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Background: Neuropathic pain (NP) is known to be highly correlated with microglial polarization, of which the regulatory
mechanism remains to be elucidated. Here, the aim of this study is to further investigate the relationship between bone morphogenetic
protein 4 (BMP4) and microglial polarization in the process of NP.

Methods: Firstly, normal adult rats received intrathecal BMP4 administration to assess BMP4's effect on microglial polarization.
Secondly, a BMP4 antagonist — Noggin — was applied to a rat NP model achieved by L5 spinal nerve ligation (SNL) to investigate
whether antagonizing BMP4 signaling could alleviate allodynia by reversing the imbalance of the M1/M2 polarization ratio. In both
experiments, Von-Frey filaments were used to test the changes in the paw withdrawal threshold (PWT), and Western blotting, immuno-
fluorescence, PCR and flow cytometry were further performed to investigate microglial activity and the expression patterns of M1 and
M2 markers, respectively.

Results: Firstly, BMP4 administration induced a significant PWT decrease and microglial activation in normal rats; Western blotting,
PCR and flow cytometry further revealed that M1 markers including CD16, MHCII, and TNF-a showed a marked elevation after
BMP4 application; while M2 markers, such as Arg-1, CD204 and IL-4, peaked at an early stage (P1 or P4) and then fell to the Sham
level on P7, leading to a persistent imbalance of the M1/M2 ratio throughout the 1st week. Secondly, Noggin treatment significantly
relieved allodynia and microglial activation in SNL rats. Moreover, Noggin persistently downregulated the M1 marker levels and
simultaneously induced a late-stage elevation of M2 markers expressions, thereby reversing the imbalance of the M1/M2 polarization
ratio.

Conclusion: Our results indicate that BMP4 has the ability to induce microglial polarization. Antagonizing BMP4 signaling can
relieve pain behavior via mitigating microglial activation and reversing the imbalance of the M1/M2 polarization ratio in the process of
NP.
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Introduction

Chronic pain, especially the neuropathic pain (NP), has become an increasing health problem, and the treatment remains
challenging.' It has been now well demonstrated that neuron-glia (especially microglia and astrocyte) reactions play a
critical role in the initiation and maintenance of NP. Microglia are the resident immune cells in the central nervous
system (CNS). Once triggered by noxious insults, microglia will be initially activated®> and polarized into two main
subsets: the “classical activation” M1 type and the “alternative activation” M2 type.® In general, M1 microglia,
characterized by the secretion of pro-inflammatory cytokines, can further induce astrocyte activation and aggravate
pain severity; In comparison, M2 microglia exert neuroprotection and pain relief mainly through the expression of anti-
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inflammatory factors. Importantly, an impressive body of studies® ® has revealed that NP is characterized with excessive
M1 polarization, together with inadequate or gradually dissipated M2 polarization. This imbalance of M1/M2 ratio will
increase the inflammatory response in the CNS and finally contribute to the central sensitization. Besides, comprehensive
microglial inhibitor without distinguishing their states may not be an optimal choice due to the compromise of the M2
protective functions.” Therefore, therapeutic strategies targeting the switching of the pattern of microglial polarization
should be recommended.

Bone morphogenetic proteins (BMPs) belong to the transforming growth factor § (TGF-B) superfamily and contain at
least 20 members.” Among these, BMP4 has been demonstrated to play a diverse role in regulating glial activity
including oligodendrocyte inhibition and astrocyte activation following spinal cord injury.'®!" Nevertheless, the relation-
ship between BMP4 and microglial activity still remains to be elucidated. A previous study'> has shown that the specific
receptors of BMP4 are expressed in microglia in normal adult spinal cord, suggesting BMP4's potential role in microglial
activity. Moreover, one of our recent research projects'” has already demonstrated that endogenous BMP4 is constantly
upregulated in the spinal cord during the early phase of NP, which is in coincidence with the time window of microglial
activation; Besides, intrathecal administration of exogenous BMP4 appears to be sufficient to induce allodynia in normal
adult rats. Based on these, we hypothesize that BMP4 might have the ability to regulate microglial polarization, thereby
playing a role in the pathological process of NP initiation.

In this study, we aim to investigate the effect of BMP4 on microglial polarization and pain behavior in normal rats.
Furthermore, we test whether Noggin—an antagonist of BMP4—could alleviate allodynia in NP rats by switching the
imbalance of the M1/M2 ratio. These findings may provide an understanding of the role of BMP4 in microglial
polarization, which could help to unravel the molecular basis of NP.

Method

Animals

Young adult male Sprague-Dawley rats (8 weeks old, 180-200 g) were purchased from Silaike Jingda Experimental
Animal Co., Ltd (Changsha, Hunan, CHN). Random groups of 4-5 rats were placed in one cage each and housed in a
temperature (22-25°C) and humidity (40-50%) controlled and 12/12h light/dark cycle room. Animals were provided
with food and water freely and were allowed to acclimatize to the circumstances for 1 week before the experiments
started. All procedures and practices were approved by the Institutional Animal Care and Use Committee of the Central
South University (approval number: 2021198) and were conducted according to the Health Guidelines of National
Institutes for the Use and Care of Laboratory Animals.

