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Abstract

Chronic postsurgical pain (CPSP) is acommon complication after surgery; however, the
underlying mechanisms of CPSP are poorly understood. As one of the most important
inflammatory pathways, the Toll-like receptor 4/nuclear factor-kappa B (TLR4/NF-xB)
signaling pathway plays an important role in chronic pain. However, the precise role
of the TLR4/NF-xB signaling pathway in CPSP remains unclear. In the present study,
we established a rat model of CPSP induced by skin/muscle incision and retraction
(SMIR) and verified the effects and mechanisms of central and peripheral TLR4 and
NF-kB on hyperalgesia in SMIR rats. The results showed that TLR4 expression was
increased in both the spinal dorsal horn and dorsal root ganglia (DRGs) of SMIR rats.
However, the TLR4 expression pattern in the spinal cord was different from that in
DRGs. In the spinal cord, TLR4 was expressed in both neurons and microglia, whereas
it was expressed in neurons but not in satellite glial cells in DRGs. Further results dem-
onstrate that the central and peripheral TLR4/NF-xB signaling pathway is involved
in the SMIR-induced CPSP by different mechanisms. In the peripheral nervous sys-
tem, we revealed that the TLR4/NF-xB signaling pathway induced upregulation of
voltage-gated sodium channel 1.7 (Nav1.7) in DRGs, triggering peripheral hyperalge-
sia in SMIR-induced CPSP. In the central nervous system, the TLR4/NF-xB signaling
pathway participated in SMIR-induced CPSP by activating microglia in the spinal cord.
Ultimately, our findings demonstrated that activation of the peripheral and central
TLR4/NF-xB signaling pathway involved in the development of SMIR-induced CPSP.
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1 | INTRODUCTION

Chronic postsurgical pain (CPSP) is a widespread clinical problem
that can occur following various types of surgery, and is most com-
mon following thoracotomies, inguinal hernia repair, and coronary
artery bypass surgery (Macrae, 2008). An epidemiological survey
showed that approximately 10%-50% of postoperative acute pain
converts to CPSP (Kehlet et al., 2006). Furthermore, the incidence
of CPSP is increasing each year as a result of the rapid expansion in
the number of surgeries worldwide. CPSP has detrimental effects on
physical and psychological health as well as daily life. Unfortunately,
the pathogenic mechanisms underlying CPSP remain unclear, and
the clinical treatment of CPSP is still limited. Therefore, it is import-
ant to further elucidate the molecular mechanisms of CPSP to de-
velop improved treatments for CPSP patients.

In recent years, neuroinflammation has been revealed to be an
important mechanism in chronic pain that is caused by changes in
neural plasticity (Ji et al., 2014). As one of the most important in-
flammatory pathways, the Toll-like receptor 4/nuclear factor-kappa
B (TLR4/NF-xB) signaling pathway plays an important role in chronic
pain by generating and releasing a wide variety of pro-inflammatory
factors (Bai et al., 2014; Xu et al., 2018). However, the mechanisms of
the TLR4/NF-«xB signaling pathway in CPSP are still unclear.

In the central nervous system, TLR4 is mainly expressed in mi-
croglia and is involved in the activation of microglia, which play a
crucial role in the process of neuroinflammation within the central
nervous system. TLR4 in the spinal cord is also a key factor in neu-
ropathic pain (lwasaki et al., 2013; Raghavendra et al., 2003). Hence,
we hypothesize that TLR4 in the spinal cord participates in hyperal-
gesia by activating microglia in CPSP.

Interestingly, in chronic pain, TLR4 is expressed not only in the
spinal cord of the central nervous system (Bai et al., 2014; Xu et al.,
2018), but also in dorsal root ganglia (DRGs) of the peripheral ner-
vous system (Bruno et al., 2018; Xing et al., 2018). The preliminary
experimental results of this study showed that, unlike the distribu-
tion in the central nervous system, TLR4 was expressed in neurons
but not satellite glial cells within DRGs. This suggests that TLR4 may
not be involved in regulating pain by activating glia in the peripheral
nervous system. Therefore, we speculate that the mechanisms by
which TLR4 functions in the central and peripheral nervous systems
may be different in CPSP.

Studies have shown that NF-xB increases neuronal excitability
by regulating the expression of voltage-gated sodium channel 1.7
(Nav1.7) in DRG neurons (Huang et al., 2014; Qu et al., 2019; Xie
et al., 2019). NF-xB is an important downstream molecule of the
TLR4 signaling pathway. Furthermore, Nav1.7 plays a vital role in
initiating action potentials in response to depolarization of sen-
sory neurons by noxious stimuli (Cox et al., 2006; Dib-Hajj et al.,
2008). Therefore, we hypothesize that TLR4 is involved in CPSP
by regulating the expression of Nav1.7 in the peripheral nervous
system.

To test our above hypotheses, in the present study, we es-
tablished a rat model of CPSP induced by skin/muscle incision
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and retraction (SMIR). We investigated the relationship between
TLR4/NF-xB and the activation of microglia in the spinal cord of
SMIR rats and revealed that TLR4-activated microglia in SMIR-
induced CPSP. In the peripheral nervous system, we found a regu-
latory relationship between TLR4 and Nav1.7, and demonstrated
that TLR4 can upregulate expression of Nav1.7 in SMIR-induced
CPSP.

