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Abstract

Background Alpha-7 nicotinic acetylcholine receptor (a7 nAChR) was reported to have a critical role in the regulation of
pain sensitivity and neuroinflammation. However, the expression level of «7 nAChR in dorsal root ganglion (DRG) and the
underlying neuroinflammatory mechanisms associated with hyperalgesia are still unknown.

Methods In the present study, the expression and mechanism of a7 nAChR in chronic inflammatory pain was investigated
using a complete Freund’s adjuvant (CFA)-induced chronic inflammatory pain model. Subsequently, a series of assays
including immunohistochemistry, western blotting, and quantitative real-time polymerase chain reaction (QRT-PCR) were
performed.

Results a7 nAChR was mostly colocalized with NeuN in DRG and upregulated after CFA injection. Microinjection of
o7 nAChR siRNA into ipsilateral L4/5 DRGs aggravated the CFA-induced pain hypersensitivity. Intrathecal «7 nAChR
agonist GTS-21 attenuated the development of CFA-induced mechanical and temperature-related pain hypersensitivities. In
neuronal the SH-SYSY cell line, the knockdown of a7 nAChRs triggered the upregulation of TRAF6 and NF-kB under CFA-
induced inflammatory conditions, while agitation of a7 nAChR suppressed the TRAF6/NF-kB activation. a7 nAChR siRNA
also exacerbated the secretion of pro-inflammatory mediators from LPS-induced SH-SYSY cells. Conversely, o7 nAChR-
specific agonist GTS-21 diminished the release of interleukin-1beta (IL-1f), IL-6, IL-8, and tumor necrosis factor-a (TNFa)
in SH-SYSY cells under inflammatory conditions. Mechanistically, the modulation of pain sensitivity and neuroinflammatory
action of o7 nAChR may be mediated by the TRAF6/NF-kB signaling pathway.

Conclusions The findings of this study suggest that «7 nAChR may be potentially utilized as a therapeutic target for thera-
peutics of chronic inflammatory pain.
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Introduction

Chronic pain is a debilitating and complex public health issue
that affects approximately 20% (120 million) of the global
population and gives rise to approximately 10% (60 million)
new cases every year (van Hecke et al. 2014; Ruan and Kaye
2016). Healthcare expenses and decrease in productivity due
to chronic pain have been estimated at billions of dollars each
year (Pasquale et al. 2014; DeBar et al. 2018). Inflammatory
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2018; Busse et al. 2018). Although various cellular and molec-
ular mechanisms have been revealed in the process of inflam-
matory pain, the related concerns are ineffectively managed
by physicians (Miiller-Schwefe et al. 2017). Consequently,
novel and safe analgesic agents against inflammatory pain are
required imminently.

Alpha-7 nicotinic acetylcholine receptors (o7 nAChR) are
commonly expressed in the nervous system and are localized
to neuronal and non-neuronal cells (Sabec et al. 2018; Licheri
et al. 2018). In neurons, it is considered that o7 nAChR plays
a critical role in synaptic plasticity, contributing to depend-
ence, learning, memory, and other cognitive functions
(Criscuolo et al. 2015; Shenkarev et al. 2020). The activa-
tion of o7 nAChR can also contribute to calcium influx, neu-
ronal excitability, neurotransmitter release, and other cellular
activities (Licheri et al. 2018). Currently, 11 nAChR neuronal
subunits have been identified, including a7 nAChR, which
is considered to be a promising therapeutic target for some
neurological diseases involving anti-inflammatory as well as
antinociceptive effects (Kalkman and Feuerbach 2016; Don-
vito et al. 2017). Recent studies have shown that the activation
of a7 nAChR inhibits the release of inflammatory cytokines as
well as alleviating inflammatory pain (Godin et al. 2019; Sun
et al. 2019). The a7 nAChR exhibits an ionotropic/metabo-
tropic role during anti-inflammatory signaling mechanisms
(Chrestia et al. 2021). Moreover, pharmacological and genetic
studies have demonstrated that o7 nAChR has an important
role in the regulation of inflammatory pain in several animal
models (Bagdas et al. 2016, 2018). The dorsal root ganglions
(DRG) acts a central component in signal transmission from
the peripheral nervous system towards the central nervous sys-
tem. Recent studies have suggested that inflammatory media-
tors can change the activation and function of DRG receptors
(Stotzner et al. 2018; Liang et al. 2013). Despite the evidence
showing the analgesic effect of the nAChR pathway, the con-
tent and distribution of a7 nAChR in DRG and the related
mechanisms underlying the inflammatory pain remain unclear.

In this study, we initially assessed the distribution and
expression of o7 nAChR in the DRG after the development
of inflammatory pain using complete Freund’s adjuvant
(CFA). Subsequently, we examined the effects of altered
o7 nAChR expression levels in the DRG on the generation
and persistence of chronic inflammatory pain. Finally, the
potential &7 nAChR-associated mechanisms involved in
inflammatory pain were investigated.

