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Abstract

Background
Innate immune response acts as a �rst line of host defense against damage and are initiated following
the recognition of pathogen-associated molecular patterns (PAMPs). For double-stranded DNA (dsDNA)
sensing, interferon gene stimulator (STING) was discovered to be an integral sensor, and could mediate
the immune and in�ammatory response. However, it is unclear the underlying mechanisms of STING in
the development of neuropathic pain.

Methods
Neuropathic pain model was established by spared nerve injury (SNI). STING agonist DMXAA was
introduced into BV-2 cells to assess the in�ammatory response in microglia cells. Selective STING
antagonist C-176 were administered in the early and late stage following SNI and the mechanical
sensitivity and thermal responsiveness were assessed using Von Frey �laments and hot plate tests
separately. To investigate the underlying mechanisms, recombinant IL-6 was injected intrathecally and its
downstream effectors were examined. The level of dsDNA in the peripheral blood following SNI was
assessed using Elisa analysis. STING signaling pathway and its downstream effectors were assessed by
qPCR, western blots, Elisa and immuno�uorescence staining. Meanwhile, microglia activation and
proin�ammatory cytokines expression were also assessed in the spinal cord.

Results
We found dsDNA was signi�cantly increased and STING signaling pathway was activated in dorsal horn
microglia following SNI, and our study using BV-2 cells showed that DMXAA signi�cantly activated
STING/TANK-binding kinase 1 (TBK1)/nuclear factor-kappa B (NF-κB) pathway, and increased the
production of proin�ammatory cytokines, as well as phosphorylated the Janus-activated kinase 2/signal
transducer activator of transcription 3 (JAK2/STAT3) signal in microglia. Early but not late intrathecal
injection of C-176 attenuated SNI-induced pain hypersensitivity, microglia activation, proin�ammatory
factors and phosphorylated JAK2/STAT3 in the spinal cord dorsal horn. Last, the analgesic effect of C-
176 were greatly abolished by recombinant IL-6 following SNI.

Conclusions
We provided evidence clarifying dsDNA mediated activation of microglial STING signaling pathway, after
which promoting expression of proin�ammatory cytokines that are required for central sensitization in
the spinal cord dorsal horn of SNI model. Further analysis showed that microglial STING/TBK1/NF-κB
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may contribute to hyperalgesia initiation via IL-6/JAK2/STAT3 signaling. Pharmacological blockade of
STING may be a promising target during the initiation of neuropathic pain.

Introduction
Neuropathic pain is an complex disease process due to injury or disease affecting the somatosensory
nervous system [1], markedly impairing the quality of life in patients globally. Innate immune response
acts as �rst lines of host defense against damage or disease and are initiated following the recognition
of pathogen-associated molecular patterns (PAMPs) [2, 3]. There is growing evidence indicated that
pattern recognition receptors (such as Toll-like receptors), sense microbial nucleic acids and translating
this into a central immune signal [3–5]. For double-stranded DNA (dsDNA) sensing, stimulator of
interferon genes (STING) was discovered to be activated by endogenous and exogenous DNA and
triggered the immune and in�ammatory response [6]. STING, acts as a central immune molecule, usually
in a state of self-inhibition and was found to predominantly located in the endoplasmic reticulum (ER) [7].
After activating, STING moved from ER to the Golgi apparatus and eventually reached the cytoplasmic
punctate structures for assembly with TANK-binding kinase 1 (TBK1) [8]. Accumulating evidence
elucidated that STING is a pro-in�ammatory molecule in the cyclic GMP-AMP synthase (cGAS) -STING
signaling pathway, and implicated in several neuroin�ammatory conditions [9–12].

Neuroin�ammation is a well-controlled physiological process that serves to promote tissue regeneration
and wound healing, however, excessive or prolonged neuroin�ammation may result in chronic pain.
Immune cells and chemokines have been identi�ed as potential biomarkers or pathophysiological factors
in neuropathic pain states [13]. It is increasingly clear that a large number of cytokines and chemokines
induced by peripheral and central immune cells could regulate pain receptors and modulate pain
hypersensitivity [14–16]. Moreover, crosstalk between neuronal and non-neuronal immune cells in the
central nervous system plays a pivotal role in initiating and maintaining the chronic pain stage [15–18].
Microglia are the primary non-neuronal immunocompetent cells in the spinal cord. Generally, microglia
remain at rest (M0). Under stress, microglia can rapidly change morphology. The activated microglia can
be polarized into proin�ammatory M1 microglia (such as inducible nitric oxide synthase (iNOS), CD86,
CD68, interleukin 1β (IL-1β), interleukin 6 (IL-6), monocyte chemotactic protein 1 (MCP-1) and tumor
necrosis factor-α (TNF-α)), and immunosuppressive M2 microglia (such as arginase-1 and interleukin 10
(IL-10)) [19–22]. Studies have suggested the regulating of microglia towards M2 phenotype plays an
important role in the spinal cord of neuropathic pain [23–26].

Given STING’s critical role in immunoregulatory and in�ammation, we hypothesized that STING was
involved in neuroin�ammation and subsequent induce pain hypersensitivity. Thus, in this study, we
assessed the role of STING in the spinal cord using neuropathic pain models induced by SNI. We found
that after sensing increased dsDNA, STING and its downstream signaling are activated in the spinal cord
microglia following SNI, and microglial STING activation could promote microglia activation, and release
pro-in�ammatory cytokines, all of these consequent inducing pain hypersensitivity in the spinal cord.
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Materials
Animals

Male C57BL/6J mice (6-8 weeks, 23-25 g) were used (Tongji Medical College, Wuhan, China). All mice
were placed in a temperature-controlled environment, followed a 12-hour light-dark cycle, 50% humidity,
and were randomly fed a standard diet and water. The experimental procedures were performed in
accordance with the approval of the ethics committee of the Animal Care and Use Committee of
Huazhong University of Science and Technology.

