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Pancreatitis-associated proteins (PAPs) display multiple functions in visceral diseases. Previous studies showed that the expression level
of PAP-I was low in the DRG of naive rats but was de novo expressed after peripheral nerve injury. However, its role in neuropathic pain
remains unknown. We found that PAP-I expression was continuously upregulated in the DRG neurons from rat spared nerve injury
models, and transported toward the spinal dorsal horn to act as a proinflammatory factor. Intrathecal delivery of PAP-I enhanced sensory
hyperalgesia, whereas PAP-I deficiency by either gene knockout or antibody application alleviated tactile allodynia at the maintenance
phase after spared nerve injury. Furthermore, PAP-I functioned by activating the spinal microglia via C-C chemokine receptor Type 2 that
participated in neuropathic pain. Inhibition of either microglial activation or C-C chemokine receptor Type 2 abolished the PAP-I-
induced hyperalgesia. Thus, PAP-I mediates the neuron-microglial crosstalk after peripheral nerve injury and contributes to the main-
tenance of neuropathic pain.
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Introduction
Pancreatitis-associated proteins (PAPs) belong to a family of secre-
tory proteins. Previous studies suggested the anti-inflammatory or

antibacterial functions of PAPs in visceral diseases, such as pan-
creatitis and bowel syndrome (Dusetti et al., 1993; Bödeker et al.,
1998; Gironella et al., 2005; Mukherjee et al., 2014). Among PAP
family members, PAP-I may play a protective role by acting as a
chemoattractant for macrophages in the ischemic heart (Lörch-
ner et al., 2015). PAP-I secreted by motor neurons after crushing
the sciatic nerve both stimulated a survival pathway of motoneu-
rons and triggered Schwann cell proliferation that contributed to
the regeneration of motor fibers (Livesey et al., 1997; Nishimune
et al., 2000). The expression of both PAP-I and PAP-II was in-
creased in the DRG neurons in the inflammatory pain model
(Averill et al., 2008; He et al., 2010; LaCroix-Fralish et al., 2011)
and the neuropathic pain models (Averill et al., 2002; Xiao et al.,
2002; He et al., 2010; LaCroix-Fralish et al., 2011). Interestingly,
PAPs were expressed by small DRG neurons after peripheral in-
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Significance Statement

Neuropathic pain is maladaptive pain condition, and the maintaining mechanism is largely unclear. Here we reveal that, after
peripheral nerve injury, PAP-I can be transported to the spinal dorsal horn and is crucial in the progression of neuropathic pain.
Importantly, we prove that PAP-I mainly functions through activating the spinal microglia via the CCR2-p38 MAPK pathway.
Furthermore, we confirm that the proinflammatory effect of PAP-I is more prominent after the establishment of neuropathic pain,
thus indicating that microglia also participate in the maintenance phase of neuropathic pain.
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flammation induced by complete Freund’s adjuvant (CFA),
while their expression markedly shifted from small- to large-sized
DRG neurons after peripheral nerve injury (Averill et al., 2002,
2008; Costigan et al., 2002; He et al., 2010; LaCroix-Fralish et al.,
2011). However, the significance of these expression patterns re-
mains elusive.

DRG neurons are pseudounipolar neurons that the efferent
fibers are able to detect noxious stimuli and transfer the nocice-
ptive signals along afferent fibers into the spinal cord; then local
circuits in the spinal cord in turn transfer nociceptive signals into
the brain to generate the sense of acute pain (Kuner, 2010). If
noxious stimulations induced by nerve injury or inflammation
persist for a long period of time, nociceptive circuits exhibit tre-
mendous plasticity, enhancing pain signals, producing hypersen-
sitivity, and developing into chronic pain. So far, studies have
revealed that the mechanism of chronic pain is complicated and
involved changes of neurons and glial cells.

The activation of spinal microglia has been a well-known im-
mune response during the development of neuropathic pain
(Chen et al., 2018; Inoue and Tsuda, 2018). After peripheral nerve
injury, microglia are quickly activated by sensory neuron-derived
proinflammatory factors, such as colony stimulating factor 1 or
chemokine (C-C motif) ligand 2 (Thacker et al., 2009; Guan et al.,
2016; Okubo et al., 2016), and further aggregate around the cen-
tral terminals of injured DRG neurons, secreting cytokines and
chemokines that can induce the central sensitization (Ketten-
mann et al., 2011; Tsuda et al., 2013). Several chemokine recep-
tors participate in this process, including C-C chemokine
receptor Type 2 (CCR2) and CX3C chemokine receptor 1
(CX3CR1) (Abbadie, 2005; Zhang et al., 2007). Intriguingly, spi-
nal microglia are also known as immune cells in the CNS. Micro-
glia and peripheral macrophage are generated from closely
related stem cell lineages and share some gene expression features
(Prinz and Priller, 2014). Combining these findings with the re-
port that PAP-I activated peripheral macrophage in the ischemic
heart (Lörchner et al., 2015), we postulated that PAP-I secreted
by DRG neurons might participate in the immune response dur-
ing chronic pain.

In the present study, we focused on the function and under-
lying mechanism of PAP-I after spared nerve injury (SNI), a spe-
cific model of neuropathic pain that mimics clinical peripheral
nerve injury. The de novo expression of PAP-I was also detected in
rat DRG neurons after SNI. Nerve ligation in the SNI model
showed that a portion of the increased PAP-I transported toward
the spinal dorsal horn, unlike the situation in naive condition and
peripheral inflammation model, in which PAP-I was only trans-
ported to the periphery. SNI-induced PAP-I acted as a central
proinflammatory factor required for the maintenance of SNI-
induced tactile allodynia via activating microglial CCR2. These
findings indicate that PAP-I is an important central signal for
peripheral nerve damage, which mediates neuron-microglial in-
teraction in the spinal cord and participates in the maintenance
of SNI-induced tactile allodynia.

Materials and Methods
Animals. All experimental procedures were approved by the Committee
of Use of Laboratory Animals and Common Facility, Institute of Neuro-
science. Animals were kept under a 12 h light/dark cycle at 22°C–26°C.
Adult (200 –250 g), adolescent (60 – 80 g), and postnatal day 14 (P14)
male Sprague Dawley rats were provided by Shanghai Laboratory Animal
Center, Chinese Academy of Sciences (Shanghai, China). The gene
knockout (KO) rat was constructed to delete a DNA fragment containing
exons 3 and 4 of PAP-I-coding gene Reg3b using CRISPR/Cas9 (Biocy-

togen). The genotyping primers were used as follows: forward 5�-AGA
TGTTGCATCGCTTGGCCTTC-3� for Reg3b�/�/wildtype (WT);
reverse 5�-CAGAAGATCTTGACAAGCTGCCAC-3� for Reg3b�/�; re-
verse 5�-ACTTACTTCTGCATCAAACCAG-3� for WT.

Animal surgery. SNI and CFA-induced inflammation models were cre-
ated according to earlier protocols (Decosterd and Woolf, 2000; Liu and
Chen, 2012) with minor modifications. Briefly, adult male rats were
anesthetized using 2% sodium pentobarbital. For the SNI model, the
segments (�0.5 cm) of the common peroneal and tibial nerves in the left
thigh (for immunohistochemistry and behavior tests) or both thighs (for
immunoblotting and FACS) were exposed and removed, leaving the
sural nerve intact. For the CFA-induced inflammation model, a subcu-
taneous injection of 40 �l CFA was performed at the root of each toe and
the center of the left or both hindpaws. The rats were kept in standard
environment before further experiments.

Dorsal root ligation and sciatic nerve ligation were performed as pre-
viously described (He et al., 2010). After anesthesia, the lumber (L) 4 –5
dorsal roots were ligated near the spinal cord �1.5 cm, and the sciatic
nerve was ligated at mid-thigh level with thin and thick suture in rats,
respectively. One day after surgery, the rats were killed for further
experiments.

Behavior tests. All animals were housed in individually ventilated cages
under a 12 h light/dark cycle and given food and water. They were ran-
domly assigned into different groups. All behavior tests were performed
double-blinded as previously described (Zhang et al., 2010; Liu et al.,
2012b), which complied with the guidelines of the International Associ-
ation for the Study of Pain. For the rotarod test, the locomotor ability was
tested on a rotarod (Xin Ruan, Shanghai, China). The speed was set from
4 to 40 rpm in 5 min, and the running durations before the rats fell off
were recorded. For the radiant heat test, rats were put into chambers on
flat glass sheets for habituation. After they had maintained a resting state
for several minutes, a radiant light was continuously applied to the planar
side of their hindpaw until they lifted the hindpaw away. The duration of
light application was recorded to represent thermal nociceptive thresh-
old. For the von Frey test, rats were put into chambers on steel mesh for
habituation. Then, von Frey filaments were applied to the lateral plantar
side of the left hindpaw to measure the mechanical threshold. Each
filament was applied at most 5 times, switched to the next filament of
either smaller force (if positive response occurred 3 times) or bigger
force (if negative response occurred 3 times). The value of the smallest
positive force was defined as the mechanical threshold. For the for-
malin test, formalin (1% in 1 � PBS, 50 �l) was injected subcutane-
ously into the dorsal part of the left hindpaw, and the nociceptive
responses of rats were video-recorded for 1 h. The number of hind-
paw flinches in each 5 min interval were counted. For drug treatment,
vehicle, PAP-I-Myc-His, or other solutions were intrathecally in-
jected 30 min before formalin injection.