Animal Grouping
Sample size and selections for the concentrations of exogenous BMP4 and Noggin were decided according to previous

researches'>

and our pre-experimental data (not included in the present study). Totally, 194 rats were enrolled and 14
of them were excluded due to the failure to meet the standard after accepting SNL or intrathecal injections (seen as
below). In order to test the exogenous effect of BMP4 on microglial polarization, 90 rats were randomly divided into two
groups: (DSham group (n=45): rats received 10 uL sterile phosphate buffer solutions (PBS), twice a day; @BMP4 group
(n=45): rats received 10 ng of BMP4 (120-05ET, PeproTech, NJ, US) dissolved in 10 pL sterile PBS, twice a day. In
order to assess the effect of antagonizing BMP4 signaling on SNL-induced allodynia and microglial polarization, another
90 rats were divided into three groups: (DSham group (n=18): rats went through L5 spinal nerve exposure (but not
ligated), followed by intrathecal administration of 10uL sterile PBS, twice a day; 2)SNL group (n=36): rats went through
SNL, followed by intrathecal administration of 10 uL sterile PBS, twice a day; 3)SNL+NOG group (n=36): rats went
through SNL, followed by intrathecal administration of 100 ng of Noggin (120-10C, PeproTech) dissolved in 10 pL
sterile PBS, twice a day.

Nine rats in each group were used for behavior test in the consecutive 7 days following surgical procedure; while
other animals were euthanized at postoperative day 1 (P1), P4 and P7 after intrathecal injections. Then, the lumbar
enlargements of the spinal cord were harvested for further analysis.
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Behavioral Testing

The paw withdrawal threshold (PWT) was tested for each rat using Von-Frey filaments (Stoelting, IL, US) according to
our previous research.'® All tests were conducted at a fixed time (15:00—17:00) and recorded by a researcher who was
blinded to the group assignments. Each rat was placed separately in a wire mesh cage and left undisturbed for 30 minutes
for acclimatization. Then, the plantar surface of the rat’s hindlimb was pricked with filaments decreasing in weight from
15.0 g to 0.4 g. A positive sign was identified as a rapid shaking, pulling back or licking of the hindlimb within 5
seconds. Then, the up and down method was applied to determine the 50% PWT.

Intrathecal Catheterization

Intrathecal catheterization was conducted according to Martin’s research.'” Briefly, the rats were anesthetized with
pentobarbital (30 mg/kg, Intraperitoneal) and placed in a prone position. A sterile PE-10 tube (Smith, OH, US) was
inserted through the L4-5 intervertebral space to the lumbar enlargement. Then, an intradermal tunnel was built to fix the
catheter at the midline of neck, parallel to the ears. Clear cerebrospinal fluid drainage through the tube was considered to
be a sign of successful catheterization. Three days later, the catheter location was reconfirmed with a lidocaine test before
accepting further interventions. During the experiments, 6 rats were excluded: four were withdrawal due to the significant
decline of PWT (catheter-induced nerve injury), and another two were excluded because of the failure to show immediate
hind limb paralysis after lidocaine application (catheter displacement).

Spinal Nerve Ligation (SNL)

SNL was performed according to the method described by Chung et al.'® Briefly, the rats were anesthetized and placed in
a prone position, followed by the removal of the left L6 transverse process and its neighboring articular processes. Then,
the LS5 spinal nerve was isolated and tightly ligated using a 6-0 silk thread. Eight rats were excluded from the
experiment: Five of them failed to show allodynia (the L5 spinal nerve ligation might not be tight enough); the other
three developed evident left hindlimb paralysis (the neighboring L4 spinal nerve was likely to be injured).

Western Blotting

Rats (n=3 for each group at each time point) were deeply anesthetized with overdose of pentobarbital (100 mg/kg,
Intraperitoneal) and sacrificed. Lumbar enlargements of the spinal cord were harvested, homogenized in a mixture of
RIPA lysis buffer containing proteinase inhibitor (Roche, Mannheim, GER), and centrifuged at 4°C at 12,000 rpm for 15
min in order to collect the supernatants. Then, the protein concentrations were tested using the bicinchoninic acid (BCA)
method. After that, each sample, containing 20 pg protein, was loaded into 8% or 10% SDS-polyacrylamide gels for
electrophoresis, then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, MA, US). The membrane
was blocked with 5% non-fat dried milk for 1 hour and immunoblotted overnight at 4°C with primary antibodies,
including rabbit anti-CD11b (DF7553, 1:1000, Affinity, OH, US), anti-CD16 (DF7007, 1:1000, Affinity), anti-ARGI1
(DF6657, 1:500, Affinity) and anti-GAPDH (60004-1-Ig, 1:6000, Proteintech, IL, US), followed by HRP-conjugated
goat anti-rabbit IgG (SA00001-2, 1:6000, Proteintech) for 1 hour at room temperature. Each membrane was washed three
times and processed with Luminol Reagent (Millipore, MA, US) and exposed to an MP-ECL film in a dark room. All of
the films were then scanned and analyzed with Image-Pro Plus 6.0 (Rockville, MD, US).

