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Background: Neuropathic pain is a common and severely disabling state that affects millions of people worldwide.
Microglial activation in the spinal cord plays a critical role in the pathogenesis of neuropathic pain. However, the
mechanisms underlying spinal microglial activation during neuropathic pain remain incompletely understood. Here,
we investigated the role of Dickkopf (DKK) 3 and its interplay with microglial activation in the spinal cord in neuro-

Methods: In this study, we investigated the effects of intrathecal injection of recombinant DKK3 (rDKK3) on mechani-
cal allodynia and microglial activation in the spinal cord after spared nerve injury (SNI) in rats by western blot (WB),
immunofluorescence (IF), quantitative polymerase chain reaction (qPCR), and enzyme-linked immunosorbent assay

Results: We found that SNI induced a significant decrease in the levels of DKK3, Kremen-1 and Dishevelled-1 (DVL-1)
and up-regulated the expression of phosphorylated apoptosis signal-regulating kinase 1 (p-ASK1), phosphorylated
c-JUN N-terminal kinase (p-JNK), phosphorylated p38 (p-p38) in the spinal cord. Moreover, our results showed that
exogenous intrathecal administration of rDKK3 inhibited expression of p-ASK1, p-JNK, p-p38, promoted the transfor-
mation of microglia from M1 type to M2 type, and decreased the production of pro-inflammatory cytokines com-
pared to the rats of SNI4Vehicle. However, these effects were reversed by intrathecal administration of Kremen-1

Conclusions: These results suggest that DKK3 ameliorates neuropathic pain via inhibiting ASK-1/JNK/p-38-mediated
microglia polarization and neuroinflammation, at least partly, by the Kremen-1 and DVL-1 pathways.
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Introduction

Neuropathic pain is induced by the injury of the periph-
eral nerve or central nervous system (CNS) [1-4].
Although there are several mechanisms that were
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identified previously [5, 6], the underlying mechanisms of
the development neuropathic pain is still not fully under-
stood. Currently, few effective therapeutic strategies are
available for neuropathic pain in clinic. Therefore, it is
urgent for us to investigate the underlying mechanisms of
neuropathic pain.

Microglia is macrophage-like cells in the CNS that reg-
ulate homeostasis in the brain and spinal cord. Increasing
evidence from our lab [7, 8] and others [9-14] suggests
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that microglia plays a critical role in the pathogenesis
of neuropathic pain. It has been proved that peripheral
nerve injury induces remarkable microgliosis in the spi-
nal cord dorsal horn [15]. Furthermore, microglia is acti-
vated within 24 h of nerve injury via polarization [16]. It
is known to that M1 phenotype microglia is a pro-inflam-
matory phenotype which contributes to neuropathic
pain. However, the M2 phenotype, as the alternative path
of polarization, exerts an anti-inflammatory effect [17].
Moreover, multiple molecules and signaling pathways
participate in microglial activation during neuropathic
pain, such as MAPK signaling pathway [18, 19]. Specially,
phosphorylation of p38 MAPK is increased and highly
restricted to spinal microglia after nerve injury [20]. A
plenty of studies have demonstrated that pharmacologi-
cal inhibition of p38 MAPK activity or knockdown of the
p38a isoform dampen the development of mechanical
allodynia in various models of neuropathic pain [18, 20,
21]. Furthermore, activated microglial cells can release
pro-inflammatory cytokines including interleukin 1f (IL-
1B), tumor necrosis factor a (TNF-a), and interleukin
6 (IL-6), which contributed to the development of neu-
ropathic pain [4, 10, 22, 23]. Moreover, multiple studies
have demonstrated that switching microglia from M1
phenotype to M2 phenotype is a promising therapy in
neuropathic pain treatment [17, 24—26].

DKK3, a secretory glycoprotein, plays a vital role in
promoting cell survival by suppressing superoxide-pro-
ducing enzyme and suppress inflammation [27, 28]. It has
been proved that DKK3 antagonizes Wnt signaling by
interacting with low-density lipoprotein receptor-related
protein (LRP) 5/6 in a complex and context-dependent
manner [29]. Kremen-1 is a novel transmembrane recep-
tor which function is Wnt inhibitory by removing LRP5/6
from the cell surface via clathrin-mediated endocytosis
[30]. DVL-1 is a central component protein that relays
Wnt signaling in both canonical and non-canonical path-
ways whose activity and stability are strictly controlled
[31]. A study has demonstrated that DKK3 attenuated
microglia activation and neuroinflammation via inhib-
iting JNK/AP-1/ caspase 1 mediated by Kremen-1 and
DVL-1 in mice following intracerebral hemorrhage (ICH)
[32]. Moreover, it has been found that DKK3 ameliorates
inflammation via inactivation of ASK1/JNK/p38 signal-
ing in myocardial infarction [27]. ASK1, also called mito-
gen-activated protein kinase kinase kinase 5 (MAP3K5),
is a member of MAP kinase kinase kinase family, which
activates JNK and p38 in a Raf-independent fashion [33,
34]. Recently, a study reported that inhibition of ASK1/
JNK/p38 signaling attenuated neuroinflammation and
ameliorated neuropathic pain induced by chronic con-
strictive injury (CCI) [35].
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At present, the mechanisms by which DKK3 modifies
the microglial polarization and neuroinflammation dur-
ing neuropathic pain are unclear. We hypothesized that
DKK3 may promote the transformation of microglia
from M1 type to M2 type, dampen neuroinflammation
in the spinal dorsal horn and attenuate mechanical allo-
dynia in neuropathic pain rats caused by SNI.

Material and methods

Animals

Male Sprague—Dawley rats (200-240 g) were supplied by
Tongji hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology, Wuhan, China. The
rats were housed under controlled conditions (tempera-
ture: 22-25C, relative humidity: 45-65%, and 12-h light
to dark cycle, with food and water ad libitum). All experi-
ments were approved by the Experimental Animal Care
and Use Committee of Tongji hospital, Tongji Medical
College, Huazhong University of Science and Technol-
ogy. All experiments were conducted in accordance with
the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals, and the ARRIVE Guide-
lines for Reporting Animal Research.

Establishment of neuropathic pain model

A rat model of neuropathic pain was induced by SNI as
described previously [36—38]. Briefly, the rats were anes-
thetized with 2.5% isoflurane, the right sciatic nerve and
its three branches (the common peroneal, tibial, sural
nerves) were exposed. Then, the common peroneal and
tibial nerves were ligated. The distal to the ligation was
sectioned, cutting 2 to 4 mm of the distal nerve stump.
For the sham-surgery rats, the sciatic nerve was exposed
without ligation.

Mechanical allodynia

To measure mechanical allodynia, paw withdrawal
threshold (PWT) in response to von Frey filament stimuli
was assessed as described previously [39]. In brief, the
rats were placed in individual plastic boxes on a metal
mesh floor and allowed to habituate for 30 min. The von
Frey filaments (1, 1.4, 2, 4, 6, 8, 10, and 15 g) were applied
for up to 6 s per filament to the mid-plantar of the right
hind paw. The positive response was defined as the sud-
den paw withdrawal, licking, and shaking. When a posi-
tive response was appeared, the paw was retested after
a 5-min rest, starting with the next descending von Frey
filament. When no response occurred, the next higher fil-
ament was applied. The lowest amount of force required
to elicit a positive response was recorded as the PWT (in
grams). All of the behavioral tests were performed by an
investigator who was blinded to the experimental design.
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Open-field test (OFT)

The OFT was used for locomotor activity measure-
ment, which was performed as previously described [14,
40]. Briefly, motor activity was tested in an open field
(60 x 60 x 30 cm). Each rat was placed in the center of
the open field and was allowed to move freely for 5 min.
A video camera was located 100-120 cm above the floor
for behavior recording. Following the completion of a
test, 75% alcohol was used to clean the arena. Locomotor
behavior was analyzed by counting the total distance and
average speed.

Intrathecal catheterization

As described previously [39], intrathecal (i.t.) catheters
was carried out 5 days prior to the establishment of SNI
models. Briefly, the rats were anesthetized using isoflu-
rane (2.5%). Then, the PE10 polyethylene catheters (inner
diameter 0.3 mm, outer diameter 0.6 mm) were inserted
from L5-L6 spinous processes. The correct position of
the catheter was verified by a tail flick response immedi-
ately after inserting the catheter and further confirmed
using an i.t. injection of 2% lidocaine. Animals exhibiting
motor dysfunction were excluded from the experiments.
No animal was excluded in this study.

Drug administration

rDKK3 (SRP6268, Sigma-Aldrich, MO, USA) was dis-
solved in saline. The choice of solvent is based on previ-
ous study [32]. During administration with rDkK3, we
prepared fresh rDKK3 solution every day and gave it to
animals within 15 min. In this study, we aimed to inves-
tigate a purely spinal mechanism. Therefore we chose
intrathecal injection and the dosage of rDKK3 was deter-
mined by our preliminary experiments. To determine
whether a single dose of rDKK3 could attenuate estab-
lished mechanical allodynia in SNI rats, rDKK3 (10, 30,
or 50 pg, i.t.) was given on day 7 after surgery. The behav-
ioral test was conducted before rDKK3 injection, and 1,
2, 4, and 6 h after the injection. To determine whether
repeated injection of rDKK3 could reverse mechani-
cal allodynia in SNI rats, rDKK3 (30 pg, i.t.) was given
once daily for five consecutive days starting from day 7.
The behavioral test was performed on day 6 and 2 h after
rDKK3 injection each day. To determine whether early
treatment with rDKK3 could suppress the development
of mechanical allodynia in SNI rats, rDKK3 (30 pg, i.t.)
was given once daily for five consecutive days starting
from day 1 after the surgery. The behavioral test was con-
ducted before the operation and 2 h after rDKK3 injec-
tion on day 3, 7, 8, 9, 10 and 14 after SNI. To identify
whether Kremen-1 and DVL-1 are involved in DKK3 reg-
ulating microglia polarization and alleviating neuropathic
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pain in SNI rats, rDKK3 (30 ug, i.t.) was given once daily
for five consecutive days starting from day 7 after the
operation. The behavioral test was conducted before the
operation, and on day 3, 5,7, 8,9, 10 and 11 after SNI.

siRNA transfection

siRNAs were synthesized by Tsingke Biotechnology (Bei-
jing, China). siRNA duplexes that specifically targeted
Kremen-1 was: sense 5-CCUCUCGCAUCCAUUUCA
ATT-3; and anti-sense 5-UUGAAAUGGAUGCGAGAG
GTT-3. siRNA duplexes that specifically targeted DVL-1
was: 5-CCGAGAUGGAAUGGACAAUTT-3; and anti-
sense 5-AUUGUCCAUUCCAUCUCGTT-3. Scram-
ble siRNA was synthesized by a scrambled sequence of
nucleotides as a control siRNA, scramble siRNA was:
sense 5-UUCUCCGAACGUGUCACGUTT-3; anti-
sense  5-ACGUGACACGUUCGGAGAATT-3. The
siRNA was dissolved in RNase-free water at 1 pg/pl and
mixed with the transfection reagent branched polyethyl-
eneimine (PEI; Sigma-Aldrich) and 5% glucose for 10 min
at room temperature before use. The Kremen-1 siRNA,
DVL-1 siRNA or scramble siRNA was administrated via
i.t.in 1, 3, 5, 7 days after nerve injury.