Immunohistochemistry/immunocytochemistry. Adult male rats were
fixed with 4% PFA as previously described (He et al., 2010). Cryostat
sections of sciatic nerves, L4 –5 DRGs, dorsal roots, and spinal cord seg-
ments were stained overnight at 4°C with primary antibodies used pre-
viously (He et al., 2010) that against PAP-I (1:400, MAB1996, R&D
Systems), peripherin (1:1000, AB1530, Millipore Bioscience Research
Reagents), S100 calcium binding protein B (S100�, 1:1000, Z0311,
Dako), calcitonin-related polypeptide � (1:1000, 24112, Dia Sorin), pro-
tein kinase C gamma (1:1000, sc-166451, Santa Cruz Biotechnology),
Neurofilament 200 (1:1000, N2912, Millipore Sigma), P2X3 (1:1000,
AB5896, Millipore Bioscience Research Reagents), and Iba1 (1:1000,
ab5076, Abcam), followed by 40 min incubation at 37°C with secondary
antibodies conjugated with FITC, Cy5, and/or Cy3 (1:100, Jackson Im-
munoResearch Laboratories). Cultured microglia were fixed with 4%
PFA and stained with primary antibody against ED1/CD68 (1:1000,
ab31630, Abcam). F-actin was labeled with AlexaFluor-546 phalloidin
(1:300, A22283, Invitrogen) for 40 min at 37°C. Fluorescein-conjugated
isolectin-I B4 (IB4; 1:1000, FL-1201, Vector Laboratories) was incubated
for 40 min at 37°C to label IB4 � neurons and fibers. The sections and
cells were mounted and scanned using a TCS SP5 or SP8 confocal micro-
scope (Leica Microsystems).
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For quantitative analysis of cell number and colocalizing percentage, 3
or 4 sections from each rat and 3 or 4 rats were collected for each group.
For quantitative analysis of microglial cell area, 20 –30 cells from each
experiment and 60 –100 cells from 4 independent experiments were col-
lected for each group. The confocal images were processed by ImageJ
software. First, several Iba1 � regions were outlined in the dorsal horn to
calculate average background signal intensity. Then, the module “sub-
tract background” was used to make the cells more distinguishable, and a
default signal intensity threshold with minor adjustments to improve the
precision of the area was set to separate Iba1 � microglia from the back-
ground signal. After that, the module “analyze particles” was used to
analyze the area and average signal intensity of each microglial cell. The
actual average intensity of Iba1 � signal in each cell was obtained by
deducting background intensity from average signal intensity. And the
total Iba1 signal was obtained by adding up the signal of every individual
microglia, which was calculated by multiplying the area and average
actual signal intensity. The ratio of Iba1 � area in each dorsal horn was
obtained by dividing the area of microglia with the area of dorsal horn.
For the quantitative analysis of PAP-I signal at ligation points in dorsal
root and sciatic nerve, 4 – 6 rats each group were analyzed. Similar areas
of the nerve segments proximal to DRG were selected for analysis. The
procedure was similar to the analysis of microglia cell area. The module
“analyze particles” was used to calculate the total area of PAP-I � fibers.

ISH. Adult male rats with or without SNI surgery were perfused with
4% RNase-free PFA as previously described (He et al., 2010). Frozen
sections of spinal cord and L4 –5 DRGs were fixed and followed by acet-
ylation and prehybridization in the hybridization buffer for 3 h at 67°C,
then incubated with the hybridization buffer containing 1 �g/ml of the
antisense probe for 16 h at 67°C. Sections were then incubated in alkaline
phosphatase-conjugated sheep anti-digoxigenin antibody (1:2000; Roche
Molecular Biochemicals). The sections were washed and then developed
in a solution of 1 �l/ml NBT and 3.5 �l/ml BCIP in the alkaline phos-
phatase buffer. The primers for detection of PAP-I mRNA (Reg3b) were
as follows: 5�-ATGATGAGAGTTAAGATGTTGC-3� and 5�-TTAA
CCTGTAAATTTGCAGACG-3�.

Cell culture, transfection, and protein purification. HEK293 cells were
maintained in DMEM (Thermo Fisher Scientific) supplemented with
10% FBS and antibiotics. The coding region of Reg3b was cloned from rat
DRG cDNA and inserted into the vector pcDNA 3.1/myc-His (�) A.
HEK293 cells were transiently transfected with PAP-I-Myc-His using
PEI reagent (Millipore Sigma) for 36 h, and then cultured in serum-
free Iscove’s Modified Dulbecco’s Media (Thermo Fisher Scientific)
for 2 d. The Iscove’s Modified Dulbecco’s Media containing secreted
PAP-I-Myc-His was collected for protein purification using Ni NTA
purification system (Thermo Fisher Scientific). The buffer of purified
PAP-I-Myc-His was changed to 1� PBS using Amicon Ultra-4 10K cen-
trifugal filters (Merck Millipore). The protein solution was then diluted
to 1 mg/ml and stored under �70°C for later use. To denature PAP-I-
Myc-His, the protein was boiled at 100°C for 10 min.

COS7 cells were maintained in DMEM supplemented with 10% FBS
and antibiotics. The transient transfection was accomplished using Lipo-
fectamine 2000 reagent (Thermo Fisher Scientific) and 1– 4 �g plasmids.
AR-42J cells were maintained in Ham’s F12K medium (Thermo Fisher
Scientific) supplemented with 20% FBS and antibiotics. The cells were
cultured for 24 – 48 h for further experiments.

Primary spinal microglia culture and Boyden chamber assay. The pro-
tocol used for primary spinal microglia culture was modified from that of
several reports (Silva et al., 1998; Kim et al., 2010; Witting and Möller,
2011). P14 male rats were killed, and the spinal cords were dissected,
minced, and sieved. The mixed cells were cultured in DMEM (Thermo
Fisher Scientific) with 10% FBS (Biochrom) and 10% horse serum
(Thermo Fisher Scientific) in poly-D-lysine (Millipore Sigma)-coated
flasks for 14 –21 d at 37°C, under 5% CO2. Primary spinal microglia were
resuspended by gently shaking the flasks and then harvested for further
assays. The primary microglia were cultured at 37°C, under 5% CO2 in
the following processes.

For morphological analysis, primary spinal microglia were cultured in
DMEM in poly-D-lysine-coated dish. After 30 min, the culture medium
was replaced to remove cell debris and other types of cells. The relatively

purified spinal microglia were cultured for 24 h, and then PAP-I-Myc-
His or other drugs were added. The cells were cultured for 48 h before
immunocytochemistry assay.

Boyden chamber assay was modified from previous reports (Bianchi et
al., 2011; Jeon et al., 2012). Briefly, the primary spinal microglia were
cultured in Macrophage-SFM (Thermo Fisher Scientific) for at least 48 h
and resuspended at a density of 2 � 10 5 cells/ml. After 200 �l Macro-
phage-SFM was loaded into the lower well of Boyden chamber (Neuro
Probe), a filter membrane with 8 �m pore (Neuro Probe) was placed on
the liquid surface. Then, 200 �l Macrophage-SFM containing 4 � 10 4

cells was filled into the upper well. The cells were cultured for 7 h to
migrate through the membrane from the upper surface to the lower side.
For drug treatment, PAP-I-Myc-His was added in the lower well while
the inhibitors were added into both upper and lower wells. A cotton swab
was used to wipe the unmigrated cells on the upper surface of the mem-
brane, and then the membrane was fixed with 4% PFA and stained with
hematoxylin. Neurolucida fluorescent microscope (Nikon) was used to
acquire the images. The number of migrated microglia was calculated
manually using Image-Pro Plus 6.0 software (Media Cybernetics).

FACS. The protocol used for generating microglia single-cell suspen-
sion was modified according to earlier report (Hammond et al., 2019).
Briefly, the SNI day 7 and sham control rats were killed, and then L4 – 6
spinal cord was dissected. Next, tissue samples were dissociated using
Dounce homogenizer; the cell suspension was filtered by the Falcon tube
with cell strainer cap (Corning). The cells were resuspended in DMEM
with 20% Percoll (Yeasen Biotech) and spun down for 30 min to collect
the pellet using sorting buffer (0.5% BSA, 1 mM EDTA, in 1 � PBS). All
samples were resuspended in sorting buffer containing Cd11b antibody
(1:20, CBL1512, Millipore) at 4°C for 1 h, followed by 45 min incubation
at 4°C with secondary antibody conjugated with Cy3 (1:10, Jackson Im-
munoResearch Laboratories). Microglia were sorted using MA900 (Sony
Biotechnology) and then centrifuged for 10 min. Sorted microglia were
harvested for further quantitative PCR.