2 | MATERIALS AND METHODS

2.1 | Animals

Male Sprague-Dawley rats (200-250 g) were purchased from the
Animal Center of Henan Province. Animals were kept and bred
freely within separate cages in a pathogen-free environment, under
a standard temperature (23 + 2°C) and 12:12-h light-dark cycle. All
the animals were randomly divided into groups. All of the experi-
ments were conducted in accordance with protocols approved by
the National Institutes of Health on animal care and the ethical

guidelines for experimental investigations.

2.2 | Skin/muscle incision and retraction (SMIR)

A model of SMIR was produced in rats according to the methods
of a previous study (Flatters, 2008). Rats were anesthetized with
chloral hydrate (10%; 400 mg/kg; i.p.) and were shaved at the right
medial thigh. The saphenous vein was visualized after swabbing
the shaved skin repeatedly with sterile alcohol (75%). Then, an inci-
sion (1.5-2.0 cm) was made in this area at approximately 4 mm me-
dial to the saphenous vein to reveal the gracilis muscle of the thigh.
The gracilis layer was then subjected to an incision (7-10 mm) and
was parted bluntly at approximately 4 mm medial to the saphenous
nerve. A micro-dissecting retractor was inserted into this incision
site—with all prongs underneath the gracilis layer—to retract the
skin and gracilis by up to 2-cm long; then, the underlying adduc-
tor muscles were revealed. This retraction was maintained for 1 h.
The incision was covered with a wet gauze during the retraction.
After these procedures, the surgical site was sutured with 4-0 silk.
The sham control underwent only skin incisions without muscle
retraction.

2.3 | Behavioral tests

All behavioral tests were double-blind. Mechanical sensitivity was
tested with von-Frey hairs, according to the "up-down" method, by
applying mechanical stimuli to the plantar surface of the hind paw
consisting of an 8-s application or until a response occurred (Chaplan
et al., 1994). The 50% paw withdrawal threshold (PWT) was deter-
mined according to the "up-down" method in an ascending order
of force until a paw withdrawal response was elicited. All rats were
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acclimated to the testing environment for at least 30 min before
measurements. The interstimulus interval was 5 min. A positive re-
sponse to the stimulus was assessed by a quick withdrawal and/or
licking of the paw.

Thermal hyperalgesia was evaluated by the paw withdrawal la-
tency according to previously reported method (Hargreaves et al.,
1988). The plantar surface of the hind paw was stimulated by a ra-
diant heat source beneath a glass floor. The hind paws were tested
in alternation. The intervals between consecutive tests were >5 min.
The measurements were repeated three times on each side and the
mean value was taken. To avoid tissue damage, when the rats had
no positive reactions, the radiant heat source was automatically
stopped for 20 sec.

2.4 | Catheterimplantation

The procedures of intrathecal (i.t.) catheter implantation were per-
formed according to a previous study (Shao et al., 2016; Starkson
et al, 1996). Rats was anesthetized with chloral hydrate (10%,
400 mg/kg, i.p.), and then, a skin incision was made in the midline
lumbar region (L5-L6). A 23-gauge needle was used to puncture the
muscle to access the vertebra. A sterilized polyethylene catheter (PE-
10, 18 + 2 cm) was introduced into the subarachnoid space. A sudden
movement of the tail and/or hindlimb indicated dural penetration.
The catheter was then pushed gently upward to reach the rostral
level of the lumbar enlargement (L4), and was fixed into the super-
ficial muscle by suturing a bead made on the catheter. The catheter
was tunneled under the skin and pulled out at the neck, where an-
other skin incision was made and the second bead was fixed into the
muscle. Finally, both incisions were then sutured with 4-0 silk. The
rats were allowed to recover for a minimum of 7 d. Then, the catheter
placement was verified by observing transient hind paw paralysis in-
duced by an injection of lidocaine (2%, 5 ul). Rats exhibiting post-
operative neurological deficits (e.g., paralysis) were excluded from
subsequent experiments.

2.5 | Drugs and drug delivery

A lipopolysaccharide derived from Rhodobacter sphaeroides
(LPS-RS) (InvivoGen, San Diego, CA) was injected (2.0 pg/pl, 10
ul, i.t.) intrathecally at 1 d before surgery and once daily there-
after for 10 d to inhibit the TLR4 function. The LPS (InvivoGen,
San Diego, CA) was injected twice intrathecally to activate TLR4.
For the first injection, all rats received LPS with the same dose
(0.2 pg/pl, 10 pl, i.t.) to prime the immune system. A second in-
trathecal injection was administered with an increasing dose of
lipopolysaccharide (LPS) (0.5, 1, and 2 pg/pl, 10 pl, i.t.), followed
by a 10 pL saline flush. The NF-xB inhibitor, pyrrolidine dithi-
ocarbamic acid (PDTC) (Sigma, St. Louis, MO), was intrathecally
injected at 1 d before surgery and once daily thereafter for 10 d
(at 0.05 pg/pl, 10 pl, i.t.).
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2.6 | Western blotting