Immunofluorescence

Rats (n=3 for each group at each time point) were deeply anesthetized and then perfused transcardially with 200 mL cold
saline followed by 300 mL 4% cold paraformaldehyde (PFA). Next, lumbar enlargements were collected and fixed in
PFA for 8 hours and cryoprotected in 30% sucrose. Samples were further embedded in OCT medium (Torrance, CA,
USA) and cut into 8-um-thick sections. All sections were rinsed in 0.2%Triton X-100 mixed with 5% donkey serum for
40 min at room temperature and then incubated overnight with primary antibodies at 4°C at the following dilutions:
mouse anti-CD11b (SM262PS, 1:50, OriGene, MD, US), rabbit anti-CD16 (1:50, Affinity) and rabbit anti-ARG1 (1:100,
Affinity). This was followed by incubation with a mixture of Alexa Fluor 594-conjugated AffiniPure Donkey Anti-Rabbit
IgG (711-585-152, 1:500, Jackson ImmunoResearch, PA, US) and Alexa Fluor 488-conjugated AffiniPure Donkey Anti-
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Mouse IgG (715-547-003, 1:500, Jackson ImmunoResearch). After that, sections were washed, stained with DAPI, and
sealed. Fluorescence microscopy (Nikon Eclipse E600, Japan was used to capture the images, and Image-Pro Plus 6.0
(MD, US) was used to calculate the intensity).

Real-Time PCR (RT-PCR)

Lumbar enlargements (n=3 for each group at each time point) were deeply anesthetized and were rapidly harvested on
ice, homogenized and treated with Trizol™ Reagent (DP424, Tiangen Biotech, Beijing, CHN) to extract the total RNA.
The cDNA for each sample was synthesized using a reverse transcription kit (KR118, Tiangen Biotech, Beijing, CHN).
RT-PCR was performed with SYBR®Green Real-Time PCR Master Mixes (E096, Novo, Shanghai, CHN) using using
CFX96 TouchTM Deep Well Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, US). All the
primers are listed in Table 1. The cycling conditions were set as 95°C for 1 min, followed by 40 cycles of 95°C for
20s—50-60°C (depending on the primers) for 20s—72°C for 30s. GAPDH was used to standardize each gene expression.

Data of Cycle Threshold (CT) in each sample then were processed using the 27" method.

Flow Cytometry

Lumbar enlargements (n=3 for each group at each time point) were harvested, washed and immediately filtered through a
40 pm nylon cell strainer (BD Biosciences, NY, US). Then, cells in the suspension were separated from myelin and
debris through centrifugation using Percoll density gradient medium (70% and 30%, GE Healthcare, CT, US) and then
carefully collected from the interface of the gradient. Then, cells were stained using the following antibodies or the
respective isotype controls for 30 min on ice: Alexa Fluor 647 anti-rat CD86 (200314, 1:100, Biolegend, CA, US), PE
anti-rat CD172a (SIRPa) (204706, 1:100, Biolegend) and PerCP/Cyanine5.5 anti-rat CDI11b/c (201820, 1:100,
Biolegend). After rinsing, the cells were tested using flow cytometry (Cytek, CA, USA) and the data were analyzed
with FlowJo vX0.7 software.

Statistical Analysis
Continuous data were presented as mean + standard deviation. Two analyses were performed to investigate BMP4's
effect on pain behavior and microglial polarization. Firstly, behavior tests were analyzed with two-way ANOVA,
followed by a Bonferroni test. Secondly, protein expressions, gene levels, fluorescence intensity and cytometric data
were assessed with one-way ANOVA, followed by Sidak’s multiple comparisons test at each time point.

All data were analyzed and charted with SPSS (version 19.0, IBM, NY, US) and Prism software (version 8.0.1,
GraphPad Inc., CA, USA). Results were considered to be significant when P<0.05.

Results
Exogenous BMP4 Induced Allodynia, Microglial Activation and M1/M2 Polarization

We have previously reported'® that the intrathecal administration of exogenous BMP4 can induce allodynia in normal
rats. Similarly, in the present study, we also observed a prominent decrease in bilateral PWT in rats of the BMP4 group,

