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Abstract: Spinal microglia are crucial to neuronal hyper-excitability and pain hypersensitivity. The
local anesthetic bupivacaine is commonly used for both peripheral and spinal anesthesia. The pain-
relief effects resulting from the peripheral and systemic administration of bupivacaine have been
previously reported. In this study, the preventive effects of intrathecal bupivacaine administration
against neuropathic pain were revealed in a rat model of sciatic nerve chronic constriction injury (CCI).
Using a CCI rat model, pain hypersensitivity, characterized by mechanical allodynia and thermal
hyperalgesia, correlated well with microglia M1 polarization, activation and pro-inflammatory
cytokine expression in both spinal cord dorsal horns and sciatic nerves. Bupivacaine attenuated pain
behaviors and inflammatory alternations. We further identified that the Interferon Regulatory Factor
5 (IRF5)/P2X Purinoceptor 4 (P2X4R) and High Mobility Group Box 1 (HMGB1)/Toll-Like Receptor
4 (TLR4)/NF-«B inflammatory axes may each play pivotal roles in the acquisition of microglia M1
polarization and pro-inflammatory cytokine expression under CCI insult. The relief of pain paralleled
with the suppression of microglia M1 polarization, elevation of microglia M2 polarization, and
inhibition of IRF5/P2X4R and HMGB1/TLR4/NF-«B in both the spinal cord dorsal horns and sciatic
nerve. Our findings provide molecular and biochemical evidence for the anti-neuropathic effect of
preventive bupivacaine.
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1. Introduction

Clinical treatment of neuropathic pain remains a challenging obstacle for those in the
medical field. Lesions, dysfunction, and diseases centered on the central or peripheral
nerve system are all common causes of persistent and chronic neuropathic pain [1]. Those
intolerable and painful conditions caused by neuropathic pain greatly reduce the quality of
life for the victim patients and predispose them to suffer from mood disorders [2]. Although
NSAIDs, tricyclic antidepressants, opioids, and gabapentin have all been prescribed and
recommended to patients experiencing neuropathic pain, clinical management of the
condition remains unsatisfactory [3]. To overcome such obstacles and uncover possible
therapeutic options, the elucidation of pathogenic mechanisms and identification of novel
or supplementary strategies are needed.

Lesions or diseases affecting the somatosensory nerve system, particularly the neu-
rons, are the main mechanisms underlying the development and maintenance of neuro-
pathic pain [1]. Alternatively, studies have revealed that spinal microglia are key cells
involved in neuropathic pain and further highlight the substantial and deteriorative roles
of neuroinflammation. In the spinal cord, microglia respond to local insults, retrograde
transported bioactive molecules, or peripheral nerve injury by shifting to an M1 polar-
ization pro-inflammatory phenotype and the releasing of cytokines, chemokines, and
algesic substances. Activated microglia and their accompanied pro-inflammatory me-
diators orchestrate algesic conditions by favoring central and peripheral sensitization,
neuronal hyper-excitability, and pain transmission, leading to allodynia and hyperalge-
sia [4-9]. Therefore, microglia and neuroinflammation have become emerging targets for
the therapeutic relief of neuropathic pain.

Local anesthetics are commonly used for the relief of nociceptive pain [10]. Clinically,
bupivacaine is the most commonly used local anesthetic for spinal anesthesia. The periph-
eral and systemic administration of bupivacaine has been shown to alleviate pain behaviors
in rodent models of thoracotomy, spared nerve injury (SNI), spinal nerve ligation (SNL),
and complete Freund’s adjuvant foot injection [11-14]. Additionally, the use of bupivacaine
for nerve blocking decreases the axonal transport of pro-inflammatory mediators in rat
models of carrageenan-induced inflammation [15]. Additionally, the intrathecal injection of
bupivacaine over a course of 3 days improves painful diabetic neuropathy with concurrent
microglia inhibition [16]. Despite the advances seen in pain studies, the effects and bene-
ficial mechanisms of bupivacaine preventive treatment against neuropathic pain remain
largely unclear.

Rodent models of peripheral nerve injury such as SNI, SNL, and chronic constriction
injury (CCI) have been well established for the study of neuropathic pain. SNI produces
long-lasting neuropathic pain-like behaviors by cutting the tibial and common peroneal
nerve branches of the sciatic nerve. SNL is established by tightly ligating the 5th and
6th lumbar nerves (L5/L6) with silk thread [11,12]. Among the models, sciatic nerve
unilateral CCI, a low-trauma surgical procedure, simulates spontaneous pain, allodynia,
and hyperalgesia with concurrent spinal and sciatic nerve inflammation [4,5,7,17]. In this
study, the effects of bupivacaine preventive intrathecal injection on neuropathic pain in
a rat model of sciatic nerve CCI were investigated, focusing on microglia polarization
and activation.