Materials and methods
Experimental animals

All animal experimental procedures used in this study were
approved by the Laboratory Animal Ethics Committee of
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International Peace Maternity and Child Health Hospital
(Shanghai, China) and complied with the International
Association for the Study of Pain. Eight-week-old adult male
C57BL/6 mice were obtained from the Shanghai Laboratory
Animal Corporation (SLAC, Shanghai, China) and main-
tained on a 12-h light/dark cycle with ad libitum access to
rodent chow and water. The environment was maintained
at constant temperature (24 °C) and relative humidity
(50-60%). All focal animals were acclimated to laboratory
conditions for 1 week prior to behavioral tests to minimize
the inter- and intra-individual variability of behavioral out-
comes. The experimenters who conducted behavioral meas-
urements were blinded to the treatment conditions.

Induction of inflammatory pain

A CFA-induced inflammatory pain model was carried out
following a method described previously by Matsuoka et al.
(2019). First, mice were briefly exposed to 2-3% sevoflu-
rane; then, 20 pL of undiluted CFA (Sigma) was adminis-
tered into the plantar surface of the left hind paw using a
28-gauge needle with a 1-mL syringe. Similarly, the mice in
the sham group were injected with an equivalent volume of
normal saline in the same way. After recovering from anes-
thesia, the animals were maintained at room temperature of
22-24 °C until further experiments were performed 2 h post-
CFA injection. In order to detect the effect of CFA-induced
inflammatory pain on o7 nAChR protein expression, the
mice were randomly allocated into a CFA group and sham
group. There were six mice in each group.

Immunofluorescence and microscopy

As detailed previously (Zhao et al. 2017), we anesthetized
the mice using sevoflurane and performed intracardial per-
fusion with 0.01 M phosphate-buffered saline (PBS, pH
7.4), and then with 4% paraformaldehyde in 0.01 M PBS.
Later, L4/5 DRG tissues were collected and then fixed in 4%
paraformaldehyde. The DRG samples were then dehydrated
using 30% sucrose, frozen, and sectioned into 10-pm-thick
slices. These sections were incubated overnight at 4 °C with
primary anti-o7 nAChR (1:500; Bioss) and one of the fol-
lowing primary antibodies as required: anti-NeuN (1:2000;
EMD Millipore), anti-glial fibrillary acidic protein (GFAP,
1:2000; Sigma), anti-allograft inflammatory factor 1 (Iba-1,
1:500; Servicebio), anti-neurofilament-200 (NF200, 1:200,
Sigma), isolectin B4 (IB4, 1:200, Vector laboratories), and
mouse anti-calcitonin gene-related peptide (CGRP, 1:200,
Abcam) after blocking for 1 h at room temperature in 10%
donkey serum with 0.3% Triton X-100. Later, the samples
were subjected to double immunofluorescence staining
using a mixture of corresponding secondary antibodies by
incubating at room temperature for 2 h. The images were
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taken using a fluorescence microscope (Leica DMI4000,
Germany) that was equipped with a DFC365FX camera
(Leica, Germany). The images generated by immunohisto-
chemistry were quantified with NIH Image J software, n=3
rats per experimental group, n=4-6 sections ganglia per
animal. An average percentage relative to the total number
of neurons was obtained for each animal across the different
tissue slides, and then the mean + SE across animals was
determined.

Behavioral tests and drug administration

As earlier described, two calibrated von Frey filaments
(weights of 0.07 and 0.4 g, Stoelting Co.) were employed
to determine frequency of paw withdrawal in response to
mechanical stimuli (Zhao et al. 2017). The mice were indi-
vidually placed in a transparent glass chamber that was
situated on a raised mesh platform and were allowed to
adapt to the environment for 60 min. Single strands of the
von Frey hair were used to stimulate both hind paws on the
plantar sides for approximately 1 s and this procedure was
repeated 10 times. A rapid paw withdrawal was considered
as a positive response. The following equation was used to
calculate the paw withdrawal frequency: paw withdrawal
frequency = (number of paw withdrawals/10 trials) X 100%.

The thermal pain test was conducted with a Model 336
Analgesic Meter (IITC Inc.), as previously described (Zhao
et al. 2017). Briefly, the mice were placed in clear Plexiglas
cases situated on a glass plate. Then, a beam of light was
generated by a radiant heat source and aimed at the middle
of the plantar surface of every hind paw. When the animal
rapidly lifted its foot, we immediately turned off the infra-
red beam. The duration of the exposure to the beam was
regarded as the latency of paw withdrawal. The tests were
performed five times at 5S-min intervals on each side of ani-
mal’s hind paws. A cutoff point to avoid tissue damage was
set at 20 s.

The cold pain test was conducted by determining the
latency to paw withdrawal to cold conductions (0 °C) using
a cold metal plate, and the temperature of the aluminum
plate was continuously monitored using a thermometer
(Zhao et al. 2017). The mice were individually placed in a
Plexiglas case located on top of a cold plate. Paw withdrawal
latency was defined as the length of time from the placement
of the mouse to the mouse jumping. We repeated each trial
three times at 15-min intervals. We used a cutoff point to
avoid tissue damage of 20 s.