Enzyme-linked immunosorbent assay analysis (ELISA)

Rats were euthanized with CO,, the L4-L6 spinal cord
segments were quickly excised and homogenized in
phosphate-buffered saline (PBS). The supernatant was
collected by centrifugation at 15,000g at 4 °C for 60 min,
and was analyzed using rat IL-1f (Cat#: 88-6010-22; Inv-
itrogen; Carlsbad, CA, USA), TNF-a (Cat#: 88-7340-22;
Invitrogen), and IL-6 (Cat#: 88-50625-22; Invitrogen)
ELISA kits, according to the manufacturer’s instructions.

Western blot analysis

Rats were euthanized with CO,, the L4-L6 spinal cord
segments were quickly excised. Then, the spinal cord
was homogenized in an ice-cold mixture of radioimmu-
noprecipitation assay lysis buffer, phosphatase inhibitor,
and phenylmethylsulfonyl fluoride (Boster Biological
Technology, Wuhan, Hubei, China), and then centrifuged
at 12,000 rpm at 4 °C for 30 min. The supernatants were
collected, and the protein concentration was determined
using a BCA protein assay kit (Cat#: AR0146, Boster
Biological Technology). The proteins were boiled at
95 °C in a loading buffer for 10 min. Equivalent amounts
of samples (30 pg protein) were separated using 10%
sodium dodecyl sulfate—polyacrylamide gels electro-
phoresis and transferred onto polyvinylidene fluoride
membranes (Cat# IPVH00010; Millipore, Billerica, MA,
USA). After blocking with 5% bovine serum albumin in
Tris-buffered saline and Tween 20 (0.1%) (TBST) for 2 h
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(6) SNI+rDKK3+DVL-1 siRNA (n =24)
Fig. 1 Experimental designs and animal groups. Experiment 1: Changes in mechanical allodynia; the expression of DKK3, Kremen-1, DVL-1, and
ASK-1/JNK/p38 MAPK pathway after SNI in rats. Experiment 2: The effects of exogenous rDKK3 administration on mechanical allodynia, microglia
polarization and neuroinflammation induced by neuropathic pain. Experiment 3: Kremen-1 siRNA or DVL-1 siRNA abolished the effects of rDKK3 on
mechanical allodynia, microglia polarization and neuroinflammation caused by neuropathic pain
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at room temperature (RT), the membranes were incu-
bated overnight at 4 C with rabbit anti-B-actin antibody
(1:5000, Cat# AC026; ABclonal, Woburn, MA, USA);
rabbit anti-DKK3 antibody (1:1000, Cat# ab186409;
Abcam, Cambridge, UK); rabbit anti Kremen-1 antibody
(1:1000, Cat# ab211285; Abcam); rabbit anti DVL-1 anti-
body (1:1000, Cat# ab233003; Abcam); rabbit anti-ASK1
antibody (1:1000; Cat# A3271; ABclonal); rabbit anti-
p-ASK1(1:1000; Cat# 3764; Cell Signaling Technology,
Danvers, MA, USA); rabbit anti-JNK antibody (1:1000;
Cat# 9258; Cell Signaling Technology); rabbit anti-p-JNK
(1:1000; Cat# 4668; Cell Signaling Technology); rabbit
anti-p38 antibody (1:1000; Cat# A5049; ABclonal); rab-
bit anti-p-p38 antibody (1:1000; Cat# 4511; Cell Sign-
aling Technology); goat anti-ionizedcalcium-binding
adapter molecule 1(Iba-1, microglial marker) antibody
(1:500; Cat# ab5076; Abcam); rabbit anti-CD16 anti-
body (1:1000; Cat# ab211151; Abcam); rabbit anti-CD86
antibody (1:1000; Cat# ab112490; Abcam); rabbit anti-
iNOS antibody (1:1000; Cat#18985-1-AP; Proteintech,
Chicago, IL, USA); rabbit anti-Argl antibody (1:1000;
Cat# A4923; ABclonal); rabbit anti-CD206 antibody
(1:500; Cat# ab64693; Abcam); rabbit anti-IL-10 antibody
(1:500; Cat# A12255; ABclonal); rabbit anti-IL-1fB anti-
body (1:1000; Cat# AF4006; Affinity Bioscinence; OH;
USA); rabbit anti-TNF-a antibody (1:500; Cat# ab205587;
Abcam); rabbit anti-IL-6 antibody (1:500; Cat# A0286;
ABclonal). The membranes were then washed in TBST
and incubated with horseradish peroxidase-conjugated
goat anti-rabbit antibody (1:5000; Cat# A21020; Abbkine,
Wuhan, Hubei, China), or donkey anti-goat antibody
(1:5000; Cat# AS031; ABclonal) for 2 h at RT. The bands
were finally visualized with SuperLumia ECL Plus HRP
Substrate Kit (Cat# K22030; Abbkine) and then detected
using a computerized image analysis system (Bio-Rad,
ChemiDoc XRS+, USA). The intensity of protein blot
was quantified using System with Image Lab software
(Bio-Rad Laboratories), normalized to loading control
[B-actin antibody and expressed as the fold of control. The
blot density of sham, sham + Vehicle, or scramble siRNA
groups was set as 1.
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Flow cytometry

As described previously [41], to isolate microglia, spinal
cord tissues were removed and minced with scissors in
ice-cold Dulbecco’s modified Eagle medium (DMEM)
(Invitrogen). Thereafter, a monocular suspension was
formed by digesting with 0.25% trypsin (Invitrogen) in a
water bath at 37 °C for 30 min, and then were co-stained
for CD86-FITC (an M1 microglia biomarker; 1:200; Cat#
555018; BD Biosciences, San Jose, CA, USA) and CD206-
APC (an M2 microglia biomarker; 1:200; Cat# 550889;
BD Biosciences) for 45 min at room temperature follow-
ing the manufacturer’s instructions. The samples were
detected using NovoCyte 2040R (ACEA Biosciences) and
then analyzed by Flow]Jo software v.7.6.1.

Immunofluorescence

Under deep anesthesia with isoflurane (2.5%), the rats
were perfused intracardially with 0.1 M PBS, followed
by 4% ice-cold paraformaldehyde (PFA) in PBS. Then
the L4-L6 spinal cord was removed and post-fixed in
4% PFA for 4 h, and subsequently dehydrated in 30%
sucrose solution overnight at 4 ‘C. The collected spinal
cord samples were sectioned to 20 um thickness in a
cryostat (CM1900, Leica, Wetzlar, Germany). For single
immunofluorescent staining, the sections were blocked
with 5% donkey serum and 0.3% Triton X-100 for 1 h at
RT, and then incubated with rabbit anti-DKK3 antibody
(1:50, Cat# ab186409; Abcam); rabbit anti Kremen-1
antibody (1:50, Cat# ab211285; Abcam); rabbit anti
DVL-1 antibody (1:50, Cat# ab233003; Abcam); rabbit
anti-p-ASK1(1:50; Cat# 3764; Cell Signaling Technol-
ogy); goat anti-Iba-1 (1:100; Cat# ab5076; Abcam) over-
night at 4 °C. After washing 3 times in PBS, the sections
were incubated with CoraLite594-conjugated donkey
anti-rabbit secondary antibody (1:100; Cat# SA00013-
8; Proteintech) or FITC-conjugated affinipure donkey
anti-goat secondary antibody (1:50; Cat# SA00003-3;
Proteintech) for 2 h at RT and stained with DAPI for
5 min. For double-immunofluorescence, the sections
were blocked with 5% donkey serum and 0.3% Triton
X-100 for 1 h at RT, and then incubated with a mixture

(See figure on next page.)

e

Fig. 2 Expression of DKK3, Kremen-1, DVL-1 in the spinal cord following SNI. a, b Mechanical allodynia evaluated by the paw withdraw threshold
(PWT) at baseline and 3, 7 and 14 days after surgery. There is no significant difference regarding the PWT among sham and SNI group at baseline.
However, the ipsilateral PWT in SNI rats was markedly decreased from day 3 to day 14 (p<0.05,"p <0.001 compared with sham group, n=6in
each group). In contrast, the contralateral PWT in sham and SNI rats had no significant change during the observation period. c-e gPCR result
showed that the mRNA levels of DKK3, Kremen-1, and DVL-1 in SNI rats was markedly decreased from day 3 to day 14 (Mp <0.0001 compared with
sham group, =6 in each group). f-h Western blot results showed that the protein level of DKK3, Kremen-1, and DVL-1 in the spinal cord of rats
with SNI was markedly decreased from day 3 to day 14 (" p<0.0001 compared with sham group, n=6 in each group). i-n Immunofluorescence
result indicated that the expression levels of DKK3, Kremen-1, and DVL-1 in SNl rats spinal dorsal horn was markedly decreased from day 3 to day 14
("p<0.01, "p<0.001, " p<0.0001 compared with sham group, n=6 in each group)
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of rabbit anti-DKK3 antibody (1:50, Cat# ab186409;
Abcam), or rabbit anti Kremen-1 antibody (1:50, Cat#
ab211285; Abcam), or rabbit anti DVL-1 antibody (1:50,
Cat# ab233003; Abcam), or rabbit anti-p-ASK1 antibody
(1:50; Cat# 3764; Cell Signaling Technology), or rab-
bit anti p-JNK antibody (1:50; Cat# ab131499; Abcam),
and mouse anti-GFAP antibody (1:100; Cat# 3670; Cell
Signaling Technology) or mouse anti-neuronal nuclei
antibody (NeuN, neuronal marker) antibody (1:50; Cat#
ab104224; Abcam) or goat anti-Iba-lantibody (1:50;
Cat# ab5076; Abcam) overnight at 4 °C. After washing 3
times in PBS, the sections were incubated with a mixture
of CoralLite594-conjugated donkey anti-rabbit second-
ary antibody (1:100; Cat# SA00013-8; Proteintech) and
Coralite488-conjugated donkey anti-mouse secondary
antibody (1:50; Cat# SA00013-5; Proteintech) or FITC-
conjugated affinipure donkey anti-goat secondary anti-
body (1:50; Cat# SA00003-3; Proteintech) for 2 h at RT
and stained with DAPI for 5 min. Images were captured
using a fluorescence microscope (BX51, OLYMPUS,
Japan). As described previously [42-45], immunohis-
tochemistry analysis was calculated by using Image]
software (National Institutes of Health, Bethesda, MD,
USA) and averaged per mouse, and each group included
6 animals. The numbers of DKK3, Kremen-1, DVL-1,
p-ASK1, Iba-1-positive cells in the spinal dorsal horn
were counted in a 500 pm x 500 um measuring frame.
We counted every third sections (40 pm apart) to avoid
counting the same cell in more than one section. The
cell counts were then used to determine the total num-
ber of positive cells per square millimeter. Cells double-
labeled for DKK3, or Kremen-1, or DVL-1, or p-ASK1,
or p-JNK, and the cell-specific markers NeuN, Iba-1 and
GFAP were quantified too in sham and SNI 7d groups.
We recorded the number of cells double-labeled with
DKKS3, or Kremen-1, or DVL-1, or p-ASK1, or p-JNK,
and a cell-specific marker in a 500 um x 500 um meas-
uring frame in the spinal dorsal horn. The cell counts
were then used to determine the total number of dou-
ble-positive cells per square millimeter.
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Quantitative real-time PCR