2. Results
2.1. Bupivacaine Alleviated Pain Behaviors

To evaluate the preventive potential of bupivacaine against neuropathic pain, various
concentrations of bupivacaine (0-0.5%) were intrathecally delivered. Unlike the rats used in
the sham operations, CCI rats tended to show a decrease in the paw withdrawal threshold
to a filament stimulus (Figure 1A), as well as lifting and suspending their right hind paws
away from the heat plate (Figure 1B). In contrast, the paw mechanical withdrawal threshold
(Figure 1A) and thermal withdrawal latency (Figure 1B) of the contralateral hind paws did
not change among the groups. Although bupivacaine at a concentration of 0.5% displayed
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limited effects on the sham rats, it prolonged the paw mechanical withdrawal threshold
(Figure 1A) and thermal withdrawal latency (Figure 1B) in CCI rats. These findings indicate
that preventive bupivacaine intrathecal treatment alleviated pain behaviors in CCI rats.
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Figure 1. Bupivacaine alleviated mechanical allodynia and thermal hyperalgesia in CCI rats. Rats
were intrathecally injected with the indicated concentrations of bupivacaine (0-0.5%, diluted in
saline) for 30 min prior to being subjected to sham and CCI operation. Seven days later, mechanical
allodynia (A) and thermal hyperalgesia (B) were evaluated in the ipsilateral and contralateral limbs.
* p <0.05 vs. sham/saline/ipsilateral group and # p < 0.05 vs. CCl/saline/ipsilateral group, 1 = 6.

2.2. Bupivacaine Alleviated Microglia Activation

To reveal signs of microglia activation, immunohistochemical examination of macrophages
/microglia-related cluster of differentiation 68 (CD68) immunoreactivity, a representative
marker of macrophages/microglia activation, was first performed. Based on the measure-
ments of immunoreactivity intensity, there was detectable basal CD68 immunoreactivity
in the ipsilateral spinal cord dorsal horns of sham rats receiving either saline (100 £ 15%)
or bupivacaine (106 £ 21%). An increase in CD68 immunoreactivity was detected in the
ipsilateral spinal cord dorsal horns of CCI rats (231 4 45%), and the increment was allevi-
ated by bupivacaine (148 £ 22%) (Figure 2A). Similar changes in CD68 immunoreactivity
were found in the ipsilateral sciatic nerves of CCI rats after bupivacaine treatment, from
452 £ 85% to 199 + 46% (Figure 2B). Data taken from an immunohistochemical examina-
tion revealed both spinal and sciatic microglia activation in CCI rats and an alleviative
effect due to bupivacaine.

2.3. Bupivacaine Alleviated Inflammation in the Spinal Cords

To correlate the immunohistochemical findings of microglia activation in the ipsilateral
spinal cord dorsal horns of CCl rats, the parameters of microglia polarization and activation
were further examined. In assessing spinal cord dorsal horn tissues, elevated expressions of
inflammatory cytokine Interleukin-1$ (IL-13), immune cell recruitment-related Monocyte
Chemoattractant Protein-1 (MCP-1) and CC Chemokine Receptor 2 (CCR2), microglia M1
polarization-related Interferon Regulatory Factor 5 (IRF5) and P2X Purinoceptor 4 (P2X4R)
mRNA were detected in the ipsilateral side 7 days after CCI, with the changes being
alleviated in CCI rats upon bupivacaine treatment (Figure 3A). Parallel changes were
found in the protein levels of macrophages/microglia-related CD68, inflammation-related
High Mobility Group Box 1 (HMGBL1), Toll-Like Receptor 4 (TLR4), and P-p65 (Figure 3B).
Although the levels of microglia M2 polarization-related CD163 and arginase 1 mRNA had
not changed between the sham and CCl rats, their expression increased in CCl rats that had
undergone bupivacaine treatment (Figure 3A). Biochemical findings reveal suppression of
microglia M1 polarization, elevation of microglia M2 polarization, and inhibition of the
HMGB1/TLR4/NEF-«B inflammatory axis in the spinal cord dorsal horns of CCI rats that
had undergone preventive treatment with bupivacaine.
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Figure 2. Bupivacaine alleviated microglia immunoreactivity in CCI rats. Rats were intrathecally
injected with the indicated concentrations of bupivacaine (0 and 0.5%, diluted in saline) for 30 min
prior to being subjected to sham and CCI operation. Seven days later, frozen sections of ipsilateral
spinal cords (L4-L6) (A) and paraffin sections of ipsilateral sciatic nerves (B) were prepared and sub-
jected to immunohistochemistry with antibodies recognizing CD68. Scale bar: 50 um. Representative
photomicrographs show immunoreactivity visualized with FITC fluorescence ((A), counterstained
with Hoechst 33342) and diaminobenzidine ((B), counterstained with hematoxylin), respectively.
Relative intensity of immunoreactivity was measured and depicted under photomicrographs (%).
*p < 0.05 vs. sham/saline group and # p < 0.05 vs. CCI/saline group, n = 3.
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Figure 3. Bupivacaine alleviated inflammatory responses in the spinal cords of CCI rats. Rats were
intrathecally injected with the indicated concentrations of bupivacaine (0 and 0.5%, diluted in saline)
for 30 min prior to being subjected to sham and CCI operation. Seven days later, ipsilateral spinal
cord dorsal horns (L4-L6) were collected and subjected to quantitative RT-PCR for the measurement
of IL-13, MCP-1, CCR2, IRF5, P2X4R, CD163, and arginase 1 mRNA expression (A). Protein content
of CD68, HMGB1, TLR4, P-p65, p65, and GAPDH was measured in the ipsilateral spinal cord dorsal
horns (L4-L6) using Western blotting. Representative blots and quantitative results are shown (B).
* p < 0.05 vs. sham/saline group and # p < 0.05 vs. CCI/saline group, n = 6.
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2.4. Bupivacaine Alleviated Inflammation in the Sciatic Nerve

