensory neurons.  659 

 660 

PAP-I contributes to the maintenance of neuropathic pain 661 

Behavior tests showed that PAP-I in the spinal cord could induce hyperalgesia. Notably, 662 

it was relatively slow for PAP-I to produce such an effect after intrathecal injection, as 663 

compared with several other molecules. Previous studies in our laboratory showed that 664 

secretory proteins such as follistatin-like 1 (FSTL1) could induce the effects within 665 
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minutes, reaching peak within 2 h (Li et al., 2011; Liu et al., 2012b). However, PAP-I 666 

took much longer time, 3~4 h, to reach the maximum effect. The behavior test of PAP-I 667 

antibody injection at SNI Day 28 was also consistent: the pain-relieving effect was most 668 

prominent around 3.5 h after injection. This slow effect of PAP-I may in fact support our 669 

hypothesis that PAP-I exerts its function by activating spinal microglia. FSTL1 acts 670 

quickly because it directly interacts with α1NKA on DRG neuronal membrane, and 671 

changes neuronal activity immediately (Li et al., 2011). On the other hand, PAP-I 672 

activates the spinal microglia, which may in turn sensitize the sensory circuit. This 673 

complex process would surely need more time to complete.  674 

Most strikingly, although Reg3b-/- rats developed tactile allodynia like their 675 

littermates within 7 d after nerve injury, they failed to maintain it. At the initiating stage 676 

of neuropathic pain, DRG neurons up-regulate a series of inflammatory factors 677 

(Campbell and Meyer, 2006; Costigan et al., 2009) to act upon neurons and glial cells. 678 

Many of them probably have stronger effect than PAP-I at early stage of neuropathic 679 

pain, thus compensating the effect of PAP-I deficiency. The mice lacking these molecules 680 

could not develop neuropathic pain. However, with the progression of neuropathic pain, 681 

these strong molecules such as TNF-α, CXCL12 and MCP-1 are down-regulated (Zhang 682 

and De Koninck, 2006; Bai et al., 2016), thus the effect of PAP-I may become more 683 

prominent. Consistently, neutralizing spinal PAP-I using a specific antibody at different 684 

time points after SNI led to different results. Blocking PAP-I at SNI Day 7 had little 685 

effect; however, a lack of PAP-I at SNI Day 28 quite significantly alleviated tactile 686 

allodynia. Interestingly, the pain-relieving effect by antibody blockade was more 687 

prominent than that in Reg3b-/- rats, which may be due to the compensating effect in 688 
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chronic loss of PAP-I. Particularly, the reverse of tactile allodynia long after its 689 

establishment by blocking PAP-I highlights a potential target of PAP-I for neuropathic 690 

pain treatment. 691 

The behavior results further verify and support each other to indicate that PAP-I 692 

mainly produces effects in the spinal cord rather than in the periphery. Intrathecal 693 

application of PAP-I induced strong pro-nociceptive effects while peripheral delivery of 694 

PAP-I had no effect. Consistently, Reg3b-/- rats did not show alleviation of CFA-induced 695 

hyperalgesia, thus endogenous PAP-I transported to the peripheral terminals of DRG 696 

neurons after CFA injection is not apparently involved in the formation of 697 

hypersensitivity.  698 

In the case of SNI, PAP-I in the central terminals of DRG neurons is far more 699 

important than that in the periphery. However, circumstances may change in other cases. 700 

In diseases such as acute pancreatitis and Inflammatory Bowel Disease, PAP-I is up-701 

regulated and secreted in large quantity by visceral organs. Whether it could attract and 702 

activate the peripheral macrophage to sensitize sensory neurons innervating these organs 703 

and contribute to visceral pain is worthy to study. Moreover, spinal microglia are also 704 

reported to be activated through p38 MAPK pathway after pancreatitis and participate in 705 

pancreatitis-induced hyperalgesia (Liu et al., 2012a). Whether PAP-I is secreted into 706 

spinal dorsal horn by sensory neurons to activate microglia is also an interesting issue to 707 

study. 708 

 709 

PAP-I activates the spinal microglia through CCR2-p38 MAPK pathway  710 



 