In brief, total RN'As were isolated with RNA isolator total
RNA extraction reagent (Vazyme, R401-01) according to
the manufacturer’s instructions. cDNA was synthesized
using PrimeScipt RT Master Mix (Takara, RR0O36A). Ten
microliters of qPCR reactions were prepared from 5 pl
Premix Ex Taqll (Takara, RR820A), 0.5 ul primer (final
concentration 10 nM), 2 pl DEPC water, and 2 pl cDNA.
Reactions were run in a LightCycler 480 qPCR instru-
ment (Roche) using the standard conditions 95 °C for
5 min, 40 cycles (95 °C for 15 s, 56 °C for 30 s, and 72 °C
for 30 s) plus melting curve. Relative levels were quanti-
fied with the 2-AACT method that was normalized to the
sham group. The primers used were as follows: B-actin
forward: 5-CCCATCTATGAGGGTTACGC-3; B-actin
reverse: 5-TTTAATGTCACGCACGATTTC-3’; DKK3
forward: 5-CCCCGACGGCCACTTGGACTC-3;, DKK3
reverse: 5-GCCGCTTCTTCCGCCTCCATCT-3’; Kre-
menl forward: 5-CGGGCACCAGTAAGACGTCCA
ACA-3, Kremenl reverse: 5-TGCCTCCCCGTGCTT
CCAGTAGTC-3; DVL-1 forward: 5-TCGGGGTGG
TGAAGGAGGAGATCT-3], DVL-1 reverse: 5-CCCCAA
TGCCGCCTGTCCTCTC-3.

Experimental designs and animal groups

In the present study, all rats were randomly assigned
to the following three separate experiments which are
shown in the timeline of experimental design. The exper-
imental groups and number of animals used in experi-
ments are listed in Fig. 1.

Experiment 1: changes in mechanical allodynia

and expression of DKK3, Kremen-1, DVL-1, and ASK-1/JNK/
p38 MAPK pathway after SNI in rats

Seventy-two rats were randomly allocated to a sham (18
rats) or SNI group (SNI 3d (18rats); SNI 7d (18 rats); SNI
14d (18 rats)). When the last behavioral measurement
was finished, we used WB, qPCR, and IF to detect the
expression or location of DKK3, Kremenl, DVL-1 and
p-ASK-1/p-JNK/p-p38 in the spinal cord.

(See figure on next page.)

"p<0.001 compared with sham group, n=6 in each group)

Fig. 3 Double-immunofluorescence of DKK3, Kremen-1, DVL-1, and NeuN, Iba1, GFAP in the spinal cord of sham and neuropathic pain rats. a
Double-immunofluorescence of DKK3 and NeuN, Iba1, GFAP in the spinal cord of sham rats. b Double-immunofluorescence of DKK3 and NeuN,
Iba1, GFAP in the spinal cord of SNI rats. ¢ Double-immunofluorescence of Kremen-1 and NeuN, Iba1, GFAP in the spinal cord of sham rats. d
Double-immunofluorescence of Kremen-1 and NeuN, Iba1, GFAP in the spinal cord of SNI rats. e Double-immunofluorescence of DVL-1 and NeuN,
Iba1, GFAP in the spinal cord of sham rats. f Double-immunofluorescence of DVL-1 and NeuN, IbaT, GFAP in the spinal cord of SNI rats. g Histogram
showed that DKK3 co-localization with NeuN, or Iba-1 was decreased in SN rats ("p<0.01, " p<0.0001 compared with sham group, n=6 in

each group). h Histogram showed that Kremen-1 co-localization with NeuN, or Iba-1 was decreased in SNirats (“"p<0.01, “p<0.0001 compared
with sham group, n=6 in each group). i Histogram showed that DVL-1 co-localization with NeuN, or Iba-1 was decreased in SNirats ("p<0.01,
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Experiment 2: the effects of exogenous rDKK3 administration
on mechanical allodynia, microglia polarization
and neuroinflammation induced by neuropathic pain

(1) To verify whether a single dose of rDKK3 could
attenuate mechanical allodynia, 24 rats were ran-
domly divided into four groups (n=6 per group):
SNI+ Vehicle; SNI+10 pg rDKK3; SNI+30 pg
rDKK3; SNI+ 50 pg rDKK3.

(2) To determine whether repeated injection of
rDKK3 (30 pg) could reverse mechanical allo-
dynia in SNI rats, 96 rats were randomly divided
into four groups (n=24 per group): Sham+ Vehi-
cle; Sham+rDKK3; SNI+ Vehicle; SNI+rDKK3.
rDKK3 (30 pg, i.t.) was administrated once daily
for five consecutive days starting from day 7 after
the surgery. When the last behavioral measurement
was finished, the OFT was used to detect the motor
function of rats; WB was used to detect the expres-
sion p-ASK-1/p-JNK/p-p38; WB and Flow cytom-
etry was used to evaluate the microglia M1/M2
markers; WB and IF was used to detect the expres-
sion Iba-1; WB and ELISA was used to examine the
pro-inflammatory cytokines.

(3) To explore whether early treatment with rDKK3
could inhibit the development of mechanical allo-
dynia induced by SNI, rDKK3 (30 pg, i.t.) was given
once daily for five consecutive days starting from
day 1 after the surgery. Twenty-four rats were ran-
domly divided into four groups (n=6 per group):
Sham+ Vehicle;  Sham+rDKK3;  SNI+ Vehicle;
SNI+ rDKKS3.

Experiment 3: Kremen-1 siRNA or DVL-1 siRNA abolished

the effects of rDKK3 on mechanical allodynia, microglia
polarization and neuroinflammation caused by neuropathic
pain

To identify whether Kremen-1 and DVL-1 are involved
in DKK3 regulating microglia polarization and alleviating
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neuropathic pain in SNI rats, 144 rats randomly divided
into six groups (n=24 per group): Sham, SNI+ Vehi-
cle, SNI+rDKK3, SNI+rDKK3+scramble siRNA,
SNI+ rDKK3 + Kremen-1 siRNA, SNI+rDKK3+DVL-1
siRNA. The Kremen-1 siRNA, DVL-1 siRNA or scram-
ble siRNA was administrated in 1, 3, 5, 7 days after nerve
injury. When the last behavioral measurement was fin-
ished, the OFT was used to detect the motor function of
rats; WB was used to detect the expression p-ASK-1/p-
JNK/p-p38; WB and Flow cytometry was used to evalu-
ate the microglia M1/M2 markers; WB and IF was used
to detect the expression Iba-1; WB and ELISA was used
to examine the pro-inflammatory cytokines.

Statistical analyses

Statistical analysis was performed blindly on these inde-
pendent values. No data points were excluded, and no
additional data were subjected to statistical analysis in any
experiment. Each animal provided an independent value,
and statistical analyses were performed with these num-
bers. All data are presented as mean=standard error of
the mean (SEM) and analyzed by GraphPad Prism version
6 (Graph Pad Software, San Diego, CA, USA). Two-way
repeated measures analysis of variance (ANOVA) followed
by Bonferroni’s post hoc test was used for the analysis of
the PWT data. One-way ANOVA, followed by Bonfer-
roni’s post hoc test, was used for ELISA, immunofluores-
cence, qPCR, and western blot data analysis. A p<0.05 was
interpreted as statistically significant for all analyses.

Results

DKK3, Kremen-1 and DVL-1 are decreased in spinal cord
after SNI

As shown in Fig. 2a, there is no significant difference
regarding the ipsilateral PWT among sham and SNI rats
at baseline. However, the ipsilateral PWT in SNI rats was
markedly decreased from day 3 to day 14. In contrast, as
shown in Fig. 2b, the contralateral PWT in sham and SNI
rats had no significant change during the observation
period. These results indicate that SNI successfully induced

(See figure on next page.)

Fig. 4 Expression of ASK1/p-ASK1, JNK/p-JNK and p38/p-p38 in the spinal cord following SNI. a, b Histogram showed the expression level of

p-ASK1 in SN rats spinal dorsal horn was elevated from 3 to 14 days following nerve injury (" p<0.0001 compared with sham group, n=6 in each
group). ¢ Double-immunofluorescence of p-ASK1 and NeuN, Iba-1, GFAP in the spinal cord of sham rats. d Double-immunofluorescence of p-ASK1
and NeuN, Iba-1, GFAP in the spinal cord of SNl rats. e Histogram showed that p-ASK1 co-localization with NeuN, or Iba-1, or GFAP was increased in
SNl rats (p<0.05, "p<0.01 compared with sham group, n=6 in each group). f-g Western blot result showed that there is no significant difference
regarding the protein levels of ASK1 among sham and SNI group, while the protein levels of p-ASK1 in SNI rats was markedly increased from day
3today 14 ("p<0.01, "p<0.001 compared with sham group, n=6 in each group). h, i Western blot result showed that there is no significant
difference regarding the protein levels of JNK among sham and SNI group, while the protein levels of p-JNKin SNI rats was markedly increased from
day 3today 14 (“p<0.01, “p<0.001 compared with sham group, n=6 in each group). j, k Western blot result showed that there is no significant
difference regarding the protein levels of p38 among sham and SNI group, while the protein levels of p-p38 in SNI rats was markedly increased from
day 3today 14 ("p<0.01, ""p<0.001 compared with sham group, n=6 in each group)
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the development of mechanical allodynia. To explore the
potential role of DKK3, Kremen-1 and DVL-1 in neuro-
pathic pain, we examined DKK3, Kremen-1 and DVL-1

expression in spinal cord on day 3, 7, and 14 following
SNI As shown in Fig. 2c—e, DKK3, Kremen-1 and DVL-
1mRNA levels were persistently reduced on day 3, 7, and 14
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after SNI, when compared with sham control. Western blot
revealed that the protein levels of DKK3, Kremen-1 and
DVL-1 were significantly decreased on day 3 and sustained
on day 14 (Fig. 2f-h). Furthermore, single immunofluo-
rescence further showed SNI-induced lower expression of
DKK3, Kremen-1 and DVL-1 in the spinal dorsal horn at 3,
7,and 14 days after SNI, but not in sham control (Fig. 2i—n).

To define the type of cells expressing DKK3, Kremen-1
and DVL-1 in the spinal dorsal horn, we performed co-
staining of DKK3, Kremen-1 and DVL-1with neuronal
marker (NeuN), microglial marker (Iba-1) and astrocytic
marker (GFAP). As shown in Fig. 3a—f, in sham-operated
rats, DKK3, Kremen-1 and DVL-1 immunoreactivity
(IR) was co-stained excessively with NeuN and Ibal, to
a lesser extent, with GFAP. We also determined DKK3,
Kremen-1 and DVL-1cellular localization at day 7 after
SNI, the results demonstrated that the ratio of DKK3,
Kremen-1 and DVL-1 co-localization with NeuN or
Iba-1 was decreased in SNI 7d group compared with the
Sham group (Fig. 3g—i).