Drugs and anesthesia

All operations were conducted under 50 mg/kg sodium pentobarbital anesthesia (i.p.). STING inhibitor C-
176 purchased from Selleck (Houston, TX, USA) was dissolved in corn oil for different concentration (2, 4,
8 μg/μl, respectively). Recombinant mice IL-6 from R&D Systems (Minneapolis, MN) was dissolved in
Phosphate buffered saline (PBS). For rIL-6 injection, animals received a single injection of 100ng of mice
rIL-6 at day 1 following SNI. The drugs were delivered intrathecally (i.t., 5 μl). The STING agonist DMXAA
purchased from Selleck (Houston, TX, USA) was dissolved in Dimethyl sulfoxide (DMSO; AppliChem,
Darmstadt, Germany), and 100 μg/ml of DMXAA was given in BV-2 cells.

SNI and behavioral tests

The model of SNI was established in this study. Under anesthesia, the left sciatic nerve of mice was
exposed at the mid-thigh level, the three peripheral branches of the sciatic nerve (common peroneal, sural,
and tibial nerves) were exposed without stretching muscles and nerves. A tight ligation (5-0 silk) and
transection of tibial nerves and common peroneal nerves together, removing 2-3 mm length of the nerves
distal to the ligation and leaving the sural nerve intact. The animals in the sham group underwent the
same procedure without injury of the nerves. For acute or chronic treatment, mice were randomly divided
into the following groups: (1) Sham group: sham-operated mice with vehicle injection (corn oil or PBS, 5
μl, i.t.); (2) SNI group: SNI-injured mice with vehicle injection (corn oil or PBS, 5 μl, i.t.); (3) SNI+ C-176
group: SNI-injured mice with C-176 injection (10, 20, 40 μg, i.t.); and (4) SNI+ C-176+ rIL-6 group: SNI-
injured mice with C-176 (40 μg, i.t.) combined with rIL-6 (100 ng, i.t.) injection.

Mechanical allodynia was assessed by measurement of paw withdrawal threshold (PWT) using Von Frey
�laments (Stoelting, Wood Dale, IL, USA) as previously described [27, 28]. In brief, mice were placed in
separate chambers (10×10×15 cm) for 30 minutes before the test. Then, the tip of �laments was placed
on the plantar surface of the left hind paw for 5 s per force. Ascending order of forces (0.007, 0.02, 0.04,
0.16, 0.4, 0.6, 1.0, 1.4 and 2g) were used, starting with 0.007 g and ending with 2 g. The duration of each
force was maintained for approximately 1s. Quick paw lifting or licking was considered to be positive
responses. PWTs were decided as the lowest force required to elicit a positive response [3-5].

Thermal hyperalgesia was determined by measurement of thermal withdrawal latency (TWL) using
Hargreaves plantar test (Ugo Basile, Italy). In brief, mice were placed in separate chambers (10×10×15
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cm) on a glass plate for 30 minutes before the test. The radiant heat source was applied beneath the
plantar surface of the left hind paw and the stimulus shut off when the hind paw moved. Each hind paw
was repeated 3 times with a period of 5-6 minutes intervals. The mean TWL was determined from the
mean of three measurements. The maximum period was set at 30 seconds to avoid tissue damage. The
glass plate was cleaned between each interval.

The Open Field Maze (OFM) was applied to assess movement. Mice were adapted in the laboratory for
30 min before the test. Then the mice were individually placed in the center of open �eld, which consisted
of a plastic base (50×50×50 cm) and divided into 25 grids and the centric 9 grids of equal area were
de�ned as central area. The total distance and speed were recorded.

Cell culture

The murine BV-2 cell lines were cultured in Dulbecco’s modi�ed Eagles medium (DMEM, Gibco, NY, USA)
supplemented with 10 % fetal bovine serum (FBS, Yeasen, Uruguay, SA) at 37 ℃ with 100 % humidity in 5
% CO2 for 2 days. Then the cells were put into a 6-well plate or 12-well plate for further experiments. After
24 h, cells were treated with DMXAA (100 μg/ml) with another 24 h [29]. The supernatants were gathered
for enzyme linked immunosorbent assay (ELISA) analysis and cells were processed for western blotting
and immunostaining.

Real-time PCR

Under deep anesthesia, spinal cords of mice (L4-L5) were quickly removed for analysis. Total RNA was
isolated with RNAiso Plus (Takara, Kyoto, Japan), and MCP-1, IL-1β and TNF-α mRNA expression were
normalized to the β-actin. cDNA was then synthesized using HiScript II Q RT SuperMix for qPCR (Vazyme,
Nanjing, China):

MCP-1- 5-CCACTACCTTTTCCACAACCA-3 (sense),

 5-GGCATCACAGTCCGAGTCAC-3 (antisense);

IL-1β- 5-TGCCACCTTTTGACAGTGATG-3(sense),

5 -TGTGCTGCTGCGAGATTTG-3 (antisense);

TNF-α- 5 -GTCTACTGAACTTCGGGGTGAT-3 (sense),

 5 -TGCTACGACGTGGGCTACA-3 (antisense);

β-Actin- 5-CTGAGAGGGAAATCGTGCGT-3 (sense),

 5-CCACAGGATTCCATACCCAAGA-3 (antisense).