Because the sciatic nerve was the site of trauma in CCI rats, the alternations in mi-
croglia polarization and activation in the ipsilateral sciatic nerve tissues were examined
as well. Parallel alternations were detected in the mRNA levels of IL-13, MCP-1, CCR2,
IRF5, P2X4R, CD163, and arginase 1 (Figure 4A), as well as the protein levels of CD68,
HMGBI, TLR4, and P-p65 (Figure 4B). Therefore, bupivacaine still displayed suppression
of microglia M1 polarization, elevation of microglia M2 polarization, and inhibition of the
HMGB1/TLR4/NF-«B inflammatory axis in the sciatic nerve of CCI rats.
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Figure 4. Bupivacaine alleviated inflammatory responses in the sciatic nerves of CCI rats. Rats were in-
trathecally injected with the indicated concentrations of bupivacaine (0 and 0.5%, diluted in saline) for
30 min prior to being subjected to sham and CCI operation. Seven days later, ipsilateral sciatic nerve
tissues were collected and subjected to quantitative RT-PCR for the measurement of IL-13, MCP-1,
CCR2, IRF5, P2X4R, CD163, and arginase 1 mRNA expression (A). Protein content of CD68, HMGBI,
TLR4, P-p65, p65, and GAPDH was measured in the ipsilateral sciatic nerve tissues using West-
ern blotting. Representative blots and quantitative results are shown (B). * p < 0.05 vs. sham/saline
group and # p < 0.05 vs. CCI/saline group, n = 6.

3. Discussion

Current treatments for persistent and chronic neuropathic pain are not yet satisfac-
tory, and the lack of early prevention approaches may be one possible reason as to why.
Bupivacaine is a local anesthetic for most locoregional procedures, with 0.5% isobaric
bupivacaine being frequently prescribed for peripheral and spinal anesthesia. The action of
bupivacaine is attributable to sodium channel blockade, N-methyl-D-aspartate blockade, or
anti-inflammation [11]. Pain-relief effects from the peripheral and systemic administration
of bupivacaine have been reported [11-16]. In this study, the preventive effects of intrathe-
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cal bupivacaine administration against neuropathic pain were revealed in a rat model of
sciatic nerve CCI. The relief of pain behaviors attributed to bupivacaine paralleled with
the suppression of microglia M1 polarization, elevation of microglia M2 polarization, and
inhibition of the HMGB1/TLR4/NF-«B inflammatory axis in the spinal cord dorsal horns
and sciatic nerve. These findings further provide both molecular and biochemical evidence
for the anti-neuropathic effect of preventive bupivacaine.

Hyper-excitation and the abnormal repetitive firing of a subset of sensory neurons
are considered to be key components in the underlying pathophysiology associated with
neuropathic pain. Accumulating evidence has indicated that spinal microglia activation
and microgliosis are both crucial to such neuronal hyper-excitability and pain hypersensi-
tivity [8]. Microglia are the resident immune cells of the central nervous system (CNS) for
immune surveillance and homeostasis. Under pathophysiological conditions, microglia
adopt distinct reactive phenotypes through a complicated network of intracellular and
extracellular signals, transcriptional programs, and gene profiles. Microglia M1 polar-
ization is a classically activated phenotype and contributes to inflammation by releasing
pro-inflammatory mediators, with the result of immune cell recruitment and activation,
as well as tissue destruction. On the contrary, anti-inflammatory microglia M2 polariza-
tion, an alternatively activated phenotype, is associated with a high expression of CD163
and arginase 1, resulting in suppressive cytokine expression, phagocytosis, and tissue
repair [5-7]. A shift towards microglia M1 polarization and a decline of microglia M2
polarization is revealed in the spinal cord dorsal horns, correlating well with neuropathic
pain progression [5,7,18]. Studies have shown the inhibitory effects bupivacaine has on
microglia [12,14,16]. In CCl rats, pain behaviors such as mechanical allodynia and thermal
hyperalgesia paralleled with higher spinal CD68 immunohistochemical reactivity, CD68
protein content, and IL-13, MCP-1, and CCR2 mRNA levels. Bupivacaine alleviated these
changes and caused an additional upregulation of both CD163 and arginase 1 mRNA
expression in CClI rats. Elevated NLRP3 inflammasome/IL-1f3 and MCP-1/CCR2-guided
immune cell infiltration and activation each play pivotal roles in the development and
progression of neuropathic pain. Their suppression attenuates microglia activation and
pain behaviors, and correlates well with pain-relief treatments [9,19,20]. Therefore, spinal
microglia could be an active target of bupivacaine in relieving neuropathic pain under
CCI conditions.