ASK-1/JNK/p38 MAPK signaling pathway is involved

in the development of neuropathic pain induced by SNI
Then we examined the protein expression levels of ASK-
1, p-ASK-1, JNK, p-JNK, p38, p-p38 in spinal cord. As
shown in Fig. 4a, b, single immunofluorescence showed
SNI-induced higher expression of p-ASK1 in the spi-
nal dorsal horn at 3, 7, and 14 days after SNI, but not
in sham control. To define the type of cells express-
ing p-ASK1 in the spinal dorsal horn, we performed
co-staining of p-ASK1 with neuronal marker (NeuN),
microglial marker (Iba-1), and astrocytic marker
(GFAP) in sham and SNI 7d group. As shown in Fig. 4c—
e, double-immunofluorescence revealed that ratio of
p-ASK1 co-localization with Iba-1 was significantly
increased in SNI 7d group compared with Sham group.
Moreover, it was found that there was no significant dif-
ference in ASK-1 (Fig. 4f), JNK (Fig. 4h), p38 (Fig. 4j)
protein expression between SNI 3d, 7d, 14d and sham-
operated rats. However, the results showed that the pro-
tein expression level of p-ASK1 (Fig. 4g), p-JNK (Fig. 4i)
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and p-p38 (Fig. 4k) were significantly elevated on day 3
and sustained on day 14 after SNI compared with the
sham group. Besides, to define the type of cells express-
ing p-JNK in the spinal dorsal horn, we performed co-
staining of p-JNK with NeuN, Iba-1, and GFAP in the
sham and SNI 7d group. As shown in Additional file 1:
Fig. Sla-e, double-immunofluorescence revealed that
ratio of p-JNK co-localization with Iba-1, GFAP was sig-
nificantly increased in SNI 7d group.

Analgesic effect of rDKK3 on neuropathic pain rats

Then, we determined whether rDKK3 could attenu-
ate mechanical allodynia in neuropathic pain rats.
To determine whether a single dose of rDKK3 could
attenuate established mechanical allodynia in SNI
rats, rDKK3 (10, 30, or 50 pg, i.t.) was given on day
7 after surgery. The behavioral test was conducted
before rDKK3 injection, and 1, 2, 4, 6 h after the
injection. As shown in Fig. 5a, there is no significant
change regarding ipsilateral PWT in SNI rats treated
with 10 pg ZLNOO5 compared with SNI+ Vehicle
group. However, rDKK3 (30 and 50 pg) significantly
increased the ipsilateral PWT in SNI rats, peak-
ing at 2 h, and lasted for at least 4 h compared with
SNI+ Vehicle group. To determine whether repeated
injection of rDKK3 could reverse mechanical allo-
dynia in SNI rats, rDKK3 (30 pg, i.t.) was given once
daily for five consecutive days starting from day 7.
The behavioral test was performed on day 6 and 2 h
after rDKK3 injection each day. As shown in Fig. 5c,
repetitive injections of rDKK3 (30 pg, i.t.) consider-
ably reversed established mechanical allodynia in
SNI rats. To determine whether early treatment with
rDKK3 could suppress the development of mechani-
cal allodynia in SNI rats, rDKK3 (30 pg, i.t.) was given
once daily for five consecutive days starting from
day 1 after the surgery. The behavioral test was con-
ducted before the surgery, and on day 3, 7, 8,9, 10 and
14 after surgery. As shown in Fig. 5e, the ipsilateral
PWT was significantly increased from day 3 to day

(See figure on next page.)

Fig.5 Analgesic effect of rDKK3 on mechanical allodynia in neuropathic pain rats. a, b A single dose of rDKK3 (30 and 50 pg) markedly increased
the ipsilateral PWT in SN rats, beginning at 2 h and lasted for at least 4 h, and didn't affect the contralateral PWT (*"p<0.001, ”p<0.0001
compared with SNI+Vehicle group, n=6 in each group). ¢, d Repetitive injections of rDKK3 (30 ug, i.t.) considerably reversed established

e

mechanical allodynia in the ipsilateral side of SNI rats, and didn't affect the contralateral PWT (""p <0.0001 compared with Sham 4 Vehicle group,
*p<0.05,"p<0.01 compared with SNI4-Vehicle group, n=6 in each group). e, f The ipsilateral PWT was significantly increased from day 3 to day 8
in rDKK3-treated SNI rats compared with vehicle-treated SNIrats (" p<0.0001 compared with Sham +Vehicle group, *p <0.05, p <0.01 compared
with SNI+Vehicle group, n=6 in each group). And the contralateral PWT in sham and SN rats treated with Vehicle or rDKK3 had no significant
change during the observation period (p > 0.05). g Horizontal movement traces in the OFT of sham and SN rats treated with Vehicle or rDKK3.

h, i The OFT result showed that there was no significant difference in the total distance and average speed between the Sham -+ Vehicle group,
Sham + rDKK3 group, SNI+Vehicle group, and SNI4rDKK3 group (p >0.05)
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Fig. 6 rDKK3 inhibited the activation of ASK1/JNK/p-38 signaling pathway in rats with neuropathic pain. a rDKK3 could increase the reduced
protein expression level of DKK3 in neuropathic pain rats ("p <0.01 compared with Sham 4 Vehicle group, ##p <0.001 compared with SNI+Vehicle
group, n=6 in each group). b, c Western blot results indicated that the protein level of ASK1 in sham and SNI rats treated with Vehicle or rDKK3 had
no significant change, while rDKK3 down-regulated the elevated protein expression level of p-ASK1 induced by neuropathic pain in the spinal cord
("p<0.01 compared with Sham +Vehicle group, **p < 0.001 compared with SNI+Vehicle group, n=6 in each group). d, e Western blot results
indicated that the protein level of JNK in sham and SNl rats applied with Vehicle or rDKK3 had no significant change, while rDKK3 down-regulated
the increased protein expression level of p-JNK caused by neuropathic pain in the spinal cord ("p<0.0001 compared with Sham +Vehicle group,
###tp <0.0001 compared with SNI4Vehicle group, n=6 in each group). f, g Western blot result indicated that the protein level of p38 in sham and
SNI rats administrated with Vehicle or rDKK3 had no significant change, while rDKK3 alleviated the increased protein expression level of p-p38in the
spinal cord of rats with neuropathic pain (" p<0.0001 compared with Sham + Vehicle group, ##p <0.0001 compared with SNI 4 Vehicle group,

n=6in each group)
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8 in rDKK3-treated SNI rats compared with vehicle-
treated SNI rats. Moreover, rDKK3 did not affect the
PWT on the contralateral side (Fig. 5b, d, f). These
results indicate that rDKK3 can markedly attenu-
ate established mechanical allodynia in SNI rats, and
also delayed the development of mechanical allodynia
in SNI rats. Based on the results from the OFT, there
was no significant difference in the total distance and
average speed between the sham and SNI rats treated
with Vehicle or rDKK3 (Fig. 5g—i). The OFT result
indicated that intrathecal injection with rDKK3 did
not affect the motor function of rats.

rDKK3 inhibited the activation of ASK-1/JNK/p38 MAPK
signaling pathway in neuropathic pain rats

Then, we tested whether treatment with rDKK3 could
inhibit the activated ASK-1/JNK/p38 MAPK signaling
pathway caused by SNI. Firstly, treatment with rDKK3
attenuated the reduced protein level of DKK3 caused by
neuropathic pain (Fig. 6a). Moreover, as shown in Fig. 6b,
western blot results displayed that the protein expres-
sion level of ASK-1 had no remarkable difference in sham
and SNI rats applied with Vehicle or rDKK3. However,
rDKKS3 could significantly alleviate the increased level of
p-ASK-1 in the spinal cord induced by nerve injury com-
pared with the SNI+ Vehicle group (Fig. 6¢). The results
also indicated that there was no significant difference in
the protein expression of JNK between sham and SNI
rats administrated with Vehicle or rDKK3 (Fig. 6d). But
compared with the SNI+ Vehicle group, application with
rDKK3 dampened the up-regulated levels of p-JNK in the
spinal cord of rats with SNI (Fig. 6e). Then, it was found
that the level of p38 had no prominent difference in sham
and SNI rats treated with Vehicle or rDKK3 (Fig. 6f).
Nevertheless, rDKK3 reversed the raised level of p-p38 in
the spinal cord of rats with SNI (Fig. 6g).

rDKK3 promoted the switch of microglia from M1

type to M2 type and suppressed neuroinflammation

in neuropathic pain rats

As microglial activation plays an important role in neu-
ropathic pain, we sought to identify whether the increas-
ing spinal DKK3 would alter the status of microglia in
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spinal dorsal horn after SNI. Microglial activation was
demonstrated by the changes of number and morphology
in Ibal-positive cells in lamina I-III layers of the dorsal
horn. Firstly, we evaluated microglial markers Iba-1 pro-
tein expression in the spinal cord, western blot results
showed that SNI robustly up-regulated the level of Ibal,
and which could be abolished by administration with
rDKK3 (Fig. 7a). Moreover, as shown in Fig. 7b, ¢, SNI
triggered radical changes in the morphology and accu-
mulation of Ibal stained microglia in the spinal dorsal
horn. By contrast, SNI induced these alterations of micro-
glia were significantly attenuated by intrathecal injection
of rDKK3. Furthermore, we found that rDKK3 prevented
SNI-induced M1 microglial polarization and promoted
the M2 phenotype. Western blot results showed that
application with rDKK3 decreased the protein expres-
sion level of M1 markers including CD16 (Fig. 7d), CD86
(Fig. 7e), iNOS (Fig. 7f) and increased the protein expres-
sion level of M2 markers including Argl (Fig. 7g), CD206
(Fig. 7h), IL-10 (Fig. 7i) in the spinal cord of rats with SNI.
Moreover, flow cytometry further confirmed that rDKK3
promoted the switch of microglia from M1 type to M2
type in rats with neuropathic pain (Additional file 2: Fig.
S2a-b). Besides, we also observed that rDKK3 could ame-
liorate neuroinflammation induced by neuropathic pain.
Western blot results showed that rDKK3 could reverse
the up-regulated levels of pro-inflammatory cytokines
including IL-1P (Additional file 3: Fig. S3a), IL-6 (Addi-
tional file 3: Fig. S3b), and TNF-a (Additional file 3: Fig.
S3c¢) in the spinal cord. Furthermore, ELISA results fur-
ther indicated that rDKK3 could alleviate the neuroin-
flammation induced by neuropathic pain (Additional
file 3: Fig. S3d-f).

The analgesic effect of rDKK3 on neuropathic pain rats

was reversed by Kremen-1 siRNA or DVL-1 siRNA

To verify whether Kremen-1 and DVL-1 were partici-
pated in the analgesic effect of DKK3, the SNI rats were
given rDKK3 in addition to either Kremen-1 siRNA,
DVL-1 siRNA, or scramble siRNA. The knockout effect
of siRNA was detected by western blot in 11 days fol-
lowing SNI. As shown in Fig. 8a, b, the results showed
that Kremen-1 siRNA and DVL-1 siRNA resulted in

(See figure on next page.)

