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ARTICLE INFO ABSTRACT

Keywords: Discogenic low back pain (DLBP) is a multifactorial disease and associated with intervertebral
Discogenic low back pain disc degeneration. Calcitonin gene-related protein (CGRP) plays a critical role in pain processing,
Microglia

while the role in DLBP remains unclear. This study aims to investigate the anti-nociceptive role
and related mechanisms of CGRP in DLBP. Here we established the DLBP rat and validated the
model using histology and radiography. Minocycline, a microglial inhibitor, and CGRP were
intrathecally injected and the behavioral test was performed to determine hyperalgesia. Further,
BV2 microglial cells and microglial activation agent lipopolysaccharide (LPS) were employed for
the in vitro experiment. We observed obvious lumbar intervertebral disc degeneration and
hyperalgesia at 12 weeks postoperation in DLBP group, with significantly activated microglia in
the spinal cord. CGRP treatment significantly inhibited the upregulation of proinflammatory
cytokines and NLRP3/caspase-1 expression induced by LPS in BV2 cells, whereas treatment with
CGRP alone had little effect on BV2 cells. The intrathecal injection of CGRP into DLBP rats
relieved mechanical and thermal hyperalgesia, reverted the microglial activation and decreased
the expression of NLRP3/caspase-1, similar to the effects produced by minocycline. Our results
provide evidence that microglial activation in the spinal cord play a key role in hyperalgesia in
DLBP rats. CGRP alleviates DLBP induced hyperalgesia and inhibits microglial activation in the
spinal cord. Regulation of CGRP and microglial activation may provide a new strategy for
ameliorating DLBP.

Calcitonin gene-related peptide
Hyperalgesia
Minocycline

1. Introduction

Low back pain (LBP) is a multifactorial disease that involves physical and psychological factors and functional and structural
changes in the brain. It was reported that 60%-80% of the population experiences at least one episode of LBP [1]. Intervertebral disc
degeneration (IDD) is considered a significant cause of LBP [2]. Discogenic LBP (DLBP) has been used to describe LBP associated with
IDD and without herniation or other anatomical deformity. To date, there is still no effective method to treat DLBP.
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Calcitonin gene-related protein (CGRP) and inflammatory cytokines in degenerative disc have been implicated as key players in
DLBP [3]. However, the pain in DLBP patients who underwent total disc replacement was relieved but not eliminated [4]. Thus, it
suggested that in addition to the degenerative disc, there are other factors that contribute to DLBP. It is well known that microglia play
a major role in the development and maintenance of neuropathic pain, through central sensitization and long-term potentiation in the
spinal nociceptive responses [5-8]. Miyagi et al. [9] observed increased microglia in the spinal dorsal horn in the LBP rats induced by
disk injury. These findings suggested that microglia activation in the spinal cord is closely related to DLBP.

The neuropeptide CGRP involved in both modulation and transmission of pain is widely distributed in both peripheral nervous
system and central nervous system (CNS) [10]. CGRP has been implicated in both pro- and antinociceptive effects in CNS. Zheng et al.
[11] reported the changes of CGRP expression in the spinal cord from different neuropathic pain models. The expression level of CGRP
in the spinal cord was up-regulated after sciatic nerve crush or sciatic nerve transection, but down-regulated in the sciatic nerve
ligation rat models. And studies have shown that CGRP induced an antinociceptive effect in several brain areas [10,12], whereas the
effects of CGRP in spinal cord remains uncertain.

Recently it was reported that the degenerative disc might induce the neuroinflammatory microenvironment in the spinal cord and
drive activation of microglia [13]. The neuroinflammatory markers released by the activated microglia in the spinal cord, like the
interleukin (IL)-1f, could in turn enhance the inflammatory milieu and have been implicated as key mediators of pain. The NOD-like
receptor protein 3 (NLRP3) inflammasome has been found to trigger the activation of caspase-1 and induce the maturation of IL-1p
[14], which is crucial for the regulation of microglia activation [15,16]. Several studies have suggested that the activation of
NLRP3/caspase-1/IL-1p pathway in intervertebral disc was involved in the degenerative process and low back pain [17-19]. It is still
unknown whether the NLRP3/caspase-1/IL-1p pathway in the spinal cord is related to the DLBP. CGRP could reduce the NLRP3 and
IL-1p protein expression induced by lipopolysaccharide (LPS) in murine macrophages [20]. And Xu et al. [21] reported that CGRP
alleviated the inflammatory reaction in mice Kkeratitis and reduced the levels of NLRP3 and IL-1p in A. fumigatus
stimulated-macrophages. It is noteworthy that CGRP was demonstrated to inhibit the microglia activation induced by LPS in vitro [22].
These findings prompted us to investigate whether CGRP in the spinal cord plays roles in regulating microglia activation and
NLRP3/caspase-1/IL-1f pathway in DLBP models.

In this study, the DLBP rat model was established through unbalanced dynamic and static forces which induced by destroying
lumbar spine stabilizers. And the intrathecal infusions of the microglial inhibitor minocycline or CGRP were applied to the DLBP rats to
investigate the role of microglia and CGRP in DLBP. We found that both CGRP and minocycline alleviate hyperalgesia and inhibit
microglial activation in the spinal cord in DLBP rats, suggesting a potentially therapeutic strategy for DLBP.
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Fig. 1. Animal experimental designs and groups. A Experiment 1: Changes in pain threshold, CGRP expression and microglial activation in DLBP
rats. B Experiment 2: The effects of CGRP and minocycline treatment on hyperalgesia, microglial activation, and the NLRP3/caspase-1 after DLBP.
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2. Material and methods
2.1. In vivo experimental designs and animal groups

The surgical procedures were performed on male 8-week-old Sprague-Dawley rats (200-250 g). All rats were housed under
standard conditions with a 12-h light to dark cycle and ad libitum access to food and water. Ethical approval for performing animal
experiments was obtained from the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University. The animal ex-
periments were conducted in conformity with the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health, and complied with the ARRIVE guidelines. As shown in Fig. 1A and B, there were two part of animal experiments in this study.

2.1.1. Animal experiment 1: changes in pain threshold, CGRP expression and microglial activation in DLBP rats

Twelve rats were randomly divided into two groups: a sham operation (SHAM) group and a DLBP group. Rats in the DLBP group
were subjected to a surgical procedure [23] that could induce unbalanced dynamic and static forces. The paraspinal musculature and
ligaments, along with part of the facet joints, were excised to destroy the static and dynamic lumbar stabilizers. For rats in the SHAM
group, a posterior skin incision was made. According to previous studies [23,24], the lumbar IDD induced by unbalanced dynamic and
static forces was significant in the rat from 6 weeks after surgery. Thus the assessment of the pain threshold was done 1 day before
surgery (baseline) and at 4, 6, 8, 10 and 12 weeks after surgery. Subsequently, the rats were examined by X-ray radiography (KXO-32R,
Toshiba, Japan) and 3.0-T MRI (Siemens, Erlangen, Germany) to assess the IDD. After the radiological examination, all animals were
euthanized by an overdose pentobarbital injection. The L5/6 IVDs and the L3-L5 spinal cord segments were harvested for Western
blot, immunohistochemical and immunofluorescent analysis.