Science Advances                                               Manuscript   Page 32 of 48 
 

It is well-known that the activation of spinal microglia plays an important role in the 711 

progression of neuropathic pain. The present study showed a marked reduction in the 712 

activation of spinal microglia in Reg3b-/- rats after SNI. More directly, cultured primary 713 

spinal microglia treated with PAP-I showed the shape change and chemotaxis, two 714 

indicators of microglial activation (Honda et al., 2001; Bianchi et al., 2011; Jeon et al., 715 

2012). Moreover, intrathecal application of minocycline completely prevented the PAP-I-716 

induced hyperalgesia. Therefore, the spinal microglia could be the major target for PAP-I 717 

secreted from the sensory afferents. On the other hand, although DRG neurons could also 718 

be affected by intrathecally injected substances, our whole-cell patch-clamp recording 719 

showed that PAP-I did not directly sensitize DRG neurons. These evidences support that 720 

PAP-I exerts a pro-nociceptive effect mainly through the spinal microglia. 721 

Multiple signaling pathways mediate the activation of microglia during the formation 722 

of neuropathic pain. Our computational prediction combined with co-IP experiments 723 

indicate CCR2 to be the most promising interacting protein of PAP-I. It is accepted that 724 

the activation of microglial CCR2-p38 MAPK pathway is required for the progression of 725 

neuropathic pain (Abbadie et al., 2003; Abbadie, 2005; Ji and Suter, 2007). Consistently, 726 

inhibiting either CCR2 or p38 MAPK abolished the microglial activating effect induced 727 

by PAP-I. Although microglial activation is reported to be involved in the initiating phase 728 

of neuropathic pain (Marchand et al., 2005), our study revealed that in the SNI model, 729 

PAP-I participated in the activation of microglia at least 43 days after nerve injury, and 730 

was required for maintaining tactile allodynia. Various molecules activate the spinal 731 

microglia at different stages of neuropathic pain, nevertheless, PAP-I displayed this effect 732 

at the later stage. Therefore, PAP-I secreted from the afferent fibers activates a well-733 
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known immune response of the spinal microglia through the CCR2-p38 MAPK pathway, 734 

establishing a direct crosstalk between the injured peripheral sensory system and the 735 

central immune system. 736 

Taken together, the present study reveals that PAP-I de novo expressed in DRG 737 

neurons after nerve injury acts as an endogenous pro-inflammatory factor mediating the 738 

crosstalk between the sensory neurons and spinal microglia. The role of PAP-I in 739 

maintaining the nerve injury-induced long-lasting tactile allodynia suggests that the 740 

blockade of the PAP-I/CCR2-p38 MAPK pathway could be a therapeutic target for the 741 

treatment of neuropathic pain. 742 
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 912 

Figures and legends 913 

Figure 1. The expression pattern of PAP-I in rat DRG neurons after SNI. (A) 914 

Immunoblotting showed the upregulation of PAP-I in L4-5 DRGs at different time points 915 

(2, 7, 14, 28, 43 days) after SNI (left lane). The quantitative analysis was based on 3 916 

independent experiments. Each sample for immunoblotting was taken from 2 rats. The 917 
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data was normalized to day 7 (right lane) and shown as mean ± SEM. * P < 0.05 and *** 918 

P < 0.001 versus SNI Day 0. (B) Immunostaining showed that the size of DRG neurons 919 

expressing PAP-I (red) after SNI shifted from small (peripherin+, green) to large (S100b+, 920 

green) and back to small ones. The white arrows indicate PAP-I+ cells. Scale bar: 100 921 

μm. (C) Percentage of PAP-I+ neurons co-expressing peripherin or S100b before and 922 

after SNI. Data represent mean ± SEM. (D) Histogram showing the size changes of DRG 923 

neurons expressing PAP-I before (n = 28) and after SNI (n = 143 for SNI Day 14 and n = 924 

