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Editorial on the Research Topic
Molecular mechanism of neuroimmune modulation and synaptic
plasticity in acute and chronic pain

As editors of this Research Topic, it was our pleasure to collect a wide range of fascinating
articles and reviews to further our understanding of novel pain-associated molecules and
their signaling pathways, which can be used as therapeutic targets for acute and chronic
pain treatment. In this editorial we recapitulate the major findings and perspectives detailed
within each of the accepted articles.

In the past decades, we have witnessed exciting discoveries that the interaction
between neurons and glial cells contributes to peripheral and central sensitization
of nociceptive circuitry, which governs multiple nociceptive perception and excitatory
synaptic transmission. However, the specific molecular and cellular mechanisms underlying
neuroimmune modulation, synaptic plasticity, and pain behaviors remain elusive and
attract considerable interests. Cheng et al. summarized the latest findings that astrocyte
activation and the alternations in the molecular cascades (such as intracellular kinases,
channels, receptors, and transcription factors) and mechanisms involved in the spinal
dorsal horn and supraspinal structures are dominant steps for the initiation and persistence
of neuropathic pain. Li X. et al. reported that 147 differentially expressed mRNAs
(136 upregulated and 11 downregulated) in the medial prefrontal cortex (mPFC) of
rats with bone cancer pain using high-throughput sequencing of the transcriptome.
Among them, MHCII in the mPFC may be a key biomarker for microglia activation
and neuroinflammation to facilitate antigen processing and further evoke bone cancer
pain. Toll like receptor 9 (TLRY) is an important sensor for danger-associated molecular
patterns (DAMPs) and an indispensable effector of non-sterile/sterile inflammation
among all TLRs. Chen Y. et al. found the robust increase of TLR9 mRNA and
decrease of paw withdrawal mechanical threshold in CFA-treated mice. Both TLR9
antagonism and neuronal TLR9 downregulation in the spinal cord elevated paw withdrawal
mechanical threshold after complete Freunds adjuvant (CFA) injection, demonstrating
the involvement of neuronal TLR9 in the spinal cord in CFA-induced inflammatory
pain. Great attentions have been recently paid to emphasizing and criticallydiscussing
the cGAS-STING cascades, which is required for the elimination of pathogens and
damaged host cells during innate and tumor immunity, as well as inflammatory
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diseases. Wu et al. summarizes the advances made in identifying
the mechanisms underlying the involvement of cGAS-STING
cascades in primary sensory neurons and glia cells in the regulation
of chronic pain with different etiologies, such as low back
pain, bone cancer pain, fractures-associated postoperative pain,
chemotherapy-induced neuropathy and nerve injuries-induced
neuropathic pain, but it continues to be incomprehensible about
our understanding of its diverse functions on chronic pain.

The activation of excitatory pain-related proteins and receptors
is a cardinal feature of nociceptive synaptic plasticity and
sensory neuronal excitability. TMEM100, a two-transmembrane
protein, was recently identified as an effector to disinhibition of
TRPA1 activity in sensory neurons. Wang P. et al. reported that
TMEMI100 co-expressed with TRPA1 and TRPVI in trigeminal
ganglion neurons-innervating the temporomandibular joint and
masseter muscle and their up-regulation of co-expressions was
detected following temporomandibular disorder pain induced by
the inflammation of temporomandibular joint or the trauma of
masseter muscles. Furthermore, specific deficiency of TMEM100
in trigeminal ganglion neurons or local treatment with TMEM100
inhibitor into the temporomandibular joint or masseter muscles
reduced temporomandibular disorder pain and TRPAI activation
in trigeminal ganglion neurons. Collectively, these intriguing
findings demonstrate that TMEMI100 in trigeminal ganglion
neurons causes temporomandibular disorder pain via modulating
the activity of TRPA1 within the TRPA1-TRPV1 complex. A study
by Li W. et al. observed several dorsal root ganglion (DRG)
neurons innervating the ST36 acupoint and ipsilateral hind paw
plantar using retrograde tracing, chemogenetic, morphological,
and behavioral experiments. Suppressing these shared neurons
attenuated CFA-induced inflammatory pain in mice, and elevated
the mechanical pain threshold of ST36 acupoint in the CFA
model. Moreover, most of the shared DRG neurons express
TRPV1, a marker of nociceptive neurons. These results indicate
that the shared nociceptive DRG neurons participate in ST36
acupoint sensitization in CFA-induced chronic pain. Huang et al.
review the recent pathogenesis of synapses dysfunction by Shank3
regulation in Autism spectrum disorder (ASD)-related nociceptive
paresthesia. Also, Li Z. et al. review recent literature focusing on
menthol-related drugs for pathologic pain management in clinical
trials, especially in neuropathic pain, cancer pain, musculoskeletal
pain, as well as postoperative pain, with the purpose to search the
novel therapeutic candidates for pain resolution in clinics.

To achieve molecular and neurobiological insights into the
peripheral sensory neurons in chemotherapy-induced neuropathic
pain, Mao et al. utilized transcriptomic analysis to profile mRNA
and non-coding RNA expression in the DRGs of mice receiving
paclitaxel treatment. They detected 372 differentially expressed
genes in the DRGs of paclitaxel-treated mice. Among them,
there were 8 mRNAs, 3 long non-coding RNAs (IncRNAs),
16 circular RNAs (circRNAs), and 345 microRNAs (miRNAs).
More interestingly, they compared the expression levels of
differentially expressed miRNAs and mRNA in the DRGs of
mice with paclitaxel-induced neuropathic pain against those
evaluated in other models of neuropathic pain induced by
other chemotherapeutic agents, nerve trauma, or diabetes. There
are dozens of shared differentially expressed miRNAs between

Frontiersin Molecular Neuroscience
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paclitaxel and diabetes, but only a few shared miRNAs between
paclitaxel and nerve trauma. Simultaneously, there is no shared
differentially expressed mRNA between paclitaxel and nerve
trauma. These identify that differentially expressed genes in DRGs
vary greatly among neuropathic pain with different etiologies.
Guo et al. discovered that Rmst (rhabdomyosarcoma 2-associated
transcript) as a IncRNA was specifically expressed A#f3" injured
DRG neurons and considerably increased following peripheral
nerve trauma. Disrupting the expression of Rmst in injured DRGs
ameliorated nerve trauma-caused allodynia and blocked Dnmt3a
(DNA methyltransferase 3 alpha) expression, revealing the pivotal
roles of Rmst for neuropathic pain development.

Patients with pain often experience insomnia, depression,
anxiety and cognitive impairments, which is known to be associated
with worsening pain and a serious threat to their quality of
life. One study by Chen S. et al. reported that one night of
sleep deprivation is sufficient to increase nociceptive sensitivity
and cause oxidative insult in rats and humans. One night
of recovery sleep restored basal nociceptive sensitivity in rats
and improved the sleep deprivation-induced increase in pain
intensity in volunteers, but with a slight protection against
oxidative damage. Yet, it remains largely unclear whether sleep
deprivation-induced hyperalgesia is associated with oxidative
stress. Another study by Abdul et al. showed that ventral
tegmental area glutamatergic neurons with projections to nucleus
accumbens are important in chronic constrictive injury (CCI)-
induced neuropathic pain and CFA-induced inflammatory pain
and pain-induced anxiety and depression, providing a promising
mechanism for developing novel therapeutic methods. Also,
Shen et al. gave an overview on the structural functions
implicated in the nociceptive circuitry and advanced emotional
cortex circuitry. They further emphasize the current insights
into sex dimorphism in neuromodulation of pain and related
mental disorders via endogenous dopamine, 5-hydroxytryptamine,
GABAergic inhibition, norepinephrine, and peptide pathways like
oxytocin, as well as their receptors, which is critical for improving
individualized medical care.
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Changes in serum angiogenic
factors among patients with
acute pain and subacute pain
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Screening serum biomarkers for acute and subacute pain is important for
precise pain management. This study aimed to examine serum levels of
angiogenic factors in patients with acute and subacute pain as potential
biomarkers. Serum samples were collected from 12 healthy controls, 20
patients with postherpetic neuralgia (PHN), 4 with low back pain (LBP),
and 1 with trigeminal neuralgia (TN). Pain intensity in these patients was
evaluated using the visual analog scale (VAS). The serum concentrations of 11
angiogenic biomarkers were examined by Milliplex Map Human Angiogenesis
Magnetic Bead Panel 2. The pain assessment from VAS showed that all
patients showed moderate and severe pain. Among 11 angiogenic factors,
osteopontin (OPN), thrombospondin-2 (TSP-2), soluble platelet endothelial
cell adhesion molecule-1 (sPECAM-1), soluble urokinase-type plasminogen
activator receptor (suPAR), and soluble epidermal growth factor receptors
(sErbB2) were up-regulated and soluble interleukin-6 receptor a (slL-
6Ra) were down-regulated in patients with pain compared to the healthy
participants (all P-values were < 0.005). Moreover, a linear regression model
showed that the serum OPN concentration was correlated with pain intensity
in patients with PHN (P = 0.03). There was no significant difference between
the serum concentration of soluble epidermal growth factor receptors,
sErbB3, soluble AXL, tenascin, and soluble neuropilin-1 in patients with acute
and subacute pain and that of healthy controls. The results of this study
provided new valuable insights into our understanding of angiogenic factors
that may contribute to as mechanistic biomarkers of pain, and reveal the
pathophysiological mechanism of pain.

Clinical Trial Registration: www.chictr.org.cn, identifier ChiCTR2200061775.

angiogenic factors, acute pain, postherpetic neuralgia, low back pain, trigeminal
neuralgia, TSP-2

Introduction

Pain may be conceived as a disease in conditions, such as fibromyalgia or non-
specific low back pain (LBP) (Reckziegel et al,, 2019; Treede et al., 2019). More
popularly, pain is a leading complaint in some diseases such as postherpetic neuralgia
(PHN), trigeminal neuralgia (TN), peripheral nerve injury, painful polyneuropathy, etc.
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(Scholz et al., 2019; Treede et al., 2019). The cost of acute or
subacute pain due to direct medical treatment and productivity
lost represents a heavy economic burden. Moreover, therapeutic
management of pain is challenging, and complete relief is
uncommon, owing to efficacy limitations of current treatments
(Scholz et al, 2019). It is also intricately related to opiate
addiction and has a significant impact on disability and overdose
deaths. To combat these massive societal burdens, more effort
is required to develop novel tools and therapies for combating
chronic pain and reducing reliance on opiates for managing
chronic pain (Reckziegel et al., 2019). This effort has emphasized
the urgent need to develop validated biomarkers, with the
assumption that such biomarkers would, in turn, facilitate
mechanically driven development of novel therapies (Reckziegel
et al., 2019). The current study aim to identify new biomarkers
for acute and subacute pain by examining blood samples of
patients with pain, and to identify clues for pain pathogenesis.

Angiogenesis, which is the formation of new blood
vessels from the endothelium of the existing vasculature,
is a fundamental process that occurs in physiological and
pathophysiological conditions (Sajib et al., 2018). Insufficient
or excessive blood vessel growth underlies many diseases,
including cardiovascular and cerebrovascular diseases,
osteoarthritis and cancer (Lawton et al, 2015; Viallard
and Larrivée, 2017; Sajib et al., 2018). Normal angiogenesis and
angiogenic signaling in pathological conditions are mediated
by soluble growth factors, membrane-bound receptors, and
cell-cell and cell-matrix interactions (Sajib et al., 2018). These
factors may also play a role in pain pathogenesis by enhancing
inflammation and inappropriate sensory innervation of local
tissues (Mapp and Walsh, 2012). Angiogenesis-related signaling
factors such as interleukin-18 (IL-1B), IL-6, tumor necrosis
factor-a, and cyclooxygenase 2 are known to contribute to pain
hypersensitivity by inducing the production of prostaglandins
and other proalgesic agents, which activate nociceptors (Mafu
et al,, 2018). Moreover, previous studies have shown that
angiogenesis contributes to pain in osteoarthritis patients and
shoulder pain of breast cancer survivors (Mapp and Walsh,
2012; Mafu et al., 2018). All of the above studies shed light on
the role of angiogenesis in pain pathogenesis.

We examined the serum levels of 11 angiogenic factors
in patients with PHN, LBP, or TN using the Millipore
Milliplex Map Human Angiogenesis Magnetic Bead Panel
2 assay and evaluated the correlations of these factors
with pain intensity in PHN patients. These 11 angiogenic
factors included osteopontin (OPN), thrombospondin-2
(TSP-2), soluble platelet endothelial cell adhesion molecule-
1 (SPECAM-1),
activator receptor (suPAR), soluble epidermal growth factor
receptors (SEGFR/sHER1/sErbB1), soluble human epidermal
growth factor receptor 2 (sEGFR2/sErbB2s/HER2), sErbB3
(sEGFR3/sHER3), soluble interleukin-6 receptor o (sIL-
6Ra), soluble AXL (sAXL), tenascin C (TN-C), and soluble

soluble  urokinase-type  plasminogen
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neuropilin-1 (sNRP-1). We will observe the expression levels
of their homologous genes in the dorsal root ganglion (DRG),
spinal cord, and the key parts of the sensory nervous system
using a mouse neuropathic pain model in the next step.

Methods

Patients

All the participants were recruited from the Tianjin Union
Medical Centre, Tianjin, China. There were 20 patients with
PHN, 4 with LBP, and 1 with TN. All the patients were diagnosed
by clinically qualified doctors. Twelve age-matched healthy
participants without pain-related diseases or conditions were
enrolled from the physical examination center of the Tianjin
Union Medical Centre. Baseline characteristics (age and sex)
of the participants are listed in Table 1. All the patients were
notified of no analgesic medication 24 h before the study
visit. Ethical approval for this research was approved by the
ethical committee of Tianjin Union Medical Centre (approval
number: 2016-B08).

Pain assessment

All the patients and healthy participants completed a visual
analog scale (VAS) questionnaire for pain. The participants
were asked to rate their current pain intensity on a VAS,
ranging between “0-10.” A VAS of “0” represents “no pain”;
“1-3” represents mild tolerable pain; “4-6” represents moderate
tolerable pain and sleep was disturbed. A VAS pain score from
of “7-10” represents intense intolerable pain and both sleep and
diet were disturbed.

Serum preparation

Blood samples from the participants were collected into
10 mL sterile tubes containing no additives. The samples were
immediately centrifuged at 1,000 x g for 10 min and sediment-
free serum samples were obtained, aliquoted, and frozen at
-80°C until further analysis.

TABLE 1 Baseline characteristics of healthy controls and patients with
PHN, LBP, or TN.

HC PHN LBP TN
Total, n 12 20 4 1
Gender (M/F) 6M/6F 11M/9F 3M/1F 1F
Mean age in years, range ~ 66.7 (50-82)  74.8 (60-85)  76.5 (73-81) 64

HC, healthy controls; PHN, postherpetic neuralgia; LBP, low back pain; TN, trigeminal
neuralgia; M, male; F, female.
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Milliplex map assay for angiogenic
factors

Serum concentrations of the 11 angiogenic factors (OPN,
TSP-2, sSPECAM-1, suPAR, sHER2, sIL-6Ra, sEGFR, sHER3,
sAXL, TN-C, and sNRP-1) were measured by commercially
available Milliplex Map Human Angiogenesis Magnetic Bead
Panel 2 assay (EMD Millipore, Darmstadt, Germany). The
serum samples were diluted to 1:5 before use. All procedures
were carried out according to manufacturer’s the instructions
and all the samples were tested along with the quality controls
and standard samples provided in the kit. After all steps
were completed, the 96-well plate was placed onto Luminex®
200™ and analyzed using the Bio-Plex Manager software.
The equipment settings were provided in the instruction book.
Results were expressed in nanogram per milliliter (ng/mL) for
the serum levels.

Statistical analysis

Serum levels of the angiogenic factors were evaluated
using absolute concentration values. Data are reported as
mean =+ standard error of the mean (SEM). Comparisons of each
angiogenic factor between the patients with pain and healthy
controls was performed using the Student’s ¢-test.

Correlations between the concentration of the angiogenic
factors and pain intensity or duration in patients with PHN
were determined using linear regression analysis. The F-test
was used to determine statistical significance, with P < 0.05
considered as significant. Spearman’s order correlation was
performed to examine the correlation and calculate the
correlation coefficients.

All analyses were performed using Statistical Package for
the Social Sciences (SPSS; Chicago, IL, United States). Statistical
significance was set at P < 0.05.

Results

Descriptive characteristics

Descriptive characteristics of the patients are shown in
Table 1. Male and female patients were enrolled randomly in
each group (Table 1). All the patients were aged > 55 years. Pain
duration varied among the patients (Table 2). According to the
classification of acute, subacute and chronic pain, most patients
with PHN were classified as having acute pain with a duration
less than 3 months. There was only one patient with subacute
pain and two with chronic pain in the PHN patients. There was
one LBP patient with acute pain and three LBP patients with
subacute pain. One patient with TN was classified as having
subacute pain. All the patients experienced medium to severe
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TABLE 2 Classification of patients with pain as acute, subacute,
and chronic pain.

Numbers
Acute pain (0-3 m) 15
PHN Subacute pain (3-6 m) 2
Chronic pain (>6 m)
Acute pain (0-3 m) 1
LBP Subacute pain (3-6 m) 3
Chronic pain (>6 m) 0
Acute pain (0-3 m) 0
TN Subacute pain (3-6 m) 1
Chronic pain (>6 m) 0

PHN, postherpetic neuralgia; LBP, low back pain; TN, trigeminal neuralgia.

15
kkk
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, - : : :
HC PHN LBP TN

FIGURE 1

Comparison of visual analog scale (VAS) in healthy controls and
patients with postherpetic neuralgia (PHN), low back pain (LBP),
or trigeminal neuralgia (TN). ***P < 0.001.

pain (Figure 1). The mean VAS was 8.7 in the PHN patients and
6.3 in the LBP patients, respectively. The mean VAS score of the
TN patient was 10.

Levels of serum angiogenic factors in
the postherpetic neuralgia and low
back pain patients

The mean £ S.E.M. levels of the serum angiogenic factors
are shown in Table 3. Serum OPN, TSP-2, sPECAM-1, suPAR,
and sErbB2 levels were significantly higher in patients with PHN
(Figures 2A-E), while the serum sIL-6Ra levels were lower
in the PHN patients than in the healthy controls (Figure 2F).
Similarly, in patients with LBP, serum levels of TSP-2, sSPECAM-
1, sHER?2, and suPAR were significantly increased, while serum
sIL-6Ra levels were significantly decreased compared to those in
the healthy control group (Figures 2B-F). However, the serum
OPN level in patients with LBP didn’t differ from those in
the healthy controls (Figure 2A). The serum concentrations of
OPN, TSP-2, sPECAM-1, sErbB2, and suPAR in TN patients
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TABLE 3 Serum levels of angiogenic factors in healthy controls and patients with PHN, LBP, or TN.

HC (N=12) PHN (N = 20) LBP (N =4) TN (N=1)

X + SEM X & SEM P X + SEM P X
OPN (ng/mL) 6.94 +1.02 12.45 £ 1.31 0.007** 10.14 £ 1.63 0.16 1.00
TSP-2 (ng/mL) 437 £0.94 16.02 £+ 2.02 0.0007%*%* 2232 +6.24 0.002** 21.82
sPECAM-1 (ng/mL) 4.85 £ 0.20 8.54 + 0.41 0.0000%** 8.52+0.73 0.0000%** 8.12
suPAR (ng/mL) 6.22 +0.44 13.81 £ 1.31 0.0002%** 14.62 £ 3.19 0.001** 18.33
sHer2 (ng/mL) 5.48 +0.22 7.25 4+ 0.36 0.002** 7.54 + 0.69 0.004** 8.04
sIL-6Ra (ng/mL) 37.24+2.03 27.73 £191 0.004** 25.74 +£0.42 0.009** 31.20
sEGFR (ng/mL) 1.65 £ 0.18 1.28 £0.13 0.13 1.21 £0.35 0.28 1.34
sHer3 (ng/mL) 5.34 +0.78 5.09 +0.36 0.76 4.09 £ 0.58 0.42 2.65
sAxl (ng/mL) 2.38 +0.26 2.87 +0.21 0.16 1.67 +0.18 0.17 2.68
TN-C (ng/mL) 4.81 £0.37 5.92 +0.41 0.08 5.94 + 1.47 0.34 6.54
sNRP-1 (ng/mL) 343.25 4 46.38 304.39 = 31.54 0.49 290.53 +41.74 0.57 713.12

**P < 0.01; P < 0.001.

HC, healthy controls; PHN, postherpetic neuralgia; LBP, low back pain; TN, trigeminal neuralgia; OPN, osteopontin; TSP-2, thrombospondin-2; sSPECAM-1, soluble platelet endothelial
cell adhesion molecule-1; suPAR, soluble urokinase-type plasminogen activator receptor; sHER2, soluble human epidermal growth factor receptor 2; sIL-6Ra, soluble interleukin-

6 receptor o; SEGFR, soluble epidermal growth factor receptors; sHER3, soluble human epidermal growth factor receptor 3; sAXL, soluble AXL; TN-C, tenascin C; sNRP-1,

soluble neuropilin-1.

were higher than those in the healthy controls (Figures 2A-
E), while serum sIL-6Ra in the TN patient was lower than the
mean value of the healthy controls (Figure 2F). The other five
angiogenic factors, including sEGFR, sErbB3, sAXL, TN-C, and
sNRP-1 didn’t show any significant differences in patients with
pain compared to the healthy controls (Figures 2G-K).

Associations between angiogenic
factors and visual analog scale in the
postherpetic neuralgia patients

The altered angiogenic factors including OPN, TSP-2,
sPECAM-1, sHER2, suPAR, and sIL-6Ra in the PHN patients
were further analyzed according to pain intensity and duration
(Figure 3). We found that only serum OPN level was
significantly correlated with VAS scores in the patients with
PHN (P = 0.03, Figure 3A). The correlation coefficient between
serum OPN level and VAS scores in patients with PHN
was 0.49. Other factors were not significantly correlated with
VAS in the PHN patients although higher levels of TSP-2,
sPECAM-1 sErbB2, suPAR and a lower level of sIL-6Ra were
found in the serum of PHN patients (Figures 3B-F). None of
these angiogenic factors were significantly correlated with pain
duration (Figures 4A-F).

Discussion

The objective of this study was to compare the levels of
angiogenic factors in the sera of patients with pain and healthy

Frontiers in Molecular Neuroscience

11

controls. We found that higher levels of OPN, TSP-2, sSPECAM-
1, sErbB2, and suPAR and lower levels of sIL-6Ra were up-
regulated and sIL-6Ra were down-regulated in those patients
with pain compared to the healthy participants. Moreover,
serum OPN levels were correlated with pain intensity in patients
with PHN. These angiogenic factors may be involved in the
pathogenesis of pain, and their soluble part in the blood can
serve as biochemical indicators of acute or subacute pain.

Function of osteopontin in health and
disease

The biological functions of OPN are diverse as it can
be beneficial for wound healing, bone homeostasis, and
extracellular matrix function, and deleterious in cardiovascular
diseases, cancer, diabetes, and kidney stone diseases (Icer and
Gezmen-Karadag, 2018; Lamort et al., 2019). Circulating OPN
has also been indicated in some pain conditions as elevated
plasma OPN levels have been found in patients with pain
and unstable angina or multiple sclerosis (Soejima et al.,
2006; Agah et al, 2018). A statistically significant correlation
between OPN in synovial fluid and pain has been found
in symptomatic patients with primary knee osteoarthritis
and in patients who underwent anterior cruciate ligament
reconstruction surgery (Yamaga et al., 2012; Calvet et al,
2018). Osteopontin has been reported to upregulate the
expression of IL-6 and IL-8 cytokines in chondrocytes isolated
from human osteoarthritis knee cartilage (Yang et al., 2014).
Moreover, OPN in the peripheral DRG may contribute to
the mechanisms of neuropathic pain. In the DRG, 25% of
neurons were immunoreactive for OPN. These neurons were
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mostly large and exhibited parvalbumin-immunoreactivity, but
not calcitonin gene-related peptide immunoreactivity (Ichikawa
et al,, 2000). Nerve injury induced an increase in OPN in
DRG sensory neurons, and OPN knockout reversed mechanical
hypersensitivity in mice with neuropathic pain (Ichikawa et al.,
2000; Marsh et al, 2007). In the present study, we found
an increased OPN levels in the sera of patients with PHN,
which was positively associated with pain intensity in the PHN
patients. This strongly supports that OPN exerts a role in
pain pathogenesis, which may serve as a potential target for
pain management.

Function of PECAM-1 in health and
disease

Platelet endothelial cell adhesion molecule-1, also called
CD31, is a 130-kDa protein belonging to the Ig superfamily;
it has distinct variants and therefore different isoforms which
allow diversity of PECAM-1 functions, including inflammation,
angiogenesis and vascular development (Kalinowska and Losy,
2006). Splicing of exon 9, which encodes the transmembrane
domain, results in the formation SPECAM-1, a soluble form
of PECAM-1 (Goldberger et al., 1994) may result in PECAM-1
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inhibition (Kalinowska and Losy, 2006). Thus, PECAM-1
is also involved in pain. For example, the sevenfold higher
density of PECAM-1-positive capillaries in the cell body-
rich area of mouse DRG than in the cell fiber-rich area of
the DRG or the sciatic nerve facilitated many potentially
neurotoxic agents by preferentially accumulating and injuring
cells within the DRG, thereby inducing peripheral sensory
2008).
PECAM-1 may also contribute to spinal mechanisms of

neuropathy (Jimenez-Andrade et al, Moreover,
pain because peripheral nerve injury induces an increase in
PECAM-1 immunoreactivity in related spinal cord (Rutkowski
et al., 2002; Sweitzer et al., 2002). In the blood circulation,
PECAM-1 may mediate the analgesic effect of endomorphin
on inflammatory pain by recruiting immunocytes containing
B-endorphin to sites of painful inflammation (Sweitzer
et al, 2002). The above studies have suggested various
roles of PECAM-1 in multilevel pain transmission and
various pain conditions. Herein, we found an increase
in serum sPECAM-1 levels in patients with pain. Soluble
PECAM-1, which may originate from endothelial cells,
along with PECAM-1, may result in altered immune cell-
endothelial cell interactions and thus, affect pain behaviors
under pain conditions (Goldberger et al., 1994; Onore et al,
2012).
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Function of ErbB2 in health and disease

ErbB2 is a member of the EGFR family of receptor tyrosine
kinases, which comprises ErbB1/EGFR/HERI, ErbB2/HER?2,
ErbB3/HER3, and ErbB4/HER4 (Moasser, 2007; Ho et al., 2017).
ErbB2 is thought to be an oncogene and has become a target
for a number of targeted anti-cancer drugs (Moasser, 2007; Al-
Dasooqi et al., 2009). Soluble ErbB2, generated from ErbB2
proteolytic cleavage, includes only the extracellular domain of
ErbB2 (Perrier et al., 2018). Soluble HER2 has been detected in
the blood of cancer patients, and anticancer strategies targeting
it are being developed (Dokala and Thakur, 2017; Perrier
et al., 2018). In the present study, we found an increase in
sErbB2 but not in sErbBl or sErbB3 in patients with pain.
Clinical and experimental studies have shown that EGFR/ErbB1
inhibitors can relieve neuropathic and breast cancer-related pain
(Kaufman et al., 2010; Kersten and Cameron, 2012; Kersten
et al., 2013, 2015, 2019; Martin et al., 2017; Wang et al., 2019).
Moreover, EGFR/ErbB1 has been implicated in peripheral
mechanisms of neuropathic pain (Martin et al., 2017; Wang
et al., 2019). Therefore, ErbB2 signaling may be involved in the
pathogenesis of pain. However, further studies are required to
support this hypothesis.

Function of IL-6 in health and disease

Interleukin-6 is a key cytokine in many inflammatory and
autoimmune diseases and IL-6, as well as IL-6 signaling, have
been implicated in pain pathogenesis (Kawasaki et al., 2008;
Assier et al., 2010; Boettger et al., 2010; Rendina et al., 2018).
The IL-6 receptor is a heterodimer composed of an o chain
(IL-6Ra) and a transmembrane chain gp130. Interleukin-6
can also induce cell signaling via sIL-6Ra which is generated
by proteolysis of the transmembrane form of IL-6Ra, or by
alternative splicing of the messenger RNAs for the o chain.
Soluble IL-6Ra allows cells that do not express IL-6Ra to
respond to IL-6 (Assier et al., 2010). Increased sIL-6R levels
have been found in the sera of Paget disease patients with
LBP, suggesting an enhanced transmission of IL-6 signaling in
the specialized neural system linked to irregular perception in
these patients (Rendina et al., 2018). In DRGs, IL-6 and IL-
6R mRNA are expressed in DRG neurons and satellite glial
cells, and are significantly elevated in response to peripheral
nerve injury (Brdzda et al, 2013). Moreover, IL-6, as well
as sIL-6Ra, induced long-lasting robust sensitization of joint
nociceptors to mechanical stimuli in an experimental arthritis
model (Boettger et al, 2010). Spinal injection of sIL-6Ra
produces heat hyperalgesia and sIL-6Ra and IL-6 enhance spinal
central sensitization (Kawasaki et al., 2008). All these studies
provide strong evidence of the close correlation between IL-
6 signaling and pathological pain development. Currently, we
observed decreased levels of sIL-6Ra in the sera of patients with
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pain. As a high level of sIL-6Ra is indicative of inflammation
and increased nociception, sIL-6Ra levels in these patients with
acute or subacute pain conflicts with our expectation. A study
on a monoclonal antibody (tocilizumab) to transmembrane
and sIL-6Ra showed that tocilizumab was effective in patients
with rheumatoid arthritis although tocilizumab increased serum
levels of IL-6 and sIL-6Ra. It has been suggested that sIL-6Ra is
taken up by immune complexes which might increase the half-
life of IL-6Ra and sIL-6Ra (Nishimoto et al., 2008). Therefore,
an unidentified complex may be responsible for the decrease in
sIL-6Ra levels in the blood of patients with pain observed in
the current study.

Function of uPAR in health and disease

Urokinase-type plasminogen activator receptor is a glycosyl-
phosphatidylinositol-anchored =~ membrane  glycoprotein
belonging to the plasminogen activator system (Irigoyen et al.,
1999; Thune et al., 2009). Soluble uPAR, a free soluble receptor,
is cleaved from uPAR. Soluble uPAR levels can be determined
in the blood and have been used as biomarkers for chronic
inflammatory conditions (Thung et al., 2009). Elevated serum
suPAR levels have been found in patients with chest pain
osteoarthritis and migraine with attacks and aura (Tang et al.,
2010; Lyngbeek et al., 2013; Yilmaz et al., 2017). Similarly, we
postulate that suPAR and its related plasminogen activator
system may be involved in the pathogenesis of pain. Urokinase-
type plasminogen activator receptor mRNA was found in small
and large DRG neurons (Hayden and Seeds, 1996; Siconolfi and
Seeds, 2001). Sciatic nerve crush leads to elevated expression of
uPAR, tissue-type plasminogen activator (tPA), and urokinase
plasminogen activator (uPA) in DRG neurons (Siconolfi and
Seeds, 2001). In the future, it will be important to determine
the underlying mechanisms for the release of suPAR into
circulation under acute or subacute pain conditions and to
investigate the role of the plasminogen activator system in acute
pain or subacute pain development.

Function of TSP-2 in health and disease

Thrombospondin-2, a matricellular glycoprotein of the
thrombospondin family, regulates multiple biological functions,
including proliferation, angiogenesis, cell adhesion, and
extracellular matrix modeling (Bornstein et al., 2000; Adams
and Lawler, 2011). High TSP-2 levels in human sera and tissues
have been reported in various patients (Neuschwander-Tetri
et al.,, 2006; Farrow et al., 2009; Naumnik et al., 2015; Liu
et al, 2018). Herein, we demonstrated a high serum TSP-2
level in patients with pain. Although the exact mechanisms
linking serum TSP-2 and pain conditions are not well-
understood, it has been found that TSP-4, another member of
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the thrombospondin family, contributes to spinal centralization
by regulating the calcium channel Cava23-1 in the spinal
dorsal horn (Park et al, 2016). Therefore, investigation of
TSP-2 expression and the local effects of TSP-2 in the pain
pathway may provide clues on how TSP-2 is involved in
pain pathogenesis.

We found significant changes in OPN, TSP-2, sPECAM-1,
sErbB2, suPAR, and sIL-6Ra levels in the serum of patients with
pain. Moreover, the serum OPN concentration may indicate
pain severity. The results from this study provide new valuable
insights into our understanding of angiogenic factors that may
contribute to mechanistic biomarkers of pain to reveal the
pathophysiological mechanisms of acute and subacute pain.

Summary

The present study showed significant changes in OPN,
TSP-2, sSPECAM-1, sErbB2, suPAR, and sIL-6Ra levels in the
serum of patients with pain, especially with PHN. Moreover,
the serum OPN concentration may indicate pain severity.
Based on our findings, we hypothesized that elevated levels of
circulating angiogenic factors contribute to the development of
pain pathogenesis. Further studies should focus on their local
effects and functions in the pain pathway, such as in the dorsal
root ganglion and spinal cord, to determine their contribution
to pain pathogenesis. To date, the expression of genes encoding
these altered angiogenic factors has been found to be increased
in the injured DRG in an experimental neuropathic pain
model based on RNA-sequencing analysis (Wu et al., 2016).
However, it needs to be noted that the correlation of circulating
angiogenic factors and their local expression is not always
consistent. For example, investigation of EGFR and AXL in
DRG sensory neurons showed that they are involved in the
peripheral mechanism of neuropathic pain although we didn’t
observe a significant change in sEGFR and sAXL in the sera
of patients with pain (Martin et al., 2017; Wang et al., 2019).
Therefore, serum indices unquestionably enlighten some ideas
on pain pathogenesis, but further experimental animal studies
need to be performed to explore precise mechanisms.

Study limitations

A limitation of our study was the study group selection.
Healthy controls were chosen from among age-matched elderly
individuals who may have various other diseases, which may
have affected serum angiogenic factor concentrations. Another
limitation of this study was the inadequate number of patients,
especially those with LBP and TN. We recruited only one patient
with TN; therefore, the data could not be statistically analyzed.
Further large-scale studies are required to define the role of these
markers in patients with pain.
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Background and purpose: Trigeminal neuralgia is a common condition that
is associated with severe pain, which seriously affects the quality of life
of patients. When the efficacy of drugs is not satisfactory or adverse drug
reactions cannot be tolerated, minimally invasive interventional therapy has
become an important treatment because of its simple operation, low risk, high
repeatability and low cost. In recent years, minimally invasive interventional
treatments, such as radiofrequency thermocoagulation (RF) of the trigeminal
nerve and percutaneous microcompression (PMC), have been widely used
in the clinic to relieve severe pain in many patients, however, some related
problems remain to be addressed. The Pain Association of the Chinese
Medical Association organizes and compiles the consensus of Chinese
experts to standardize the development of minimally invasive interventional
treatment of trigeminal neuralgia to provide a basis for its clinical promotion
and application.

Materials and methods: The Pain Association of the Chinese Medical
Association organizes the Chinese experts to compile a consensus. With
reference to the evidence-based medicine (OCEBM) system and the actual
situation of the profession, the Consensus Development Committee adopts
the nominal group method to adjust the recommended level.

Results: Precise imaging positioning and guidance are the keys to ensuring
the efficacy and safety of the procedures. RF and PMC are the most widely
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performed and effective treatments among minimally invasive interventional
treatments for trigeminal neuralgia.

Conclusions: The pain degree of trigeminal neuralgia is severe, and a variety
of minimally invasive intervention methods can effectively improve symptoms.
Radiofrequency and percutaneous microcompression may be the first choice

for minimally invasive interventional therapy.

trigeminal

neuralgia,

radiofrequency  thermocoagulation, percutaneous

microcompression, neuropathic pain, headache

Overview

Trigeminal neuralgia is a common condition that is
associated with severe pain, which seriously affects the quality of
life of patients. When the efficacy of drugs is not satisfactory or
adverse drug reactions cannot be tolerated, minimally invasive
interventional therapy has become an important treatment
because of its simple operation, low risk, high repeatability
and low cost. In recent years, minimally invasive interventional
treatments, such as RF of the trigeminal nerve and PMC,
have been widely used in the clinic to relieve severe pain
in many patients, however, some related problems remain
to be addressed.

In order to standardize the development of minimally
invasive interventional treatment for trigeminal neuralgia and
provide a basis for its clinical promotion and application, The
pain Association of Chinese Medical Association organized
Chinese experts to compile a consensus with reference to
evidence-based medicine (OCEBM) system and the actual
situation of the profession, using the nominal grouping method
to adjust the recommendation level (Table 1).

Definition

Trigeminal neuralgia is a typical neuropathic pain. ICD-
11(International Classification of Diseases11) defines trigeminal
neuralgia as “a unilateral disease characterized by transient
electrical shock-like pain, with sudden onset and resolution, and
the location of the pain is limited to one or more innervation
areas of the trigeminal nerve” (Jones et al., 2019; Scholz et al,,
2019a).

Epidemiology

Approximately 12-29/100,000 people suffer from trigeminal
neuralgia every year (Tai and Nayar, 2019). The incidence

Abbreviations: RF,  radiofrequency
Percutaneous microcompression.

thermocoagulation;  PMC,
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among women (5.9/100,000) is slightly higher than that among
men (3.4/100,000) (Obermann and Katsarava, 2009). Trigeminal
neuralgia can appear for the first time at any age, but more
than 90% of cases have an onset age after 40, and the peak age
is between 50 and 60 years old (MacDonald et al., 2000).The
right side of the face is more affected than the left side
(Cruccu et al., 2020).

Pathogenesis

Trigeminal neuralgia is mainly divided into primary and
secondary neuralgia. Primary neuralgia is divided into classic
and idiopathic trigeminal neuralgia. The mechanism of primary
trigeminal neuralgia is unknown. The main hypothesis of
classic trigeminal neuralgia is that the trigeminal nerve root
is compressed by abnormal blood vessels, which causes
morphological changes in the trigeminal nerve. This may
be related to ectopic impulses caused by demyelination
and remyelination of the trigeminal nerve after compression
(Cruccu et al., 2016; Tai and Nayar, 2019).Secondary trigeminal
neuralgia is caused by identifiable diseases, such as trauma,

tumors, viruses, and infections.

Diagnosis and treatment
Clinical manifestations

Trigeminal neuralgia is characterized mostly by a chronic
course of illness that gradually worsens, and there may be
a period of symptomatic relief. The pain is located in the
distribution area of one or more branches of the unilateral
trigeminal nerve. The nature of the pain is mostly that
of an electric shock or knife cut that is. characterized by
a paroxysmal onset and sudden cessation. The duration is
usually several seconds to several minutes, and there is no
pain in the intermittent period. Chewing, brushing, and
touching can trigger pain. On physical examination, the

“trigger point” can be elicited in the area of pain; trigger
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TABLE 1 Oxford University Center for Evidence-Based Medicine (OCEBM) evidence level and recommendation level standard.

Level of evidence Definition

la Systematic review of randomized controlled trials (homogeneity)

1b Individual randomized controlled trials (narrow confidence interval)

1c When all patients died before the measure was introduced, but some patients now survive on it.

2a Systematic review of cohort studies (homogeneity)

2b Individual cohort studies (including low-quality randomized controlled trials; e g., follow-up rate < 80%)

2¢ A study of the outcome; an ecological study

3a Systematic review of case-control studies (homogeneity)

3b Individual case-control study

4 Case series (and poor-quality cohort studies and case-control studies)

5 Lack of clear and strictly evaluated expert advice, or derived from physiology, laboratory research, or “first principles”
Level of recommended Definition

A Evidence of consistent level 1

B Consistent level 2 or 3 evidence, or extrapolation based on level 1 evidence. (“extrapolation” means that data are applied to situations with potentially

clinically important differences rather than the original research)

C Level 4 evidence, or extrapolation based on level 2 or 3 evidence

Level 5 evidence, either inconsistent or inadequate research (any level)

OCEBM, Oxford University Center for Evidence-Based Medicine.

points are mostly located beside the nose, upper and
lower lips, and gums.