2.1.2. Animal experiment 2: the effects of CGRP and minocycline treatment on hyperalgesia, microglial activation, and the NLRP3/caspase-1
after DLBP

A total of 24 rats were randomly divided into four groups: (1) SHAM group; (2) DLBP + vehicle group; (3) DLBP + minocycline
group; (4) DLBP + CGRP group. The DLBP rats were intrathecally treated with drugs or an equivalent volume of saline once daily for 7
days at 12 weeks after the operation. Drugs were diluted with saline and intrathecally injected through the implanted catheter in a 10
pl volume of solution followed by 10 pl of saline for flushing. In the DLBP -+ vehicle group, rats were administrated intrathecally with
saline. In the DLBP + minocycline group, rats were administrated intrathecally with microglia inhibitor minocycline (20 mM; $4226;
Selleck Chemicals, USA). And the rats in the DLBP + CGRP group were administrated intrathecally with 0.26 pM CGRP (1161, Tocris
Bioscience, Bristol, UK). Assessment of the pain threshold was done at 1 day before and 1, 4, 7, 14, 21 and 28 days after intrathecal
treatment. Then the L5/6 IVDs and the L3-L5 spinal cord segments were harvested for Western blot, immunohistochemical and
immunofluorescent analysis.

2.1.3. Intrathecal catheter implantation

The rats received intrathecal catheterization 5 days prior to the drug administration. Briefly, rats were anesthetized with an
intraperitoneal injection of pentobarbital (40 mg/kg). A polyethylene catheter (PE-10; inner diameter, 0.28 mm; outer diameter, 0.61
mm; Smiths Medical International Ltd., UK) was inserted from L5-L6 spinous processes to the lumbar enlargement, and then the outer
part of the catheter was fixed onto the skin upon wound closure. An intrathecal injection of 2% lidocaine (10 pl) was performed to
confirm the success of catheterization.

2.1.4. Behavioral analysis

All behavioral testing was performed by an experienced blinded investigator. Rats were habituated to the testing environment for at
least 2 days before baseline testing. The mechanical pain threshold was assessed using von Frey filaments [25] (Stoelting, Wood Dale,
IL, USA). The animals were placed in a Plexiglas box (26 cm x 20 cm x 14 cm) on an elevated wire mesh grid. A series of filaments with
logarithmically incremental stiffness (1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, and 26.0 g) were applied to the middle of plantar surface of
the hind paw by using the up-down method [26]. Rapidly withdrawal, shrinking or flinching of the hind paw was regarded as a positive
response. The minimum force required to induce positive responses in at least 3 out of 5 applications was defined as the paw with-
drawal threshold (PWT).

The thermal pain threshold was assessed using the IITC Life Science Inc (Woodland Hills, CA, USA) [27].

. Rats were placed on a glass plate in the Plexiglas box, and a beam of radiant heat was applied to the plantar surface of the hind
paw. The cutoff of 20 s was set to avoid thermal injury. The time from the commencement of heating to paw withdrawal was recorded.
Each rat was measured three times at intervals of 10 min and the paw withdrawal latency (PWL) was calculated as the average of the
three repeated measurements.

2.1.5. Histological examination

The L5/6 IVDs were decalcified in 0.05% EDTA for 4 weeks and embedded in paraffin. The samples were cut into 4-pm sections in
the sagittal plane and stained with hematoxylin and eosin (H&E). The slides were observed using a digital microscope (Olympus,
Japan), and the images obtained were used to assess disc degeneration.

2.1.6. Immunohistochemistry
The immunohistochemical observations were assessed according to a previously reported method [28]. Briefly, after overnight
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incubation at 4 °C with the primary antibody, the sections were incubated with a biotinylated secondary antibody for 15 min at 37 °C.
The primary antibody included anti-NLRP3 antibody (NBP2-12446; 1:50; Novus Biologicals, Littleton, CO, USA) and anti-CGRP
antibody (ab36001; 1:200, Abcam, Cambridge, USA). Peroxidase reaction was visualized using a solution of diaminobenzidine
(DAB). The mean optical density (MOD) was measured for quantitative immunohistochemical analysis using the software package
Image Pro Plus (version 5.0.1, Media Cybernetics, Silver Spring, MD, USA).

2.1.7. Immunofluorescence

Spinal cords were stained with goat anti-IBA-1 antibody (ab5076; 1:200; Abcam, Cambridge, USA). Following overnight incubation
at 4 °C with primary antibody, sections were incubated with donkey anti-goat Alexa 488 fluorescent antibody (ab150129; 1:1000;
Abcam, Cambridge, USA) for 1 h at room temperature. Sections were examined with a fluorescence microscope.

2.2. Invitro experiments

2.2.1. Microglial cell culture and treatment

The murine microglial cell line BV2 cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(Gibco, Grand Island, NY, USA) and 100 U/mL of penicillin/streptomycin at 37 °C with 5% COx.

LPS (Sigma-Aldrich, St Louis, MO, USA) and CGRP (Tocris Biosciences, Bristol, UK) were dissolved in sterile PBS for use. To
examine whether CGRP inhibits LPS-induced microglia activation by inhibiting NLRP3 pathways, cells were pretreated for 4h with 0.5
pg/ml CGRP, followed by 0.1 pg/ml LPS for 24 h. The control group was treated with PBS alone (CON group).

2.2.2. Engyme-linked immunosorbent assay (Elisa)

Cells were seeded into 6-well plates (2 x 10° cells/well) for protein expression, and cell-free supernatant was collected after
treatment. The levels of the secreted proteins IL-1f, IL-6, and TNF-a in BV2 culture were determined using Elisa kits (MultiSciences,
Hangzhou, China) according to the manufacturer’s instructions.

2.2.3. Western blot analysis

Cells were lysed on ice with RIPA Lysis Buffer (Beyotime Biotech, Shanghai, China). Lysates were centrifuged at 12,000xg for 15
min at 4 °C, and the supernatants were collected. Proteins were separated using SDS-PAGE gel and then transferred to polyvinylidine
diluoride membrane (0.22 pm, Millipore, USA). The membrane was treated with primary antibodies for IL-1p (ab9722; 1:1000;
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Fig. 2. Verification of the DLBP rat model. A H&E staining showed less nucleus pulposus volume, moderate serpentine pattern in annulus fibrosus
and new bone formation in cartilage endplate in DLBP group ( x 40). B X-ray images of the rat lumbar spine at 12 weeks after surgery. DLBP group
showed disc height loss and disc space narrowing (arrow head). C T2-weighted MRI images of the spine at 12 weeks after surgery. The arrow
indicates the “black disc”. D Quantitative analysis of the disc height index between groups. E Behavioral analysis for mechanical and thermal pain
threshold. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus the SHAM group.
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Abcam, Cambridge, USA), IL-6 (66146-1-1g; 1:1000; Proteintech, Chicago, IL, United States), TNF-a (60291-1-Ig; 1:1000; Proteintech,
Chicago, IL, United States), caspase-1 (22915-1-AP; 1:1000; Proteintech, Chicago, IL, United States), NLRP3 (NBP2-12446; 1:1000;
Novus Biologicals, Littleton, CO, USA), GAPDH (10494-1-AP; 1:1000; Proteintech, Chicago, IL, United States) or p-tubulin (10094-1-
AP; 1:1000; Proteintech, Chicago, IL, United States) at 4 °C overnight and then incubated for 1 h at room temperature using Horse-
radish peroxidase-conjugated secondary antibody (SA00001-1, SA00001-2; 1:10000; Proteintech, Chicago, IL, United States). The
immunoblots were visualized using enhanced chemiluminescence (Thermo Scientific) and images were collected using ChemiDoc XRS
(Bio-Rad, USA). Bands were quantified using Image Lab software (Bio-Rad, USA).