Western blotting
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Under deeply anesthetized, the L4 -L5 spinal cord were quickly removed and homogenized on ice using
lysis buffer containing a cocktail of protease inhibitors and protein inhibitors. The homogenates or cell
lysates were separated by 10% SDS-PAGE and transferred to 0.45 μm PVDF membranes (Millipore,
Billerica, MA, USA). The PVDF membranes were blocked with 5% skim milk or BSA at RT (room
temperature) for 2 h. Then the primary antibodies were used: anti-STING (A3262; ABclonal, Wuhan,
China), anti- Phospho-TBK1 (AP1026; ABclonal, Wuhan, China), anti-TBK1 (A2573; ABclonal, Wuhan,
China), anti-Phospho-NF-κB (AP0123; Abcam, Cambridge, UK), anti-NF-κB (A19653; ABclonal, Wuhan,
China), anti-iNOS (A0312; ABclonal, Wuhan, China), anti-CD68 (A13286; ABclonal, Wuhan, China), anti-
CD86 (A19026; ABclonal, Wuhan, China), anti-Phospho-JAK2 (#3776; Cell Signaling Tech, MA, USA), anti-
JAK2 (A11497; ABclonal, Wuhan, China), anti- Phospho-STAT3 (#9145; Cell Signaling Tech, MA, USA),
anti-STAT3 (A11216; ABclonal, Wuhan, China), and anti-β-actin (AC026; ABclonal, Wuhan, China). The
membranes were incubated with HRP-conjugated goat anti- rabbit IgG (H+L) (A21020, Abbkine, Wuhan,
China) at RT for 2 h. The protein expression was detected using chemiluminescence (Bio-Rad, Hercules,
CA) and quanti�ed using System with a Molecular Imager (Bio-Rad, Hercules, CA).

ELISA

Under deep anesthesia, blood samples were collected from the inferior vena cava of mice and centrifuged
for serum collection, dsDNA ELISA kit (ELK8414, ELK Biotechnology CO., LTD, Wuhan, China) were used
for measuring the levels of dsDNA concentration in sera according to the manufacturer's instruction.
Further, the L4-L5 spinal cord of mice were quickly removed and homogenized on ice-cold 0.01 mol/L
PBS. The concentrations of interleukin-6 (IL-6) were measured in BV-2 cells culture supernatants and in
the L4-L5 spinal cord of mice using IL-6 ELISA kit (RK00008, Abclonal, Wuhan, China). The
concentrations of IFN-β were measured in the L4-L5 spinal cord of mice using IFN-β ELISA kit (ELK8414,
ELK Biotechnology CO., LTD, Wuhan, China).

Immuno�uorescence staining

Immuno�uorescence staining was conducted as previously described [28]. Under deep anesthesia, mice
having been intracardially perfused with 50 ml cold-PBS followed by 50 ml 4% cold-paraformaldehyde
(PFA). The L4-5 segment of the spinal cord were collected and post-�xed in 4 % PFA overnight at 4 ℃. 20
μm sections of spinal cord were cut on a cryostat (CM1900, Leica, Heidelberg, Germany). The sections
were penetrated with 0.3% TritonX-100 for 10 min and blocked with 5% donkey serum for 45 min at RT.
Then the following primary antibodies were used: anti-STING (A3262; ABclonal, Wuhan, China.), anti-
Phospho-TBK1 (AP1026; ABclonal, Wuhan, China); anti-neuronal nuclei antibody (NeuN, ab104224,
Abcam, Cambridge, UK); anti-glial �brillary acidic protein antibody (GFAP; 3670; Cell Signaling
Technology, Danvers, MA, USA) and anti- Iba1 antibody (ab5076; Abcam, Cambridge, UK). After washing
6 times with PBS, the sections were incubated with donkey anti-rabbit secondary antibody (711-547-003;
Jackson ImmunoResearch, PA, USA), donkey anti-mouse secondary antibody (715-585-150; Jackson
ImmunoResearch, PA, USA), and donkey anti-goat secondary antibody (705-585-003; Jackson
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ImmunoResearch, PA, USA) for 2 h at RT. The sections were captured by using a �uorescence microscope
(DP70, Olympus, Japan).

For immunocytochemistry, BV-2 cells were washed with cold-PBS for 3 times and then �xed with 4 % PFA
at RT for 15min. The following primary antibodies were used after treatment with 0.3 % Triton X-100
followed by 5 % donkey serum: anti-STING (A3262; ABclonal, Wuhan, China); anti-Phospho-TBK1
(AP1026; ABclonal, Wuhan, China); anti-Phospho-NF-κB (AP0123; Abcam, Cambridge, UK); anti-neuronal
nuclei antibody (ab104224; Abcam, Cambridge, UK); anti-glial �brillary acidic protein antibody (3670; Cell
Signaling Technology, Danvers, MA, USA) and anti-Iba1 antibody (ab5076; Abcam, Cambridge, UK). After
washing 3 times with PBS, cells were then processed with the secondary antibody (Alexa Fluor 488-
conjugated donkey anti-rabbit secondary antibody; 711-547-003; Jackson ImmunoResearch, PA, USA) for
2 h at RT. After washing 4 times with PBS, the cells were then counterstained with DAPI for 7 min.
Fluorescent images were then captured by using a �uorescence microscope (DP70, Olympus, Japan).

Experimental designs and animal groups

The experimental designs and animal groups have been exhibited as Fig. 1.

Experiment 1: Time course of pain behaviors and STING signaling expression following SNI.

Fifty mice were randomly assigned into sham or SNI group. The pain behaviors were measured at days 1,
3, 7, 14 after SNI surgery, and then, the L4-5 spinal cord was removed for Elisa, western blot, and
immuno�uorescent analysis.

Experiment 2: The effects of DMXAA on microglia cells.

After SNI surgery, STING and p-TBK1 was mainly colocalized with Iba1(microglia cells). Thus, the
cultured BV2 cell was stimulated with DMXAA. Cells were assigned into control and DMXAA group. 24 h
later, cells were obtained for real-time PCR, Elisa, western blot, and immuno�uorescent analysis.

Experiment 3: The effects of C-176 on pain hypersensitivity and microglia activation following SNI.

After SNI surgery, �fty mice were divided into SNI+Vehicle and SNI+C-176 group. For early injection, C-176
was injected once daily from day 1 to day 5, and the pain behaviors were assessed 0.5h before injection
and from day 1 to day 5; for late injection, C-176 was injected once daily from day 7 to day 11, and the
pain behaviors were assessed 0.5h before injection and from day 7 to day 11. We found that early but not
late C-176 injection could inhibit pain development following SNI. Thus, the L4-5 spinal cord was
removed for further analysis following SNI at day 7 with or without C-176 injection by real time PCR, Elisa,
western blot, and immuno�uorescent analysis. Correspondingly, the L4-5 spinal cord of sham operated
group was collected at day 7.