Fig. 7 rDKK3 promoted the switch of microglia from M1 type to M2 type in rats with neuropathic pain. a—c Western blot and immunofluorescence
results showed that rDKK3 ameliorated the up-regulated protein expression level of Iba-1 in the spinal cord and suppressed the activated microglia
caused by neuropathic pain (""p<0.0001 compared with Sham 4+ Vehicle group,
group). d—f Western blot results indicated that treatment with rDKK3 attenuated the increased protein expression level of CD16, CD86 and iNOS in
the spinal cord induced by neuropathic pain (" p<0.0001 compared with Sham +Vehicle group,
n=6 in each group). g-i Western blot result indicated that application with rDKK3 up-regulated the decreased protein expression level of Arg1,
CD206 and IL-10 in the spinal cord caused by neuropathic pain (p<0.05, “p<0.01, p<0.001 compared with Sham + Vehicle group, *p <0.05,
#th <0001, #H <0.0001 compared with SNI4Vehicle group, n =6 in each group)

###ip <0.0001 compared with SNI+Vehicle group, n=6 in each

###tp <0.0001 compared with SNI4Vehicle group,
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significant downregulation of Kremen-1 and DVL-1 pro-
tein expression. Furthermore, as shown in Fig. 8c, the
ipsilateral PWT results indicated that administration
with rDKK3 alleviated mechanical allodynia induced by
nerve injury compared with SNI+ Vehicle group, but
this effect was abolished by Kremen-1 siRNA or DVL-1
siRNA. Moreover, Kremen-1 siRNA, DVL-1 siRNA and
scramble siRNA all did not affect the PWT on the con-
tralateral side (Fig. 8d). According to the OFT result,
there was no significant difference in the total distance
and average speed between the Sham group, SNI+ Vehi-
cle group, SNI+rDKK3 group, SNI+rDKK3 + scramble
siRNA group, SNI+rDKK3+ Kremen-1 siRNA group,
and SNI+rDKK3+DVL-1 siRNA group (Fig. 8e-g).
The OFT result demonstrated that intrathecal injection
with Kremen-1 siRNA or DVL-1 siRNA did not affect the
motor function of rats.

Both Kremen-1 siRNA and DVL-1 siRNA reversed the effect

of rDKK3 on ASK-1/JNK/p38 MAPK signaling pathway

in neuropathic pain rats

Then we evaluated the effect of siRNA on ASK-1/
JNK/p38 MAPK pathway. As shown in Fig. 9a, west-
ern blot results indicated that there was no signifi-
cantly difference in the protein expression level of
ASK1 between the Sham group, SNI+ Vehicle group,
SNI+rDKK3 group, SNI+rDKK3+scramble siRNA
group, SNI+4rDKK3+ Kremen-1 siRNA group, and
SNI+rDKK3+DVL-1 siRNA group. However, applica-
tion with rDKK3 reduced the increased protein expres-
sion level of p-ASK1 in the spinal cord of rats with SNI,
while the effect was reversed by intrathecal injection
with Kremen-1 siRNA or DVL-1 siRNA (Fig. 9b). Fur-
thermore, the results showed that there was no sig-
nificantly difference in the protein expression level of
JNK between the Sham group, SNI+ Vehicle group,
SNI+rDKK3 group, SNI+rDKK3+scramble siRNA
group, SNI+4rDKK3+ Kremen-1 siRNA group, and
SNI+rDKK3+DVL-1 siRNA group (Fig. 9c). However,
treatment with rDKK3 ameliorated the increased level
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of p-JNK in the spinal cord of rats with SNI, while Kre-
men-1 siRNA or DVL-1 siRNA dampened the effect
(Fig. 9d). Moreover, western blot results implied that
there was no significantly difference in the expression
level of p38 between the Sham group, SNI+ Vehicle
group, SNI+rDKK3 group, SNI+rDKK3 + scramble
siRNA group, SNI+rDKK3+ Kremen-1 siRNA group,
and SNI+rDKK3+DVL-1 siRNA group (Fig. 9e). But,
administration with rDKK3 down-regulated the raised
level of p-p38 in the spinal cord of rats with SNI, while
Kremen-1 siRNA or DVL-1 siRNA reversed the effect
(Fig. 9f).

Both Kremen-1 siRNA and DVL-1 siRNA reversed the effect

of rDKK3 on microglia polarization and neuroinflammation
in neuropathic pain rats

Firstly, we evaluated microglial markers Iba-1 pro-
tein expression in the spinal cord, western blot results
showed that Kremen-1 siRNA and DVL-1 siRNA both
could reverse the reduced protein level of Iba-1 caused
by rDKK3 (Fig. 10a). Moreover, as shown in Fig. 10b-c,
SNI triggered radical changes in the morphology and
accumulation of Iba-1 stained microglia in the spinal
dorsal horn. SNI induced these alterations of microglia
were significantly abolished by intrathecal injection of
rDKK3, while administration with Kremen-1 siRNA and
DVL-1 siRNA both could abolished the effect of rDKK3
on microglia activation. Moreover, western blot results
showed that rDKK3 down-regulated the increased lev-
els of CD16 (Fig. 10d), CD86 (Fig. 10e), iNOS (Fig. 10f)
and up-regulated the decreased levels of Argl (Fig. 10g),
CD206 (Fig. 10h), IL-10 (Fig. 10i) compared with the
SNI+ Vehicle group, while both knock out Kremen-1
with Kremen-1 siRNA and knock out DVL-1 with DVL-1
siRNA could reverse the effect of rDKK3 on micro-
glia polarization. Flow cytometry further identified that
rDKK3 promoted the switch of microglia from M1 type
to M2 type in rats with neuropathic pain, while Kre-
men-1 siRNA and DVL-1 siRNA could abrogate the
effect of rDKK3 on microglia polarization (Additional

(See figure on next page.)

group (p>0.05)

Fig. 8 The improved mechanical allodynia was reversed by intrathecal injection with Kremen-1 siRNA or DVL-1 siRNA. a Western blot results
showed that Kremen-1 siRNA effective down-regulated the protein level of Kremen-1 (*"p<0.0001 compared with scramble siRNA group, n=6 in
each group). b Western blot results showed that DVL-1 siRNA successful down-regulated the protein level of DVL-1 (""p <0.0001 compared with
scramble siRNA group, n=6 in each group). ¢, d rDKK3 alleviated the decreased ipsilateral PWT induced by neuropathic pain, while application

with Kremen-1 siRNA or DVL-1 siRNA both could abolish the analgesic effect of rDKK3 (*p < 0.0001 compared with Sham group, #p <0.001,

##5 <0.001 compared with SNI+Vehicle group, 8 <0.05, 4p <0.01, %4p < 0.001 #44p < 0.0001 compared with SNI+rDKK3 group, n=6 in each
group). In contrast, the contralateral PWT in the six groups had no significant change. (e) Horizontal movement traces in the OFT of the Sham group,
SNI+Vehicle group, SNI+rDKK3 group, SNI+rDKK3 4 scramble siRNA group, SNI+ rDKK3 4 Kremen-1 siRNA group, and SNI 4 rDKK3 + DVL-1

SiRNA group. f, g The OFT result showed that there was no significant difference in the total distance and average speed between the Sham group,
SNI+Vehicle group, SNI4-rDKK3 group, SNI4-rDKK3 + scramble siRNA group, SNI4-rDKK3 + Kremen-1 siRNA group, and SNI 4 rDKK3 4+ DVL-1 siRNA
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file 4: Fig. S4a-b). In addition to this, western blot (Addi-
tional file 5: Fig. S5a-c) and ELISA (Additional file 5: Fig.
S5d-f) results showed that Kremen-1 siRNA and DVL-1
siRNA both could reverse the attenuated neuroinflam-
mation in the spinal cord induced by rDKK3 compared
with the SNI+rDKK3 group.

Discussion

In this study, we showed that (1) intrathecal administra-
tion of rDKK3 ameliorated established mechanical allo-
dynia, and delayed the onset of mechanical allodynia in
SNI rats; (2) intrathecal administration of rDKK3 pro-
moted microglia transformation from M1 type to M2
type, and improved neuroinflammation via inhibiting
ASK-1/JNK/p38 MAPK pathway in SNI rats; (3) applica-
tion with Kremen-1 siRNA or DVL-1 siRNA abolished
the effects of rDKK3 on mechanical allodynia, microglia
polarization and neuroinflammation in SNI rats. Taken
together, our results demonstrated that DKK3 interacted
with Kremenl and DVL-1, which improved mechanical
allodynia by promoting microglia transformed from M1
type to M2 type, and ameliorating neuroinflammation via
inhibiting ASK-1/JNK/p38 MAPK.

Previous studies have indicated that DKK3 was
expressed in in the liver [46], heart [47], kidney [48], and
brain [49]. However, our PCR and WB results proved
that DKK3 was also expressed in the rat spinal cord.
The biological action of DKK3 is complex and still not
fully understood. It was reported that DKK3 protects
neurons against a variety of toxic insults via mediating
vascular endothelial growth factor (VEGF), and DKK3
overexpression substantially alleviated cardiac hyper-
trophy and fibrosis [27]. Moreover, a study proved that
rDKK3 protected mice against ICH via inhibiting ICH-
induced inflammation [32]. In our study, PCR, western
blot and immunofluorescence results demonstrated that
the expression level of DKK3 was decreased in SNI day
3 until day 14 in spinal cord compared with the Sham
group. Thereby, in present study, three doses of rDKK3
(10 pg, 30 pg, and 50 pg) were evaluated in the SNI rat
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model, we showed that intrathecal administration with
rDKK3 (30 pg, or 50 pg) had an analgesic effect in rats
with neuropathic pain in a dosage independent man-
ner. Furthermore, we also found that early treatment
with rDKK3 could delay the onset of mechanical allo-
dynia induced by SNI. Our study found that intrathecal
administration with rDKK3 in 1-5 days after SNI could
produce analgesic effect up to 8th day. The long analge-
sic time maintained by continuous administration with
rDKK3 is the potential advantage of rDKK3 in the treat-
ment of neuropathic pain. However, the specific mecha-
nism needs to be identified by further study.