RNA extraction and PCR. The method of single-cell PCR was described
previously (Li et al., 2016). The single cultured microglia were aspirated
into a glass pipette and gently transferred into lysis buffer; then reverse
transcription was performed using a SMARTer Ultra Low RNA Kit
(Clontech) directly in the cell lysate. The single-cell cDNA was amplified
using an Advantage 2 PCR Kit (Clontech), and the molecular expression
was detected using following primers: 5�-GCCAGAGCAAGGATTTGC
AG-3� and 5�-GACCAGTTGGCTTCTGGTGT-3� for Iba1 (405 bp), and
5�-ATCCTGCCCCCACTCTACTC-3� and 5�-AGGGCCACAAGTATG
CTGAT-3� for CCR2 (447 bp).

The total RNA of sorted microglia was extracted using TRIzol reagent
(Thermo Fisher Scientific) and then reverse transcribed, followed by
amplification. Quantitative PCR was performed using Hieff qPCR SYBR
Green Master Mix (Yeasen Biotech). The molecular expression was de-
tected using the following primers: 5�-AGTGTGAAGCAAATTGGAGC
TTG-3� and 5�-AGTGAGCCCAGAATGGGAGT-3� for CCR2 (196 bp),
and5�-GGCAAGTTCAACGGCACAG-3�and5�-CGCCAGTAGACTCC
ACGAC-3� for Gapdh (142 bp).

The spinal cords were homogenized, and the total RNA was extracted
using TRIzol reagent. Then, 1 �g RNA was reverse transcribed to cDNA
using the superscript III reverse transcriptase (Thermo Fisher Scientific).
Semiquantitative PCR was performed using 2 � Taq Plus Master Mix
(Vazyme) and Veriti Thermal Cycler (Applied Biosystems). The molec-
ular expression was detected using following primers: 5�-ATCTCTG
CAAGACAGCTAAGGA-3� and 5�-TCTTGACAAGCTGCCACAGA
AT-3� for Reg3b (501 bp), and 5�-CCCAGAACATCATCCCTGCAT-3�
and 5�-GCATGTCAGATCCACAACGGA-3� for Gapdh (134 bp). The
bands of PCR samples after electrophoresis were captured by Tanon 1600
(Tanon). The bands were quantified using ImageJ 1.47 software.

Prediction of protein–protein interactions based on a machine learning
method. A sequence-based machine learning method (Shen et al., 2007;
Liu and Chen, 2012) was adopted to predict the interacting membrane
proteins with PAP-I and PAP-II. Totally, 16,456 protein–protein inter-
actions in 4382 rat proteins were used for training a random forest
classifier. In which, 8228 experimentally validated protein–protein inter-
actions were collected from six databases as positive samples. The same
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number of negative samples was generated by randomly pairwise cou-
pling. For each interaction, the primary sequences of two interacting
proteins were encoded into a 686-dimension feature vector by trans-
forming the frequency of amino acid conjoint triads. After training and
accuracy evaluation, the predictor was used to screen 5200 membrane
proteins in rats for identifying the interactors of PAP-I and PAP-II.
Among them, 79 and 231 membrane proteins were predicted to be the
partners of PAP-I and PAP-II, respectively, and 71 membrane proteins
were predicted to interact with both PAP-I and PAP-II.

Coimmunoprecipitation and immunoblotting. Tissue samples or cul-
tured cells were homogenized in RIPA buffer (150 mM NaCl, 30 mM

HEPES, 10 mM NaF, 1% Triton X-100, and 0.01% SDS) with protease
inhibitors (1 mM PMSF, 10 mg/ml aprotinin, 1 mg/ml pepstatin, and 1
mg/ml leupeptin). The cell supernatants were incubated with Myc anti-
bodies (Millipore Sigma), and the tissue supernatants were incubated
with IgG or CCR2 antibodies (Abcam) overnight at 4°C. The immuno-
precipitates and 7.5% total lysates were performed for immunoblotting.
The samples were denatured and loaded for SDS-PAGE, and then trans-
ferred to nitrocellulose membrane. Primary antibody was applied over-
night at 4°C, and secondary antibodies were applied for 1 h at room
temperature. The specific protein bands were visualized with chemilu-
minescence. The primary antibodies include that against PAP-I (1:1000,
AF1996, R&D Systems), GAPDH (1:400,000, ab8245, Abcam), actin (1:
6000, MAB1501, Millipore Bioscience Research Reagents), Myc (1:1000,
self-made), HA (1:2000, H9658, Millipore Sigma), CCR2 (1:1000,
ab32144, Abcam), p38 (1:1000, 9212, Cell Signaling Technology),
phopspho-p38 (P-p38, 1:1000, 9211S, CST), protein kinase B (Akt,
1:1000, 4631S, Abcam), and phopspho-Akt (P-Akt, 1:1000, 4051S, CST).
The immunoreactive bands were quantified from 3 independent exper-
iments using ImageJ 1.47 software (National Institutes of Health).

Electrophysiological recording. L4 – 6 DRGs of Sprague Dawley rats
were dissected and digested with 1 mg/ml collagenase, 0.4 mg/ml trypsin,
and 0.1 mg/ml DNase in DMEM for 30 min at 37°C. After trituration,
freshly dissociated cells were plated onto coverslips at room temperature,
and patch-clamp recording was performed within 6 h. Patch pipettes
with 3–5 M� resistance were filled with solution containing 135 mM

K-gluconate, 0.5 mM CaCl2, 2 mM MgCl2, 5 mM KCl, 5 mM EGTA, 5 mM

HEPES, and 5 mM D-glucose, adjusted to pH 7.4 with KOH. The extra-
cellular solution contained 150 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM

MgCl2, and 10 mM HEPES, adjusted to pH 7.4 with NaOH. Whole-cell
current-clamp recording was conducted with an AxonPatch-700B am-
plifier in voltage-clamp mode with a holding potential of �70 mV and
then performed after switching to current-clamp mode. Only the cells
with stable resting potentials ��40 mV were used. The data were filtered
at 5 kHz and digitized at 20 kHz. The recording chamber was continu-
ously perfused with fresh extracellular solution at a flow rate of 2 ml/min.
Cells were immersed in vehicle, PAP-I, or high K � (40 mM) solution
puffed from a drug delivery system for 30 min. The neuronal excitability
was evoked by 1000-ms-long suprathreshold pulses from 0 to 500 pA in
increments of 50 pA. To minimize the possibility that the response of glial
cells to PAP-I during incubation might affect the neuronal excitability,
the injecting pipette of the drug delivery system was placed �1 mm
upstream to the recording cell.

Drug treatment. Minocycline (Selleck) was dissolved in PBS, whereas
VX-702 (Selleck) and RS 504393 (Millipore Sigma) were dissolved in
DMSO (Millipore Sigma). For morphological assay and Boyden cham-
ber assay, primary microglia were incubated with 200 nM VX-702 (0.4%
DMSO) or 700 nM RS 504393 (0.7‰ DMSO). For intrathecal injection,
25 �l minocycline (2 �g/�l) mixed with either 2.5 �l PAP-I-Myc-His (1
�g/�l) or same volume of vehicle was administered via lumber puncture.
The 2.5 �l RS 504393 (1 �g/�l) mixed with either 2.5 �l PAP-I-Myc-His
(1 �g/�l) or same amount of vehicle was further mixed with 22.5 �l PBS
and administered via lumber puncture, and the final concentration of
DMSO is 9.1%. For intraplantar injection, 5 �l PAP-I-Myc-His (1 �g/�l)
or same amount of vehicle was injected subcutaneously in the hindpaw at
the site for subsequent von Frey test or radiant heat test.

Experimental design and statistical analysis. Data are presented as
mean 	 SEM. Sample number (n) values are indicated in the figure
legends. Statistical analysis was performed using Prism 4 (GraphPad

Software). Two groups of data were compared using two-tailed, paired,
or unpaired Student’s t tests. For behavioral tests, two different time
curves were compared using two-way ANOVA followed by the test of
post hoc Bonferroni’s multiple comparisons.