95 for SNI Day 43). (E) In situ hybridization showed the absence of PAP-I mRNA 925 

(Reg3b) in ipsilateral (Ipsi) and contralateral (Con) spinal dorsal horn (DH), and the 926 

upregulation of DRG neurons, respectively. Scale bar: 200 μm. (F) RT-PCR showed that 927 

the level of Reg3b was almost absent in the spinal dorsal horn comparing with that in the 928 

DRG at SNI Day 14 and Day 43. Data was from 3 independent experiments. The data of 929 

Reg3b were normalized with GAPDH mRNA (Gapdh), and then the level in spinal dorsal 930 

horn was normalized to that in the DRG. Data represent mean ± SEM.  931 

 932 

Figure 2. PAP-I is differently transported to the dorsal root and the sciatic nerve in 933 

inflammatory and nerve injury models. (A and B) Immunostaining after dorsal root 934 

(L4-5) and sciatic nerve ligation showed that PAP-I was rarely present along DRG axons 935 

in naïve rats, while was accumulated at the ligation points of the sciatic nerve in CFA 936 

Day 2 rats and of the dorsal root and sciatic nerve in SNI Day 7 rats. Scale bar: 500 μm 937 

(A). The PAP-I+ fiber area was measured for quantitative analysis (B, n ≥ 4). *** P < 938 

0.001 versus naïve rats. Data represent mean ± SEM. (C) Immunostaining showed that 939 

PAP-I was colocalized with NF200+ fibers (Aβ fibers) in the dorsal root of rats at SNI 940 
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Day 7 and with P2X3+ fibers (C fibers) in the sciatic nerve of rats at CFA Day 2. Scale 941 

bar: 50 μm. 942 

 943 

Figure 3. Central but not peripheral injection of PAP-I induces hyperalgesia. (A) 944 

Recombinant PAP-I-Myc-His was secreted by HEK293 cells into culture medium, from 945 

which it was concentrated and purified. (B and C) Intrathecal (i.t.) injection of PAP-I-946 

Myc-His (P, 2.5 μg/rat) induced a transient thermal (B, n = 8) and mechanical (C, n = 6) 947 

hyperalgesia in rats. The same amount of vehicle was used as control. (D and E) PAP-I-948 

Myc-His (2.5 μg/rat) was intrathecally injected into rats 30 min before intraplantar 949 

injection of 1% formalin. PAP-I-Myc-His promoted the nociceptive response, especially 950 

the phase II (10~60 min) in formalin test (n = 10). (F-I) PAP-I-Myc-His was boiled at 951 

100°C for 10 min to be denatured. Boiled PAP-I-Myc-His (Boiled P, 2.5 μg/rat) was 952 

intrathecally injected into normal SD rats for radiant heat test (F), von Frey test (G) and 953 

formalin test (H and I). The same amount of vehicle was used as control. In radiant heat 954 

test: n = 6 for boiled PAP-I-Myc-His and n = 6 for vehicle. In von Frey test: n = 8 for 955 

boiled PAP-I-Myc-His and n = 8 for vehicle. In formalin test: n = 5 for boiled PAP-I-956 

Myc-His and n = 3 for vehicle. (J) Intraplantar (i.pl.) injection of 5 μg PAP-I-Myc-His (n 957 

= 7) did not affect thermal nociception in the radiant heat test. Vehicle was used as 958 

control (n = 7). (K) Intraplantar injection of PAP-I-Myc-His (n = 7) did not affect 959 

mechanical nociception in von Frey test. Vehicle was used as control (n = 8). * P < 0.05 960 

and ** P < 0.01 for comparison between two curves (two-way ANOVA). * P < 0.05 and 961 