2.3. Statistical analysis
All experiments and analysis were performed under blinded conditions. Data were analyzed using SPSS 23.0 software (SPSS Inc.,
Chicago, IL, USA). All data were presented as the means + standard deviation. The statistical significance between two groups was

evaluated by the Student’s t-test. One-way or two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used for the
analysis of the comparisons among multiple groups. The significance level was set at P < 0.05.
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Fig. 3. Expression of IBA-1, CGRP and NLRP3 in spinal cord. A Representative images and quantitative analysis of immunofluorescence staining
with IBA-1 in spinal cord from rats at 12 weeks after surgery ( x 100; x 200). The data are expressed as the means + SD (n = 6 in each group). B
Immunohistochemical staining for CGRP in spinal cord ( x 50; x 100; x 200) and quantitative analysis at 12 weeks after surgery. C Immuno-
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the means + SD (n = 6 in each group). ****P < 0.0001 versus the SHAM group.
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3. Results
3.1. Verification of the DLBP rat model

At 12 weeks postoperatively, the lumbar IDD was assessed through histology and radiography. As shown in Fig. 2A, the disc of
DLBP group showed less nucleus pulposus volume, moderate serpentine pattern in annulus fibrosus and sclerotic in cartilage endplate,
where part of cartilage was replaced with new bone formation. Lateral radiographs of the DLBP group showed degenerative changes,
including disc height loss and disc space narrowing (Fig. 2B). T2-weighted MRI images displayed a substantial reduction in the signal
intensity of the nucleus pulposus in the DLBP group at 12 weeks after surgery (Fig. 2C).The disc height index (DHI) [29] was calculated
from lateral radiographs as the ratio of the average anterior, middle, and posterior disc height to the average of the adjacent vertebral
body heights. As shown in Fig. 2D, the DHI in the DLBP group was significantly decreased when compared with that in SHAM group.
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The results of the behavioral assessment for mechanical and thermal sensitivity are presented in Fig. 2E. The mechanical PWT and
thermal PWL were both decreased from weeks 4-12 in the DLBP group, compared with baseline. And compared to SHAM rats, the
DLBP rats exhibited a decreased PWT from weeks 6-12, and a decreased PWL from weeks 4-12. These results indicated that the DLBP
model was successfully induced by unbalanced dynamic and static force surgery.
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3.2. Microglia activation and changed expression of CGRP and NLRP3 in spinal cord of DLBP rats

Microglial activation in the spinal dorsal horn was investigated by immunofluorescent labeling of IBA-1. The expressions of CGRP
and NLRP3 in the spinal cord were examined by immunohistochemical analysis. As shown in Fig. 3A, the number of IBA-1-positive
cells in the spinal cord were significantly increased in DLBP rats than that in SHAM rats. The immunohistochemical analysis
showed that DLBP rats exhibited reduced expression of CGRP and increased expression of NLRP3 in the spinal cord (Fig. 3B and C).

3.3. CGRP treatment in vitro inhibited activation of microglial cells and NLRP3/caspase-1 induced by LPS

LPS is a widely used proinflammatory agent and is known to activate microglia. To investigate whether CGRP can suppress
microglial activation in LPS-induced BV2 cells, we examined the expression levels of proinflammatory cytokines using western blotting
(Fig. 4A-C) and Elisa assay (Fig. 4D-F), including IL-1, IL-6, and TNF-a. The results showed that LPS triggered microglial activation
and upregulated the expression of IL-1, IL-6, and TNF-a. Following CGRP treatment, there was a prominent reduction in the levels of
these proinflammatory cytokines. As shown in Fig. 4G, CGRP treatment significantly suppressed the upregulated protein expression of
NLRP3 and caspase-1 induced by LPS. Intriguingly, CGRP alone showed little effect on the protein levels of proinflammatory cytokines
and NLRP3/caspase-1. These findings suggested that CGRP can inhibit LPS-induced microglial and NLRP3/caspase-1 pathway
activation.

3.4. CGRP treatment in vivo relieved hyperalgesia and inhibited activation of microglia and NLRP3/caspase-1 in DLBP rats, similar to
minocycline

This part of experiment was designed to focus on the effects and mechanism of CGRP on the hyperalgesia in vivo. To investigate the
role of microglia activation in this process, we employed the minocycline, an inhibitor of microglial activation, as a control. CGRP or
minocycline were intrathecally injected once daily for 7 days at 12 weeks after surgery. As shown in Fig. 5A and B, PWT in DLBP rats
was significantly increased after intrathecal injection of minocycline from day 4, and increased after intrathecal injection of CGRP from
day 7. PWL in DLBP rats was significantly increased after intrathecal injection of minocycline or CGRP from day 1. After stopping the
CGRP or minocycline administration from day 7, the PWT and PWL gradually decreased over time. Importantly, immunofluorescence
showed that compared with the DLBP + vehicle group, the expression of IBA-1 in spinal cord was significantly decreased in the DLBP
-+ CGRP and DLBP + minocycline group (Fig. 5C). The NLRP3/caspase-1 pathway was examined as well. As shown in Fig. 5D, the
expression of NLRP3 in spinal cord was significantly decreased in the DLBP + CGRP and DLBP -+ minocycline group, when compared
with DLBP + vehicle group. And Western blot analysis showed that the expression of caspase-1 and IL-1p were significantly down-
regulated in the spinal cord after CGRP or minocycline treatment (Fig. 5E). These results demonstrated that CGRP and minocycline
could inhibit microglial activation and NLRP3/caspase-1 pathway in the spinal cord, and relieved hyperalgesia in DLBP rats.

4. Discussion

To date, the mechanisms underlying chronic DLBP are not fully understood. In this study, we investigated the role of CGRP in DLBP
induced by unbalanced dynamic and static forces. The current study demonstrated three novel findings using a DLBP rat model. First,
rats with unbalanced dynamic and static force presented significant hyperalgesia and IDD, which are well-suited as a model for DLBP
study. Second, microglia were found to be activated in the spinal cord of DLBP rats, with decreased expression of CGRP and increased
expression of NLRP3. Third, CGRP relieved mechanical and thermal hyperalgesia in DLBP rats, inhibited the microglial activation and
decreased the expression of NLRP3/caspase-1 in spinal cord. Our results suggested that CGRP may play an antinociceptive role in DLBP
via the inhibition of microglial activation in the spinal cord.