Results
PAP-I is de novo expressed in DRG neurons and transported
to the spinal dorsal horn after SNI
Previous studies showed that the mRNA of PAP-I was present in
rat DRG after peripheral nerve injury (Costigan et al., 2002;
LaCroix-Fralish et al., 2011). We analyzed the protein level of
PAP-I in the DRG of rat SNI model. Immunoblotting showed
that the level of PAP-I in DRG was increased as soon as 2 d after
SNI (t 
 8.175, df 
 2, p 
 0.0146), reached peak level between
day 7 (t 
 179.500, df 
 2, p � 0.0001) and day 14 (t 
 4.841,
df 
 2, p 
 0.0401), then went through a gradual decline (Fig. 1A;
day 28, t 
 4.447, df 
 2, p 
 0.0470; day 43, t 
 2.058, df 
 2, p 

0.1758). Interestingly, immunostaining showed that PAP-I was
not expressed by a certain subpopulation of DRG neurons. Un-
der naive condition, PAP-I was only expressed by few small DRG
neurons; whereas after SNI, PAP-I expression was upregulated in
large neurons at SNI day 14 (Fig. 1B–D). However, PAP-I-
positive (PAP-I�) neurons began to shift from large to small
DRG neurons at SNI day 43 (Fig. 1B–D). Double-immunosta-
ining detected that, under naive condition, PAP-I was expressed
in 0.22 	 0.10% of total DRG neurons that were all peripherin�,
indicating them to be small DRG neurons (Fig. 1B,C). Fourteen
days after SNI, 0.49 	 0.15% of DRG neurons were PAP-I�/
peripherin�, whereas 3.0 	 0.36% of DRG neurons were PAP-
I�/S100�� (Fig. 1B,C). S100� is a marker for large DRG
neurons. Forty-three days after SNI, 2.45 	 0.59% of DRG neu-
rons were PAP-I�/peripherin� small neurons, whereas 1.67 	
0.22% of DRG neurons were PAP-I�/S100�� large neurons
(Fig. 1B,C). In addition, ISH and semiquantitative PCR result
showed that the PAP-I mRNA was almost absent in the spinal
dorsal horn after nerve injury, excluding the possibility that
PAP-I was expressed by cells in the spinal dorsal horn (Fig. 1E,F).
Thus, peripheral nerve injury triggers the de novo expression of
PAP-I only in DRG neurons, the sizes of which shift from small to
large and back to small ones.

Since PAP-I was a secretory protein that could be transported
to the nerve terminals, we examined the distribution of PAP-I in
the peripheral and central fibers of DRG neurons. To observe the
transport direction of PAP-I clearly, we ligated the dorsal root
and the sciatic nerve to detect the accumulation of PAP-I. Immu-
nostaining showed that, 7 d after SNI, PAP-I accumulated at the
ligation sites of both the L4 –5 dorsal roots (t 
 5.735, df 
 13,
p � 0.0001) and the sciatic nerves (t 
 7.221, df 
 7, p 
 0.0002)
on the side proximal to DRGs, whereas it was scarcely observable
in intact rats (Fig. 2A,B). We also observed the trafficking direc-
tion of PAP-I 2 d after intraplantar injection of CFA, for PAP-I
was also reported to be upregulated in DRG neurons in this
model (Averill et al., 2008). Interestingly, in the CFA model,
PAP-I was abundant in the sciatic nerve (t 
 7.691, df 
 7, p 

0.0001), but was scarcely detected in the dorsal root (Fig. 2A,B).
In addition, triple immunostaining showed that the axons con-
taining PAP-I belonged to large DRG neurons expressing neuro-
filament 200 (NF200) after SNI, whereas in CFA model, the axons
belonged to small DRG neurons expressing P2X3 receptors (Fig.
2C). Distribution of PAP-I in NF200� fibers may represent an
increased transportation of PAP-I to the deep layers of spinal
dorsal horn. However, immunostaining did not detect the PAP-I
signals in spinal dorsal horn. PAP-I may be immediately secreted
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in the nerve terminals of spinal dorsal horn and the amount of
PAP-I is relatively low. Together, PAP-I is largely transported via
afferent fibers to the spinal dorsal horn only after peripheral
nerve injury.

PAP-I in the spinal cord induces hyperalgesia
To examine the function of PAP-I in the spinal dorsal horn, we
intrathecally injected the recombinant PAP-I-Myc-His purified
from the culture medium of HEK293 cells expressing this protein
(Fig. 3A) into naive rats. Intrathecal application of 2.5 �g PAP-I-
Myc-His per rat induced thermal (F(1,84) 
 5.723, p 
 0.0190)

and mechanical hyperalgesia (F(1,48) 
 7.197, p 
 0.0100; 3 h, t 

3.514, df 
 8, p 
 0.0079; 4 h, t 
 3.182, df 
 8, p 
 0.0130) in
naive rats as well as enhanced the Phase II nociceptive behav-
ior (t 
 2.553, df 
 12, p 
 0.0253) induced by formalin
injection (F(1,24) 
 7.893, p 
 0.0097) (Fig. 3B–E). On the con-
trary, intrathecal injection of the same amount of denatured
PAP-I-Myc-His did not affect nociceptive thresholds and the
formalin-induced nociceptive behavior in rats, indicating the
specificity of PAP-I-Myc-His effect (Fig. 3F–I) (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) 
 0.157, p 
 0.6932; Fig. 3I; Phase I, t 
 0.682, df 
 6, p 


Figure 1. The expression pattern of PAP-I in rat DRG neurons after SNI. A, Immunoblotting showed the upregulation of PAP-I in L4 –5 DRGs at different time points (2, 7, 14, 28, 43 d) after SNI
(left lane). The quantitative analysis was based on 3 independent experiments. Each sample for immunoblotting was taken from 2 rats. The data were normalized to day 7 (right lane) and shown
as mean 	 SEM. *p � 0.05 versus SNI day 0. ***p � 0.001 versus SNI day 0. B, Immunostaining showed that the size of DRG neurons expressing PAP-I (red) after SNI shifted from small
(peripherin �, green) to large (S100� �, green) and back to small ones. White arrows indicate PAP-I � cells. Scale bar, 100 �m. C, Percentage of PAP-I � neurons coexpressing peripherin or S100�
before and after SNI. Data are mean 	 SEM. D, Histogram showing the size changes of DRG neurons expressing PAP-I before (n 
 28) and after SNI (n 
 143 for SNI day 14 and n 
 95 for SNI day
43). E, ISH showed the absence of PAP-I mRNA (Reg3b) in ipsilateral (Ipsi) and contralateral (Con) spinal dorsal horn (DH), and the upregulation of DRG neurons, respectively. Scale bar, 200 �m. F,
RT-PCR showed that the level of Reg3b was almost absent in the spinal dorsal horn compared with that in the DRG at SNI day 14 and day 43. Data were from 3 independent experiments. The data
of Reg3b were normalized with GAPDH mRNA (Gapdh), and then the level in spinal dorsal horn was normalized to that in the DRG. Data are mean 	 SEM.
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0.5207; Phase II, t 
 0.141, df 
 6, p 

0.8929). Therefore, PAP-I is pronocicep-
tive in the spinal cord.

As PAP-I was also transported to the
peripheral tissues, we further studied
whether peripherally applied PAP-I-Myc-
His could also induce hyperalgesia in
naive rats. The behavior results showed
that, unlike intrathecal injection, intra-
plantar injection of 5 �g PAP-I-Myc-
His did not cause thermal (F(1,72) 
 0.123,
p 
 0.7269) or mechanical hyperalgesia
(F(1,78) 
 0.989, p 
 0.3231) (Fig. 3 J,K).
Together, PAP-I has a distinct pronocice-
ptive effect only in the spinal cord but not
in the periphery.

PAP-I in the spinal cord participates in
the maintenance of neuropathic pain
To verify whether the upregulation of
PAP-I plays a role in neuropathic pain, we
constructed the PAP-I gene KO rat. A
DNA fragment, including exons 3 and 4 of
PAP-I-encoding gene Reg3b, was deleted
(Reg3b� / �) using CRISPR/Cas9, so that
most of the protein-coding sequence was
missing (Fig. 4A). Immunoblotting com-
bined with immunohistochemistry con-
firmed that PAP-I was totally absent in the
DRG neurons of these rats after peripheral
nerve injury (Fig. 4B,C), suggesting suc-
cessful KO of PAP-I in rats. Since the aug-
ment of PAP-II in injured DRG neurons
was reported previously (He et al., 2010),
loss of PAP-I staining in KO rats also im-
plied the absence of cross-reaction of
PAP-I antibody against PAP-II. Immuno-
blotting confirmed that PAP-I antibody
did not cross-react with PAP-II in
HEK293 cells expressing PAP-II-myc-his
(Fig. 4D), further supporting the excellent
specificity of PAP-I antibody.

We first analyzed the behavior of
Reg3b�/� rats and their WT littermates un-
der normal condition. The body weight of Reg3b�/� rats was similar
to their littermates (t 
 0.333, df 
 9, p 
 0.7466); thus, the
overall development and metabolism should be normal (Fig. 4E).
The basal nociceptive thresholds (t 
 0.649, df 
 33, p 
 0.5209)
and motor function (F(1,39) 
 0.008, p 
 0.9309) of Reg3b�/� rats
were also similar with that of their WT littermates (Fig. 4F,G),
indicating that the lack of transient embryonic PAP-I expression
in DRG neurons and motor neurons (Nishimune et al., 2000)
does not affect neural circuit development.