Imaging examination

Head CT or MRI can determine whether there is secondary
trigeminal neuralgia caused by intracranial lesions, such as
cerebellopontine angle-occupying lesions (1b evidence level,
A level recommendation) (Chun-Cheng et al., 2009). Three-
dimensional time-of-flight magnetic resonance angiography
(3D-TOFMRA) can help clarify the anatomical relationship
between the trigeminal nerve root and surrounding blood
vessels(2b evidence level, B level recommendation) (Cha et al.,
2011). Although it cannot be used as a diagnostic basis for
primary trigeminal neuralgia, it can help guide the formulation
of treatment plans (Bendtsen et al., 2020).

Diagnosis and differential diagnosis

The diagnosis of primary trigeminal neuralgia is mainly
based on clinical manifestations. You can refer to the following
diagnostic criteria for trigeminal neuralgia in ICHD-3 of the
International Headache Association:

(1) Recurrent unilateral pain occurs in one or more branches
of the trigeminal nerve, does not involve the trigeminal
nerve outside the distribution area, and fully meets the

criteria of (2) and (3).

(2) Pain meets all of the following characteristics:
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@ It lasts from a few tenths of a second to 2 min;

@ Severe pain;

® The nature of the pain is lightning, electric shock,
acupuncture or sharp pain.

Harmless stimuli on the affected side can induce pain.

Other ICHD-3 diagnoses cannot provide a better
explanation for the pain.

The differential includes

neuralgia, sphenopalatine neuralgia, cluster headache, atypical

diagnosis glossopharyngeal

facial pain, and temporomandibular joint pain.

Treatment

If the effect is not satisfactory or an adverse drug reaction
cannot be tolerated, the choices for the treatment of trigeminal
neuralgia include minimally invasive intervention, surgery, and
gamma knife treatment.

(1) Drug treatment: Carbamazepine is the first-line choice,
followed by oxcarbazepine. To avoid the risk of serious
adverse reactions, it is recommended that drug genetic tests be
performed before taking the drug when possible. If the patient
cannot tolerate the side effects of the above drugs, other drugs
can be used, such as pregabalin, gabapentin, phenytoin and
sodium valproate. If the pain is persistent, a combination of
medications can be used.

(2) Minimally invasive interventional treatment: Therapies
include image-guided trigeminal nerve branch block or RF
therapy, trigeminal nerve semilunar ganglion RE, chemical
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damage, or PMC. A minimally invasive interventional treatment
technique is easy to perform, causes less trauma, is less costly
and reliable. The main complications are hypoesthesia, keratitis,
and masticatory muscle disorders.

(3) Surgical treatment: Surgeries include trigeminal nerve
MVD, selective trigeminal nerve sensory roototomy, and
peripheral neurotomy. MVD may be a non-destructive but
highly traumatic surgical method for trigeminal neuralgia,
with high immediate satisfaction of patients, a low incidence
of postoperative complications such as facial numbness and
weakness in mastication, and a complete pain relief rate of more
than 90% after surgery, and 71% after 10 years (Sarsam et al.,
2010). However, patients need to bear the risk of craniotomy,
and high treatment costs, and frail elderly patients with more
comorbidities have a higher risk. Surgical risks mainly include
loss of facial sensation, hearing loss, cerebrospinal fluid leakage,
and cerebellar hematoma.

(4) Gamma knife treatment: Gamma knife treatment for
trigeminal neuralgia is widely used in the clinic, but there are
few randomized controlled trials in clinical studies. Gamma
knife treatment often does not relieve pain immediately and can
take 1-2 months. At 3, 5, 7, and 10 years after treatment, the
probabilities of remaining pain-free without the use of drugs
were 77.9%, 73.8%, 68%, and 51.5%, respectively; the incidence
of facial sensory disturbances was 20.8% (Régis et al., 2016).

(5) Other treatments include acupuncture, traditional
Chinese medicine, and botulinum toxin injection.

Minimally invasive interventional
therapy

Radiofrequency treatment

The common method of percutaneous RF involves puncture
through the foramen ovale to reach the semilunar ganglion and
temperature control to thermally coagulate the trigeminal nerve
(Rabb and Cheema, 2015).

Sweet (1974) first reported that RF was used to treat
primary trigeminal neuralgia. After years of improvement and
development, this technique has many advantages, such as good
curative effects, less trauma, low risk, and repeatable treatment
(2a evidence level, B level recommendation) (Yan et al., 2021).
RE is indicated for patients with contraindications to surgery,
especially elderly patients with underlying diseases. According
to reports, during the 20-year follow-up, 41% of patients
underwent a single operation, 100% of multiple operations
resulted in pain relief, and there were no deaths (Kanpolat
et al., 1999). Mathews (Mathews and Scrivani, 2000) reported
the results of a study of 258 cases with an average follow-up of
38 months. Among them, the rate of excellent pain relief in the
early follow-up was 87%. At the end of the long-term follow-up,
83% of patients had good pain relief.
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The most commonly used puncture approach of RF
for trigeminal neuralgia is the Hartel approach, which
refers to the precise positioning of the foramen ovale and
puncture path through X-ray or CT and selective puncturing
into the corresponding trigeminal ganglion. Combined with
electrophysiological stimulation for precise positioning tests,
selective thermocoagulation damages the corresponding area of
the trigeminal nerve semilunar ganglion to achieve analgesia
(Fang et al., 2014). In addition to the commonly used semilunar
radiofrequency, radiofrequency for the peripheral branch of the
extracranial trigeminal nerve can also be selected to relieve
the pain. The puncture sites include the supraorbital foramen,
infraorbital foramen, mental foramen, circular foramen, and
foramen ovale. In particular, RF for precise positioning of the
circular hole under image guidance provides a good treatment
option for patients with pain involving only the second branch
of the trigeminal nerve (V2). When multiple branches are
painful, multitarget radiofrequency treatment can be used
(Wan et al., 2018).

(1) Indications

@ Patients with poor drug-protection treatment for
primary trigeminal neuralgia or those who are unable
to tolerate adverse drug reactions;

@ Patients with severe systemic diseases who cannot
tolerate surgery or who refuse surgery;

® Patients with secondary trigeminal neuralgia who still
have pain after treatment of the primary disease or who
refuse treatment of the primary disease;

@ Patients who relapse after various operations (Huang
et al., 2019; Abdel-Rahman et al., 2020).

(2) Contraindications (Emril and Ho, 2010)
@ Patients with infection at the puncture site;
@ Patients with coagulation dysfunction;
heart and

® Patients  with unstable

cerebrovascular diseases;

severely

@ Patients with severe mental illness.
(3) Operating routine
@ Preoperative preparation

Tests such as routine blood tests, coagulation studies,
biochemical examinations, and electrocardiograms should be
performed to assess the patient’s body condition, along with
head CT or MRI examination. The patients and their families
should be fully informed of the treatment methods, expected
results and possible complications before surgery.
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@ Methods of anesthesia

Sedative and analgesic drugs are recommended during local
anesthesia to reduce the pain of puncture; thus, the patient can
obtain analgesia and maintain sufficient cognition to achieve
sensory positioning during puncture. After the positioning is
successful, intravenous general anesthesia can be implemented.

® Operative process

The patient is placed in a supine position, with a thin pillow
under the shoulders, after which the head is tilted posteriorly.
Routinely sterilized drapes are used. According to the Hartel
approach, the puncture needle point is determined, usually at
the intersection of the perpendicular line of the outer edge of
the affected orbit and the interlabial line region. The foramen
ovale is punctured under image guidance (C-arm, DSA or
CT). In the axial view, the first branch of the trigeminal nerve
semilunar ganglion radiofrequency target is located above the
medial edge of the foramen ovale, the second branch is located
at the medial edge of the foramen ovale, and the third branch
is located in the center of the foramen ovale. In the lateral
view, the second branch of the semilunar ganglion of the
trigeminal nerve is approximately, located at the slope line, the
first branch is located deeper, and the third branch is loacted
shallow relative to the slope line. After the puncture is in place,
the RF electrode is connected, and the impedance at 300~500 Q
is observed. A sensory test with 0.1~0.3 V high-frequency
current stimulation is performed, and the corresponding
nerve innervation area will experience numbness and pain
symptoms. When the movement test begins at 0.1~0.3 V,
the third innervation area will appear on the masseter.
For convulsions, the needle tip position can be adjusted
appropriately according to the patients response during the
stimulation process to make the stimulation area consistent with
the branch area to be treated. After the electrophysiological test
is completed, radiofrequency thermocoagulation is performed.
The recommended temperature for the treatment of the second
and third branches is 60~75°C. The first branch should be
treated with caution. The time of treatment is based on the
decrease in sensation of the target nerve distribution area on the
affected side, usually 2~3 min. The higher the temperature is,
the longer the time, the greater the extent of nerve destruction,
and the lower the recurrence rate. However, this treatment
can induce a higher probability of adverse complications, such
as keratitis or ulcer perforation, excessive numbness of the
corresponding innervation area of the trigeminal nerve, and
masseter muscle weakness after the operation (Xie et al., 2020).
Therefore, during the treatment process, the patient’s treatment
benefits and risks should be weighed, and as low a temperature
as possible should be selected while still being effective. In
addition, pulsed radiofrequency therapy is available (Elawamy
et al., 2017; Telischak et al., 2018; Abdel-Rahman et al., 2020;
Xie et al., 2020).
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(4) Postoperative test and effect

Generally, immediate pain relief can be obtained, and the
original pain area has decreased sensation after the operation.

(5) Matters needing attention

@ Special attention should be given to changes in the
operation center rate and blood pressure (Meng et al.,
2008; Schaller et al., 2008).

@ Accurate display of the foramen ovale and precise
puncture guarantee the success of interventional
therapy (Guo et al., 2016; Wefilling and Duda, 2019).

® The RF temperature should be strictly controlled
to avoid excessive temperature-induced damage to
the target nerve and adjacent branches, which can
cause postoperative facial numbness, masseter muscle
weakness and other complications (Yao et al., 2016). If
the corneal reflex is delayed after surgery, medical care
should be implemented to avoid keratitis, ulcers, and
perforations (Tang et al., 2015).

Percutaneous microcompression

PMC of the meniscus ganglion refers to the treatment of
trigeminal neuralgia by placing a balloon into Meckel’s cavity
and injecting a contrast agent into the balloon to mechanically
compress the meniscus. Mullan and Lichtor (1983) first used this
technique to treat trigeminal neuralgia in 1978 and published
his research paper in 1983 (Mullan and Lichtor, 1983). At
present, the treatment mechanism of PMC is not clear. In
recent years, because this technology is safe and effective, it
has been widely used in the treatment of primary trigeminal
neuralgia (la evidence level, A level recommendation) (Wu
et al., 2022). Grewal et al. (2018) conducted a median follow-
up of 31.1 months for 222 patients with refractory trigeminal
neuralgia who were treated using PMC, and all patients had
remission within 12 months after PMC. It has been reported
that the 5-year effective rate after surgery is 80%, and the 10-
year effective rate is 70% (Lichtor and Mullan, 1990). Fan et al.
conducted a 12 months follow-up of study of 121 patients
with recurrent trigeminal neuralgia treated using PMC. It has
been reported that 101 (83.5%) patients remained pain-free,
while 5 patients (4.1%) experienced recurrence. There were
significant improvements in anxiety, depression, and sleep
status postoperatively compared with the preoperatively status
(Fan et al., 2021).

(1) Indications

In recent years, clinical practices have shown that PMC has
a wide range of indications, especially for patients with pain
involving the first branch of the trigeminal nerve. Because PMC
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selectively acts on large and medium myelinated nerve fibers, it
can reduce the impairment of nerves (small, myelinated fibers)
innervating the corneal reflex (Cheng et al., 1982).

The indications include the following

@ Patients with primary trigeminal neuralgia involving single
or multiple branches, especially within the first branch;

@ Patients who have undergone strict and regular drug
treatment with poor outcomes and those cannot tolerate
adverse reactions;

data that microvascular

decompression will be relatively difficult or risky in

® Imaging suggesting

patients who do not undergo craniotomy;
@ Patients who relapse after other surgery (Fan et al., 2021);

® Patients with secondary trigeminal neuralgia who still have
pain after treatment of the primary disease or who refuse
treatment of the primary disease (Liu, 2018).

(2)Contraindications

@ Patients with severe systemic diseases who cannot tolerate
surgery;
@ Patients with uncorrected coagulation dysfunction;

® Severe systemic infection or infection at the puncture site.
Operating routine

@ Preoperative preparation

blood
biochemical

Before routine routine

blood
electrocardiograms, head CT or MRI examinations, etc.,

surgery, tests,

coagulation  tests, examinations,
should be performed to assess the whole body and local nerve
condition. Patients provided full informed consent which
covers the treatment methods, expected results and possible

complications before surgery.
@ Anesthesia method

General anesthesia: The advantage of general anesthesia
is that the patient is unconscious and out of pain during

10.3389/fnmol.2022.953765

the operation, but the disadvantage is that some patients
with systemic diseases cannot tolerate it, and the incidence of
trigeminal nerve-cardiac reflex is relatively high (Tibano et al.,
2010; Agarwal et al., 2015).

General anesthesia-assisted trigeminal ganglion block: the
advantages of general anesthesia can be retained, and the
incidence of the trigeminal nerve-cardiac reflex is lower than
that of general anesthesia alone (Tibano et al., 2010).

Trigeminal ganglion block anesthesia: The puncture point
and puncture direction are the same as those under general
anesthesia. The local anesthetic needle is used for local
anesthesia at the puncture point and needle channel. Under
the guidance of imaging, the puncture needle enters through
the foramen ovale to reach the ganglion, and 0.3~0.5 ml of
the local anesthetics is injected for the ganglion block. This
method is suitable for patients who cannot tolerate general
anesthesia, and the incidence of the trigeminal nerve-cardiac
reflex is low (Ren et al, 2020). The disadvantage is that when
some patients are awake and experience anxiety, but they
can administered.

® Operative process

After the image guide reaches the ideal position, non-ionic
contrast agent is injected, with a dose of usually no more than
1 ml, and the pressure is adjusted to the balloon such that
resistance is experienced. The position is adjusted until the
balloon shows a “pear shape.” The balloon compression time is
usually 60-180 s (Tibano et al., 2010; Bergenheim et al., 2013;
de Cordoba et al., 2015; Grewal et al., 2018), and it can be
extended appropriately for elderly or relapsed patients. After the
compression is completed, the contrast medium in the balloon
is withdrawn, and the balloon catheter and puncture needle are
removed. The puncture point is compressed for 5 min to stop
the bleeding and then is covered with sterile gauze.

(4) Postoperative test and effect

The ideal balloon filling shape should be a “pear
shape.” The affected side will have decreased sensation
after surgery, and pain relief can generally be achieved.
If the balloon shape is not ideal, the puncture position
and direction should be adjusted (Asplund etal,2010).

TABLE 2 Comparison of minimally invasive interventional treatments of characteristics for trigeminal neuralgia.

Characteristics Radiofrequency treatment Percutaneous microcompression Chemical damage
Anesthesia Local anesthesia General anesthesia/Local anesthesia Local anesthesia
Operation difficulty Low Low Low
Long-term curative effect Medium High Medium
Recurrence rate Low Low Medium

Degree of safety High High Low
Complications Medium Low Medium
Expenses Low Medium Low
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(5) Matters needing attention

® Preoperative MRI thin-slice scans can be used to estimate
the volume of Meckel’s cavity. The volume of the contrast
medium injected during the operation should be greater
than the estimated volume of Meckel’s cavity, but it
must be subject to obvious resistance when the contrast
medium is injected.

@ During balloon compression, a trigeminal nerve-cardiac
reflex may occur. It is necessary to closely monitor changes
in heart rate and blood pressure and address changes in
a timely manner.

® During the operation, advancing the puncture needle too
deeply and allowing it to deviate to the inside should be
avoided (Spaziante et al., 1988). Damage to the internal
carotid artery, cavernous sinus or other cranial nerves
should be avoided.

@ The incidence of postoperative perioral herpes is 14.7%,
and preventive antiviral therapy may reduce its incidence
(Berra et al., 2019).

® After PMC, the sensations in the oral cavity on the
operative side are decreased. Overheated or sharp foods
should be avoided to prevent damage to the oral mucosa.

Other interventional treatments

In addition to the abovementioned mechanical compression
or physical damage methods, minimally invasive treatment
of primary trigeminal neuralgia employs chemical injections
into the semilunar ganglia, trigeminal nerve pool or peripheral
branches for chemical damage. Chemical drugs include absolute
ethanol, glycerin, botulinum toxin A and doxorubicin. Among
them, the effect of glycerol on the semilunar ganglion and
trigeminal nerve pool is supported by domestic and foreign
literature (2b evidence level, B level recommendation) (Chen
etal., 2010; Asplund et al., 2016; Staudt et al., 2020). Anhydrous
alcohol can be used for the semilunar ganglion and peripheral
division (2b evidence level, B level recommendation) (Han
and Kim, 2010; Han et al., 2017), and botulinum toxin A (la
evidence level, A level recommendation) (Morra et al., 2016;
Steinberg, 2018; Yang et al., 2018) and doxorubicin are only
used in the peripheral branches (Wang et al., 2011; Zheng et al.,
2018); these drugs have a damaging effect on the surrounding
tissues, and their range of action is not easy to control, which
may cause serious injuries. At present, with the popularization
and application of technologies such as radio frequency and
microballoon compression, the use of chemical damage has
become increasingly less common (Udupi et al., 2012; Asplund
etal., 2016; Noorani et al., 2016, 2019), and it is only used at the
grassroots level or on specific occasions. It is recommended that
chemical damage in the peripheral branches of the trigeminal
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nerve be used as a supplementary treatment for other therapies.
It should be used with caution in the intracranial semilunar
ganglion. When used in peripheral branches, attention should
be given to signs of local tissue damage, such as swelling.

In summary, among these minimally invasive interventional
treatments for trigeminal neuralgia, RF and PMC are the most
widely performed and effective treatments. The comparison
of the characteristics of minimally invasive interventional
treatment for trigeminal neuralgia is shown in Table 2. Precise
imaging positioning and guidance are the key to ensuring the
efficacy and safety of the procedures. X-ray has the advantages
of being convenient, fast and involving low radiation, and it is
easy to determine the shape of the balloon in the lateral view.
3D CT involves the use of a large amount of radiation, but it
can help to analyze the size and shape of the foramen ovale and
simulate the puncture path, and it is easier to observe the path
of the RF needle and puncture needle, thus, it is suitable for
beginners. Many clinicians have accumulated much experience
in puncture procedures, but there are still many controversies
about the key criteria of radiofrequency temperature, time,
microballoon volume, compression time, and related factors.
Further basic and clinical studies are needed to provide more
accurate evidence to guide clinical applications.
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Chronic pain interferes with daily functioning and is frequently accompanied
by depression. Currently, traditional clinic treatments do not produce
satisfactory analgesic effects and frequently result in various adverse effects.
Pathogen recognition receptors (PRRs) serve as innate cellular sensors of
danger signals, sense invading microorganisms, and initiate innate and adaptive
immune responses. Among them, cGAS-STING alerts on the presence of both
exogenous and endogenous DNA in the cytoplasm, and this pathway has
been closely linked to multiple diseases, including auto-inflammation, virus
infection, and cancer. An increasing numbers of evidence suggest that cGAS-
STING pathway involves in the chronic pain process; however, its role remains
controversial. In this narrative review, we summarize the recent findings on
the involvement of the cGAS-STING pathway in chronic pain, as well as several
possible mechanisms underlying its activation. As a new area of research, this
review is unique in considering the cGAS-STING pathway in sensory neurons
and glial cells as a part of a broader understanding of pain, including potential
mechanisms of inflammation, immunity, apoptosis, and autophagy. It will
provide new insight into the treatment of pain in the future.

KEYWORDS

cGAS-STING pathway, chronic pain, inflammation, autophagy, immunity, apoptosis

Introduction

Chronic pain is classified as neuropathic and inflammatory pain that affects many
patients worldwide. In contrast to short-lasting acute pain, chronic pain can be caused
by various conditions. Once developed, it may seriously affect the patients quality
of life and cause numerous syndromes. Mechanisms of chronic pain are complex;
peripheral nerve lesions or chemical mediators may evoke receptors (nociceptors)
sensitive to noxious stimuli in nerve fibers. The spinal cord then processes somatosensory
information, further contributing to central sensitization (Descalzi et al., 2015). Typical
treatment measures for chronic pain currently include opioid analgesics, non-steroidal
anti-inflammatory drugs, and surgical intervention; however, they all have limited long-
term benefits and certain risks. For instance, long-term use of opioids in patients will
increase the risk of addiction and produce opioid-induced hyperalgesia (Brush, 2012).
Meanwhile, surgical intervention may induce postoperative disability, and the recurrence
rates are high (Tarnanen et al., 2012). How to alleviate chronic pain and improve patients’
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prognosis remains a global health problem to be solved. Thus,
novel therapeutic targets are urgent and worth developing.

Recently, special attention has been paid to emphasizing
and critically discussing the cGAS-STING pathway, which
is a dominant pathway that responds to cytosolic DNA
in the context of tumor immunity, cellular senescence,
and inflammatory diseases (Ablasser and Chen, 2019).
Concerning the roles of the cGAS-STING pathway in
chronic pain, it has been reported that activating the cGAS-
STING may have various effects. Some studies indicated that
STING releases proinflammatory cytokines, which may cause
neuroinflammation to aggravate chronic pain (Wang et al,
2019; Tian et al,, 2020; Sun et al., 2021). In contrast, another
study showed that type 1 interferons over-activated by cGAS-
STING pathway might exert an antinociceptive effect in sensory
neurons (Donnelly et al.,, 2021). Today, cGAS-STING pathway
in host immunity is more understood, and the therapeutic
approaches targeting this pathway show promise for future
clinical pain applications. Given the limitations of the current
research, we review recent literature focusing on several chronic
pain models such as low back pain, bone cancer pain, and
spared nerve injury, demonstrating that cGAS-STING pathway
is central to the progression and maintenance of chronic pain
(Figure 1), but our understanding of its diverse functions on
chronic pain still remains incomprehensible.

Overview of cGAS-STING signaling

Innate immunity is the first line of defense against
foreign substances and pathogens, and recognizing DNA
is one of the most fundamental aspects of host defense.
Pathogen recognition receptors (PRRs) serve as innate cellular
sensors of danger signals, detect invading microorganisms, and
initiate innate and adaptive immune responses (Thompson
et al., 2011). PRRs comprised of toll-like receptors (TLRs),
retinoic acid-inducible gene I-like receptors (RLRs), nucleotide
oligomerization domain-like receptors (NLRs, also called
NACHT, LRR, and PYD domain proteins), and cytosolic DNA
sensors (Thompson et al., 2011). In 2008, several research teams
discovered a new protein named “stimulator of interferon genes”
(STING), which is the major type of innate immune receptor
in the endoplasmic reticulum (ER) (Ishikawa and Barber,
2008). Bacteria-derived cyclic di-guanylate monophosphate (c-
dGMP) or cyclic di-adenosine monophosphate (c-dAMP) were
confirmed to be ligands for STING (Burdette et al., 2011).

First, cGAS is activated upon dsDNA recognition, undergoes
an allosteric structural change, and subsequently catalyzes
the synthesis of cyclic dinucleotide GMP-AMP (cGAMP)
(Wan et al., 2020). Second, cGAMP interacts with and
activates STING, which is a multi-structure transmembrane
protein mainly located in the endoplasmic reticulum (ER).
Subsequently, STING translocates from ER to ER-Golgi

Frontiers in Molecular Neuroscience

28

10.3389/fnmol.2022.963206

intermediate compartment (ERGIC) and afterward to the
Golgi. Third, the c-terminal tail of the STING recruits
TBK1 through a conserved PLPLRT/SD amino acid-binding
motif and promotes the autophosphorylation of TBKI in
Golgi. After TBK1 phosphorylation, the complex of STING
and TBKI may further recruit IRF3 to phosphorylate it
(Couillin and Riteau, 2021). IRF3 phosphorylation aimed to
promote its dimerization, nuclear translocation, and target gene
induction of type 1 interferons. Additionally, IRF3 activity is
essential for inducing numerous target genes, including genes
encoding inflammasome (such as NLRP3) and proinflammatory
cytokines (Li et al., 2019). Another major signaling module
in the STING pathway is that TBK1 may promote NF-
kB activation by triggering nuclear translocation of NF-kB
(Yum et al., 2021).

The activators of the cGAS-STING
pathway in chronic pain

In vivo, host detection of pathogen-derived nucleic acids by
pathogen recognition receptors (PRRs) is involved in context-
dependent recognition of intrinsic dsDNA and extrinsic dsDNA
(Thompson et al, 2011). Notably, emerging studies paid
attention to PRRs as molecules involved in the pathogenesis
of neuropathic pain (Kato et al, 2016). Therefore, it is
reasonable to believe that the potential release of extrinsic and
intrinsic dsDNA may activate the cGAS-STING pathway in
chronic pain.

Activated by extrinsic DsDNA

Extrinsic dsDNA, from pathogens such as viruses, bacteria,
and parasites, can be internalized into the cytosol in several ways
to activate the cGAS-STING pathway (Diamond et al., 2018).
The patrol nuclease degrades the dsDNA entering the cell in the
lysosome or cytoplasm. In cells with abundant dsDNA or a lack
of nuclease, internalized DNA may remain in the cytoplasm and
be converted into cGAMP to activate STING (Ablasser et al.,
2013). Currently, the evidence indicates that SARS-CoV-2, the
etiologic agent of COVID-19, can damage and alter the nervous
system, causing headaches and myalgia (Abboud et al., 2020).
Another report has suggested that the pain may be related to
the increase of type 1 interferons, which is the downstream of
STING in young patients (Papa et al., 2021). Simultaneously, an
animal experiment has also proved that viral infection induces
pain by directly affecting nociceptors in dorsal root ganglion
with type 1 interferons (Barragan-Iglesias et al., 2020). The above
studies suggest that extrinsic dsDNA-like viruses and bacteria
may cause pain via activating the cGAS-STING pathway.
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FIGURE 1
The diversity of cGAS-STING pathway activation in chronic pain and its related pathways.

The intrinsic self-dsDNA may activate
cGAS-STING in chronic pain

Furthermore, extrinsic dsDNA and intrinsic dsDNA can
activate ¢cGAS-STING pathway and induce chronic pain. For
example, self-dsDNA was increased and mediated the activation
of cGAS-STING pathway in the spinal cord, contributing
to the spared nerve injury (SNI)-induced neuropathic pain
(Sun et al., 2021). The intrinsic self-dsDNA is composed of
nDNA and mtDNA, which can be segregated inaccurately
and released into the cytosol, triggering the STING pathway
(Bhattacharya et al, 2017). Additionally, in the peripheral
neuropathy pain model, DNA damage and the nuclear DNA
released are associated with pain production (Canta et al., 2015),
suggesting that STING may be activated in that pain model.
Another intrinsic dsDNA was mtDNA, which is a component
of mitochondria that belongs to the only non-nuclear genome.
Compared with nDNA, mtDNA is more unstable and vulnerable
to the effects of oxidative stress due to its proximity to
mitochondrial reactive oxygen species (mtROS) and a lack of
repair machinery. mtDNA stress may contribute to the cGAS-
STING pathway activation and type 1 interferon responses in
various pathological states, including infectious diseases, cancer,
neurodegeneration, and other mitochondria-related illnesses
(Zhou et al., 2021). Importantly, it has been established that
mtDNA depletion inhibited the cGAS-STING pathway and
nuclear translocation of p65 and IRF3 (Zhou et al., 2021).

Additionally, mitochondrial dysfunction contributes to the
etiology of pain, as indicated by microscopic analysis performed
on peripheral nerve sensory axons: abundant vacuolated and
swollen mitochondria were observed in the rats treated with
paclitaxel to induce pain (Canta et al., 2015; Dai et al., 2020).
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The increase of mtDNA is associated with pain-like behavior
(Trecarichi et al, 2022). Additionally, it has evidenced that
mtDNA released and activated the cGAS-STING pathway in
low back pain model (Ning et al, 2020). Altogether, this
evidence above suggests that mtDNA or nuclear DNA released
may activate the cGAS-STING pathway in the process of
chronic pain.

Other PRRs, such as TLRs, may be
involved in the activation of cGAS-STING
of chronic pain

Several lines of evidence have shown that Toll-like receptors
(TLRs) signaling enables the cGAS-STING pathway to induce
a strong type 1 interferon response during HIV-1 infection
(Siddiqui and Yamashita, 2021). Additionally, TLR4 has been
considered essential for activating the cGAS-STING pathway
in macrophages stimulated by LPS (Ning et al, 2020),
although current studies have suggested that after nerve
injury, TLRs are involved in Wallerian degeneration and
the generation of neuropathic pain (Thakur et al, 2017).
Particularly, TLR3 promotes neuropathic pain by regulating
autophagy in rats with L5 spinal nerve ligation model
(Chen and Lu, 2017), and knockdown of TLR3 in bone
malignancy pain model mice can impair pain thoroughly
(Zhang et al, 2020). Furthermore, TLR3 has also been
proven to trigger type 1 interferon responses via Toll/IL-1
receptor domain containing adaptor inducing IFN-B (TRIF)
signaling to regulate pain and itch (Széllosi et al, 2019). It
is suggested that TLRs may be involved in activating the
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cGAS-STING pathway in chronic pain, although it remains to
be examined.

The main downstream signaling
pathways of cGAS-STING in chronic
pain

Type 1 interferons

The cGAS-STING pathway, which controls immunity to
cytosolic DNA, is a critical driver of aberrant type 1 interferon
responses (Domizio et al, 2022). Furthermore, the latest
research on COVID-19 has revealed that type 1 interferon
response, which is activated by cGAS-STING pathway, induces
microangiopathic changes and produces neuropathic pain in
young patients (Papa et al., 2021). Simultaneously, according
to a study of hepatitis C virus patients, IFN-a therapy causes
significant somatic pain and promotes major depressive disorder
as early as the second week of treatment (Lin et al., 2020),
although early reports have demonstrated that IFN-a and IFN-
B, two major family members of type 1 interferons, exert
an antinociceptive action (Menzies et al., 1992). In addition,
STING regulates the type 1 interferon signaling in dorsal
root ganglion sensory neurons, which has been disclosed to
control nociception in bone cancer pain models (Donnelly
etal., 2021). Consistently, in chronic constriction injury-induced
neuropathic pain, protein tyrosine phosphatase receptor type D
(PTPRD) activates STING-type 1 interferon pathway in dorsal
root ganglion and displays an analgesic effect (Sun et al., 2022).
In the light of this, researchers have reviewed that IFN-a and
IFN-B may rapidly suppress neuronal activity and synaptic
transmission to potent analgesia via nongenomic regulation
(Tan et al., 2021), while the discrepancy in antinociceptive
against pronociceptive effects of type 1 interferons may ascribe
to various conditions, and the exact role of STING/type 1
interferons in chronic pain requires further investigation.

NLRP3

STING predominantly inhabits the endoplasmic
reticulum to regulate innate immune signaling processes
and recruits NLRP3 to the ER to promote the inflammasome
formation in the HSV-1 infection (Wang et al, 2020).
Lipopolysaccharide (LPS) activates STING and afterward
upregulates NLRP3 expression in acute lung injury (Ning
et al., 2020). Simultaneously, an increasing body of evidence
verified that NLRP3 inflammasome controls the processing
of proinflammatory cytokine interleukin 1f (IL-1f) and is
implicated in chronic pain (Pan et al., 2018; Chen et al., 2021).
In another study of lower back pain, NLRP3 activation in
nucleus pulposus cells was associated with ¢cGAS and STING
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and participated in chronic pain (Tian et al, 2020). The
inhibitor of NLRP3 inflammasome can effectively modify
nitroglycerin-induced mechanical hyperalgesia (He et al., 2019).
Therefore, NLRP3 has become an emerging therapeutic target
for chronic pain, and it shows promise that STING may regulate
NLRP3 to participate in chronic pain.

NF-kB

Nuclear factor-kappa B (NF-kB) is an important nuclear
transcription factor in almost all cell types and participates
in numerous biological processes, including inflammation,
cell differentiation, immunity, cell growth and apoptosis, and
tumorigenesis (Ghosh and Dass, 2016). STING activation can
trigger nuclear factor kB (NF-kB) signaling to mediate immune
defense against tumors and viral infections (Yum et al., 2021).
Simultaneously, STING antagonist H-151 has been shown that
suppresses STING/NF-kB-mediated inflammation to ameliorate
psoriasis (Pan et al., 2021). Notably, the latest research in
neuropathic pain has indicated that STING may activate the
NF-kB and release the proinflammatory cytokines IL-6 in the
spinal cord to aggravate chronic pain. However, injecting STING
antagonist C-176 can provide an analgesic effect and reverse the
increased expression of NF-kB (Sun et al,, 2021). Additionally,
NEF-kB is a transcription factor for various cytokines, including
CX3CL1, IL-1B, IL-6, and TNF-q, to induce peripheral and
central sensitization in chronic pain (Sun et al., 2012; Liu et al,,
2018; Xiang et al., 2019; Li Y. et al., 2020; Xu et al, 2021).
Undoubtedly, NF-kB activation may contribute to chronic
pain; therefore, as an important mediator of NF-kB, STING is
supposed to play a significant role in chronic pain.

The potential mechanism of the
cGAS-STING pathway in chronic pain

The extrinsic dsDNA (virus and bacteria), intrinsic dsSDNA
(nDNA and mtDNA), and other pathogen recognition receptors
(PRRs) such as Toll-like receptors (TLRs) may contribute
to chronic pain by activating the cGAS-STING pathway.
Meanwhile, the downstream proteins of the cGAS-STING
pathway, such as type 1 interferons, NLRP3, and NF-«B, have
been established that participate in chronic pain. Furthermore,
cluster analysis displayed that ¢cGAS-STING activation could
affect inflammation, immunity, apoptosis, autophagy, and other
signaling pathways (Wu et al., 2020); these cellular processes
may involve chronic pain. Based on the preceding evidence, we
hypothesized that the cGAS-STING pathway might significantly
affect chronic pain.
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cGAS-STING may induce inflammation to
contribute to chronic pain

Evidence accumulates that STING pathway is involved
in inflammation (Chin, 2019); for instance, STING-mediated
type 1 interferons regulates the elevation of proinflammatory
cytokine profile with increased TNF-a, IL-6, and IL-1p in
microglia of traumatic brain injury (Abdullah et al., 2018).
Moreover, these studies have revealed that the cGAS-STING
pathway was activated, and the inflammatory cytokines IL-6
and CXCLI10 were released in mitochondrial dysfunction (Zhou
et al., 2021). Additionally, in cerebral ischemic stroke, cGAS
knockdown promotes microglial M2 polarization to alleviate
inflammation (Jiang et al., 2021). Emerging evidence suggested
that inflammation plays an essential role in chronic pain (Ji
et al., 2016, 2018): The upregulation of inflammatory mediators
(TNEF-a, IL-6, and IL-1p) in the spinal cord has been evidenced
that might be involved in the process of bone cancer pain.
Inhibition of endoplasmic reticulum stress may decrease the
inflammatory mediators and show an antinociception effect
(Wei et al,, 2016; Mao et al., 2020). Particularly, in inflammatory
pain, magnetic resonance imaging (MRI) and histopathology
have demonstrated that inflammation caused by cGAS, STING,
and NLRP3 is associated with intervertebral disc degeneration
in low back pain (Zhang et al., 2022). Moreover, STING can also
participate in the inflammatory reaction process of neuropathic
pain. In spinal cord injury mice, STING knockout may alleviate
inflammatory response (Wang et al, 2019); in spared nerve
injury rats, STING inhibitor C-176 administration provides an
antinociceptive effect that is reversed by injecting recombinant
IL-6 (Sun et al, 2021), which indicates that STING is an
essential downstream factor for chronic pain by regulating IL-6
expression. Accordingly, it would not surprise that activation of
the cGAS-STING pathway may induce inflammation to mediate
inflammatory and neuropathic pain.

cGAS-STING may mediate immunity to
participate in chronic pain

The cGAS-STING pathway has a significant role in the
immune, and emerging studies provide solid evidence that
c¢GAS-STING is mainly attributed to antigen-presenting cell
(APC)-mediated activation of CD87T T cells (Flood et al., 2019)
and spontaneous CD8T T cell priming against tumors was
defective in mice lacking STING (Woo et al., 2014). Meanwhile,
cGAS-STING-mediated DNA sensing has been reported that
maintains CD8" T cell stemness and promotes anti-tumor T
cell therapy (Li W. et al., 2020). Although the clinical research
disclosed that STING agonist ADU-S100 might induce CD8™
T cell immune response at a low dose, when administered
at a high dose, the CD8' T cell death, and compromised
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anti-tumor immunity (Sivick et al., 2018), it is no doubt that
STING mediates CD8™ T cells.

A variety of inflammatory pain processes are believed to be
mediated by T cells, including rheumatoid arthritis, intestinal
inflammation, etc. (Basso et al., 2015; Swain et al., 2022).
Recent studies have found that T cells are also involved in
neuropathic pain: CD8' T cells and endogenous IL-10 are
required to resolve chemotherapy-induced neuropathic pain
(Krukowski et al., 2016); educating CD8™T T cells can prevent
and resolve chemotherapy-induced peripheral neuropathy in
mice (Laumet et al., 2019; Singh et al., 2022). Intriguingly, in the
bone cancer pain model which may involve both inflammatory
pain and neuropathic pain, systemic administration of STING
activator DMXAA attenuated the measures of spontaneous
and ongoing pain; the analgesic effect may attribute to the
increasing proportion of CD8% T cells in the bone marrow
tumor microenvironment (Donnelly et al., 2021). Therefore,
these findings suggest that the cGAS-STING pathway may
involve chronic pain by mediating the immunity of CD8"
T cells.

cGAS-STING may induce autophagy to
contribute to chronic pain

Autophagy is a lysosomal degradation pathway that
maintains tissue homeostasis by recycling damaged and
aged cellular components, which plays a significant role
in developing the nervous system, neuronal function, and
survival (Liu X. et al,, 2019). Emerging studies showed that
innate immunity-related proteins control the progress of
autophagy (Wild et al., 2011). Extracellular M. tuberculosis DNA
induces autophagy by activating the cGAS-STING pathway,
suggesting a link between STING and autophagy (Watson
et al, 2012). Additionally, injecting the activator of IRF3,
the downstream protein of the cGAS-STING pathway, can
inhibit the fusion of the autophagosome with the lysosome
to reduce autophagy flux (67), indicating that the activation
of the STING pathway may impair the autophagy. In
neuropathic pain, autophagy flux is impaired and mainly
exists in astrocytes during the maintenance of the study by
Li et al. (2021) and Liao et al. (2022); no matter the stage
of neuropathic pain induction or maintenance, upregulation
of autophagy can suppresses pain behavior (Li et al, 2021).
Researchers suggest that upregulated autophagic activities
may facilitate myelin clearance, promote nerve regeneration,
and reduce pain. Furthermore, the cGAS-STING pathway
has been reported to directly interact with microtubule-
associated protein light chain 3 (LC3) and subsequent autophagy
to regulate the innate immune responses (Liu D. et al,
2019). The expression of LC3 is upregulated in GABAergic
interneurons of rat spinal dorsal horn after SNL, suggesting

frontiersin.org


https://doi.org/10.3389/fnmol.2022.963206
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wu et al.

that autophagic disruption following SNL might be involved
in the induction and maintenance of neuropathic pain (Liu
X. et al, 2019). Intrathecal injection of autophagy activator
exerts an analgesic effect on neuropathic pain by activating
LC3 in astrocytes (Yuan and Fei, 2021). It can be suggested
that STING may interact with LC3 to aggravate chronic
pain further. The role of autophagy in inflammatory pain
has been studied relatively less, while a study by Liu found
that CFA-induced inflammatory pain can be alleviated by
restoring autophagic flux in the spinal cord (Liu et al,
2022). Autophagy may mediate both inflammatory and
neuropathic pain, although there is no solid evidence to
confirm this hypothesis, it is still appropriate to predict
that STING may mediate autophagy flux and contribute to

chronic pain.

cGAS-STING may induce apoptosis to
contribute to chronic pain

Apoptosis is a form of programmed cell death and shrinkage
when cells encounter stress or damage (Liao et al, 2022).
There is evidence for this occurring that STING-dependent
apoptosis directly through the interaction of IRF3 and BCL2-
associated x, apoptosis regulator (Bax) (Sze et al., 2013), and in
microglia and other immune cells, HSV-1 at a high viral load can
trigger cGAS/STING-dependent apoptosis (Reinert et al., 2021).
Additionally, STING-IRF3 contributes to lipopolysaccharide-
induced cardiac apoptosis via activating NLRP3 (Li et al,
2019). Consequently, cGAS-STING pathway is essential for
apoptosis regulation. Furthermore, apoptotic activity in the
injured nerve, dorsal root ganglia, and spinal cord has changed
during neuropathic pain formation (Liao et al, 2022). The
number of cleaved caspase-3 in the spinal cord increased
on days 8 and 14 after nerve injury (Fu et al, 2017).
Meanwhile, increased spinal cell apoptosis may probably induce
inflammatory pain (Baniasadi et al., 2020). Although there
is no clear evidence demonstrating that inhibiting apoptotic
activities could attenuate pain behavior, daily hyperbaric oxygen
therapy has been proved to suppress pain behavior and
reduce apoptotic activities of GABAergic neurons in the spinal
dorsal horn of rats (Fu et al, 2017). The apoptosis level
was increased in osteoarthritic, which develops slowly and
worsens over time, accompanied by chronic pain (Aigner
et al,, 2001); recently, it has been evidenced that STING might
induce apoptosis and senescence in chondrocytes via NF-
kB pathway in osteoarthritic mice; STING knockdown may
reduce the level of chondrocyte apoptosis and ameliorate the
symptom (Guo et al., 2021). Simultaneously, epigallocatechin
gallate also has been found that reduces the apoptotic rate
via inhibiting the cGAS-STING pathway activation in nucleus
pulposus cells of low back pain models (Tian et al., 2020).
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The process of apoptosis may contribute to the pathology
of inflammatory or neuropathic pain. In view of cGAS-
STING that can promote apoptosis in various diseases, it is
proposed that cGAS-STING may induce apoptosis and promote
chronic pain.