All of the rats were deeply anesthetized using a lethal dose of chlo-
ral hydrate (10%; 600 mg/kg; i.p.) at designated time points. The ip-
silateral L4-5 DRG and spinal dorsal horn tissues were dissected.
Based on established protocol (Shao et al., 2016), all samples were
then homogenized in ice-cold cytoplasmic lysis buffer (lysis buffer
A: 85.52 mg/ml sucrose, 10 mmol/L Tris, 5 mmol/L MgCl, 5 mmol/L
EGTA, 0.1 mmol/L PMSF, 0.01 mmol/L DTT, 40 pmol/L leupeptin,
10 mmol/L, and 1% phosphatase inhibitor buffer A and buffer B).
Then, the homogenate sample was centrifuged at 2,000 rpm for
15 min at 4°C, after which the supernatant was collected to isolate
membrane-bound protein samples. The precipitate containing nu-
clear protein was added to a nuclear buffer (buffer B: 10 mM Tris,
1.5% SDS, and 0.5% Triton X-100). The samples were centrifuged
and collected after being subjected to ultrasound-induced breakage.
Protein samples were dissolved in loading buffer and denatured at
99°C for 5 min after measurement of total protein concentrations.
Subsequently, 30-60 pg of protein was separated using 10% of
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and was then transferred onto a polyvinylidene difluoride
(PVDF) membrane. The membranes were blocked in TBST with 5%
of fat-free milk solution for 2 h at room temperature and were in-
cubated overnight at 4°C with an anti-Nav1.7 antibody, anti-CD11b
antibody, anti-TLR4 antibody, anti-p-p65 antibody, or p-actin anti-
body. The western blotting were then incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit secondary anti-
body. Protein bands were visualized using chemiluminescent rea-
gents with an ECL kit (Sangon Biotech, China), followed by exposure
with FluorChem ProteinSimple (Alphalmager ProteinSimple, San
Jose, USA). The immunoreactive densities were analyzed with an
AlphaView SA analyzer. The optical density was determined by the
ratio of the protein signals to -actin or H3 signal. These ratios were
normalized to the control values. The following primary antibodies
were used: rabbit anti-phospho-p65-Ser346 (1:1000; Cell Signaling
Technology, USA), rabbit anti-Nav1.7 (1:1000; Millipore, USA), rabbit
anti-CD11b (1:500; ABclonal, USA), mouse anti-TLR4(1:200; Abcam,
England), rabbit anti-H3 (1:1000; Abcam, England), and mouse anti-
B-actin (1:10000; Sigma, UAS).

2.7 | Quantitative real-time PCR

Total RNA from the ipsilateral L4-5 DRG and spinal dorsal horn was
extracted with TRIzol (Sangon Biotech, China), as described previ-
ously (Su et al., 2017). cDNA synthesis was performed by reverse
transcription using the RevertAid-TM First Strand cDNA Synthesis
Kit (Thermo Fisher, USA). Quantitative real-time PCR (qRT-PCR) was
conducted in triplicate with an ABI-Prism 7500 sequence detection
system (Applied Biosystems, USA). The Maxima SYBR Green qPCR
MM (Thermo Fisher, USA) was used to detect mRNA. PCR was per-
formed at 50°C for 2 min, followed by 40 cycles at 95°C for 10 min,
95°C for 15 s, and 60°C and 60 s for extension. All reactions were
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performed in triplicate in a final volume of 20 pl. p-actin was used
as an internal reference. The relative level of mRNA expression was
calculated using the comparative 2-AACt method.

The primer sequences were as follows:

e SCN9A forward: 5'-GCTCAAAGAGTGCCAAGGAG-3/,
e SCN9A reverse: 5-TTCGGATGCTTTCCTCTGAT-3',

e TLR4 forward: 5-TGGCATCATCTTCATTGTCC-3/,

e TLR4 reverse: 5'-CAGAGCATTGTCCTCCCACT-3',

e CD11b forward: 5-GTGCTACCTATTCGGCTCCA-3/,

e CD11b reverse: 5-CCGTCAATCAAGAAGGCAAT-3/,

e B-actin forward: 5-GACGATATCGCTGCGCTG-3', and
e B-actin reverse: 5-GTACGACCAGAGGCATACAGG-3'.

2.8 | Immunofluorescence

Immunofluorescence was performed as previously described (Li
et al., 2019; Xu et al., 2006). Briefly, rats were deeply anesthetized
with chloral hydrate (10%, 600 mg/kg, i.p.) and perfused through the
ascending aorta with heparinized saline, followed by 4% of paraform-
aldehyde in 0.1 mol/L of phosphate buffer. Then, the ipsilateral L4-5
DRGs and the lumbar (L4-5) spinal cord were removed and postfixed
in the same fixative for 3 h, after which the fixative was replaced
with 30% of sucrose in phosphate-buffered saline over the course
of two nights. Longitudinal DRG sections (16 pm) and transverse
spinal sections (25 pm) were cut on a cryostat. Then, the sections
were blocked with 3% of fetal bovine serum in 0.3% of Triton X-100
(Sigma, St. Louis, MO) for 1 h at room temperature before being in-
cubated overnight at 4°C with primary antibodies. Subsequently, the
sections were incubated with a mixture of Cy3- and Cy2-conjugated
secondary antibodies for 1 h at 37°C. The primary antibodies that
were used included mouse antibodies against TLR4 (1:100, Abcam,
England), rabbit anti-phospho-p65 (1:200; Cell Signaling Technology,
USA), mouse antibodies against glial fibrillary acidic protein (GFAP;
astrocytic marker, 1:500; Cell Signaling Technology, USA), rab-
bit monoclonal antibodies against neuron-specific nuclear protein
(NeuN; neuronal marker,1:300; Abcam, England), rabbit anti-lbal
(microglia marker, 1:200; Affinity Biosciences, USA), mouse anti-
calcitonin gene-related peptide (CGRP; 1:200; Abcam, England),
FIT4-conjugated isolectin B4 (IB4; 1:100; Sigma, L2895, USA),
mouse anti-neurofilament-200 (NF200; 1:200; Sigma, USA), and
mouse anti-Gelsolin (GS; 1:100; Millipore, USA). The specificities of
antibodies were checked by omitting the primary antibody during

immunostaining as well as during western blotting.