To investigate the mechanisms of DLBP, we first employed the unbalanced dynamic and static force rat model, which was usually
used in the IDD researches [23]. Compared with other methods, such as disc puncturing, the surgery we used induces IDD via
biomechanical disturbance instead of directly injuring the intervertebral disc. The radiological and histological examinations both
identified the degeneration of the lumbar intervertebral disc in rats at 12 weeks postoperation. On the other hand, the rats received
surgery exhibited significant mechanical and thermal hyperalgesia. These findings confirmed that the DLBP was successfully induced
by unbalanced dynamic and static force surgery.

Microglia are the resident immune cells of the CNS, which can be activated by stimuli that threaten physiological homeostasis [8].
Activated microglia release various nociceptive mediators including pro-inflammatory cytokines, such as IL-1p, TNF-a and IL-6. The
pro-inflammatory cytokines interact with nociceptive neurons and modulate central sensitization and hyperalgesia [30,31]. Within the
activated NLRP3 inflammasome complex, the pro-IL-1p is cleaved by active caspase-1 to be secreted in the active form thereby
amplifying the inflammatory response [32,33]. He et al. [15] demonstrated that blockade of microglial NLRP3/IL-1p could improve
hyperalgesia in migraine model, and inhibit the increase in biomarkers related to central sensitization. The activation of microglial
NLRP3/IL-1f has been found to account for the long-term morphine treatment induced analgesic tolerance and hyperalgesia [34]. The
NLRP3~/~ mice showed a higher nociceptive threshold and decreased analgesic tolerance induced by morphine [35]. These finding
indicated that the microglial NLRP3/IL-1f plays critical roles in the induction of hyperalgesia. In the present study, the microglia in
spinal cord were found significantly activated in DLBP rats, with the increase of NLRP3, caspase-1 and IL-1 protein expression. Our
results suggested a potential role of microglial NLRP3/caspase-1/IL-1p pathway in hyperalgesia in the DLBP.

CGRP is an important neuropeptide that exerts complicated effects in pain modulation and transmission in peripheral nervous
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system and CNS [10]. CGRP expressed in DRG has always been reported to exert pronociceptive effects. Sato et al. [36] reported that
CGRP-IR in DRG neurons increased following disc injury, and the upregulation of CGRP might induce pain. The release of CGRP from
the trigeminal ganglion is considered as a trigger of migraine. In addition to conventional therapeutic agents such as triptans,
CGRP-targeted therapy including CGRP receptor antagonists and anti-CGRP antibodies have proved effective for migraine pain relief
[37,38]. These treatments usually do not cross the blood brain barrier. Apart from the pronociceptive effects, CGRP also induced an
antinociceptive effect in many brain areas, including the periaqueductal grey (PAG), nucleus accumbens (NAc), and the central nu-
cleus of amygdala (CeA) [10], which are crucial structures and nuclei involved in pain transmission and modulation. For example, PAG
acts as way station for the signal of analgesia in the descending pathway from brain to dorsal horn of the spinal cord [39,40], and CGRP
induces significant analgesia through CGRP receptor 1 in PAG [41]. Furthermore, it was reported that CGRP-ergic nerve fibers from
nucleus raphe magnus (NRM) run along the dorsal longitudinal tract and enter the spinal cord, resulting in postsynaptic inhibition on
the pain transmission [40]. Also, CGRP induces dose-dependent antinociception through CGRP receptor 1 in NRM [42]. Therefore, the
mechanisms underlying regulations of pain by CGRP remain controversial. Studies have shown that CGRP mediated protective effects
in inflammation such as allergic airway inflammation [43] and lung injury [44]. Duan et al. [20] reported that CGRP inhibited the
LPS-induced activation of macrophages by reducing the expression of NLRP3 and IL-1p. Xu et al. [21] demonstrated that CGRP
alleviated the inflammatory reaction in mice keratitis and reduced the levels of NLRP3 and IL-1p in A. fumigatus
stimulated-macrophages. And results from a previous study suggested that CGRP exerted a potent inhibitory effect on LPS-induced
microglia activation in vitro, while the underlying mechanisms remain unknown [22]. In the present study, we observed the
decreased expression of CGRP in the spinal cord of DLBP rats, while the underlying mechanisms are still unclear. CGRP in the spinal
cord is considered to be released from afferents [45]. Studies showed that the level of CGRP in spinal cord would be down-regulated in
several types of nerve injury such as crush and ligation [11,46], which may be associated with the blockade of axonal transport.
Therefore, we speculate that the reduction of CGRP in spinal cord of DLBP rats might be attributed to the mechanical compression of
afferents during spine degeneration induced by unbalanced dynamic and static forces. To further explore the roles of CGRP in the
microglial activation and the underlying mechanism, we performed in vitro experiments with BV2 microglia cells. We found that CGRP
treatment significantly inhibited LPS-induced microglia activation in vitro, which is consistent with the previous study [22]. Further,
the increase in the protein expression of NLRP3 and caspase-1 induced by LPS was inhibited by CGRP as well. The findings suggest an
inhibitory effect of CGRP on LPS-mediated microglia activation and NLRP3/caspase-1/IL-1p pathway in vitro. CGRP has also been
reported to suppress LPS-induced expression of NLRP3/caspase-1 and inflammatory cytokines in some other cells such as macrophages
and intestinal epithelial cells [20,21,47], and Ning et al. have demonstrated that CGRP acts through inhibiting the NF-xB pathway
[47]. However, the upstream mechanisms for example the target receptor of CGRP in BV2 cells, remain unknown. BV2 cells have been
shown to express CGRP receptor components [48]. Further research is necessary to investigate whether CGRP inhibits microglia
activation through direct effects (CGRP or other receptors) or indirect effects.

For the validation of the in vitro results, the in vivo study in DLBP rats was designed in the present study. Minocycline is a common
microglial inhibitor with strong analgesic and anti-inflammatory properties under a variety of pain models, such as neuropathic pain
[49], inflammatory pain [50], and bone cancer pain [51]. Lu et al. [52] reported that the pretreatment of minocycline significantly
inhibited NLRP3 inflammasome activation in BV2 microglial cells. In the current study, the minocycline and CGRP were intrathecally
injected into DLBP rats, respectively. Consistent with the other pain models, in the DLBP model, the hyperalgesia was significantly
alleviated following the administration of minocycline. Additionally, as expected, the minocycline treatment inhibited microglial
activation in the spinal cord, and downregulated the expression levels of NLRP3, caspase-1 and IL-1f. Similarly, the intrathecal in-
jection of CGRP alone significantly attenuated nociceptive behavior in the DLBP rats. The inhibitory effect on microglial activation and
NLRP3/caspase-1/IL-1f signaling in the spinal cord has also been observed following the administration of CGRP. However, whether
CGRP directly or indirectly inhibit microglia activation in spinal cord remains unknown. And future studies could also examine if
combination therapies with CGRP and minocycline could provide additional efficacy on DLBP. Our results are inconsistent with those
from other studies reporting pronociceptive roles for CGRP in the spinal cord [53,54]. DLBP is a complex and multi-factorial disease,
and the underlying mechanisms are still unclear. One difference in the DLBP model is that an decreased expression of CGRP in spinal
cord is observed in DLBP models, which is usually increased in some other pain models [55,56]. The reduced CGRP in spinal cord was
also observed in some peripheral nerve injury models, in which CGRP was not able to be transported to the spinal cord [11,57]. One
possible future research direction is to investigate whether the transportation of CGRP to spinal cord is affected in DLBP model. On the
other hand, with the intrathecal administration, the drugs could be delivered to the CNS including brain parenchyma. In this case,
CGRP may also produce the antinociception by acting at the regions in addition to spinal cord. In vivo pain modulation is rather
complex and involves multiple pain processing regions and co-regulators such as glia, neurons and neuropeptides. Our results suggest
that the ability of minocycline and CGRP to alleviate hyperalgesia in DLBP rats may be ascribed, at least in part, to an inhibition in
microglial activation and NLRP3/caspase-1/IL-1p signaling in the spinal cord. Yet, further studies are warranted to determine whether
other factors like astroglia are involved in this process.