Concluding remarks and future
perspectives

The cGAS-STING axis is initially recognized as the an
essential mechanism for the host to defeat bacteria and virus
invasions (Ding et al., 2020), as the crucial role in the neuro-
immune, activation of immunostimulatory pathways is required
for normal functioning, but the persistent engagement of these
responses can prove detrimental.

It was found in the recent studies that the cGAS-STING
may be an important mediator of chronic pain, and this
review summarized and discussed the potential relationship.
First, pathogens and damaged cells will release exogenous
and endogenous DNA, which may activate the cGAS-STING
pathway and then contribute to chronic pain. Additionally,
TLRs were activated in chronic pain, which may be in concert
with the cGAS-STING pathway. As such, it is unsurprising
that the cGAS-STING pathway may be activated in chronic
pain; however, the different types and mechanisms of DNA
and TLRs should be further explored. Moreover, the activated
STING further exerted its effect by promoting the expressions
of type 1 interferons, NF-kB, and NLRP3. Intriguingly, the
downstream has been shown to play a significant role in chronic
pain. It can be conceived that the cGAS-STING pathway may
mediate chronic pain by activating these downstream; however,
more mechanisms are required for further research. Besides,
STING may influence inflammation, immunity (such as CcD8t
T cells), autophagy, and apoptosis, which has been proved to be
the essential cause of chronic pain. Particularly, these cellular
processes may influence each other in chronic pain; for example,
LC3-associated phagocytosis can assist remove apoptotic cells by
macrophages and inhibit proinflammatory processes (Eid and
Ito, 2022). The relevance of these branches of cGAS/STING
pathway for their potential role in chronic pain is currently not
well-understood. Further research may be required to provide
a more comprehensive picture of STING in chronic pain and
pain-related cellular signals.

What role cGAS-STING plays in chronic pain is still
controversial. Agonists and inhibitors targeting cGAS-STING
have been developed with potentials for the treatment of auto-
inflammation, virus infection, and cancers (Ding et al., 2020).
In chronic-refractory pain, STING-related adjuvant therapy
appears to have translational potential, and the latest research
has reported that a small molecule drug 7-BIA could alleviate
neuropathic pain by upregulating STING and IFN-« in the DRG
(Sun et al., 2022). There is a possibility of developing new drugs
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that target the STING signal pathway to treat refractory cancer-
induced bone pain or neuropathic pain in patients to avoid
systemic effects.

STING enhances the production and secretion of type 1
interferons (IFN-a and IFN-3). As we know, IFN-a and IFN-
8 have already been successfully used for adjuvant therapy in
malignancy, infection, and autoimmune disease. As well as trials
of IFN-a, STING agonists more recently used for adjuvant anti-
malignancy treatment were also tested (Lv et al., 2020; Verdegaal
et al,, 2020; Meric-Bernstam et al., 2022). It is therefore possible
to determine whether low-dose IFN-a and STING agonists
reduced or induced pain by examining existing datasets and
patients previously treated with this drug.

Additionally, STING’s effect on nociceptors, which affect
immune cells (Donnelly et al., 2021), might be an interesting
target in basic science. If immune-mediated attenuation of
STING’s analgesic function occurs, then the analgesic effects
of STING could be further enhanced by blocking (currently
unknown) immune-mediated pro-analgesic effects. What is the
mechanism by which immune cells modulate STING’s analgesic
effects? How the new STING analgesic signaling plays out in
young/old subjects, and whether male/female sex differences
exist? There are still questions to be answered.
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Introduction: The efficacy of short-term spinal cord stimulation (stSCS) as
a treatment for neuropathic pain in patients with postherpetic neuralgia
(PHN) has already been validated. However, the potential alterations in
brain functionality that are induced by such treatment have yet to be
completely elucidated.

Methods: This study use resting-state functional magnetic resonance imaging
(rs-fMRI) to detect the changes in regional homogeneity (ReHo) and degree
centrality (DC) related to stimulator-induced pain relief in patients with PHN. A
total of 10 patients with PHN underwent an MRI protocol at baseline and after
stSCS. Alterations in ReHo and DC were then compared between baseline and
after stSCS. We investigated the relationship between clinical parameters and
functional changes in the brain.

Results: Clinical parameters on pain, emotion, and sleep quality were
correlated with ReHo and DC. ReHo and DC were significantly altered in the
middle temporal gyrus, precuneus, superior frontal gyrus, supramarginal gyrus,
inferior parietal lobule, rolandic operculum, middle occipital gyrus, superior
parietal gyrus, and the precentral gyrus after stSCS. A significant correlation
was detected between ReHo changes in the middle occipital gyrus, precuneus,
inferior parietal gyrus, and changes in pain, emotion, and sleep quality. A
significant negative correlation was detected between DC changes in the
middle temporal gyrus, rolandic operculum, supramarginal gyrus, precuneus,
inferior parietal gyrus, and changes in pain, emotion, and sleep quality.

Conclusion: This study found that stSCS is able to induce ReHo and DC
changes in patients with PHN, thus suggesting that stSCS can change brain
function to alleviate pain, sleep, and emotional disorder.

KEYWORDS

spinal cord stimulation, pain, postherpetic neuralgia, functional magnetic resonance
imaging, mechanisms of action, emotion
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Introduction

Herpes zoster (HZ) results from the reactivation of varicella-
zoster virus and manifests as a vesicular, painful, dermatomal
rash (Johnson and Rice, 2014). The annual incidence of HZ is
3.4 cases per 1,000 persons (Insinga et al., 2005). Postherpetic
neuralgia (PHN) is the most frequent complication of HZ. After
the age of 50 years, 20% of patients with HZ will develop PHN
(Brisson et al., 2001). PHN results in lasting physical discomfort,
mental suffering. PHN reduces the quality of life and increases
the financial burden.

Pain is a multidimensional experience that covers diverse
and integrated brain functions. Local brain chemistry,
construction, and function reorganized in patients with
neuropathic pain (Li et al, 2020). Due to the complicated
pathogenesis of PHN, we incompletely understand about how
this condition affects the function of the brain. A study has
revealed abnormal local brain activity in patients with PHN
(Dai et al., 2020).

The treatment is based on the control of symptoms (Johnson
and Rice, 2014). In addition to medicinal therapy (Moore
et al, 2014), other forms of interventional therapies have
been shown to effectively alleviate pain, such as nerve block
(Kuo et al., 2016), pulsed radiofrequency (PRF) (Han et al.,
2020), and spinal cord stimulation (SCS). The oral medications
have systemic and cognitive adverse effects. Although nerve
block is effective, its duration is transient (Kuo et al.,, 2016).
The short-term SCS (stSCS) which based on the electric
stimulation, is an effective clinical treatment. The stSCS is more
effective than PRF for patients with PHN (Wan and Song,
2021).

Since the day that SCS was introduced, researchers have
been investigating the mechanism of action. Supraspinal
structures may play a role in the pain alleviating effects
of SCS and Linderoth, 2006).
potential brain associated  with

(Meyerson However,

functional alterations
the application of SCS as a treatment for PHN remain
unclear. Functional magnetic resonance imaging (fMRI) is
a powerful non-invasive modality that can map the areas
of the brain involved in pain perception and modulation
(Tracey, 2011). Spontaneous local and long-range brain
activity can be quantitatively measured by regional
homogeneity (ReHo) (Zuo et al,, 2013) and degree centrality
(DC), respectively.

The first proposed that ReHo could be a methodology
to characterize functional homogeneity of resting-state fMRI
(rs-fMRI) signals by Zang et al. (2004). ReHo reflects the
local coherence of local spontaneous neuronal activity. Degree
centrality (DC) shows the number of direct connections with
the rest of brain (Wu et al, 2020). A brain regional node
with high centrality is potentially a hub for information

transition. Previous research has not considered the alteration
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in ReHo during SCS treatment. With regard to functional
connectivity, the study reported that connection strength
changed in patients treated with SCS for neuropathic pain
(De Groote et al., 2020). Based on the available information,
we speculate that ReHo and DC may be altered when
stSCS is utilized to treat PHN. Additionally, we explore
the potential key mechanism for rational use of stSCS to
treat PHN.

To address this gap of knowledge about the mechanisms
responsible for the action of stSCS therapy on patients
with PHN, we studied the alterations in ReHo and DC
by rs-fMRI in patients with PHN who were treated
with stSCS. Then, we investigated whether there is an
association between clinical data and functional brain
mapping changes in patients with PHN who were treated
with stSCS.

Materials and methods

Participants

We recruited nineteen right-handed patients diagnosed
with PHN, whose pain cannot be alleviated only by
conventional medications, so they receive the therapeutic
procedure of stSCS, from the First Affiliated Hospital of
Zhengzhou University between January 2021 and October
2021. All participants provided written informed consent
prior to participating in this study. A total of nine patients
withdrew their consent; therefore, our final analysis featured
10 patients.

This study was approved by the Medical Ethics Committee
of the First Affiliated Hospital of Zhengzhou University,
Zhengzhou, China (reference no.: 2020-KY-0299-001). The trial
registration number is ChiCTR2000040239 (http://www.chictr.
org.cn/listbycreater.aspx). The date of trial is November 2020.

Study protocol

In this exploratory and prospective cohort study, patients
were included before stSCS implantation and followed up
for 14 days after receiving SCS. During this period, four
additional individual appointments took place (Figure 1). The
first (V1) and third (V3) visits were short appointments of
30min and were scheduled 1 day before the neuroimaging
visits (V2, V4). All patients were asked to complete pain
numerical rating scale (NRS) scores, the short-form McGill
pain questionnaire version-2 (SF-MPQ-2), the Pittsburgh sleep
quality index (PSQI), and the hospital anxiety and depression
scale (HADS), during visits V1 and V3. The SF-MPQ-2
contains four subscale scores (continuous pain, intermittent
pain, predominantly neuropathic pain, and affective descriptors)
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FIGURE 1
Study protocol. Patients with PHN were enrolled prior to the implantation of the SCS and were followed up after the removal of the stSCS. Each
patient underwent a neuroimaging protocol prior to SCS and 14 days after SCS. SCS, spinal cord stimulation; stSCS, short-time spinal cord
stimulation; V, visit.

that were all recorded. All patients underwent a neuroimaging
fMRI-protocol, during V2 (baseline) and V4 (14 days after
SCS). We lost the questionnaires from one patient. Between the
second and third visits, patients underwent stSCS implantation.
All patients received SCS at the cervicothoracic level for PHN.
The test electrode (Model 3873, US) was connected to an
extension multi-lead cable (Model 355531, Medtronic, US).
To program the implantable electrode, an external cable was
inserted into the neurostimulator (Model 37022, Medtronic,
US). The stimulation parameters were as follows: pulse width
was 210-480 s, frequency was 30-60 Hz, voltage ranged from
0V to 10.5V. The electrode was implanted for 14 days. Spinal
electrical stimulation results in efficacy about 2 weeks. Moreover,
the time of SCS more than 2 weeks will increase the risk of
infection. The stimulation parameters were adjusted one time
a day to ensure effectiveness. The patient had the liberty to
change the amplitude with steps of 0.1 mV to provide adequate
pain relief.

MRI data acquisition

All MRI images were obtained by a 3.0T scanner
(MAGNETOM PRISMA, SIEMENS, Germany) at the First
Affiliated Hospital of Zhengzhou University. All subjects were
requested to keep their eyes closed, and foam padding and
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earplugs were used to control the head movements of the
participants and reduce scanning noise. At the end of scanning,
patients were asked if they had fallen asleep during scanning;
all patients reported that they had been awake. Resting-state
functional images were collected using an echo-planar imaging
sequence (repetition time = 1,000 ms, echo time = 30 ms, flip
angle = 70°). A total of fifty-two transverse slices (field of view
=220 mm? x 220 mm?, slice thickness = 2.2 mm) that aligned
along the AC-PC line were acquired with a total scan time
of 412 s.

Imaging processing

The rs-fMRI data were preprocessed by the Data Processing
Assistant for rs-fMRI Analysis Toolkit (DPARSE http://rest.
restfmri.net/forum/DPARSF) (Song et al., 2011) and by SPM8
software (Wellcome Department, University College of London,
UK) based on MATLAB R2012a (MathWorks, USA). DPARSF
was also used for the following steps: the first 10 volumes
were deleted and then underwent slice-timing, realignment,
spatial normalization to the Montreal Neurological Institute

3

(MNI) space, and resampling with a 3 mm? x 3 mm> x 3

mm3

resolution. Participants with a head motion >2.5mm
of translation or >2.5° of rotation in any direction were

excluded from further processing. The linear trend of the
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fMRI data was also removed. Band-pass filtering (0.01-0.08 Hz)
was conducted to discard high-frequency physiological noise
and a frequency drift lower than 0.01Hz (Greicius et al,
2003).

Preprocessed ReHo data were analyzed as previously
described (Cao et al., 2017a). First, an individual ReHo map was
generated by calculating the Kendall’s coefficient of concordance
(KCC) of the time series of a given voxel with those of its
neighbors (26 voxels) in a voxel-wise way (Li et al, 2012).
Afterward, the individual ReHo maps were divided by their
own global mean KCC within the whole-brain mask. Then,
spatial smoothing was performed on the standardized individual
ReHo map with a Gaussian kernel of 4mm full width at
half maximum (FWHM). Preprocessed data were used for DC
calculations; Pearson’s correlation analysis of time series was
executed between each voxel and every other voxel in the entire
brain. Correlation coeflicients where r > 0.25 were summed
for each voxel; then, the binary DC was obtained for each
gray matter voxel (Zuo and Xing, 2014). Subsequently, spatial
smoothing was performed with a 4-mm FWHM Gaussian
kernel. The weighted DC of each voxel was further divided
by the global mean DC for standardization. Z scores were
then calculated in a voxel-wise way by subtracting the mean
ReHo or DC values from each voxel’s value; this was then
divided by the standard deviation of the ReHo or DC values,
respectively. In this way, the Z score represents a voxel’s ReHo
or DC value in relation to all voxels in the whole brain.
Therefore, a positive Z score represents higher synchronicity
(ReHo) or activity (DC) in a particular individual’s brain.
Similarly, a negative Z score represents lower synchronicity
or activity.

Statistical analysis

Statistical analyses were performed using SPSS software
(version 21.0). Wilcoxon signed rank tests were calculated
to analyze the differences in clinical outcomes between the
two visits. The significance level was set at 0.05. Paired
t-tests were conducted with SPM8 in a whole-brain voxel-
wise manner for ReHo and DC comparisons between two
time points. All of the results were corrected by Gaussian
random field (GRF). The significance levels of the voxel and
cluster were p < 0.005 and p < 0.05, respectively. Correlations
between the relative change in score on the questionnaires
and the relative significant change in ReHo and DC values
were calculated with non-parametric Spearman correlation
tests. Relative differences between baseline and treatment
were calculated as (baseline-treatment)/baseline. Only clinical
outcomes with a significant effect between both visits were used
for correlation analysis. Multiple comparisons were corrected
for correlation analysis using the Bonferroni method (p <
0.05/120 = 0.0004).
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TABLE 1 Individual patient’s characteristics for all patients (N = 10).

Patient Sex Age Pain Pain Time of
() side duration SCS
(month) (day)
1 M 39 Right 6 14
2 M 77 Left 1 14
3 F 79 Left 3 14
4 F 62 Left 6 14
5 M 60 Right 7 14
6 F 70 Right 2 14
7 F 68 Left 4 14
8 F 87 Right 15 14
9 M 70 Left 1 14
10 M 83 Left 1 14

FE, female; M, male; SCS, spinal cord stimulation.

Results

Patient's characteristics

A total of 10 patients with PHN (five women and five men),
and a median age of 70 years (Q1-Q3: 61.5-80) were included in
this study (Table 1). Then, one patient has diabetes mellitus and
five patients suffer from hypertension.

Clinical results

There was a significant decrease in the total scores for the
NRS score (Z = —2.694, p = 0.007), PSQI (Z = —2.675, p =
0.007), SE-MPQ-2(Z = —2.668, p = 0.008), and HADS (Z =
—2.668, p = 0.008) when compared between the baseline and
after stSCS treatment (Figure 2).

SF-MPQ-2

When considering the continuous pain, intermittent pain,
neuropathic pain, and affective descriptors for SE-MPQ-2, we
identified a significant decrease in scores between baseline and
after stSCS: (Z = —2.371, p = 0.018), (Z = —2.207, p = 0.027), (Z
= —2.527,p=0.012), and (Z = —2.524, p = 0.012), respectively.
When comparing the baseline with the status after stSCS, the
median scores for the four dimensions of the SF-MPQ-2 were
12 (Q1-Q3: 1.5-17.5) to 2 (Q1-Q3:0-4.5), 10 (Q1-Q3: 0-15.5)
to 0 (Q1-Q3:0-7), 22 (Q1-Q3: 15-23.5) to 0 (Q1-Q3:0-4), and
9 (Q1-Q3: 4.5-15.5) to 2 (Q1-Q3: 0-4), as shown in Figure 2.

Sleep quality
A significant reduction in PSQI score was identified between
baseline and after stSCS (Z = —2.675, p = 0.007). At baseline, the
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FIGURE 2
Boxplots for the clinical outcomes for all patients at baseline (in green) and after stSCS (in orange). The beginning four boxplots represent the
four subscale scores of the SF-MPQ-2 (continuous pain, intermittent pain, predominantly neuropathic pain, and affective descriptors). The last
two boxplots represent the two subscale scores for the HADS (HADS-A and HADS-D). NRS, numeric rating scale; PSQI, Pittsburgh sleep quality
index; SCS, spinal cord stimulation. *p < 0.05.

median PSQI score was 14 (Q1-Q3: 11.5-18.5) and after stSCS
was 5 (Q1-Q3:3.5-6), as shown in Figure 2.

HADS

A significant decrease in HADS score was identified between
baseline and after stSCS (Z = —2.668, p = 0.008). At baseline, the
median HADS score was 14 (Q1-Q3:10-22) and after stSCS was
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2 (Q1-Q3:2-6.5). For the anxiety and depression dimensions of
the HADS, we identified a significant reduction in HADS-A and
HADS-D scores between baseline and after stSCS: (Z = —2.677,
p = 0.007) and (Z = —2.673, p = 0.008), respectively. When
comparing the baseline with after stSCS, the median scores for
the two dimensions of HADS were 8 (Q1-Q3: 4-11.5) to 2
(Q1-Q3: 0-4) and 8 (Q1-Q3: 6.5-11) to 1 (Q1-Q3: 0.5-3.5), as
shown in Figure 2.
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TABLE 2 Clusters of different ReHo values between baseline and after
stSCS.

Regions Peak MNI Peak Cluster

Regions coordinate T-value size (voxels)
X y z

Baseline < after stSCS

Temporal _Mid_L —54 —63 9 8.184 61

Frontal_Sup_R 18 63 6 7.2821 39

Precuneus -3 —60 39 8.7368 49

SupraMarginal-L —48 —45 33 9.8058 81

Parietal_Inf L —36 —60 48 7.6008 46

Parietal_Sup_R 24 —51 60 6.6291 81

Baseline > after stSCS

Rolandic_Oper_R 39 —30 18 —6.5298 45

Occipital_Mid_R 27 —=72 30 —6.5043 60

ReHo, regional homogeneity.

NRS

A significant reduction in NRS score was identified between
baseline and after stSCS (Z = —2.694, p = 0.007). At baseline,
the median NRS score for PHN was 4 (Q1-Q3: 4-6) and after
stSCS was 0 (Q1-Q3:0-2), as shown in Figure 2.

fMRI results

Comparison of ReHo between baseline and
after stSCS

As shown in Table 2 and Figure 3, compared with baseline,
there was a significantly increased ReHo in the vast region of the
left middle temporal gyrus, right superior frontal gyrus (SFG),
precuneus, left supramarginal gyrus, left inferior parietal lobule
(IPL), and right superior parietal gyrus. We also observed the
decreased ReHo in the right rolandic operculum and the right
middle occipital gyrus after stSCS treatment.

Correlation between ReHo and clinical results

As mentioned earlier, the NRS, PSQI scores, SE-MPQ-2, and
HADS were statistically significant after stSCS therapy and were
then correlated with ReHo alterations. A significant positive
correlation was found between ReHo changes in the right middle
occipital gyrus and changes in intermittent pain (r = 0.725, p =
0.027). A significant negative correlation was identified between
ReHo changes in the left precuneus and changes in intermittent
pain (r = —0.673, p = 0.047) and PSQI (r = —0.736, p = 0.024)
and left inferior parietal and affective descriptors (r = —0.746, p
= 0.021) and HADS-A (r = —0.782, p = 0.013). However, this
level of significance was abolished after Bonferroni correction (p
< 0.05/120 = 0.0004).
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Comparison of DC between baseline and after
stSCS

As shown in Table 3 and Figure 4, there was a significantly
increased DC in the vast region of the left middle temporal
gyrus, right rolandic operculum, left supramarginal gyrus,
right supramarginal gyrus, right precentral gyrus (PCG), left
precuneus, and left inferior parietal after stSCS.

Correlation between DC and clinical results

The NRS, PSQI scores, SF-MPQ-2, and HADS were
statistically significant after stSCS and were then correlated
with DC alterations. A significant negative correlation was
identified between DC changes in the left middle temporal
gyrus (r = —0.690, p = 0.040), right rolandic operculum (r =
—0.742, p = 0.022), right supramarginal gyrus (r = —0.845, p
= 0.004) and changes in intermittent pain, left precuneus and
PSQI (r = —0.778, p = 0.014), right rolandic operculum and
HADS (r = —0.753, p = 0.019) and HADS-D (r = —0.678,
p = 0.045), left inferior parietal (r = —0.686, p =0.041) and
HADS-D. However, this level of significance did not remain after
Bonferroni correction (p < 0.05/120 = 0.0004).

Discussion

In our study, we investigated the changes in ReHo and
DC values related to stimulator-induced pain relief in patients
with PHN. ReHo and DC analysis validated the improvement
in symptoms to some extent at the level of regional brain
function. We also observed correlation between the change in
brain function and clinical questionnaires. Our results indicate
that stSCS therapy can change local activity and functional
connectivity to alleviate pain, sleep, and emotional disorder.

In this study, we identified several functional brain mapping
alterations related to pain following the treatment of PHN with
stSCS therapy. Patients with PHN show significantly reduced
ReHo levels in the temporal lobe (Cao et al, 2017b). We
observed increased DC and ReHo values in the middle temporal
gyrus after stSCS. The middle temporal gyrus is associated with
language and semantic memory processing, visual perception,
multimodal sensory integration, and pain inhibition (Kucyi
etal., 2013). We also identified a significant correlation between
DC and ReHo changes in the middle temporal gyrus, the right
middle occipital gyrus and changes in intermittent pain. The
middle occipital gyrus is related to pain and may take part in the
descending pain-inhibitory mechanisms (Reis et al., 2010). The
occipital lobe has been shown to be associated with sensitivity to
fearful stimuli, emotion processing, levels of trait anxiety, and
the sensory processing (Collignon et al., 2011). It is possible
that stSCS treatment may act on these regions of brain to
alleviate pain.
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FIGURE 3

Significant differences in ReHo between baseline and after stSCS in axial and sagittal slices. The warm colors indicate a higher ReHo value
whereas the cooler colors indicate a lower ReHo value at baseline and after stSCS (p < 0.05). Brain images are displayed in radiology convention
(the left of the figure represents the right side of the patient’s brain and vice versa).

-6

TABLE 3 Clusters of different DC values between baseline and after
stSCS.

Regions Peak MNI Peak Cluster
coordinate T-value size (voxels)
X y z

Baseline < after stSCS

Temporal_Mid_L —54 —63 12 13.5598 22
Rolandic_Oper_R 54 3 12 6.5985 20
Supramarginal_L —42 —45 30 9.6256 62
Supramarginal_R 69 —72 24 5.8351 24
Precentral_R 57 3 27 6.238 17
Precuneus_L 0 —63 27 7.2906 42
Parietal_Inf_L —60 —42 39 7.2755 21

DG, degree centrality.

We found that the precuneus was related to pain intensity
and sleep quality. We observed increased DC and ReHo values in
the left precuneus after stSCS when compared to baseline. There
was also a significant correlation between ReHo and DC changes
in the left precuneus and changes in intermittent pain and PSQIL.
The precuneus gathers information for somatosensory sensation
and is therefore responsible for the recognition of pain sensation
(Nagamachi et al., 2006). The precuneus plays a significant role
in sleep. Altena et al. reported that reduced gray matter volume
was found in the precuneus in patients with insomnia (Altena
et al.,, 2010). One of the reasons for sleep improvement may
be related to the changes in the precuneus. The precuneus in
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a wide range of highly integrated tasks, including visuospatial
imagery, episodic memory retrieval, self-processing operations,
aspects of consciousness, pain perception, and endogenous
pain modulation (Greicius et al., 2009). Groote et al. (2020)
suggested the role of the precuneus as a monitoring tool
for the effect of SCS. We found an increase in ReHo and
DC values in the left precuneus after stSCS; these data may
confirm the important role of the precuneus in the alleviation
of pain. Depression severity was previously correlated with
functional connectivity in the left middle temporal cortex and
precuneus (Lassalle-Lagadec et al., 2012). The precuneus is the
main hub of the brain and represents a core region of the
default-mode network (DMN). The DMN is the resting-state
network of the brain and consists of the posterior cingulate
cortex, medial frontal, precuneus, posterior parietal cortex, and
lateral temporal cortex (Raichle et al., 2001). The DMN is not
only responsible for emotional processing, self-introspection,
awareness, and the extraction of scenario memory, but also
correlative pain suppression (Argaman et al., 2020), functional
connectivity hubs, and brain networks (Tomasi and Volkow,
2011). The resting-state DMN is abnormal in patients with
chronic painful conditions, thus implicating the impact of such
chronic conditions on areas beyond pain perception.

Several brain regions related to emotion were changed after
stSCS therapy. The parietal lobe is associated with emotion,
sensory, and cognitive function (Lai, 2019). Anxiety is associated
with reduced cerebral blood flow in the parietal lobe (Fredrikson
et al., 1997). The severity of anxiety is inversely correlated with
metabolism in the temporal and parietal regions in patients
with mood disorder (Osuch et al., 2000). Improvements in the
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FIGURE 4

brain and vice versa).

Significant differences in DC between baseline and after stSCS in axial and sagittal slices. The warm colors indicate higher DC values at baseline
and after stSCS (p < 0.05). Brain images are presented in radiology convention (the left of the figure represents the right side of the patient’s

severity of panic symptoms have also been negatively correlated
with the changes in ReHo values in the right superior parietal
lobe (Lai and Wu, 2013). Patients with PHN show significantly
reduced ReHo values in the right parietal lobe (Cao et al,
2017b). We also observed an increased ReHo value in the
superior parietal gyrus after stSCS. It is possible that the superior
parietal lobe plays an important role in improving emotions
following treatment with stSCS. Moreover, increases in DC
and ReHo values in the inferior parietal lobule (IPL), which
includes the angular gyrus and the supramarginal gyrus, were
observed after stSCS. A significant correlation was identified
between DC and ReHo changes in the IPL and changes in
the HADS-D and HADS-A. We also identified a significant
correlation between DC changes in the left supramarginal
gyrus and changes in intermittent pain. It is possible that
the IPL may be engaged in attention control, self-awareness,
and the regulation of negative affection (Zhuang et al., 2017).
The IPL participates in emotional expression and is related to
happiness (Schmidt et al.,, 2020). The angular gyrus is both
a node of the DMN and a subregion of the inferior parietal
lobule (Gray et al., 2020). The supramarginal gyrus processes
external/perceptual information, whereas the angular gyrus
processes internal/conceptual information (Rubinstein et al.,
2021). The IPL plays a role in episodic memory encoding
(Rubinstein et al., 2021). It is possible that stSCS may influence
ILP to alleviate pain and emotional function. With regard to
emotion, we also found that the ReHo value increased and
the DC value decreased in the rolandic operculum after stSCS.
There was a significant correlation between DC changes in the
rolandic operculum and changes in the HADS, HADS-D, and
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intermittent pain. One of the reasons why SCS therapy led to
an improvement in emotions may be related to the changes
in rolandic operculum. Previous studies have reported that
the rolandic operculum is associated with psychology and also
emotional responses to music (Zhang et al., 2020). Lesions in
the right rolandic operculum are known to contribute to worse
psychological conditions (high apathy, depression, anxiety, and
perceived stress) (Sutoko et al., 2020). The rolandic operculum
and IPL may also play the important roles in alleviating the
comorbidity of emotion disorder and pain.

The motor function of several brain regions was found to
undergo the changes after stSCS therapy. The ReHo value for
the superior frontal gyrus was found to increase following stSCS.
The human SFG into the anteromedial (SFGam), dorsolateral
(SFGdI), and posterior (SFGp) subregions is based on the
diffusion tensor tractography (Li et al., 2013). The SFGam is a
node of the DMN and is involved in self-referential processing
and cognitive control (Northoff et al., 2006). The SFGdI plays a
role in the execution of cognitive manipulation (Li et al., 2013).
The SFGp is connected with sensorimotor areas (Yu etal., 2011).
Regions in the right SFG are implicated in a variety of tasks,
including motor movement, working memory, sensorimotor,
and cognitive control (Briggs et al, 2020). The concurrent
involvement in motor nerves could induce the symptoms of
segmental zoster paresis, a condition that is manifested by
localized asymmetric myasthenia; the range of this condition
generally follows the distribution of myomeres with skin rashes
(Meng et al., 2021). SCS has also been shown to alleviate
motor deficit (Megia Garcia et al., 2020). The stSCS may exert
an effect on the SFGp to alleviate pain and motor function.
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In this study, the PCG is also involved in motion function
in that the DC value of the PCG was increased. The PCG
features the whole primary motor area (M1); a very small part
of this is located by the most caudal edge of the premotor
cortex. The M1 has recently been shown to be a crucial node
in the processing of cognitive information related to motor
function (e.g., spatial transformations, serial order coding,
stimulus-response incompatibility, motor skill learning and
memory, and motor imagery) (Georgopoulos, 2000). Changes
in the SGF and PCG may represent central mechanisms by
which SCS can alleviate motor function although this requires
further investigation.

Since several patients withdrew from their consent, the
most evident limitation of this study is the relatively small
sample size; this may have had an influence on statistical
power. Since the patients had a strong desire to accept
stSCS therapy to alleviate pain, unfortunately, there is
no other treatment control group. Future research should
investigate the correlation between motor function and neural
activity changes.

Conclusion

Collectively, this study dynamically and visually investigated
the local activity and functional connectivity of brain regions
in patients with PHN when treated by stSCS therapy. We
demonstrated that after stSCS treatment, patients with PHN
exhibit the alterations in ReHo and DC in several brain
regions; these regions are related to sensory, motor, memory,
sleep, and emotional processes. Moreover, we also observed
significant correlations between alterations within these regions
and pain intensity, sleep quality, and emotional disorder. This
suggests that stSCS therapy may alleviate pain, sleep, and
emotional disorder via mechanisms in specific brain segments.
Our results provide further insights into the mechanisms of
stSCS therapy that may activate neurophysiological pathway in
the brain.
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Sleep deprivation and recovery
sleep affect healthy male
resident’s pain sensitivity and
oxidative stress markers: The
medial prefrontal cortex may
play a role in sleep deprivation
model

Shuhan Chen'?t, Yanle Xie!?t, Yize Li3t, Xiaochong Fan'?,

Fei Xing'?, Yuanyuan Mao'?, Na Xing*?, Jingping Wang?*,
Jianjun Yang!?, Zhongyu Wang'?* and Jingjing Yuan’2*
!Department of Anesthesiology, Pain and Perioperative Medicine, The First Affiliated Hospital

of Zhengzhou University, Zhengzhou, China, 2Henan Province International Joint Laboratory
of Pain, Cognition and Emotion, Zhengzhou, China, *Department of Anesthesiology, Tianjin
Research Institute of Anesthesiology, Tianjin Medical University General Hospital, Tianjin, China,

“Massachusetts General Hospital Department of Anesthesia, Critical Care and Pain Medicine,
Harvard Medical School, Boston, MA, United States

Sleep is essential for the body's repair and recovery, including
supplementation with antioxidants to maintain the balance of the body's
redox state. Changes in sleep patterns have been reported to alter this repair
function, leading to changes in disease susceptibility or behavior. Here, we
recruited healthy male physicians and measured the extent of the effect
of overnight sleep deprivation (SD) and recovery sleep (RS) on nociceptive
thresholds and systemic (plasma-derived) redox metabolism, namely, the
major antioxidants glutathione (GSH), catalase (CAT), malondialdehyde
(MDA), and superoxide dismutase (SOD). Twenty subjects underwent morning
measurements before and after overnight total SD and RS. We found that
one night of SD can lead to increased nociceptive hypersensitivity and the
pain scores of the Numerical Rating Scale (NRS) and that one night of RS
can reverse this change. Pre- and post-SD biochemical assays showed an
increase in MDA levels and CAT activity and a decrease in GSH levels and SOD
activity after overnight SD. Biochemical assays before and after RS showed a
partial recovery of MDA levels and a basic recovery of CAT activity to baseline
levels. An animal study showed that SD can cause a significant decrease in
the paw withdrawal threshold and paw withdrawal latency in rats, and after
4 days of unrestricted sleep, pain thresholds can be restored to normal. We
performed proteomics in the rat medial prefrontal cortex (mPFC) and showed
that 37 proteins were significantly altered after 6 days of SD. Current findings
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showed that SD causes nociceptive hyperalgesia and oxidative stress, and RS
can restore pain thresholds and repair oxidative stress damage in the body.
However, one night of RS is not enough for repairing oxidative stress damage
in the human body.

sleep deprivation, pain, oxidative stress, recovery sleep, night shift

Introduction

Chronic pain is a major health problem worldwide (Cohen
etal., 2021). sleep might be relevant for predicting both the onset
and the resolution of pain (Aili et al., 2015). The deprivation or
the disturbance of sleep enhances pain sensitivity (Lautenbacher
etal., 2006). Previous studies suggest that sleep deprivation (SD),
or sleep loss, results in augmented pain response in healthy
subjects (Roehrs et al., 2006; Azevedo et al., 2011). Experimental
studies highlight the profound impact of sleep disruptions on
pain, suggesting that SD leads to hyperalgesic pain changes,
while chronic pains are often accompanied by sleep disturbances
(McBeth et al., 2015; Sivertsen et al., 2015). In chronic pain, the
activity of the medial prefrontal cortex (mPFC), a brain region
critical for executive function and working memory, is severely
impaired. The major extracortical sources of excitatory input
to the mPFC come from the thalamus, the hippocampus, and
the amygdala, which enables the mPFC to integrate multiple
streams of information required for the cognitive control of
pain, namely, sensory information, context, and emotional
salience (Jefferson et al., 2021). One study found that one night
of total SD impaired descending pain pathways and sensitized
peripheral pathways to cold and pressure pain (Staffe et al.,
2019). Chronic SD may alter the habituation and sensitization
of pain, thereby increasing susceptibility to pain (Simpson et al.,
2018). At the same time, some studies showed that undisturbed
sleep and recovery sleep (RS) may in turn help the pain system
return to normal overnight. The question of whether RS helps to
reset occurring pain changes has gained special interest. Roehrs
et al. (2012) have demonstrated that, in healthy sleep-deprived
subjects, improved sleep quality/quantity leads to decreased
pain sensitivity thereafter.

Night shift work has a critical effect on sleep, and it is
inevitable for anesthesiologists to work on the night shift. Many
anesthesiologists even work through the night when they are
on the night shift. Extended shift durations and interrupted
sleep are integral parts of an anesthesiologist’s professional
life (Tucker and Byrne, 2014). Despite recommendations in
the United States and in Europe to limit work hours, the
amount worked can still not only lead to acute and chronic
SD but may also present a potential hazard for doctors™ health.
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Anesthesiologists experience disruptions in their circadian
rhythms as a result of working through the night. Sleep
disruption or SD is thought to increase oxidative stress, defined
as an imbalance in the normal balance between reactive
oxygen species formation and antioxidant defense mechanisms.
Anesthesiologists switching between night shifts and day shifts,
or taking shifts off, are at risk of circadian rhythm disruptions.
Circadian rhythms provide the regulation of protein expression
in response to oxidative stress (Wilking et al., 2013). Chronic
oxidative stress caused by sleep disruption can lead to chronic
systemic low-grade inflammation (Besedovsky et al., 2019) and
long-term disruption of circadian rhythms (Morris et al., 2018).

Many studies have shown a close link between the mPFC
and sleep. Up to 12 circadian core clock genes are altered
by SD in mice mPFC (Guo et al, 2019). Acute paradoxical
deprivation leads to microglia activation and inflammatory
responses in the prefrontal cortex of mice (Liu et al., 2022),
which can also cause oxidative stress and lead to a decrease in
glutathione (GSH) levels (Kanazawa et al., 2016). SD selectively
enhances the expression and activity of prefrontal cortical 5-
a reductase in rats, thereby affecting their mental status (Frau
et al.,, 2017). Also, several pieces of clinical evidence showed
that the morphology of the mPFC is altered in humans after SD
(Mullin et al., 2013; Elvséshagen et al., 2017; Feng et al., 2018).

Given the above evidence, we believe that oxidative stress
and pain threshold sensitivity may be increased after one night
of SD, which may be ameliorated by one night of RS. Therefore,
the purpose of this study was to evaluate (1) the effect of SD and
RS on the pain sensitivity of participants and animals, (2) the
extent of overnight total SD and one night of RS on systemic
redox of participants, and (3) changes and effects of mPFC
in rats during SD.

Materials and methods

Participants
The study was approved by the ethics committee of the

First Affiliated Hospital of Zhengzhou University (2021-KY-
1149-004). The trial was registered at the Chinese Clinical Trial
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Registry (ChiCTR2200058546). Anesthesia residents of the First
Affiliated Hospital of Zhengzhou University, years 18 to 44, were
invited to participate in the study. The recruited subjects were
all anesthesiologists working in the First Affiliated Hospital of
Zhengzhou University. We recruited 24 male volunteers within
the hospital department, four of whom were excluded due to
ineligibility, so, a total of 20 participants were selected for the
study. The mean age of male participants was 26 + 2 years
(range 18~44 years). Participants were screened to ensure good
health, including the documentation of habitual nightly sleep
duration between 7 and 9 h; the absence of sleep disorders based
on questionnaires; the absence of any psychiatric disorders
or chronic health disorders (e.g., hypertension, chronic pain
disorders); the absence of any acute health problems (e.g.,
broken arm, cold, or flu); the absence of regular medication use;
the absence of dietary supplements use, namely, vitamins and
cod liver oil; and body mass index (BMI) <27.5 kg/m?. Baseline
demographic measures were collected. Participants were not
allowed to consume alcohol, chocolate, or caffeine for 72 h
before and during the study. Strenuous exercise and napping
were prohibited.