2.9 | Statistical analyses

All of the data are presented as the mean + SD. Data were analyzed
using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA).
The data from behavioral tests were statistically analyzed by two-
way analyses of variance (ANOVAs). Comparisons of more than two

HAN ET AL.

groups were made using one-way ANOVAs with Tukey post hoc
tests for pairwise comparisons. A p < 0.05 was considered statisti-

cally significant.

3 | RESULTS

3.1 | SMIR induces mechanical allodynia in rats

We chose the SMIR rat model for investigating CPSP. Consistent
with previous reports, SMIR surgery-induced prolonged mechani-
cal allodynia in the ipsilateral hind paw of each rat compared with
that in the sham group (Figure 1a). At baseline, the PWT to mechani-
cal stimulation of the ipsilateral hind paw was approximately 15 g,
while the post-SMIR PWT gradually decreased to a minimum of
5.67 £ 0.72 g at 10 d after SMIR (p < 0.001), after which it gradually
recovered toward normal levels. As shown in Figure 1a, the PWT
reached 16.39 + 0.67 g at 20 d after SMIR, which was significantly
different compared with that of the sham group; in contrast, there
was no significant difference in the PWT on the contralateral side
between these two groups at this time (Figure 1a). However, SMIR
had no effect on thermal hyperalgesia (Figure 1b). These behavioral
results are consistent with previous reports (Flatters, 2008), verify-
ing the successful establishment of the SMIR rat model in our pre-
sent study.

3.2 | SMIR induces upregulation of TLR4 and
CD11b in the spinal dorsal horn

In the central nervous system, TLR4 is expressed in microglia and is
involved in microglial activation. To evaluate the effect of TLR4 on
microglia in the spinal dorsal horn of SMIR rats, TLR4 and CD11b,
a marker for microglial activation, were measured by qRT-PCR and
western blotting. The results showed that both mRNA and protein
expression levels of TLR4 were significantly increased in the spinal
cord dorsal horn beginning at day 5, reached a peak at day 10, and
lasted until day 15 after SMIR surgery (Figure 1c,e). SMIR surgery also
led to enhanced expression of CD11b in the dorsal horn (Figure 1d,f).
Similar to those of TLR4, both mRNA and protein expression levels
of CD11b were increased at 5-d post-surgery and reached a peak at
10 d after SMIR surgery. However, both mRNA and protein expres-
sion levels of CD11b returned to normal at 15 d after SMIR surgery,
as they were not significantly different compared with those of the
sham group. These results suggest that microglia play a role in the
early stage but not the late stage of CPSP induced by SMIR.

3.3 | TLR4is widely expressed in microglia and
neurons within the spinal cord

We used double immunofluorescent staining to determine the
distribution of TLR4 in the spinal cords of naive rats. The results
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FIGURE 1 Effects of SMIR surgery on the expression of TLR4 and CD11b in the ipsilateral spinal dorsal horn. (a) The PWTs of the
ipsilateral but not contralateral hind paws of SMIR rats were significantly reduced. (b) SMIR surgery did not induce any change in thermal
hyperalgesia in either hind paw. (c) Expression of TLR4 mRNA was increased in the ipsilateral spinal dorsal horn of SMIR rats. (d) Expression
of CD11b mRNA was increased in the ipsilateral spinal dorsal horn of SMIR rats. (e) Representative western blotting and corresponding
graph showing that TLR4 protein expression was increased in the ipsilateral spinal dorsal horn of SMIR rats; B-actin served as a loading
control. (f) Representative western blotting and corresponding graph showing that CD11b protein expression was increased in the ipsilateral
spinal dorsal horn of SMIR rats; $-actin served as a loading control. Data were presented as means + SD. Sham, rats underwent only skin
incisions 15 days prior to tissue collection. SMIR, rats underwent skin incisions and muscle retraction. 5d, rats underwent SMIR surgery

5 days prior to tissue collection. 10d, rats underwent SMIR surgery 10 days prior to tissue collection. 15d, rats underwent SMIR surgery

15 days prior to tissue collection. Ipsi, ipsilateral. Contra, contralateral. The data from behavioral tests were statistically analyzed by two-
way ANOVAs. n = 6 rats per group. ***p < 0.001 versus sham. Statistical differences for western blotting data were determined by one-way
ANOVAs with Tukey post hoc tests. n = 3 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001 versus sham

showed that TLR4 was co-localized with NeuN, a specific marker (Figure 2g-i), in the dorsal horn. These data suggest that TLR4 is
for neurons, (Figure 2a-c), and Ibal, a specific marker of microglia, widely expressed in a variety of cells within the spinal cord of naive

(Figure 2d-f), but not with GFAP, a specific marker of astrocytes, rats except astrocytes.
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FIGURE 2 The distribution of TLR4 in the spinal dorsal horn of naive rats. Representative pictures showing that TLR4 is co-localized
with NeuN, a specific marker for neurons (a-c) and Ibal, a specific marker of microglia (d-f) (arrows), but not with GFAP, a specific marker of

astrocytes (g-i). n = 3 rats. Scale bars: 100 pm

3.4 | TLR4regulates SMIR-induced activation of
spinal microglia by NF-xB

To determine the effect of TLR4 on SMIR-induced persistent pain
in the central nervous system, we examined the activation of spi-
nal microglia following intrathecal injection of LPS-RS, a TLR4 an-
tagonist, in SMIR rats. The results showed that the 50% PWT of
SMIR rats after LPS-RS administration was significantly increased
compared with that of SMIR rats injected with saline, which effec-
tively alleviated SMIR-induced mechanical hyperalgesia (Figure 3a).
In the spinal cord, the injection of LPS-RS resulted in a significant
decrease in the downstream molecule of TLR4, NF-xB, indicating
that LPS-RS effectively inhibited the function of TLR4 (Figure 3b).
In addition, CD11b, a marker of microglial activation, was also sig-
nificantly reduced following LPS-RS injection as compared with
that in SMIR rats injected with saline, indicating that inhibition of
TLR4 in the spinal cord inhibited the microglial activation in SMIR
rats (Figure 3c).