Several limitations to this study need to be acknowledged. First, we examined a wide range of time points for the behavioral tests,
while the immunohistochemical and Immunofluorescence analysis was only performed at the last time point during in vivo experi-
ments. Thus the changes of the microglia in the spinal cord could not be observed dynamically and matched with the pain thresholds in
this study. Second, in the in vivo experiments we did not set different doses and courses of CGRP, therefore it is still not clear whether
or not the analgesic effect of CGRP depends on the concentration and duration. Third, the results in this study could not support a direct
action of CGRP on microglia in vivo, and the mechanisms underlying CGRP inhibiting microglia activation remain unclear. In spite of
its limitations, the study certainly adds to our understanding of the DLBP pathogenesis as well as the treatment of this disease.
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5. Conclusions

In conclusion, our results suggest that microglial activation in the spinal cord play a key role in hyperalgesia in DLBP rats. Both
CGRP and minocycline alleviate hyperalgesia and inhibit microglial activation in the spinal cord in DLBP rats. Our study provides
several new insights for the development of novel therapeutic strategies for DLBP.

Ethics statement

This study was reviewed and approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University, with
the approval number: [RJ2018-1012].

Data availability statement
Data included in article/supp. material/referenced in article.
CRediT authorship contribution statement

Weixin Xie: Writing — original draft, Methodology, Investigation. Fan Li: Writing — original draft, Methodology, Investigation. Yi
Han: Data curation. Xiaoying Chi: Data curation. Yi Qin: Software, Resources. Fan Ye: Software, Resources. Zhanchun Li: Writing —
review & editing, Supervision, Project administration, Conceptualization. Jie Xiao: Writing — review & editing, Supervision, Project
administration, Conceptualization.

Declaration of competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This study was supported by grants from the National Natural Science Foundation of China (Nos.32170995, 81871090), Sino-
German bilateral Symposium Project (GZ1683).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e25906.

References

[1] S. Ohtori, G. Inoue, M. Miyagi, K. Takahashi, Pathomechanisms of discogenic low back pain in humans and animal models, The spine journal : official journal of
the North American Spine Society 15 (2015) 1347-1355, https://doi.org/10.1016/j.spinee.2013.07.490.

[2] J. Raastad, M. Reiman, R. Coeytaux, L. Ledbetter, A.P. Goode, The association between lumbar spine radiographic features and low back pain: a systematic
review and meta-analysis, Semin Arthritis Rheum 44 (2015) 571-585, https://doi.org/10.1016/j.semarthrit.2014.10.006.

[3] E.Krock, D.H. Rosenzweig, A.J. Chabot-Doré, P. Jarzem, M.H. Weber, J.A. Ouellet, L.S. Stone, L. Haglund, Painful, degenerating intervertebral discs up-regulate
neurite sprouting and CGRP through nociceptive factors, J Cell Mol Med 18 (2014) 1213-1225, https://doi.org/10.1111/jemm.12268.

[4] K.M. Malik, S.P. Cohen, D.R. Walega, H.T. Benzon, Diagnostic criteria and treatment of discogenic pain: a systematic review of recent clinical literature, The
spine journal : official journal of the North American Spine Society 13 (2013) 1675-1689, https://doi.org/10.1016/j.spinee.2013.06.063.

[5] L. Ben Haim, D.H. Rowitch, Functional diversity of astrocytes in neural circuit regulation, Nat Rev Neurosci 18 (2017) 31-41, https://doi.org/10.1038/
nrn.2016.159.

[6] B.S. Khakh, M.V. Sofroniew, Diversity of astrocyte functions and phenotypes in neural circuits, Nat Neurosci 18 (2015) 942-952, https://doi.org/10.1038/
nn.4043.

[7]1 M.V. Sofroniew, Astrocyte barriers to neurotoxic inflammation, Nat Rev Neurosci 16 (2015) 249-263, https://doi.org/10.1038/nrn3898.

[8] M. Tsuda, Microglia in the spinal cord and neuropathic pain, Journal of diabetes investigation 7 (2016) 17-26, https://doi.org/10.1111/jdi.12379.

[9] M. Miyagi, T. Ishikawa, S. Orita, Y. Eguchi, H. Kamoda, G. Arai, M. Suzuki, G. Inoue, Y. Aoki, T. Toyone, et al., Disk injury in rats produces persistent increases in
pain-related neuropeptides in dorsal root ganglia and spinal cord glia but only transient increases in inflammatory mediators: pathomechanism of chronic
diskogenic low back pain, Spine (Phila Pa 1976) 36 (2011) 2260-2266, https://doi.org/10.1097/BRS.0b013e31820e68¢7.

[10] L. Li, X. Wang, L.C. Yu, Involvement of opioid receptors in the CGRP-induced antinociception in the nucleus accumbens of rats, Brain Res 1353 (2010) 53-59,
https://doi.org/10.1016/j.brainres.2010.07.042.

[11] L.F. Zheng, R. Wang, Y.Z. Xu, X.N. Yi, J.W. Zhang, Z.C. Zeng, Calcitonin gene-related peptide dynamics in rat dorsal root ganglia and spinal cord following
different sciatic nerve injuries, Brain Res 1187 (2008) 20-32, https://doi.org/10.1016/j.brainres.2007.10.044.

[12] L.C. Yu, J.F. Hou, F.H. Fu, Y.X. Zhang, Roles of calcitonin gene-related peptide and its receptors in pain-related behavioral responses in the central nervous
system, Neuroscience and biobehavioral reviews 33 (2009) 1185-1191, https://doi.org/10.1016/j.neubiorev.2009.03.009.

[13] S.E. Navone, M. Peroglio, L. Guarnaccia, M. Beretta, S. Grad, M. Paroni, C. Cordiglieri, M. Locatelli, M. Pluderi, P. Rampini, et al., Mechanical loading of
intervertebral disc modulates microglia proliferation, activation, and chemotaxis, Osteoarthritis Cartilage 26 (2018) 978-987, https://doi.org/10.1016/j.
joca.2018.04.013.