** P < 0.01 versus vehicle. n.s., not significant. Data represent mean ± SEM. 962 

 963 
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Figure 4. PAP-I is required for the formation of tactile allodynia after SNI. (A) The 964 

schematic diagram showing the construction of Reg3b-/- rat. A DNA segment including 965 

exon 3-4 of Reg3b gene was deleted using CRISPR/Cas9. (B) Immunoblotting showed 966 

the absence of PAP-I protein in the DRGs of Reg3b-/- rat (-/-), compared with wild-type 967 

littermates (WT) 7 d after axotomy of the sciatic nerve. (C) Immunostaining showed the 968 

absence of PAP-I protein in Reg3b-/- rat at SNI Day 14. A wild-type littermate was used 969 

as positive control. Scale bar: 100 μm. (D) Immunoblotting showed the specificity of 970 

PAP-I antibody, that could not cross-react with PAP-II in HEK293 cells expressing PAP-971 

II-myc-his. (E) The weight of adult Reg3b-/- rats (n = 6) and their wild-type littermates (n 972 

= 5). (F) Rotarod test of adult Reg3b-/- rats (n = 8) and their wild-type littermates (n = 7). 973 

(G) The tactile allodynia was gradually alleviated after SNI in Reg3b-/- rat (n = 19), 974 

compared with their wild-type littermates (n = 16). (H and I) The effects of intrathecal 975 

(i.t.) injection of PAP-I antibody (Ab, 1 μg/rat) upon tactile allodynia after SNI. The 976 

antibody only displayed no effect 7 days after SNI (H, n = 7), while significantly 977 

alleviated tactile allodynia 28 days after SNI (I, n = 6). Boiled antibody (Boiled Ab) was 978 

used as control (n = 6). (J) The CFA-induced thermal hyperalgesia was not affected in 979 

adult Reg3b-/- rats (n = 16), compared with their wild-type littermates (n = 11). ** P < 980 

0.01 and *** P < 0.001 for comparison between two curves (two-way ANOVA). * P < 981 

0.05 and ** P < 0.01 versus WT or boiled antibody. n.s., not significant. Data represent 982 

mean ± SEM. 983 

 984 

Figure 5. PAP-I activates cultured primary spinal microglia but not DRG neurons. 985 

(A and B) PAP-I-Myc-His (500 ng/ml) induced the enlargement of cell area similar to 986 



 

Science Advances                                               Manuscript   Page 44 of 48 
 

LPS (50 ng/ml) in cultured primary spinal microglia. Primary spinal microglia were 987 

cultured with PAP-I-Myc-His (500 ng/ml) or LPS (50 ng/ml) for 48 h and then stained 988 

with ED1 (green) and phalloidin-labeled F-actin (red). The F-actin signal was used to 989 

outline the cells. Scale bar: 50 μm. The area of each cell was measured for quantitative 990 

analysis (data was from 4 independent experiments and every group in each experiment 991 

include 100~500 cells) (B). (C-E) PAP-I-Myc-His caused chemotaxis of cultured primary 992 

spinal microglia in Boyden chamber assay. The schematic diagram shows the Boyden 993 

chamber structure and drug treatment (C). The migrated microglia on the lower 994 

membrane were stained with hematoxylin (D). The red arrows indicate the migrated cells 995 

and the black circles are membrane pores. Scale bar: 50 μm. The number of cells 996 

migrated under different concentration of PAP-I-Myc-His were calculated and 997 

normalized to vehicle group (E, n = 3). (F) The schematic diagram showing the drug 998 

administration system used for whole-cell patch-clamp recording. (G and H) The 999 

schematic diagram showing the ramp current stimulation (duration: 1 s, I = 100 pA for 1000 

naïve rats and ΔI = 150 pA for SNI rats) and examples of membrane potential traces in 1001 

response to the vehicle or 500 ng/ml PAP-I-Myc-His (G). The number of induced spikes 1002 

generated by PAP-I-Myc-His was not increased (H). In the naïve group: n = 10 for 1003 

vehicle (V) and n = 12 for PAP-I-Myc-His (P). In the SNI Day 7 group: n = 13 for 1004 

vehicle and n = 11 for PAP-I-Myc-His. In the SNI Day 28 group: n = 16 for vehicle and n 1005 