To further investigate the activation of microglia by TLR through
NF-kB in SMIR-induced CPSP, we intrathecally administered the NF-
kB inhibitor, PDTC, to SMIR rats. Compared with the results in SMIR
rats injected with saline, PDTC injections effectively inhibited NF-xB
expression (Figure 3e), alleviated SMIR-induced mechanical hyperal-
gesia (Figure 3d), and reduced the expression of CD11b in the spinal
cord (Figure 3f). These results suggest that the TLR4/NF-kB signaling
pathway activates microglia to participate in SMIR-induced CPSP.

3.5 | TLR4is widely expressed in neurons but not
satellite glial cells in DRGs

It has been reported that TLR4 is expressed not only in the central
nervous system, but also in the peripheral nervous system (Bai et al.,
2014; Bruno et al., 2018). Indeed, we found that TLR4 expression
was also detected in normal rat DRGs, as indicated by double immu-

nofluorescent staining. As shown in Figure 5, TLR4 was co-localized
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FIGURE 3 Effects of the TLR4/NF-kB signaling pathway on microglia in SMIR rats. (a) Intrathecal injection of LPS-RS alleviated
mechanical hyperalgesia in SMIR rats. (b) Representative western blotting and corresponding graph showing that NF-xB protein expression
was decreased in the ipsilateral spinal dorsal horn of SMIR rats on day 10 after surgery following intrathecal injection of LPS-RS; H3 served
as a loading control. (c) Representative western blotting and corresponding graph showing that CD11b was reduced in the ipsilateral spinal
dorsal horn of SMIR rats on day 10 after surgery following intrathecal injection of LPS-RS; p-actin served as a loading control. (d) Intrathecal
injection of PDTC alleviated mechanical hyperalgesia in SMIR rats. (e) Representative western blotting and corresponding graph showing
that NF-kB protein expression was decreased in the ipsilateral spinal dorsal horn of SMIR rats on day 10 after surgery following intrathecal
injection of PDTC; H3 served as a loading control. (f) Representative western blotting and corresponding graph showing that CD11b was
reduced in the ipsilateral spinal dorsal horn of SMIR rats on day 10 after surgery following intrathecal injection of PDTC; -actin served as a
loading control. Data were presented as means = SD. Sham, rats underwent only skin incisions without muscle retraction. SMIR+saline, rats
undergoing SMIR surgery were injected with saline. SMIR+LPS-RS, rats undergoing SMIR surgery were injected with LPS-RS. SMIR+PDTC,
rats undergoing SMIR surgery were injected with PDTC. Ipsi, ipsilateral. Contra, contralateral. The data from behavioral tests were
statistically analyzed by two-way ANOVAs. n = 5-6 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001 versus SMIR+saline. The data from
western blotting were statistically analyzed by one-way ANOVAs with Tukey post hoc tests. n = 3 rats per group. *p < 0.05, **p < 0.01,

***p < 0.001 versus SMIR+saline

with either CGRP, a marker of peptidergic neurons (Figure 4a-c), IB4, 3.6 | SMIR induces upregulation of TLR4 and
a marker of a fraction of small, nonmyelinated nociceptive neurons Nav1.7 in DRGs
(Figure 4d-f), or NF200, a marker of large, myelinated non-nociceptive

neurons (Figure 4g-i). However, TLR4 was not co-localized with GS, a Inthe present study, we found that TLR4 was involved in SMIR-induced

marker of satellite glial cells (Figure 4j-1). These data suggest that TLR4
is widely expressed in all sizes of neurons in DRGs, but not in satellite

glial cells.

nociception in the spinal cord by activating microglia. However, TLR4
was not expressed in satellite glial cells within DRGs. Therefore, we
hypothesized that the mechanism of peripheral involvement of TLR4
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FIGURE 4 The distribution of TLR4 in DRGs of naive rats. Representative pictures showing that TLR4 was co-localized with CGRP, a
marker of peptidergic neurons (a-c), IB4, a marker of a fraction of small, nonmyelinated nociceptive neurons (d-f) and NF200, a marker of large,
myelinated non-nociceptive neurons (g-i) (arrows), but not with GS, a marker of satellite glial cells (j-I). n = 3 rats per group. Scale bars: 100 um

in SMIR-induced CPSP is distinct from that in the central nervous sys-
tem. To determine whether SMIR surgery-induced changes in TLR4
within DRGs, we measured mRNA and protein levels of TLR4 in DRGs
in SMIR rats. Because the NF-xB signaling pathway may regulate the
expression of Nav1.7 in DRG neurons (Huang et al., 2014; Xie et al.,
2019), we simultaneously measured the expression of Nav1.7 within
DRGs of SMIR rats. As shown in Figure 6, compared with those in
the sham group, both mRNA and protein levels of TLR4 (Figure 5a,c)
and Nav1.7 (Figure 5b,d) were significantly increased in the DRGs of
SMIR rats starting at 5 d after surgery, peaked at 10 d, and continued

until 15 d after surgery. In addition, we found that TLR4 and Nav1.7
were co-localized in naive rat DRG neurons (Figure 5e-g), thus, indi-

cating their possible interaction.