The activated states of microglia are tightly controlled by membrane-bound surface re-
ceptors and intracellular transcription factors. Among the families of purinergic ionotropic
receptors and Interferon Regulatory Factors, both IREF5 and P2X4R have been indicated
in microglia activation and the development of neuropathic pain via an IRF5/P2X4R
axis [6,8]. Evidence also indicates there is crosstalk between P2X4R and TLR4 in pain
hypersensitivity [21]. HMGBI1, a nuclear DNA-binding protein, is an endogenous ligand
of TLR4. The engagement of HMGB1 and TLR4 creates a pro-inflammatory condition by
triggering the p65 NF-«B transcription axis. Such activation of the HMGB1/TLR4/NF-«B
axis predisposes the acquisition of microglia M1 polarization and inflammatory cytokine
expression leading to pain hypersensitivity [22]. In the spinal cord dorsal horn tissues
of CCl rats, elevated mRNA levels of IRF5 and P2X4R, along with an increased protein
content of HMGB1 and TLR4, as well as p65 protein phosphorylation were detected. Upon
gathering relevant studies and putting them together with our findings, we determined that
IRF5/P2X4R and HMGB1/TLR4/NF-«B axes working together in a concerted link or as an
independent mechanism play substantial roles in guiding spinal microglia M1 polarization
and pro-inflammatory cytokine expression. Their actions contributed to the development
of neuropathic pain in CClI rats and represented targets of intervention for bupivacaine.

After peripheral nerve injury occurs, the sites of damage are the origins of the syn-
thesis and export of biologically active molecules. Data taken from immunohistochemical
examination and molecular analyses revealed a similar alternation in microglia polarization,
pro-inflammatory cytokine mRNA expression, IRF5/P2X4R, and HMGB1/TLR4/NF-kB in
the sciatic nerve tissues of CCl rats. Bupivacaine nerve block shows an inhibitory effect on
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the retrograde transport of pro-inflammatory mediators [15]. Therefore, the suppression
of spinal microglia activation and pain hypersensitivity in CCI rats through the adminis-
tration of bupivacaine may be secondary to its effects on the sciatic nerve. Currently, the
direct spinal effects, secondary to the sciatic nerve effects, or both, could be the underlying
pain-relieving effects of bupivacaine, although this has not yet been determined.

Although the current study has provided both molecular and biochemical evidence
showing the preventive effects of bupivacaine against CCI neuropathic pain, certain parts
of the supporting data were indirect. Instead of protein levels, data regarding IL-1f3,
MCP-1, CCR2, IRF5, P2X4R, CD163, and arginase 1 were analyzed at the mRNA level.
Additionally, the characterization of microglia polarization by flow cytometry or immuno-
histochemical identification would provide more solid evidence. These limitations weaken
the translational implications taken from the current findings.

Independent of etiologies, injuries to peripheral nerves can cause persistent and
chronic neuropathic pain. Unfortunately, current treatments for persistent and chronic
neuropathic pain are not satisfactory [1-3]. It is proposed that early prevention might
provide an opportunity to achieve a better outcome. There are studies showing that sys-
temic and intrathecal administration of bupivacaine has benefits in different types of pain
behaviors [14-16]. In this study, we further revealed that preventive intrathecal injection
of bupivacaine improved pain behaviors in a rat model of CCI. Because bupivacaine is
commonly used for spinal anesthesia, our findings suggest that early prevention with
bupivacaine represents a candidate for the prevention and control of neuropathic pain,
particularly in post-operative pain. It should be noted that bupivacaine might induce
neurotoxic effects due to intraneural local anesthetic injection. In addition, overdoses of
bupivacaine are also toxic to the CNS and cardiovascular system [23]. Therefore, clini-
cally relevant administrative protocols and regimens centered on bupivacaine should be
further investigated.

Bupivacaine is commonly used for both peripheral and spinal anesthesia. For spinal
anesthesia, three milliliters of bupivacaine at a concentration of 0.5% for an adult (50 kg body
weight) is recommended. Bupivacaine at concentrations of 0.1% and 0.25% is prescribed
to an adult for peripheral anesthesia, whereas volumes depend on the types of nerves
and severity of pain. Using sciatic nerve CCI rat models, pain hypersensitivity correlated
well with microglia M1 polarization, activation, and pro-inflammatory cytokine expression
in both spinal cord dorsal horns and sciatic nerves. Fifteen microliters of intrathecal
bupivacaine (0.5%) preventive administration attenuated pain behaviors and inflammatory
alternations in CClI rats (250 g body weight). Microglia activation and neuroinflammation
are cues surrounding neuronal hyper-excitability and pain hypersensitivity. We further
identified that the IRF5/P2X4R and HMGB1/TLR4/NF-kB inflammatory axes may be
pivotal to the acquisition of microglia M1 polarization and pro-inflammatory cytokine
expression under CCI insult. Although limitations still remain and further investigation is
warranted, those pro-inflammatory alternations centered on microglia could be direct or
indirect targets of bupivacaine in the search for pain relief.