The doses of GTS-21 used in this study were based on
the prior study and were adjusted according to the body
surface area of mouse as well as different administration
mode (Loram et al. 2010). GTS-21 was diluted with saline
and injected intrathecally in a total volume of 5 pL before
behavioral tests. Control animals were intrathecally injected

with an equivalent volume of 0.9% saline. Then, 20,000 nM/
mice (5 pL) of GTS-21 was intrathecally injected to assess
whether stimulation of DRG a7 nAChR affected CFA-
induced hyperalgesia. Different doses of GTS-21 (5000 nM/
mice, 10,000 nM/mice, and 20,000 nM/mice) were used for
intrathecal injection to estimate whether GTS-21 has a dose-
dependent effect.

Intrathecal injection

Direct lumbar puncture was performed as previously
described (Maiar et al. 2018). Briefly, a Hamilton syringe
with a thin needle was inserted between L5 and L6 verte-
brae. The tail reflex is an indication of entry to the suba-
rachnoid space. After injection, the syringe was maintained
for 5 s and then rotated and removed, and the locomotion of
mice was checked. In order to detect the effect of «7 nAChR
agonist on CFA-induced inflammatory pain, the mice were
randomly allocated into sham + vehicle group, sham + GTS-
21group, CFA + vehicle group, and CFA + vehicle group.
There were six mice in each group. In order to detect
whether the effects of GTS-21 were dose-dependent, the
mice were randomly allocated into sham + vehicle group,
CFA + 5000 nM/mice group, CFA + 10,000 nM/mice group,
and CFA + 20,000 nM/mice group. There were six mice in
each group.

Western blot analysis

Western blot analysis was conducted as described previously
(Zhao et al. 2017). The mice were killed after sevoflurane-
induced anesthesia. Then, after bilateral 1.4/5 DRGs were
collected, they were frozen in liquid nitrogen. Then, homog-
enization of the DRGs or cell lines was performed in ice-cold
RIPA lysis buffer (Beyotime Biotechnology) that was sup-
plemented with a protease and phosphatase inhibitor cocktail
(Beyotime Biotechnology). Later, we collected the clarified
supernatants after centrifuging at 15,000 rpm for 15 min
at 4 °C. We separated an equivalent of protein using 10%
SDS-PAGE and then transferred this to a polyvinylidene
difluoride (PVDF) membrane. After being blocked with 5%
nonfat milk, the membranes were probed overnight at 4 °C
with the following primary antibodies: rabbit anti-a7 nAChR
(1:1000; Bioss), rabbit anti-P65 (1:1000; CST), rabbit
anti-P-P65 (1:1000; Affinity), rabbit anti-TRAF6 (1:1000;
Abcam), rabbit anti-GAPDH (1:5000; Affinity), and rabbit
anti-H3 (1:2000; CST). Finally, horseradish peroxidase-
conjugated anti-rabbit secondary antibodies (1:5000; BBI)
were used to detect the proteins. The immunoreactive sig-
nals were detected with an enhanced chemiluminescence
(ECL) kit and visualized using ChemiDoc XRS with Image
Lab software (Bio-Rad). Band intensities were quantified
by densitometry using Image Lab software (Bio-Rad). The
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level of the nuclei protein was normalized to total histone
H3, whereas the intensity of the other protein bands was
normalized to that of GAPDH.

DRG microinjection

As previously described by Zhao et al. (2017), after the
mice were anesthetized with sevoflurane, a midline inci-
sion was created in the lower lumbar back. Then, the left
lumbar articular process was exposed and isolated. Follow-
ing this, the exposed DRG in an siRNA solution (1-2 pL,
20 mM) was injected at a rate of 50 nL/min using a glass
micropipette that was connected to an air pressure system.
Subsequently, the glass micropipette was left to stand for
5-10 min and then withdrawn to allow diffusion. Later, the
wound was washed using sterile saline, and closure of the
skin incision was performed with a 3-0 silk thread. Mice
with paresis or other irregularities were removed from sub-
sequent experiments.

o7 nAChR siRNA and the negative control siRNA were
purchased from Sangon Biotech. To prevent degeneration
and improve the delivery of siRNA, we used Entranster™
in vivo transfection, as described previously (Peng et al.
2017). The siRNA target sequence sense 5'-GCAGUGCAA
ACUGAAGUUUTT-3' and antisense 5'-AAACUUCAG
UUUGCACUGCTT-3' were selected for a7 nAChR. In
order to examine whether blocking the increase in o7 nAChR
in DRG could aggravate the CFA-induced pain hypersensi-
tivity, the mice were randomly allocated into sham group,
sham + negative control (NC) group, CFA +NC group,
siRNA + CFA group, and siRNA + sham group. There were
six mice in each group.

Cell culture and transfection

Neuronal SH-SYSY cells were obtained from the Shang-
hai Institute of Biological Sciences (Shanghai, China). SH-
SYSY cells were cultured in DMEM/high glucose medium
(Gibco) supplemented with 10% fetal bovine serum. The
cells were kept at 37 °C in a humidified incubator with 5%
CO,. We diluted the a7 nAChR siRNA and negative con-
trol siRNA to a concentration of 100 nM and then sepa-
rately transfected these into SH-SYSY cells using Lipo-
fectamine 2000 (Invitrogen). After 48 h, the cells were
collected for western blotting and quantitative real-time
PCR analysis.