10


https://doi.org/10.1016/j.heliyon.2024.e25906
https://doi.org/10.1016/j.spinee.2013.07.490
https://doi.org/10.1016/j.semarthrit.2014.10.006
https://doi.org/10.1111/jcmm.12268
https://doi.org/10.1016/j.spinee.2013.06.063
https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/nrn.2016.159
https://doi.org/10.1038/nn.4043
https://doi.org/10.1038/nn.4043
https://doi.org/10.1038/nrn3898
https://doi.org/10.1111/jdi.12379
https://doi.org/10.1097/BRS.0b013e31820e68c7
https://doi.org/10.1016/j.brainres.2010.07.042
https://doi.org/10.1016/j.brainres.2007.10.044
https://doi.org/10.1016/j.neubiorev.2009.03.009
https://doi.org/10.1016/j.joca.2018.04.013
https://doi.org/10.1016/j.joca.2018.04.013

W. Xie et al. Heliyon 10 (2024) e25906

[14] F. Martinon, K. Burns, J. Tschopp, The inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of prolL-beta, Mol
Cell 10 (2002) 417-426, https://doi.org/10.1016/s1097-2765(02)00599-3.

[15] W. He, T. Long, Q. Pan, S. Zhang, Y. Zhang, D. Zhang, G. Qin, L. Chen, J. Zhou, Microglial NLRP3 inflammasome activation mediates IL-1p release and
contributes to central sensitization in a recurrent nitroglycerin-induced migraine model, J Neuroinflammation 16 (2019) 78, https://doi.org/10.1186/512974-
019-1459-7.

[16] M. Heneka, M. Kummer, A. Stutz, A. Delekate, S. Schwartz, A. Vieira-Saecker, A. Griep, D. Axt, A. Remus, T. Tzeng, et al., NLRP3 is activated in Alzheimer’s
disease and contributes to pathology in APP/PS1 mice, Nature 493 (2013) 674-678, https://doi.org/10.1038/nature11729.

[17] Z. Chen, S. Jin, M. Wang, X. Jin, C. Lv, Y. Deng, J. Wang, Enhanced NLRP3, caspase-1, and IL- 1p levels in degenerate human intervertebral disc and their
association with the grades of disc degeneration, Anat Rec (Hoboken) 298 (2015) 720-726, https://doi.org/10.1002/ar.23059.

[18] P. Tang, R. Zhu, W. Ji, J. Wang, S. Chen, S. Fan, Z. Hu, The NLRP3/caspase-1/interleukin-1p Axis is active in human lumbar cartilaginous endplate
degeneration, Clin Orthop Relat Res 474 (2016) 1818-1826, https://doi.org/10.1007/5s11999-016-4866-4.

[19] F. Chen, G. Jiang, H. Liu, Z. Li, Y. Pei, H. Wang, H. Pan, H. Cui, J. Long, J. Wang, Z. Zheng, Melatonin alleviates intervertebral disc degeneration by disrupting
the IL-1p/NF-kB-NLRP3 inflammasome positive feedback loop, Bone Res 8 (2020) 10, https://doi.org/10.1038/541413-020-0087-2.

[20] J.X. Duan, Y. Zhou, A.Y. Zhou, X.X. Guan, T. Liu, H.H. Yang, H. Xie, P. Chen, Calcitonin gene-related peptide exerts anti-inflammatory property through
regulating murine macrophages polarization in vitro, Mol Immunol 91 (2017) 105-113, https://doi.org/10.1016/j.molimm.2017.08.020.

[21] M. Xu, C. Li, G.-Q. Zhao, J. Lin, M. Yin, H.-R. Zheng, L. Zhang, M.-Q. Wu, The anti-inflammatory regulation of calcitonin gene-related peptide in mouse keratitis,
Int J Ophthalmol 13 (2020) 701-707, https://doi.org/10.18240/ij0.2020.05.02.

[22] A. Consonni, S. Morara, F. Codazzi, F. Grohovaz, D. Zacchetti, Inhibition of lipopolysaccharide-induced microglia activation by calcitonin gene related peptide
and adrenomedullin, Mol Cell Neurosci 48 (2011) 151-160, https://doi.org/10.1016/j.mcn.2011.07.006.

[23] C.Q. Zhao, Y.H. Zhang, S.D. Jiang, L.S. Jiang, L.Y. Dai, Both Endoplasmic Reticulum and Mitochondria Are Involved in Disc Cell Apoptosis and Intervertebral
Disc Degeneration in Rats, vol. 32, 2010, pp. 161-177, https://doi.org/10.1007/s11357-009-9121-4. Age (Dordrecht, Netherlands).

[24] K. Zhang, W. Ding, W. Sun, X. Sun, Y. Xie, C. Zhao, J. Zhao, Betal integrin inhibits apoptosis induced by cyclic stretch in annulus fibrosus cells via ERK1/2
MAPK pathway, Apoptosis 21 (2016) 13-24, https://doi.org/10.1007/510495-015-1180-7.

[25] H.X. Wu, Y.M. Wang, H. Xu, M. Wei, Q.L. He, M.N. Li, L.B. Sun, M.H. Cao, Osthole, a coumadin analog from cnidium monnieri (L.) cusson, ameliorates nucleus
pulposus-induced radicular inflammatory pain by inhibiting the activation of extracellular signal-regulated kinase in rats, Pharmacology 100 (2017) 74-82,
https://doi.org/10.1159/000475599.

[26] S. Chaplan, F. Bach, J. Pogrel, J. Chung, T. Yaksh, Quantitative assessment of tactile allodynia in the rat paw, J Neurosci Methods 53 (1994) 55-63, https://doi.
org/10.1016/0165-0270(94)90144-9.

[27] D.M. Abdelaziz, S. Abdullah, C. Magnussen, A. Ribeiro-da-Silva, S.V. Komarova, F. Rauch, L.S. Stone, Behavioral signs of pain and functional impairment in a
mouse model of osteogenesis imperfecta, Bone 81 (2015) 400-406, https://doi.org/10.1016/j.bone.2015.08.001.

[28] J. Xiao, W. Yu, X. Wang, B. Wang, J. Chen, Y. Liu, Z. Li, Correlation between neuropeptide distribution, cancellous bone microstructure and joint pain in
postmenopausal women with osteoarthritis and osteoporosis, Neuropeptides 56 (2016) 97-104, https://doi.org/10.1016/j.npep.2015.12.006.

[29] K. Masuda, Y. Aota, C. Muehleman, Y. Imai, M. Okuma, E.J. Thonar, G.B. Andersson, H.S. An, A novel rabbit model of mild, reproducible disc degeneration by
an anulus needle puncture: correlation between the degree of disc injury and radiological and histological appearances of disc degeneration, Spine (Phila Pa
1976) 30 (2005) 5-14, https://doi.org/10.1097/01.brs.0000148152.04401.20.

[30] F.A.Pinho-Ribeiro, W.A. Verri, .M. Chiu, Nociceptor sensory neuron-immune interactions in pain and inflammation, Trends Immunol 38 (2017) 5-19, https://
doi.org/10.1016/j.it.2016.10.001.