In the pilot trial, subjects’ pressure pain thresholds (PPTs)
were measured at baseline, after SD, and after RS. The
PPTs at the three timespoints were 265, 160, and 250 mg,
respectively, with a standard deviation of 80. While setting
a to 0.05 (bilateral), § to 0.10, and the number of groups k
to 3, the minimum sample size of 13 cases was calculated.
Twenty-four patients were recruited to ensure complete data
collection, considering the trial's dropout rate, exclusion
rate, and compliance.

Procedure

The study was conducted in the First Affiliated Hospital
of Zhengzhou University. Figure 1 depicts the participants’
schedules and study protocols. Participants were not divided
into groups and were self-controlled. Intensive 24-h recordings
for 3 days were obtained (baseline night, SD night, and RS
night). These intensive recording periods included major signs
check, blood sampling, Epworth sleepiness scale (ESS), and
pain evaluation.

During SD, the participants were permitted to engage in
non-stressful activities (e. g., talking, board games, etc.) or were
only allowed to drink water and were forbidden to take food
or drink or do strenuous exercise. During the SD evening, the
participants were not allowed to sleep after 8 p.m. overnight.
Participants were continuously monitored by researchers and
smart watches throughout the night (Huawei Watch Fit 6,
FRA-B19, Huawei Technologies Co., Ltd.).

Blood sample collection

To measure the levels of malondialdehyde (MDA), catalase
(CAT), GSH, and superoxide dismutase (SOD), 3 mL of
blood was taken through venipuncture and collected into
ethylenediaminetetraacetic acid (EDTA) coated tubes. The tubes
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were immediately centrifuged for 10 min at 1,500 x g at 4°C
after collection. The plasma was then apportioned into 0.5 mL
aliquots and stored at —20°C until analyses were conducted.

Pressure pain thresholds of the volunteers
Pressure pain thresholds of participants were evaluated
by using von Frey filaments. A von Frey hair weighing 60
to 300 g was used. The filaments were presented in the
increasing order of strength, perpendicular to the surface of
the back of the subject’s hand, with enough force to cause it to
bend slightly. Until the subjects reported a pain response and
stopped, the weight of the filaments was then recorded as the
subject’s pain threshold. Pain sensitivity were assessed on the
Numerical Rating Scale (NRS) every morning after each night.
Taking circadian rhythm into account, these recordings were
assessed by 20 anesthesiologists between 7:30 and 8:00 a.m. for
3 days. The research environment was tightly controlled. The
investigators conducting the tests were blinded to the group.

Animals

This study was approved by the Ethics Committee of
Zhengzhou University and was performed in accordance with
the Guide for the Care and Use of Laboratory Animals from
the National Institutes of Health, United States. Adult male
Sprague-Dawley rats [total n = 26; SPF (Beijing) biotechnology
co., Ltd.], weighing 220~250 g on arrival, were initially housed
in pairs in an animal colony room under a 12-h light/dark
cycle (lights on at 7:00 am.) at 23 £ 1°C, with food and
water available ad libitum. All rats were allowed 2 weeks
to acclimate to the surroundings before the beginning of
the experiments.

Animal treatment

Rats were divided into the control group (sham, n = 8)
and the SD group (SDR, n = 8). Rats were subjected to 6 h
of SD from 9 am. to 3 p.m. per day for 6 days. An SD rat
model was established using a modified multiplatform water
environment method (Gao et al,, 2019) and was provided food
and drinking water. Control rats were allowed to sleep in cages
without restriction. After 6 days of SD, the rats in both groups
slept unrestrictedly, which was called RS.

Paw withdrawal threshold in rats

Mechanical allodynia was evaluated by determining PWT
by using the up and down method with von Frey filaments.
The rats were placed on a barbed wire platform and allowed to
acclimate for 30 min before the test. A von Frey hair weighing
2.0 to 26.0 g was used. Then, the filaments were presented, in
ascending order of strength, perpendicular to the plantar surface
with sufficient force to cause slight bending against the paw. Paw
withdrawal, flinching, or paw licking was considered a positive
response. After a response, the filament of the next lower force
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FIGURE 1
Study protocols.

was applied. In the absence of a response, the filament of the next
greater force was applied. The tactile stimulus producing a 50%
likelihood of withdrawal was determined using the “up-down”
method. The investigators performing the behavioral tests were
blinded to the group.

Paw withdrawal latency in rats

The Model 336 Analgesia Meter (IITC Inc. Life Science
Instruments, Woodland Hills, CA, United States) was used to
measure PWL to noxious heat. The rats were placed on an
elevated glass plate and allowed to acclimatize for 30 min before
the test. A radiant thermal stimulator was focused on the plantar
surface of the hind paw through the glass plate. The nociceptive
endpoint of the radiant heat test was characteristic movements
like lifting or licking the hind paw, and the time to the endpoint
was considered PWL. To avoid tissue damage, 20 s was used as
a cutoff time. Each animal had five trials with a 10-min interval
per side. The investigators conducting the behavioral tests were
blinded to the group.

Biochemical analysis of oxidative stress

As described in the study protocol, plasma samples
were collected upon completing all tests. The following
parameters were measured: (1) MDA concentration, (2) GSH
concentration, (3) SOD activity, and (4) CAT activity.

The MDA concentration in the plasma was determined
using a commercially available kit (Nanjing Jiancheng
China) based
thiobarbituric acid (TBA) reactivity. The test principle is

Bioengineering Institute, Nanjing, on
that MDA in the degradation product of lipid peroxide can be
combined with thiobarbituric acid to form a red product with a

maximum absorption peak at 532 nm.
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The GSH concentration in the plasma was determined
by the microplate method using a commercially available kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Reduced GSH can react with 5,5-Dithio-bis-(2-nitrobenzoic
acid) (DTNB) to produce a yellow compound, and the
content of reduced GSH can be determined by colorimetric
quantification at 405 nm.

The SOD activity in the plasma was determined using a
commercial kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) based on the hydroxylamine method. When
SOD is contained in the tested sample, it has a specific inhibitory
effect on superoxide anion free radical, reducing the formation
of nitrite, and the absorbance value of the determination tube is
lower than that of the care. SOD activity in the tested sample can
be calculated by formula calculation.

The CAT activity in plasma was determined by an
ammonium molybdate assay using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
decomposition of H,O, by CAT can be stopped rapidly by
adding ammonium molybdate, and the remaining H,O, reacts
with ammonium molybdate to form a yellowish complex.
The activity of CAT can be calculated by measuring its
change at 405 nm.

Proteomic detection and analysis

Protein extraction and sample preparation

Rats were anesthetized with chloral hydrate and mPFC was
removed on ice. We performed five biological replicates for each
group of rats. The removed tissue was rapidly frozen in liquid
nitrogen and then stored at —80°C. RIPA lysate was mixed
with PMSF (Beijing Solarbio Science & Technology Co., Ltd)
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to remove the frozen tissue, and 1,000 wL of the lysate was
added to the mix and sonicated in an ice bath for 5 min until
the tissue fully dissolved. The mixed solution was centrifuged
at 14,000 x g for 15 min at 4°C to obtain the sample lysate.
Then, the lysate was subjected to bicinchoninic acid (BCA)
quantification, acetone precipitation, protein re-solubilization,
protein reduction, protein alkylation, proteolysis, sodium
deoxycholate (SDC) removal, peptide desalting, and nano ultra-
performance liquid chromatography (UPLC) separation to
obtain the final sample preparation solution.

Label-free quantitative and liquid
chromatography-mass spectrometry/mass
spectrometry analysis

The sample preparation solution was analyzed by liquid
chromatography-mass spectrometry/mass spectrometry (LC-
MS/MS). The Q Exactive (Thermo Fisher Scientific, Inc.,
Shanghai, China) was used to perform LC-MS/MS on the
samples to be tested, and each sample was detected for 120 min
to obtain the detection data.

Database search

For the obtained data, raw files were processed using
MaxQuant (2.0.1.0). The protein database was obtained from
the UNIPROT database (uniprot-proteome-rat-2021.2).

Protein sequences and their reverse decoy sequences were
used for both MaxQuant search libraries. The quantification
type was LFQ containing match between run; trypsin was
set as a specific endonuclease with a maximum of 2 missed
cut sites, oxidation (M) and acetyl (protein N-term) were
set as variable modifications, and carbamidomethyl (C) was
fixed modification with maximum variable modifications of 5.
Peptide and protein level FDR was 0.01. FDR was 0.01 for both
peptide and protein levels, and unique peptides without variable
modifications were used for quantification. LFQ is used to
analyze the mass spectrum data generated during the large-scale
identification of proteins by using liquid mass spectrometry
technology to compare the signal intensity of corresponding
peptides in different samples so as to carry out the relative
quantification of proteins corresponding to peptides.

Bioinformatics annotation

The normalized quantitative results were then statistically
analyzed to obtain the corresponding differentially expressed
proteins. Subsequent gene ontology (GO), Kyoto encyclopedia
of genes and genomes (KEGG) pathway, protein interaction
analysis, and demonstration were performed. Molecular
functions, cellular components, and biological processes of
GO were analyzed. The KEGG online service tools were used
to annotate the protein descriptions. Pathways were classified
according to the KEGG website, and further cluster analysis
was performed to explore potential connections and differences
between specific functions.
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Statistics

For the biochemical indicators and nociceptive test data
of the subjects at three-time points, the one-way ANOVA
was used for the data that met the normal distribution, and
the Kruskal-Wallis test was used to compare the difference
of the medians for the data that did not meet the normal
distribution. For the pairwise comparisons among three groups,
the continuous data satisfied the normal distribution and
the homogeneity of variance test used LSD, and the non-
parametric test for the pairwise comparisons used the Kruskal-
Wallis H-test. Behavioral data of rats before and after SD
were analyzed by a two-way ANOVA, and Sidaks multiple
comparisons test was used for pairwise comparison of time
points. All reported p-values are two-tailed with an a priori
significance level of P < 0.05. All statistical analyses of
participants were performed using SPSS 24 (SPSS Statistics,
IBM, Armonk, NY, United States). Data analysis of rats
and graphing software using Prism GraphPad Prism 8 were
performed using GraphPad Software Inc.

Results

A total of 20 volunteers, mainly unmarried (n = 15 or 75%)
men with a BMI of 24.2 kg m~ 2 (standard deviation = 3.8), were
recruited for this study. The mean age of the study participants
was 26 years (standard deviation = 2) and the mean work
experience was 2 (1 to 3) years. Participants’ major signs before
and after SD and RS are shown in Table 1. We also recorded
ESS scores at these three-time points (Figure 2). One night
of SD could significantly increase the degree of drowsiness of
participants during the day and significantly decrease the degree
of drowsiness after experiencing unrestricted RS.

Sleep deprivation led to nociceptive
hypersensitivity

Among participants, we measured nociceptive mechanical
pain thresholds and NRS subjective pain scores at baseline, after
one night of SD, and after one night of RS (Figure 3). We
found that participants’ nociceptive pain thresholds dropped
significantly after one night of SD and that one night of
RS reversed this hyperalgesia. The NRS scores increased
significantly after one night of SD and recovered with
one night of RS.

We examined nociceptive thresholds after SD in rats. In
the evoked nociceptive tests, compared with the sham group,
the SDR group showed significant reductions in both PWT
and PWL at 6 days after SD. Our experiments showed a
partial recovery of thermal nociceptive sensitization in rats after
2 days of RS and a trend toward the recovery of mechanical

frontiersin.org


https://doi.org/10.3389/fnmol.2022.937468
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Chen et al.

TABLE 1 Participants’ vital signs.

Baseline (n = 20)

SD (n=20)

10.3389/fnmol.2022.937468

82 (76 to 87)
100 (99 to 100)
93.6 7.6

Heart rate (times per minute)
SpO; (%)

Mean artery Pressure (mmHg) 945+7.9

81 (70 to 90)
100 (99 to 100)

RS (n =20) F Overall significance (P-value)
82 (78 to 87) 0.939
99 (99 to 100) 0.454
931477 0.998 0.857

nociceptive sensitization without statistical significance. On the
fourth day of RS, mechanical nociceptive sensitization and
thermal nociceptive sensitization in the SDR group rats returned
to baseline (Figure 4).

Biochemical measures
Plasma-derived biochemical measures before and after SD

2.8,
standard deviation = 1.0 nmol/mL), the MDA levels were

are shown in Figure 5. Relative to baseline (mean =

significantly increased following one night of SD (mean = 5.0,
standard deviation = 1.0 nmol/mL, P < 0.0001). The MDA
3.9, standard
deviation = 1.0 nmol/mL), increasing from baseline (P = 0.001),
and decreasing from one night of SD (P = 0.001). After SD, CAT
(12.5[8.0 to 21.3] U/mL) levels were also significantly increased
relative to baseline (5.3 [3.1 to 9.5] U/mL, P = 0.001). CAT
levels after RS (8.1 [5.5 to 10.9] U/mL) were almost restored

levels partially recovered after RS (mean =
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FIGURE 2

Epworth sleepiness scale scores. Subjects were scored on the
Epworth sleepiness scale at three time points. Sleep deprivation
significantly increased subjects’ daytime sleepiness compared to
baseline, and this was significantly reduced after recovery sleep
**xkp < 0.0001 compared to SD.
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to the baseline level (P = 0.844) and decreased significantly
compared with SD (P = 0.038). On the contrary, SD resulted in
reduced GSH (mean = 51.0, standard deviation = 10.3 wmol/L)
levels that were reduced relative to baseline (mean = 784,
standard deviation = 11.0 wmol/L, P < 0.0001). The level of GSH
(mean = 53.9, standard deviation = 15.0 pmol/L) after sleep
recovery increased slightly compared with SD, which was not
statistically significant (P = 0.470), and decreased significantly
compared with baseline (P < 0.0001). In parallel to this result,
SOD levels were also lower after SD (mean = 115.2, standard
deviation = 33.1 U/mL) compared with baseline (mean = 174.0,
standard deviation = 22.6 U/mL, P < 0.0001). There was no
significant recovery of the SOD level after RS compared to SD
(P = 0.095). Compared with baseline, the SOD (mean = 130.4,
standard deviation = 28.2 U/mL) levels decreased significantly
after RS (P < 0.0001).

Proteomics of medial prefrontal cortex
in rats with sleep deprivation

We removed mPFC from the rats after SD for proteomic,
and the following results were determined.

Medial prefrontal cortex changes in rats
treated with sleep deprivation

In order to identify mPFC proteins’ abundances in SD,
we searched the raw data in LC-MS/MS databases and got a
core set of 260 quantified proteins. Based on the differences in
the protein ratios of 260 proteins between the different study
groups, we identified 37 potentially differentially expressed
proteins associated with SD. Of these 37 proteins, 24 proteins
were increased in the SDR group compared to the sham group,
while 13 proteins were decreased in the SDR group, and the
expression of these proteins differed between experimental
groups. Differentially expressed proteins are displayed in the
volcano diagram in Figure 6.

Functional analysis of the differential proteins
associated with sleep deprivation

We then compared differentially expressed proteins between
the study groups through an enrichment analysis of gene
ontology biological processes and identified key biological
processes and potential pathways that may distinguish the SDR
group from the sham group. The cellular processes represented
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in the SDR group.

by the mPFC proteome mainly include guanine transport,
glial cell migration, collagen biosynthetic process, erythrocyte
aggregation and regulation, post-synaptic signal transduction,
and post-synapse to the nucleus signaling pathway. The
enrichment analysis of GO cellular components (Figure 7)
showed that these proteins were mainly localized in the dendritic
spine, the neuron spine, the respiratory chain complex II, and
the lipid droplet. These active factors participated in starch
and sucrose metabolism, amino sugar and nucleotide sugar
metabolism, and the biosynthesis of cofactors, as described in
KEGG pathway mapping (Figure 8). GO enrichment analysis
showed that tryptophan 5-monooxygenase activity induced
changes in molecular function during SD. As a redox substrate,
tryptophan 5-monooxygenase is an important enzyme in the
synthesis of 5-hydroxytryptamine and is also involved in the
synthesis of melatonin. Melatonin is secreted by the brain’s
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pineal gland, and its secretion has a distinct circadian rhythm
regulation and antioxidant effects (Zhang and Zhang, 2014).

Network analysis identifies sleep
deprivation-related specific protein network in
medial prefrontal cortex

To explore the relationship between differentially expressed
proteins associated with SD, we performed a gene network
analysis of differentially expressed proteins in mPFC to identify
specific proteins associated with SD, as seen in Figure 9.
We analyzed the significantly different proteins expressed in
mPFC of rats in the SDR group and the sham group, in an
attempt to explore their connection to biological processes or
molecular functions. Among them, METTL7A was significantly
downregulated in neuropathic pain rats (Gong et al, 2021)
and showed a decreasing trend in our SD rats. Bi-allelic
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Plasma GSH (A), MDA (B), SOD (C), and CAT (D) levels or activity measurements before and after SD and RS. **P < 0.01 compared to Baseline,
**xxp - (0.0001 compared to Baseline, #P < 0.05 compared to SD, ####P < 0.0001 compared to SD

PGM2L1 mutations are associated with a neurodevelopmental
disorder (Morava et al., 2021). Galectin-1 (ALGAS1) is highly
expressed at the sites of infection and inflammation and
plays a role in regulating cell differentiation, proliferation, and
apoptosis (Méndez-Huergo et al, 2017). Furthermore, pro-
inflammatory cytokines in ALGAS1~/~ mice were significantly
downregulated in the liver tissue (Baek et al., 2021), consistent
with our finding that ALGAS1 is significantly upregulated
in SD rats. MacroD1 modulates mitochondrial function and
DNA damage (Agnew et al., 2018) and can further exacerbate
the inflammatory response induced by lipopolysaccharide
stimulation (Zang et al., 2018).

Discussion

Night shifts are very common among clinicians, and
anesthesiologists inevitably work night shifts, and they often
stay up late on duty in SD. Sleep plays a critical role
in regulating cognitive performance and productivity. This
is especially true for anesthesiologists and intensivists who
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often work in shifts (Aries and Lamblin, 2020). Studies
demonstrated that, in residents, acute SD impaired medical
management of life-threatening situations occurring during
high fidelity simulated anesthesia cases (Arzalier-Daret et al.,
2018). Cognitive deficits emerge and accumulate to significant
levels when sleep duration falls below 7 h per night, while fatigue
also affects work performance and professional alertness (Saadat
et al, 2017). Fatigue in anesthesiologists would have more
serious implications that extend beyond individual health and
affect patient management, safety, and the quality of healthcare.
Saadat et al. (2016) previously reported a significant worsening
of mood, the cognitive status, and total mood disturbance after
night calls by anesthesiologists compared to normal working
hours. While SD has many effects on physicians’ health, this
study evaluated the effects of SD on pain thresholds and the
redox state of the organism in young male physicians. Studies
showed that predictors of pain sensitivity differ by gender
(Alabsi et al, 2022), that women experience greater anxiety
than men when sleep deprived (Goldstein-Piekarski et al., 2018),
and that women are more susceptible to pain in the clinic
(Fillingim et al., 2009). Effects of total SD on descending pain
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inhibition are sex-specific (Eichhorn et al., 2018). Considering
the possible influence of gender on the experimental results
and the fact that women’s physical conditions are susceptible
to menstrual cycles, we selected healthy male residents for
the trial. Age was significantly associated with daily sleep
duration and subjective sleepiness (Bonnefond et al., 2006), and
a previous study demonstrated that somatosensory thresholds
for non-injurious stimuli increase with age whereas pressure
pain thresholds decrease (Lautenbacher et al., 2005). To reduce
the effect of age on the trial results, we included physicians aged
18~44 years.

In two country samples of community-dwelling older adults
in Singapore and Japan, sleep deficiency increased the risk
of any new pain onset and pain increased the risk of newly
presenting sleep deficiency (Chen et al., 2019). A related clinical
study showed that, in healthy adults with mild sleepiness,
extended bedtime led to increased sleep duration and decreased
drowsiness, resulting in reduced pain sensitivity (Roehrs et al.,
2012). To prevent this variation from influencing the results
of our experiment, we chose to measure pain thresholds and
NRS pain scores at 8:00 a.m. each day. As previously described,
we found that one night of SD can lead to significantly higher
nociceptive hyperalgesia and NRS pain scores compared to
baseline. This was similarly demonstrated in rat experiments,
where nociceptive tests on rats SD for 6 days showed that
both PWT and PWL were significantly lower in the SDR group
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compared to the sham group, and this reduction recovered
after 4 days of RS. Our study demonstrated that SD leads to
increased pain sensitivity in both healthy subjects and animals.
Prostaglandin 2 (PGE2), a key mediator of inflammation and
pain, has been shown to be a potential mediator in SD-induced
changes in pain sensation, and the increase in spontaneous
pain caused by total SD is significantly associated with an
increase in PGE2 metabolites (Haack et al., 2009). Activation of
inflammation-related pathways leads to the production of ROS
and RNS, and the generated ROS can lead to the activation
of pro-inflammatory cytokines such as IL-1p and TNF-a to
induce inflammatory responses, thereby participating in the
underlying pathogenic mechanisms of various diseases (Atrooz
and Salim, 2020). In this study, it may be related to hyperalgesia
in subjects and animals.

The current study showed that SD leads to alterations
in the redox state of the body. A recent meta-analysis
showed that sleep disturbance is associated with an increase
in markers of systemic inflammation (Irwin et al, 2016).
Systemic inflammation resulted in a lower pain threshold
(de Goeij et al., 2013). It has been shown that SD leads to
increased oxidative DNA damage and dying cells in rats and
that 2 days of RS restores the balance between DNA damage
and repair, leading to normal or below normal oxidative damage
(Everson et al., 2014). Sleep is known to replenish redox
metabolites in the body, and altered sleep patterns may limit
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this ability. As expected, in the present study, we found that
plasma antioxidant GSH levels and SOD activity decreased with
increased oxidative damage, while CAT activity and the MDA
levels increased with increased oxidative damage. Thus, we
found that antioxidants and redox metabolites in the organism
are altered under the influence of SD. The alteration caused
by SD is important, especially because previous studies showed
that this change is an important factor in neurological diseases
(Durmer and Dinges, 2005; Goel et al., 2009; Lowe et al., 2017).
It follows that we should not ignore the damage that SD can
cause to our body.
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The hyperalgesic effect of SD seems reversible by napping
(Faraut et al, 2015) as well as by the effective treatment of
sleep disorders (Khalid et al., 2011). Roehrs et al. (2012) showed
that extended sleep reduces pain sensitivity. Low vigilance
following SD might lead to higher pain sensitivity and prevent
adequate pain coping, whereas the restoration of vigilance
following RS might be accompanied by a normalization of pain
perception (Stroemel-Scheder et al., 2020). Several research have
shown that RS (i.e., improved quality or quantity of sleep)
has the potential to restore normal nociceptive sensitivity after
SD-induced nociceptive hypersensitivity (Roehrs et al., 2012;

frontiersin.org


https://doi.org/10.3389/fnmol.2022.937468
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Chen et al.
Enrich KEGG
—log1o (pvalue)
S . ]
3 2 1
Count
FIGURE 8

10.3389/fnmol.2022.937468

- Starch and sucrose metabolism

- Amino sugar and nucleotide sugar metabolism
- Prion disease

- Choline metabolism in cancer

- Glycosphingolipid biosynthesis - ganglio series

Glycosphingolipid biosynthesis - globo and
“isoglobo series

- Other glycan degradation
- Biosynthesis of cofactors
- Glycosaminoglycan degradation

- Protein processing in endoplasmic reticulum

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed proteins. KEGG pathway annotation was
performed on the selected differentially expressed proteins to analyze and determine the most important metabolic and signal transduction

pathways involved in the differentially expressed proteins.

Karmann et al., 2014; Vitiello et al., 2014; Smith et al., 2015).
Consistent with the above, our study demonstrated that
one night of restorative sleep not only reduces nociceptive
hyperalgesia induced by SD but also substantially restores
subjects’ subjective pain NRS scores to their pre-SD levels.
Studies related to the effect of RS on altered nociception
after SD have been reported, but little has been mentioned
about whether RS can improve the altered oxidative stress
state of an organization induced by SD. We found that,
after one night of RS, MDA levels and CAT vitality
could be partially restored, with MDA levels still elevated
compared to baseline but significantly lower than after one
night of SD and CAT vitality largely restored to baseline
levels. Unfortunately, GSH levels and SOD activity were not
improved after RS. This shows that even just one night
of SD can have a profound effect on redox metabolites.
Chronic sleep restriction or acute total SD results in persistent
and distinct biological, physiological, and/or neurological
changes that are not significantly reversed with chronic,
long-duration RS (Yamazaki et al, 2021). A recent study
showed that induced sleep deficiency causes the deterioration
of body functions and that 1 week of recovery is not
enough for full recovery (Ochab et al, 2021). Thus, one
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night of RS can only partially ameliorate the oxidative
damage caused by SD.

Numerous studies were conducted to elucidate the
mechanisms of neuropathic pain, and oxidative stress is
considered to be one of the important causative factors in
damaging peripheral sensory neurons (Areti et al., 2014). Shim
et al. (2019) found that the chemotherapeutic drug-induced
mechanical hypersensitivity was fractionally mediated by
sustained oxidative stress. Indeed, antioxidants can reduce
chemotherapy-induced neuropathic pain that has developed
in animal models, suggesting that reducing oxidative stress is
a promising pain therapy (Kim et al., 2010, 2016; Fidanboylu
et al,, 2011). We found that SD can cause the body to suffer
from oxidative stress and lead to mechanical hypersensitivity.
Many studies showed that oxidative stress can cause pain,
but whether this mechanical hypersensitivity response is
directly mediated by oxidative stress needs further experimental
verification. One night of RS can significantly improve
mechanical hypersensitivity and only slightly improve oxidative
stress damage to the body. It is known that sleep can replenish
antioxidants in the body and thus improve the oxidative stress
status of the organism. In the present study, the oxidative stress
status of the body did not improve well after RS, which may
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STRINGdb protein—protein network enrichment analysis. The protein—protein interaction network of significant proteins is shown. STRING
database integrates various information from curated databases that were experimentally determined; gene neighborhood, gene fusions, and
gene co-occurrence; text mining, co-expression, and protein homology.

be due to insufficient sleep time or the fact that one night We performed proteomic assays in mPFC of sham and
of RS could not compensate for the lack of sleep caused by SDR rats; overall, we quantified 3,790 proteins using the LFQ
one night of SD. proteomics approach, with 2,956 quantifiable proteins. In total,
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37 of these proteins were significantly differentially expressed,
of which 24 were upregulated and 13 were downregulated
during SD. These differentially expressed proteins were mainly
involved in biological processes such as starch and sucrose
metabolism, amino and nucleotide sugar metabolism, and
protein processing in the endoplasmic reticulum. For example,
sleep fragmentation induces endoplasmic reticulum stress in
the hypothalamus of mice (Hakim et al., 2015), and circadian
rhythm dysregulation induced by chronic night work promotes
endoplasmic reticulum stress activation, which directly affects
the human metabolism (Ferraz-Bannitz et al., 2021).

We acknowledge several study limitations. We did not use
electroencephalography (EEG) to monitor our subjects’ sleep
conditions during a whole night of SD, so we cannot be sure
that they did not experience transient sleep during this time
period. However, our subjects were continuously monitored
and clinically engaged throughout the night of SD, so we are
confident that the subjects did not experience transient sleep
during SD. High-intensity and stressful night shift work might
be different from simple SD, but we did not study it. Since
anesthesiologists work during night shifts, we were unable to
perform simple SD on the participating anesthesiologists, which
was a limitation of this study. Our study only demonstrated that
SD can cause nociceptive hypersensitivity and altered oxidative
stress status in the body. Future studies are encouraged to
investigate if this nociceptive hypersensitivity is mediated by
oxidative stress in patients with sleep-deprived chronic pain.

In conclusion, this study showed that one night of SD
can cause nociceptive hypersensitivity and increase oxidative
stress damage in the body. One night of RS restored
nociceptive hypersensitivity and improved the SD-induced
increase in NRS pain scores, but it only slightly improved
the markers of oxidative stress after SD. Whether SD-induced
nociceptive hypersensitivity is mediated by oxidative stress
remains uncertain and further studies are warranted.
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When the body is under pathological stress (injury or disease), the status
of associated acupoints changes, including decreased pain threshold. Such
changes in acupoint from a ‘silent” to an “active” state are considered
“acupoint sensitization,” which has become an important indicator of acupoint
selection. However, the mechanism of acupoint sensitization remains unclear.
In this study, by retrograde tracing, morphological, chemogenetic, and
behavioral methods, we found there are some dorsal root ganglion (DRG)
neurons innervating the ST36 acupoint and ipsilateral hind paw (IHP) plantar
simultaneously. Inhibition of these shared neurons induced analgesia in the
complete Freund's adjuvant (CFA) pain model and obstruction of nociceptive
sensation in normal mice, and elevated the mechanical pain threshold (MPT)
of ST36 acupoint in the CFA model. Excitation of shared neurons induced
pain and declined the MPT of ST36 acupoint. Furthermore, most of the shared
DRG neurons express TRPV1, a marker of nociceptive neurons. These results
indicate that the shared nociceptive DRG neurons participate in ST36 acupoint
sensitization in CFA-induced chronic pain. This raised a neural mechanism of
acupoint sensitization at the level of primary sensory transmission.

pain, dorsal root ganglion, acupoint sensitization, ST36 acupoint, nociceptive
neuron, acupuncture

Introduction

Acupuncture and moxibustion are crucial components of traditional Chinese
medicine (TCM). By applying physical stimulations, such as mechanical (acupuncture,
pressing, etc.), thermal (moxibustion), or electrical (electroacupuncture, transcutaneous
electrical nerve stimulation, etc.) stimuli, to certain specific points (acupoints) on the
body surface, the relief of symptoms or treatment of diseases can be achieved. For
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example, a meta-analysis indicated that acupuncture had a
beneficial effect on knee osteoarthritis in reducing pain and
improved patient function activities (Tian et al., 2022). In the
treatment of diarrhea-predominant irritable bowel syndrome,
moxibustion had a more positive influence on the symptoms
as compared to western medicines, TCM prescription, or
acupuncture (Dai et al., 2022). In terms of improving immune
function, studies have found that acupuncture significantly
increased the numbers of white blood cells in patients with
breast cancer who were undergoing ameliorating leukopenia
during chemotherapy (Shih et al., 2021). At the same time, in
the treatment of different diseases, some acupoints are often
stimulated to receive better curative effects than others, so these
acupoints are more favored. Acupoints such as ST36 (Zusanli)
and EX-LE5 (Xiyan) were usually used in the treatments of
knee osteoarthritis (Ma et al., 2018; Tong et al, 2021; Tian
et al., 2022; Wei et al., 2022). To relieve diarrhea-predominant
irritable bowel syndrome, ST36 and ST37 (Shangjuxu) were
chosen with the highest frequency during the moxibustion
treatments (Wang et al., 2018; Bao et al., 2019; Dai et al., 2022).
Acupoints like ST36, SP6 (Sanyinjiao), BL23 (Shenyu), etc.
were frequently used to improve immune function (Shih et al.,
2018, 2021; Li et al., 2021; Oh and Kim, 2021; Ramires et al,,
2021; Zhu et al., 2022). Therefore, to obtain a good therapeutic
effect in acupuncture or moxibustion treatment, the selection of
appropriate acupoints plays a key role.

It has been reported that when the body is under
pathological stress (injury or disease), the status of associated
acupoints changes, including sensation threshold, receptive
field, biophysical properties, and morphology (Ngai et al., 2011;
Wong, 2014; He et al., 2015; Zhu, 2015; Jung et al., 2017; Qi et al,,
2017; Fan et al,, 2018; Tan et al., 2019; Ma, 2021). In particular,
acupoints undergo sensory mutations that increase sensitivity
to various stimuli (similar to “allodynia”) (Zhu, 2019). Such
changes in acupoint from a “silent” to an “active” state during
pathological processes are considered “acupoint sensitization”
(Tan et al., 2019). Selected sensitized acupoints for acupuncture
treatment are in line with the account of “taking the tender
point as acupoint” in The Yellow Emperor’s Classics of Internal
Medicine (Huang Di Nei Jing). For example, a recent trial
study showed that acupressure at sensitized acupoints effectively
reduced the frequency of stable angina pectoris episodes (Huang
et al,, 2021). Acupoint sensitization has become an important
indicator of acupoint selection. However, the mechanism of
acupoint sensitization remains unclear.

The neural system plays important role in the therapeutic
effect of acupoints (Lee et al., 2020; Liu et al., 2020, 2021; Song
et al., 2021; Li et al., 2022). Pain and heat sensitization is an
important manifestation of acupoint sensitization, which also
indicates the criticality of the sensory nervous system. The cell
bodies of the sensory nerves innervating the acupoints gather
in the dorsal root ganglia (DRG). In our previous study, we
found that most DRG neurons innervating ST36 acupoint are
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middle-sized neurons with a single spike firing pattern, which
suggests that proprioceptive neurons have a greater possibility
than small-size nociceptive neurons to mediate the acupuncture
signals (Li et al., 2022). However, small-diameter neurons are
generally considered to mediate pain, itch, and heat sensations
(Gao X. F. et al, 2015; Li et al,, 2016; Zhang Z. J. et al., 2018;
Dong et al., 2020). Therefore, it still needs to be elucidated which
type of DRG neurons participate in acupoint sensitization.

In this study, we employed morphological, chemogenetic,
and behavioral methods and explored the anatomical
distribution and functional types of DRG neurons that
mediate acupoint sensitization. We found that there were some
DRG neurons innervating ST36 acupoint and ipsilateral hind
paw (IHP) plantar simultaneously. Excitation of these shared
neurons induced pain in normal mice, while inhibition of
them elevated the mechanical pain threshold (MPT) of ST36
acupoint in the complete Freund’s adjuvant (CFA) model mice.
TRPV1 channels, always expressed by nociceptive neurons,
were also expressed by most of these shared neurons. These
results indicate that the shared DRG neurons, most of which are
nociceptive neurons, explain the neural mechanism of acupoint
sensitization at the level of primary sensory transmission.

Materials and methods
Animals

Specific pathogen-free (SPF) grade C57BL/6] male mice
(4-8 weeks old) were purchased from the Shanghai Tongji
Biotechnology Co., Ltd. (Shanghai, China). All mice were kept
in a room with controlled temperature (25 & 1°C) and humidity
(55 £ 5%), and 12 h (8:00 a.m. to 8:00 p.m.) light-dark cycle
with free access to water and rodent chow. All mice were
group-housed (4-6 per cage) to avoid social isolation stress. All
experimental protocols were approved by the Ethics Committee
of the Laboratory Animal Center of Tongji University (Approval
Number: TJBH05621101) and performed following the Guide
for the Care and Use of Laboratory Animals of Tongji University
(Shanghai, China) and the International Guide for the Care and
Use of Laboratory Animals.

Retrograde tracer injections

Retrograde tracer in this study included Fluoro-Gold
(FG, Fluorochrome Inc., Englewood, CO, United States)

and  the lipophilic  tracer, 1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine  perchlorate  (Dil,  D282;
Invitrogen, Thermo Fisher Scientific, Waltham, MA,

United States) (Chang et al., 2016). FG was dissolved in
0.9% saline to yield a 4% concentration (Szawka et al., 2013;
Pattwell et al., 2016). Dil was dissolved in dimethyl sulfoxide
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(DMSO, D2650; Sigma-Aldrich, St. Louis, MO, United States)
as a stock solution, and freshly prepared in 0.9% saline.

During Dil stereotaxic injections, the mice were fixed in
mouse pockets and held in the appropriate position of the
stereotaxic apparatus. The left leg that needed to be injected was
secured to the outer wall of the mouse pocket. The injection
site was ST36 acupoint, so fur around ST36 acupoint needs
to be shaved to expose the skin. ST36 acupoint is 2-3 mm
below the small head of the fibula and lateral to the anterior
tubercle of the tibia (Zhang K. et al., 2018; Lin et al., 2019).
According to the location of the ST36 acupoint, the tip of
the injection needle was first positioned on the skin surface
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of the small head of the fibula as the starting points (lateral
0 mm, longitudinal 0 mm, and depth 0 mm). Then, 5 pL of
Dil (2 mg/mL) was injected unilaterally into ST36 acupoint
(lateral 2.5 mm, longitudinal 0 mm, and depth 3 mm) at
a flow rate of 1 wL/min by a monitored microsyringe. The
needle stayed at ST36 acupoint for an extra 1 min before
being withdrawn slowly. Ten days after Dil injection, 1.5 pL
FG was injected into the plantar surface of the left hind paw
of mice. Two weeks after Dil injection and 4 days after FG
injection, lumbar 4 to lumbar 6 (L4-L6) DRGs were dissected
for immunofluorescence. A total of 15 mice were used in
this experiment.
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ST36 acupoints were sensitized in CFA model mice. (A) The mechanical pain threshold of the hind paw decreased in the CFA model. n = 20,

P < 0.0001, paired t-test. (B) The thermal pain threshold of the hind paw decreased in the CFA model. n = 20, ***P < 0.0001, paired t-test
(C) The mechanical pain threshold of ST36 acupoints decreased in the CFA model. n = 6, **P = 0.0009, paired t-test. (D) The mechanical pain
threshold of LST did not change significantly in the CFA model. n = 6, P = 0.7412, paired t-test. LST, the position 5 mm lateral side of the ST36.
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Some DRG neurons innervate both ST36 acupoint and ipsilateral hind paw plantar. (A) The representative pictures of shared DRG neurons. FG,
Fluoro-Gold. The white arrows indicate double-labeled DRG neurons. Bar = 100 um. (B) The percentage of shared neurons in all DRG neurons.

(C) The percentages of neurons with different diameters in shared neurons
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Chemogenetic method

Viruses utilized in this study included AAVRetro-
hSyn-DIO-hM4D(Gi)-mCherry (titer 1.060 x 10'2 virus
particles/mL), AAVRetro-hSyn-DIO-hM3D(Gq)-mCherry
(titer 1.135 x 10'? virus particles/mL), AAVRetro-hSyn-
DIO-mCherry (titer 1.163 x 10'2 virus particles/mL),
and AAVRetro-hSyn-Cre-EGFP (titer 1.285 x 10'? virus
particles/mL), all of which were obtained from the Shanghai
Genechem Technology Co., Ltd. Viruses were injected
3-4 weeks before behavioral tests.

ST36 acupoint stereotaxic injection was performed as
previously described. Eight microliters of AAVRetro-hSyn-
DIO-hM4D(Gi)-mCherry, AAVRetro-hSyn-DIO-hM3D(Gq)-
mCherry or AAVRetro-hSyn-DIO-mCherry was injected into
left ST36 acupoint (lateral 2.5 mm, longitudinal 0 mm, sand
depth 3 mm) at a flow rate of 1.5 pwL/min. And 8 pnL of
AAVRetro-hSyn-Cre-EGFP was injected into the plantar surface
of the left hind paw of mice who were fixed in mouse pockets
during the injection. During all injections, the needle was
allowed to remain at the target site for an additional 10 min
and then removed slowly to prevent efflux of the virus. All virus
injections were completed on the same day. A total of 85 mice
received virus injections.

For hM4Di silencing or hM3Dq activation, mice were
injected clozapine-N-oxide (CNO, C0832, Sigma-Aldrich)
intraperitoneal (i.p.) at 5 mg/kg, 30 min before the behavioral
test (Stoodley et al, 2017; Liu et al, 2020). CNO was
dissolved in DMSO at 10 mg/mL as a stock solution, kept
at — 20°C until used, and freshly diluted with 0.9% saline to
the corresponding working concentrations in a final volume
of 300 pL before intraperitoneal administration. The final
concentration of DMSO in working solutions did not exceed
0.1% (vol/vol). Saline was injected as vehicle control.