3.7 | TLR4regulates Navl.7 expression through
NF-kB in DRGs to participate in SMIR-induced CPSP

To investigate the regulation of TLR4 on Nav1.7 within DRGs of SMIR
rats, we suppressed the function of TLR4 by intrathecal injection of
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FIGURE 5 Effects of SMIR surgery on TLR4 and Nav1.7 in ipsilateral DRGs. (a) Expression of TLR4 mRNA was increased in the ipsilateral
DRGs of SMIR rats. (b) Expression of Nav1.7 mRNA was increased in the ipsilateral DRGs of SMIR rats. (c) Representative western blotting
and corresponding graph showing that TLR4 protein expression was increased in the ipsilateral DRGs of SMIR rats; p-actin served as a
loading control. (d) Representative western blotting and corresponding graph showing that Nav1.7 protein expression was increased in the
ipsilateral DRGs of SMIR rats; B-actin served as a loading control. (e-g) The immunofluorescence staining pictures showing that TLR4 was
co-localized with Nav1.7 in DRGs of naive rats. (arrows). Scale bars: 100 pm. Data were presented as means + SD. Sham, rats underwent
only skin incisions without muscle retraction. 5d, rats underwent SMIR surgery 5 days prior to tissue collection. 10d, rats underwent

SMIR surgery 10 days prior to tissue collection. 15d, rats underwent SMIR surgery 15 days prior to tissue collection. n = 3 rats per group.
Statistical differences were determined by one-way ANOVAs with Tukey post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001 versus sham

LPS-RS. We found that inhibition of TLR4 not only inhibited NF-xB
expression in DRGs (Figure 6a), but also led to a decrease in Nav1.7
expression (Figure 6b). Similarly, Nav1.7 was also significantly re-
duced after intrathecal injection of PDTC, a NF-kB inhibitor, com-
pared with that in SMIR rats injected with saline (Figure 6c,d). These
data suggest that the TLR4/NF-kB signaling pathway regulates the
expression of Nav1.7 in DRGs of SMIR rats, possibly to trigger pe-
ripheral hyperalgesia.

3.8 | Intrathecal injection of LPS-RS and PDTC
had no effect upon naive rats

To definitely show the effect of LPS-RS and PDTC is attenuating al-
lodynia not just increasing sensory thresholds in general, but also
we detected the effect of the drugs upon naive rats. The results
showed that LPS-RS and PDTC had no effect on mechanical sensi-
tivity of naive rats (Figure 7a,f), nor did they cause changes of related
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FIGURE 6 The TLR4/NF-kB signaling pathway regulates the
expression of Nav1.7 in DRGs of SMIR rats. (a) Representative
western blotting and corresponding graph showing that NF-xB
protein expression was decreased in DRGs of SMIR rats with
intrathecal injection of LPS-RS (n = 3; *p < 0.05, **p < 0.01) compared
with that in SMIR rats injected with saline; H3 served as a loading
control. (b) Representative western blotting and corresponding graph
showing that Nav1.7 expression was reduced in DRGs of SMIR rats
with intrathecal injection of LPS-RS (n = 3; *p < 0.05) compared with
that in SMIR rats injected with saline; p-actin served as a loading
control. (c) Representative western blotting and corresponding graph
showing that NF-kB protein expression was decreased in DRGs

of SMIR rats with intrathecal injection of PDTC (n = 3; *p < 0.05,

**p < 0.01) compared with that in SMIR rats injected with saline; H3
served as a loading control. (d) Representative western blotting and
corresponding graph showing that Nav1.7 expression was decreased
in DRGs of SMIR rats with intrathecal injection of PDTC (n = 3;

*p < 0.05) compared with that in SMIR rats injected with saline;
B-actin served as a loading control. Data were presented as means

+ SD. Sham, rats underwent only skin incisions without muscle
retraction. SMIR+saline, rats undergoing SMIR surgery were injected
with saline. SMIR+LPS-RS, rats undergoing SMIR surgery were
injected with LPS-RS. SMIR+PDTC, rats undergoing SMIR surgery
were injected with PDTC. n = 3 rats per group. Statistical differences
were determined by one-way ANOVAs with Tukey post hoc tests.

*p < 0.05, **p < 0.01, ***p < 0.001 versus SMIR+saline

proteins, which include p-pé5 (Figure 7b,g) and CD11b (Figure 7c,h)
in the spinal cord, and p-p65 (Figure 7d,i) and Nav1.7 (Figure 7e,j) in
DRG.

HAN ET AL.

3.9 | Activation of TLR4 in naive rats results in
activation of spinal microglia and upregulation of
Nav1.7 in DRGs

Naive rats were intrathecally injected with different doses of LPS to
activate TLR4. The results showed that 0.5 pg/ul of LPS did not in-
duce mechanical hyperalgesia and did not activate NF-xB (Figure 7a).
In contrast, injection of 1.0 or 2.0 pg/pl of LPS not only induced me-
chanical hyperalgesia (Figure 8a), but also significantly increased NF-
kB expression in both the spinal cord (Figure 8b) and within DRGs
(Figure 8d) as well as increased CD11b expression in the spinal cord
(Figure 8c) and Nav1.7 expression within DRGs (Figure 8e). These
results suggest that activation of TLR4 may induce mechanical hy-
peralgesia, activate central microglia, and promote the expression of
Nav1.7 in DRGs.