Although the specific receptors and related signaling
pathways that DKK3 interacts with are still controver-
sial, it has been confirmed that DKK3 interaction with
Kremen-1 may affect Wnt signaling [50] and DKK3
immunoprecipitated with Kremen-1, but not lipo-
protein receptor-related protein 6 (LRP6), in cancer-
associated fibroblasts [51]. In addition to this, a study
suggested DVL-1 plays a significant role in the down-
stream signaling involved in the DKK3 mechanism in
endothelial cells [52]. Furthermore, it has been demon-
strated that silencing Kremen-1 or DVL-1 with siRNA
both reversed the anti-inflammatory effects of DKK3 in
ICH mice [32]. DVL-1 is composed of three conserved
domains (N-terminal DIX domain, PDZ domain, and a
C-terminal DEP domain). The PDZ domain remarkably
contributes to protein interactions. This domain binds
to the membrane-bound receptor and to other signal
transduction molecules in the cytoplasm to distinguish
between suitable binding partners [53]. Furthermore, it
has been proposed that when DKK3 interacts with the
Kremen-1, then the transmembrane receptor Kremen-1
may compete with the canonical signaling pathway for
the interaction with DVL-1 and downstream molecules
through its PDZ domain [32]. Moreover, this action of
DVL-1 is independent on Wnt or its downstream effector
B-catenin. Our results also indicated that the improved
mechanical allodynia induced by rDKK3 was abolished
by Kremen-1 or DVL-1 silencing, which demonstrated
that DKK3 attenuate neuropathic pain mediated by

(See figure on next page.)

with SNI+rDKK3 group, n=6 in each group)

Fig. 9 rDKK3 inhibited ASK1/JNK/p38 MAPK signaling pathway via Kremen-1 and DVL-1. a, b The expression level of ASK1 in the six groups had

no significant change. rDKK3 reduced the increased p-ASK1 in neuropathic pain rats, while Kremen-1 siRNA or DVL-1 siRNA both reversed the
down-regulated p-ASK1 caused by rDKK3 in neuropathic pain rats (" p<0.001 compared with Sham group, *p <0.01 compared with SNI 4 Vehicle
group, ¥ <0.01 compared with SNI4rDKK3 group, n=6 in each group). ¢, d The expression level of JNK in the six groups had no significant
change. rDKK3 reduced the increased p-JNK in rats with SNI, while Kremen-1 siRNA or DVL-1 siRNA both up-regulated the decreased p-JNK caused
by rDKK3 in rats with neuropathic pain (" p <0.0001 compared with Sham group, *#p < 0.0001 compared with SNI+Vehicle group, ¥4 <0.0001
compared with SNI+rDKK3 group, n=6 in each group). e, f The expression level of p38 in the six groups had no significant change. rDKK3
dampened the increased p-p38 in neuropathic pain rats, while Kremen-1 siRNA or DVL-1 siRNA both elevated the decreased p-p38 caused by
rDKK3 in neuropathic pain rats (p < 0.05 compared with Sham group, *p <0.05 compared with SNI+Vehicle gro up, %0 <0.05, % <0.01 compared
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Kremen-1 and DVL-1. DKK3 may form a ternary com-
plex with Kremen-1 receptors and DVL-1, thus allowing
fine-tuning of downstream signaling.

A plenty of evidence has demonstrated that the acti-
vation of microglia is the early event that mediates
neuroinflammation, which plays a crucial role in the
development of neuropathic pain [54—56]. Therefore, it is
necessary to further understand microglial activation for
expanding our knowledge regarding the pathogenesis of
neuropathic pain. Our results indicated that DKK3, Kre-
men-1, and DVL-1 were mainly expressed in neurons and
microglia in spinal cord dorsal horn, which is consist-
ent with previous studies [32]. Neuropathic pain could
decrease the expression of DKK3, Kremen-1, and DVL-1
in microglia, this possibly showed that DKK3 is produced
by microglia and stimulates the same microglia mediated
by Kremen-1 and DVL-1 to reduce its own activation and
acts as a protective molecule. In addition to this, it has
been proved that DKK3 could alleviate chronic inflam-
mation in liver [46] and down-regulate the multiple pro-
inflammatory cytokines derived from activated microglia
in brain [32]. Our study also found that DKK3 could
dampen the neuroinflammation caused by neuropathic
pain mediated by Kremen-1 and DVL-1.

ASK1/JNK/p38 MPAK signaling pathway was involved
in the development of multiple diseases [27, 35, 57]. It
has been identified that inactivation ASK1/JNK/p38
MAPK pathway could alleviate neuroinflammation and
neuropathic pain induced by chronic constrictive injury
(CCI) via inhibiting the activation of microglia [35].
Furthermore, another study demonstrated that DKK3
protected against the development of myocardial infarc-
tion (MI)-induced cardiac remodeling via inhibiting the
ASK1/JNK/p38 MPAK signaling pathway [27]. Recently,
growing evidences have found that ASK1 is expressed in
glial cells and contributes to the induction and mainte-
nance of neuroinflammation [35, 57, 58]. It has also been
found that inhibition of ASK1 could significantly ame-
liorate the phosphorylation of JNK and p38, and reduce
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pro-inflammatory factors released by activated glial cells,
which are crucial mediators in the process of pain sen-
sitization [35]. Furthermore, JNK/p38 MAPK pathway
played a remarkable role in promoting the polarization
of microglia to M1 type after nerve injury. According to
previous studies [59, 60], p-JNK is primarily observed in
spinal cord astrocytes of nerve injury rats. However, the
detection time is 14 days or 21 days after nerve injury in
these studies. Our study focused on the early stages of
nerve injury. Moreover, previous studies has identified
that p-JNK immunoreactivity was increased in spinal
microglia of rats with spinal cord injury [61, 62]. Further-
more, our immunofluorescence result showed that most
of the increased p-JNK was expressed in astrocytes and
a few in microglia at 7 days after nerve injury. Our study
firstly demonstrated that DKK3 could promote microglia
polarization from M1 type to M2 type via negative regu-
lation of the ASK1/JNK/p38 MAPK signaling pathway in
SNI rats, however, these effects of DKK3 were reversed
by Kremen-1 siRNA or DVL-1 siRNA.

Our results strongly suggested that the suppression the
ASK1/JNK/p38 pathway largely account for the analge-
sia effects of DKK3. However, one of the major limita-
tions of our study is that we paid special attention to the
involvement of DKK3 to Kremen-1 receptor, DVL-1, and
ASK-1/JNK/p38 signaling pathway, but other potential
mechanisms have not been investigated. DKK3 has been
found to inhibit inflammation via the non-canonical Wnt
signaling pathway in a model of atherosclerosis [52]. In
addition, it has been proved that DKK3 protected against
ICH via inhibiting the activation microglia and negative
regulating JNK/AP-1 signaling cascades [32]. Another
limitation of our study is that there is no evidence of
clinical application of DKK3 in treatment of neuropathic
pain. It is necessary to accelerate the transformation from
basic research to clinical research in future studies. Fur-
thermore, intrathecal injection is a simple and relatively
noninvasive means to deliver agents to DRG sensory neu-
rons. So, intrathecal injection with rDKK3 may attenuate

(See figure on next page.)

Fig. 10 rDKK3 promoted the switch of microglia from M1 type to M2 type in neuropathic pain rats via Kremen-1 and DVL-1. a-c Western blot and
immunofluorescence results showed that rDKK3 ameliorated the up-regulated protein expression level of Iba-1 in the spinal cord and suppressed
the activated microglia caused by neuropathic pain, while treatment with Kremen-1 siRNA or DVL-1 siRNA abolished the effect of rDKK3 on
microglia activation (""p <0.0001 compared with Sham group, ##p <0.0001 compared with SNI4Vehicle group, ¥4 <0.0001 compared with
SNI+rDKK3 group, n=6 in each group). d—f Western blot results indicated that treatment with rDKK3 attenuated the increased protein expression
level of CD16, CD86 and iNOS in the spinal cord induced by neuropathic pain, while Kremen-1 siRNA or DVL-1 siRNA abolished the effect of

rDKK3 on M1 type biomarkers ("p<0.01, "p<0.001, " p<0.0001 compared with Sham group, #¥p <0.01, #*p < 0.001, ***p < 0.0001 compared
with SNI4Vehicle group, %p <0.01, %8 < 0,001, &5 <0.0001 compared with SNI+rDKK3 group, n=6 in each group). g—i Western blot results
indicated that application with rDKK3 up-regulated the decreased protein expression level of Arg1, CD206 and IL-10 in the spinal cord caused by
neuropathic pain, while administration with Kremen-1 siRNA or DVL-1 siRNA attenuated the effect of rDKK3 on M2 type biomarkers “"p<0.01,
"p<0.0001 compared with Sham group, *p < 0.05, #*p < 0.0001 compared with SNI +Vehicle group, ¥ < 0.01, 4, < 0,0001 compared with
SNI+rDKK3 group, n=6 in each group)
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Additional file 1: Fig. S1. Double immunofluorescence of p-JNK and

NeuN, Iba1, GFAP in the spinal cord of sham and neuropathic pain rats.
> DKK3 (a) Double immunofluorescence of p-JNK and NeuN, Iba1, GFAP in the
spinal cord of sham rats. (b) Double immunofluorescence of p-JNK and
NeuN, Iba1, GFAP in the spinal cord of SNI rats. (c-e) Histogram showed

QVvL that p-JNK co-localization with Iba-1, or GFAP was increased in the SNI 7d
o4 group (p<0.05,p<0.001 compared with Sham group, n=6 in each
p-ASi(l group).
Microglia Additional file 2: Fig. S2. The Flow cytometry result of the Sham + Vehi-
cle group, Sham + rDKK3 group, SNI+Vehicle group, and SNI+ rDKK3
/ \ group. (a) Representative dot spot of flow cytometry for microglia. (b)
Histogram showed that rDKK3 promoted the switch of microglia from M1
1ype M2 type type to M2 type in rats with neuropathic pain (“p<0.01, compared with
i, Sham 4 Vehicle group, #p <0.01, compared with SNI+Vehicle group,
‘IL_ﬁ"TNp.‘, ZIL-10 n=6in each group).

Additional file 3: Fig. S3. rDKK3 alleviated neuroinflammation in the spi-
nal cord induced by neuropathic pain. (a-c) Western blot results indicated
that administration with rDKK3 reduced the pro-inflammatory cytokines
level of IL-1(, IL-6 and TNF-a in the spinal cord caused by neuropathic pain
(p<0.05, “p<001,"p<0.001 compared with Sham 4 Vehicle group,
*n<0.05, " p<0.001, #p <0.0001 compared with SNI+Vehicle group,
n=~6in each group). (d-f) ELISA results showed that rDKK3 suppressed
neuroinflammation in the spinal cord caused by neuropathic pain
("p<0.001,"p<0.0001 compared with Sham +Vehicle group, ¥p<0.01,
Neuropathic pain compared with SNI+Vehicle group, n==6 in each group).