Complete Freund'’s adjuvant model

Fifty mice received CFA injections. CFA was purchased from
Sigma-Aldrich (F5881), which contains 1 mg/mL of heat-killed
and dried mycobacterium tuberculosis in 85% paraffin oil and
15% mannide monooleate. Unilateral inflammation pain was
induced by injecting 20 pL CFA into the plantar surface of
the left hind paw of mice who were fixed in mouse pockets
during the injection (Wu et al., 2019). Once finished injection,
the injection site was immediately pressed gently with cotton to
prevent bleeding and drug leakage.

Behavioral tests

Behavioral tests were performed on 97 mice, of which 12
mice were measured before and 7 days after CFA injection
to confirm the CFA model was built successfully. Three to
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four weeks after virus injection, mice were measured before or
4 days after CFA injection (Goldman et al., 2010). During the
subsequent studies, mice were first injected with saline (vehicle-
only i.p. injection), followed by behavioral testing 30 min later
(CNO OFF state). And then, the mice were injected with
CNO (i.p. injection), followed by behavioral testing another
30 min later (CNO ON state). The results of each test were
paired for comparison as a vehicle control group (saline) and
a treatment group (CNO). Throughout the study, all criteria
for behavioral tests that followed were determined a priori. All
behavioral testing was performed between 8 a.m. and 12 a.m.
Before experiments, mice were randomly assigned to groups.
Researchers involved in behavioral testing and data analysis
were blinded to the group assignment. Mice were habituated
to the test environment for 30 min daily for successive 3 days
before the behavioral testing. And before the initiation of each
test session, mice were allowed to acclimate to the testing
apparatus for 30 min. Three trials were performed per mouse
with an interval between measurements of at least 5 min, and
the average of the 3 trials was taken as the result.

Behavioral data in Figures 1A,B (n = 20) were collected from
the same batch of mice in Figure 3B (n = 9) and Figure 5B
(n = 11). And behavioral data in Figures 1C,D (n = 6) were
collected from the same batch of mice in Figure 4A (n = 6).

Mechanical pain sensitivity

Mechanical pain threshold (MPT) was assessed with the
electronic Von Frey test (BIO-EVF4, Bioseb, Vitrolles, France)
at three locations separately, ST36 acupoint, 5 mm lateral side
of ST36 acupoint (LST), and plantar of the IHP. To measure the
MPT of IHP, each mouse was placed in a suspended plastic cage
(66 x 22 x 13 cm) with a wire grid floor (0.6 x 0.6 cm? spacing).
And to measure the MPT of ST36 acupoint or LST, the mice
were fixed in mouse pockets. The electronic von Frey apparatus,
consisting of an elastic spring-type tip fitted in a hand-held force
transducer, was applied perpendicularly to the skin surface of
the three locations and the force applied was gradually increased
until hind paw withdrawal. Finally, MPT (expressed in grams)
was automatically recorded by the electronic Von Frey device
and regarded as a pain parameter (Ferrier et al., 2013).

Thermal pain sensitivity

Thermal pain threshold (TPT) was evaluated with a
thermal pain test apparatus (Hargreaves Apparatus, No.
37370, Ugo Basile, Comerio, Italy). Before testing, mice
were individually kept in a transparent plastic test chamber
(62 x 20 x 14 cm) fixed in the proper position on a suspended,
specially constructed, and non-insulated transparent glass panel
(86 x 35 cm). The intensity of the infrared radiant heat source
(IR value) was adjusted and kept constant. And to prevent

frontiersin.org


https://doi.org/10.3389/fnmol.2022.974007
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Lietal.

10.3389/fnmol.2022.974007

A mCherry EGFP Merged

B

CFA CFA (o Normal mice Normal mice
*

8+ * % % % 15+ * %k 8 * 184
> > | —
2 | — o [ — 2 1 0D .
K = . K = 15
2 3 2 o . =
@ °7 o °7 e =
o §10— 2 a_‘__— § 12 T ’
- £
c = & = = £
s 41 £ s 47 £ 97
o © Q. g
- - N L] —
© - © -4
S I . S s 8
€ 2] asmme £ s § 7 5
F < Q LJ * £ [ 3
8 £ 8 £
= = N

0 T T 0 T T 0 T T - T T

Saline CNO Saline CNO Saline CNO Saline CNO

FIGURE 3
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The white arrows indicate double-labeled DRG neurons. As the EGFP signals were from original EGFP proteins expressed by the
AAVRetro-hSyn-Cre-EGFP virus, while the mCherry proteins were expressed in a cre-dependent manner and their signals were amplified by the
mCherry antibodies, all mCherry signal positive neurons were shared neurons. Bar = 150 pm. (B) The mechanical pain thresholds and thermal
pain thresholds of the ipsilateral hind paw plantar were elevated after CNO treatment in the CFA model. n = 9, paired t-test. For mechanical pain
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Inhibition of shared neurons elevated the mechanical pain threshold of ST36 acupoint. (A) The CNO treatment increased the mechanical pain
thresholds of the ipsilateral ST36 acupoint but not the LST in the CFA model. n = 6, paired t-test. For ST36 acupoint, **P = 0.0032. For LST,

P = 0.3632. LST, the position 5 mm lateral side of the ST36. (B) The CNO treatment increased the mechanical pain thresholds of the ipsilateral
ST36 acupoint but not the LST in the normal mice. n = 6, paired t-test. For ST36 acupoint, *P = 0.0284. For LST, P = 0.9343.

possible tissue damage, the basal TPT was adjusted to 10-12 s
and a cutoff of 20 s (Mao-Ying et al., 2012; Feng et al., 2019). In
this study, a movable stimulus of infrared radiant heat (IR = 23)
was placed under the glass floor directly beneath the middle
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plantar surface of the left hind paw. When the withdrawal
response occurred, the IR source switched off, and the reaction
time counter stopped. The TPT was automatically detected and
recorded (in seconds) with an accuracy of 0.1 s.
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Immunofluorescence staining

DRGs (L4-L6) were harvested from 15 mice perfused with
ice-cold PBS and 4% paraformaldehyde (PFA). DRGs were fixed
at 4°C in 4% PFA for at least 2 h, incubated in 30% sucrose
overnight at 4°C, and embedded in optimal cutting temperature
compound (OCT, 4583, Tissue-Tek, SAKURA, Torrance, CA,
United States). Coronal sections (30 wm thick) were cut with
a cryomicrotome (CM 1950, Leica Microsystems, Nussloch,
Germany), and adhered to slides. For staining, sections were
washed in PBS three times (3 min for each wash), blocked
in PBS containing 5% normal goat serum for 2 h at room
temperature, and incubated with primary antibodies overnight
at 4°C. Primary antibodies utilized in this study included
rabbit polyclonal anti-transient receptor potential vanilloid 1
(TRPV1) antibody (1:400 dilution, ab6166, Abcam, Cambridge,
United Kingdom), and rabbit monoclonal anti-Parvalbumin
(PV) Antibody (1:200 dilution, MA5-35259, Thermo Fisher
Scientific). After three washes with PBS for 3 min each time,
the sections were incubated with goat polyclonal secondary
antibody to rabbit IgG-H&L (Alexa Fluor® 488, 1:500 dilution,
ab150077, Abcam) for 2 h at room temperature. Finally,
sections were washed in PBS three times (3 min for each
wash) and sealed with an appropriate amount of antifading
mounting reagent (S2100, Solarbio, Shanghai, China). The
images were captured by confocal laser-scanning microscopy
using an Olympus FluoView FV3000 self-contained confocal
laser scanning microscope system (Olympus, Tokyo, Japan).
The data of immunofluorescent staining presented in the
Figures 2A, 3A, 7A,D are representative images of at least five
mice (Rezende et al., 2017; Lavian and Korngreen, 2019).

Statistics

The statistical analysis was performed using the Graphpad
Prism 8 software (GraphPad, San Diego, CA, United States).
All data are presented as mean =+ standard deviation (SD)
and checked for normality before analysis. For comparison
of parameters between two groups (Figures 1, 3B,C, 4-6),
the variance similarity was determined by the F-test. And
significance was determined by paired t-test. For all tests,
differences of P < 0.05 were considered to be statistically
significant. Statistical analysis of individual experiments is also
described in figure legends.

Results

The mechanical pain threshold of ST36
acupoint was decreased in complete
Freund’s adjuvant-treated mice

The acupoint being more sensitive to external mechanical
stimuli is one of the characteristics of acupoint sensitization.
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After the CFA model was confirmed to be built successfully
(Supplementary Figure 1), we checked the pain threshold of
hind paw plantar in the CFA-treated mice. After 4 days of CFA
injection into the hind paw plantar, the MPTs of the hind paws
were decreased from 4.8 £ 0.3 g to 1.9 £ 0.3 g (Figure 1A),
and the TPTs were reduced from 12.7 £ 0.4 s to 2.8 £ 0.9 s
(Figure 1B). These indicate that we achieved a stable CFA
pain model. Then we evaluated the MPTs of ipsilateral ST36
acupoints in these CFA model mice by the von Frey method.
CFA treatment significantly reduced the MPTs from 8.4 £ 0.4 g
to 5.6 £ 1.1 g (Figure 1C), while the thresholds of the position
5 mm lateral side of the ST36 (LST) did not change much,
from 83 £ 04 g to 84 £ 0.5 g (Figure 1D). These data
suggested that ST36 acupoint was sensitized in the CFA-induced
inflammatory pain state.

Dorsal root ganglion neurons shared
by ST36 acupoint and ipsilateral hind
paw plantar

Since the sensory afferents of the calf and foot are the
component of the sciatic nerve, and our previous study also
showed that the somata of the nerve terminals innervating
the ST36 acupoint were distributed in the L4-L6 DRG (Li
et al., 2022), we hypothesized that there may be DRG neurons
innervating both the plantar and ipsilateral ST36 acupoint in
naive mice. We retro-labeled DRG neurons innervating ST36
acupoint and ipsilateral plantar by injecting Dil or FG dyes at
these two sites, respectively (Figure 2A). Since we are more
concerned about how many neurons related to ST36 acupoint
belong to shared neurons, we used the number of Dil-positive
neurons as the denominator and the number of double-labeled
neurons as the numerator when calculating the percentage,
that is (Dil™ FG1)/Dil* x 100%. After statistical analysis,
we found that about 47.02% (1,056/2,246) of DRG neurons
were double-labeled by Dil and FG, which indicated that
these neurons were shared by ST36 acupoint and IHP plantar
(Figure 2B). Of these shared neurons, 43.66% (461/1,056)
were small-diameter neurons, 40.72% (430/1,056) were middle-
size neurons, and only 15.63% (165/1,056) were large-diameter
neurons (Figure 2C).

Inhibition of shared neurons induced
analgesia

To understand the potential function of shared DRG
neurons, we injected the AAVRetro-hSyn-Cre-EGFP virus
into hind paw plantar and AAVRetro-hSyn-DIO-hM4D(Gi)-
mCherry virus into ipsilateral ST36 acupoint at the same
time to induce the expression of Gi-coupled human M4
muscarinic DREADD receptors in the shared DRG neurons. By
immunofluorescence method, mCherry signals were detected
in many DRG neurons (Figure 3A), which indicated that
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two viruses infected DRG terminals at two separate positions
were retrogradely transported to the same soma, and expressed
mCherry in a cre-dependent manner. Then CNO was injected
intraperitoneally to specifically inhibit shared DRG neurons.
We compared the MPTs and the TPTs after CNO treatment
with those before CNO treatment and found that, in the CFA
model, both thresholds were elevated significantly (MPTs from
1.94+0.2gto50 £ 04 g TPTs from 3.1 & 1.1 sto 8.5 £ 2.7 s)
(Figure 3B). Even in normal mice, the thresholds were also
increased a little (MPTs from 4.9 + 0.3 g to 55 £ 0.6 g,
TPTs from 12.6 £+ 0.6 s to 145 + 1.4 s) (Figure 3C).
These data suggest that selectively inhibition of shared DRG
neurons induced analgesic effect in the CFA pain model and
obstruction of nociceptive sensation in normal mice. We also
performed the same studies as shown in Figure 3, except
that the AAVRetro-hSyn-DIO-hM4D(Gi)-mCherry virus was
replaced by the AAVRetro-hSyn-DIO-mCherry virus, which
means that only the mCherry proteins, but not M4 muscarinic
DREADD receptors, were expressed in shared DRG neurons.
The data showed that CNO did not change the pain thresholds
of plantar both in the CFA model and in normal mice
(Supplementary Figures 2A,B), which indicates that the change
of pain thresholds was dependent on the expression of M4
muscarinic DREADD receptors in the shared DRG neurons, in
other words, the inhibition of shared DRG neurons.

Inhibition of shared neurons elevated
the mechanical pain threshold of ST36
acupoint

As the shared DRG neurons innervate both hind paw

plantar and ST36 acupoint, they may be involved in the
sensation of both locations. We hypothesize that inhibition

Frontiers in Molecular Neuroscience

of these neurons might also block the pain sensation of the
ipsilateral ST36 acupoint as they did of the hind paw. In the CFA
model, the MPTs of ST36 elevated from 5.0 £ 1.1 gto 7.7 £ 0.1 g
by CNO treatment, while those of the LST position did not
change much, from 8.4 £ 0.5 g to 8.6 & 0.2 g (Figure 4A).
In normal mice, the thresholds of LST also did not change by
CNO, from 8.3 + 0.4 g to 8.3 & 0.1 g, but those of the ST36 still
increased a little, from 8.4 & 0.4 g to 9.4 £ 0.6 g (Figure 4B).
The changing trend of MPTs at the ST36 acupoint was quite like
those at the ipsilateral plantar.

Excitation of shared neurons induced
pain

The results of inhibition of shared DRG neurons indicate
that these neurons are necessary conditions for, or at least
involved in, transmitting nociceptive pain information from
paw plantar or ST36 acupoint to the spinal cord. Then,
we performed similar chemogenetic experiments to activate
the shared DRG neurons specifically and evaluated the
pain thresholds of the hind paw. The AAVRetro-hSyn-Cre-
EGFP virus and AAVRetro-hSyn-DIO-hM3D(Gq)-mCherry
virus were injected into hind paw plantar and ipsilateral
ST36 acupoint separately at the same time. The CNO was
injected intraperitoneally to specifically excite shared DRG
neurons. The MPTs and the TPTs after CNO treatment were
compared with those before CNO treatment. In normal mice,
both thresholds declined significantly (MPTs from 5.1 £ 0.3 g
to 2.6 £ 0.6 g, TPTs from 12.6 £ 0.5 s to 6.8 £ 2.1 s)
(Figure 5A). These data suggest that selective activation of
shared DRG neurons was sufficient to induce pain. But in the
CFA model, the thresholds were not changed much (MPTs
from 1.9 + 0.3 g to 1.9 & 0.4 g, TPTs from 2.6 & 0.8 s to
2.6 £ 0.7 s) (Figure 5B).
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Excitation of shared neurons declined
the mechanical pain threshold of ST36
acupoint

Furthermore, we examined the change in the MPT of ST36
acupoint when shared DRG neurons were activated by CNO.
In normal mice, the MPTs of ST36 declined from 82 + 0.2 g
to 6.6 £ 0.3 g by CNO treatment, while those of the LST
position did not change much, from 8.3 £0.2gto 84 +02¢g
(Figure 6A). In the CFA model, the thresholds of LST also did
not change by CNO, from 8.6 £ 0.4 g to 8.6 = 0.1 g, while those
of the ST36 still decreased a little, from 6.1 =0.7gto 54+ 0.5g
(Figure 6B). The changing trend of the MPTs at ST36 acupoint
was also quite like those at the ipsilateral plantar.

We also performed the same studies as in Figure 6, except
that the AAVRetro-hSyn-DIO-hM3D(Gq)-mCherry virus was
replaced by the AAVRetro-hSyn-DIO-mCherry virus, which
means that only the mCherry proteins, but not M3 muscarinic
DREADD receptors, were expressed in shared DRG neurons.
The data showed that CNO did not change the pain thresholds
of ST36 acupoint or LST both in normal mice and in the CFA
model (Supplementary Figures 3A,B), which indicates that the
change of pain thresholds of ST36 acupoint in normal mice
was dependent on the expression of M3 muscarinic DREADD
receptors in the shared DRG neurons, in other words, the
activation of shared DRG neurons.

Most of the shared dorsal root
ganglion neurons were nociceptive
neurons

Based on the cell-size ratio of shared DRG neurons,
most neurons were small to middle size. And the results
of chemogenetic experiments strongly suggest that they are
necessary and sufficient for the transmission of pain signaling.

10.3389/fnmol.2022.974007

Thus, we stained the DRG slices with TRPV1 or PV antibodies
to verify the expression properties of these neurons. About
62.93% (382/607) of shared DRG neurons were TRPV1™T
neurons (Figures 7A,B), of which about 83.51% neurons were
small (149/382) or middle (170/382) size neurons (Figure 7C).
About 36.97% (166/449) of shared DRG neurons were PV*
neurons (Figures 7D,E). The 69.88% of PV neurons were large
(51/166) or middle (65/166) size neurons (Figure 7F). These
results went along that most of the shared DRG neurons were
nociceptive neurons.

Discussion

The mechanical and TPTs of the sensitized acupoints
decreased, which is very similar to that of the specific areas of
the body surface in visceral pain, such as the preferred pain
on the body surface in angina pectoris (Foreman et al., 2015;
Gebhart and Bielefeldt, 2016). The myofascial trigger point is
quite a sensitized acupoint in knee-joint pain (Dorsher, 2008;
Qin et al, 2020). In our study, we also found sensitization
of ST36 acupoints in the CFA pain model. These results
suggest that sensitization of the corresponding acupoints is a
common phenomenon in both visceral pain and superficial
pain. A similar neural mechanism may be shared by these
two pain states.

Since the change of the pain thresholds of the plantar
and ST36 acupoint showed the same trend (Figure 1), we
hypothesized that there might be the same group of neurons
to sense pain in these two places. Compared to the hypothesis
that CFA leads to the emergence of new anatomical structures,
the explanation that the existence of shared neurons under
physiological conditions is simpler. Based on the principle of
simplification, we first examined the existence of shared neurons
in naive mice. Fortunately, we did find neurons that were co-
labeled with both dyes (Figure 2A). Furthermore, excitation of

A ST36 acupoint LST B ST36 acupoint LST
9— % % % %k 9- ns 8- ns 101 ns
El | — c | — S R S |
o T o e o .
o o [<] ole ° [<] A
S T E =
e Qo 8+ 2 o 84
£ £ L £
= s s s
[ [ o o
® L s s 47 =
Q Qo Qo Qo
g f. g 7 g g e
E 6 s S 21 s
= = = =
[¥] %3 %3 %3
Q Q Q Q
= . = s =
b l' T - I' T - l' T 4 l' U
Saline CNO Saline CNO Saline CNO Saline CNO

FIGURE 6

Activation of shared neurons declined the mechanical pain threshold of ST36 acupoint. (A) The CNO treatment decreased the mechanical pain
thresholds of the ipsilateral ST36 acupoint but not the LST in the normal mice. n = 6, paired t-test. For ST36 acupoint, ****P < 0.0001. For LST,
P = 0.4466. LST, the position 5 mm lateral side of the ST36. (B) The CNO treatment did not significantly change the mechanical pain thresholds
of the ipsilateral ST36 acupoint and the LST in the CFA model. n = 6, paired t-test. For ST36 acupoint, P = 0.1849. For LST, P > 0.9999.
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shared neurons declined the MPT of ST36 acupoint (Figure 6A),
which mimics that the MPT of ST36 acupoint was decreased in
CFA-treated mice (Figure 1C). Of course, we cannot exclude the
possibility that CFA may also influence the terminal distribution
of DRG neurons, but we believe our findings are also an
important explanation for acupoint sensitization.

By chemogenetic methods, we specifically inhibited shared
DRG neurons and found that the MPTs and the TPTs increased
significantly in the CFA pain model (Figure 3B), which
suggested the shared DRG neurons are necessary conditions for
pain sensation of plantar. On the other hand, both thresholds
declined significantly in normal mice when the shared DRG
neurons were activated selectively (Figure 5A), which suggested
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that these neurons are also sufficient conditions for the pain
sensation of plantar. The same trends of pain thresholds of ST36
acupoint were also detected when the shared DRG neurons were
selectively modulated by CNO (Figures 4A,B, 5A,B). Thus,
the shared DRG neurons are both necessary and sufficient
conditions for pain transmitting of plantar and ST36 acupoint.
In normal mice, inhibition of shared DRG neurons did not
elevate the MPTs and TPTs dramatically (Figure 3C). This may
be because in the saline control group, the pain induced by the
von Frey stimulation itself was very weak and the shared DRG
neurons were still relatively quiet. Therefore, selective inhibition
of shared neurons by CNO could only raise the pain thresholds
relatively limited. On the contrary, in the CFA model, the shared
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DRG neurons had been activated much in the saline control
group. Selective activation of shared neurons by CNO could not
further decrease the pain thresholds anymore (Figure 5B).

Recently, some DRG neurons have been reported to
innervate both the skin and the distal colon simultaneously
(Fang et al., 2020). In vivo extracellular electrophysiological
recordings of those DRG neurons revealed that they robustly
respond to both expansions of the distal colon and the
mechanical, nociceptive, warm, or cold stimulation of the
cutaneous receptive field (Fang et al, 2020). These results
indicate that DRG neurons shared by both the skin and the distal
colon participate in the transmission or modulation of multiple
sensation signals. In this study, we also found some DRG
neurons shared by ST36 acupoint and IHP plantar. The similar
neuroanatomy again strongly suggests that the two groups of
shared neurons may underlie the common mechanistic basis
of the referred skin pain (the acupoint sensitization) in the
visceral pain and superficial pain. Therefore, by morphological,
chemogenetic, and behavioral methods, we further confirmed
that the shared neurons we found were nociceptive and
highly correlated with the decrease in pain threshold of ST36
acupoint. Our behavioral results are consistent with their
extracellular electrophysiological findings, both indicating that
shared neurons are involved in pain transmission.

Our previous study also found that the excitability of
C-type DRG neurons innervating the sensitized ST35 (Dubi)
acupoint was increased in the knee osteoarthritis rat model

10.3389/fnmol.2022.974007

(Zhang et al.,, 2019). Based on the above findings, we believe
that the increased excitability of shared nociceptive neurons
that innervate both lesions and acupoints is one of the neural
mechanisms leading to the acupoints sensitization, at least
at the level of primary afferent neurons. In this study, the
inflammatory substances induced by CFA in the hind paw
plantar continue to stimulate the terminals of shared neurons,
resulting in increased neuronal excitability, which makes it
easier to transmit signals of mechanical stimuli from ST36
acupoint upward (Figure 8A; Prato et al., 2017; Zhang et al,,
2019).

Many works of literature have reported that the efficacy of
acupuncture is related to the C-type fibers innervating acupoints
or DRG neurons expressing TRPV1 (Wang et al., 1996; Tjen
et al., 2005; Qin et al., 2014; Gao X. et al., 2015; Chen et al,,
2018; Guo et al., 2018; Liu et al., 2018; Li et al., 2019; Du et al.,
2021; Fang et al., 2021; Song et al., 2021). However, the TRPV1-
expressing shared DRG neurons in this study are unlikely to
be involved in the analgesia produced by acupuncture at the
ST36 acupoint. Because these neurons facilitate pain sensation
of the hind paw. It is logically contradictory if the same neuron
mediates both pain and analgesia at the same time. Or there
may be some complex signal modulation mechanisms in the
DRG or spinal cord to decide what kind of signal to pass up,
but these still need further experiments to prove. In addition,
there is also a lot of literature claiming that type A fibers are
also involved in the analgesia of acupuncture (Katz et al., 1989;

Y2

Shared neuron

Inflammatory
substances

g

FIGURE 8

Shared neuron

Axonal reflex

Inflammatory
substances

Two possible mechanisms of shared neurons participating in acupoint sensitization. (A) ® The inflammatory substances induced by CFA in the
hind paw plantar stimulate the terminals of shared neurons. @ The pain signals are continuously transmitted to the somata of shared DRG
neurons, resulting in increased neuronal excitability. ® Mechanical stimulation of ST36 more readily activates shared neurons. @ More pain
signals are transmitted to the brain. Behaviorally, the pain threshold of ST36 acupoint decreased. (B) @ The inflammatory substances induced by
CFA in the hind paw plantar stimulate the terminals of shared neurons. @ By the axonal reflex mechanism, the nerve impulses are transmitted to
ST36 acupoint via axon bifurcation. ® The persistent nerve impulses promote the release of pro-inflammatory molecules from the nerve
terminal and recruit mast cells to aggregate, degranulate, etc. Locally enhanced neuroimmune responses lead to lower pain thresholds and
enlarged receptive field of ST36 acupoint.
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Leung et al., 2005; Kagitani et al., 2010; Lee et al., 2020; Qu et al,,
2020). And our previous study reported that proprioceptive
neurons are more likely to receive stimulation at acupoints by
acupuncture (Li et al., 2022). Therefore, the neurons that receive
acupuncture stimulation at acupoints and produce therapeutic
effects may not be the same group of neurons that participate in
acupoint sensitization.

Our behavioral studies revealed the role of shared neurons
in the decreased pain threshold of sensitized acupoints, but
cannot explain other immunological phenomena at sensitized
acupoints yet, such as degranulation of local mast cells. The
axonal reflex mechanism may be an appropriate explanation
(Carlsson, 2002). The persistent pain signal from the hind
paw may be transmitted retrogradely to the ST36 acupoint
through the branch of afferent fibers, thereby promoting
the release of pro-inflammatory molecules from the nerve
terminal at the acupoint (Choi and Di Nardo, 2018). These
secreted pro-inflammatory molecules recruit mast cells to
aggregate, degranulate, etc. (Figure 8B). However, the following
two issues still need to be verified by rigorous experiments:
(1) Is there a true and continuous transmission of neural
excitation from the plantar to the acupoint? (2) Whether the
transmitted excitation results in the release of neurotransmitters
necessary for local inflammatory responses? These are new
research topics that require new research methods, especially
in vivo studies.
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SUPPLEMENTARY FIGURE 1

The CFA models were successfully built. An equal volume of saline was
injected into the left hind paw plantar as the control. (A) The mechanical
pain thresholds of the hind paw were reduced significantly by CFA
treatment from day 1. n = 6, t-test, Pcravs.saiine < 0.0001 (D1). (B) The
thermal pain thresholds of the hind paw were reduced significantly by
CFA treatment from day 1. n = 6, t-test, Pcrays.saiine < 0.0001 (D1).

SUPPLEMENTARY FIGURE 2

CNO did not change the pain thresholds of plantar both in the CFA
model and in normal mice without expression of M4 muscarinic
DREADD receptors. (A) The mechanical pain thresholds and thermal
pain thresholds of the ipsilateral hind paw plantar were not changed by
CNO treatment in the CFA model. n = 6. paired t-test. For mechanical
pain thresholds, P = 0.6109. For thermal pain thresholds, P = 0.0648.
(B) The mechanical pain thresholds and thermal pain thresholds of the
ipsilateral hind paw plantar were not changed by CNO treatment in
normal mice. n = 6, paired t-test. For mechanical pain thresholds,

P = 0.2374. For thermal pain thresholds, P = 0.4092.

SUPPLEMENTARY FIGURE 3

CNO did not change the pain thresholds of ST36 acupoint or LST both
in normal mice and in the CFA model without expression of M3
muscarinic DREADD receptors. (A) The mechanical pain thresholds of
the ipsilateral ST36 acupoint and the LST in the normal mice were not
changed by CNO treatment. n = 6, paired t-test. For ST36 acupoint,

P =0.8053. For LST, P = 0.2892. (B) The mechanical pain thresholds of
the ipsilateral ST36 acupoint and the LST in the CFA model were not
changed by CNO treatment. n = 6, paired t-test. For ST36 acupoint,

P = 0.3907. For LST, P = 0.4650.
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The microtubule-stabilizing drug paclitaxel (PTX) is a chemotherapeutic
agent widely prescribed for the treatment of various tumor types. The main
adverse effect of PTX-mediated therapy is chemotherapy-induced peripheral
neuropathy (CIPN) and neuropathic pain, which are similar to the adverse
effects associated with other chemotherapeutic agents. Dorsal root ganglia
(DRG) contain primary sensory neurons; any damage to these neurons or their
axons may lead to neuropathic pain. To gain molecular and neurobiological
insights into the peripheral sensory system under conditions of PTX-induced
neuropathic pain, we used transcriptomic analysis to profile mRNA and non-
coding RNA expression in the DRGs of adult male C57BL/6 mice treated using
PTX. RNA sequencing and in-depth gene expression analysis were used to
analyze the expression levels of 67,228 genes. We identified 372 differentially
expressed genes (DEGs) in the DRGs of vehicle- and PTX-treated mice. Among
the 372 DEGs, there were 8 mRNAs, 3 long non-coding RNAs (IncRNAs),
16 circular RNAs (circRNAs), and 345 microRNAs (miRNAs). Moreover, the
changes in the expression levels of several miRNAs and circRNAs induced by
PTX have been confirmed using the guantitative polymerase chain reaction
method. In addition, we compared the expression levels of differentially
expressed miRNAs and mRNA in the DRGs of mice with PTX-induced
neuropathic pain against those evaluated in other models of neuropathic
pain induced by other chemotherapeutic agents, nerve injury, or diabetes.
There are dozens of shared differentially expressed miRNAs between PTX
and diabetes, but only a few shared miRNAs between PTX and nerve injury.
Meanwhile, there is no shared differentially expressed mRNA between PTX and
nerve injury. In conclusion, herein, we show that treatment with PTX induced
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numerous changes in MIRNA expression in DRGs. Comparison with other
neuropathic pain models indicates that DEGs in DRGs vary greatly among
different models of neuropathic pain.

paclitaxel, dorsal root ganglion, microRNA, circRNA, RNA sequencing

Introduction

Neuropathic pain can be caused by a lesion in, or disease of,
the somatosensory nervous system. Some of the most common
conditions involving peripheral neuropathic pain, listed in the
new classification criteria from the International Association
for the Study of Pain (IASP), include trigeminal neuralgia,
peripheral nerve injury, painful polyneuropathy, postherpetic
neuralgia, and painful radiculopathy (Scholz et al, 2019).
The toxicity of chemotherapeutic agents to the peripheral
nervous system can also induce peripheral neuropathy and
neuropathic pain (Liang et al., 2020a; Starobova et al., 2020).
Most patients with neuropathic pain report an ongoing or
intermittent spontaneous pain and pain evoked by light touch
or other stimuli (Finnerup et al, 2021). Ectopic activity in
injured nerves or dorsal root ganglia (DRG), and peripheral
and central sensitization, underlie spontaneous and evoked
pain in different neuropathic pain conditions (Finnerup et al.,
2021). Multiple mechanisms, including alteration in ion channel
activity, activation of immune cells, glial-derived mediators,
and epigenetic regulation in the peripheral sensory neurons,
contribute to the neurogenesis of neuropathic pain (Liang et al.,
2015; Finnerup et al., 2021). However, the various neuropathic
pain conditions involve different underlying mechanisms.

Paclitaxel (PTX) is a well-known chemotherapeutic agent
with a unique mechanism of action. PTX binds to microtubules
in the cytoskeleton and enhances tubulin polymerization,
resulting in cellular apoptosis (Jordan and Wilson, 2004).
Treatment using PTX can also lead to peripheral neuropathy,
which is similar to the adverse effects exerted by other
chemotherapeutic agents (Mao et al., 2019; Liang et al., 2020a;
Starobova et al.,, 2020; Kang et al., 2021). Previously, we have
reported on an epigenetic regulation mechanism in paclitaxel-
induced mouse model of neuropathic pain. In that study,
we described that DNA methyltransferase DNMT3a triggers
downregulation of K2p 1.1 expression in the DRG, which
contributes to paclitaxel-induced neuropathic pain (Mao et al,,
2019). To elucidate more potential mechanisms driving PTX-
induced neuropathic pain, herein we used high-throughput
RNA sequencing (RNA-Seq) and transcriptomic analysis to
evaluate gene expression changes in the DRGs of PTX-treated
mice. Previous studies have utilized transcriptomic analysis
conducted using high-throughput RNA-Seq or microRNA
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arrays to profile gene-expression changes in the DRGs of mice
with neuropathic pain induced by nerve injury (Wu et al., 2016),
diabetes (Zhang H. H. et al., 2020), or other chemotherapeutic
agents (Starobova et al.,, 2020). Hence, we further compared
PTX-induced differentially expressed miRNAs, circRNAs, and
mRNAs with those described in other neuropathic pain models.
RNA-Seq and in-depth gene expression analysis revealed that
345 microRNAs, 6 mRNAs, 3 IncRNAs, and 16 circRNAs
were differentially expressed in response to treatment utilizing
PTX. Nevertheless, there are only a few shared differentially
expressed genes in these neuropathic pain models. Gene
expression in the DRG varies depending on the type of insult
to these neurons or their axons. Although transcriptomic
gene expression profiling enhances our understanding of
pain mechanisms under various neuropathic pain conditions,
further investigations are needed to validate the potential
molecular targets to develop individualized treatment strategies
for patients with neuropathic pain.

Materials and methods

Animals

Adult male C57BL/6 mice (8-9 weeks old) were used in
this study. Mice were housed (up to five per cage) at 25°C and
maintained at a standard 12-h light/dark cycle, with water and
food available ad libitum. The animal housing facility and all
procedures involving animals were approved by the Institutional
Animal Ethics Committee of the Xi’an Jiaotong University
Health Science Center, and were conducted in accord with the
ethical guidelines put forth by the International Association
for the Study of Pain. All efforts were made to minimize
the suffering of laboratory animals and to reduce the number
of animals used in the study. All investigators performing
experiments were blinded to the group designation of the mice.

Treatment using paclitaxel
Paclitaxel was prepared and administered as described

previously (Liang et al., 2020a). Briefly, to prepare 1 mL of
PTX stock solution at 6 mg/mL concentration, PTX (6 mg;
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MedChemExpress, Monmouth Junction, NJ, United States) was
dissolved in a 1:1 solution of Cremophor EL (500 pL; Sigma-
Aldrich, St. Louis, MO, United States) and ethanol (500 jLL).
Prior to treatment, the PTX stock solution was diluted with
0.9% sterile sodium chloride (NaCl) to a final concentration
of 0.4 mg/mL. Each mouse was injected with PTX (4 mg/kg)
intraperitoneally (i.p.) every other day for a total of six times.
The control mice received vehicle solution (Cremophor EL:
ethanol, 1:1, diluted using 0.9% sterile NaCl solution) using the
same schedule as that used for PTX mice.

Behavioral tests

All mice were habituated to the testing environment for
3 days prior to baseline testing. Von Frey filaments (0.07
and 0.40 g; Stoelting Co., Wood Dale, IL, United States)
were used to evoke mechanical allodynia and hyperalgesia as
described previously (Liang et al., 2020a,b). Briefly, each mouse
was placed onto an elevated mesh screen within a Plexiglas
chamber and was allowed an accommodation period until
exploration and grooming behavior ceased. Each calibrated von
Frey filament was applied to the left or right hind paw for
approximately 1 s, and each trial was repeated 10 times at
intervals of 3 min between each application. A positive response
occurred when the mouse showed a strong paw withdrawal
response to the von Frey filament. Both positive and negative
responses were recorded in each trial and the number of positive
responses in the 10 times was expressed as percentage of paw
withdrawal frequency (PWF) [(number of paw withdrawals/10
times) x 100 = % PWF].

Evoked thermal hyperalgesia to noxious heat was assessed
using a Model 37,370 Analgesic Meter (UGO Basile, Comerio,
Italy) (Liang et al., 2020b,c). Briefly, each mouse was placed onto
a glass plate within a Plexiglas chamber, and radiant heat was
applied from below to the middle of the plantar surface of each
hind paw until paw withdrawal occurred. When the mouse lifted
its foot, the light beam was turned off automatically. The length
of time from the starting of the light beam and the foot lift was
defined as paw withdrawal latency (PWL). The cut-off time was
20 s to avoid tissue damage. Each trial was repeated five times
for one paw at 5-min intervals.

RNA-seq, bioinformatics, and pathway
analysis

Mice were euthanized and bilateral lumbar 3 (L3) to L5
DRGs were harvested and flash frozen in liquid nitrogen, and
then stored at —80°C. Bilateral L3-L5 DRGs obtained from
2 mice suffering from PTX or vehicle injection were pooled
and used as one biological replicate. Six independent biological
replicates collected from twelve mice in the vehicle and PTX
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groups (three biological replicates per group) were sent to BGI
Genomics Inc. (Wuhan, China) described previously (Liang
etal., 2020a). Briefly, total RNA from each sample was extracted
and purified using the TRIzol method. The quality of RNA
was estimated by an RNA Integrity Number (RIN) between
1 and 10 with 10 being the highest quality samples showing
the least degradation. The RIN scores of six samples were
shown in Supplementary Datasheet 1. The RIN score of each
sample is over 6, indicating that they are of sufficient quality to
produce a library for sequencing (Kukurba and Montgomery,
2015). Then, RNA sequencing was conducted on a BGISEQ500
platform (BGI Genomics). Ten samples were evaluated
using multiplexing, sequencing, differential gene expression
analysis, and transcriptomic expression analysis. Raw data were
quality controlled using SOAPnuke software (BGI Genomics)
(Cock et al, 2010) and clean reads were obtained after
filtering out reads with ribosome RNA (rRNA) and other
contaminations. Clean reads were mapped to Mus musculus
genome sequence (version GCF_000001635.26_GRCm38.p6)
from the National Center for Biotechnology Information
(NCBI) using hierarchical indexing for spliced alignment of
transcripts (HISAT; Center for Computational Biology, Johns
Hopkins University, Maryland, MD, United States), and to
Mus musculus gene sequence using Bowtie2 (Langmead and
Salzberg, 2012), to quantify mRNAs and long non-coding
RNAs. To quantify circRNAs, clean reads were mapped to
known M. musculus circRNAs. To detect small RNAs, clean
tags were mapped to an miRNA database and M. musculus
genome sequence, and then quantified. Mapped reads for each
gene were calculated to determine the expression levels for
that gene. Differential expression analysis was performed via
MA-plot software using the DEGseq method (Wang et al,
2010). All expression values were transformed into log, values.
Comparisons of gene expression levels between groups were
conducted using Student’s ¢-test. Differentially expressed genes
(DEGs) were designated as genes with adjusted P-values (Q-
values) less than 0.05. Log, fold changes (FC) in miRNA
expression were either more or less than 1. For analysis of DEG
mRNA, functional classifications and pathways were evaluated
using Gene Ontology (GO) Elite and DAVID Bioinformatics
Resources 6.7 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. All these data can be extracted manually
by utilizing Dr. Tom on-line analysis system provided by
BGI Genomics Inc.

Reverse transcription-polymerase
chain reaction for detection of
microRNA

Bilateral L3-L5 DRGs collected from each mouse were
pooled to obtain a sufficient amount of RNA. Tissues were
homogenized in, and total RNA was extracted using, Beyozol
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(Beyotime, Shanghai, China) according to the manufacturers’
protocol. For miRNA quantification, 200 ng total RNA was
reverse-transcribed into cDNA using a stem-loop primer
specific for each mature miRNA, and using an miRNA First
Strand ¢cDNA Synthesis kit (Stem-loop Method) (Sangon
Biotech, Shanghai,
instructions. Quantitative PCR was performed on a Real-time
Detection System (Agilent Mx3005P qPCR system, Santa Clara,
CA, United States) using Hieff® qPCR SYBR® Green Master
Mix (Yeasen Biotechnology, Shanghai, China), and forward

China) according to manufacturer’s

and reverse primers specific for each miRNA. All the primers
used in this procedure (Table 1) were designed and synthesized
by Sangon Biotech (Shanghai, China). PCR reactions were
performed as follows: initial 3-min incubation at 95°C, followed
by 40 cycles at 95°C for 10 s (s), 60°C for 30 s, 72°C for 30 s,
95°C for 5 s, 65°C for 15 s, and 95°C for 5 s. PCR products
were verified using agarose gel electrophoresis and analysis of
dissociation curve. U6 small nuclear RNA (Rnu6) was used as
endogenous control to normalize differences in miRNA levels
of each sample. Quantification was performed by normalizing
target gene cycle threshold (Ct) values to that of Rnu6 Ct.
The ratio of relative miRNA level in each sample to average
miRNA level in vehicle-group samples was calculated using the
27 A4 Ct method.