4. Materials and Methods
4.1. Animal Allocation and Treatments

The sciatic nerve CCI model was produced in adult male Sprague-Dawley rats (age
8 weeks) according to reported procedures [18-20]. All experimental procedures were
performed following the approval of The Animal Experimental Committee of Taichung
Veterans General Hospital (IACUC approval code: La-1051415, IACUC approval date:
23 November 2016). Rats (BioLASCO Taiwan Co., Ltd., Taipei, Taiwan) were housed in a
standard conditioned animal facility with free access to rat chow and tap water. Under
isoflurane anesthesia (2—4%), muscles on the right inguinal region were gently separated
and the sciatic nerve exposed at mid-thigh level without stretching muscles and nerves.
Proximal to the sciatic trifurcation, the nerve was loosely tied with four ligatures using
4-0 chromic catgut approximately 1.0 mm apart. Slight depression of the nerve was ap-



Int. . Mol. Sci. 2022, 23, 7197

8of11

propriate for ligation intensity. The muscles and skin were then sutured and disinfected,
and the rats returned to cages. For sham operations, all steps remained the same except for
sciatic nerve ligation. Intrathecal bupivacaine administration was performed 30 min prior
to both the sham and CCI operations. A needle was inclined to an angle of approximately
30° and then inserted into the intervertebral space. A successful piercing of the dura was
evidenced by a reflexive swing of the tail. Saline and bupivacaine were delivered through
a 30-gauge sterile needle inserted vertically into the L5-L6 vertebrae at a volume of 15 mi-
croliters, followed by an additional 15 microliters of saline, as performed in a previously
reported method [18]. For pain behavior study, rats were allocated into six groups (n = 6
per group): sham group receiving saline, sham group receiving bupivacaine (5 mg/mlL,
0.5%), CCI group receiving saline, and 3 CCI groups receiving bupivacaine (1 mg/mL
(0.1%), 2.5 mg/mL (0.25%), and 5 mg/mL (0.5%)). For molecular and biochemical study,
rats were divided into four groups (n = 6 per group): sham group receiving saline, sham
group receiving bupivacaine (5 mg/mL, 0.5%), CCI group receiving saline, and CCI group
receiving bupivacaine (5 mg/mL, 0.5%). Because CCI in rodents caused severe pain behav-
iors on day 7 after surgery [18-20], all animals were euthanized and subjected to further
analyses 7 days after surgical procedures were performed (Figure 5).

A 30 minutes 7 days

T T

Pain behavioral study
(n = 6 per group)

Time line 1

Saline

Bupivacaine (0.5%) Sham operation

Saline
Bupivacaine (0.1%)

Bupivacaine (0.25%) CCIoperation

Bupivacaine (0.5%)
B 30 minutes 7 days
Time line 2 T T 'T
Saline Histological study
Bupivacaine (0.5%) Sham operation (n =3 per group)
Saline Molecular and biochemical study
Bupivacaine (0.5%) CCI operation (n = 6 per group)

Figure 5. Time lines for experimental procedures. (A) Pain behavioral study consisted of six groups,
including two groups of sham operation and four groups of CCI operation, indicated as time line 1.
(B) Time line 2 was drawn for histological study and molecular/biochemical study consisting of two
groups of sham operation and two groups of CCI operation.

4.2. Pain Behavioral Measurement

Pain behavioral measurements were performed in accordance with the reported
methods, with slight modifications [19,20]. Rats were placed on a perforated grid for 5 min
before a mechanical allodynia measurement was performed using a von Frey filament in
ascending force (1, 2, 4, 6, 8, 10, 15, and 26 g). The paw mechanical withdrawal threshold
was defined and set as at least a three-foot withdrawal in five trials at each force category.
The paw thermal withdrawal latency was determined using a heat plate at a temperature
of 54 £ 0.5 °C. The time when the hind paws lifted from, and became suspended over, the
plate was recorded.

4.3. Immunohistochemical Examination

Immunohistochemical examination was performed in accordance with the reported
methods, with slight modifications [24]. Frozen sections (8 pum) of dissected spinal cords
(L4-L6) were incubated with antibodies against CD68 (1:100, Serotec, Raleigh, NC, USA),
and the cell nuclei stained with Hoechst 33342. The immunoreactive signals were visualized



Int. . Mol. Sci. 2022, 23, 7197

9o0f 11

using FITC-conjugated IgG under an epifluorescence microscope. Paraffin-embedded
sciatic nerve specimens were prepared for subsequent immunohistochemical examination.
Immunohistochemistry of the deparaffinized sections (8 pm) was performed by incubation
with the CD68 antibodies, and then visualized using diaminobenzidine as the chromogenic
substrate. The intensity of immunoreactivity was analyzed using Image J software (NIH,
Bethesda, MD, USA).