Next, we analyzed the nociceptive behaviors of Reg3b�/� rats
under chronic pain condition. After SNI, Reg3b�/� rats and their
WT littermates both developed tactile allodynia within the first
week (Fig. 4G). However, as soon as SNI day 14, the tactile allo-
dynia in Reg3b�/� rats was alleviated, whereas it was maintained
at a severe extent in their WT littermates (Fig. 4G). This differ-
ence reached statistical significance at day 43 (F(1,189) 
 14.410,
p 
 0.0002; day 43, t 
 2.762, df 
 24, p 
 0.0108) (Fig. 4G).
Furthermore, an intrathecal injection of specific antibody against
PAP-I into SNI model rats was applied to examine the effect of

acute PAP-I deficiency. In accordance with the behavior results of
Reg3b�/� rats, blocking PAP-I with the antibody at SNI day 7 had
no pain-relieving effect (F(1,60) 
 0.902, p 
 0.3461), whereas a
very prominent antinociceptive effect was observed at SNI day 28
(F(1,54) 
 11.190, p 
 0.0015) (Fig. 4H, I). The alleviation of
mechanical allodynia was most significant at �2–3.5 h (2 h, t 

3.999, df 
 9, p 
 0.0031; 3.5 h, t 
 2.716, df 
 9, p 
 0.0238)
after the antibody injection (Fig. 4I). Therefore, the results ob-
tained from both Reg3b�/� rats and PAP-I antibody treatment
indicate that, after SNI, PAP-I is not necessary in the initiation
of tactile allodynia but is a major factor for its long-term
maintenance.

Since PAP-I was also upregulated in DRG neurons after pe-
ripheral inflammation induced by CFA, the behavioral tests were
performed on Reg3b�/� rats in a CFA-induced inflammation
model. In contrast with SNI, the absence of PAP-I had no detect-
able effect upon CFA-induced mechanical hyperalgesia (Fig. 4J;
F(1,125) 
 0.275, p 
 0.6006). This result suggests that PAP-I
transported to the peripheral nerves is not crucial for the forma-

Figure 2. PAP-I is differently transported to the dorsal root and the sciatic nerve in inflammatory and nerve injury models. A, B,
Immunostaining after dorsal root (L4 –5) and sciatic nerve ligation showed that PAP-I was rarely present along DRG axons in naive
rats but was accumulated at the ligation points of the sciatic nerve in CFA day 2 rats and of the dorsal root and sciatic nerve in SNI
day 7 rats. Scale bar: A, 500 �m. B, The PAP-I � fiber area was measured for quantitative analysis (n � 4). ***p � 0.001 versus
naive rats. Data are mean 	 SEM. C, Immunostaining showed that PAP-I was colocalized with NF200 � fibers (A� fibers) in the
dorsal root of rats at SNI day 7 and with P2X3 � fibers (C fibers) in the sciatic nerve of rats at CFA day 2. Scale bar, 50 �m.
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tion of hypersensitivity, and further supports that PAP-I trans-
ported to the spinal cord participates in the maintenance of
neuropathic pain.

PAP-I activates the spinal microglia
Previous studies report that some members of the PAP family are
able to activate and attract peripheral macrophage (Namikawa et
al., 2005; Viterbo et al., 2008; Lörchner et al., 2015). Considering
the similarities between macrophage and microglia, we assumed
microglia to be the potential target of PAP-I in the dorsal horn of

spinal cord. To verify this hypothesis, we cultured primary mi-
croglia from rat spinal cord at P14, and stimulated the cells with
PAP-I-Myc-His, while the endotoxin lipopolysaccharide (LPS)-
induced inflammatory reaction was used as positive control. Im-
munostaining with F-actin and ED1, a microglial marker,
showed that the cell bodies of microglia were expanded after 48 h
treatment of 500 ng/ml PAP-I-Myc-His (t 
 4.442, df 
 3, p 

0.0212), which was comparable with that induced by 50 ng/ml
LPS (t 
 9.006, df 
 3, p 
 0.0029) (Fig. 5A,B), suggesting that
microglia underwent a robust metamorphosis in response to the

Figure 3. Central but not peripheral injection of PAP-I induces hyperalgesia. A, Recombinant PAP-I-Myc-His was secreted by HEK293 cells into culture medium, from which it was concentrated
and purified. B, C, Intrathecal (i.t.) injection of PAP-I-Myc-His (P, 2.5 �g/rat) induced a transient thermal (B, n 
 8) and mechanical (C, n 
 6) hyperalgesia in rats. The same amount of vehicle was
used as control. D, E, PAP-I-Myc-His (2.5 �g/rat) was intrathecally injected into rats 30 min before intraplantar injection of 1% formalin. PAP-I-Myc-His promoted the nociceptive response,
especially the Phase II (10 – 60 min) in formalin test (n 
 10). F–I, PAP-I-Myc-His was boiled at 100°C for 10 min to be denatured. Boiled PAP-I-Myc-His (Boiled P, 2.5 �g/rat) was intrathecally
injected into normal Sprague Dawley rats for radiant heat test (F ), von Frey test (G), and formalin test (H,I ). The same amount of vehicle was used as control. In radiant heat test: n 
 6 for boiled
PAP-I-Myc-His and n 
 6 for vehicle. In von Frey test: n 
 8 for boiled PAP-I-Myc-His and n 
 8 for vehicle. In formalin test: n 
 5 for boiled PAP-I-Myc-His and n 
 3 for vehicle. J, Intraplantar
(i.pl.) injection of 5 �g PAP-I-Myc-His (n 
 7) did not affect thermal nociception in the radiant heat test. Vehicle was used as control (n 
 7). K, Intraplantar injection of PAP-I-Myc-His (n 
 7) did
not affect mechanical nociception in von Frey test. Vehicle was used as control (n 
 8). Comparison between two curves (two-way ANOVA): *p � 0.05; **p � 0.01. *p � 0.05 versus vehicle. **p �
0.01 versus vehicle. n.s., not significant. Data are mean 	 SEM.
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PAP-I stimulation. Moreover, we used Boyden chamber (Fig. 5C)
to test whether PAP-I had a chemotactic effect upon spinal mi-
croglia. The number of migrated microglia was increased mark-
edly in the chamber containing 50 ng/ml (t 
 6.841, df 
 2, p 

0.0207) or 100 ng/ml (t 
 4.868, df 
 7, p 
 0.0018) PAP-I-Myc-
His (Fig. 5D,E). Thus, PAP-I directly activates spinal microglia.

To examine whether PAP-I directly sensitized DRG neurons,
we did whole-cell patch-clamp recording on acutely dissociated
DRG neurons. PAP-I-Myc-His was closely applied to one single
neuron at a time to avoid the indirect effect of other cells (Fig.
5F). Whole-cell patch-clamp recording showed that the number
of action potentials in response to the ramp stimulation was not
increased after 30 min application of 500 ng/ml PAP-I-Myc-His
to the DRG neurons from either naive rats or SNI rats (Fig.
5G,H). Interestingly, 500 ng/ml PAP-I-Myc-His even inhibited
the activity of DRG neurons from SNI day 7 (t 
 2.300, df 
 22,
p 
 0.0313) rats (Fig. 5G,H). In addition, the drug delivering
efficiency upon DRG neurons was similar between the perfusion
system and direct incubation by comparing the neuronal ac-
tivity induced by high potassium chloride (KCl) (Fig. 5I; t 

1.243, df 
 16, p 
 0.2316). These results exclude the possi-
bility that PAP-I directly sensitizes DRG neurons after periph-
eral nerve injury.

The effect of PAP-I on microglia was then examined in the
spinal dorsal horn. The status of spinal microglia was analyzed 3 h
after intrathecal injection with 2.5 �g PAP-I-Myc-His. Immuno-
staining showed that both the total area (t 
 4.188, df 
 45, p 

0.0001) and intensity of Iba1 (t 
 4.722, df 
 45, p � 0.0001), a
marker of spinal microglia, in the dorsal horn of L4 – 6 spinal

cord, were distinctively increased, indicating a more active state
of microglia (Fig. 6A,B). On the other hand, we immunostained
the L4 – 6 spinal cord of Reg3b�/� rats at SNI day 43. The projec-
tion area of injured DRG neurons was marked by the disappear-
ance of IB4 signal in the ipsilateral dorsal horn of spinal cord, and
the border of lamina II was marked by protein kinase C gamma
(Fig. 6C). Significantly, the total area and total intensity of Iba1
signal in the injured area of lamina I-II and III-V of ipsilateral
dorsal horn were increased compared with those in the symmet-
rical area of the contralateral side in WT rats (Fig. 6C–E), indi-
cating a robust microglial activation induced by nerve injury.
Importantly, the activation of spinal microglia after SNI was im-
paired in Reg3b�/� rats (lamina I-II, Iba1 area ratio, t 
 5.825,
df 
 12, p � 0.0001; Iba1 signal ratio, t 
 4.989, df 
 12, p 

0.0003; lamina III-V, Iba1 area ratio, t 
 2.365, df 
 12, p 

0.0357; Iba1 signal ratio, t 
 2.482, df 
 12, p 
 0.0289) (Fig.
6C–E). These results suggest that PAP-I is necessary for micro-
glial activation in the spinal dorsal horn after peripheral nerve
injury.