Reverse transcription-polymerase
chain reaction for detection of circRNA

For quantification of circRNA expression levels,
total RNA was reverse-transcribed using ThermoScript
reverse transcriptase and Random Hexamer Primer
(Invitrogen/Thermo Fisher Scientific). For quantitative

RT-PCR (qRT-PCR), each sample was run in triplicate using
20 pl reaction volume comprised of 10 pl Hieff® qPCR SYBR®
Green Master Mix, 20 ng cDNA, and 2 pL 250 nM forward

TABLE 1 The miRNA primers.

10.3389/fnmol.2022.990260

TABLE 2 The primers for circRNAs and the internal control gene.

CircRNAs Primers  Sequences (5'-3’)
mmu_circ_0009357 Forward ACCACGAGAATGCGAAGGAACAAG
Reverse CCTCCTGTCATCCTCCTCATCTCC
mmu_circ_0013069 Forward GGGGTGTAGAGGGCAAGGAGAG
Reverse TCTTGTTCTTCTTTCCTGCCTTCCC
mmu_circ_0006031 Forward GTGGAGGTGAGGCAGGAGAGTC
Reverse ACCTGAGGTGTCCCGCTTCTTG
mmu_circ_0001817 Forward ACCGGTCCTCCTCTATTCGG
Reverse CCAAACAAGCTCTCAAGGTCCA
mmu_circ_0011289 Forward GGAGACTGTGCCTGTGGTTGTG
Reverse TCAGTCCTCTCAGCCTCCATATTCC
Gapdh Forward TCGGTGTGAACGGATTTGGC
Reverse TCCCATTCTCGGCCTTGACT

and reverse primers. All the primers used in this procedure
(Table 2) were designed and synthesized by Sangon Biotech
(Shanghai, China). PCR reactions were run on an Agilent
Mx3005P qPCR system using the following conditions: initial
3-min incubation at 95°C, 40 cycles at 95°C for 10 s, 60°C for
30s, 72°C for 30 s, 95°C for 55, 65°C for 15 s, and 95°C for 5 s.
Agarose gel electrophoresis and analysis of dissociation curve
were used to verify PCR products. All data were normalized
to expression levels of Gapdh used as internal control. The
ratio of mRNA level in each sample to average mRNA level in
samples from the vehicle treatment group was calculated using
the 27 A2CT method.

Statistical analysis

For behavioral tests, 24 mice were randomly distributed into
the vehicle and PTX groups (12 mice/group). Data obtained
using behavioral tests are expressed as means =+ error of

MiRNAs Primers Sequences (5'-3")

mmu-miR-376b-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGTGG
Forward AAGCGCCTATCATAGAGGAACA
Reverse CAGTGCAGGGTCCGAGGT

mmu-miR-29¢-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCG
Forward AGCTGGACTAGCACCATTTGAAA
Reverse AGTGCAGGGTCCGAGGTATT

mmu-miR-532-5p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGGTC
Forward AACCTCCCATGCCTTGAGTG
Reverse CAGTGCAGGGTCCGAGGT

Rnu6 (Mus musculus) RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAAAT
Forward GAAGATTTAGCATGGCCCCTGC
Reverse CAGTGCAGGGTCCGAGGT

RT, reverse transcription.
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mean (SEM), and were statistically analyzed using two-way
repeated measure (RM) ANOVA followed by post hoc Tukey test
(SigmaPlot 12.5, San Jose, CA, United States). Three biological
repeats (two mice/repeat) were selected randomly from 10 mice
in each group and examined using RNA-Seq. Three to six
mice (one mouse/repeat) per group were examined using RT-
PCR and were statistically analyzed using two-tailed unpaired
t-test (SigmaPlot 12.5). P-values less than 0.05 were considered
statistically significant.

Results

Paclitaxel induces hypersensitivity to
pain

We have previously shown that intraperitoneal injection
of PTX induces pain hypersensitivity which peaks at
approximately 10-14 days after the first injection (Mao
et al,, 2019). Therefore, day 10 was selected as time point for
evaluation of PTX-induced transcriptomic changes in the DRG
using RNA sequencing. To ensure that all mice treated using
PTX showed pain hypersensitivity, paw withdrawal frequency
(PWF) in response to mechanical stimulation and paw
withdrawal latency (PWL) in response to thermal stimulation
were assessed on day 10 following the first PTX injection and
before the harvesting of DRGs (Figure 1A). In agreement
with results obtained in our previous studies (Mao et al., 2019;

10.3389/fnmol.2022.990260

Liang et al., 2020a), our present results show that treatment
using PTX led to a dramatic increase in PWF response to 0.07-
and 0.40-g von Frey filaments in both hind paws on day 10
compared with baseline response and that of the vehicle-treated
group (P < 0.05 for 0.07-g von Frey filament; P < 0.01 for
0.40-g von Frey filament; Figures 1B,C). Similarly, treatment
using PTX also induced thermal hyperalgesia in our mice, as
shown by decreased PWL response in both hind paws compared
with baseline response and that of the vehicle-treated group
(P < 0.01; Figure 1D). Treatment with vehicle did not induce
changes in either PWF or PWL of either hind paw compared to
their respective baseline response levels (Figures 1B-D).

Paclitaxel induces transcriptomic
changes in coding and non-coding
RNAs

RNA-Seq and in-depth gene expression analysis were used
to explore transcriptomic changes in mRNA and non-coding
RNA expression in PTX-induced DRGs. Our analyses identified
a total of 67,228 genes including 22,899 coding mRNAs,
24677 IncRNAs, 16127 circRNAs, 2959 microRNAs, and 554
pseudoRNAs. DEGs were first extracted based on their Q-values
of being less than 0.05. Our results indicate that 345 microRNAs
were differentially expressed in response to treatment using
PTX, while only 8 mRNAs, 3 long non-coding RNAs (IncRNAs),
and 16 circRNAs were extracted as DEGs after induction using
PTX (Figure 2A).

A Veh or PTX (4 mgkg)

Days -1 0 2 4

Behavioral tests

Baselin Day 10

FIGURE 1

two-way ANOVA followed by post hoc Tukey test.
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Mechanical allodynia and thermal hyperalgesia induced by paclitaxel (PTX) in mice. (A) A schematic of drug administrations and behavioral tests
showed that mice were intraperitoneally injected with PTX (4 mg/kg) or vehicle solution (200 pl) every other day for a total of six times. (B—D)
The paw withdrawal frequency (PWF) in response to a 0.07-g (B) and 0.40-g (C) von Frey filament, and the paw withdrawal latency (PWL), in
response to thermal stimulation (D), were assessed on day 10 after the first injection using PTX, and were compared with those of mice in the
vehicle (Veh)-treated group. n = 12/group. Results are presented as mean + SEM; *P < 0.05, **P < 0.01, compared with vehicle group by
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FIGURE 2
Transcriptome profiling of miRNAs in paclitaxel (PTX)-treated mice. (A) Numbers of differentially expressed genes (DEGs) were determined using
transcriptome analysis. DEGs are genes having Q-values less than 0.05. (B) Volcano plot of differentially expressed miRNAs after PTX
administration shows the most highly upregulated [log(fold change, FC) > 1] or downregulated [log2(FC) < —1] genes. (C) Numbers of
upregulated and downregulated miRNA showing low (0-100), medium (100-1,000), or high (more than 1,000) expression levels, based on
respective expression level values in the vehicle group. (D) Hierarchical clustering analysis shows 253 differentially expressed miRNAs in vehicle
and PTX groups. (E) Numbers of differentially expressed miRNA shared among PTX, diabetic peripheral neuropathy (DPN), and spared nerve
injury (SNI) models. (F) Validation of PTX-induced downregulation of miR-376b-3p and miR-29c-3p expression as assessed using quantitative
polymerase chain reaction. Results are presented as mean + SEM of 3-6 independent experiments. *P < 0.05 compared with the vehicle group
by two-tailed unpaired t-test.

Differentially expressed miRNAs
induced by paclitaxel treatment

Next, we used threshold values log FC > 1 or log, FC < —1
to identify a total of 253 differentially expressed miRNAs that
comprised 70 upregulated and 183 downregulated miRNAs
(Figures 2B,C and Supplementary Datasheet 2). Hierarchical
clustering analysis revealed 253 differentially expressed miRNAs
in the vehicle and PTX groups (Figure 2D). We also defined
miRNA expression levels as low (0-100), medium (100-
1,000), or high (more than 1,000) based on their respective
levels in the vehicle group (Supplementary Datasheet 2). Our
results indicate that nearly equal numbers of miRNAs were
upregulated or downregulated in the low expression group.
However, PTX induced a downregulation in the expression
levels of most miRNAs in the medium and high expression
groups (Figures 2B,C). These findings suggest that miRNA basal
expression levels are an important factor in their expression
changes after treatment using PTX.

Of the identified 253 differentially expressed miRNAs,
the top 11 significantly upregulated and top 22 significantly
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downregulated miRNAs with medium or high expression levels
are listed in Table 3. We then searched studies in PubMED
(up to July 09, 2022) to investigate whether these miRNAs
have been previously reported in pain-related conditions. The
results of our search indicate that 10 miRNAs in the DRGs
were reported to be involved in pain regulation induced by
nerve injury, diabetes, or inflammation (Rau et al., 2010; Zhang
et al, 2011; Wang et al,, 2014; Sakai et al.,, 2017; Jia et al,
2018; Dai et al., 2019; Zhang and Wang, 2019; Xu et al., 2020;
Zhang Z. et al,, 2020; Li et al, 2021) (Table 3). However,
changes in the expression levels of some of these miRNAs
are opposite under different pain conditions. Because changes
in miRNA expression profiles have been reported in spared
nerve injury (SNI)-induced neuropathic pain (Dai et al., 2019)
and diabetic peripheral neuropathy (DPN) (Bali et al.,, 2021),
we then compared PTX-induced DEGs in the DRGs of our
mice with those in SNI-induced or diabetic neuropathic pain
models. Our results indicate that only one miRNA, mmu-miR-
532-5p, showed consistent changes in expression among these
neuropathic pain models (Table 4). PTX and DPN shared the
highest number of DEGs; among 46 DEGs in total, only 2
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were upregulated and the remaining 44 were downregulated.
PTX and nerve injury shared five differentially expressed
miRNAs, while DPN and nerve injury shared three DEGs
(Figure 2E and Supplementary Datasheet 3). The differentially
expressed miRNAs shared among these models may contribute
to neuropathic pain irrespective of causative origin. We then
used qPCR to validate the expression levels of mmu-miR-
29¢-3p, mmu-miR-376b-3p, and mmu-miR-532-5p shown in
Tables 3, 4, respectively. Our results indicate that PTX induced
a downregulation in the expression levels of mmu-miR-376b-
3p and mmu-miR-29¢-3p (Figure 2F), which agreed with our
results obtained using RNA-Seq. Nonetheless, qPCR indicated

10.3389/fnmol.2022.990260

that the expression level of mmu-miR-532-5p was not modified
by treatment using PTX (Figure 2F).

Differentially expressed circRNAs
induced by treatment using paclitaxel

CircRNAs, a type of non-coding RNAs, have been identified
as miRNA sponges that regulate the expression and function of
coding mRNAs, and are involved in various biological processes
including pain (Wang et al., 2018; Zhang et al., 2019; Lin et al,,
2020; Song et al, 2020; Zhang H. H. et al,, 2020). From our

TABLE 3 The top upregulated or downregulated miRNAs induced by paclitaxel treatment.

Rank  Genes Log2 (FC)  Expression level Validated target Changes under pain condition

1 mmu-miR-181a-2-3p 3.25 Medium

2 mmu-miR-323-5p 2.76 Medium

3 mmu-miR-485-5p 2.55 High Cdc42 and Racl (Zhang Z. et al., 2020); Nerve injury|, (Zhang Z. et al,, 2020);
ASIC1 (Xu et al., 2020) Inflammation pain/ (Xu et al.,, 2020)

4 mmu-miR-191-3p 2.54 Medium

5 mmu-let-7d-3p 2.09 High Oprml (Li et al., 2021)

6 mmu-let-7e-3p 2.02 Medium

7 mmu-miR-138-1-3p 1.88 Medium

8 mmu-miR-211-5p 1.87 Medium

9 mmu-miR-615-3p 1.87 Medium

10 mmu-miR-139-3p 1.70 Medium

11 mmu-miR-369-5p 1.51 High

1 mmu-miR-362-3p —8.85 Medium

2 mmu-miR-466b-3p —7.60 Medium Nerve injury, (Rau et al., 2010)

3 mmu-miR-466¢-3p —7.60 Medium

4 mmu-miR-466p-3p —7.60 Medium

5 mmu-miR-107-3p —6.43 Medium

6 mmu-miR-19b-3p —6.13 High Potassium channels (Sakai et al., 2017) Nerve injury? (Sakai et al,, 2017)

7 mmu-miR-339-5p —5.85 Medium Acupuncture| (Wang et al., 2014)

8 mmu-miR-365-3p —5.85 Medium

9 mmu-miR-1249-3p —5.74 Medium Nerve injury], (Dai et al.,, 2019)

10 mmu-miR-674-3p —5.71 Medium

11 mmu-miR-376b-5p —5.66 High

12 mmu-miR-30e-5p —5.47 High

13 mmu-miR-106b-5p —5.26 Medium

14 mmu-miR-29¢-3p —5.26 High PRKCI (Jia et al.,, 2018) diabetic db/db micet (Jia et al., 2018)

15 mmu-miR-377-3p —5.26 Medium

16 mmu-miR-22-5p —5.24 High

17 mmu-miR-142a-3p —5.11 High

18 mmu-miR-144-5p —5.04 Medium Nerve injury| (Rau et al., 2010; Zhang

etal., 2011)

19 mmu-miR-17-5p —5.02 Medium Potassium channels (Sakai et al., 2017) Nerve injury? (Sakai et al,, 2017)

20 mmu-miR-29a-5p —4.99 Medium

21 mmu-miR-29a-3p —4.94 High

22 mmu-miR-33-5p —4.93 High GDNF (Zhang et al., 2019) Bupivacaine (Bv)-induced neural

apoptosist (Zhang et al., 2019); diabetic
peripheral neuropathy (Bali et al., 2021)
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TABLE 4 Shared differentially expressed miRNAs among neuropathic
pain models.

MiRNAs MiRNA changes
PTX DPN (Bali SNI (Dai et al.,
etal., 2021) 2019)
miR-532-5p J 3 N
miR-132-5p 1 J 1
miR-376b-3p J J 1

PTX, paclitaxel; DPN, diabetic peripheral neuropathy; SNI, spared nerve injury.

RNA-Seq data, 16 circRNAs were extracted as DEGs induced
by treatment using PTX (Figure 3A and Table 5). RT-PCR was
used to further validate several differentially expressed circRNAs
showing high fold changes in expression or relative high
expression levels. Our results show that the expression levels of
mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031,
and mmu_circ_0001817 were increased by 1.37-, 1.33-, 1.40-,
and 1.50-fold, respectively, by PTX treatment compared with
their respective levels in control mice; these increases were
statistically significant (P < 0.05) (Figure 3B). The expression
level of mmu_circ_0011289 was also increased by 1.26-fold in
response to PTX treatment compared with its levels in control
mice, but this change did not reach statistical significance
(P =0.25) (Figure 3B).

Because circRNAs can function as miRNA sponges,
thereby reducing miRNA ability to target mRNAs (Song
et al, 2020), we used CircMIR software (BIOINE The
Affiliated Cancer Hospital of Nanjing Medical University,
Nanjing, China) to predict miRNAs that interact with
mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031,

10.3389/fnmol.2022.990260

TABLE 5 Differentially expressed circRNA induced by paclitaxel

treatment.

Gene name Gene symbol Log2 (FC) Q-value
mmu_circ_0013334 Dgki —0.585 0.019
mmu_circ_0012312 Trrap —0.485 0.043
mmu_circ_0006735 Tubb5 —0.413 0.030
mmu_circ_0009682 Stmn3 0.489 0.019
mmu_circ_0011019 Ssbp3 0.511 0.023
mmu_circ_0008020 Cox8a 0.541 0.002
mmu_circ_0006024 Arf3 0.609 < 0.001
mmu_circ_0002651 Slc25a39 0.658 < 0.001
mmu_circ_0005798 Grina 0.664 < 0.001
mmu_circ_0001817 None 0.832 < 0.001
mmu_circ_0008835 None 0.875 0.047
mmu_circ_0006881 Tubb4 1.012 < 0.001
mmu_circ_0006031 Mil2 1.276 0.001
mmu_circ_0013069 Ptms 1.314 < 0.001
mmu_circ_0009357 Prnp 1.443 0.007
mmu_circ_0011289 Aridla 1.773 0.025

and mmu_circ_0001817 (Figure 4). The predicted miRNAs,
which were differentially expressed after induction using PTX,
are shown in Figure 4 and Table 6.

Analysis of differentially expressed
MRNAs

From our RNA-Seq data, eight mRNAs and three IncRNAs
were extracted as DEGs after treatment using PTX (Table 7).
Most of these mRNAs showed minor changes in expression

circ_0001817
circ_0008835
circ_0013069
circ_0006031
circ_0011289
. circ_0009357
circ_0013334
circ_0002651
circ_0006881
circ_0011019
circ_0012312
circ_0006735
circ_0008020
circ_0005798
circ_0009682
circ_0006024

1 2 3 1 2 3
Vehicle

FIGURE 3

two-tailed unpaired t-test.

Relative levels

circ, circ circ, circ

circ_ " = . o
0009357 0013069 0006031 0001817 0011289

Transcriptome profiling and validation of circRNA expression in paclitaxel (PTX)-treated mice. (A) Hierarchical clustering analysis shows 16
differentially expressed circRNAs in vehicle and PTX groups. (B) Validation of differentially expressed circRNAs using quantitative polymerase
chain reaction. Results are presented as mean + SEM of 4-5 independent experiments. *P < 0.05; **P < 0.01 compared with vehicle group by
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A mmu_circ_0009357

162 1

C mmu_circ_0006031

B mmu_circ_0013069

D mmu_circ_0001817

10.3389/fnmol.2022.990260

131 1

FIGURE 4

Prediction of miRNAs that interact with mmu_circ_0009357, mmu_circ_0013069, mmu_circ_0006031, and mmu_circ_0001817 by circMIR
software. (A) Predicted binding site for miR-7024-5p on mmu_circ_0009357. (B) Combination site for 10 miRNAs on mmu_circ_0013069.
(C) Predicted binding site for four miRNAs on mmu_circ_0006031. (D) Predicted binding site for let-7d-3p on mmu_circ_0001817.

(Table 7). The eight differentially expressed mRNAs upregulated
by treatment using PTX were as follows: encoding parathymosin
(Ptms); encoding cerebellar degeneration related protein 1
(Cdrl); encoding ribosomal protein L37, retrotransposed
(Rpl37rt); encoding period circadian regulator 2 (Per2);
encoding nuclear receptor subfamily 1 group D member
1 (Nrldl), also known as Gvin2; encoding GTPase, very
large interferon inducible, family member 2 (Gm4070);
encoding D-box binding PAR bZIP transcription factor (Dbp);
and encoding XK related X-linked (Xkrx) (Table 7 and
Figures 5A,B).

The GO enrichment analysis indicated that these DEGs
showed nucleus-, cytoplasm-, membrane-, and dendrite-
related functions (Figure 6A), and were also associated
with transcription-, translation-, and circadian rhythm-related
signaling (Figures 6B,C).

The KEGG pathway analysis was conducted to evaluate
the major pathways associated with these eight differentially
expressed mRNAs showing upregulated expression. Our results
indicate that among these eight mRNAs, Nr1d1 and Per2 were
important in the regulation of circadian rhythm and were
associated with environmental adaption (Figures 6D,E). Rpl37rt
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was enriched in ribosome and important in the regulation of
translation (Figures 6D,E). KEGG network analysis showed that
Nr1dl and Per2 were connected to others, indicating that they
may function jointly (Figure 6F). Protein-protein interactions
(PPI) analysis also showed that Nr1d1, Per2, and Dbp shared a
common network (Figure 6G).

Starobova et al. (2020) recently described changes in
differential gene expression in the DRG following treatment
using vincristine, oxaliplatin, or cisplatin. Therefore, we
compared PTX-induced DEGs assessed in our present study
with those induced by oxaliplatin or cisplatin (Starobova
et al., 2020) (Supplementary Datasheet 4). Although five
genes (Alas2, Hbb-bt, Itgb2l, Ly6c2, and Nr4a3) were shared
among vincristine, oxaliplatin, and cisplatin (Starobova et al,,
2020), none of these genes showed significant changes in
expression following treatment with PTX. However, Dbp
mRNA showed significant changes in expression levels following
treatment using PTX or oxaliplatin (Supplementary Datasheet
4). Moreover, Cdrl mRNA also showed significant changes in
expression levels following treatment using PTX or cisplatin
(Supplementary Datasheet 4). We then compared our results
with those obtained in a previous study on cisplatin-induced
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TABLE 6 CircRNA and miRNA interaction predicted by CircMir
software.

PTX-induced
differentially expressed
circRNAs

PTX-induced
differentially expressed
miRNAs

mmu_circ_0009357 mmu-miR-7024-5p

mmu_circ_0013069 mmu-miR-326-3p
mmu-miR-6988-3p
mmu-miR-345-5p
mmu-miR-3544-3p
mmu-miR-6948-3p
mmu-miR-6991-3p
mmu-miR-615-3p
mmu-miR-7035-3p
mmu-miR-107-5p
mmu-miR-22-5p
mmu_circ_0006031 mmu-miR-6540-3p
mmu-miR-3544-3p
mmu-miR-339-5p
mmu-miR-107-5p

mmu_circ_0001817 mmu-let-7d-3p

gene expression changes in A/] mice (Lessans et al, 2019).
Our results show that Dbp was also a shared gene induced
by treatment using either PTX or cisplatin (Supplementary
Datasheet 5). Megat et al. (2019) also sequenced input mRNA,
equivalent to the DRG transcriptome, and translating ribosome
affinity purification (TRAP) mRNAs associated with translating
ribosomes in the Nav1.8 subset of DRG neurons (TRAP-seq)
from naive mice and mice with treatment using PTX (at day
10 after treatment). Input transcriptome analysis revealed that
only 4 genes were upregulated (Dpep2, Car3, Iahl, and Arhgef4)
and 1 was downregulated (Plcb3) in the DRG by treatment
using PTX (Megat et al., 2019). Yet, none of these genes were
overlapped with the eight differentially expressed mRNAs in
the current work.

We previously reported that nerve injury induces changes
in thousands of coding and non-coding RNA in injured DRGs
(Wu et al., 2016); therefore, in our present study, we compared
DEGs in the DRGs induced using PTX with DEGs in the DRGs
induced using nerve injury. Our results indicate that none of
PTX-induced DEGs showed significant expression changes in
the DRGs subjected to nerve injury (Supplementary Table 1).

Discussion

In this study, we used RNA-Seq and in-depth gene
expression analysis to explore gene expression profiles in the
DRGs of PTX-treated mice. Among the identified 67,228 genes,
345 microRNAs, 6 mRNAs, 3 IncRNAs, and 16 circRNAs
were differentially expressed in response to treatment using
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TABLE 7 Differentially expressed mRNA and IncRNA induced by
paclitaxel treatment.

Gene ID Gene name Type Log2 (FC) Q-value
100042856 Gm4070 mRNA 0.467 0.034
69202 Ptms mRNA 0.514 < 0.001
631990 Cdrl mRNA 0.627 < 0.001
18627 Per2 mRNA 0.710 0.023
217166 Nrld1 mRNA 0.911 0.001
13170 Dbp mRNA 1.096 0.002
331524 Xkrx mRNA 1.520 < 0.001
100502825 Rpl37rt mRNA 2.126 < 0.001
BGIG10090_45213 BGIG10090_45213 IncRNA  —0.566 0.023
105246404 Gm41696 IncRNA 0.701 < 0.001
BGIG10090_42549 BGIG10090_42549 IncRNA 2,515 < 0.001

PTX. Several previous studies have reported on DEGs in
different neuropathic pain models; therefore, we compared
DEG expression and summarized some of genes shared
in these neuropathic pain models. We also used RT-PCR
to validate the changes in the expression levels of several
miRNAs and circRNAs.

MiRNAs are important in regulating pain transmission,
and are, therefore, increasingly investigated for their emerging
therapeutic potential (Sakai et al, 2017; Dai et al, 2019;
Bali et al, 2021). In our present study, we identified 253
differentially expressed miRNAs (70 upregulated and 183
downregulated miRNAs) in PTX-treated mice. Among these
miRNAs, several have been shown to contribute to pain
regulation (Rau et al, 2010; Zhang et al.,, 2011; Wang et al,
2014; Sakai et al., 2017; Jia et al, 2018; Dai et al., 2019;
Zhang and Wang, 2019; Xu et al., 2020; Zhang Z. et al,
2020; Li et al, 2021). Sakai et al. (2017) reported that miR-
17-92 cluster members, including miR-17, miR-18a, miR-19a,
miR-19b, miR-20a, and miR-92a, are consistently upregulated
in primary sensory neurons after nerve injury, and that
the miR-17-92 cluster cooperatively regulates the function of
multiple voltage-gated potassium channel subunits, thereby
perpetuating mechanical allodynia. However, another study
reported that these miRNAs show unchanged expression levels
in rats with SNI-induced neuropathic pain (Dai et al., 2019).
Curiously, in our present study, most of these miRNAs
were downregulated by PTX treatment, as shown by our
RNA-Seq data. We then compared PTX induced-differentially
expressed miRNAs with DEGs reported in nerve injury and
diabetes induced-neuropathic pain models (Dai et al.,, 2019
Bali et al., 2021). Our results indicate that only mmu-miR-
532-5p showed consistently downregulated expression among
these three models of neuropathic pain. The shared differentially
expressed miRNAs may be important in pain pathogenesis and
warrant further investigation. Although the data obtained using
high-throughput screening RNA-Seq provide many crucial clues
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mMRNAs in vehicle and PTX groups. (B) Volcano plot of differentially expressed mRNAs following PTX administration.
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Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of eight differentially expressed
mRNAs in paclitaxel (PTX)-treated mice. (A) GO cellular component analysis. (B) GO molecular function analysis. (C) GO biological process
analysis. (D) KEGG pathway enrichment analysis. (E) KEGG pathway classification analysis. (F,G) Connection between Nr1d1, Per2, and Dbp
shown by KEGG network (F) and protein-protein interactions (PPI) analysis (G).

in the study of pain genesis, further validation studies are CircRNAs, a type of non-coding RNAs, can mediate the
necessary to elucidate the mechanisms involved in chronic functions of diverse molecules including non-coding RNAs,
pain development. mRNAs, DNA, and proteins. Thus, circRNAs play critical
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roles in tumor genesis and development, in sensitivity to
radiation and chemotherapy, and in pain (Wang et al., 2018;
Kristensen et al,, 2019; Zhang et al,, 2019; Lin et al., 2020;
Song et al,, 2020; Zhang H. H. et al,, 2020). In our present
study, we found that 16 circRNAs in the DRG showed
altered expression levels in response to treatment using PTX.
However, no overlapping circRNAs were found in comparing
these circRNAs with those dysregulated in mice with diabetes
mellitus (Zhang H. H. et al,, 2020). CircRNAs usually sponge
microRNAs to regulate the expression and function of coding
mRNA (Zhang et al, 2019). Our results also show that
PTX-induced differentially expressed circRNAs interacted with
one or several PTX-induced differentially expressed miRNAs.
Among these miRNAs, miR-339 shows upregulated expression
in acupuncture, indicating that miR-339 may be involved
in acupuncture analgesia (Wang et al, 2014). The miRNA
miR-15b plays a critical role in oxaliplatin-induced chronic
neuropathic pain via downregulation of BACE1 expression (Ito
et al,, 2017). Therefore, it is interesting to find out whether
a circRNA-miRNA regulatory pathway underlies PTX-induced
neuropathic pain.
Chemotherapy-induced  peripheral neuropathy and
neuropathic pain can be induced by numerous anticancer
agents, such as PTX, oxaliplatin, vincristine, and cisplatin,
although these drugs have diverse mechanisms of action
(Liang et al., 2020a; Starobova et al., 2020; Kang et al., 2021).
PTX, which is a chemotherapeutic agent belonging to the
taxane class, binds to cytoskeletal microtubules and enhances
tubulin polymerization (Jordan and Wilson, 2004). Vincristine
inhibits the assembly of B-tubulin (Gan et al., 2010). Platinum
derivatives oxaliplatin and cisplatin bind to DNA and interfere
with replication, transcription, and the cell cycle (Alcindor and
Beauger, 2011; Dasari and Tchounwou, 2014). Several studies
have reported on changes in differential gene expression in the
DRG following treatment with PTX, vincristine, oxaliplatin,
or cisplatin (Megat et al., 2019; Starobova et al., 2020; Kang
et al, 2021). Megat et al. (2019) explored the changes of
DRG transcriptome in the Nav1.8 subset of DRG neurons by
PTX treatment and five differentially expressed genes were
identified in the DRG by paclitaxel treatment. Sadly, none of
them were overlapped with the PTX-induced differentially
expressed mRNAs in the current study. In Dr. Megats work,
they gathered all DRGs from cervical, thoracic, and lumbar
levels while we precisely gathered lumbar DRGs. This might
be one of the reasons which cause the difference. In another
recent work by Sun et al. (2022), RNA-Seq research identified
384 differentially expressed mRNAs in the DRG of rats 14 days
after PTX injection. As a full list of 384 DEGs is not available,
it is not clear whether some mRNAs were overlapped in
these studies. Nevertheless, the genes Dbp and Cdrl were
shared between PTX and other chemotherapeutic agents by
comparison of the results obtained in our present study with
those obtained in other studies. Dbp encodes D site albumin
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promoter binding protein, which is a member of the Par bZIP
transcription factor family; this protein can bind DNA as a
homo- or heterodimer and is involved in the regulation of
several circadian rhythm genes (Lopez-Molina et al., 1997).
Cdrl encodes cerebellar degeneration related antigen 1. Further
investigation is necessary to explore the role of these genes in
PTX-induced neuropathic pain.

Our present study had several limitations. In this study,
our RNA-Seq analysis revealed several differentially expressed
mRNAs following treatment with PTX. However, previous
studies have reported on expression changes in hundreds of
genes in PTX-induced DRGs (Zhang et al,, 2016; Li et al,
2017; Mao et al,, 2019). Previously, we found that PTX induces
downregulation in the expression of K2p1.1 mRNA and protein
in DRG neurons (Mao et al., 2019). Downregulation of K2p1.1
mRNA in the DRG is also attributed to paclitaxel-induced
increase in DNMT3a expression levels in the DRG (Mao et al,,
2019). However, changes in the expression levels of these genes
were not observed in our present study. This is probably due to
the large differences among animals treated with PTX. We also
observed some miRNAs are oppositely regulated under different
pain conditions. The different causative origin may be one of the
reasons. On the other hand, the expression level of one miRNA
is probably different in the development and maintenance
of neuropathic pain. Finally, although transcriptomic analysis
of nervous tissue has greatly extended our understanding of
pain mechanisms and progression, validation and mechanistic
exploration of DEG expression are essential and warrant
further investigation.
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Neuropathic pain, whose symptoms are characterized by spontaneous and
irritation-induced painful sensations, is a condition that poses a global
burden. Numerous neurotransmitters and other chemicals play a role in the
emergence and maintenance of neuropathic pain, which is strongly correlated
with common clinical challenges, such as chronic pain and depression.
However, the mechanism underlying its occurrence and development has
not yet been fully elucidated, thus rendering the use of traditional painkillers,
such as non-steroidal anti-inflammatory medications and opioids, relatively
ineffective in its treatment. Astrocytes, which are abundant and occupy the
largest volume in the central nervous system, contribute to physiological and
pathological situations. In recent years, an increasing humber of researchers
have claimed that astrocytes contribute indispensably to the occurrence
and progression of neuropathic pain. The activation of reactive astrocytes
involves a variety of signal transduction mechanisms and molecules. Signal
molecules in cells, including intracellular kinases, channels, receptors, and
transcription factors, tend to play a role in regulating post-injury pain once
they exhibit pathological changes. In addition, astrocytes regulate neuropathic
pain by releasing a series of mediators of different molecular weights, actively
participating in the regulation of neurons and synapses, which are associated
with the onset and general maintenance of neuropathic pain. This review
summarizes the progress made in elucidating the mechanism underlying the
involvement of astrocytes in neuropathic pain regulation.

astrocytes, neuropathic pain, signal transduction, cytokine, chemokine

Introduction

Astrocytes or astroglia originate from radial glia cells that have been transformed
from neuroepithelial precursor cells in the embryonic tube (Kriegstein and Noctor,
2004; Miller and Gauthier, 2007). As the most abundant and versatile glial cell type,
accounting for approximately 20-40% of all glial cells in the central nervous system
(CNS) (Colombo and Farina, 2016), astrocytes perform a broad range of different
structural functions, including water and ion homeostasis, metabolism specialization,
and brain oxidation, thus playing key roles in various levels of CNS function, such as
growth, experience-dependent alignment, and maturation. In the absence of disease,
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astrocytes assist neurons metabolically and help sustain normal
metabolic levels of extracellular K + ions, glutamate, and water.
Astrocytes communicate with one another via hemichannels
that join neighboring cells to construct intercellular gap junction
communication pathways. As a result, astrocytes potentially
transmit calcium waves and participate in the dissemination of
various long-distance signaling molecules. Astrocytes also form
a physical barrier around synapses, thus “shielding” them from
glutamate overflow while simultaneously providing metabolic
support. Furthermore, owing to their proximity to synapses,
astrocytes modulate the local intervening ionic and chemical
environment during synaptic formation and propagation. Thus,
astrocytes play a pivotal role in governing synaptic formation,
maturation, removal, and maintenance as well as supporting
synaptic activity via a combination of diffusible and interaction
factors. Loss-of-function disorders of astrocytes may constitute
the basis of various forms of neurological dysfunction and
pathology, including trauma, stroke, multiple sclerosis, and
Alzheimer’s disease (Huynh et al., 1997; Weggen et al., 1998;
Simpson et al., 2010).

Nociception is recognized as a negative sensorial feeling
that is related to or described in terms of real or prospective
tissue injury. While acute pain possesses an important protective
function, chronic pain is often maladaptive, with no biological
benefits. Chronic pain refers to a pain state that lasts for
more than 1 month, and it can be derived from several
different etiologies. An epidemiological study revealed that the
prevalence of chronic pain in China was approximately 31.54%.
Other studies have demonstrated that it affects up to 30% of
adults worldwide and costs the United States economy over $600
billion per annum (Bouhassira et al., 2008). The long duration
of hyperalgesia and ectopic pain has a negative impact on
individuals’ mental state and enjoyment; therefore, it qualifies
as one of the major predisposing factors leading to depression
and even suicide. Neuropathic pain is a kind of chronic pain
that is common and greatly affects patients’ lives, and it is
defined by the International Association for the Study of Pain
as “pain generated by a lesion or disease of the somatosensory
nervous system” (Bouhassira, 2019). A considerable amount
of research has been conducted on neuropathic pain in past
decades, and it has generally been regarded a consequence of
the complex mutual effect of mechanisms in the peripheral
and central nervous systems. Importantly, consensus has
increasingly corroborated the peculiar roles of reactive glial cells
in the onset and persistence of neuropathic pain.

Overview of neuropathic pain

Pain can be perceived as a self-protective mechanism of the
body, warning the body of ongoing or impending tissue damage.
For example, the pain sensation that occurs when a finger is
scraped by a knife is nociceptive pain. If the tissue is damaged,
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the body will follow up with an inflammatory response, which
promotes tissue repair while releasing various mediators that
stimulate injury receptors and cause pain. This pain is known as
inflammatory pain. In contrast, neuropathic pain is defined as
pain produced by injury or disease affecting the somatosensory
nervous system and is distinguished by the following clinical
presentations: spontaneous pain, nociceptive hyperalgesia, and
pain triggered by touch. Neuropathic pain generally affects
people more and lasts longer than other types (Torrance et al.,
2006) of pain.

Neuropathic pain is typically characterized by both positive
and negative sensory symptoms. Positive sensory symptoms
include spontaneous positive sensations, such as paresthesia,
dysesthesia, paroxysmal pain, and persistent superficial pain,
and stimuli-induced positive sensations involving hyperalgesia
and allodynia. Mechanical hyperalgesia, typically characterized
by a mildly painful, prick-like, irritating stimulation, potentially
leads to a more painful sensation. Mechanical dynamic
nociception and mechanical static nociception are two terms
used to characterize painful conditions caused by slight
moving touch and pressure, respectively. In addition, defects
in different somatosensory characteristics, including, but not
limited to, numbness, deadness, tactile hypoesthesia, reduced
heat sensitivity, and lack of vibratory feeling, although habitually
overlooked, constitute manifestations of the negative symptoms
of neuropathic pain.

Several different mechanisms that are required for
neuropathic pain to develop are not limited to the periphery
alone, but even extend all the way to the CNS, including the
spinal cord, brain, and downstream modulatory system. These
mechanisms have preliminarily been explored (Cohen and
Mao, 2014). Several maladaptive mechanisms underlying these
symptoms not only comprise peripheral hypersensitivity of
nociception and hyperexcitability of afferent neurons but also
central hypersensitivity, including vicarious pain facilitation,
de-suppression of pain sensation, and central restructuring
procedures, in addition to sympathetic persistent pain.

To study the occurrence and development of pain, highlight
novel pain signaling pathways, and solve emerging issues in
the field of pain, such as the development of more effective
analgesic drugs and avoidance of adverse effects induced by
analgesic drugs, several rodent models for pain research have
been established to imitate human pain circumstances. In the
course of neuropathic pain research, surgical models are crucial
in establishing nociceptive states, predominantly comprising
chronic constriction injury (CCI) to the sciatic nerve (Bridges
et al., 2001; Hogan, 2002), partial sciatic nerve ligation (Seltzer
et al., 1990), spinal nerve ligation (Challa, 2015), spare nerve
injury (SNI) (Erichsen and Blackburn-Munro, 2002; Rode
et al,, 2005; Bourquin et al.,, 2006), brachial plexus avulsion
(Carvalho et al., 1997; Rodrigues-Filho et al., 2003, 2004), spinal
nerve transection (SNT) (Li et al.,, 2002), and sciatic nerve
transection models (Wall et al., 1979). Most of these models
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induced reactions comparable to those reported in causal pain,
a persistent burning pain condition commonly exhibited in
human distal limbs following damage to certain peripheral
nerves. Under normal conditions, investigators apply different
forms of pain to rodents in research projects to identify novel
molecular substances and attain commendable achievements in
the field of neuropathic pain (Challa, 2015).

Overview of astrocytes

In the CNS, glial cells outnumber neurons by a factor
of 10-50, predominantly including astrocytes, microglia, and
oligodendrocytes (Moalem and Tracey, 2006). Astrocytes are
regarded the most numerous cells in terms of number and
volume, accounting for >40% of all glial cells (Aldskogius and
Kozlova, 1998). As a class of neural cells originating from the
ectoderm and neurepithelium, a single astrocyte is estimated to
be capable of wrapping around 140,000 synapses and four to
six neuron somata and contacting 300-600 neuron dendrites in
rodents (Bushong et al., 2002; Oberheim et al., 2009; Gao and
Ji, 2010b). With these physiological strengths, astrocytes sustain
homeostasis and are partly responsible for defending the CNS
(Verkhratsky and Nedergaard, 2018).

Physiological functions of astrocytes

Utilizing multiple biologically based techniques and state-
of-the-art in vivo non-traumatic approaches (e.g., positron
emission tomography, magnetic resonance imaging scans,
and magnetic resonance spectroscopy), astrocytes have been
thoroughly studied, and their roles encompass a broad variety
of dynamic physiological compositions and functionalized
features: water and ion homeostasis, metabolic specialization,
and brain oxidation (Volterra and Meldolesi, 2005; Haydon and
Carmignoto, 2006; Romero-Sandoval et al., 2008; Fellin, 2009;
Jiang et al., 2020).