= 14 for PAP-I-Myc-His. (I) High K+ solution (KCl) and extracellular solution (ECS) 1006 

were either incubated with DRG neurons (n = 11) or applied to DRG neurons using the 1007 

perfusion system (n = 7) to verify the efficiency of the perfusion system. * P < 0.05 and 1008 

** P < 0.01 versus vehicle. n.s., not significant. Data represent mean ± SEM. 1009 
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 1010 

Figure 6. PAP-I is sufficient and necessary to activate microglia in the dorsal spinal 1011 

cord. (A and B) Intrathecal injection of PAP-I-Myc-His (2.5 μg/rat) induced 1012 

morphological changes of spinal microglia. Microglia were labeled by Iba1 (white) and 1013 

the afferent fibers were labeled by CGRP (red) in L4-6 spinal dorsal horn (A). Each 1014 

dorsal horn was outlined for further analysis. Microglia were further magnified in spinal 1015 

dorsal horn and outlines of microglia were processed for subsequent quantitative analysis. 1016 

Scale bars: 100 μm (entire spinal dorsal horn) and 25 μm (magnified dorsal horn). In the 1017 

area of spinal dorsal horn, the percentage of Iba1 area and total Iba1 signal were 1018 

calculated (B). n = 4 for both PAP-I and vehicle groups, 3 different dorsal spinal cord 1019 

sections of each rat was used for quantification. (C-E) The activation of spinal microglia 1020 

in the ipsilateral dorsal horn was alleviated in Reg3b-/- rats at SNI Day 43. Microglia were 1021 

labeled by Iba1 (white) and PKC-γ (red) marked the inner II of dorsal horn. Since the IB4 1022 

expression in DRG neurons was down-regulated after SNI, the weakened IB4+ signal 1023 

(green) in the central part of dorsal horn represented the region where the axons of 1024 

injured DRG neurons terminated. The activation of spinal microglia was prominent in 1025 

this area after SNI in rats. The central parts including lamina I-II (white frame) and 1026 

lamina III-V (yellow frame) of ipsilateral dorsal horn corresponding the weakened IB4 1027 

signal were outlined for further analysis. The same area of contralateral dorsal horn was 1028 

used as control. Scale bars: 100 μm (upper) and 50 μm (lower). In the selected dorsal 1029 

horn area, the percentage of Iba1 signal area and average Iba1 signal intensity were 1030 

calculated. Then, the ratio of ipsilateral versus contralateral dorsal horn was calculated to 1031 

indicate the extent of spinal microglia activation in lamina I-II (D) and III-V (E). n = 4 1032 
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for both WT and Reg3b-/- groups. * P < 0.05 and *** P < 0.001 versus vehicle or WT. 1033 

Data represent mean ± SEM. 1034 

 1035 

Figure 7. Inhibiting microglial activation blocks the pro-nociceptive effect of PAP-I 1036 

in the spinal cord. (A) Intrathecal (i.t.) injection of the microglia inhibitor minocycline 1037 

(50 μg/rat) blocked thermal hyperalgesia induced by PAP-I-Myc-His (2.5 μg/rat). n = 13 1038 

for PAP-I-Myc-His group (P) and n = 13 for inhibitor group (P + Mino). (B) Intrathecal 1039 

(i.t.) injection of minocycline inhibited PAP-I-induced mechanical hyperalgesia. n = 10 1040 

for PAP-I-Myc-His group and n = 11 for inhibitor group. (C and D) Intrathecal injection 1041 

of minocycline inhibited PAP-I-induced enhancement of nociceptive response in 1042 

formalin test. n = 8 for vehicle group, n = 8 for PAP-I-Myc-His group and n = 7 for the 1043 

inhibitor group. * P < 0.05, ** P < 0.01 and *** P < 0.001 for comparison between two 1044 

curves (P versus P + Mino, two-way ANOVA). * P < 0.05, ** P < 0.01 and *** P < 1045 