Microglia activation is required for the pronociceptive effect
of PAP-I
Based on above evidence showing an activation of spinal micro-
glia by PAP-I, we tested whether the spinal microglia were the
major target cells required for the pronociceptive effect of PAP-I.
Minocycline, an inhibitor of microglia (Tikka et al., 2001; Hua et
al., 2005), was intrathecally injected together with PAP-I-Myc-
His to inhibit the activation of spinal microglia. Behavioral tests
showed that intrathecal application of 50 �g minocycline almost

Figure 4. PAP-I is required for the formation of tactile allodynia after SNI. A, Schematic diagram showing the construction of Reg3b�/� rat. A DNA segment, including exons 3 and 4 of Reg3b
gene, was deleted using CRISPR/Cas9. B, Immunoblotting showed the absence of PAP-I protein in the DRGs of Reg3b�/� rat (�/�), compared with WT littermates 7 d after axotomy of the sciatic
nerve. C, Immunostaining showed the absence of PAP-I protein in Reg3b�/� rat at SNI day 14. A WT littermate was used as positive control. Scale bar, 100 �m. D, Immunoblotting showed the
specificity of PAP-I antibody, which could not cross-react with PAP-II in HEK293 cells expressing PAP-II-myc-his. E, The weight of adult Reg3b�/� rats (n 
 6) and their WT littermates (n 
 5). F,
Rotarod test of adult Reg3b�/� rats (n 
 8) and their WT littermates (n 
 7). G, The tactile allodynia was gradually alleviated after SNI in Reg3b�/� rat (n 
 19), compared with their WT
littermates (n 
 16). H, I, The effects of intrathecal (i.t.) injection of PAP-I antibody (Ab, 1 �g/rat) upon tactile allodynia after SNI. The antibody displayed no effect 7 d after SNI (H, n 
 7) but
significantly alleviated tactile allodynia 28 d after SNI (I, n 
 6). Boiled antibody (Boiled Ab) was used as control (n 
 6). J, The CFA-induced thermal hyperalgesia was not affected in adult
Reg3b�/� rats (n 
 16), compared with their WT littermates (n 
 11). Comparison between two curves (two-way ANOVA): **p � 0.01; ***p � 0.001. *p � 0.05 versus WT or boiled antibody.
**p � 0.01 versus WT or boiled antibody. n.s., not significant. Data are mean 	 SEM.
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completely blocked the thermal (F(1,144)


 5.604, p 
 0.0193) and mechanical hy-
peralgesia (F(1,114) 
 11.480, p 
 0.0010;
2 h, t 
 2.625, df 
 20, p 
 0.0162; 3 h, t 

3.076, df 
 20, p 
 0.0060) induced by 2.5
�g PAP-I-Myc-His (Fig. 7A,B). In the
formalin test, intrathecal injection of 50
�g minocycline also completely blocked
the enhancement of Phase II nociceptive
response (Phase II, vehicle vs P, t 
 2.899,
df 
 14, p 
 0.0117; P vs P � Mino, t 

3.392, df 
 13, p 
 0.0048) induced by 2.5
�g PAP-I-Myc-His, making the level
comparable with that of vehicle group (P
vs P � Mino, F(1,13) 
 14.730, p 
 0.0021;
25 min, t 
 4.508, df 
 13, p 
 0.0006; 30
min, t 
 2.465, df 
 13, p 
 0.0284; 35
min, t 
 2.336, df 
 13, p 
 0.0362;
55 min, t 
 2.715, df 
 13, p 
 0.0177)
(Fig. 7C,D). Thus, PAP-I induces hyperal-
gesia mainly through activating microglia
in the spinal cord.

CCR2-p38 MAPK pathway mediates the
effect of PAP-I
Finally, we explored the molecular mech-
anism underlying the activation of spinal
microglia by PAP-I. Secretory proteins
usually display functions via affecting their
interacting proteins on the cell membrane.
Although two interacting proteins of PAP
family have been reported, functional anal-
ysis is still needed to verify their interac-
tions and identify downstream pathways
(Kobayashi et al., 2000; Acquatella-Tran
Van Ba et al., 2012). In the present study, a
sequence-based machine learning method
was adopted to predict the interacting
membrane proteins with PAP-I. Among
them, the 9 proteins in the top rank all
belonged to chemokine receptor family
(Fig. 8A). Although CCR6 had the highest
score, its expression was low in spinal mi-
croglia and its relationship with pain was
hardly reported (Hickman et al., 2013).
On the other hand, CCR2 seemed more
promising because previous studies re-
ported that CCR2 was expressed in the
spinal microglia and participated in
chronic pain (Abbadie et al., 2003; Abba-
die, 2005; Zhang et al., 2007).

Next, we used different approaches to
verify the candidate. The single-cell PCR
and immunoprecipitation from purified
cultured primary microglia showed the
expression of CCR2 mRNA and protein in
microglia (Fig. 8B,C), which was consis-
tent with previous microglia RNA-seq
data (Hickman et al., 2013; Bennett et al.,
2016). Coimmunoprecipitation experi-
ments detected an interaction between
PAP-I and CCR2 in the COS7 cells ex-
ogenously coexpressing PAP-I-HA and

Figure 5. PAP-I activates cultured primary spinal microglia but not DRG neurons. A, B, PAP-I-Myc-His (500 ng/ml) induced the
enlargement of cell area similar to LPS (50 ng/ml) in cultured primary spinal microglia. Primary spinal microglia were cultured with
PAP-I-Myc-His (500 ng/ml) or LPS (50 ng/ml) for 48 h and then stained with ED1 (green) and phalloidin-labeled F-actin (red). The
F-actin signal was used to outline the cells. Scale bar, 50 �m. The area of each cell was measured for quantitative analysis. B, Data
were from 4 independent experiments, and every group in each experiment includes 100 –500 cells. C–E, PAP-I-Myc-His caused
chemotaxis of cultured primary spinal microglia in the Boyden chamber assay. C, Schematic diagram shows the Boyden chamber
structure and drug treatment. D, The migrated microglia on the lower membrane were stained with hematoxylin. Red arrows
indicate the migrated cells. Black circles represent membrane pores. Scale bar, 50 �m. The number of cells migrated under
different concentrations of PAP-I-Myc-His were calculated and normalized to vehicle group (E, n 
 3). F, Schematic diagram
showing the drug administration system used for whole-cell patch-clamp recording. G, H, Schematic diagram showing the ramp
current stimulation (duration: 1 s, �I 
 100 pA for naive rats and �I 
 150 pA for SNI rats) and examples of membrane potential
traces in response to the vehicle or 500 ng/ml PAP-I-Myc-His (G). H, The number of induced spikes generated by PAP-I-Myc-His was
not increased. In the naive group: n
10 for vehicle (V) and n
12 for PAP-I-Myc-His (P). In the SNI day 7 group: n
13 for vehicle
and n 
 11 for PAP-I-Myc-His. In the SNI day 28 group: n 
 16 for vehicle and n 
 14 for PAP-I-Myc-His. I, High K � solution (KCl)
and extracellular solution (ECS) were either incubated with DRG neurons (n 
 11) or applied to DRG neurons using the perfusion
system (n 
 7) to verify the efficiency of the perfusion system. *p � 0.05 versus vehicle. **p � 0.01 versus vehicle. n.s., not
significant. Data are mean 	 SEM.
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Myc-CCR2, and in the rat pancreas-
derived AR-42J cells endogenously ex-
pressing these two proteins (Fig. 8D,E).
Previous study reported that p38 mitogen-
activated protein kinase (p38 MAPK) was
an important downstream pathway of
CCR2 in the microglia activation (Abba-
die et al., 2003). Consistently, immuno-
blotting showed that the phosphorylation
level of p38 MAPK in cultured primary
microglia was increased as soon as 30 min
after 500 ng/ml PAP-I application (t 

18.500, df 
 2, p 
 0.0029) (Fig. 8F,G).
Blocking this pathway using 200 nM VX-
702 completely inhibited the morpholog-
ical change (vehicle vs PAP-I, t 
 2.900,
df 
 6, p 
 0.0273; PAP-I vs VX-702, t 

3.651, df 
 5, p 
 0.0147) and chemotaxis
(PAP-I vs VX-702, t 
 3.890, df 
 6, p 

0.0081) of spinal microglia induced by
PAP-I-Myc-His (Fig. 8H, I). Similarly,
application of 700 nM RS 504393, a CCR2
inhibitor, also completely blocked PAP-I-
Myc-His-induced morphological change
(PAP-I vs RS 504393, t 
 3.875, df 
 5,
p 
 0.0117) of spinal microglia (Fig.
8H, I). Therefore, the stimulating effect
of PAP-I upon the spinal microglia could
be mainly via the CCR2-p38 MAPK
pathway.