4.4. RNA Isolation and Quantitative Real-Time Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR)

The procedures for tissue RNA extraction, complementary DNA synthesis, quantita-
tive real-time PCR and calculation were performed as previously described [25]. Tissues
from both the right sciatic nerve (10 mm in length) and right spinal cord dorsal horn (L4-L6)
were collected for the measurement of mRNA levels. The primers used in the PCR amplifica-
tion were: 5-CACCTCTCAAGCAGAGCACAG and 5'-GGGTTCCATGGTGAAGTCAAC
for IL-1p (NM_031512.2); 5'-GTTGTTCACAGTTGCTGCCT and 5 -CTCTGTCATACTGGT-
CACTTCTAC for MCP-1 (NM_031530.1); 5-AGAGAGCTGCAGCAAAAAGG and 5'-
GCAAAGAGGCAGTTGCAAAG for CCR2 (NC_051345.1); 5'-GGAGTAGGGAGGATGTTT-
ATTGG and 5'-AACTACTACCAAACCACCRCTCC for IRF5 (NC_051351.1); 5-GGGTGAA-
GTTTTATTCCAGC and 5'-GGGTGAAGTTTTCTGCAGCC for P2X4R (NC_051350.1); 5'-
CCAGTCCCAAACACTGTCCT and 5'-ATGCCAGTGAGCTTCCCGTTCAGC for (CD163,
NC_051342.1); 5-GGAATCTGCATGGGCAACCTGTGT and 5'-AGGGTCTACGTCTCGCA-
AGCCA for (arginase 1, NC_051344.1); 5'-AAGTCCCTCACCCTCCCAAAAG and 5'-
AAGCAATGCTGTCACCTTCCC for p-actin (NC_051345.1).

4.5. Western Blot

The procedures for tissue protein extraction, protein concentration determination, SDS-
PAGE, antibody reaction and band intensity quantitation were performed as previously
described [25]. Tissues from the right sciatic nerve (10 mm in length) and right spinal cord
dorsal horn (L4-L6) were collected for the measurement of protein contents. The targets
of primary antibodies recognized were: CD68 (1:1000), HMGB1 (1:1000), TLR4 (1:1000),
Phospho-p65 (P-p65, 1:500), p65 (1:1000) and Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH, 1:3000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

4.6. Statistical Analysis

Experimental data were analyzed using GraphPad Prism software (San Diego, CA,
USA). Statistical significance was defined as p values less than 0.05. Data shown in this
study were expressed as mean values + standard deviation. Two-way analysis of vari-
ance (ANOVA) was performed to evaluate experimental values between groups, whereas
Dunnett’s post-hoc test was used to assess comparisons.

Author Contributions: Conceptualization: C.-C.W., C.-Y.C. and C.-J.C.; Funding acquisition: C.-C.W.,
C.-Y.C. and C.-].C; Investigation: C.-Y.T,, J.-H.H., C.-J. H,, W.-Y.C,, S.-L.L. and Y.-H.K,; Supervision: C.-
J.C.; Writing: C.-C.W. and C.-Y.C,; Editing: C.-].C. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by grants from Taichung Veterans General Hospital (TCVGH-
1066301B, 1096304B, 1106301B) and Feng Yuan Hospital (Hospital and Social Welfare Organizations
Administration Commission)/Ministry of Health and Welfare, Taiwan.

Institutional Review Board Statement: All experimental procedures were performed following the
approval of The Animal Experimental Committee of Taichung Veterans General Hospital IACUC
approval code: La-1051415, IACUC approval date: 23 November 2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Int. . Mol. Sci. 2022, 23, 7197 10 of 11

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Finnerup, N.B.; Kuner, R.; Jensen, T.S. Neuropathic pain: From mechanisms to treatment. Physiol. Rev. 2021, 101, 259-301.
[CrossRef] [PubMed]

Descalzi, G.; Mitsi, V.; Purushothaman, I.; Gaspari, S.; Avrampou, K.; Loh, Y.E.; Shen, L.; Zachariou, V. Neuropathic pain promotes
adaptive changes in gene expression in brain networks involved in stress and depression. Sci. Signal. 2017, 10, 1549. [CrossRef]
[PubMed]

Cavalli, E.; Mammana, S.; Nicoletti, F; Bramanti, P.; Mazzon, E. The neuropathic pain: An overview of the current treatment and
future therapeutic approaches. Int. J. Immunopathol. Pharmacol. 2019, 33, 2058738419838383. [CrossRef] [PubMed]

Chang, S.; Li, X.; Zheng, Y.; Shi, H.; Zhang, Z.; Jing, B.; Chen, Z.; Qian, G.; Zhao, G. Kaempferol exerts a neuroprotective effect to
reduce neuropathic pain through TLR4/NF-«B signaling pathway. Phytother. Res. 2022, 36, 1678-1691. [CrossRef]