Quantitative real-time RT-PCR
mRNA levels were determined by extracting total RNA
with RNAiso Plus (TaKaRa) following the manufacture’s

protocol. Approximately 300 ng of total RNA was used as
template for reverse transcription with a HiScript III 1st
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Strand cDNA Synthesis Kit (Vazyme). Every sample was
repeated in triplicate using a total reaction volume of 20 pL,
which contained 80 nM of the forward and reverse primers,
10 pL of the ChamQ Universal SYBR qPCR Master Mix
(Vazyme), and 12 ng of cDNA. The primer sequences were
as follows: IL-1p, sense: 5'-GCCAGTGAAATGATGGCT
TATT-3" and antisense: 5'-AGGAGCACTTCATCTGTT
TAGG-3'; IL-6, sense: 5'-CACTGGTCTTTTGGAGTT
TGAG-3' and antisense: 5'-GGACTTTTGTACTCATCT
GCAC-3'; IL-8, sense: 5'-AACTGAGAGTGATTGAGA
GTGG-3' and antisense: 5'-ATGAATTCTCAGCCCTCT
TCAA-3"; TNFa, sense: 5"-TGGCGTGGAGCTGAGAGA
TAACC-3" and antisense: 5'-CGATGCGGCTGATGGTGT
GG-3"; GAPDH, sense: 5'-CAAGGTCATCCATGACAA
CTTTG-3' and antisense: 5'-GTCCACCACCCTGTTGCT
GTAG-3'. The PCR amplification reaction was as follows:
30 s at 95 °C followed by 10 s at 95 °C, and 30 s at 60 °C
for 40 cycles. Melt curves were performed on completion
of the cycles to determine the amplification specificity, and
the results were processed by the software of the Bio-Rad
CFX96 instrument.

Statistical analysis

The mice were randomly assigned to different treatment
groups. All data are shown as the mean + SEM after assess-
ment of normality using the Kolmogorov—Smirnov test. A
paired or unpaired Student’s ¢ test and a one- or two-way
repeated ANOVA with a post hoc Bonferroni correction
were performed to achieve normal distribution data. The
Mann—Whitney U test was employed for non-paramet-
ric data analysis (GraphPad Prism 6.0). Differences with
P <0.05 were considered statistically significant.

Results

a7 nAChR localized in DRG neurons
but not in astrocytes or microglia

To investigate the correlation between o7 nAChR and
inflammatory pain, we first examined the distribution pat-
tern of a7 nAChR in the DRG by double labeling immu-
nofluorescence staining with the markers specific for neu-
rons, astrocytes, and microglia. The results showed that
o7 nAChR (red) colocalizes with NeuN (green), a neuronal
marker, in the DRG (Fig. 1a). Nevertheless, o7 nAChR did
not show a marked overlap staining with either the astrocytic
marker GFAP (green) or the microglial marker Iba-1 (green)
(Fig. 1b, c). These results suggested that «7 nAChR is
involved in inflammatory pain by influencing DRG neuronal
activation. Moreover, subpopulation analysis showed that
about 42.13% of a7 nAChR-labeled neurons were positive
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for NF200 (a marker for medium/large cells and myelinated
Ab fibers) (Fig. 1d), 72.86% were positive for calcitonin
gene-related peptide (CGRP) (a marker for small peptidergic
neurons) (Fig. 1e), and 16.41% were positive for isolectin B4
(IB4) (a marker for small nonpeptidergic neurons) (Fig. 1f).
A cross-sectional area analysis of neuronal somata indicated
that about 11.79% of a7 nAChR-labeled neurons were small
(<600 pm?), 52.03% were medium (600—1200 pm?), and
36.18% were large (> 1200 um?) (Fig. 1g).

The expression of a7 nAChR in DRG was upregulated
following CFA injection

The experimental design is shown in Fig. 2a. Consistent
with the results of prior studies (Ghasemlou et al. 2015),
CFA injection, but not sham surgery, induced mechanical
allodynia, thermal and cold hyperalgesia on the ipsilateral
side at 2 h and 1, 3, and 7 days after the injection (Fig. 2b—e)
(Liang et al. 2013). Immunohistochemistry showed that the
number of a7 nAChR-labeled neurons in the CFA group on
day 3 after injection increased by 18% (P < 0.05) compared
with the corresponding sham group (Fig. 2f, g). In accord-
ance with the immunohistochemistry data, western blotting
also revealed an increase in «7 nAChR expression levels
in the ipsilateral L4/5 DRGs. However, o7 nAChR expres-
sion in the CFA group significantly increased from day 1
(1.28-fold higher than that of the sham group; P <0.05) and
peaked on day 3 (1.43-fold increase relative to the sham
group; P <0.05), which was maintained for at least 7 days
(1.35-fold higher that of the sham group; P <0.05; Fig. 2h,
i). These findings indicated that o7 nAChR-labeled neurons
in DRG respond to the inflammation caused by CFA.