Table | Primers for Each Gene for PCR Analysis

Primer Forward Reverse

CDI6 CATCAGCTCCTGTCTGGTTT CTCTCTGCAGCCTGTGTATTT
MHCII ACAGGAATTGTGTCCACGGG AAGGCCTGGGTCAGGGATAA
TNF-o TTGCTCTGTGAAGGGAATGG GGCTCTGAGGAGTAGACAATAAAG
Arg-1 TGGTGTGGTGGCAGAGGTCCA ACTGCCAGACTGTGGTCTCCACC
IL-4 TGTCATCCTGCTCTTCTTTCTC TCTGTGGTGTTCTTCGTTGC
CD204 CTGAATGTCAGAGTCCGTGAA CAGACTGGACTTCTGCTGATAC
CDé68 CCTTACGGACAGCTTACCTT CCAGGTGAATTGCTGGAGAA
GAPDH TGCCACTCAGAAGACTGTGG TTCAGCTCTGGGATGACCTT
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starting from P1 (left: 7.18+1.62 g; right: 7.59+1.87 g, P<0.01) and lasting for the whole week (P7: left: 6.63+1.21 g;
right: 4.88+3.06 g, P<0.01). In contrast, rats in the Sham group basically maintained at the untreated level (left and right:
about 15 g) during the 1st week (Figure 1A).

Next, we investigated whether exogenous BMP4 could regulate microglial activity and polarization in the normal
adult spinal cord. Firstly, the Western blotting results showed a marked upregulation of CD11b expressions in the BMP4
group compared with the Sham group, which lasted from P1 (2.07-fold, P<0.01) to P7 (2.08-fold, P<0.01). Similarly, the
level of CD16, a characterized M1 marker, also elevated at P1 (2.77-fold, P<0.01) and lasted until P7 (2.26-fold, P<0.01)
in the BMP4 group; Meanwhile, the expressions of ARG-1 (a recognized M2 marker) in the BMP4 group increased at P1
(2.85-fold, P<0.01) and P4 (4.57-fold, P<0.01), but then fell to the Sham level at P7 (0.69-fold, P<0.01) (Figure 1B).
Secondly, the immunofluorescence further identified that CD11b positive cells were markedly increased in the BMP4
group, which were abundantly located at the bilateral dorsal horn of the spinal cord. Moreover, CD16 and ARG-1
showed the same expression patterns with the Western blotting results, and were both mainly accumulated in the CD11b
positive cells (Figure 1C and D).

Exogenous BMP4 Induced Different Time Courses of M| and M2 Polarized Genes
We further determined the precise pattern of microglial polarization by analyzing the expression patterns of series of M1/
M2 genes using RT-PCR. As shown in Figure 2, all chosen M1 gene markers, including CD16, TNF-a and MHC-II
mRNA, showed robust elevation at P1 (CD16: 8.14-fold, P<0.01; TNF-a: 3.52-fold, P=0.010) or P4 (MHC-II: 3.02-fold,
P=0.015), and remained at a higher level at P7 (CD16: 4.10-fold, P<0.01; TNF-a: 3.84-fold, P<0.01; and MHC-II: 2.62-
fold, P=0.017) in the BMP4 group compared with the Sham group. In contrast, M2 gene markers, such as ARG-1, CD-
204 and IL-4, also increased at P1 (ARG-1:3.14-fold, P<0.01; CD-204: 14.99-fold, P<0.01) or P4 (IL-4: 1.98-fold,
P<0.01), but then decreased rapidly and fell to the Sham levels at P7 in the BMP4 group (P>0.05).

Exogenous BMP4 Drove the Imbalance of the M1/M2 Ratio
We then performed flow cytometry to verify whether exogenous BMP4 administration would give rise to an M1/M2
polarization ratio imbalance. Figure 3A shows the gating strategies of CD11b" microglia. Then, as shown in Figure 3B
and C, compared with the Sham group, the proportion of M1 microglia (characterized by CD11b"CD86" cells) showed a
marked increase at P1 (37.524+8.98% versus 4.75+1.17%, P<0.01), P4 (39.62+7.08% versus 4.59+1.10%, P<0.01) and P7
(22.4745.29% versus 3.40+1.37%, P<0.01) in the BMP4 group. In contrast, the proportion of M2 microglia (recognized
as CD11b'CDI172" cells) displayed elevated levels at P1 (12.05+2.73% versus 5.30+1.22%, P<0.01) and P4 (18.64
+4.91% versus 8.13+£3.39%, P=0.016), then fell to the Sham level at P7 (6.17£1.56% versus 7.54+2.05%, P>0.05).
Moreover, the M1/M2 ratio in the BMP4 group dramatically increased at P1 (3.2340.97 versus 0.96+0.36, P=0.013), P4
(2.24+0.67 versus 0.63+0.24, P=0.011) and P7 (3.73+0.85 versus 0.49+0.27, P<0.01) compared with the Sham group.
Together, all the above findings supported that BMP4 might have a role in the process of allodynia, microglial
activation and polarization. After BMP4 treatment, the M1 polarization would be persistently activated through the whole
1st week, while M2 polarization peaked at the early stage, then fell to the untreated level thereafter, leading to a persistent
imbalance of M1/M2 ratio.