Experiment 4: The analgesic effects of C-176 was abolished by mice rIL-6 following SNI.
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After SNI surgery, forty rats were divided into SNI+Vehicle, SNI+C-176 and SNI+ C-176+rIL-6 group. C-176
was given from day 1 to day 5 following SNI, and mice rIL-6 was simultaneously injected with C-176 at
day 1, 3 and 5 in SNI+ C-176+rIL-6 groups. Mechanical allodynia was assessed 0.5h before injection and
at day 7.

Statistics

All data are presented as means ± SEM and analyzed by GraphPad Prism version 6.0. Student’s t test
(two-tailed) was used for differences between two groups, one-way ANOVA followed by Bonferroni post
hoc test was used for differences between multiple groups. Behavior results (such as PWT and TWL)
were analyzed by two-way ANOVA with repeated measures, followed by Bonferroni post hoc test. p < 0.05
was indicated statistically signi�cant.

Results
Temporal up-regulated and activated STING signaling following SNI.

We �rst examined the level of dsDNA in peripheral blood in mice. Elisa analysis showed that the level of
dsDNA was signi�cantly upregulated in SNI mice compared with sham group (Fig. 2A). As STING is a
critical sensor of dsDNA, we next assessed the activation of the STING signaling pathway in L4-5 spinal
cord dorsal horn. Western blot analyses showed that the expression of STING and phosphorylated TBK1
(p-TBK1) were increased as early as 3- day following SNI, peaked at 7- day, and declined thereafter (Fig.
2B and C). Phosphorylated nuclear factor-kappa B (p-NF-κB, p-p65) increased at day 1 and maintained at
a high level from day 3 to day 14, whereas the levels remained low in sham mice (Fig. 2D). In parallel with
the increased protein levels, STING and p-TBK1 immunoreactivity was increased at 7-day after SNI (Fig.
2E). These results indicated that dsDNA was increased following SNI and triggered early activation of
STING signaling pathway.

STING signaling pathway mainly activated in microglia.

To identify the cellular distribution of STING signaling pathway in the spinal cord dorsal horn in more
detail, we detected the localization of STING and TBK1 both before and after SNI surgery. STING was
found mostly colocalized to Iba1 microglia (Fig. 3), and p-TBK1 was also mainly colocalized to Iba1
microglia following SNI (Fig. 4). Moreover, microglia activation marker Iba1 was increased at 7 day
following SNI compared with sham group. These data showed that STING signaling pathway was
signi�cantly activated in the nociceptive pathway in the spinal cord microglia.

In order to examine the intracellular behavior of STING, a membrane-permeable mouse-speci�c STING
agonist DMXAA was used in microglia- like BV-2 cells. In agreement with the response produced by
dsDNA in SNI, DMXAA could signi�cantly active STING signaling pathway (including STING, p-TBK1 and
p-p65) (Fig. 5). Immuno�uorescence analyses revealed that DMXAA obviously promoted the perinuclear
translocation of STING (Fig. 5B) and triggered the nuclear translocation of p-TBK1 and p-p65 (Fig. 5D and
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F), which was consistent with our western blot analysis. Meanwhile, we measured the levels of pro-
in�ammatory cytokines. As displayed in Fig. 6, the production of pro-in�ammatory cytokines (iNOS, MCP-
1, IL-1β, TNF-α, and IL-6) were signi�cantly increased in DMXAA stimulated group (DMXAA group)
compared with the control group (Control group), which play a critical role in central sensitization and
further led to microglia activation and pro-in�ammatory cytokines production [14-16, 30, 31]. One of the
most signi�cantly increased protein was IL-6, which could further activate the Janus-activated kinase
2/signal transducer activator of transcription 3 (JAK2/STAT3) transduction pathway in microglia and
contribute to neuropathic pain [32, 33]. In our study, DMXAA signi�cantly phosphorylated and up-
regulated the JAK2/STAT3 signaling pathway (Fig. 6F), which indicated that STING was involved in the
activation of the JAK2/STAT3 pathway in microglia. These results illustrated that STING was an
upstream signaling molecule for producing pro-in�ammatory cytokines which could further promote
microglia activation and increase the phosphorylation level of JAK2/STAT3 in microglia.

SNI-induced pro-in�ammatory cytokines in the spinal cord microglia.

Growing evidence suggested that microglia activation and subsequent release of proin�ammatory
cytokines were involved in hyperalgesia of SNI [30]. To elucidate the mechanisms of microglial STING
participating pain in vivo, time-course of PWT, TWL, and proin�ammatory cytokines were assessed in SNI-
injured pain model. Results showed that pain hypersensitivity after SNI gradually developed from day 1 to
day 3, and was fully established after day 7 in ipsilateral hind paw (Fig. 7A and B). The pretreatment
values were similar between sham and SNI group. Consistently, M1 markers including iNOS, CD68, CD86,
IL-6 in the dorsal horn were signi�cantly increased following SNI. INOS increased at day 3 and peaked at
day 7 following SNI (Fig. 7C). CD68, CD86 and IL-6 increased at day 3 and were maintained at a high
level from day 7 to day 14 following SNI, whereas the levels remained low in sham mice (Fig. 7D, E and
F). These results showed that mechanical allodynia, thermal hyperalgesia was decreased, and
proin�ammatory cytokines was upregulation at early time points following SNI. Notably, IFN-β, a key
component of type I IFN, was signi�cantly increased at day 14 (Fig. 7G), which seems to play a dominant
role in the maintaining of pathological pain states [34].