Additional file 4: Fig. S4. The Flow cytometry result of the Sham group,
SNI+Vehicle group, SNI+rDKK3 group, SNI+ rDKK3 + scramble siRNA
group, SNI 4 rDKK3 4 Kremen-1 siRNA group, and SNI 4 rDKK3 4 DVL-1
SIRNA group. (a) Representative dot spot of flow cytometry for microglia.
Fig. 11 Schematic illustration of the role DKK3 in neuropathic pain (b) Histogram showed that rDKK3 promoted the switch of microglia
from M1 type to M2 type in the spinal cord of rats with neuropathic pain,
while Kremen-1 siRNA and DVL-1 siRNA could abrogate the effect of
rDKK3 on microglia polarization ("p <0.01 compared with Sham group,

mechanical allodynia via interaction with DRG sensory #p <0.01 compared with SNI 4 Vehicle group, %¢p < 0.001 compared with
neurons. But, the specific mechanism needs to be further SNI+rDKK3 group, =6 in each group).
studied. Additional file 5: Fig. S5. The improved neuroinflammation caused by
rDKK3 was abolished by Kremen-1 siRNA or DVL-1 siRNA in neuropathic
. pain rats. (a-c) Western blot results indicated that rDKK3 reduced the
Conclusion pro-inflammatory cytokines level of IL-1B3, IL-6 and TNF-a in the spinal cord
In summary, we demonstrated that DKK3 could attenu- caused by neuropathic pain, while administration with Kremen-1 siRNA

ate neuropathic pain through suppressing ASK-1/JNK or DVL-1 siRNA up-regulated the decreased pro-inflammatory cytokines
P P g pp g Nl / level of IL-1(, IL-6 and TNF-a in the spinal cord caused by neuropathic

p38 MAPK signaling pathway, promoting microglia pain (p<0.05, "p <0.01 compared with Sham group, *p<0.05, *#p < 0.001

polarization from M1 type to M2 type and improving compared with SNI +Vehicle group, %0 <0.05, *p <0.01, %> < 0.001,

neuroinflammation mediated by Kremen-1 and DVL-1 ¥ <0,0001 compared with SNI-+DKK3 group, n=6 in each group).
. X . . K (d-f) ELISA results showed that the improved neuroinflammation in the
in the spinal cord (Fig. 11). Our finding provided a new spinal cord caused by rDKK3 was abolished by Kremen-1 siRNA or DVL-1
perspective on microglia polarization involved of DKK3. SiRNA in rats with neuropathic pain (“p<0.001, p<0.0001 compared

with Sham group, #p <0.01, " p < 0.001 compared with SNI4Vehicle
group, *p <001, %€y <0.001 compared with SNI+rDKK3 group, n=6in
each group).

Abbreviations

DKK 3: Dickkopf 3; DVL-1: Dishevelled-1; SNI: Spared nerve injury; WB: Western
blot; IF: Immunofluorescence; gPCR: Quantitative polymerase chain reaction;
ELISA: Enzyme-linked immunosorbent assay; rDKK3: Recombinant DKK3; p-
ASK1: Phosphorylated apoptosis signal-regulating kinase 1; p-JNK: Phosphoryl-
ated c-JUN N-terminal kinase; p-p38: Phosphorylated p38; IL-1(3: Interleukin
18; TNF-a: Tumor necrosis factor q; IL-6: Interleukin 6; IL-10: Interleukin 10;
MAP3KS5: Mitogen-activated protein kinase kinase kinase 5; PWT: Paw with-
drawal threshold.

Acknowledgements
Thanks to all those who have helped us.

Author contributions

WM and YQZ developed the concept of the study; LQZ designed the study;
SJG and JS provided experimental support; DYL, JYW, FHS and DQL analyzed
and interpreted the data. LQZ wrote the paper. All authors read and approved
the final manuscript.


https://doi.org/10.1186/s12974-022-02495-x
https://doi.org/10.1186/s12974-022-02495-x

Zhang et al. Journal of Neuroinflammation (2022) 19:129

Funding

This work was supported by grants from National Natural Science Foundation
of China (82071556, 81873793, 82001198, and 82101310) and National Key
Research and Development Program of China (2020YFC2005300).

Availability of data and materials
The data and materials supporting the conclusions of this study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All experiments were approved by the Experimental Animal Care and Use
Committee of Tongji hospital, Tongji Medical College, Huazhong University of
Science and Technology. All experiments were conducted in accordance with
the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals, and the ARRIVE Guidelines for Reporting Animal Research.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 January 2022 Accepted: 23 May 2022
Published online: 03 June 2022

References

1. Basbaum Al, Bautista DM, Scherrer G, Julius D. Cellular and molecular
mechanisms of pain. Cell. 2009;139:267-84.

2. Kuner R. Central mechanisms of pathological pain. Nat Med.
2010;16:1258-66.

3. Grace PM, Hutchinson MR, Maier SF, Watkins LR. Pathological pain and
the neuroimmune interface. Nat Rev Immunol. 2014;14:217-31.

4. Inoue K, Tsuda M. Microglia in neuropathic pain: cellular and
molecular mechanisms and therapeutic potential. Nat Rev Neurosci.
2018;19:138-52.

5. Campbell JN, Meyer RA. Mechanisms of neuropathic pain. Neuron.
2006;52:77-92.

6. Colloca L, Ludman T, Bouhassira D, Baron R, Dickenson AH, Yarnitsky D,
Freeman R, Truini A, Attal N, Finnerup NB, et al. Neuropathic pain. Nat Rev
Dis Primers. 2017;3:17002.

7. SunJ, Zhou YQ, Xu BY, Li JY, Zhang LQ, Li DY, Zhang S, Wu JY, Gao SJ, Ye
DW, Mei W. STING/NF-kappaB/IL-6-mediated inflammation in microglia
contributes to spared nerve injury (SNI)-induced pain initiation. J Neuro-
immune Pharmacol. 2021. https://doi.org/10.1007/511481-021-10031-6

8. Chen SP, Zhou YQ, Wang XM, Sun J, Cao F, HaiSam S, Ye DW, Tian YK. Phar-
macological inhibition of the NLRP3 inflammasome as a potential target
for cancer-induced bone pain. Pharmacol Res. 2019;147: 104339.

9. Calvo M, Bennett DL. The mechanisms of microgliosis and pain following
peripheral nerve injury. Exp Neurol. 2012,234:271-82.

10. Chen G, Zhang YQ, Qadri YJ, Serhan CN, Ji RR. Microglia in pain: detrimen-
tal and protective roles in pathogenesis and resolution of pain. Neuron.
2018;100:1292-311.

11. JiRR, Berta T, Nedergaard M. Glia and pain: is chronic pain a gliopathy?
Pain. 2013;154(Suppl 1):510-28.

12. Milligan ED, Watkins LR. Pathological and protective roles of glia in
chronic pain. Nat Rev Neurosci. 2009;10:23-36.

13. Wang L, Yin C, LiuT, Abdul M, Zhou Y, Cao J-L, Lu C. Pellino1 regulates
neuropathic pain as well as microglial activation through the regula-
tion of MAPK/NF-kB signaling in the spinal cord. J Neuroinflamm.
2020;17(1):83.

14. ZhangTT, Xue R, Fan SY, Fan QY, An L, Li J, Zhu L, Ran YH, Zhang LM,
Zhong BH, et al. Ammoxetine attenuates diabetic neuropathic pain
through inhibiting microglial activation and neuroinflammation in the
spinal cord. J Neuroinflamm. 2018;15:176.

15. Guan Z, Kuhn JA, Wang X, Colquitt B, Solorzano C,Vaman S, Guan AK,
Evans-Reinsch Z, Braz J, Devor M, et al. Injured sensory neuron-derived

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 23 of 24

CSF1 induces microglial proliferation and DAP12-dependent pain. Nat
Neurosci. 2016;19:94-101.

Chen Z, Trapp BD. Microglia and neuroprotection. J Neurochem.
2016;136(Suppl 1):10-7.

Piotrowska A, Kwiatkowski K, Rojewska E, Makuch W, Mika J. Maraviroc
reduces neuropathic pain through polarization of microglia and astro-
glia—evidence from in vivo and in vitro studies. Neuropharmacology.
2016;108:207-19.

Tsuda M, Mizokoshi A, Shigemoto-Mogami Y, Koizumi S, Inoue K. Activa-
tion of p38 mitogen-activated protein kinase in spinal hyperactive
microglia contributes to pain hypersensitivity following peripheral nerve
injury. Glia. 2004;45:89-95.

Zhuang ZY, Gerner P, Woolf CJ, Ji RR. ERK is sequentially activated in
neurons, microglia, and astrocytes by spinal nerve ligation and con-
tributes to mechanical allodynia in this neuropathic pain model. Pain.
2005;114:149-59.

Shan-Xuelin ZYZ, Woolf CJ, Ji R-R. p38 Mitogen-activated protein kinase is
activated after a spinal nerve ligation in spinal cord microglia and dorsal
root ganglion neurons and contributes to the generation of neuropathic
pain. J Neurosci. 2003;23:4017-22.

Luo X, Fitzsimmons B, Mohan A, Zhang L, Terrando N, Kordasiewicz H, Ji
R-R. Intrathecal administration of antisense oligonucleotide against p38a
but not p38B MAP kinase isoform reduces neuropathic and postopera-
tive pain and TLR4-induced pain in male mice. Brain Behav Immun.
2018;72:34-44.

JiRR, Xu ZZ, Gao YJ. Emerging targets in neuroinflammation-driven
chronic pain. Nat Rev Drug Discov. 2014;13:533-48.

JiRR, Nackley A, Huh'Y, Terrando N, Maixner W. Neuroinflammation and
central sensitization in chronic and widespread pain. Anesthesiology.
2018;129:343-66.

Gui X, Wang H, Wu L, Tian S, Wang X, Zheng H, Wu W. Botulinum toxin
type A promotes microglial M2 polarization and suppresses chronic
constriction injury-induced neuropathic pain through the P2X7 receptor.
Cell Biosci. 2020;10:45.

Jiang Y, Wang J, Li H, Xia L. IL-35 promotes microglial M2 polarization in a
rat model of diabetic neuropathic pain. Arch Biochem Biophys. 2020;,685:
108330.

Wang X, Jiang Y, Li J, Wang Y, Tian Y, Guo Q, Cheng Z. DUSP1 promotes
microglial polarization toward M2 phenotype in the medial prefrontal
cortex of neuropathic pain rats via inhibition of MAPK pathway. ACS
Chem Neurosci. 2021;12:966-78.

Bao MW, Cai Z, Zhang XJ, Li L, Liu X, Wan N, Hu G, Wan F, Zhang R, Zhu

X, et al. Dickkopf-3 protects against cardiac dysfunction and ventricu-

lar remodelling following myocardial infarction. Basic Res Cardiol.
2015;110:25.

Qui S, Kano J, Noguchi M. Dickkopf 3 attenuates xanthine dehydrogenase
expression to prevent oxidative stress-induced apoptosis. Genes Cells.
2017;22:406-17.

Veeck J, Dahl E. Targeting the Wnt pathway in cancer: the emerging role
of Dickkopf-3. Biochim Biophys Acta. 2012;1825:18-28.

Sumia |, Pierani A, Causeret F. Kremen1-induced cell death is regulated by
homo- and heterodimerization. Cell Death Discov. 2019;5:91.

Lu D, Bao D, Dong W, Liu N, Zhang X, Gao S, Ge W, Gao X, Zhang L. Dkk3
prevents familial dilated cardiomyopathy development through Wnt
pathway. Lab Invest. 2016;96:239-48.

Xu'Y, Nowrangi D, Liang H,Wang T, Yu L, LuT, Lu Z, Zhang JH, Luo B, Tang
J. DKK3 attenuates JNK and AP-1 induced inflammation via Kremen-1 and
DVL-1 in mice following intracerebral hemorrhage. J Neuroinflammation.
2020;17:130.