Furthermore, we examined the role of
CCR2 in PAP-I-induced hyperalgesia.
First, we detected whether nerve injury al-
tered the CCR2 expression in microglia.
From isolated spinal microglia using
FACS, quantitative PCR showed that the
level of CCR2 mRNA was not remarkably
changed in SNI day 7 rats (Fig. 8J; t 

2.150, df 
 3, p 
 0.1207). However, in-
trathecal injection of 25 �g RS 504393
completely blocked the thermal (P �
DMSO vs P � RS 504393, F(1,144) 

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; 4 h, t 
 3.741, df 
 24, p 
 0.0010)
and mechanical hyperalgesia (P �
DMSO vs P � 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, df 
 14,
p 
 0.0074) induced by 2.5 �g PAP-I-
Myc-His while having little effect upon
rats injected with vehicle (Fig. 8 K, L). In
the formalin test, intrathecal injection
of RS 504393 almost inhibited PAP-I-
Myc-His-induced enhancement of Phase II
nociceptive response (P � DMSO vs P �
RS 504393, F(1,14) 
 9.713, p 
 0.0076; 30
min, t 
 3.644, df 
 14, p 
 0.0027; 35
min, t 
 3.516, df 
 14, p 
 0.0034; Phase
II, V � DMSO vs P � DMSO, t 
 2.314, df 
 13, p 
 0.0377; P
� DMSO vs P � RS 504393, t 
 3.289, df 
 14, p 
 0.0054) (Fig.
8M). Together, PAP-I activates the spinal microglia and induces
hyperalgesia mainly via CCR2.

Discussion
The present study reveals the dynamic expression of PAP-I after
SNI, and its function as a central proinflammatory factor, which
contributes to the maintenance of neuropathic pain. Peripheral

Figure 6. PAP-I is sufficient and necessary to activate microglia in the dorsal spinal cord. A, B, Intrathecal injection of PAP-I-
Myc-His (2.5 �g/rat) induced morphological changes of spinal microglia. Microglia were labeled by Iba1 (white), and the afferent
fibers were labeled by calcitonin-related polypeptide � (CGRP, red) in L4 – 6 spinal dorsal horn (A). Each dorsal horn was outlined
for further analysis. Microglia were further magnified in spinal dorsal horn, and outlines of microglia were processed for subse-
quent quantitative analysis. Scale bars: entire spinal dorsal horn, 100 �m; magnified dorsal horn, 25 �m. In the area of spinal
dorsal horn, the percentage of Iba1 area and total Iba1 signal was calculated (B). n 
 4 for both PAP-I and vehicle groups. Three
different dorsal spinal cord sections of each rat were used for quantification. C–E, The activation of spinal microglia in the ipsilateral
dorsal horn was alleviated in Reg3b�/� rats at SNI day 43. Microglia were labeled by Iba1 (white), and protein kinase C gamma
(PKC-�, red) marked the inner II of dorsal horn. Since the IB4 expression in DRG neurons was downregulated after SNI, the
weakened IB4 � signal (green) in the central part of dorsal horn represented the region where the axons of injured DRG neurons
terminated. The activation of spinal microglia was prominent in this area after SNI in rats. The central parts, including lamina I-II
(white frame) and lamina III-V (yellow frame) of ipsilateral dorsal horn corresponding to the weakened IB4 signal, were outlined
for further analysis. The same area of contralateral dorsal horn was used as control. Scale bars: top, 100 �m; bottom, 50 �m. In the
selected dorsal horn area, the percentage of Iba1 signal area and average Iba1 signal intensity were calculated. Then, the ratio of
ipsilateral versus contralateral dorsal horn was calculated to indicate the extent of spinal microglia activation in lamina I-II (D) and
III-V (E). n
4 for both WT and Reg3b�/�groups. *p�0.05 versus vehicle or WT. ***p�0.001 versus vehicle or WT. Data are mean	
SEM.
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nerve injury triggers PAP-I expression in different types of DRG
neurons in a time-dependent manner. The newly synthesized
PAP-I can be transported to the spinal dorsal horn and activate
the spinal microglia through the CCR2-p38 MAPK pathway.
PAP-I does not affect the early establishment of SNI-induced
tactile allodynia; however, its expression is very important for the
long-term maintenance of tactile allodynia. Thus, the peripher-
ally injured DRG neurons establish an immune crosstalk with the
spinal microglia via PAP-I that leads to the long-term mainte-
nance of neuropathic pain. This study may provide potential
target for clinical neuropathic pain treatment.

PAP-I expression shifts among DRG neurons during the
development of neuropathic pain
The present study showed that PAP-I was also de novo strongly
expressed in DRG neurons after SNI. Interestingly, PAP-I was
expressed in distinct types of DRG neurons during the progres-
sion of neuropathic pain. Similar size shift of PAP-I-expressing
neurons occurred in the axotomy model (Averill et al., 2002) and
even shared by PAP-II (He et al., 2010). The expression of other
secretory neuropeptides, such as neuropeptide galanin, shifted
between small and large DRG neurons after nerve injury (Villar et
al., 1989; Xu et al., 2008). These dramatic changes may be due to
the complicated mechanisms of neuropathic pain. The transition
from normal sensation to allodynia consists of several processes:
small DRG neurons that mainly mediates nociception are sensi-
tized; some of the large neurons switch to participate in the trans-
duction of nociception; microglia and astrocytes in the spinal
cord are activated, changing circuit structure and connecting
strength (Campbell and Meyer, 2006; Costigan et al., 2009).
Thus, PAP-I expressed by different types of neurons at progress-

ing states of neuropathic pain may have distinct functions in the
functional aspects.

Another interesting finding is the different trafficking direc-
tions of PAP-I in SNI model and CFA-induced inflammation
model. The ligation assay of dorsal roots and sciatic nerve proved
that after CFA injection, most of PAP-I was transported along
sciatic nerve to the periphery. However, in SNI model, PAP-I was
accumulated not only in the sciatic nerve but also in the dorsal
roots, suggesting a unique function of PAP-I in the spinal cord
after nerve injury, which was confirmed by our behavior tests. It
would be interesting to investigate the mechanisms underlying
the directed trafficking of PAP-I in the sensory neurons.

PAP-I contributes to the maintenance of neuropathic pain
Behavior tests showed that PAP-I in the spinal cord could induce
hyperalgesia. Notably, it was relatively slow for PAP-I to produce
such an effect after intrathecal injection compared with several
other molecules. Previous studies in our laboratory showed that
secretory proteins, such as follistatin-like 1 (FSTL1), could in-
duce the effects within minutes, reaching peak within 2 h (Li et al.,
2011; Liu et al., 2012b). However, PAP-I took much longer time
(3– 4 h) to reach the maximum effect. The behavior test of PAP-I
antibody injection at SNI day 28 was also consistent: the pain-
relieving effect was most prominent around 3.5 h after injection.
This slow effect of PAP-I may indeed support our hypothesis that
PAP-I exerts its function by activating spinal microglia. FSTL1
acts quickly because it directly interacts with �1NKA on DRG
neuronal membrane, and changes neuronal activity immediately
(Li et al., 2011). On the other hand, PAP-I activates the spinal
microglia, which may in turn sensitize the sensory circuit. This
complex process would surely need more time to complete.