Early C-176 administration attenuated pain hypersensitivity

In order to explore the potential role of STING in pain development, the selective STING antagonist C-176
was used. For acute treatment, a single dose of C-176 (10, 20, 40 μg), or vehicle (corn oil, 5 μl) was given
intrathecally (i.t.) at day 1. PWT and TWL were conducted at 0, 0.5, 1, 2, 4, 8h after C-176 injection. Data
showed that C-176 could upregulate both PWT and TWL at 0.5 h, peaked at 1 h and lasted at least 8 h
(Fig. 8A, Supplementary Figure S1A). For successive administration, C-176 (10, 20, 40 μg), or vehicle (corn
oil, 5 μl) was given once daily from day1 to day 5, the behavioral tests were also performed at 1h after C-
176 injection from day 1 to day 5. Repeated injection of C-176 signi�cantly increased both PWT and TWL
with no sign of tolerance in SNI mice (Fig. 8B, Supplementary Figure S1B).

Next, we assess the role of STING in the maintenance of neuropathic hypersensitivity. Single injection of
C-176 at day 7 could also upregulate both PWT and TWL at 0.5 h, peaked at 1 h and lasted at least 8 h
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(Fig. 8C, Supplementary Figure S1C). Then, C-176 was administered once daily from day 7 to day 11, the
behavioral tests were also performed at 1h after C-176 injection from day 7 to day 11. Surprisingly,
mechanical hypersensitivity and thermal allodynia was only transiently reversed at day 7 and day 8 but
then decreased to a comparable level as those SNI group (Fig. 8D, Supplementary Figure S1D). For
prevent treatment, C-176 (40 μg) was given 5 min before SNI surgery and day 1 after SNI surgery, results
showed that the development of PWT and TWL were signi�cantly delayed but not reversed following SNI
(Fig. 8E, Supplementary Figure S1E). C-176 did not alter the PWT and TWL in sham mice or cause any
obvious adverse effects (Fig. 8A-D, Supplementary Figure S1A-D). No signi�cant difference in open �eld
test was observed in mice that injected C-176 after SNI surgery when compared with mice in other group
(Supplementary Figure S1F and G), suggesting overall locomotor activity was not in�uenced by C-176.
Taken together, these results suggested that STING is critical during the initiation of pain hypersensitivity
following SNI, but are only transiently required in the maintenance of neuropathic pain.

Early C-176 administration attenuated microglia activation and suppressed proin�ammatory responses in
the spinal cord after SNI.

Activation of STING signaling pathway was assessed by detecting the level of p-TBK1 and p-p65 in the
L4-5 spinal cord dorsal horn. Data showed that the expression of STING, p-TBK1 and p-p65 was inhibited
by repetitive injection of C-176 in the L4-5 spinal cord dorsal horn (Fig. 9A-C). NF-κB has long been
de�ned a central regulator of in�ammation, primarily in response to proin�ammatory cytokines such as
IL-1β, IL-6 and TNF-α [35]. To elucidate the exact mechanism of STING participating in pain, microglia
activation and pro-in�ammatory cytokines were assessed in SNI-injured pain model. The upregulation of
microglia activation marker Iba1 following SNI was signi�cantly reduced by repetitive injection of C-176
in the spinal cord dorsal horn at day 7 (Fig. 9D). Meanwhile, results showed that both downstream
effectors of NF-κB and expression of M1 pro-in�ammatory cytokines (iNOS, CD86, CD68 in protein, MCP-
1, IL-1β, and TNF- α in mRNA, and IL-6 in Elisa) were signi�cantly increased after SNI, repetitive injection
of C-176 also signi�cantly reduced the release of M1 pro-in�ammatory responses, all of which were
contribute to pain hypersensitivity (Fig. 9E-K) [36, 37]. These results illustrated that STING-TBK1-NF-κB
activation and subsequent proin�ammatory cytokines expression upregulation could promote spinal cord
microglia activation and induce pain hypersensitivity.

Early C-176 administration attenuates pain hypersensitivity through IL-6/JAK2/STAT3 signaling in the
spinal cord after SNI.

Previous studies show that IL-6 mainly activates JAK/STAT signaling pathway in spinal microglia and
contributes to neuropathic pain in nerve injury model [32, 33]. Thus, the possible role of IL-6 in the
activation of the JAK2/STAT3 pathway was assessed in the spinal cord following SNI. Western blot
analysis showed that the expression of phosphorylated JAK2 and STAT3 was signi�cantly increased at
day 1, peaked at day 3 following SNI (Fig. 10A) and C-176 could signi�cantly inhibited this upregulation
(Fig. 10B). To further evaluate whether IL-6/JAK2/STAT3 was involved in the analgesic effect of STING in
SNI mice, mice recombinant of IL-6 (rIL-6) was given intrathecal together with C-176, PWT and TWL were
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evaluated on day 7 after surgery. Data showed mice treated with rIL-6 alone showed signi�cantly
decrease in PWT and TWL, illustrating that IL-6 plays a role in the development of neuropathic pain.
However, the analgesic effects of C-176 were largely abolished by rIL-6 injection (Fig. 10C), suggesting
that C-176 exhibited its analgesic effect by IL-6 inhibition.

Moreover, rIL-6 injection almost completely reversed the downregulated expression of phosphorylated
JAK2 and STAT3 in the spinal cord of SNI mice (Fig. 10D). Our pervious study has already demonstrated
that JAK2/STAT3 was mainly colocalized to microglia in the nociceptive pathway [38]. Furthermore, we
assessed the effects of STING on activation of JAK2/STAT3 using BV-2 cells, demonstrating that STING
activation could increase the phosphorylation level of JAK2/STAT3 signal in microglia. These results
revealed that STING mediated SNI-induced neuropathic pain via IL-6/JAK2/STAT3 in the spinal cord
microglia.

Discussion
Emerging evidence suggested that the neuroimmune response plays a critical role in the generation of
neuropathic pain [14], however, the precise mechanisms were largely unknown. A previous study has
suggested that intrathecal intracellular dsDNA could exhibit IFN-I-dependent antinociception in naïve mice
[34]. In our study, we found that dsDNA in the peripheral blood was signi�cantly increased following SNI
and the increased self-DNA plays a critical role for activating STING and promoting in�ammation
following SNI. Thus, we supposed that STING may play a pivotal role in neuropathic pain through
sensing the increased self-dsDNA. However, the source of the upregulated circulating dsDNA and the
precise mechanisms underlying dsDNA-induced signaling transduction in the spinal cord following SNI is
unclear.