4 | DISCUSSION

CPSP represents a widespread clinical problem to both patients and
doctors. To elucidate the mechanisms of CPSP, we used an SMIR rat
model and explored the central and peripheral mechanisms of TLR4/
NF-kB signaling pathways in SMIR-induced CPSP.

CPSP can occur following various types of surgery. In addition
to skin incisions, muscle damage, and inflammatory responses in
surgical regional tissues, there is also a common feature during sur-
gery consisting of a long period of tissue retraction. Therefore, we
used an SMIR rat model to simulate surgical procedures that typi-
cally induce CPSP. Consistent with a previous report by Flatters et al.
(Flatters, 2008), we found that SMIR surgery produced mechanical
hyperalgesia but not thermal hyperalgesia.

Neuroinflammation plays an important role in the occurrence
and maintenance of pain. The TLR4/NF-xB signaling pathway is a
classic and critical pathway involved in inflammatory responses and
plays a role in many types of pain (Liu et al., 2012; Piao et al., 2018;
Sun et al., 2018). Elisei et al. have reported that TLR4 is involved in
SMIR-induced CPSP in the spinal cord, and inhibition of TLR4 can
alleviate mechanical hypersensitivity caused by SMIR. However,
they did not report the molecular mechanism by which spinal TLR4
is involved in SMIR-induced CPSP (Elisei et al., 2020). In the pres-
ent study, we detected a significant increase in TLR4 expression
in both the spinal cord and within DRGs of SMIR rats. Double
immunofluorescent staining showed that TLR4 was expressed in
microglia, and neurons within the spinal cord, which is consistent
with previous reports (Tang et al., 2007). However, TLR4 was ex-
pressed in all sizes of neurons but not in satellite glial cells within
DRGs, which is consistent with a previous report (Sun et al., 2019).
Therefore, we hypothesize that the mechanism of TLR4 in SMIR-
induced CPSP is likely different between the central and peripheral
nervous systems.

Previous studies have reported that the TLR4 signaling path-
way regulates the activation of microglia (Qin et al., 2005; Yang
et al., 2018). Microglial activation is a key factor in central nervous
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FIGURE 7

Intrathecal injection of LPS-RS and PDTC had no effect on mechanical sensitivity in naive rats. (a) Mechanical sensitivity of

rats injected with LPS-RS intrathecally. n = 6. (b-e) Representative western blotting bands and corresponding graph of p-p65 (spinal cord),
CD11b (spinal cord), p-p65 (DRG), Nav1.7 (DRG) in rats injected with LPS-RS intrathecally. n = 3. (f) Mechanical sensitivity of rats injected
with PDTC intrathecally. n = 6. (G-J) Representative western blotting bands and corresponding graph of p-p65 (spinal cord), CD11b (spinal
cord), p-p65 (DRG), Nav1.7 (DRG) in rats injected with PDTC intrathecally. Tissue materials for western blotting were obtained on the 7th

day after injection.n =3

system during pain (Ji et al., 2013; Old et al., 2015; Zhang et al.,
2005). Therefore, we first examined the effect of TLR4 on microg-
lia in the spinal cords of SMIR rats. We found that SMIR surgery
led to a significant increase in the expression levels of TLR4 and
CD11b, a marker of microglial activation, indicating increased mi-
croglial activation. Interestingly, CD11b was most highly expressed
at 10 d after SMIR and returned to normal levels at 15 d after SMIR,
suggesting that activated microglia were only involved in the early
stage of SMIR-induced CPSP and were not associated with the
maintenance of later stages. This finding is consistent with pre-
vious reports demonstrating that microglia are involved in early
neuropathic pain induced by nerve injury (Naseri et al., 2013). In
the present study, administration of a TLR4 antagonist (LPS-RS)
significantly decreased the expression levels of NF-kB (a down-
stream molecule of TLR4) and CD11b in the spinal cords of SMIR
rats; furthermore, this manipulation of administration of a TLR4 an-
tagonist ameliorated SMIR-induced CPSP, which is consistent with
a previous report by Christianson et al. (Christianson et al., 2011)
These results suggest that the TLR/NF-xB signaling pathway in the
spinal cord is involved in SMIR-induced CPSP and likely induces hy-
peralgesia by activating microglia. To further test our hypothesis,
we inhibited NF-kB in SMIR rats, and the results showed that the
expression of CD11b was significantly decreased while pain was
relieved, indicating that NF-xB regulates the activation of microg-
lia in SMIR-induced CPSP. In contrast, spinal application of a TLR4
agonist (LPS) resulted in an increase in CD11b expression and in

microglial activation in naive rats. We also found that LPS was suf-
ficient to induce pain behaviors in naive rats, which is consistent
with a previous report (Loram et al., 2011). Therefore, our findings
demonstrate that SMIR surgery leads to activation of the TLR/NF-
kB signaling pathway, which further promotes the activation of mi-
croglia to exacerbate hypersensitivity of pain.

However, as can be seen from Figure 2, activated microglia
were significantly reduced at 15 d after SMIR surgery, whereas
mechanical hyperalgesia was still persistent, and the expression
of TLR4 was still significantly upregulated in the spinal cord. This
discrepancy may be explained by the following. In the present
study, TLR4 was expressed not only in microglia, but also in neu-
rons within the spinal cord. Hence, we speculate that TLR4 may
be involved in pain maintenance by acting on neurons in the later
stage of SMIR-induced CPSP, which we plan to investigate in our
future experiments.