Noggin Relieved Allodynia, Attenuated Microglial Activation and Changed the Pattern

of Microglial Polarization in NP

Rats” NP model was achieved by L5 spinal nerve ligation. As shown in Figure 4A, rats in the SNL group developed a
persistent and prominent decrease in the left PWT throughout the first week compared with the Sham group (P<0.01 at
each time point), which was similar with previous report;'> Furthermore, in the SNL+NOG group, Noggin intrathecal
administration significantly relieved SNL-induced PWT decrease at P3 (4.43+1.89 g versus 1.33+£0.75 g, P<0.01), P4
(4.45+1.44 g versus 1.17£0.67 g, P<0.01), P5 (3.24+1.77 g versus 1.19+0.60 g, P<0.01) and P7 (4.24+1.60 g versus 1.79
+0.60 g, P=0.012).
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Figure | Exogenous BMP4-induced allodynia, microglial activation and polarization. (A) PWT in rats after intrathecal BMP4 application showed a significant effect on time: F (4.143,
66.29) = 16.09, P<0.01, left; F (3.960, 63.35) = 12.67, P<0.01, right, intrathecal application: F (1, 16) = 161.3, P<0.01, left; F (1, 16) = 160.5, P<0.01, right and interaction: F (7, 1 12) = 1 1.76,
P<0.01, left; F (7, 112) = 5.653, P<0.01, right. Compared with the Sham group, rats in the BMP4 group developed a significant decrease in bilateral PWT for the whole first week, P<0.01,
n=9 at each time point for both groups. (B) Representative Western blotting showed a sustained increase of CD 1 Ib (P<0.01) and CD 16 (P<0.01) expressions for the whole |st week in
the BMP4 group compared with the Sham group. Meanwhile, ARG- levels increased at day | (P<0.01) and day 4 (P<0.01), then fell below the levels of the Sham group (P<0.01). n=3 for
each column. (C and D) Double-immunofluorescence further detected that compared with the Sham group (P7), CD | Ib expression was elevated in the dorsal horn of spinal cord after
BMP4 treatment. Moreover, expressions of CD 6 and ARG-1 showed similar pattern with Western blotting results, which were both mainly accumulated with CD| Ib* cells. n=3 for
each column. Two-way ANOVA, followed by a Bonferroni test (A) and one-way ANOVA, followed by Sidak’s multiple comparisons test (B—D) were performed to analyze the statistical
differences. *Represented P<0.05 and **Represented P<0.0| compared with the Sham group.
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Figure 2 Exogenous BMP4 induced a distinct pattern of M1/M2 gene expressions. RT-PCR analysis showed that MI-gene markers, including CD16, TNF-a and MHC-II,
significantly increased throughout the whole st week, while M2-gene markers including ARG-1, CD-204 and IL-4 increased at an early stage (Pl or P4), then all fell to the
Sham level at day 7. n=3 for each time point for both groups. One-way ANOVA, followed by Sidak’s multiple comparisons test were performed to analyze the statistical
differences. *Represented P<0.05 and **Represented P<0.01 compared with the Sham group.

Next, using Western blotting method, we detected that rats in the SNL group showed a marked elevation in the
expressions of CD11b from P1 to P7 (P<0.01 at each time point), CD16 at P7 (P<0.01) compared with the Sham group,
while the ARG-1 levels remained comparable between the two groups at each time point (P>0.05); Moreover, compared
with the SNL group, the CD11b and CD16 expressions in the SNL+NOG group significantly decreased from P1 (0.67-
fold, P<0.01) to P4 (0.59-fold, P<0.01) and from P1 (0.56-fold, P<0.01) to P7 (0.08-fold, P<0.01), respectively; While
the ARG-1 levels in the SNL+NOG group showed a prominent elevation from P1 (1.56-fold, P<0.01) to P7 (1.80-fold,
P<0.01) in comparison with the SNL group (shown in Figure 4B and C).