[31] A.D. Cook, A.D. Christensen, D. Tewari, S.B. McMahon, J.A. Hamilton, Immune cytokines and their receptors in inflammatory pain, Trends Immunol 39 (2018)
240-255, https://doi.org/10.1016/}.it.2017.12.003.

[32] C. Dostert, V. Pétrilli, R. Van Bruggen, C. Steele, B.T. Mossman, J. Tschopp, Innate immune activation through Nalp3 inflammasome sensing of asbestos and
silica, Science 320 (2008) 674-677, https://doi.org/10.1126/science.1156995.

[33] E. Latz, T.S. Xiao, A. Stutz, Activation and regulation of the inflammasomes, Nat Rev Immunol 13 (2013) 397-411, https://doi.org/10.1038/nri3452.

[34] Y. Cai, H. Kong, Y.-B. Pan, L. Jiang, X.-X. Pan, L. Hu, Y.-N. Qian, C.-Y. Jiang, W.-T. Liu, Procyanidins alleviates morphine tolerance by inhibiting activation of
NLRP3 inflammasome in microglia, J Neuroinflammation 13 (2016) 53, https://doi.org/10.1186/512974-016-0520-z.

[35] Q.Liu, L.-Y. Su, C. Sun, L. Jiao, Y. Miao, M. Xu, R. Luo, X. Zuo, R. Zhou, P. Zheng, et al., Melatonin alleviates morphine analgesic tolerance in mice by decreasing
NLRP3 inflammasome activation, Redox Biol 34 (2020) 101560, https://doi.org/10.1016/j.redox.2020.101560.

[36] M. Sato, K. Inage, Y. Sakuma, J. Sato, S. Orita, K. Yamauchi, Y. Eguchi, N. Ochiai, K. Kuniyoshi, Y. Aoki, et al., Anti-RANKL antibodies decrease CGRP expression
in dorsal root ganglion neurons innervating injured lumbar intervertebral discs in rats, European spine journal : official publication of the European Spine
Society, the European Spinal Deformity Society, and the European Section of the Cervical Spine Research Society 24 (2015) 2017-2022, https://doi.org/
10.1007/s00586-015-4058-z.

[37]1 L. Edvinsson, K.A. Haanes, K. Warfvinge, D.N. Krause, CGRP as the target of new migraine therapies - successful translation from bench to clinic, Nat Rev Neurol
14 (2018) 338-350, https://doi.org/10.1038/s41582-018-0003-1.

[38] D.W. Dodick, Migraine, Lancet 391 (2018) 1315-1330, https://doi.org/10.1016/50140-6736(18)30478-1.

[39] Z.Y. Liu, D.B. Zhuang, T. Lunderberg, L.C. Yu, Involvement of 5-hydroxytryptamine(1A) receptors in the descending anti-nociceptive pathway from
periaqueductal gray to the spinal dorsal horn in intact rats, rats with nerve injury and rats with inflammation, Neuroscience 112 (2002) 399-407, https://doi.
org/10.1016/50306-4522(02)00038-6.

[40] M.J. Millan, Descending control of pain, Prog Neurobiol 66 (2002) 355-474, https://doi.org/10.1016/50301-0082(02)00009-6.

[41] L.-C. Yu, X.-H. Weng, J.-W. Wang, T. Lundeberg, Involvement of calcitonin gene-related peptide and its receptor in anti-nociception in the periaqueductal grey
of rats, Neurosci Lett 349 (2003) 1-4, https://doi.org/10.1016/50304-3940(03)00273-8.

[42] Y. Huang, G. Brodda-Jansen, T. Lundeberg, L.C. Yu, Anti-nociceptive effects of calcitonin gene-related peptide in nucleus raphe magnus of rats: an effect
attenuated by naloxone, Brain research 873 (2000) 54-59, https://doi.org/10.1016/50006-8993(00)02473-2.

[43] S. Rochlitzer, T.Z. Veres, K. Kiihne, F. Prenzler, C. Pilzner, S. Knothe, C. Winkler, H.D. Lauenstein, M. Willart, H. Hammad, et al., The neuropeptide calcitonin
gene-related peptide affects allergic airway inflammation by modulating dendritic cell function, Clin Exp Allergy 41 (2011) 1609-1621, https://doi.org/
10.1111/j.1365-2222.2011.03822.x.

[44] W. Yang, M. Xv, W.C. Yang, N. Wang, X.Z. Zhang, W.Z. Li, Exogenous a-calcitonin gene-related peptide attenuates lipopolysaccharide-induced acute lung injury
in rats, Molecular medicine reports 12 (2015) 2181-2188, https://doi.org/10.3892/mmr.2015.3620.

[45] L.S.Loken, J.M. Braz, A. Etlin, M. Sadeghi, M. Bernstein, M. Jewell, M. Steyert, J. Kuhn, K. Hamel, I.J. Llewellyn-Smith, A. Basbaum, Contribution of dorsal horn
CGRP-expressing interneurons to mechanical sensitivity, Elife 10 (2021) e59751, https://doi.org/10.7554/¢life.59751.

[46] Y. Zou, F. Xu, Z. Tang, T. Zhong, J. Cao, Q. Guo, C. Huang, Distinct calcitonin gene-related peptide expression pattern in primary afferents contribute to different
neuropathic symptoms following chronic constriction or crush injuries to the rat sciatic nerve, Mol Pain 12 (2016) 1744806916681566, https://doi.org/
10.1177/1744806916681566.

[47] W. Ning, G. Gao, Y. Zhou, W.-Q. Li, H.-H. Yang, X.-B. Duan, X. Li, Y.-B. Gong, D. Li, R. Guo, Calcitonin gene-related peptide ameliorates sepsis-induced intestinal
injury by suppressing NLRP3 inflammasome activation, Int Inmunopharmacol 116 (2023) 109747, https://doi.org/10.1016/j.intimp.2023.109747.

[48] X. Guo, D. Chen, S. An, Z. Wang, ChIP-seq profiling identifies histone deacetylase 2 targeting genes involved in immune and inflammatory regulation induced by
calcitonin gene-related peptide in microglial cells, J Immunol Res 2020 (2020) 4384696, https://doi.org/10.1155/2020/4384696.

[49] P. Vanelderen, T. Rouwette, T. Kozicz, R. Heylen, J. Van Zundert, E.-W. Roubos, K. Vissers, Effects of chronic administration of amitriptyline, gabapentin and
minocycline on spinal brain-derived neurotrophic factor expression and neuropathic pain behavior in a rat chronic constriction injury model, Reg Anesth Pain
Med 38 (2013) 124-130, https://doi.org/10.1097/AAP.0b013e31827d611b.