Intrathecal a7 nAChR agonist alleviated
CFA-induced inflammatory pain

Next, we examined whether the agitation of DRG a7 nAChR
affected CFA-induced hyperalgesia. The experimental
design is shown in Fig. 3a. On day 3, after sham treatment
or CFA injection, the a7 nAChR agonist GTS-21 or vehicle
was injected intrathecally in a total volume of 5 pL. Behav-
ioral tests were carried out 1 day prior to CFA injection,
before intrathecal injection, and 15, 30, 45, 60, 90, and
120 min after injection on day 3 post surgery. Similar to
previous studies (Ghasemlou et al. 2015), CFA injection, but
not sham surgery, resulted in mechanical allodynia, thermal
hyperalgesia, and cold allodynia on the ipsilateral side on
day 3 (Fig. 3b—d). In addition, paw withdrawal frequency in
response to mechanical stimuli markedly increased and paw
withdrawal latency in response to thermal stimulation signif-
icantly decreased in the CFA plus vehicle group relative to
the sham plus vehicle group (Fig. 3b—d). These CFA-induced
pain hypersensitivities were attenuated in a time-dependent

fashion on the ipsilateral side after intrathecal injection of
the CFA mice with GTS-21 (20,000 nM/mice) (Fig. 3b—d).
Compared to the CFA plus vehicle mice, we observed that
the CFA mice paw withdrawal frequency of the ipsilateral
hind paw after mechanical stimulation was reduced at 15,
30, 45, 60, and 90 min post intrathecal injection (Fig. 3b—d).
CFA mice paw withdrawal latency in response to thermal
stimuli on the ipsilateral hind paw markedly increased at 15,
30, 45, 60, and 90 min post intrathecal injection relative to
the associated CFA plus vehicle mice (Fig. 3b—d).

We observed that the effects of GTS-21 were dose-
dependent. Compared with the CFA plus vehicle mice,
the application of GTS-21 at the dose of 20,000 nM/mice
markedly decreased paw withdrawal frequency in response
to mechanical stimulation and largely increased paw with-
drawal latency to thermal stimuli on the ipsilateral side of
CFA mice at 15, 30, 45, and 60 min post intrathecal injec-
tion (Fig. 3e-g). However, there were no differences in paw
withdrawal responses to mechanical, heat, and cold stimuli
between the CFA plus vehicle group and CFA plus GTS-21
(5000 nM/mice) groups (Fig. 3e—g). Intrathecal GTS-21 did
not affect locomotor functions or basal paw responses to
mechanical, heat, and cold stimuli on the contralateral side
(Supplementary Fig. 1).

Blocking increased a7 nAChR in DRG aggravated
the CFA-induced pain hypersensitivity

Intrathecal GTS-21 may lack anatomical specificity. To
further confirm the role of DRG a7 nAChR in inflamma-
tory pain, we tested whether inhibiting the upregulation of
a7 nAChR via microinjection of its siRNA into the ipsi-
lateral DRGs influenced CFA-induced inflammatory pain.
The experimental design is shown in Fig. 4a. Consistent
with the above observation, CFA significantly increased
the paw withdrawal frequencies in response to mechani-
cal stimuli and reduced the paw withdrawal latencies in
response to heat and cold stimuli from 2 h to 3 days post-
CFA injection as compared to baseline values (Fig. 4b—e).
However, the CFA mice that were pre-microinjected with
a7 nAChR siRNA exhibited higher paw withdrawal fre-
quencies and reduced paw withdrawal latencies from 2 h to
3 days post-CFA injection into the ipsilateral side relative
to the corresponding negative control siRNA-treated CFA
mice (Fig. 4b—e). The pre-injection of o7 nAChR siRNA
did not change the basal paw responses of the sham mice
to mechanical or thermal stimuli (Fig. 4b—e). The effect of
microinjection of &7 nAChR siRNA into the L4/5 DRG on
the expression of a7 nAChR was verified by immunofluo-
rescence staining. The results showed that L4/5 DRG-pos-
itive cells significantly decreased after microinjection of
o7 nAChR siRNA (0.51-fold lower than that of the naive
group; P <0.05; Fig. 4f, g).
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After completing the behavioral tests, ipsilateral L4/5
DRGs were collected on day 3 post-injection for assessment
of a7 nAChR expression. As expected, a7 nAChR protein

expression in the ipsilateral L4/5 DRGs on day 3 post CFA
injection in mice pre-microinjected with negative control
siRNA increased by 1.39-fold compared to sham group
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Fig.3 Effect of GTS-21 intrathecal o7 nAChR agonist on inflam-
matory pain as induced by CFA. a Schematic diagram of the experi-
mental procedure. b—d Effect of intrathecal GTS-21 (20,000 nM/
mice) or vehicle on paw withdrawal frequencies after application of
mechanical stimuli (calibrated von Frey hair 0.4 g), latency of paw
withdrawal in response to thermal stimulation 3 days post-CFA injec-
tion or sham surgery. n=6 mice/group. Two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test. *P <0.05, sham plus

that were pre-microinjected with negative control siRNA
(P<0.05; Fig. 4g, h). These upregulated expression patterns
were not observed in CFA mice that were pre-microinjected
with a7 nAChR siRNA (Fig. 4h, i). In addition, we observed
a significant decrease in the basal «7 nAChR protein expres-
sion levels in the ipsilateral L4/5 DRG of the sham mice
that were pre-microinjected with a7 nAChR siRNA (0.49-
fold lower than that of the negative control group; P <0.05;
Fig. 4g, h).
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3d post-CFA