Noggin Attenuated SNL Induced MI Polarization and Promoted M2 Polarization at a

Later Stage

We then performed RT-PCR to further determine Noggin’s effect on microglial polarization following SNL. As shown in
Figure 5, the values for relative concentrations of each indicator in rats from the Sham group were defined as 1.
Compared with the Sham group, rats in the SNL group showed a marked increase in M1-genes, including CD16 from P1
(8.22-fold, P<0.01) to P7 (17.10-fold, P<0.01) and TNF-a from P4 (4.07-fold, P<0.01) to P7 (11.81-fold, P<0.01), while
MHC-II mRNA remained unchanged (P>0.05 during the 1st week). In the meantime, M2-genes in the SNL group,
including ARG-1 and CD204, also showed a notable elevation from P4 (1.89-fold, P<0.01) to P7 (1.67-fold, P=0.026)
and from P1 (10.56-fold, P<0.01) to P7 (12.50-fold, P<0.01), respectively, while IL-4 mRNA levels stayed unchanged.
Moreover, compared with the SNL group, a significant decrease in M1-gene levels, including CD16 from P1 (0.33-fold,
P<0.01) to P7 (0.31-fold, P<0.01) and TNF-o from P4 (0.35-fold, P=0.015) to P7 (0.58-fold, P<0.01), was observed in
the SNL+NOG group, while MHC-II mRNA remained unchanged. Secondly, the levels of M2 gene markers, including
ARG-1, CD204 and IL-4 in the SNL+NOG group, remained comparable with the SNL group at P1 and P4 (except for
CD204 at P4, 1.87-fold, P=0.014), and then showed a marked increase at P7 (ARG-1: 1.79-fold, P=0.013; CD204: 1.88-
fold, P<0.01; IL-4:1.94-fold, P=0.027).
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Figure 4 Noggin relieved allodynia, attenuated microglial activation, and changed the polarized pattern after SNL. (A) PWT in rats receiving intrathecal Noggin application
after SNL showed a significant effect on time: F (3.463, 55.41) = 162.3, P<0.01, intrathecal application: F (I, 16) = 44.85, P<0.01 and interaction: F (7, 112) = 3.540, P<0.01.
Compared with the SNL group, Noggin application provided marked pain relief at day 3, day 4, day 5 and day 7 after SNL. n=9 at each time point for both groups. (B and C)
Representative Western blotting showed SNL induced CD11b and CD16 upregulation at the first week, while ARG-| expression remained unchanged compared with the
Sham group; Moreover, Noggin effectively decreased the CD| Ib expressions at Pl and P4 and the CD 6 expressions consecutively for the whole week. Simultaneously, the
ARG-1 levels significantly elevated from PI to P7 after Noggin treatment. n=3 for each column. Two-way ANOVA, followed by a Bonferroni test (A) and one-way ANOVA,
followed by Sidak’s multiple comparisons test (B and C) were performed to analyze the statistical differences. **Represented P<0.01 compared with the Sham group,
#Represented P<0.05 and *Represented P<0.01 compared with the SNL group.

Noggin Reversed the Imbalance of the M1/M2 Ratio in the Process of NP
Finally, we performed flow cytometry to verify whether Noggin treatment could reverse the imbalance of the M1/M2
ratio. Firstly, the proportions of the CD11b"CD86" M1 subtype and CD11b"'CD172" M2 subtype in rats of the Sham
group were 6.34+2.67% and 20.48+8.35%, respectively (data not shown). Secondly, as shown in Figure 6A and B,
compared with the Sham group, the proportion of CD11b"CD86" cells in rats of the SNL group significantly increased to
76.68+6.48% at P1 (P<0.01), 76.58+5.67% at P4 (P<0.01) and 63.524+4.47% at P7 (P<0.01), while the proportion of
CDI11b'CD172" cells decreased at P4 (P4: 8.56+2.64%, P<0.01). Thirdly, compared with the SNL group, the proportion
of CD11b"CD86" cells in the SNL+NOG group showed a significant decrease at P1 (64.44+6.45%, P<0.01), P4 (62.44
+1.88%, P<0.01), and P7 (46.36+4.70, P<0.01). Meanwhile, the proportion of CD11b"CD172" cells in the SNL+NOG
group remained comparable with the SNL group at P1 and P4 (P>0.05), and then increased to 15.71+0.95% at P7
(P=0.046). Finally, the M1/M2 ratio was statistically lower in the SNL+NOG group than the SNL group at P4 (6.68+0.88
versus 9.72+3.22, P=0.030) and P7 (2.97+0.44 versus 6.43+0.93, P<0.01).

In ensemble, all finds above corroborated that Noggin treatment could relieve SNL-induced allodynia with a time-
dependent manner, probably through attenuating microglial activation; Besides, Noggin could persistently down-regu-
lated the M1 polarization, while enhanced the M2 polarization at a later stage, thus reversing the imbalance of the M1/

M2 ratio in the process of NP.

Discussion

In the present study, we firstly proved that intrathecal administration of exogenous BMP4 could induce allodynia through
directing microglia towards continuously increasing M1 polarization together with inadequate M2 polarization, leading
to the imbalance of M1/M2 ratio. Furthermore, antagonizing BMP4 signaling in the process of NP facilitated by SNL
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Figure 5 Noggin decreased MI-gene levels and induced a late-stage elevation of M2-gene levels after SNL. The mRNA levels of M| and M2 subtype were determined by the
RT-PCR method. The mRNA relative expressions from the Sham group were set as reference (equal to 1.0). As for the M| genes, a significant increase in gene expressions
were detected in CD16 from Pl to P7 and TNF-a from P4 to P7 in the SNL group compared with the Sham group, except for the MHC-II, which stayed unchanged. Then, in
the SNL+NOG group, Noggin application markedly decreased CD16 and TNF-a levels for the Ist week. As for the M2 genes, SNL induced statistical elevation of ARG-|
from P4 and P7 and CD204 from Pl to P7, while IL-4 stayed comparable with the Sham group. Then, in the SNL+NOG group, Noggin treatment prominently increased
ARG-| at P7, CD204 at P4 and P7 and IL-4 at P7. n=3 for each time point. One-way ANOVA, followed by Sidak’s multiple comparisons test were performed to analyze the
statistical differences. *Represented P<0.05 and **Represented P<0.01 compared with the Sham group; #Represented P<0.05 and ’#Represented P<0.01 compared with the
SNL group.