TLR4 is expressed not only in the central nervous system, but
also in the peripheral nervous system (Bruno et al., 2018; Xu et al.,
2018). TLR4 /NF-kB signaling pathway in the peripheral nervous
system has been reported to play an important role in postopera-
tive pain. Erika Ivanna Araya et al. found that activation of TLR4/
NF-xB signaling pathway in the trigeminal ganglion contributes
to the development of facial heat and mechanical hyperalgesia
(Araya et al., 2020). TLR4/ NF-kB signaling activation in local in-
jured tissue and DRG contribute to the development of postoper-
ative pain induced by plantar incision in rat hind paw via regulating
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FIGURE 8 Intrathecal injection of LPS results in activation of spinal microglia and upregulation of Nav1.7 in DRGs of naive rats. (a)
Intrathecal injection of LPS-induced mechanical hyperalgesia in naive rats. (b, d) Representative western blotting and corresponding graph
showing that NF-xB protein expression was increased in the spinal dorsal horn (b) and within DRGs (d) of naive rats with intrathecal injection
of LPS; H3 served as a loading control. (c) Representative western blotting and corresponding graph showing that CD11b expression was
increased in the spinal dorsal horn of naive rats with intrathecal injection of LPS; p-actin served as a loading control. () Representative
western blotting and corresponding graph showing that Nav1.7 expression was increased in DRGs of naive rats with intrathecal injection

of LPS; B-actin served as a loading control. Data were presented as means+SD. Control, rats were injected with saline. LPS 0.5 pg/pl, rats
were injected with LPS (0.5 pg/pl, 10 pl). LPS 1 pg/ul, rats were injected with LPS (1 pg/ul, 10 pl). LPS 2 pg/ul, rats were injected with LPS

(2 pg/pl, 10 pl). The data from behavioral tests were statistically analyzed by two-way ANOVAs. n = 6 rats per group. *p < 0.05, **p < 0.01,
***p < 0.001 versus control. The data from western blotting were statistically analyzed by one-way ANOVAs with Tukey post hoc tests. n =3

rats per group. *p < 0.05, **p < 0.01, ***p < 0.001 versus control

pro-inflammatory cytokines release (Xing et al., 2018). However,
the molecular mechanism of peripheral TLR4/NF-xB signaling
pathway in SMIR-induced CPSP remains unclear. Since TLR4 ac-
tivates microglia in the central nervous system, we speculate that
it is possible that TLR4 also participates in SMIR-induced CPSP
in the peripheral nervous system by regulating glial activation.
However, as previously mentioned, we found that TLR4 was ex-
pressed in all sizes of neurons, but not in satellite glial cells within
DRGs. Therefore, TLR4 is unlikely to participate in SMIR-induced
CPSP in the peripheral nervous system by regulating activation of
satellite glial cells.

According to previous studies, NF-kB increases neuronal ex-
citability by regulating the expression of Nav1.7 in DRG neurons
(Huang et al., 2014; Xie et al., 2019). In the present study, we found
that Nav1.7 expression was upregulated in DRGs of SMIR rats.
Moreover, Nav1.7 and TLR4 were co-expressed in DRG neurons.
It is possible that this phenomenon is related to TLR4 activation.
Furthermore, when the function of TLR4 was inhibited, the expres-
sion levels of NF-xB and Nav1.7 were both reduced. Similarly, when
PDTC was applied to inhibit NF-kB, Nav1.7 expression was also re-
duced. We also found that LPS-activated TLR4, leading to the up-
regulation of Nav1.7 in DRGs, which also confirmed our hypothesis.
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However, since we used intrathecal injection, the independent role
of TLR4 in DRG cannot be ruled out. TLR4 /NF-xB signaling path-
way in the DRG and Spinal Cord might be participating in CPSP pain
processing independently. What was exciting, of course, was that
the discovery of the peripheral mechanism of CPSP that TLR4 reg-
ulates Nav1.7 in DRGs may represent a significant finding. As key
components of resting membrane potentials and action potentials,
sodium channels are considered as potential therapeutic targets for
pain medication (Bennett et al., 2019). Additionally, targeting ion-
channel protein changes in primary neurons is an important strategy
for interference and treatment of pain (Dib-Hajj & Waxman, 2019).
Our present study provides experimental evidence for a mechanism
of sodium channels involved in SMIR-induced CPSP. Although our
present study did not clarify the specific mechanism of NF-xB in
regulating Nav1.7 expression, we will investigate this phenomenon
in future studies. In addition, although TLR4 is not expressed in sat-
ellite glial cells, TLR4 is expressed in DRG macrophages (Yu et al.,
2020). This study does not rule out the possibility that TLR4 in mac-
rophages within DRG may be involved in CPSP. Could TLR4 in mac-
rophages regulate Nav1.7 in neurons to affect CPSP? This will be
another exploration.

In summary, our present study demonstrated that the central and
peripheral TLR4/NF-kB signaling pathway is involved in the hyperalge-
sia of SMIR-induced CPSP through distinct mechanisms (Figure 9). In
the peripheral nervous system, TLR4 upregulated expression of Nav1.7
in peripheral DRGs through downstream NF-kB in SMIR-induced
CPSP. In contrast, the TLR/NF-xB signaling pathway in the spinal cord-
activated microglia in SMIR-induced CPSP. Ultimately, our findings

- |

FIGURE 9 Schematic diagram of TLR4 participating in SMIR-induced CPSP mechanism

demonstrate that activation of the peripheral and central TLR4/NF-xB
signaling pathway involved in the development of SMIR-induced CPSP.
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