Figure 7. Inhibiting microglial activation blocks the pronociceptive effect of PAP-I in the spinal cord. A, Intrathecal (i.t.) injection of the microglia inhibitor minocycline (50 �g/rat) blocked
thermal hyperalgesia induced by PAP-I-Myc-His (2.5 �g/rat). n 
 13 for PAP-I-Myc-His group (P) and n 
 13 for inhibitor group (P � Mino). B, Intrathecal (i.t.) injection of minocycline inhibited
PAP-I-induced mechanical hyperalgesia. n 
 10 for PAP-I-Myc-His group and n 
 11 for inhibitor group. C, D, Intrathecal injection of minocycline inhibited PAP-I-induced enhancement of
nociceptive response in formalin test. n 
 8 for vehicle group, n 
 8 for PAP-I-Myc-His group, and n 
 7 for the inhibitor group. Comparison between two curves (P vs P � Mino, two-way ANOVA):
*p � 0.05; **p � 0.01; ***p � 0.001. *p � 0.05; **p � 0.01; ***p � 0.001; versus P � Mino or vehicle. n.s., not significant. Data are mean 	 SEM.
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Most strikingly, although Reg3b�/� rats developed tactile al-
lodynia like their littermates within 7 d after nerve injury, they
failed to maintain it. At the initiating stage of neuropathic pain,
DRG neurons upregulate a series of inflammatory factors
(Campbell and Meyer, 2006; Costigan et al., 2009) to act upon
neurons and glial cells. Many of them probably have stronger

effect than PAP-I at early stage of neuropathic pain, thus com-
pensating the effect of PAP-I deficiency. The mice lacking these
molecules could not develop neuropathic pain. However, with
the progression of neuropathic pain, these strong molecules, such
as TNF-�, CXCL12, and MCP-1, are downregulated (Zhang and
De Koninck, 2006; Bai et al., 2016); thus, the effect of PAP-I may

Figure 8. The CCR2–p38 MAPK pathway mediates the effect of PAP-I on the spinal microglia. A, A computational prediction of the proteins that might interact with PAP-I. B, The CCR2 mRNA was
measured from single cultured primary microglia (n 
 13). C, Immunoblots showing CCR2 expression in cultured primary microglia. The CCR2 protein was enriched by immunoprecipitation (IP) with
CCR2 antibody from protein extracts of cultured primary microglia. D, E, Immunoblots showing that PAP-I interacted with CCR2. Coimmunoprecipitation was performed with protein extracts from
COS7 cells exogenously coexpressing PAP-I-HA and Myc-CCR2 using Myc antibody (D) or AR-42J cells endogenously expressing PAP-I and CCR2 using CCR2 antibody (E). F, G, Immunoblots showing
that PAP-I-Myc-His induced an increased phosphorylation of p38 MAPK but not Akt in primary spinal microglia. Cultured microglia were treated with 500 ng/ml PAP-I-Myc-His for 30 min and then
harvested for immunoblotting (F ). Data were quantified and normalized to vehicle group (G, n 
 3). H, PAP-I-induced enlargement of microglia was blocked by p38 MAPK and CCR2 inhibitors.
Primary spinal microglia were cultured with 500 ng/ml PAP-I-Myc-His, 200 nM VX-702, or 700 nM RS 504393 for 48 h and then stained with phalloidin-labeled F-actin to outline the cells. The area
of each cell was measured for quantitative analysis (570, 792, 685, and 245 cells for vehicle, PAP-I-Myc-His, PAP-I-Myc-His � RS 504393, and PAP-I-Myc-His � VX-702 from 4 independent
experiments, respectively). I, Boyden chamber assay showing that the activation of p38 MAPK pathway was required for the chemotactic effect of PAP-I in primary spinal microglia. Both upper and
lower wells were added with 200 nM VX-702. The migrated microglia on the lower side of membrane were stained with hematoxylin and counted. Data were normalized to vehicle or vehicle with
VX-702 group (n 
 3). J, Quantitative PCR showed that the level of CCR2 mRNA in isolated spinal microglia was not significantly changed in SNI day 7 rats compared with sham group. n 
 4. K,
Intrathecal (i.t.) injection of 25 �g RS 504393 together with 2.5 �g PAP-I-Myc-His did not induce thermal hyperalgesia in radiant heat test. n 
 21 for vehicle (V) � DMSO group, n 
 10 for V �
RS 504393 group, n 
 13 for PAP-I-Myc-His (P) � DMSO group, and n 
 13 for P � RS 504393 group. L, Intrathecal injection of RS 504393 together with PAP-I-Myc-His did not induce mechanical
hyperalgesia in the von Frey test. n 
 7 for V � RS 504393 group and n 
 8 for each of the other three groups. M, Intrathecal injection of RS 504393 together with PAP-I-Myc-His did not enhance
the Phase II nociceptive response of formalin test. n
7 for V�DMSO group, n
6 for V�RS 504393 group, n
8 for P�DMSO group, and n
8 for P�RS 504393 group. Comparison between
two curves (P � DMSO vs P � RS 504393) (two-way ANOVA): **p � 0.01; ***p � 0.001. *p � 0.05 versus vehicle or P � RS 504393 or indicated. **p � 0.01 versus vehicle or P � RS 504393
or indicated. n.s., not significant. Data are mean 	 SEM.

308 • J. Neurosci., January 8, 2020 • 40(2):297–310 Li, Shi et al. • The Role of PAP-I in Neuropathic Pain



become more prominent. Consistently, neutralizing spinal
PAP-I using a specific antibody at different time points after SNI
led to different results. Blocking PAP-I at SNI day 7 had little
effect; however, a lack of PAP-I at SNI day 28 quite significantly
alleviated tactile allodynia. Interestingly, the pain-relieving effect
by antibody blockade was more prominent than that in Reg3b�/�

rats, which may be due to the compensating effect in chronic loss
of PAP-I. Particularly, the reverse of tactile allodynia long after its
establishment by blocking PAP-I highlights a potential target of
PAP-I for neuropathic pain treatment.

The behavior results further verify and support each other to
indicate that PAP-I mainly produces effects in the spinal cord
rather than in the periphery. Intrathecal application of PAP-I
induced strong pronociceptive effects, whereas peripheral deliv-
ery of PAP-I had no effect. Consistently, Reg3b�/� rats did not
show alleviation of CFA-induced hyperalgesia; thus, endogenous
PAP-I transported to the peripheral terminals of DRG neurons
after CFA injection is not apparently involved in the formation of
hypersensitivity.

In the case of SNI, PAP-I in the central terminals of DRG
neurons is far more important than that in the periphery. How-
ever, circumstances may change in other cases. In diseases, such
as acute pancreatitis and inflammatory bowel disease, PAP-I is
upregulated and secreted in large quantity by visceral organs.
Whether it could attract and activate the peripheral macrophage
to sensitize sensory neurons innervating these organs and con-
tribute to visceral pain is worthy to study. Moreover, spinal mi-
croglia are also reported to be activated through p38 MAPK
pathway after pancreatitis and participate in pancreatitis-
induced hyperalgesia (Liu et al., 2012a). Whether PAP-I is se-
creted into spinal dorsal horn by sensory neurons to activate
microglia is also an interesting issue to study.

PAP-I activates the spinal microglia through the CCR2-p38
MAPK pathway
It is well known that the activation of spinal microglia plays an
important role in the progression of neuropathic pain. The pres-
ent study showed a marked reduction in the activation of spinal
microglia in Reg3b�/� rats after SNI. More directly, cultured pri-
mary spinal microglia treated with PAP-I showed the shape
change and chemotaxis, two indicators of microglial activation
(Honda et al., 2001; Bianchi et al., 2011; Jeon et al., 2012). More-
over, intrathecal application of minocycline completely pre-
vented the PAP-I-induced hyperalgesia. Therefore, the spinal
microglia could be the major target for PAP-I secreted from the
sensory afferents. On the other hand, although DRG neurons
could also be affected by intrathecally injected substances, our
whole-cell patch-clamp recording showed that PAP-I did not
directly sensitize DRG neurons. These evidences support that
PAP-I exerts a pronociceptive effect mainly through the spinal
microglia.

Multiple signaling pathways mediate the activation of micro-
glia during the formation of neuropathic pain. Our compu-
tational prediction combined with coimmunoprecipitation
experiments indicate CCR2 to be the most promising interacting
protein of PAP-I. It is accepted that the activation of microglial
CCR2-p38 MAPK pathway is required for the progression of
neuropathic pain (Abbadie et al., 2003; Abbadie, 2005; Ji and
Suter, 2007). Consistently, inhibiting either CCR2 or p38 MAPK
abolished the microglial activating effect induced by PAP-I. Al-
though microglial activation is reported to be involved in the
initiating phase of neuropathic pain (Marchand et al., 2005), our
study revealed that in the SNI model, PAP-I participated in the

activation of microglia at least 43 d after nerve injury, and was
required for maintaining tactile allodynia. Various molecules ac-
tivate the spinal microglia at different stages of neuropathic pain;
nevertheless, PAP-I displayed this effect at the later stage. There-
fore, PAP-I secreted from the afferent fibers activates a well-
known immune response of the spinal microglia through the
CCR2-p38 MAPK pathway, establishing a direct crosstalk be-
tween the injured peripheral sensory system and the central im-
mune system.

Together, the present study reveals that PAP-I de novo ex-
pressed in DRG neurons after nerve injury acts as an endogenous
proinflammatory factor mediating the crosstalk between the sen-
sory neurons and spinal microglia. The role of PAP-I in main-
taining the nerve injury-induced long-lasting tactile allodynia
suggests that the blockade of the PAP-I/CCR2-p38 MAPK path-
way could be a therapeutic target for the treatment of neuro-
pathic pain.
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