Han DS, Huang HP, Wang TG, Hung MY, Ke JY, Chang KT, Chang HY, Ho YP,
Hsieh WY, Yang WS. Transcription activation of myostatin by trichostatin A
in differentiated C2C12 myocytes via ASK1-MKK3/4/6-JNK and p38 mito-
gen-activated protein kinase pathways. J Cell Biochem. 2010;111:564-73.
Stark MS, Woods SL, Gartside MG, Bonazzi VF, Dutton-Regester K, Aoude
LG, Chow D, Sereduk C, Niemi NM, Tang N, et al. Frequent somatic muta-
tions in MAP3K5 and MAP3K9 in metastatic melanoma identified by
exome sequencing. Nat Genet. 2011;44:165-9.

Zhou D, Zhang S, Hu L, Gu Y-F, Cai Y, Wu D, Liu W-T, Jiang C-Y, Kong X,
Zhang G-Q. Inhibition of apoptosis signal-regulating kinase by paeoni-
florin attenuates neuroinflammation and ameliorates neuropathic pain. J
Neuroinflamm. 2019;16(1):83.


https://doi.org/10.1007/s11481-021-10031-6

Zhang et al. Journal of Neuroinflammation

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

(2022) 19:129

Decosterd |, Woolf CJ. Spared nerve injury an animal model of persistent
peripheral neuropathic pain. Pain. 2000,87:149-58.

Xiong B, Zhang W, Zhang L, Huang X, Zhou W, Zou Q, Manyande A, Wang
J,TianY, Tian X. Hippocampal glutamatergic synapses impairment medi-
ated novel-object recognition dysfunction in rats with neuropathic pain.
Pain. 2020;161(8):1824-36.

Zhang LQ, Zhang W, Li T, Yang T, Yuan X, Zhou Y, Zou Q, Yang H, Gao F,
Tian Y, et al. GLP-1R activation ameliorated novel-object recognition
memory dysfunction via regulating hippocampal AMPK/NF-kappaB
pathway in neuropathic pain mice. Neurobiol Learn Mem. 2021;182:
107463.

Zhou YQ, Chen SP, Liu DQ, Manyande A, Zhang W, Yang SB, Xiong BR, Fu
QC, Song ZP, Rittner H, et al. The role of spinal GABAB receptors in cancer-
induced bone pain in rats. J Pain. 2017,18:933-46.

De Gregorio D, McLaughlin RJ, Posa L, Ochoa-Sanchez R, Enns J, Lopez-
Canul M, Aboud M, Maione S, Comai S, Gobbi G. Cannabidiol modulates
serotonergic transmission and reverses both allodynia and anxiety-like
behavior in a model of neuropathic pain. Pain. 2019;160:136-50.

Zhai X, Chen K, Yang H, Li B, Zhou T, Wang H, Zhou H, Chen S, Zhou X, Wei
X, et al. Extracellular vesicles derived from CD73 modified human umbili-
cal cord mesenchymal stem cells ameliorate inflammation after spinal
cord injury. J Nanobiotechnol. 2021;19:274.

Wu M, Li Z, Liang L, Ma P, Cui D, Chen P, Wu G, Song XJ. Wnt signaling
contributes to withdrawal symptoms from opioid receptor activa-

tion induced by morphine exposure or chronic inflammation. Pain.
2020;161:532-44.

Wu H, Zheng J, Xu S, Fang Y, Wu Y, Zeng J, Shao A, Shi L, Lu J, Mei S, et al.
Mer regulates microglial/macrophage M1/M2 polarization and alleviates
neuroinflammation following traumatic brain injury. J Neuroinflamm.
2021;18:2.

JiY, Xiao F, Sun L, Qin J, Shi S, Yang J, Liu Y, Zhou D, Zhao J, Shen A.
Increased expression of CDK11p58 and cyclin D3 following spinal cord
injury in rats. Mol Cell Biochem. 2008;309:49-60.

Zhang J, Cui Z, Shen A, LiW, Xu G, Bao G, Sun 'Y, Wang L, Gu H, Zhou Y, Cui
Z. Upregulation of myelin and lymphocyte protein (MAL) after traumatic
spinal cord injury in rats. J Mol Histol. 2013;44:125-34.

Xie L, Wang PX, Zhang P, Zhang XJ, Zhao GN, Wang A, Guo J, Zhu X,
Zhang Q, Li H. DKK3 expression in hepatocytes defines susceptibility to
liver steatosis and obesity. J Hepatol. 2016;65:113-24.

Cao Q Zhang J, Gao L, Zhang Y, Dai M, Bao M. Dickkopf3 upregulation
mediates the cardioprotective effects of curcumin on chronic heart
failure. Mol Med Rep. 2018;17:7249-57.

Zhu X, LiW, Li H. miR-214 ameliorates acute kidney injury via targeting
DKK3 and activating of Wnt/beta-catenin signaling pathway. Biol Res.
2018,51:31.

Fukusumi'Y, Meier F, Gotz S, Matheus F, Irmler M, Beckervordersandforth R,
Faus-Kessler T, Minina E, Rauser B, Zhang J, et al. Dickkopf 3 promotes the
differentiation of a rostrolateral midbrain dopaminergic neuronal subset
in vivo and from pluripotent stem cells in vitro in the mouse. J Neurosci.
2015;35:13385-401.

Nakamura RE, Hackam AS. Analysis of Dickkopf3 interactions with Wnt
signaling receptors. Growth Factors. 2010;28:232-42.

Ferrari N, Ranftl R, Chicherova |, Slaven ND, Moeendarbary E, Farrugia AJ,
Lam M, Semiannikova M, Westergaard MCW, Tchou J, et al. Dickkopf-3
links HSF1 and YAP/TAZ signalling to control aggressive behaviours in
cancer-associated fibroblasts. Nat Commun. 2019;10:130.

Yu B, Kiechl S, Qi D, Wang X, Song Y, Weger S, Mayr A, Le Bras A, Karamariti
E, Zhang Z, et al. A cytokine-like protein Dickkopf-related protein 3 is
atheroprotective. Circulation. 2017;136:1022-36.

Lee |, Choi S, Yun J-H, Seo Sh, Choi S, Choi K-Y, Lee W. Crystal structure of
the PDZ domain of mouse Dishevelled 1 and its interaction with CXXC5.
Biochem Biophys Res Commun. 2017;485:584-90.

Gong X, ChenY, Fu B, Jiang J, Zhang M. Infant nerve injury induces
delayed microglial polarization to the M1 phenotype, and exercise
reduces delayed neuropathic pain by modulating microglial activity.
Neuroscience. 2017,349:76-86.

Mika J, Osikowicz M, Rojewska E, Korostynski M, Wawrzczak-Bargiela A,
Przewlocki R, Przewlocka B. Differential activation of spinal microglial and
astroglial cells in a mouse model of peripheral neuropathic pain. Eur J
Pharmacol. 2009;623:65-72.

56.

57.

58.

59.

60.

61.

62.

Page 24 of 24

Tanga FY, Raghavendra V, DeLeo JA. Quantitative real-time RT-PCR assess-
ment of spinal microglial and astrocytic activation markers in a rat model
of neuropathic pain. Neurochem Int. 2004;45:397-407.

Chen'S, Zuo Y, Huang L, Sherchan P, Zhang J, Yu Z, Peng J, Zhang J,

Zhao L, Doycheva D, et al. The MC4 receptor agonist RO27-3225 inhibits
NLRP1-dependent neuronal pyroptosis via the ASK1/JNK/p38 MAPK
pathway in a mouse model of intracerebral haemorrhage. Br J Pharmacol.
2019;176:1341-56.

Wu X, Li L, Zhang L, Wu J, Zhou Y, Zhou Y, Zhao Y, Zhao J. Inhibition

of thioredoxin-1 with siRNA exacerbates apoptosis by activating the
ASK1-JNK/p38 pathway in brain of a stroke model rats. Brain Res.
2015;1599:20-31.

Ma W, Quirion R. Partial sciatic nerve ligation induces increase in the
phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun
N-terminal kinase (JNK) in astrocytes in the lumbar spinal dorsal horn and
the gracile nucleus. Pain. 2002;99:175-84.

Zhuang ZY, Wen YR, Zhang DR, Borsello T, Bonny C, Strichartz GR, Decos-
terd |, Ji RR. A peptide c-Jun N-terminal kinase (JNK) inhibitor blocks
mechanical allodynia after spinal nerve ligation: respective roles of JNK
activation in primary sensory neurons and spinal astrocytes for neuro-
pathic pain development and maintenance. J Neurosci. 2006;26:3551-60.
Zhao P, Chao W, Li W. FBXWS5 reduction alleviates spinal cord injury (SCI)
by blocking microglia activity: a mechanism involving p38 and JNK.
Biochem Biophys Res Commun. 2019;514:558-64.

Liu Z,Yao X, Jiang W, LiW, Zhu S, Liao C, Zou L, Ding R, Chen J. Advanced
oxidation protein products induce microglia-mediated neuroinflam-
mation via MAPKs-NF-kappaB signaling pathway and pyroptosis after
secondary spinal cord injury. J Neuroinflammation. 2020;17:90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	DKK3 ameliorates neuropathic pain via inhibiting ASK-1JNKp-38-mediated microglia polarization and neuroinflammation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	Animals
	Establishment of neuropathic pain model
	Mechanical allodynia
	Open-field test (OFT)
	Intrathecal catheterization
	Drug administration
	siRNA transfection
	Enzyme-linked immunosorbent assay analysis (ELISA)
	Western blot analysis
	Flow cytometry
	Immunofluorescence
	Quantitative real-time PCR
	Experimental designs and animal groups
	Experiment 1: changes in mechanical allodynia and expression of DKK3, Kremen-1, DVL-1, and ASK-1JNKp38 MAPK pathway after SNI in rats
	Experiment 2: the effects of exogenous rDKK3 administration on mechanical allodynia, microglia polarization and neuroinflammation induced by neuropathic pain
	Experiment 3: Kremen-1 siRNA or DVL-1 siRNA abolished the effects of rDKK3 on mechanical allodynia, microglia polarization and neuroinflammation caused by neuropathic pain

	Statistical analyses

	Results
	DKK3, Kremen-1 and DVL-1 are decreased in spinal cord after SNI
	ASK-1JNKp38 MAPK signaling pathway is involved in the development of neuropathic pain induced by SNI
	Analgesic effect of rDKK3 on neuropathic pain rats
	rDKK3 inhibited the activation of ASK-1JNKp38 MAPK signaling pathway in neuropathic pain rats
	rDKK3 promoted the switch of microglia from M1 type to M2 type and suppressed neuroinflammation in neuropathic pain rats
	The analgesic effect of rDKK3 on neuropathic pain rats was reversed by Kremen-1 siRNA or DVL-1 siRNA
	Both Kremen-1 siRNA and DVL-1 siRNA reversed the effect of rDKK3 on ASK-1JNKp38 MAPK signaling pathway in neuropathic pain rats
	Both Kremen-1 siRNA and DVL-1 siRNA reversed the effect of rDKK3 on microglia polarization and neuroinflammation in neuropathic pain rats

	Discussion
	Conclusion
	Acknowledgements
	References