0.001 versus P + Mino or vehicle or indicated. n.s., not significant. Data represent mean ± 1046 

SEM. 1047 

 1048 

Figure 8. The CCR2-p38 MAPK pathway mediates the effect of PAP-I on the spinal 1049 

microglia. (A) A computational prediction of the proteins that might interact with PAP-I. 1050 

(B) The CCR2 mRNA was measured from single cultured primary microglia (n = 13). 1051 

(C) Immunoblots showing CCR2 expression in cultured primary microglia. The CCR2 1052 

protein was enriched by immunoprecipitation (IP) with CCR2 antibody from protein 1053 

extracts of cultured primary microglia. (D and E) Immunoblots showing that PAP-I 1054 

interacted with CCR2. Co-IP was performed with protein extracts from COS7 cells 1055 
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exogenously coexpressing PAP-I-HA and Myc-CCR2 using Myc antibody (D) or AR-42J 1056 

cells endogenously expressing PAP-I and CCR2 using CCR2 antibody (E). (F and G) 1057 

Immunoblots showing that PAP-I-Myc-His induced an increased phosphorylation of p38 1058 

MAPK but not Akt in primary spinal microglia. Cultured microglia were treated with 500 1059 

ng/ml PAP-I-Myc-His for 30 min and then harvested for immunoblotting (F). Data were 1060 

quantified and normalized to vehicle group (G, n = 3). (H) PAP-I-induced enlargement of 1061 

microglia was blocked by p38 MAPK and CCR2 inhibitors. Primary spinal microglia 1062 

were cultured with 500 ng/ml PAP-I-Myc-His, 200 nM VX-702 or 700 nM RS 504393 1063 

for 48 h and then stained with phalloidin-labeled F-actin to outline the cells. The area of 1064 

each cell was measured for quantitative analysis (570, 792, 685 and 245 cells for vehicle, 1065 

PAP-I-Myc-His, PAP-I-Myc-His + RS 504393 and PAP-I-Myc-His + VX-702 from 4 1066 

independent experiments, respectively). (I) Boyden chamber assay showing that the 1067 

activation of p38 MAPK pathway was required for the chemotactic effect of PAP-I in 1068 

primary spinal microglia. Both upper and lower wells were added with 200 nM VX-702. 1069 

The migrated microglia on the lower side of membrane were stained with hematoxylin 1070 

and counted. Data were normalized to vehicle or vehicle with VX-702 group (n=3). (J) 1071 

Quantitative PCR showed that the level of CCR2 mRNA in isolated spinal microglia was 1072 

not significant changed in SNI day 7 rats compared with sham group. n = 4. (K) 1073 

Intrathecal (i.t.) injection of 25 μg RS 504393 together with 2.5 μg PAP-I-Myc-His did 1074 

not induce thermal hyperalgesia in radiant heat test. n = 21 for vehicle (V) + DMSO 1075 

group, n = 10 for V + RS 504393 group, n = 13 for PAP-I-Myc-His (P) + DMSO group, 1076 

and n = 13 for P + RS 504393 group. (L) Intrathecal injection of RS 504393 together 1077 

with PAP-I-Myc-His did not induce mechanical hyperalgesia in the von Frey test. n = 7 1078 
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for V + RS 504393 group and n = 8 for each of the other three groups. (M) Intrathecal 1079 

injection of RS 504393 together with PAP-I-Myc-His did not enhance the Phase II 1080 

nociceptive response of formalin test. n = 7 for V + DMSO group, n = 6 for V + RS 1081 

504393 group, n = 8 for P + DMSO group, and n = 8 for P + RS 504393 group. ** P < 1082 

0.01 and *** P < 0.001 for comparison between two curves (P + DMSO versus P + RS 1083 

504393) (two-way ANOVA). * P < 0.05 and ** P < 0.01 versus vehicle or P + RS 1084 

504393 or indicated. n.s., not significant. Data represent mean ± SEM. 1085 

 1086 


