relieved the pain behavior through mitigating microglial activation and reversing the imbalance of the M1/M2 ratio. All
the results above suggested that BMP4 might play a critical role in microglial polarization in the process of NP.
Compared with the scant available data regarding BMP4's effect on microglia in the CNS, a growing body of
evidence has illustrated its role in regulating macrophage activity and inflammation in peripheral organs. Intriguingly, the
BMP4's effect on macrophage remains controversial. On the one hand, substantial evidence'’ ' has revealed that local
elevation of BMP4 impedes endothelial barrier function, promotes leukocytes diapedesis and initiates macrophage
activation via BMP4/reactive oxygen species (ROS)/cyclooxygenase-II (COX-2) cascade in the process of atherosclero-
sis; Besides, BMP4 has also proven to trigger macrophage M1 polarization through JNK pathways, therefore aggravating
the inflammatory severity in the course of myocardial infarction, hypertrophy and apoptosis;** 2’ Moreover, one of our
recent studies®® further demonstrated that after accepting thoracic surgery, patients’ circulating BMP4 levels would
sharply elevate and show a strong positive correlation with pro-inflammatory cytokines (including interleukin-1f (IL-1pB)
and TNF-a), and application of flurbiprofen (a COX-II inhibitor) could alleviate the elevation of both BMP4 and
inflammatory cytokines. All the results indicate that BMP4 plays a pro-inflammatory role. On the other hand, other

29,30 3132 and adipose tissue®® can favor macrophage M2

studies argued that BMP4 secreted by pulmonary arteries, tumors
polarization, thus exerting an anti-inflammatory or immuno-suppressive effect. In ensemble, the conflicting evidences
above prompt that BMP4 may act as a molecular switch to induce both pro- and anti- inflammatory properties through
directing either M1 or M2 polarization depending on the organ and specific phase of the disease.

Considering that resident microglia share similar morphology and immunoreactivity with circulating macrophages,”**>

we further assume that BMP4 might also play a role in regulating microglial activity in the CNS. So far, only a few studies
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Figure 6 Noggin reversed the imbalance of the M1-M2 ratio in the process of NP. (A and B) Representative flow cytometry images showed that SNL induced a significant
elevation of CD 1 1b*CD86" M| microglia from day | to day 7, while CD172*CD1 Ib* M2 microglia decreased at P4 in the SNL group compared with the Sham group. Then,
in the SNL+NOG group, Noggin treatment markedly decreased the proportion of CDIIb+CD86+ M| microglia from Pl to P7, while increased the proportion of
CDI72°CDIIb* M2 microglia at P7. Moreover, MI/M2 ratio markedly decreased from P4 to P7 after Noggin treatment. n=3 for each time point. One-way ANOVA,
followed by Sidak’s multiple comparisons test were performed to analyze the statistical differences. *Represented P<0.05 and **Represented P<0.01 compared with the
Sham group; #Represented P<0.05 and **Represented P<0.01 compared with the SNL group.

have pointed out the possible relationship between BMP4 and microglial biology. For instance, Sato et al'* found that
BMP4's special receptors are expressed on microglia in normal adult spinal cord, suggesting that BMP4 might be a
potential microglial regulator. Notably, during the course of experimental autoimmune encephalomyelitis*® and multiple
sclerosis,”’ the expressions of BMP4 are upregulated prominently on activated microglia at the sites of inflammation;
Antagonizing BMP4 signaling decreases the microglial activity, therefore improving the neurological improvement after
amyotrophic lateral sclerosis.*® All evidences above corroborate that BMP4 is strongly connected with microglial activation
during the CNS inflammatory disease. In the present study, we demonstrated that the intrathecal administration of
exogenous BMP4 on normal adult rats could induce persistent allodynia, together with microglial activation and polariza-
tion. Compared with the Sham group, a series of M1 and M2 polarized markers were elevated after BMP4 application.
Thus, it can be inferred that BMP4 also has the ability to regulate the polarization of microglia at the resting state.
Another notable phenomenon was that the BMP4 induced both M1 and M2 polarization at the beginning of the
application, suggesting that BMP4 might achieve the induction of both pro- and anti-inflammatory properties to the

spinal cord at the early stage. One possible explanation is likely to be dependent on the diverse actions of BMP receptors
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(BMPRs). Generally, there are three main receptors of BMP4: BMPRIA, BMPRIB and BMPRIL*® Previous studies have
already demonstrated that BMPRIA and BMPRIB exert distinct effects on gliosis after spinal cord injury.* Besides, in
the process of inflammation and oxidative injury following atherosclerosis,*'*** colitis** and asthma,*° the expressions of
BMPRII will be down-regulated, while BMPRI stays unchanged** or even elevated.'® Moreover, using BMPRII siRNA
and BMPRIT" mice, Kim et al** further proved that knockdown of BMPRII instead of other BMPR induces endothelial
inflammation with a ligand independent manner, suggesting BMPRII might be a critical downstream receptor to
dominate BMP4's effect of either pro-inflammation or anti-inflammation. In the present study, we detected that
intrathecal administration of BMP4 induced a long-lasting M1 polarization; Otherwise, M2 polarization was initiated
at first, but then fell rapidly to the Sham levels at a later stage. Whether or not this M1/M2 ratio imbalance induced by
BMP4 is accompanied with the dynamic changes of BMPRII expressions in microglia, and the actual role of each kind of
BMPR in microglial polarization needs further elucidation.