Astrocytes play a role in neural tissue, closely combining
with neural networks, and control the homeostatic balance
between individual molecules in the CNS and individual tissues
of the entire organ through the transportation of major ions and
protons, clearance and decomposition of neurotransmitters,
and release of neurotransmitter precursors and reactive
oxygen scavengers. Astrocytes maintain neurotransmission as
a consequence of providing neurotransmitter precursors for
neurons and control cellular homeostasis through embryonic
and adult neurogenesis. Moreover, regulating metabolic
homeostasis by synthesizing glycogen and providing energy
substrates for neurons is also a momentous routine of astrocytes.
Disguised as glial cells, astrocytes constitute a cortical covering
that envelops the CNS, manage the blood-brain barrier,
and serve as chemoreceptors, thereby promoting dynamic
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homeostasis throughout the body. Traumatic brain injury,
infection, and other diseases can increase astrocyte reactivity,
thus transforming resting astrocytes into reactive astrocytes with
abnormal characteristic behavior. Thus, astrocytes potentially
represent the primary defense system of the CNS by increasing
reactivity (Figure 1).

These routine structural, functional, and physiological
strengths of astrocytes play crucial roles in various levels of CNS
function, such as growth, experience-dependent alignment, and
maturation (Verkhratsky and Nedergaard, 2018; Tsuda, 2019;
Giovannoni and Quintana, 2020).

The role of astrocytes in synaptic transmission
and synaptic plasticity

The special, astrocyte
membranes and synaptic structures, the high expression of

close relationship between
neurotransmitters in astrocytes, and their regulation of synaptic
transmission concertedly create a tripartite synaptic model
(Araque et al., 1999; Halassa et al., 2007). Astrocytes potentially
serve as a multifunctional key in controlling all aspects of
synaptic connections: regulating the maturation of the synaptic
network; maintaining the stability of the ionic dynamics of
the synaptic cleft; monitoring and regulating the constant
changes in neurotransmitters; and ultimately, participating
in synaptic extinction (Nedergaard and Verkhratsky, 2012;
Verkhratsky and Nedergaard, 2014). In addition, during
synaptogenesis, astrocytes surprisingly possess a considerable
degree of flexibility and mobility that helps stabilize new
synapses. As the close relationship between astrocytes and
synapses becomes better understood and more deeply studied,
further possibilities for astrocytes in synaptic transmission and
plasticity are unfolding (Barker and Ullian, 2010).

The role of astrocytes in memory

Astrocytes have been proven to be intimately involved
in neuronal functions in memory formation (Haydon and
Nedergaard, 2014; Moraga-Amaro et al., 2014). Suzuki et al.
(2011) demonstrated that astrocyte glycogenolysis and lactate
release contribute to the formation of long-term memory and
maintenance of long-term enhancement of synaptic strength
induced in vivo. In addition, we have learned that astrocyte-
derived lactate produced by glycogenolysis is involved in
regulating the changes in substances required for long-term
memory formation, including, but not limited to, the expression
of target genes and phosphorylation of the transcription factor
CREB, among others, thus contributing significantly to long-
term memory formation in rats (Suzuki et al., 2011).

Astrocytes in pathology

During the development of neurological diseases, astrocytes
often exhibit different pathological manifestations successively
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Astrocyte functions in the CNS. AA, arachidonic acid; NO, nitric oxide; PG, prostaglandin; VEGF, vascular endothelial growth factor

or simultaneously, such as, dysfunctional astrocyte atrophy,
pathological remodeling of astrocytes, and reactive astrocyte
hyperplasia (Pekny et al., 2016). Disorders or loss of function
may form the basis of various forms of neurological dysfunction
and pathology, including, but not limited to, trauma, stroke,
multiple sclerosis, and Alzheimer’s disease, among others
(Weggen et al., 1998; Simpson et al., 2010).

In addition, they have been linked to a worse prognosis
of CNS injury, such as excitatory toxic neurodegeneration due
to inadequate glutamate intake (Bush et al, 1999; Swanson
et al,, 2004) or a higher risk of invasion or injury resulting
from astrocyte barrier dysfunction (Bush et al., 1999; Faulkner
et al., 2004; Drogemidiller et al., 2008; Herrmann et al., 2008;
Voskuhl et al., 2009). Extensive molecular and cellular biological
evidence has currently demonstrated that the harmful effects of
reactive astrogliosis and glial scarring are typically manifested
by the inhibition of axon regeneration (Silver and Miller,
2004). Furthermore, astrocytes have appeared in a variety
of domestic and international studies on different disease
pathological states (Swanson et al., 2004; Brambilla et al., 2005;
Jansen et al, 2005; Tian et al, 2005; Hamby et al., 2006;
Farina et al., 2007; Brambilla et al., 2009). Some researchers
have that found seizures in epilepsy may be directly related
to the dysfunction and denaturation of astrocytes triggered
by abnormalities in cytotoxic T lymphocytic autoimmunity
(Whitney and McNamara, 2000; Bauer et al., 2007). Other
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autoimmune inflammatory states involving the CNS have also
been reasonably speculated to be associated with astrocytes,
such as systemic lupus erythematosus; however, they have not
been explicitly studied (Tomita et al, 2004). Furthermore,
astrocytes have now been firmly considered to make a significant
contribution to the pathophysiology of hepatic encephalopathy
(Norenberg et al., 2005).

Activation of astrocytes in
neuropathic pain

Astrocyte activation has been identified within a few layers
of the CNS, such as the spinal cord and supraspinal center
(Gao and Ji, 2010b). In fact, current research on the relationship
between astrocytes and pain has predominantly focused on
the spinal cord level. In pain research, astrocyte activation is
commonly understood as the increased expression of the glial
fibrillary acidic protein (GFAP) or astrogliosis.

In recent years, two distinct kinds of reactive astrocytes,
Al-reactive and A2-reactive astrocytes, have been identified
(Liddelow et al., 2017). Induced by neuroinflammation, Al
astrocytes potentially secrete neurotoxins leading to rapid death
of neurons and other types of glial cells. Conversely, ischemia-
induced A2 astrocytes contribute to more effective tissue healing
and neuronal preservation (Liddelow et al., 2017; Figure 2).
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Two different types of reactive astrocytes.

Al-reactive astrocytes rather than A2 are mostly believed to be
involved in the development of neuropathic pain, and much of
the research in this area has focused on them.

Astrocytes from the CNS, particularly the spinal cord, have
been shown to undergo morphophysiological and behavioral
alterations, such as translation and transcription, following
peripheral nerve injury, inflammation, or tumor invasion.
Certain activation states, such as an increase in intracellular
Ca2+ flux and phosphorylation of signaling molecules, are
considered to be completed within minutes. Activation
states that take tens of minutes (translation regulation) or
hours (transcriptional regulation) to follow also exist. Longer
activation states, such as astrogliosis, may require longer periods
of time, such as tens of hours or even days to appear (Gao and
Ji, 2010b).

Astrocytes are generally believed to regulate pain mainly
through the following three activation states: (1) changes in glial
signaling pathways, such as changes in the phosphorylation level
of mitogen-activated protein kinase (MAPK) and expression of
transcription factors; (2) changes in the expression of receptors
and channel proteins, such as the upregulation of inflammatory
factor receptors and gap junction proteins and downregulation
of glutamate transporters; and (3) continuous production and
excretion of various glia-derived factors, such as cellular factors,
chemokines, and proteinases (Gao and Ji, 2010b; Ji et al., 2013).

Hofstetter et al. (2005) claimed that the transplantation
of neural stem cells that can transform into astrocytes into
damaged spinal cords resulted in an abnormal, pain-like
hypersensitivity response in the front paw. Furthermore, the
inhibition of astrocyte differentiation of transplanted cells
by transducing neural stem cells with neurogenin-2 before
transplanting potentially prevents graft-induced abnormal
pain. Inhibitors of glial cells and astrocytes, in particular,
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fluoroacetate and its metabolite fluorocitrate (FC), only require
considerably minute quantities to specifically interfere with
astrocyte physiological metabolism via obstructing a glial cell
enzyme in the astrocytic Krebs cycle. Several mouse models
of pain that had undergone intrathecal injection of FC or
fluoroacetate demonstrated relief from pain sensation (Milligan
et al., 2003; Obata et al., 2006; Clark et al., 2007; Okada-
Ogawa et al,, 2009). In addition, astrocyte engagement in the
ventrolateral periaqueductal gray (vIPAG) was found to be
closely associated with pain response. Liu et al. (2022) injected
FC into the vIPAG of diabetic neuropathic pain (DNP) rats
and found the mechanical withdrawal threshold of DNP rats to
decrease significantly, suggesting that the pain-relieving action
of FC in DNP rats was related to the inhibition of astrocyte
activation in the vIPAG. FC’s pain-relieving action has been
frequently validated in a wide range of different research topics
on neuropathic pain, revealing a close relationship between
astrocyte activation and neuropathic pain status.

Key signaling mechanisms and
molecules regulating reactive
astrocytes

Multiple signal transduction pathways are engaged in the
process of converting resting astrocytes into reactive astrocytes
(Karimi-Abdolrezaee and Billakanti, 2012). Many diverse cell
types, such as neurons, glial cells, and inflammatory cells, release
chemical signals that stimulate nascent astrocytes (Pekny et al.,
2016). Chemical signals engaged in the regulation of astrocyte
activation comprise proinflammatory cytokines [interleukin-1f
(IL-1B), tumor necrosis factor o (TNF-a), and interleukin-6
(IL-6)], and gene transcription factors [signal transduction and
transcriptional activator 3 (STAT3)], among others (Koyama,
2014; Figure 3).

Janus kinase-signal transduction and
transcriptional activator 3 pathway

Tsuda that
neuropathic pain is regulated by the JAK-STAT3 signaling

demonstrated astrocyte proliferation in
pathway. Moreover, the application of the janus kinase (JAK)
inhibitors AG490 and JAK inhibitor I to the spine resulted
in the inhibition of astrocyte proliferation during astrocyte
restriction and STAT3 activation. Furthermore, the inhibition
of astrocyte proliferation by JAK-STAT3 signaling inhibitors
potentially leads to the recovery of haptic pain (Tsuda et al,
2011). Therefore, it is reasonable to conclude that the inhibition
of JAK-STAT?3 signaling leads to that of astrocyte proliferation
in the dorsal horn.
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Some experiments have demonstrated that the proliferative
capacity of astrocytes intervened by AG490 or with STAT3
defects is reduced to a certain extent (Washburn and Neary,
2006; Sarafian et al., 2010). Liu et al. (2021) demonstrated
that not only were the activation levels of JAK2 and STAT3
significantly reduced by miR-135-5p mimics intervention but
also GFAP, IL-1B, and TNF-a expression, which was consistently
decreased. Moreover, functional in vitro studies have also
confirmed that miR-135-5p potentially inhibits the JAK2-STAT3
signaling pathway in bone cancer pain, and histological staining
has proven that miR-135-5p can directly interrupt the activity
process of JAK2 and its upstream and downstream molecules in
astrocytes (Liu et al., 2021). These studies demonstrate that JAK-
STATS3 signaling has a key contribution in the occurrence and
progression of neuropathic pain via the modulation of astrocyte
activation.
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Notch-oligodendrocyte transcription
factor 2 pathway

Oligodendrocyte transcription factor 2 (Olig2) is an
essential transcription factor required for the proliferation and
derivation of developmental astrocytes. Olig2-labeled subsets of
astrocytes have been detected in clusters and in greater numbers
in certain fixed zones of the thalamus, midbrain, and spinal cord
of rodents (Wang et al., 2021). By ablating Olig2, Chen found
reactive astrocyte proliferation to be reduced, demonstrating
that Olig2 plays a key role in reactive astrocyte proliferation
(Chen et al., 2008). A BrdU labeling experiment suggested that
Notch molecules may contribute to the numerical increase and
functional specialization of reactive astrocytes by regulating
the nuclear cytoplasmic translocation of Olig2 (Marumo et al.,
2013). Mice with exclusive Notch 1 knockout in GFAP-positive
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reactive astrocytes also exhibited a significant reduction in
proliferative reactive astrocytes (Shimada et al,, 2011). Both
mechanical and thermal hyperalgesia induced by CCI were
effectively reduced by inhibiting the mRNA expression of Olig2,
a marker of astrocyte activation (Bertozzi et al., 2017). The
above findings suggest that the Olig2 signaling pathway is
highly involved in astrocyte activation and the progression of
neuropathic pain.

S1P receptor subtype 1 pathway

Chen et al. (2019) found that sphingosine-1-phosphate
(S1P), which is produced in the spinal dorsal horn of CCI
and SNI models, actuates neuropathic pain through targeted
activation of SI1P receptor subtype 1 (S1PR1) present in
astrocytes. CCI and SNI models treated with an astrocyte-
specific SIPRI knockout were not observed to experience
neuropathic pain. Therefore, astrocytes have been identified as
the major cellular substrates for SIPR1 activity. In addition, their
study also found that the relief of neuropathic pain induced
by SI1PRI inhibition is mediated by interleukin-10 (IL-10), a
cellular factor capable of participating in neuroprotection and
fighting against inflammatory infections, thus identifying the
S1PR1 axis as a key link in the developmental process and
signaling pathways of neuropathic pain (Chen et al,, 2019).
Therefore, SIPRI is expected to be a novel therapeutic target for
neuropathic pain.

Transforming growth factor beta-
Sma- and Mad-related protein pathway

Transforming growth factor betas (TGF-fs), as versatile
growth factors, are involved in critical events in the body
that regulate growth, illness, and wound healing. TGF-p1
has been extensively known to be a cytokine implicated
in injury, especially in the activation of astrocytes and
scar production (Diniz et al, 2019). TGFp is immediately
triggered following CNS damage and stimulates the Sma- and
Mad-related protein (SMAD) family of transcription factors
in astrocytes (Koyama, 2014). Ralay Ranaivo et al. (2010)
successfully activated the SMAD pathway downstream of
TGEFBR using albumin in primary astrocyte cultures. Other
studies have found that the knockdown of repulsive guidance
molecule a (RGMa) eliminates TGFPl-induced astrocyte
proliferation and activation and proved that RGMa potentially
promotes TGFB1/SMAD?2/3 signal transduction by binding to
activin receptor-like kinase 5 and SMAD2/3 simultaneously,
constituting a composite (Zhang et al., 2018). The above findings
suggest that the TGF-SMAD signaling pathway is expected
to become an important target for astrocyte activation and
neuropathic pain treatment.
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Racl-Gl to S phase transition 1
pathway

As a member of the Ras homolog gene family, the small G
protein RhoA is widely expressed in astrocytes and participates
in cytoskeletal regulation together with its downstream effector
Rho-dependent kinase (ROCK) by regulating myosin and actin
(Tonges et al., 2011; Maldonado et al., 2017; Wen et al., 2019;
Lu et al., 2021). The expression of RhoA and Racl in the glial
scar area is significantly increased after injury (Erschbamer et al.,
2005). Several experimental results reveal that the activation
of RhoA/ROCK and its upstream and downstream molecules
facilitates the occurrence and sustainment of neuropathic pain
(Tatsumi et al, 2005; Hang et al., 2013). The inhibition
of ROCK leads to rapid and reversible astral alignment of
cultured astrocytes and increases their migratory activity. In
one experiment, Racl-KD or Racl-KO astrocytes displayed
significantly delayed cell cycle progression and decreased cell
migration as well as the diminished expression of G1 to S phase
transition 1 (GSPT1). In addition, the decreased expression and
response of GSPT1 to lipopolysaccharide (LPS) treatment were
observed. This suggests that GSPT1 is a downstream target
of Racl (Ishii et al., 2017). Racl-GSPT1, as a novel signaling
axis in astrocytes, is an important factor in astrocyte activation
after CNS injury. However, whether GSPT1 directly leads to
neuropathic pain still warrants further research.

Intracellular kinases, channels,
transporters, and receptors
involved in neuropathic pain
regulation in astrocytes

Many signaling molecules exist in astrocytes, including
intracellular kinases, channels, receptors, and transcription
factors, exhibiting pathological changes and playing a role in
pain regulation after injury.

Intracellular kinases

The MAPK family, which is composed of P38, extracellular
signal-regulated kinase (ERK), and C-Jun N-terminal kinase
(JNK), plays a crucial role in pain regulation (Gao and Ji, 2010b).
Different members exhibit specific expressions in various pain
states (Ji et al., 2009); nonetheless, all of them have been proven
effective in alleviating neuropathic pain in various pain models
(Zhuang et al., 2005; Gao et al., 2009; Wang et al., 2012).

Phosphorylated ERK has been observed in spinal astrocytes
during the late stage of pain induced by complete Freund’s
adjuvant (Weyerbacher et al, 2010). In an experiment, Yu
used the mitogen-activated ERK kinase inhibitor U0126 to

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1007889
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Cheng et al.

inhibit astrocyte activation and moderate the release of
proinflammatory cytokines (IL-1p and IL-6) by activated
astrocytes. The ERK1/2 pathway was found to potentially
mediate astrocyte activity through the PPARy pathway in CCI
rats (Zhong et al., 2019).

Choi et al. (2019) demonstrated that the neurosteroid-
metabolizing enzyme cytochrome P450cl7  stimulates
astrocytes through the P38 phosphorylation pathway, eventually
contributing to the occurrence of CCI-induced mechanical
nociception in mice.

Janus kinase has been shown to engage in the regulation
and sustainment of nociception by astrocytes after nerve damage
(Cao et al., 2015). P-JNK inhibitors relieve neuropathic pain
in mice by inhibiting JNK signaling in spinal cord astrocytes
(Li et al.,, 2020). Tetramethylpyrazine selectively inhibits JNK
activity, inhibits astrocyte activation, and reduces matrix
metalloproteinase-2/9 (MMP-2/9) expression, thus alleviating
the maintenance of neuropathic pain (Jiang et al,, 2017). This
suggests that JNK-MMP-2/9 is a potentially promising new
focus for neuropathic pain relief.

Receptors

To date, relatively few ion channels and receptors that are
involved in the activation of astrocytes, thus ultimately leading
to the development of neuropathic pain, have been identified
(Table 1).

Toll-like receptor 4 (TLR-4) is widely present throughout
astrocytes. Overexpression of the high mobility group box-
1 (HMGBI1) protein potentially downregulates the paw
withdrawal mechanical threshold and paw withdrawal thermal

TABLE 1 Expression of ion channels and receptors in astrocytes.

Classifications Name Ligands

Mediators regulated
via activation

10.3389/fnmol.2022.1007889

latency in CCI rodents by enhancing the activation of astrocytes,
the TLR4/NF-kB axis, and its upstream and downstream
molecules, resulting in the enhancement of neuropathic pain
(Zhao et al, 2020). A subject of experimental observations
in mice treated with toll-like receptor 2 (TLR2) knockout
demonstrated that TLR2 expression is essential for neuropathic
pain development. Neurodamage-induced astrocyte activation
was also reduced in TLR2-knockout mice. The expression
of TLRs has been found to enable astrocytes to release
inflammatory mediators closely related to neuropathic pain,
including, but not limited to, IL-6, monocyte chemoattractant
protein-1 (MCP-1), and nitric oxide (NO) (Thakur et al., 2017).
Thus, both TLR2 and TLR4 facilitate the progression and
sustainment of pain caused by nerve damage (Kim et al., 2007).

A shortened isomeric form of tyrosine receptor kinase
B (TrkB) has recently been found to be implicated in the
pathological process of neuropathic pain (Renn et al., 2009).
The TrkB.T1 isomeric form is generated through alternative
splicing of TrkB. As the only isoform expressed in astrocytes
(Rose et al., 2003; Dorsey et al., 2006; Ohira et al., 2007; Holt
et al, 2019), Trkb.T1 has exhibited an increased expression
in various experimental models of pain (Renn et al, 2009
Wu et al,, 2013; Matyas et al,, 2017) and attracted increasing
attention. Antiretroviral treatment causes abnormal mechanical
pain in mice through triggering the activity of brain-derived
neurotrophic factor (BDNF) and consequently resulting in
polyneuronal hyperactivity (Renn et al., 2011). Trkb.t1-specific
knockout mice (Dorsey et al., 2006) were found to be relieved
of abnormal pain sensation and heat hyperalgesia in the
neuropathic pain model system (Renn et al., 2009). After RNA
sequencing work on astrocytes extracted from TrkB.T1 KO
mice, the researchers detected a downregulation in the ability

Changes in expression References

in neuropathic pain

Ton channels Connexin- Cx43 siRNA, Cx43 mimetic CXCL12, LPS, IL-1B, IL-6,
43 peptide, Cay 3.2, CaMKII c-fos, ATP
Connexin- - IL-1B, IL-6
30
AQP4 Anti-AQP4 recombinant ATP, glutamate transporter 1,
autoantibodies (rAQP4 IgG), c-fos, ERK
TGN-020, TNF-a
Receptors IL-18 IL-18 Nuclear factor kappaB
receptor
TLR2 Triacylated lipoproteins, MCP-1, reactive oxygen
peptidoglycan glycolipids, species,
heat shock protein-60, heat CXCL8, NO, IL-6
shock protein-70
TLR4 LPS, hyaluronate, envprost, MCP-1, TNF-q, IL-6, NO,
heparin, taxol, HMGB1 IL-1a,
IL-1B,
Trkb.T1 BDNE, ligands of the Rho GDP dissociation

G-protein-coupled receptor
(GPCR) family of
transmembrane receptors

inhibitor, Ca2 +

Up-regulated
Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Gao and Ji, 2010b; Li et al.,
2021; Zhu et al., 2022

Gao and Ji, 2010b

Wang et al., 2020; Ishikura
etal., 2021; Guo et al., 2022

Miyoshi et al., 2008

Bowman et al., 2003; Kawai
and Akira, 2009; Milligan and
Watkins, 2009

Scholz and Woolf, 2007;
Nicotra et al., 2012; Thakur
etal., 2015
Matyas et al., 2017; Cao et al,,
2020
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of their astrocytes to divide, differentiate, and migrate (Cao
et al., 2020). These results suggest that the imbalance in the
physiological state of astrocytes caused by the involvement of
TrkB.T1 promotes neuropathic pain development.

Considering the prevalence of neuropathic pain and
incurable suffering associated with it, the study of ion channels
and receptors associated with astrocytes is a potentially new
opportunity to bring hope to affected people worldwide. AV411
(ibudilast), an antagonist of TLR4, is currently undergoing
phase II clinical trials and has previously been shown to
exert satisfactory efficacy in various models of neuropathic
pain by inhibiting cytokines produced by glial cells as well as
promoting the production of the anti-inflammatory cytokine IL-
10 and neurotrophic factors (Connolly and O’Neill, 2012). This
presents new directions and possibilities to research on targeted
therapy for neuropathic pain. The TLR family and Trkb.T1
deserve further investigation and deeper exploration as key
components of astrocytes that are closely linked to neuropathic
pain.

Gap junctions

Astrocytes form a network of gap junctions through Ca2+
signals in the form of calcium oscillations (Blomstrand et al.,
1999; Haydon, 2001). The main structural components of gap
junctions are connexins (CX), such as Cx26, Cx29, Cx30,
Cx32, and Cx36, among others. Cx30 and Cx43 are specifically
expressed in astrocytes (Giaume and McCarthy, 1996; Nagy
et al, 2004). Astrocytic connexins not only regulate gap
junction function but also act as semi-channels to transfer and
release chemicals such as ATP from inside to outside the cell
(Xing et al,, 2019), thus regulating synaptic transmission and
further leading to pain by directly interacting with injurious
neurons (D’Hondt et al, 2014). Cx43 has been shown to
effectively regulate the production and release of the chemokine
CXCLI12 in bone marrow stromal cells (Schajnovitz et al., 2011).
Transfection of Cx43 can inhibit LPS-triggered hyperexcitability
and upregulation of proinflammatory cellular factors and
chemokines (Tsuchida et al,, 2013). In addition, intrathecal
injection of HIV1 GP120 is followed by a massive proliferation
of IL-1p and IL-6 in the cerebrospinal fluid. Carboxy ketone
(CBX), a non-specific gap junction antagonist, can block this
in a timely and effective manner (Spataro et al.,, 2004). These
behaviors are directly related to neuropathic pain.

Astrocyte-derived inflammatory
mediators involved in neuropathic
pain regulation

Astrocytes regulate neuropathic pain by releasing a series
of mediators of different molecular weights. Macromolecular
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mediators are represented by cellular factors (e.g., TNF-a and
IL-1B), chemokines (e.g., CCL2 and CXCL1), growth factors
(e.g., BDNF and bFGF), and proteases (e.g., MMP-2 and tPA),
among others. Small molecular media predominantly comprise
glutamic acid and ATP, among others. These mediators actively
participate in the regulation of neurons and synapses and
are inextricably linked to the onset and maintenance of
neuropathic pain.

Proinflammatory cytokines

IL-1B is a well-known proinflammatory cytokine. IL-1B
upregulation has been observed in spinal cord astrocytes
following peripheral nerve lesions. Increasing evidence suggests
that IL-18 is involved in pain sensitivity (Cao and Zhang,
2008; Kiguchi et al., 2012). Intrathecal administration of IL-18
receptor antagonists alleviates inflammatory and neuropathic
pain. Neuropathic pain was also significantly reduced in mice
with IL-1B type I receptor knockout or those deliberately treated
with an IL-1p antagonist. In contrast, IL-1f injected into the
spinal canal induces pain hypersensitivity (Gao and Ji, 2010b; Ji
et al., 2013). Further experiments have also shown that IL-1f is
directly sensitive to thermally and chemically sensitive cationic
channels in the transient receptor potential cation channel
subfamily V member 1 (Kiguchi et al., 2012).

Chemokines

Chemokines, a specific group of cell factors possessing
over 50 family components, are widely believed to exist in the
blood and immune system and have recently been found to
be widespread in the CNS and particularly active in astrocytes
(Kiguchi et al, 2012). Chemokines predominantly perform
their biological functions by binding to their G-protein-coupled
receptors. Current studies have demonstrated that chemokines
and corresponding receptors are usually present in different cell
types to participate in their interaction and regulation (Gao
and Ji, 2010a). CCL2, also called MCP-1, is mainly derived
from astrocytes. A remarkable increase in JNK-dependent
CCL2 in spinal astrocytes induced by peripheral nerve injury
has also been observed, and it has been found to drive
neuropathic pain with direct modulation of spinal neurons.
CCL2 can rapidly increase the inward currents of spinal dorsal
horn neurons induced by AMPA and NMDA. This indicates
increased synaptic glutamate transmission, which is strongly
associated with increased central sensitization and markedly
diminished nociceptive sensation (Gao and Ji, 2010b; Nakagawa
and Kaneko, 2010). Furthermore, CCL2 potentially stimulates
the division and differentiation of spinal microglia to further
support pain development (Nakagawa and Kaneko, 2010).
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CCL3 has also been found to cause neuropathic pain
through IL-1f upregulation (Kiguchi et al,, 2012). CXCL1, an
essential cytokine, potentially acts as a mediator, lubricating the
communication between neurons and astrocytes (Kiguchi et al.,
2012). In spinal nerve ligation models, CXCLI and its receptor
CXCR2 have been observed to undergo upregulation in spinal
astrocytes and neurons (Zhang et al., 2013). Intrathecal injection
of anti-CXCl1 antibodies has been found to successfully alleviate
pain hypersensitivity induced by spinal nerve ligation, and
CXCR2 antagonists can definitively terminate CXCl1-induced
thermal pain allergy. This implies that CXCL1, CXCR2, and
CCL3 are all involved in driving neuropathic pain.

Proteases
Proteases expressed in astrocytes, such as matrix
metalloproteinases (MMPs) and tissue-type plasminogen

activators (tPAs), have been found to play a key role in the
development of neuropathic pain driven by astrocytes (Gao
and Ji, 2010b). Different MMPs have been implicated in the
progression of neuropathic pain at different periods of time
after nerve injury. MMP-9 induces the early development of
neuropathic pain by mediating the early cleavage of IL-1P
and activation of microglia, while MMP-2 is engaged in
the sustainment of neuropathic pain in late stages through
modulating the cleavage of IL-1f and activation of astrocytes
(Kawasaki et al., 2008).

As an extracellular serine protease, tPA participates in the
regulation and revision of tissue components located outside the
cell, leading to alterations in neuroplasticity (Kozai et al., 2007).
One study found that reactive astrocytes express tPA following
trauma to the spinal cord, and tPA inhibitors injected into the
spinal canal successfully inhibit mechanical pain triggered by
dorsal root ligature (Kozai et al., 2007).

Growth factors

In recent years, BDNE which binds to TrkB, has been
found to be closely associated with astrocyte activation in a rat
model of spinal nerve ligation. In certain experimental studies,
the BDNF inhibitor ANA-12 was found to inhibit astrocyte
activation in the dorsal horn of the spinal cord and subsequently
alleviate or even inhibit the onset of mechanical nociceptive
hypersensitivity. Increased BDNF levels and proinflammatory
cytokines have also been observed following astrocyte activation
(Chiang et al., 2012). Similarly, mechanical pain alterations
have been reversed using fluorotic acids that inhibit astrocyte
activation to downregulate BDNF (Ding et al.,, 2020). These
actions are all accomplished through the binding of BDNF to
TrkB.T1, the only TrkB receptor subtype expressed on astrocytes
(Wu et al, 2013). BDNF produced by astrocytes has also
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been found to enhance NMDA receptors in excitatory neurons
and decrease inhibitory neuronal activity by accomplishing
depolarization displacement of the transient reversal potential
(EgaBa) and decreased conductance of presynaptic gamma-
aminobutyric acid (GABA). These provide BDNF the ability
to enhance the synaptic activity of excitatory neurons, thus
promoting the development of neuropathic pain (Zhou et al,,
2021).

Supraspinal astrocytes in
neuropathic pain

As neuroplasticity advances in the spinal cord and ascending
routes reach the upper spinal regions, the production and
transmission of action potentials are facilitated, resulting in
abnormal manifestations of pain behaviors. Of particular
interest are the PAG and rostral ventromedial medulla (RVM),
which play a key role in nociceptive regulation (Dubovy et al.,
2018). Belief in the elevated involvement of the PAG and RVM
in nociceptive modulation is also growing. Other studies have
revealed that unilateral sterile CCI (sCCI) or complete SNT
(CSNT) for several weeks induces significant bilateral astrocyte
activation in the dIPAG and vIPAG. Astrocyte activation is more
extensive in CSNT than in sCCI, and more extensive astrocyte
activation is also observed in the RVM. Although the ability
of CSNT to trigger astrocyte transformation in the PAG and
RVM into an active state is stronger, the ability of the two kinds
of sciatic nerve damage to trigger an active state of microglia
in upper spinal tectonics is similar. Furthermore, this suggests
that reactive astrocytes in the PAG and RVM can be sustained
to promote downstream structural groups and consequently
maintain neuropathic pain, whereas reactive microglia tend to
be involved in response to persistent peripheral nerve injuries.
CCL2 secreted by neurons and astrocytes after PAG and RVM
damage has the potential to trigger reactive microglia mediated
by CCR2 (Dubovy et al, 2018). Astrocyte activation in the
PAG and RVM contributes indispensably to the progression and
sustainment of neuropathic pain.

Astrocyte—microglia and
astrocyte—neuron interactions

CCL2 and CXCL1 have been found to be expressed
in spinal cord astrocytes, act on CCR2 and CXCR2 in
spinal cord neurons, and thus potentially play a role in
Studies
electrophysiological aspects found CCL2 to immediately

increasing excitatory synaptic transmission. on
enhance NMDA-induced currents and increase the frequency
of excitatory postsynaptic currents in spinal cord lamina II

neurons. Co-stimulation of spinal cord neurons with CCL2
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and GABA resulted in a dose-dependent and rapid decrease
in GABA-induced inward currents (Zhang et al, 2017).
CCL7 (monocyte chemotactic protein 3), produced by spinal
astrocytes, has also been shown to act on CCR2 in microglia
and induce the activation of spinal microglia (Imai et al,
2013). These findings demonstrate that astrocytes do not act
independently. They are inextricably linked to neurons and
microglia and concertedly contribute to the development of
neuropathic pain. This aspect of research warrants deeper
exploration.

New analgesic drugs targeting
astrocytes

To date, no definitive effective treatment options for
neuropathic pain are available worldwide. The most frequently
used drugs include tricyclic antidepressants, ion channel-
modulating drugs (gabapentin, pregabalin), and some
anticonvulsants. These drugs only provide pain relief but
do not completely eradicate neuropathic pain, and they often
produce a number of side effects (O’Connor and Dworkin,
2009; Zychowska et al., 2015). Other analgesics, such as opioids,
are even less effective in the clinical treatment of neuropathic
pain (O’Connor and Dworkin, 2009). Although the clinical
application of analgesic drugs targeting astrocytes has not
yet commenced, targeted treatment of neuropathic pain via
astrocytes may emerge as a new alternative for affected patients.
In fact, several experimental studies are already underway.
Dexmedetomidine has been found to effectively inhibit
HMGBI1-mediated astrocyte activation and the TLR4/NF-
kB signaling pathway in CCI rats and successfully relieve
neuropathic pain in rats (Zhao et al,, 2020). Koumine has
been found to exert analgesic effects by inhibiting astrocyte
activation and the release of proinflammatory cytokines (Jin
et al,, 2018). Triptolide, the active component of Tripterygium
wilfordii Hook F, in combination with MK-801, the non-
competitive N-methyl-D-aspartate receptor antagonist, inhibits
astrocyte activation and STAT phosphorylation, consequently
exerting synergistic analgesic effects (Wang et al,, 2017). All
these drugs inhibit the contributory process of astrocytes
to neuropathic pain to a certain extent and are expected
to be new protocols and strategies for the treatment of
neuropathic pain. However, most of these drugs remain at the
animal testing stage, and their specific application methods
and exact clinical effects require further investigation and

exploration.

Conclusion

To conclude, astrocyte activation and the changes in the
signaling pathways and molecular mechanisms involved in the
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spinal cord and supraspinal structures contribute indispensably
to the progression and sustainment of neuropathic pain.
Elucidating the mechanism underlying astrocyte activation is
of great significance to the progress and development of pain
management worldwide. Currently, the exploration of new
targeted pain treatments in the wake of opioid overdependence
and overuse is of particular importance. Research on the
role played by astrocytes in neuropathic pain is expected
to realize the clinical transformation of animal experimental
research, which is of great significance for human happiness and
quality of life.
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Menthol is an important flavoring additive that triggers a cooling sensation.
Under physiological condition, low to moderate concentrations of menthol
activate transient receptor potential cation channel subfamily M member
8 (TRPMS8) in the primary nociceptors, such as dorsal root ganglion (DRG)
and trigeminal ganglion, generating a cooling sensation, whereas menthol
at higher concentration could induce cold allodynia, and cold hyperalgesia
mediated by TRPM8 sensitization. In addition, the paradoxical irritating
properties of high concentrations of menthol is associated with its activation
of transient receptor potential cation channel subfamily A member 1
(TRPA1). Under pathological situation, menthol activates TRPM8 to attenuate
mechanical allodynia and thermal hyperalgesia following nerve injury or
chemical stimuli. Recent reports have recapitulated the requirement of central
group I/l metabotropic glutamate receptors (mGIUR) with endogenous k-
opioid signaling pathways for menthol analgesia. Additionally, blockage of
sodium channels and calcium influx is a determinant step after menthol
exposure, suggesting the possibility of menthol for pain management. In this
review, we will also discuss and summarize the advances in menthol-related
drugs for pathological pain treatment in clinical trials, especially in neuropathic
pain, musculoskeletal pain, cancer pain and postoperative pain, with the aim
to find the promising therapeutic candidates for the resolution of pain to
better manage patients with pain in clinics.

menthol, pain, transient receptor potential channel, opioid receptor, analgesia

Introduction

Chronic pain affecting more than 30% of people worldwide (Cohen et al., 2021)
with enormous personal and financial burdens. Concerns about the adverse effects,
interactions, and potential for abuse of analgesic drugs have forced the search for
alternative methods to manage pain effectively and safely. Although several therapies
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have been proposed, inadequate knowledge of the underlying
pathophysiological mechanisms is one of the reasons for the
current lack of pain relief.

Menthol have been used for pain relief since ancient times,
first described by Hippocrates (Sprengell, 1708) and Galen
(Siegel, 1970). Hippocrates considered mint as a cooling agent
for peripheral pain. Galen expanded the use of menthol even
further, so that existing topical analgesic containing menthol
were named “Menthol Galen-Pharma.” Menthol is a cyclic
monoterpene alcohol, which is derived primarily from aromatic
plants. It is a natural compound with three asymmetric carbon
atoms and, thus occurs as four pairs of optical isomers namely
(+)- and (-)-isomenthol, (+)- and (-)- menthol, (+)- and (-)-
neumenthol, (+)- and (-)-neoisomenthol. The principal form
of menthol found in nature is (-)-menthol (L-menthol), and
the main supply is obtained naturally. The Nobel Prize for
chemistry was awarded to Ryoji Noyori in 2001 for the work on
asymmetric catalysis for menthol chemical synthesis (Kamatou
etal., 2013).

Menthol is one of the most important flavorings additives
besides vanilla and citrus (Kamatou et al, 2013) and is
used as a cooling and/or flavors enhancing ingredient in
medicines, cosmetics and insecticides, confectionery, chewing
gum, liqueurs, toothpaste, shampoos, and soaps (Patel et al,
2007; Kolassa, 2013). Menthol exhibits unique, multiple, and
paradoxical sensory effects when applied externally to the skin or
mucous membranes. menthol application at low doses produces
a cooling sensation, whereas at higher doses, it evokes burning,
irritation, and pain (Wei and Seid, 1983; Wasner et al., 2004;
Namer et al., 2005; Proudfoot et al., 2006). In practice, various
topical over-the-counter products containing menthol for pain
relief have concentrations ranging 5—16% (320—1024 mM) (Oz
etal., 2017).

Several in vitro and in vivo studies have demonstrated
menthol’s biological properties, such as its analgesic,
antibacterial, antifungal, anesthetic, and osmotic enhancement,
as well as chemoprophylaxis and immunomodulatory effects
(Kamatou et al, 2013). The multiple physiological effects of
menthol appear to depend on its interaction with a variety
of receptors throughout the body. It has been proposed to
sensitize transient receptor potential cation channel subfamily
M member 8 (TPRMS8) and transient receptor potential
cation channel subfamily V member 3 (TRPV3), desensitize
transient receptor potential cation channel subfamily A
member 1 (TRPA1) and transient receptor potential cation
channel subfamily V member 1 (TRPV1), stimulate k-opioid
systems, and enhance central glutamate dependent gate control
mechanisms (Green and McAuliffe, 2000; Macpherson et al,,
2006; Proudfoot et al., 2006; Zanotto et al., 2008). This complex
and unique effect of menthol has contributed to its potential
as a promising area of pain research. This review summarizes
the current pre-clinical results and clinical practice evidence on
menthol in analgesic research.
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Analgesic mechanism of menthol

Menthol and transient receptor
potential family

Transient receptor potential (TRP) channels are a family
of proteins which are present in nociceptors and allow
organisms to transduce environmental signals that produce pain
(Rosenbaum et al., 2022), of which, the discovery is a Nobel
physiology and medicine-awarded subject in 2021. Currently,
menthol is considered to be the activity regulator of TRPMS,
TRPA1 and TRPV], etc., in the TRP family, and thus menthol
and its chemically modified derivatives are currently highlighted
again.

Transient receptor potential cation channel
subfamily M member 8

In general, menthol selectively acts on TRPMS, a non-
selective calcium-permeable channel expressed in a subset
of sensory neurons in the dorsal root ganglion (DRG) and
trigeminal ganglion (Galeotti et al, 2002; McKemy et al,
2002), which are thought to be the main molecular sensor of
cold somatosensation in human body (activation temperature
is 8—28°C) (Andersen et al., 2014; Olsen et al., 2014). In
addition to menthol and low temperature, TRPM8 channels
can be activated by a variety of stimuli (Izquierdo et al,
2021), including the menthol analog icilin (Colburn et al., 2007;
Izquierdo et al., 2021), changes in voltage (Fernandez et al., 2011;
Raddatz et al., 2014) and extracellular osmotic pressure (Parra
et al., 2014; Quallo et al., 2015).