3d post-CFA

vehicle group, *P <0.05, vs. the CFA plus vehicle group. e-g Dose-
dependent effects of intrathecal GTS-21 or vehicle in terms of paw
withdrawal frequencies after application of mechanical stimuli (cali-
brated von Frey hair 0.4 g); paw withdrawal latencies in response to
thermal stimulation on day 3 post-CFA injection. n=6 mice/group.
Two-way ANOVA followed by Bonferroni post hoc test. *P <0.05,
vs. CFA plus vehicle group

Effect of LPS on the a7 nAChR expression
in neuronal SH-SY5Y cells was dose-dependent

In order to explore the underlying mechanisms, inflamma-
tion stimulus was induced by lipopolysaccharide (LPS),
and neuronal SH-SYS5Y cells were utilized to investigate
the downstream pathway of a7 nAChR in inflammatory
pain. In addition, we used western blot analysis to detect
the level of a7 nAChR protein in neuronal SH-SYS5Y cells
treated with LPS in a dose-dependent manner and found that
o7 nAChR was significantly increased with 0.1 pg/mL LPS
treatment for 24 h (1.43-fold that of 0.1 pg/mL LPS group;
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P <0.05; Fig. 5a, b). Therefore, 0.1 pg/mL LPS was used as
the optimal concentration.

The TRAF6/NF-kB P65 pathway was triggered
by a7 nAChR under inflammatory conditions

Since chronic neuroinflammation induced NF-kB path-
way activation and contributed to inflammatory pain, we
examined whether knockdown or stimulation of a7 nAChR
activated the TRAF6/NF-kB P65 pathway under inflamma-
tory conditions. GTS-21 was used as a specific agonist of
o7 nAChR in the subsequent experiments. Consistent with
this observation, LPS treatment significantly increased the
level of a7 nAChR (1.39-fold that of NC siRNA group;
P <0.05; Fig. 6a, b). The transfection of a7 nAChR siRNA
significantly knocked down o7 nAChR in SH-SYSY cells
(0.71-fold that of NC siRNA group; P <0.05; Fig. 6a, b).
The treatment of LPS-exposed cells with a7 nAChR siRNA
partially reversed the upregulation of a7 nAChR as com-
pared to the LPS group (0.81-fold that of the LPS group;
P <0.05; Fig. 6a, b). However, no significant alteration
was detected in the protein level of p65 subunit with differ-
ent treatment (Fig. 6a, c). The level of P-P65 and TRAF6
proteins was significantly upregulated after LPS stimula-
tion (P-P65 1.51-fold that of the NC siRNA group; TRAF6
1.25-fold that of the NC siRNA group; P <0.05; Fig. 6a, d,
e). In addition, the P-P65 and TRAF6 levels were higher

A " & A 1
oo
=4 - ko
05 1 10

LPS (pg/ml) 0 0.1

B 20-
1.5 =
€
©
=)
G  1.0-
yo
4
0.5
0.0_ T T
LPS (pg/ml) 0 0.1 0.5 1 10

Fig.5 Dose-dependent effects of LPS on o7 nAChR expression. a
Western blotting results showing o7 nAChR protein expression in
neuronal SH-SYSY cells after treatment with various concentrations.
b The results of intensity analysis showing that a7 nAChR expression
significantly increased after 0.1 pg/mL LPS treatment for 24 h. One-
way analysis of variance (ANOVA) followed by Bonferroni post hoc
test. *P <0.05, vs. 0 pg/mL group
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in the LPS with a7 nAChR siRNA group as compared to
those in the negative control siRNA (P-P65 1.36-fold that
of the LPS group; TRAF6 1.16-fold that of the LPS group;
P <0.05; Fig. 6a, d, e). Pre-incubation with 10 pM GTS-21
significantly downregulated the levels of P-P65 and TRAF6
as compared to the LPS group (P-P65 0.61-fold that of
the LPS group; TRAF6 0.76-fold that of the LPS group;
P <0.05; Fig. 6a, d, e). These results indicated that inhibition
of o7 nAChR took part in activating the TRAF6/NF-kB P65
pathway under inflammatory conditions.

a7 nAChR increased the secretion
of pro-inflammatory mediators from LPS-induced
SH-SY5Y cells

To examine the influence of a7 nAChR on the LPS-induced
inflammatory responses of SH-SY5Y cells, the mRNA
expressions of interleukin-1p (IL-1p), IL-6, IL-8, and tumor
necrosis factor-o (TNFa) were assessed by quantitative real-
time RT-PCR and found to be significantly higher after LPS
administration than those of the negative control siRNA
group (IL-1p 8.92-fold that of the NC group; IL-6 6.68-fold
that of the NC group; IL-8 3.41-fold that of the NC group;
TNFa 5.14-fold that of the NC group; P <0.05; Fig. 7a—d).
Compared to the LPS group, the cotreatment of LPS with
o7 nAChR siRNA upregulated the levels of IL-1p, IL-6,
IL-8, and TNFo (IL-1p 1.88-fold that of the LSP group; IL-6
1.47-fold that of the LPS group; IL-8 1.90-fold that of the
LPS group; TNFa 2.37-fold that of the LPS group; P <0.05;
Fig. 7a—d). The coadministration of LPS with 10 pM GTS-
21 significantly decreased the levels of IL-1p, IL-6, IL-8,
and TNFa as compared to the LPS group (IL-1f 0.22-fold
that of the LSP group; IL-6 0.22-fold that of the LPS group;
IL-8 0.29-fold that of the LPS group; TNFa 2.30-fold that
of the LPS group; P <0.05; Fig. 7a—d). No significant dif-
ference was detected in the levels of inflammatory factors
between the LPS group and the 7 nAChR siRNA group
(P>0.05). These findings indicated that the knockdown
of a7 nAChR aggravated the inflammatory reaction, while
agitation of a7 nAChR suppressed the inflammation in LPS-
induced SH-SYS5Y cells.