NP is also known as an inflammatory disease, which is well characterized with microglial activation and polarization.
Abundant of studies*® have identified that after the nerve injury, microglia will be polarized mainly towards M1 subtype,
which contributes to the overproduction of series of pro-inflammatory cytokines and finally leads to the allodynia; Besides,
treatments targeting on alleviating M1 polarization while restoring M2 polarization have proven to be effective for the pain
relief.*>*® Importantly, Xu et al® reported that following chronic sciatic nerve damage, both M1 and M2 subtype microglial
genes increased immediately at day one. However, only M1-related genes remained elevation at day seven and thereafter,
leaving M2 genes falling to the Sham level. Similarly, in the present study, we detected that after SNL, most of the M1
biomarkers, including gene and/or protein levels of CD16, TNF-a and CD86 (but not MHC-II), increased throughout the
first week. On the contrary, among the M2 markers, the IL-4 gene and CD172 protein levels remained at or fell below the
Sham level, which was in agreement with Xu’s study. Nevertheless, the ARG-1 and CD204 levels remained elevated for the
whole week, representing an endogenous protective process in order to resolve the local inflammation. The discrepancy of
M2 expression patterns between the two studies might be that different animal models and different polarized markers were
chosen, and imply the fact introduced by our previous study®® that a special inflammatory microenvironment may favor
some particular biomarkers but not others with a strict time pattern. Furthermore, using the cyto-flow method, we proved
that the M1/M2 ratio showed a persistent and sharp increase after NP takes place, suggesting that switching the microglial
M1/M2 polarization pattern within appropriate time window should be recommended.

We have previously reported that NP achieved by SNL is accompanied by the upregulation of endogenous BMP4.'?
In light of the above findings that exogenous BMP4 induces allodynia and microglial polarization, we further hypothe-
sized that antagonizing BMP4 should block its pro-nociceptive effect in the process of NP. As a recognized BMP4
antagonist, Noggin can directly bind with and de-activate BMP4 signaling with a high affinity.>® Previous evidence has
shown that Noggin can abolish BMP4-induced Nicotinamide Adenine Dinucleotide Phosphate Oxidase 1 (NOX1), ROS

18.21.22 and cardiac

and COX2 activation, and promote inflammation dissipation in the process of atherosclerosis
hypertrophy.?® Besides, in our previous study,”® we found that compared with the elevation of patients’ circulating
BMP4 levels, which was highly correlated with the inflammation, endogenous Noggin levels stayed almost unchanged
during surgery. Although the mechanism remained unclear, it may prompt that Noggin could be a new therapeutic target
to treat inflammation in the clinical scenario. In the CNS, animal researches using models of multiple sclerosis and spinal
cord injury”'>? have demonstrated that Noggin could attenuate demyelination and neuron loss induced by BMP4, which
is released from activated microglia and astrocyte. Moreover, Noggin infusion has also been identified to have the ability
to guide a shift of microglial status from the iron-storing (pro-inflammatory, M1) to the iron-releasing (anti-inflammatory,
M2) subtype, thus providing beneficial effects for the survival of oligodendrocytes and improving remyelination after
stroke takes place.”*> All evidences above strongly supported that Noggin could exert anti-inflammatory properties in
the repair-associated process in the CNS. Here, using a well-established NP model, we firstly demonstrated that Noggin
treatment relieved SNL-induced allodynia and microglial activation. Besides, Noggin changed the microglial polarization
dynamics in the process of NP by persistently decreasing M1 markers expressions while increasing M2 markers at a late
stage, thereby reversing the imbalance of the M1/M2 ratio. Therefore, the above evidence indicates that Noggin might be

a promising therapeutic approach to treat NP via regulating microglial polarization.
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There were several limitations in our study. Firstly, we only detect the expression pattern of microglial polarization in
7 days following surgical interventions based mainly on our preliminary research, during which the changes of the
endogenous BMP4 and M1/M2 markers’ expressions were prominent. Future research shall extend the observation
period to investigate the BMP4's effect on microglial activity in a longer range. Secondly, considering the potential
diversity of each BMPR on the regulation of inflammation, the expression dynamics and the actual role of each BMPR
(especially BMPRII) should be addressed in a future study.

Overall, the present study showed that BMP4 has the ability to induce allodynia by driving microglia towards both
M1 and M2 polarization with different time patterns. Antagonizing BMP4 signaling could relieve pain behavior by
mitigating microglial activation and reversing the imbalance of the M1/M2 ratio in the process of NP.
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