11


https://doi.org/10.1016/s1097-2765(02)00599-3
https://doi.org/10.1186/s12974-019-1459-7
https://doi.org/10.1186/s12974-019-1459-7
https://doi.org/10.1038/nature11729
https://doi.org/10.1002/ar.23059
https://doi.org/10.1007/s11999-016-4866-4
https://doi.org/10.1038/s41413-020-0087-2
https://doi.org/10.1016/j.molimm.2017.08.020
https://doi.org/10.18240/ijo.2020.05.02
https://doi.org/10.1016/j.mcn.2011.07.006
https://doi.org/10.1007/s11357-009-9121-4
https://doi.org/10.1007/s10495-015-1180-7
https://doi.org/10.1159/000475599
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.1016/j.bone.2015.08.001
https://doi.org/10.1016/j.npep.2015.12.006
https://doi.org/10.1097/01.brs.0000148152.04401.20
https://doi.org/10.1016/j.it.2016.10.001
https://doi.org/10.1016/j.it.2016.10.001
https://doi.org/10.1016/j.it.2017.12.003
https://doi.org/10.1126/science.1156995
https://doi.org/10.1038/nri3452
https://doi.org/10.1186/s12974-016-0520-z
https://doi.org/10.1016/j.redox.2020.101560
https://doi.org/10.1007/s00586-015-4058-z
https://doi.org/10.1007/s00586-015-4058-z
https://doi.org/10.1038/s41582-018-0003-1
https://doi.org/10.1016/s0140-6736(18)30478-1
https://doi.org/10.1016/s0306-4522(02)00038-6
https://doi.org/10.1016/s0306-4522(02)00038-6
https://doi.org/10.1016/s0301-0082(02)00009-6
https://doi.org/10.1016/s0304-3940(03)00273-8
https://doi.org/10.1016/s0006-8993(00)02473-2
https://doi.org/10.1111/j.1365-2222.2011.03822.x
https://doi.org/10.1111/j.1365-2222.2011.03822.x
https://doi.org/10.3892/mmr.2015.3620
https://doi.org/10.7554/elife.59751
https://doi.org/10.1177/1744806916681566
https://doi.org/10.1177/1744806916681566
https://doi.org/10.1016/j.intimp.2023.109747
https://doi.org/10.1155/2020/4384696
https://doi.org/10.1097/AAP.0b013e31827d611b

W. Xie et al. Heliyon 10 (2024) e25906

[50] H.-S. Choi, D.-H. Roh, S.-Y. Yoon, J.-Y. Moon, S.-R. Choi, S.-G. Kwon, S.-Y. Kang, H.-J. Han, H.-W. Kim, A.J. Beitz, et al., Microglial interleukin-1p in the
ipsilateral dorsal horn inhibits the development of mirror-image contralateral mechanical allodynia through astrocyte activation in a rat model of inflammatory
pain, Pain 156 (2015) 1046-1059, https://doi.org/10.1097/j.pain.0000000000000148.

[51] Z.-P. Song, B.-R. Xiong, X.-H. Guan, F. Cao, A. Manyande, Y.-Q. Zhou, H. Zheng, Y.-K. Tian, Minocycline attenuates bone cancer pain in rats by inhibiting NF-xB
in spinal astrocytes, Acta Pharmacol Sin 37 (2016) 753-762, https://doi.org/10.1038/aps.2016.1.

[52] Y. Lu, G. Xiao, W. Luo, Minocycline suppresses NLRP3 inflammasome activation in experimental ischemic stroke, Neuroimmunomodulation 23 (2016) 230-238,
https://doi.org/10.1159/000452172.

[53] R.-Q. Sun, Y.-J. Tu, N.B. Lawand, J.-Y. Yan, Q. Lin, W.D. Willis, Calcitonin gene-related peptide receptor activation produces PKA- and PKC-dependent
mechanical hyperalgesia and central sensitization, J Neurophysiol 92 (2004) 2859-2866, https://doi.org/10.1152/jn.00339.2004.

[54] G.C.Bird, J.S. Han, Y. Fu, H. Adwanikar, W.D. Willis, V. Neugebauer, Pain-related synaptic plasticity in spinal dorsal horn neurons: role of CGRP, Mol Pain 2
(2006) 31, https://doi.org/10.1186/1744-8069-2-31.

[55] Y. Liu, X. Qin, X. Lu, J. Jiang, Effects of inhibiting the PI3K/Akt/mTOR signaling pathway on the pain of sciatic endometriosis in a rat model, Can J Physiol
Pharmacol 97 (2019) 963-970, https://doi.org/10.1139/¢cjpp-2019-0156.

[56] X. Cheng, Z. Yu, W. Hu, J. Chen, W. Chen, L. Wang, X. Li, W. Zhang, J. Chen, X. Zou, et al., Voluntary exercise ameliorates neuropathic pain by suppressing
calcitonin gene-related peptide and ionized calcium-binding adapter molecule 1 overexpression in the lumbar dorsal horns in response to injury to the cervical
spinal cord, Exp Neurol 354 (2022) 114105, https://doi.org/10.1016/j.expneurol.2022.114105.

[57] M.J. Villar, Z. Wiesenfeld-Hallin, X.J. Xu, E. Theodorsson, P.C. Emson, T. Hokfelt, Further studies on galanin-, substance P-, and CGRP-like immunoreactivities
in primary sensory neurons and spinal cord: effects of dorsal rhizotomies and sciatic nerve lesions, Exp Neurol 112 (1991) 29-39, https://doi.org/10.1016/
0014-4886(91)90111-o0.

12


https://doi.org/10.1097/j.pain.0000000000000148
https://doi.org/10.1038/aps.2016.1
https://doi.org/10.1159/000452172
https://doi.org/10.1152/jn.00339.2004
https://doi.org/10.1186/1744-8069-2-31
https://doi.org/10.1139/cjpp-2019-0156
https://doi.org/10.1016/j.expneurol.2022.114105
https://doi.org/10.1016/0014-4886(91)90111-o
https://doi.org/10.1016/0014-4886(91)90111-o

	Calcitonin gene-related peptide attenuated discogenic low back pain in rats possibly via inhibiting microglia activation
	1 Introduction
	2 Material and methods
	2.1 In vivo experimental designs and animal groups
	2.1.1 Animal experiment 1: changes in pain threshold, CGRP expression and microglial activation in DLBP rats
	2.1.2 Animal experiment 2: the effects of CGRP and minocycline treatment on hyperalgesia, microglial activation, and the NL ...
	2.1.3 Intrathecal catheter implantation
	2.1.4 Behavioral analysis
	2.1.5 Histological examination
	2.1.6 Immunohistochemistry
	2.1.7 Immunofluorescence

	2.2 In vitro experiments
	2.2.1 Microglial cell culture and treatment
	2.2.2 Enzyme-linked immunosorbent assay (Elisa)
	2.2.3 Western blot analysis

	2.3 Statistical analysis

	3 Results
	3.1 Verification of the DLBP rat model
	3.2 Microglia activation and changed expression of CGRP and NLRP3 in spinal cord of DLBP rats
	3.3 CGRP treatment in vitro inhibited activation of microglial cells and NLRP3/caspase-1 induced by LPS
	3.4 CGRP treatment in vivo relieved hyperalgesia and inhibited activation of microglia and NLRP3/caspase-1 in DLBP rats, si ...

	4 Discussion
	5 Conclusions
	Ethics statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