Discussion

Intraplantar injection of CFA in mice results in long-term
mechanical allodynia and thermal hyperalgesia, which
mimics injury-induced chronic inflammatory pain or infec-
tion (Bang et al. 2021; Xiang et al. 2019). Elucidating the
mechanisms underlying pain hypersensitivity may identify
effective therapeutic targets for treating inflammatory pain.
Here, we observed that a7 nAChR is mainly localized to
neurons of DRG tissues. Furthermore, CFA injection led to
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Fig.6 Effects of a7 nAChR siRNA and GTS-21 on TRAF6/NF-kB
p65 signaling pathway under inflammatory conditions induced by
LPS in SH-SY5Y cells. a Western blot images representing o7
nAChR, P65, TRAF6, and P-P65 protein expression in neuronal
SH-SYSY cells. b Relative protein expression level of o7 nAChR in
SH-SYS5Y cells treated with LPS, o7 nAChR siRNA, LPS plus o7
nAChR siRNA, or LPS plus GTS-21. *P <0.05, versus NC siRNA
group. One-way analysis of variance (ANOVA) followed by Bon-
ferroni post hoc test. ¥P<0.05, versus LPS group. ¢ Relative pro-
tein expression level of P65 in SH-SYSY cells treated with LPS, a7

an increase in the expression level of a7 nAChR protein in
the ipsilateral DRG, while inhibition of the protein expres-
sion in the injured DRGs aggravated the hyperalgesia caused
by inflammatory pain. Conversely, CFA-induced mechani-
cal and thermal pain hypersensitivities were attenuated by
intrathecal o7 nAChR agonist GTS-21. Finally, we demon-
strated that o7 nAChR activation suppresses the secretion
of pro-inflammatory mediators in SH-SYSY cells through
the TRAF6/NF-kB P65 pathway under inflammatory condi-
tions. These results indicated that o7 nAChR is involved in
controlling the development of CFA-induced chronic inflam-
matory pain.

Accumulating evidence suggested that a7 nAChR is
closely associated with anti-neuroinflammation through
the cholinergic nervous system and serves as a molecular
target for the treatment of many neurological diseases and
chronic pain (Abbas et al. 2019; Bagdas et al. 2016). How-
ever, the level and distribution of a7 nAChR in DRG and the
possible cellular mechanisms in modulating inflammatory
pain have not yet been clearly established. Previous stud-
ies have demonstrated that o7 nAChR is upregulated under
inflammatory conditions in various tissues or cell lines; thus,
the elevated level of the receptor is speculated to regulate

nAChR siRNA, LPS plus o7 nAChR siRNA, or LPS plus GTS-21. d
Relative protein expression level of TRAF6 in SH-SYSY cells treated
with LPS, a7 nAChR siRNA, LPS plus o7 nAChR siRNA, or LPS
plus GTS-21. One-way ANOVA followed by Bonferroni post hoc
test. *P <0.05, versus NC siRNA group, #P<0.05, versus LPS group.
e Relative protein expression level of P-P65 in SH-SYSY cells treated
with LPS, a7 nAChR siRNA, LPS plus o7 nAChR siRNA, or LPS
plus GTS-21. One-way ANOVA followed by Bonferroni post hoc
test. *P <0.05, versus NC siRNA group, *P <0.05, versus LPS group

pro-inflammatory cytokine production (Khan et al. 2012;
Niranjan et al. 2012; Albers et al. 2014; Bao et al. 2016;
Wedn et al. 2019). For example, the o7 nAChR on mac-
rophage-like U937 cells was reported to be upregulated after
LPS stimulation (Chernyavsky et al. 2010). This is similar
to studies by Bao et al., who found an increase in 7 nAChR
subunit protein with LPS-stimulated placental inflammation
and the receptor is considered to regulate cytokine produc-
tion and leukocyte infiltration. When the inflammatory chal-
lenge is high as after LPS treatment, a7 nAChR is upreg-
ulated to assist in control of the inflammation (Bao et al.
2016). However, while inflammation is relieved by nicotine,
the upregulated a7 nAChR may then decline to the normal
level (Bao et al. 2016). In this study, we found that CFA
injection led to a robust increase in the level of a7 nAChR
in the ipsilateral L4/5 DRGs. The change in a7 nAChR was
similar to the abnormal pain behavior after the CFA injec-
tion. This upregulation of 7 nAChR might compensate for
the inflammatory stimulation induced by CFA injection (Bao
et al. 2016).