Gui, X.; Wang, H.; Wu, L,; Tian, S.; Wang, X.; Zheng, H.; Wu, W. Botulinum toxin type A promotes microglial M2 polarization and
suppresses chronic constriction injury-induced neuropathic pain through the P2X7 receptor. Cell. Biosci. 2020, 10, 45. [CrossRef]
Jurga, A.M.; Piotrowska, A.; Makuch, W.; Przewlocka, B.; Mika, J. Blockade of P2X4 receptors inhibits neuropathic pain-related
behavior by preventing MMP-9 activation and, consequently, pronociceptive interleukin release in a rat model. Front. Pharmacol.
2017, 8, 48. [CrossRef]

Li, X.; Guo, Q.; Ye, Z.; Wang, E.; Zou, W.; Sun, Z.; He, Z.; Zhong, T.; Weng, Y.; Pan, Y. PPAR vy prevents neuropathic pain by
down-regulating CX3CR1 and attenuating M1 activation of microglia in the spinal cord of rats using a sciatic chronic constriction
injury model. Front. Neurosci. 2021, 15, 620525. [CrossRef]

Masuda, T.; Iwamoto, S.; Yoshinaga, R.; Tozaki-Saitoh, H.; Nishiyama, A.; Mak, TW.; Tamura, T.; Tsuda, M.; Inoue, K. Transcription
factor IRF5 drives P2X4R+-reactive microglia gating neuropathic pain. Nat. Commun. 2014, 5, 3771. [CrossRef]

Piotrowska, A.; Kwiatkowski, K.; Rojewska, E.; Slusarczyk, J.; Makuch, W.; Basta-Kaim, A.; Przewlocka, B.; Mika, J. Direct and
indirect pharmacological modulation of CCL2/CCR2 pathway results in attenuation of neuropathic pain—In Vivo and In Vitro
evidence. J. Neuroimmunol. 2016, 297, 9-19. [CrossRef]

Cheng, F,; Qin, W,; Yang, A.X.; Yan, EF,; Chen, Y.; Ma, ].X. Propofol alleviates neuropathic pain in chronic constriction injury rat
models via the microRNA-140-3p/Jagged-1 peptide/Notch signaling pathway. Synapse 2021, 75, €22219. [CrossRef]

Shin, J.W.; Pancaro, C.; Wang, C.F,; Gerner, P. Low-dose systemic bupivacaine prevents the development of allodynia after
thoracotomy in rats. Anesth. Analg. 2008, 107, 1587-1591. [CrossRef] [PubMed]

Suter, M.R.; Berta, T.; Gao, Y.J.; Decosterd, I; Ji, R.R. Large A-fiber activity is required for microglial proliferation and p38 MAPK
activation in the spinal cord: Different effects of resiniferatoxin and bupivacaine on spinal microglial changes after spared nerve
injury. Mol. Pain 2009, 5, 53. [CrossRef] [PubMed]

Xie, W.; Strong, J.A.; Zhang, ].M. Early blockade of injured primary sensory afferents reduces glial cell activation in two rat
neuropathic pain models. Neuroscience 2009, 160, 847-857. [CrossRef] [PubMed]

Zhang, J.; Deng, X. Bupivacaine effectively relieves inflammation-induced pain by suppressing activation of the NF-«B signalling
pathway and inhibiting the activation of spinal microglia and astrocytes. Exp. Ther. Med. 2017, 13, 1074-1080. [CrossRef]
Deruddre, S.; Combettes, E.; Estebe, ].P.; Duranteau, J.; Benhamou, D.; Beloeil, H.; Mazoit, ].X. Effects of a bupivacaine nerve
block on the axonal transport of Tumor Necrosis Factor-alpha (TNF-alpha) in a rat model of carrageenan-induced inflammation.
Brain Behav. Immun. 2010, 24, 652—659. [CrossRef]

Zhang, X.; Xia, L.; Xie, A.; Liao, O.; Ju, F.; Zhou, Y. Low concentration of Bupivacaine ameliorates painful diabetic neuropathy by
mediating miR-23a/PDE4B axis in microglia. Eur. . Pharmacol. 2021, 891, 173719. [CrossRef]

Bennett, G.J.; Xie, YK. A peripheral mononeuropathy in rat that produces disorders of pain sensation like those seen in man. Pain
1988, 33, 87-107. [CrossRef]

Sun, J.; Li, ].Y.; Zhang, L.Q.; Li, D.Y.; Wu, ].Y,; Gao, S.J.; Liu, D.Q.; Zhou, Y.Q.; Mei, W. Nrf2 activation attenuates chronic
constriction injury-induced neuropathic pain via induction of PGC-1a-mediated mitochondrial biogenesis in the spinal cord.
Oxidative Med. Cell. Longev. 2021, 2021, 9577874. [CrossRef]