As we know, nerve injury could induce dying/dead or injured cells releasing large amounts of DNA into the
extracellular environment via necrosis or apoptosis [39, 40]. Normally, this self-DNA is normally
nonimmunogenic. However, our understanding has since developed, emerging studies demonstrated that
extracellular self-dsDNA can get access to the cytosol through Fc receptors [41]. It also has been
proposed that extracellular self-dsDNA can be transferred into monocytes by an endogenous
antimicrobial peptide LL37 [42, 43]. Moreover, additional DNA receptors may exist in the cytoplasm in
macrophages for detecting DNA [44]. In addition, mitochondrial DNA (mtDNA) is another main source of
DNA for STING activating [45, 46] and several possible mechanisms has been proposed. For example, the
release of mtDNA could be triggered by BCL-2-like protein 4 (BAX)- and BCL-2 homologous killer (BAK)-
mediated apoptosis [47], activation of mitochondrial permeability transition pore [48], de�ciency of
transcription factor A mitochondrial (TFAM) or aberrant mtDNA packaging [49]. Though the mechanisms
have been explored widely, further studies are still needed to identify the source and localization of
dsDNA considering dsDNA sensor and dsDNA sensing might be different.

It has been proved that dsDNA play an integral role in STING pathway activation [50]. Once STING has
been activated, STING then recruits kinases such as TBK1, and phosphorylated both the interferons (IFN)
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regulatory factor 3 (IRF3) and NF-κB by TBK1. P-IRF3 subsequently enters the nucleus and ultimately
upregulating the expression of type I IFN (IFN-I) and mediates innate immune response, and p-p65 could
promote the expression of proin�ammatory cytokines (such as IL-1β, IL-6 and TNF-α) that facilitate
in�ammation and immunity [6, 9, 51, 52]. In our study, STING was activated after sensing dsDNA in spinal
cord microglia after SNI. Though we cannot rule out the effect of STING in other cell types,
immuno�uorescence result has demonstrated STING was mostly colocalized to Iba1 microglia. To
assess the role of STING in microglia, DMXAA was used in BV-2 cells. As expected, DMXAA treatment
signi�cantly activated STING/TBK1/NF-κB pathway, and increased the production of proin�ammatory
cytokines and chemokines (such as iNOS, MCP-1, IL-1β, IL-6 and TNF-α), as well as phosphorylated
JAK2/STAT3 signal in BV-2 cells.

Recent studies indicated that activation of STING could promote microglial activation in several
in�ammatory models [53–55].The role of microglial activation in the development of SNI-induced
neuropathic pain was corroborated by several pieces of evidence [30, 56]. In our effort to clarify the
mechanisms underlying microglia activation, we found that microglia and microglial response (including
morphological change, proliferation, and release of mediators such as IL-1β, IL-6 and TNF-α) are essential
for the induction of neuropathic pain after peripheral nerve injury [31]. A recent study has supposed that
STING play a critical role for chronic pain status [34]. However, our study emphasizes the role of STING in
spinal cord microglia in the induction of pain hypersensitivity. Consistent with the temporal patterns of
microglia, the expression level of STING/ TBK1/NF-κB and its downstream effectors were signi�cantly
upregulated at an early time with peaks between day 3 to day 7, and early but not late STING inhibitor C-
176 could signi�cantly inhibit STING signaling pathway and attenuate mechanical allodynia and thermal
hyperalgesia in SNI mice. These results suggested that microglial STING may be the basis of the
temporal role of microglia in the initiation, but is not essential for maintenance of neuropathic pain. It is
noteworthy to mention that Donnelly et al. [34] reported that the STING could regulate chronic pain and
steady-state nociception, which was involved in IFN-I signaling. However, in our study, IFN-β, a key
component of type I IFN, was not signi�cantly increased until day 14, thus it seems to play a dominant
role in the maintaining of pathological pain states. This discrepancy may be involved in different doses
of administration, injection time and experimental animals. Given together, we hypothesized that
STING/TBK1/NF-κB may play a dominant role in the initiation of neuropathic pain [34].

IL-6, as a mediator for pathological pain management [57], patch-clamp recordings of isolated spinal
cord slices suggested that IL-6 could reduce the frequency of spontaneous inhibitory postsynaptic
currents [36]. IL-6 can be produced at the site of peripheral nerve injury and also produced centrally for the
response to nerve injury. Recombinant human IL-6 injection could exacerbate pain behaviors in a
neuropathic pain model [58] and anti-IL-6 neutralizing antibody injection could alleviate these pain-related
behaviors [57]. Moreover, it has been proved that endogenous IL-6 displayed an important early role for
glial activation in the spinal cord following nerve injury [58]. Our �ndings suggested that spinal cord
microglia and microglial STING signaling could be activated following SNI and both could contribute to
upregulation of IL-6, demonstrating a critical role of IL-6 following SNI. Dominguez et al [59, 60] proposed
that IL-6 may act as an important early signal through activation of JAK/STAT after combining with IL-6
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receptor following nerve injury. In our study, p-JAK2 increased at day 1 and peaked at day 3 following SNI,
while p-STAT3 increased at day 1 and maintained at a high level until day 14. Our previous study and
others has already illustrated that JAK2/STAT3 signal was mainly colocalized to microglia in the spinal
cord [38, 60]. Based on these data, we propose that STING could regulate IL-6/JAK2/STAT3 axis for pain
management in the spinal cord microglia. We further con�rmed this conclusion in mice treatment with
rIL-6, the results showed that injection of rIL-6 intrathecally signi�cantly increased the pain
hypersensitivity and p-JAK2/STAT3 generation after SNI. These results suggested that STING exerts its
biological effect in SNI-induced pain hypersensitivity, at least partly via IL-6/JAK2/STAT3 signaling in the
spinal cord microglia (Fig. 11). And pharmacological inhibition of STING may be an effective way for
early intervention of pain development.