Reportedly, the pharmacological treatment with
o7 nAChR agonist produced anti-inflammatory and antino-
ciceptive effects, whereas a7 nAChR inhibition aggravated
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Fig.7 Effects of a7 nAChR siRNA and GTS-21 on the release of
IL-1B, IL-6, IL-8, and TNFa under inflammatory conditions induced
by LPS in SH-SY5Y cells. a—d LPS stimulation increased the release
of IL-1p, IL-6, IL-8, and TNFa. LPS plus a7 nAChR siRNA further
aggravated the release of IL-1f, IL-6, IL-8, and TNFa compared with

the inflammatory reaction of local tissues (Khan et al. 2012).
Furthermore, &7 nAChR knockout mice showed an increase
in pain-related responses or resistance to the administration
of a7 nAChR agonist to decrease the pain-related responses
(Donvito et al. 2017; Alsharari et al. 2013). In the present
study, we confirmed that microinjection of a7 nAChR
siRNA in the ipsilateral L4/5 DRGs of inflammatory pain
exacerbated CFA-induced pain hypersensitivity. In addition,
intrathecal administration of GTS-21 alleviated the CFA-
induced inflammatory pain and neuroinflammation. Taken
together, these results strongly suggested that endogenous
a7 nAChRs-dependent mechanisms and signaling play a
role in the modification of chronic inflammatory pain-related
behaviors.

The TRAF6/NF-kB signaling pathway plays a major
role in the control of inflammatory responses and release
of pro-inflammatory cytokines (Kim et al. 2018; Liu et al.
2020). As the upstream protein of NF-xkB, TRAF6 is a key
molecule in the TRAF6/NF-kB pathway (Yang et al. 2020).
Additionally, it has been found that inhibition of TRAF6
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the LPS group. GTS-21 decreased the release of IL-1p, IL-6, IL-8,
and TNFa compared with the LPS group. One-way analysis of vari-
ance (ANOVA) followed by Bonferroni post hoc test. **P <0.01, ver-
sus NC siRNA group, #P <0.01, versus LPS group

downregulates the activation of NF-kB and finally allevi-
ates the inflammatory-induced injury (Zhai et al. 2020).
Similarly, the prevention of upregulated TRAF6 inhibits
the expression of NF-kB (Ge et al. 2019). Intriguingly,
NF-kB is a ubiquitous rapid response transcription factor
that is involved in pain genesis and predominates several
genes that encode nociceptive mediators, chemokines, and
inflammatory cytokines (Chen et al. 2016). The intrathecal
administration of the NF-«B inhibitor pyrrolidine dithiocar-
bamate inhibits the secretion of pro-inflammatory cytokines
and improves neuropathic pain (Pinho-Ribeiro et al. 2016).
Furthermore, the TRAF6/NF-kB pathway in DRG neurons
is activated following peripheral nerve injury and neuroin-
flammation (Huang et al. 2019). This present study demon-
strated that LPS triggers the expression of a7 nAChR and
activates the TRAF6/NF-xB pathway in the neuronal cell
line. Blocking the increased a7 nAChRs expression aggra-
vates the upregulation of TRAF6 and NF-«xB under inflam-
matory conditions, while agitation of a7 nAChR suppresses
the activation of TRAF6/NF-kB. These results indicated that
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Fig.8 Activation of a7-nAchR by GTS-21 suppresses the inflam-
matory response through interaction with the TRAF6/NF-xB path-
way. Stimulation of «7-nAchR by GTS-21 would increase the influx
of Ca?*, which leads to a decrease in the expression of TRAF6, Akt,
NF-kB, and pro-inflammatory mediators

the anti-inflammatory activity of ®7 nAChR is mediated by
blockade of the TRAF6/NF-«B signaling pathway.

Accumulating evidence indicated that neuroinflamma-
tory response in the somatosensory pathway contributes to
chronic pain from DRG to the spinal cord (Khan et al. 2016;
Ortmann and Chattopadhyay 2014; Moschetti et al. 2019).
Herein, we observed increased expression of IL-1f, IL-6,
IL-8, and TNFa in the neuronal SH-SYSY cells exposed to
LPS, which was exacerbated by o7 nAChR siRNA treatment.
However, we observed that GTS-21, a specific a7 nAChR
agonist, impeded the secretion of IL-1f, IL-6, IL-8, and
TNFo in SH-SYSY cells exposed to LPS. These results
agree with the findings of previous studies which showed
that the absence of functional a7 nAChR declined the inhibi-
tion of the production of pro-inflammatory cytokines while
agitation of a7 nAChR suppressed inflammation (Khan et al.
2012; Mengke et al. 2016), thereby providing evidence for a
protective effect of a7 nAChR in diminishing neuroinflam-
matory response under inflammatory conditions.

Conclusions

This study assessed a7 nAChR expression and distribu-
tion in DRG neurons and determined their protective func-
tion in CFA-induced pain hypersensitivity. The underlying
mechanism might involve suppressing the TRAF6/NF-xB
activation and inhibiting the pro-inflammatory cytokine
expression by a7 nAChR agitation. These findings imply
that o7 nAChR may be potentially used as a therapeutic
target for preventing and treating chronic pain. Activation
of a7-nAChR by GTS-21 suppresses the inflammatory
response through interaction with the TRAF6/NF-kB path-
way as illustrated in Fig. 8.
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