Liao, M.F;; Hsu, J.L.; Lu, K.T,; Chao, PK,; Cheng, M.Y.; Hsu, H.C; Lo, A.L; Lee, Y.L.; Hung, YH.; Lyu, RK.; et al. Granulocyte
colony stimulating factor (GCSF) can attenuate neuropathic pain by suppressing monocyte chemoattractant protein-1 (MCP-1)
expression, through upregulating the early microRNA-122 expression in the dorsal root ganglia. Cells 2020, 9, 1669. [CrossRef]
Liu, P; Cheng, J.; Ma, S.; Zhou, ]J. Paeoniflorin attenuates chronic constriction injury-induced neuropathic pain by suppressing
spinal NLRP3 inflammasome activation. Inflammopharmacology 2020, 28, 1495-1508. [CrossRef]

Jin, X.H.; Wang, L.N.; Zuo, ]J.L.; Yang, J.P; Liu, S.L. P2X4 receptor in the dorsal horn partially contributes to brain-derived
neurotrophic factor oversecretion and toll-like receptor-4 receptor activation associated with bone cancer pain. J. Neurosci. Res.
2014, 92, 1690-1702. [CrossRef] [PubMed]

Xia, Y.Y.; Xue, M.; Wang, Y.; Huang, Z.H.; Huang, C. Electroacupuncture alleviates spared nerve injury-induced neuropathic pain
and modulates HMGB1/NF-«B signaling pathway in the spinal cord. J. Pain Res. 2019, 12, 2851-2863. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00045.2019
http://www.ncbi.nlm.nih.gov/pubmed/32584191
http://doi.org/10.1126/scisignal.aaj1549
http://www.ncbi.nlm.nih.gov/pubmed/28325815
http://doi.org/10.1177/2058738419838383
http://www.ncbi.nlm.nih.gov/pubmed/30900486
http://doi.org/10.1002/ptr.7396
http://doi.org/10.1186/s13578-020-00405-3
http://doi.org/10.3389/fphar.2017.00048
http://doi.org/10.3389/fnins.2021.620525
http://doi.org/10.1038/ncomms4771
http://doi.org/10.1016/j.jneuroim.2016.04.017
http://doi.org/10.1002/syn.22219
http://doi.org/10.1213/ane.0b013e31818200aa
http://www.ncbi.nlm.nih.gov/pubmed/18931216
http://doi.org/10.1186/1744-8069-5-53
http://www.ncbi.nlm.nih.gov/pubmed/19772627
http://doi.org/10.1016/j.neuroscience.2009.03.016
http://www.ncbi.nlm.nih.gov/pubmed/19303429
http://doi.org/10.3892/etm.2017.4058
http://doi.org/10.1016/j.bbi.2010.01.013
http://doi.org/10.1016/j.ejphar.2020.173719
http://doi.org/10.1016/0304-3959(88)90209-6
http://doi.org/10.1155/2021/9577874
http://doi.org/10.3390/cells9071669
http://doi.org/10.1007/s10787-020-00737-z
http://doi.org/10.1002/jnr.23443
http://www.ncbi.nlm.nih.gov/pubmed/24984884
http://doi.org/10.2147/JPR.S220201
http://www.ncbi.nlm.nih.gov/pubmed/31695479

Int. . Mol. Sci. 2022, 23, 7197

11 of 11

23.

24.

25.

Comez, M.S.; Borazan, Y.; Ozgiir, T; Tsler, C.T.; Cellat, M.; Giiveng, M.; Altug, ML.E. Effects of dexamethasone on bupivacaine-
induced peripheral nerve injection injury in the rat sciatic model. . Investig. Surg. 2021, 34, 1339-1347. [CrossRef] [PubMed]
Kao, TK,; Chang, C.Y;; Ou, Y.C.; Chen, W.Y;; Kuan, Y.H.; Pan, H.C ; Liao, S.L.; Li, G.Z.; Chen, C.J. Tetramethylpyrazine reduces
cellular inflammatory response following permanent focal cerebral ischemia in rats. Exp. Neurol. 2013, 247, 188-201. [CrossRef]
Wu, C.C; Chang, C.Y,; Shih, K.C.,; Hung, C.Y,; Wang, Y.Y; Lin, S.Y.; Chen, W.Y.; Kuan, Y.H.; Liao, S.L.; Wang, W.Y,; et al.
b-Funaltrexamine displayed anti-inflammatory and neuroprotective effects in cells and rat model of stroke. Int. J. Mol. Sci. 2020,
21, 3866. [CrossRef]


http://doi.org/10.1080/08941939.2020.1805053
http://www.ncbi.nlm.nih.gov/pubmed/32781870
http://doi.org/10.1016/j.expneurol.2013.04.010
http://doi.org/10.3390/ijms21113866

	Introduction 
	Results 
	Bupivacaine Alleviated Pain Behaviors 
	Bupivacaine Alleviated Microglia Activation 
	Bupivacaine Alleviated Inflammation in the Spinal Cords 
	Bupivacaine Alleviated Inflammation in the Sciatic Nerve 

	Discussion 
	Materials and Methods 
	Animal Allocation and Treatments 
	Pain Behavioral Measurement 
	Immunohistochemical Examination 
	RNA Isolation and Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
	Western Blot 
	Statistical Analysis 

	References