Conclusion
In conclusion, our study identi�ed that microglial STING acted as an early critical mediator for dsDNA
sensing and proin�ammatory cytokines releasing in the spinal cord, played a critical role in the
development of neuropathic pain. Moreover, our results indicated that STING contributed to SNI-induced
pain hypersensitivity by promoting microglia polarization to M1 phenotype and exacerbating releasing of
proin�ammatory factors in the spinal cord dorsal horn. Pharmacological blockade of STING had
important therapeutic implications by inhibiting IL-6/JAK2/STAT3 axis after SNI. In summary, targeting
STING may be novel and promising therapeutic implications for early intervention of pain development.
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Figure 1

Experimental designs animal groups. (A) Time course of pain behaviors and pro-in�ammatory cytokines
in the spinal cord following SNI. (B) The effects of DMXAA on microglia cells. (C) Effects of early
treatment of C-176 on pain hyperintensity, STING signaling pathway and its downstream effectors
following SNI. (D) Effects of late treatment of C-176 on pain hyperintensity. (E) Effects of mice rIL-6 in the
analgesic effect of C-176. ELISA: enzyme-linked immunosorbent assay; IF: immuno�uorescence; PCR:
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Polymerase Chain Reaction; PWT: paw withdrawal threshold; TWL: thermal withdrawal latency; WB:
western blot

Figure 2

SNI increased the level of dsDNA and activated STING signaling pathway. (A) Elisa analysis showed the
level of dsDNA in the peripheral blood was signi�cantly upregulated following SNI (n=3 per group). (B)
The expression of STING in the L4-5 spinal cord was measured by western blotting at day 1, 3, 7, and 14
after SNI surgery (n=5 per group). (C) The expression of p-TBK1 in the L4-5 spinal cord was measured by
western blotting at 1, 3, 7, and 14 d after SNI surgery (n=5 per group) (D) The expression of p-NF-κB p65
in the L4-5 spinal cord was measured by western blotting at 1, 3, 7, and 14 d after SNI surgery (n=5 per
group). (E) The expression of STING and p-TBK1 in the L4-5 spinal cord was measured by
immunostaining at 1, 3, 7, and 14 d after SNI surgery (n=3 per group, bar=200 μm). All data are presented
as means ± SEM. (*P<0.05, **P<0.01, ***P<0.001 compared with the sham-operated group).
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Figure 3

Expression and cellular localization of STING in spinal cord dorsal horn. (A-C) Representative images of
STING double immunostained with neurons (NeuN), astrocyte (GFAP) and microglia (Iba1) in the spinal
cord at day 7 following SNI. Immuno�uorescence data showed that STING was increased in the spinal
cord dorsal horn following SNI and STING was mainly colocalized with microglia in the spinal cord
following SNI. Yellow represents colocalization (n=3 per group, bar=200 μm)
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Figure 4

Expression and cellular localization of p-TBK1 in spinal cord dorsal horn. (A-C) Representative images of
p-TBK1 double immunostained with neurons (NeuN), astrocyte (GFAP) and microglia (Iba1) in the spinal
cord at day 7 after SNI. Immuno�uorescence data showed that STING was upregulated in the spinal cord
dorsal horn after SNI and STING was mainly colocalized with microglia in the spinal cord following SNI.
Yellow represents colocalization (n=3 per group, bar=200 μm)
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Figure 5

DMXAA activated STING signaling pathway and affected the intracellular location of STING, TBK1 and
NF-κB. BV-2 cells were stimulated by DMXAA for 24 h. (A)The protein levels of STING in BV-2 cells
stimulated by DMXAA for 24 h (n=4 per group). (B) Representative images of immuno�uorescence of
STING in BV-2 cells (n=3 per group, bar=100 μm). (C) The protein levels of p-TBK1 in BV-2 cells
stimulated by DMXAA for 24 h (n=4 per group). (D) Representative images of immuno�uorescence of p-
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TBK1 in BV-2 cells (n=3 per group, bar=100 μm). (E)The protein levels of p-NF-κB p65 in BV-2 cells
stimulated by DMXAA for 24 h (n=4 per group). (F) Representative images of immuno�uorescence of p-
NF-κB p65 in BV-2 cells (n=3 per group, bar=100 μm). All data are presented as means ± SEM.
(***P<0.001 compared with the Control group)

Figure 6

DMXAA signi�cantly increased the expression of pro-in�ammatory cytokines and phosphorylation of
JAK2/STAT3. BV-2 cells were stimulated by DMXAA for 24 h. (A) The protein level of iNOS in BV-2 cells
stimulated by DMXAA for 24 h. (B) Relative mRNA level of MCP-1 in BV-2 cells stimulated by DMXAA for
24 h. (C) Relative mRNA level of IL-1β in BV-2 cells stimulated by DMXAA for 24 h. (D) Relative mRNA
level of TNF-α in BV-2 cells stimulated by DMXAA for 24 h. (E) BV-2 cells supernatants were collected at
24 h after DMXAA stimulation. IL-6 serum levels were quanti�ed by ELISA. (F) BV-2 cells supernatants
were collected at 24 h after DMXAA stimulation. IFN-β serum levels were quanti�ed by ELISA. (G-I) The
protein levels of p-JAK2 and p-STAT3 in BV-2 cells stimulated by DMXAA for 24 h. All data are presented
as means ± SEM. (n=4 per group, ***P<0.001 compared with the Control group).
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Figure 7

Time course of pain hypersensitivity and pro-in�ammatory cytokines in the spinal cord following SNI. (A
and B) Mechanical allodynia and thermal hyperalgesia were assessed in sham-operated and SNI-injured
mice (n=5 per group). (C-E) Expression of M1 microglia markers (iNOS, CD68, CD86) in L4-5 spinal cord
dorsal horn increased in a time-dependent manner after SNI. (n=5 per group). (F) The protein expression
of IL-6 in the spinal cord dorsal horn was detected by Elisa analysis (n=3 per group). (G) The expression
of IFN-β in the spinal cord dorsal horn was detected by Elisa analysis (n=3 per group) All data are
presented as means ± SEM. (*P<0.05, **P<0.01, ***P<0.001 compared to sham-operated group).
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Figure 8

Early but not late C-176 injection attenuated SNI-induced mechanical allodynia. Mechanical allodynia
was assessed in sham-operated mice with vehicle injection(Sham+Vehicle), SNI-injured mice with vehicle
injection (SNI+Vehicle), SNI-injured mice with C-176 injection (SNI+C-176; 10, 20, 40 μg, i.t.) and sham-
operated mice with C-176 injection (Sham+C-176; 40 μg, i.t.). (A) A single dose of C-176 (10, 20, 40 μg, i.t.)
or Vehicle (5 μl, i.t.) was injected into sham mice and SNI-injured mice on day 1. Mechanical allodynia
was measured at 0, 0.5, 1, 2, 4 and 8 h after single injection of C-176. (B) C-176 (40 μg, i.t.) was applied
once daily for early phase from day 1 to day 5 following SNI. PWT was conducted at 1 h after C-176
injection from day 1 to day 5 following SNI. (C) A single dose of C-176 (10, 20, 40 μg, i.t.) or Vehicle (5 μl,
i.t.) injected into sham mice and SNI- injured mice on day 7. Mechanical allodynia was measured at 0,
0.5, 1, 2, 4 and 8 h after single injection of C-176. (D) C-176 (40 μg, i.t.) was applied once daily for late
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phase from day 7 to day 11 following SNI. PWT was conducted at 1 h after C-176 injection from day 7 to
day 11 following SNI. (E) C-176 (40 μg, i.t.) was applied once daily at 0.5h before surgery and at day 1
after surgery. PWT was conducted at baseline and at day 1, 3, 7, 14 after SNI surgery. (n=5 per group,
*P<0.05, **P<0.01, ***P<0.001 compared with the SNI+Vehicle group, ###P<0.001 compared with the
Sham+Vehicle group).

Figure 9

C-176 reduced microglia activation and proin�ammatory cytokine expression in the spinal cord after SNI.
(A-C) The protein level of STING, TBK1 phosphorylation, and NF-κB p65 phosphorylation in the L4-5
dorsal horn was detected using the sham-operated mice with vehicle administration (Sham), SNI-injured
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mice with vehicle administration (SNI), SNI-injured mice with successive C-176 administration (SNI+C-
176), and vehicle group as the negative control (Vehicle). (n=5 per group). (D) Representative images of
immuno�uorescence of Iba1 in the L4-5 dorsal horn of vehicle-operated control mice (Vehicle), SNI-
injured mice (SNI) at 7 d after surgery, and SNI-injured mice with successive C-176 administration from
day 1 to day 5 (SNI+C-176) (n=3 per group, bar=200 μm.) (E-G) The protein levels of M1 microglia
markers (iNOS, CD68, CD86) in the L4-5 dorsal horn of vehicle-operated control mice (Vehicle), SNI-injured
mice (SNI) at 7 d after surgery, and SNI-injured mice with C-176 administration (SNI+C-176). (n=5 per
group). (H-J) The mRNA expression of MCP-1, IL-1β and TNF-α in the L4-5 dorsal horn of sham-operated
mice (Sham), SNI-injured mice (SNI) at 7 d after surgery, and SNI-injured mice with successive C-176
administration (SNI+C-176). (n=5 per group). (K) The level of IL-6 was detected by Elisa analysis in the
L4-5 dorsal horn of sham-operated mice (Sham), SNI-injured mice (SNI) at 7 d after surgery, and SNI-
injured mice with successive C-176 administration (SNI+C-176). (n=5 per group). All data are presented as
means ± SEM. Tissues were collected on day 7 after C-176 administration from day 1 to day 5. (*P<0.05,
**P<0.01, ***P<0.001 compared with indicated group).
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Figure 10

Intrathecal injection of C-176 attenuated SNI-induced mechanical allodynia via IL-6/JAK2/STAT3
expression. (A) Expression of p-JAK2/STAT3 in L4-5 spinal cord increased in a time-dependent manner
compared with sham-operated mice. (B) The expression of p-JAK2/STAT3 in the L4-5 dorsal horn of
sham-operated mice (Sham), SNI-injured mice (SNI) at 7 d after surgery, and SNI-injured mice with
successive C-176 administration (SNI+C-176). (C) rIL-6 blocks the analgesic effects of C-176. C-176 (40
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μg, i.t.) was given into SNI-injured mice with or without mice rIL-6 (100 ng, i.t. ) from day 1 to day 5 ; and
mechanical allodynia was examined at day 7 after surgery. (D) The expression of p-JAK2/STAT3 in the
L4-5 dorsal horn from each group were measured after mice rIL-6 injection by western blotting. Data are
expressed as mean ± SEM. (n=5 per group, *P<0.05; **P<0.01, ***P<0.001 compared with indicated
group).

Figure 11

Schematic diagram of microglial STING/NF-κB/IL-6 regulated SNI-induced pain hypersensitivity. During
the development of SNI, dsDNA was increased �rst and activate microglial STING. Upon activated, STING
then recruits TBK1, and phosphorylated NF-κB, which subsequently promote the release of
proin�ammatory cytokines (such as IL-1β IL-6 and TNF-α), resulting microglial activation and polarize
into M1 phenotype exacerbating releasing of proin�ammatory factors in the spinal cord dorsal horn.
Moreover, the role of the main in�ammatory factors IL-6 could promote pain hypersensitivity via
JAK2/STAT3 axis in the spinal cord microglia.
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