Transient receptor potential cation channel subfamily M
member 8 participates in cold signal transmission in two
general ways: one that transduces innocuous cool temperatures
to trigger cool sensation, behavioral thermoregulation, and
analgesia; and another that transmits nociceptive signals
to trigger more overtly nocifensive behaviors (Chung and
Caterina, 2007). For the body in physiological state, TRPM8
predominantly activate the first, but in pathological conditions
such as nerve injury or inflammation, TRPM8 mainly plays
the second role (Marwaha et al, 2016; De Caro et al,
2019). To understand how interactions among different
concentrations of menthol, different chemical or physical
stimuli, and the structure of the TRPMS8 channel determines
pain states, it is necessary to understand that there are
three important properties of their function that may be
affected to modulate their gating (closing and opening of
the ion conduction pathway): activation, sensitization and
desensitization (Rosenbaum et al., 2022). To be more specific, in
physiological states, low to moderate concentrations of menthol
activate TRPMS8 receptors to produce a feeling of coolness; at
higher concentration, menthol could induce cold allodynia, and
cold hyperalgesia mediated by TRPMS8 sensitization; following
nerve injury or chemical stimuli, menthol activates TRPMS to
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mediate relief of mechanical allodynia and thermal hyperalgesia;
long-term local exposure to menthol also desensitizes TRPMS-
sensitive fibers. Based on the results of experiments with topical
menthol solutions applied to rodents, the dividing line between
“low” and “high” concentrations we refer to here is 10% wt/vol
or 640 mM.

TRPMS8 activation

Almost all the analgesic potency of menthol comes from
its activation of TRPMS. It is worth noting that the term
“analgesia” specifically refers to the relief of noxious heat,
chemical stimuli, and mechanical allodynia. In patch-clamp
recordings, menthol activated wild-type TRPMS8 with the half
maximal effective concentration (ECsg) of 185.4 + 69.4 uM
(Xu et al., 2020). TRPMS activation evokes an influx of Ca?™
into the primary sensory neuron, leading to its activation
and the propagation of action potentials. The activation
of TRPM8 by menthol has been extensively studied in a
variety of in vivo rodent models. Proudfoot et al. (2006)
demonstrated that peripherally (4 mM) or centrally (200 nM)
applied menthol, in a model of neuropathic pain (chronic
compressive nerve injury, CCI) marked reverse behavioral
reflex sensitization to noxious heat and mechanical stimulation.
In addition, sensitization specific thermal and mechanical
analgesia induced by TRPMS activation has also been observed
in focal demyelination of the sciatic nerve (Proudfoot et al.,
2006), Complete Freund’s adjuvant (CFA) intra plantar injection
(Proudfoot et al., 2006; Pan et al., 2012), and chemical stimulus
(such as capsaicin, acrolein or cinnamaldehyde) (Proudfoot
et al.,, 2006; Liu et al, 2013). Systemic or topical application
of menthol can dose-dependently increase pain threshold in
rodents in hot plate tests (Galeotti et al., 2002; Klein et al.,
2010; Liu et al, 2013). In addition, direct evidence that
TRPMS8 may explain all the analgesic activity of menthol was
provided by Liu et al. (2013) using genetic and pharmacological
approaches in mice: the gene deletion and selective inhibitor
(AMG2850) of TRPMS8 completely eliminated the TRPMS-
dependent analgesia on chemical stimuli, noxious heat, and
inflammation. It is worth noting that the activation of
TRPMS8 can be regulated by neurotrophic factors (Lippoldt
et al, 2013, 2016), phosphatidylinositol bisphosphate (PIP;)
2005; Rohdcs et al, 2005), Ca?*t-
independent phospholipase A2 (iPLA2) and polyunsaturated

(Premkumar et al.,

fatty acids (Andersson et al, 2007), forming a complex
network.

It is important to note that in the above study, menthol
produced TRPMS8-dependent of

inflammatory pain over a wide range of concentrations

analgesia acute and
and administration routes (oral, intraperitoneal, intraplantar
or topical), from estimated systemic levels of 60—120 M, to
a topical concentration in the molar range (30% wt/vol) (Liu
et al, 2013). This means, that this concentration range may

be lower than the reported TRPMS8 activation concentration;
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means that cause analgesia in the sensitized pain state with
lower doses of TRPMS activation.

TRPMS8 sensitization

In the physiological state, high concentrations of
menthol can induce TRPMS8 sensitization and promote
the development of cold allodynia and cold hyperalgesia by
excessively lowering the cold pain threshold. Menthol-induced
cold hypersensitivity is believed to primarily rely on direct
sensitization of TRPMS8 on A3 and C-fibers (Andersen et al.,
2014). Numerous studies indicate that high concentration
of menthol can cause hyperalgesia in cold perception in
rodents (>10% wt/vol or >640 mM for mice topically,
Tajino et al, 2007), which may make menthol valuable in
pre-clinical screening of analgesic agents for cold hyperalgesia
(Rossi et al., 2006; Tajino et al, 2007), and it provides
a theoretical basis for the establishment of experimental
cold hyperalgesia pain model in human with topically high
concentration of menthol (>30% wt/vol for healthy subjects,
Hatem et al., 2006).

In contrast to the peripheral sensitization of TRPMS8
neurons by menthol under physiological conditions, the
actual conditions leading to hypersensitivity under pathological
conditions are complex (Andersen et al, 2014). In the
periphery, nociceptive cold fibers can become sensitized upon
axonal degeneration leading to dysregulation of TRP channel
expression, resulting in a more excitable phenotype (Gold
et al,, 2003). Preclinical studies have shown that TRPMS
expression in sensory neurons (DRG and superficial dorsal
horn) is increased with the development of hypersensitivity
to mechanical, thermal, and cold stimuli in rats with CCI
(Proudfoot et al., 2006; Colburn et al., 2007; Frederick et al.,
2007; Xing et al., 2007; Su et al., 2011, 2017) and L5 and L6
spinal nerve ligation (SNL) (Katsura et al., 2006; Patel et al.,
2014; Koh et al.,, 2016). Overexpression of TRPMS8 has been
linked to development of cold allodynia. Evaporative cooling of
acetone may represent an inherently less toxic cold stimulus, so
itis common to assess cold sensitivity by measuring the response
of laboratory animals to acetone application. Colburn et al.
(2007) used CCI rodent model to observe significant sensitivity
to acetone application. In contrast, TRPM8 gene deletion
mice showed no significant increase in acetone sensitivity at
any time after ligation (Rimola et al., 2021). This sensory
disturbance was also successfully reversed by TRPM8 mRNA
antisense (Su et al., 2011). Administration of oxaliplatin and
other chemotherapeutic agents can lead to chemotherapy-
induced peripheral neuropathy (CIPN), which is characterized
by cold abnormal pain and mechanical hyperalgesia. Oxaliplatin
treatment has been shown to induce an increase in TRPMS
expression in DRG (Kawashiri et al, 2012; Mizuno et al,
2014; Yamamoto et al, 2018), and that oxaliplatin-induced
cold hypersensitivity is diminished in TRPM8 knockout mice
(Descoeur et al., 2011). Recently updated studies have shown
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that the activity of the TRPMS but not the activity of any other
member of the TRP channel family is transiently increased
after oxaliplatin treatment (Rimola et al., 2021). These changes
will increase the body’s sensitivity to cold and thus reduce
the perception of pathological pain, which may represent a
protective effect of self-pain reduction in biological evolution.

TRPM8 desensitization

Desensitization occurs when the channel becomes refractory
to an activating stimulus by adopting a conformational state
where the passage of ions is not allowed. In the context of the
nociceptive system, desensitization may function as a protective
mechanism in which hyperexcitation or cell death by ion-
dependent signaling pathways is avoided (Rosenbaum et al,
2022). To be specific, the activity of the cold- and menthol-
activated TRPM8 diminishes over time in the presence of
extracellular Ca?™ (Yudin et al., 2011; Diver et al., 2019), which
is manifested by a decrease in the cooling effect over time when
exposed to menthol, along with a decrease in TRPMS8 activity
(Cliff and Green, 1994; Reid and Flonta, 2001; Matsu-ura et al.,
2006; Daniels et al., 2009). In addition, menthol can cause a
short-lasting cross-desensitization of other irritant chemicals-
induced stimulus including capsaicin (Cliff and Green, 1996;
Green and McAuliffe, 2000; Naganawa et al., 2015), citric acid
(Morice et al.,, 1994; Plevkova et al, 2013), cinnamaldehyde
(Zanotto et al., 2008; Klein et al., 2011), and nicotine (Dessirier
et al., 2001; Fan et al., 2016; Huynh et al., 2020, etc.), that is, a
reduction in irritation evoked by compounds other than itself
(Dessirier et al., 2001).

Transient receptor potential cation channel
subfamily A member 1

However, abnormal pain induced by high menthol
concentration still exists experimental fact that is difficult to
be explained by sensitization of TRPMS. Fan et al. (2016)
demonstrated that mice showed a concentration-dependent
oral aversion of menthol (>100 pg/mL or >640 mM), and
that gene deletion of TRPMS8 did not reduce this aversion.
Lemon et al. (2019) conducted a brief-access exposure tests in
mice to measure reduction in orosensory avoidance behaviors
to aqueous menthol solutions and showed that oral aversion
to menthol was reduced in mice deficient for TRPAI but not
TRPMS.

Due to the low selectivity of menthol (Macpherson et al.,
2006; Vogt-Eisele et al,, 2007), it can also activate TRPA1
(Karashima et al., 2007; Xiao et al., 2008), which is a member
of the TRP family with TRPMS. Expression of TRPA1 is limited
in a subset of nociceptive neurons of the trigeminal ganglion
and DRG (Story et al., 2003; Kobayashi et al.,, 2005) and is
a sensor for a wide variety of environmental stimuli, such
as intense cold activation temperature is <18°C (Story et al,
2003), close to 8°C, the reported threshold of noxious cold,
Wabhren et al. (1989), Tillman et al. (1995), and Harrison and
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Davis (1999) irritating compounds, reactive chemicals, and
endogenous signals associated with cell injury (Talavera et al,,
2020) to elicit protective responses. Although both respond to
cold stimuli, TRPM8 and TRPA1 are activated by harmless
cooling and harmful cold (Caterina et al., 1997; Bandell et al,,
2004), respectively. Irritating compounds that directly activate
TRPA1 and may cause pain in humans include cinnamaldehyde,
allyl isothiocyanate, allicin, formalin (Bandell et al, 2004;
Bautista et al., 2005; Moran et al., 2011), and bradykinin as
inflammatory mediators (Bandell et al., 2004; Obata et al., 2005).
TRPA1 has been implicated in several painful and inflammatory
conditions and is considered a promising potential target for
the development of, amongst others, analgesic, antipruritic
and anti-inflammatory pharmacotherapeutics (Andrade et al.,
2012; Koivisto et al.,, 2012; Preti et al,, 2015). The irritating
properties of menthol have been shown to be associated with
this activation of TRPA1 (Karashima et al., 2007; Fan et al.,
2016). In concert with the sensitivity of TRPMS8 for menthol,
Karashima et al. (2007) showed bell-shaped dose-response
curve of menthol to channels by whole-cell and single-channel
recordings of heterologously expressed TRPA1, demonstrate a
bimodal sensitivity of TRPAI to menthol, further proved that
menthol acts as an effective agonist of TRPA1 at relative low
concentrations (100—300 wM), but acts as an antagonist at
higher concentrations [>300 mM (Karashima et al., 2007)]
by causing reversible channel blocking, although this high-
concentration blocking effect was only found in rodent models,
not human models (Macpherson et al., 2006; Karashima et al.,
2007; Xiao et al., 2008; Lemon et al., 2019).

Transient receptor potential cation channel
subfamily V. member 1

Menthol also causes analgesic effects through TRPMS-
independent mechanisms, such as the TRPV1, which is involved
in the transmission and modulation of nociception, as well as the
molecular integration of diverse painful stimuli (Huang et al,,
2002; Cui et al., 2006). The activators of TRPV1 are noxious heat
[activation temperature is >42°C, in the range of perception
that shifts from innocuous warmth to noxious heat; the reported
threshold of noxious heat is 55°C (Patapoutian et al., 2003)],
acidic pH, capsaicin (the irritating compound in hot chili
peppers), and allyl isothiocyanate (Everaerts etal., 2011). TRPV1
is a non-selective cation channel; when it is activated, Na® and
Ca’™ flowing into the cell to depolarize nociceptive neurons,
leading to action potential firing and finally leads to a painful,
burning sensation (Caterina et al, 1997). In particular, the
functions of TRPV1 and TRPAL interlink with each other to a
considerable extent. This is especially clear in relation to pain
and neurogenic inflammation where TRPV1 is co-expressed on
the vast majority of TRPA1-expressing sensory nerves and both
integrate a variety of noxious stimuli (Fernandes et al., 2012). At
the same time, TRPV1 also has a bimodal characteristic similar
to TRPA1, which is activated by low menthol concentration
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and inhibited by high menthol concentration. Nguyen et al.
(2021) observed that TRPV1 was activated by 3 mM menthol
(HEK293T cells expressing rat TRPV1) and Takaishi et al.
(2016) found in vitro that the TRPV1 current was completely
inhibited at higher concentrations (>10 mM, HEK293T cells
expressing human TRPV1), and this concentration is sufficient
to activate TRPM8 and induce anti-nociceptive effects in
response to thermal and mechanical stimuli in practice. This
may be related to an important feature of TRPV1, which is rapid
desensitization after activation, making the channel refractory to
further stimulation (Szallasi and Blumberg, 1999). Thus, TRPV1
agonist that can cause desensitization and TRPV1 antagonists
can both be considered as promising novel types of analgesics
in therapeutic regimen (Gavva et al, 2008; Gunthorpe and
Chizh, 2009). This suggests that the desensitization/inhibition
of menthol on TRPV1 may be one of the potential mechanisms
to explain the analgesic effect of menthol, and menthol and its
derivatives could be promising molecules to develop TRPV1
antagonists (Takaishi et al., 2016).

In addition, menthol activates TRPV3, which specifically
expressed in keratinocytes (skin cells) to produce a “warm”
sensation at innocuous temperatures (activation temperature is
about 34—38°C) (Peier et al., 2002; Xu et al., 2002; Macpherson
et al., 2006), which would seem to explain one of the curious
effects of menthol administration is that it can make human
subjects report spontaneous sensations of warmth (Green, 1985;
Hatem et al., 2006). In vitro heterologous TRPV3 expressing
CHO cells, 0.5—2 mM menthol induced TRPV3 currents in
a concentration dependent manner, while TRPA1 and TRPV1
currents were inhibited. Also, the sensitization to TRPV3
currents was observed with repeated application of 0.5 mM
menthol (Macpherson et al, 2006). Although TRPV3 and
TRPV1 share over 40% identity (Peier et al., 2002; Smith et al,,
2002; Xu et al.,, 2002), little research has been done on the
structural features that make them functionally so different.

As mentioned above, menthol induces analgesia through
different the
simultaneous administration of menthol in response to

several TRP mechanisms. For example,
capsaicin-induced hyperalgesia may also be involved: activation
and desensitization of TRPMS8 by menthol, activation of TRPA1
by menthol at higher concentrations, activation of TRPV1 and
TRPA1 by capsaicin, inhibition of TRPV1 by menthol, and
other mechanisms. The resulting analgesic effect of menthol
should be the net effect of this complex network of mechanisms.

Rodent models of menthol and its analogs are shown in Table 1.

Menthol and glutamate receptor

Activation of TRPM8 by menthol analog icilin is reported
to produce analgesia by activating central inhibitory pathways
(Chung and Caterina, 2007; Dhaka et al., 2007), which make use
of inhibitory group II/III metabotropic glutamate receptors in
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the spinal cord (mGluRs). Numerous studies revealed that the
mGluRs play a major role in modulatory central nervous system
pathways and have been suggested to have pharmacological
antinociceptive implications in inflammatory, neuropathic, and
acute pain (Fisher et al., 2002; Simmons et al., 2002; Chen and
Pan, 2005).

Proudfoot et al. (2006) demonstrated that intrathecal
administration of group II and group III mGluRs antagonists
prevented the reversal of thermal and mechanical sensitization
of intrathecal menthol (200 nM) and topical icilin (200 wM)
after CCI in rats, from which they hypothesized that: the
activation of TRPM8 by menthol or icilin in a subpopulation
of afferents results in the release of glutamate from central
synapses, which then acts through inhibitory group II/III
mGluRs located either pre-synaptically on injury-activated
nociceptive afferents or perhaps also post-synaptically
on dorsal-horn neurons, thereby attenuating neuropathic
sensitization. These findings highlight the possible value of
menthol and its analogs as TRPMS8 activators and downstream
central targets of TRPMS8 action as novel analgesics for

development.

Menthol and opioid

Transient receptor potential cation channel subfamily
M member 8-mediated menthol antinociception was found
to be dependent on activation of the endogenous opioid
pathway (Galeotti et al, 2002; Liu et al, 2013; Patel
et al, 2014), and intensive opioid receptors stimulation can
also suppresses TRPMS8 activity in DRG neurons, lead to
the internalization of TRPMS8 to pain relief (Shapovalov
et al, 2013), suggesting that the two share a common
pathway for modulating pain sensation in general. The non-
selective opioid receptor antagonist naloxone (Liu et al.,, 2013;
Shapovalov et al, 2013), and the selective k-antagonist nor-
NBI significantly reduced the TRPM8-dependent analgesia
of acute and inflammatory pain (Galeotti et al, 2002),
whereas the selective p-antagonist CTOP and 81-antagonist
7-benzylidenenal-trexone (BNTX) and 82-antagonist naltriben
did not prevent menthol-induced antinociception, therefore, the
menthol-induced TRPM8-dependent analgesia is more likely
mediated by the activation of the central k-opioid system,
excluding the involvement of p and 3 opioid systems (Galeotti
et al., 2002).

Opioid tolerance and opioid-induced hyperalgesia is
common in patients who have for chronically treated with
opioids (Colvin et al.,, 2019). Cold allodynia is also a common
complaint of patients chronically treated with opioids. In
contrast with the findings that acute morphine triggers
TRPMS internalization (Shapovalov et al., 2013) and Gong and
Jasmin (2017) demonstrated in rodent models that chronic
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TABLE 1 Rodent models of menthol and its analogs.

10.3389/fnmol.2022.1006908

Rodent models Compound Route of Concentration Effects References
administration
CCIL, SD rats L-Menthol Subcutaneously 10% Cold hypersensitivity exacerbated Zuo et al., 2013
CCI, Wistar rats Icilin Topical <500 uM Behavioral-reflex sensitization reversed in Proudfoot et al.,
thermal and mechanical tests 2006
>5000 uM Hyperalgesia effects
Intrathecal injection <10 nM Behavioral-reflex sensitization reversed in
thermal and mechanical tests
L-Menthol Topical 4mM
Intrathecal injection 200 nM
SNL, SD rats Icilin Topical 1 mM Nociceptive behaviors enhanced Jietal., 2007
SNL, SD rats Icilin Topical 10—200 uM Not affected tactile allodynia or thermal Hagenacker et al.,
hyperalgesia, but cold allodynia increased 2014
Intrathecal injection 0.1 nM—1puM
SNL, SD rats L-Menthol Topical 10% and 40% Alleviate cooling hypersensitivity; no Patel et al., 2014
significant effect in mechanical
withdrawal thresholds
M8-Ag Subcutaneously 30 mg-kg~! Reverse behavioral hypersensitivity to
cooling
Hot-plate and abdominal L-Menthol Oral 3—-10 mg-kg ™! The pain threshold increased Galeotti et al., 2002
constriction, Swiss albino dose-dependently
mice
Intracerebroventricularly 10 pug
Thermal Paw L-Menthol Topical 0.1—10%, and 40% Withdrawal latency increased Klein et al., 2010
Withdrawal, SD rats
Von Frey Paw Only the 40% menthol group was
Withdrawal, SD rats significantly different from all other
groups indicating allodynia
Two-temperature Low cold sensitivity at high concentration
preference test, SD rats (10% and 40%); cold allergy at low
concentrations (0.01—1%)
Cold plate test, SD rats Cold antinociceptive effect of 40%
menthol
CFA-induced L-Menthol Intraperitoneal injection 100 mg-kg~! Thermal and mechanical hypersensitivity Pan et al., 2012
inflammatory pain, CD-1 reduced
mice
Formalin-Induced Nociception decreased
Spontaneous Nociceptive
Behavior, CD-1 mice
Hot plate test, C57BL/6 L-Menthol Oral 10 mg-kg~! Approximately doubled paw withdrawal Liu et al,, 2013
mice latencies at both temperature (52°C or
55°C)
Hot plate test, C57BL/7 Topical 30% Analgesic effect
mice
Hot plate test, C57BL/8 Intraperitoneal injection 20 mg-kg™! Tail flick latencies increased
mice
Capsaicin-induced Injected into the plantar 20 uM Mechanical hyperalgesia inhibited
nocifensive behavior, surface of the hind paw
C57BL/8 mice
Capsaicin-induced 1 mM Nocifensive behavior inhibited
mechanical hyperalgesia,
C57BL/8 mice
Acrolein-induced
TRPA1-dependent
nocifensive behavior,
C57BL/8 mice
SNL, SD rats L-Menthol Injected into the plantar 1%, 10%, and 40% Cold hypersensitivity alleviated, no Patel et al., 2014
surface of the hind paw change in receptive field size was observed
or in heat, dynamic brush, or electrically
evoked responses
TRPMS8H/* mice Icilin Intraperitoneal injection 60 mg-kg~! Robust jumping response Colburn et al., 2007
CCI, C57/B6 mice L-Menthol Topical 40 pL Licking duration increased, also displayed Caspani et al., 2009

behaviors such as flinching of the paw and
brushing of the affected area
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TABLE 1 (Continued)

10.3389/fnmol.2022.1006908

Rodent models Compound Route of Concentration Effects References
administration

WT, C57BL/6 mice L-Menthol Oral >50 pg/mL Consumed less mentholated water and Fan et al., 2016
more plain water

WT, C57BL/6 mice L-Menthol Oral >0.7 mM Oral aversion Lemon et al., 2019

PpIX phototoxicity pain, L-Menthol Topical 2% and 16% Pain behavior reduced Wright et al., 2018

NIH SWISS mice

CFA, Wistar rats L-Menthol Intraperitoneal injection 100 mg-kg~! Anti-hyperalgesia properties and no Hilfiger et al., 2021

negative locomotor side effects

AmmVIII L-Menthol Subcutaneously 1 mM Analgesic effects of mechanical Gaudioso et al., 2012

intraperitoneally, hypersensitivity

C57BL/6 mice

CCI, chronic constriction injury; CFA, complete Freund’s adjuvant; SD rats, Sprague-Dawley rats; SNL, spinal nerve ligation; TRPAL1, transient receptor potential ankyrin 1.

morphine administration induced cold hyperalgesia and up-
regulation of TRPMS8. However, knockdown, or selective
blocking of TRPM8 can reduce cold hyperalgesia caused
by morphine. Iftinca et al. (2020) further confirmed that
chronic morphine enhances cold hypersensitivity by increasing
excitability and reduction desensitization in TRPM8-expressing
neurons through activation of ju-opioid-receptor-protein kinase
C beta (MOR-PKCB) signaling pathway, which can be reversed
by a follow-up treatment with the inverse non-selective opioid
receptor antagonist naloxone (Shapovalov et al., 2013).

In addition to TRPMS, a strong connection has been
suggested between the TRPV1 and the opioid pathway. Chronic
administration of morphine up-regulates TRPV1 expression
in spinal cord, DRG and sciatic nerve (Niiyama et al., 2007;
Chen et al,, 2008; Vardanyan et al,, 2009); blocking TRPV1
by SB366971 (Chen et al., 2008) and capsazepine (Nguyen
et al,, 2010) or destructing TRPV1-expressing sensory neurons
by resiniferatoxin (Chen and Pan, 2006) significantly inhibited
morphine tolerance in rodents. TRPV1 has also been reported
to be a physiological regulator of opioid receptors through a p-
arrestin2 and PKA-dependent manner (Bao et al., 2015; Scherer
et al,, 2017; Basso et al.,, 2019). Thus, it is conceivable that
menthol-mediated modulation of TRPV1, and thus regulation
of opioid pathways affording a promising avenue to improve the
therapeutic profile of opioid medications.

In addition, studies have shown that TRPA1, which is
involved in the formation of harmful signals, significantly
attenuates its association with jL-opioid receptors in the DRG,
spinal cord and brain areas under the mediation by calcium-
activated calmodulin in formalin-induced inflammatory pain
and CClI-induced neuropathic pain in mice (Cortés-Montero
et al., 2020).

In conclusion, existing studies demonstrate cross-
talk interactions between opioid pathways and TRP, these
mechanisms could provide a basis for better understanding
general analgesia associated with opiate administration and
hyperalgesia associated with abstinence. We illustrate the
possible mechanisms of menthol action on the DRG or

trigeminal ganglion (Figure 1).
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Other potential mechanisms

In addition to the above mentioned, a number of different
kinds of ligand and voltage-gated ion channels for menthol
mediated analgesia have been proposed, and these mechanisms
may partially explain the TRP-independent mechanisms are
responsible for menthol analgesia.

Voltage-gated Na* channels

Menthol has local anesthetic activity. Galeotti et al. (2001)
found that menthol significantly reduced electrically induced
contractions of rat phrenic hemidiaphragm in a dose-dependent
manner; the number of stimuli necessary to provoke the rabbit
conjunctival reflex increased in a dose-dependent manner. By
recording heterologously expressed whole-cell sodium inward
currents in rat neuronal and human skeletal muscle, Haeseler
et al. (2002) used patch-clamp to demonstrate that menthol
acts like the local anesthetic lidocaine to suppress whole
cell Nat currents with an ICsq of 571 and 376 uM for
neuronal cells and skeletal muscle fibers, respectively. In another
electrophysiological study, Gaudioso et al. (2012) conclude
that menthol inhibits Navl.8, Navl.9, and TTX-sensitive
Na' channels in a concentration-, voltage-, and frequency-
dependent manner. It is worth mentioning that eucalyptol (an
agonist of TRPM8, 1 mM), and BCTC (a TRPMS antagonist,
ICso = 0.8 wM) had no effect on the above Nat currents,
indicating that the blocking effect of menthol on Na*t channels
is independent of TRPMS. Another study on cortical neurons
reported that menthol (250 wM) dampens the generation of
action potentials in TRPMS8 knock-out mice and in the presence
of a TRPMS8 blocker, suggest that menthol can modulate voltage-
gated sodium channels in cortical neurons through a TRP-
independent pathway (Pezzoli et al., 2014).

Voltage-gated Ca2* channels

Several reports have demonstrated that menthol modulates
the functional properties of voltage-gated Ca?* channels.
In vitro studies have shown that menthol blocks Ca?* influx
in Helix neurons (Swandulla et al.,, 1986), cultured DRG cells
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FIGURE 1

The possible mechanisms of menthol action on the DRG or trigeminal ganglion via TRPM8 and TRPAL. The effects of menthol are
concentration dependent. Low to moderate concentrations of menthol activate TRPM8 in the DRG and trigeminal ganglion to produce a
cooling sensation; at higher concentration, menthol could induce cold allodynia, and cold hyperalgesia mediated by TRPM8 sensitization;
following nerve injury or chemical stimuli, menthol activates TRPM8 to mediate relief of mechanical allodynia and thermal hyperalgesia. Its
analgesic effect is also dependent on the activation of central group II/lIl mGluR with endogenous k-opioid signaling pathways. In addition, the
thermal and mechanical allodynia of high concentrations of menthol is associated with its activation of TRPAL. Created with BioRender.com.

(Swandulla et al.,, 1987), LA-N-5 human neuroblastoma cells menthol inhibits smooth muscle contraction by blocking L-type
(Sidell et al,, 1990), leech neurons (Dierkes et al., 1997), Ca’™ channels in a manner independent of TRPMS activation.
guinea-pig ileal smooth muscle, rat and guinea-pig atrial and Menthol not only limits Ca** influx through voltage-gated
papillary muscle, rat brain synaptosomes and chick retinal Ca?™ channels, but also induces Ca™ release from intracellular
neurons (Hawthorn et al., 1988). In addition, menthol decreased storage pools (endoplasmic reticulum and Golgi) in a TRP-
the muscle contractures of tracheal (Ito et al, 2008; Wang independent manner (Palade, 1987; Tsuzuki et al., 2004; Lu

et al,, 2016), bronchial (Wright et al., 1997), vas deference et al,, 2006; Mahieu et al., 2007; Wondergem and Bartley, 2009;
(Filippov et al., 2009; Vladymyrova et al., 2011), colon (Amato Neumann and Copello, 2011; Melanaphy et al., 2016). Based

et al., 2014), and aortae, mesenteric, coronary arteries (Cheang on these findings, Melanaphy et al. (2016) revealed that the
et al,, 2013) smooth muscle by inhibiting of L-type voltage- vasorelaxation effect of menthol and other TRPMS8 agonists
gated calcium channels. Ramos-Filho et al. (2014) proved that on isolated rat tail artery myocytes is the net effect of non-
menthol (300 pM) or nifedipine (1 wM) inhibited carbachol specific inhibition of L-type Ca?* channels and activation of
and electrical field stimulation induced contractions in both Ca?? release in the sarcoplasmic reticulum. These findings will

wild type and TRPMS8 knockout bladder strips, conclude that promote the understanding of the vascular effects of TRPMS,
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particularly the well-known hypotensive effects of menthol
(Sun et al., 2014), and may also have translational implications
(Melanaphy et al., 2016).

In addition, menthol can potently inhibit K, 7.2/3 channels
(a voltage-gated K™ channel) isoforms (ICsy = 289 wM) and
their mediated M currents. These mechanisms may be helpful
in explaining TRPM8-mediated cooling and analgesic effects
(Vetter et al., 2013).

GABA, receptors

In the central nervous system, y-amino butyric acid (GABA)
is the major inhibitory neurotransmitter. In responding to an
action potential, it is released from the pre-synaptic button
into the synaptic cleft and acts on either ionotropic GABA4
receptors or metabotropic G-protein coupled GABAp receptors.
Among them, the activation of GABA4 receptors causes
hyperpolarization and eventually the suppression of neuronal
activity (Fritschy et al, 2012; Sigel and Steinmann, 2012).
In practice, GABA4 are the main targets of many sedatives
and general anesthetics (Millan, 2003; Hemmings et al., 2005).
Menthol acts as a potent positive allosteric modulator at GABA4
(Hall et al., 2004; Corvaldn et al., 2009). Menthol can enhance
the GABA 4-mediated currents in the spinal dorsal horn (Pan
et al, 2012), CAl pyramidal neurons of the hippocampus
(Zhang X. B. et al., 2008), periaqueductal grey (PAG) neurons
in midbrain slices (Lau et al., 2014) and Xenopus oocytes
(Watt et al., 2008) in vitro. In particular, the TRPMS8 agonist
icilin, the non-selective TRPM8/TRPV1 antagonist Capsazepine
or the TRPAI antagonist HC-030031 did not affect menthol
potentiation of GABA4 receptor-mediated currents in PAG
neurons in midbrain slices from rats, indicating that the
menthol actions occur independently of TRP channel activation
(Lau et al., 2014). Just like propofol, which acts on a similar
site in the GABA, receptor and has a general anesthetic
effect, menthol has been shown to be a moderate anesthetic
with an ECsp of 23 pM, about 10-fold less potent anesthesia
than propofol (Thorup et al., 1983; Krasowski et al., 2001).
While menthol was far less potent than propofol in producing
anesthesia its toxicity is minimal (Thorup et al., 1983) and
therefore point to menthol as a lead compound for the
development of novel GABAergic modulatory drugs (Watt et al,,
2008).

Nicotinic acetylcholine receptors

Menthol is also often added to tobacco products because of
the “coolness” of smoke, which is believed to bring pleasure to
smokers (Werley et al., 2007); at the same time, menthol may
reduce respiratory irritation response found in tobacco smoke
(Hans et al, 2012). These applications have been proved to
be related to possible functional interaction between menthol
and nicotinic acetylcholine receptors (nAChRs) (Dessirier
et al., 2001; Ruskin et al., 2008; Willis et al., 2011; Hans
et al,, 2012; Ashoor et al,, 2013a). The nAChRs are cation-
permeable ion channel-receptor complex activated by the
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neurotransmitter acetylcholine, which play important roles in
several physiological functions and pathological conditions
(Dani and Bertrand, 2007; Dineley et al., 2015). In vitro
electrophysiologic studies showed that menthol was a negative
allosteric regulator of a4p2 subtypes of nAChRs (Hans et al,,
2012); menthol can even desensitize a334 subtype of nAChRs
through allosteric mechanism (Ton et al., 2015); and menthol
can also inhibit the a7 subtype of nAChRs non-competitively
(Ashoor et al., 2013a). In addition, Henderson et al. (2016)
demonstrated that chronic menthol induces cell-type-selective
up-regulation of a4* subtype of nAChRs and also alters
midbrain dopamine neuron function; more importantly, since
menthol plus nicotine can produce greater reward-related
behavior than nicotine alone (Henderson et al., 2017), this may
explain the difficulty in quitting smoking (Foulds et al., 2010),
whereas menthol can enhance smoking behavior and stimulate
adverse effect of smoking on health as an additive to tobacco
products (Kabbani, 2013; Wickham, 2015).

Menthol is also an allosteric non-competitive inhibitor of
the 5-hydroxytryptamine type 3 (5-HT3) receptor (Heimes et al.,
2011; Ashoor et al., 2013b; Walstab et al., 2014; Ziemba et al.,
2015), which may explain its effective antiemetic properties.

It is worth noting that Liu et al. (2013) pointed out
in their study on the role of TRPM8 in menthol induced
analgesia that, in addition to activating TRPMS8 channels, the
concentration in the experiment (60—120 WM for systemic use
and 30% wt/vol for external use) was sufficient or far more
than the concentration required for pharmacological effects on
other potential targets involved in menthol induced analgesia
mediator mentioned above. However, any residual analgesic
effect of menthol was not observed in TRPM8 knockout mice,
which may imply these alternative targets: 1. may have little or
no interaction with menthol to affect pain perception; 2. may
only play a role in menthol analgesia under specific situations;
3. may have specific analgesic effect for other menthol isoforms
(Liuetal.,, 2013). Therefore, further studies are needed to explore
the interaction between menthol and these other potential
alternative targets in analgesic effects.

Menthol in clinical practice

Over the past 15 years, a large number of menthol and
its derivatives have been described by large pharmaceutical
companies, small biotech companies and the academic
community, but only a few have made it into clinical trials and
even fewer have completed clinical trials.

Menthol-induced human cold
hyperalgesia pain model

Under pathophysiological conditions, normally innocuous
skin cooling can induce pain. This cold hyperalgesia (allodynia)
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is a striking symptom in patients with neuropathic pain
(Lindblom and Verrillo, 1979; Wahren and Torebjork, 1992;
Woolf and 1999; Baron, 2000). Translational
surrogate models of pain, allodynia and hyperalgesia make it

Mannion,

possible to evaluate the efficacy of drugs in pre-clinical settings
and contribute to improved screening, diagnosis and treatment
strategies for patients by applying these models in healthy
volunteers to narrow the gap between animals and patients
(Arendt-Nielsen and Yarnitsky, 2009). However, pathological
animal models such as CCI, SNL and CIPN that induce
neuropathic pain or hyperalgesia are often irreversible and
invasive and cannot be used as human replacement models
per se. As above, there have been numerous pre-clinical studies
using menthol to establish cold hypersensitivity. In view of
this, topical high concentration of L-menthol is the only
human experimental pain model established to investigate
the mechanism of cold hyperalgesia (Andersen et al., 2015).
The work of Andersen et al. (2014) summarized the topical
application of menthol in humans as a transformational model
for cold abnormal pain and hyperalgesia. According to their
findings, most of the menthol was applied to the volar forearm
(Wasner et al., 2004; Namer et al., 2005; Hatem et al., 2006; Flithr
etal,, 2009); the highest menthol concentration that can actually
be triggered effectively is about 40% (Wasner et al., 2004, 2008;
Namer et al., 2005, 2008; Seifert and Maihofner, 2007; Altis et al.,
2009; Flithr et al., 2009; Binder et al., 2011; Mahn et al., 2014),
but a 30% menthol ethanol solution proved to be the ideal
formulation because of its effectiveness and safety (Hatem et al,,
2006); the most common spontaneous sensation reported by
subjects during application was coldness or mild pain; all studies
reviewed consistently found a significant increase in cold pain
threshold in healthy volunteers (Andersen et al., 2015). Human
studies on topical menthol induced cold pain are summarized in
Table 2.

Musculoskeletal pain

Knowledge about the feasibility of topical menthol for
musculoskeletal pain dates back centuries, as topical menthol
has been widely used to treat muscle soreness (Silva, 2020). The
most common musculoskeletal pain is low back pain, which
affects 30% to 40% of the general population and is the leading
cause of disability (Hartvigsen et al., 2018). Using a randomized
controlled design, Zhang J. et al. (2008) determined to add
Biofreeze (Performance Health Inc., Export, PA, United States),
a locally applied pain-killing agent containing menthol, to the
chiropractic treatment plan for patients with low back pain,
with significant pain relief effect. However, there were no
significant changes in Roland-Morris Disability Questionnaire
(RMDQ), heart rate variability, or LBP electromyography
(EMG) compared with the control group, and further studies
with a larger sample size are needed to confirm the findings
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(Zhang J. et al., 2008). In addition, NCT03012503 has compared
the effects of Biofreeze with placebo on neck pain after cervical
massage with chiropractic, but no results have been published to
date.

Osteoarthritis (OA) is the main cause of disability in the
elderly (Glyn-Jones et al., 2015). Topp et al. compare the ability
to complete functional tasks and knee pain while completing
functional tasks among 20 patients with knee OA after topical
application of either 3.5% menthol gel or an inert placebo gel,
but no differences were found in functional tasks or pain (Topp
etal.,, 2013). NCT03888807 attempted to determine the effects of
Biofreeze vs. placebo on walking gait characteristics and walking
pain in patients with bilateral knee OA but announced early
termination due to difficulty in enrolling subjects. In addition,
NCT03888807, NCT04351594, and NCT01565070 have been
evaluating the effect of Biofreeze on knee OA, but no results have
been obtained.

Post-exercise myalgia and delayed onset muscle soreness
(DOMS) are common symptoms after exercise and physical
activity. Stefanelli et al. (2019) found that DOMS reduced
corticospinal excitability and after the administration of
menthol-based topical analgesic, there was a reduction in
pain, which was accompanied by increased corticospinal
inhibition. Although ice application is considered the traditional
method for post-exercise pain relief, Johar et al. (2012)
demonstrated that compared to ice, the topical menthol-based
analgesic decreased perceived discomfort to a greater extent
and permitted greater tetanic forces to be produced, and the
effectiveness of ice for acute injury has not been proven in any
clinical trials and may even be harmful (Bleakley et al., 2004).
Airaksinen et al. (2003) showed that topical menthol gels not
only provide excellent pain relief, but also promote recovery in
patients with exercise-related soft tissue injuries. Higashi et al.
(2010) reported in a double-blind randomized controlled trial
that a single 8-h patch containing methyl salicylate and menthol
significantly alleviated pain associated with mild to moderate
muscle strain in these adult patients compared to patients
receiving a placebo patch. NCT02100670 is a multicenter,
randomized, double-blind, placebo-controlled, parallel-group
trial performed to evaluate topical 1% diclofenac/3% menthol
gel in treating ankle sprain, but no significant improvement was
observed with topical 1% diclofenac/3% menthol gel compared
with placebo, 1% diclofenac, or 3% menthol gel in treating pain
from ankle sprain (Lai et al., 2017).

Carpal tunnel syndrome is a neuromuscular disease
caused by increased pressure on the median nerve of the
wrist, with common symptoms include wrist and hand pain,
paresthesia, thenar muscle weakness and loss of flexibility
(Paduaetal, 2016). A three-blind
controlled crossover trial demonstrated that topical menthol

randomized placebo-
significantly reduced pain intensity compared with placebo in

abattoir workers with chronic pain and carpal tunnel syndrome
symptoms (Sundstrup et al., 2014).
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TABLE 2 Human models of menthol and its products.

Compound Route of Indication Effects Clinical trial References
administration number
10 mM menthol Oral Healthy subjects  Transiently desensitize capsaicin-sensitive NA Proudfoot et al., 2006
fibers
40% Menthol Topical Healthy subjects Topical menthol induced cold allodynia NA Wasner et al., 2004, 2008;

Namer et al., 2005, 2008;
Seifert and Maihofner, 2007;
Altis et al., 2009; Fliihr et al.,

2009; Binder et al., 2011;

Mahn et al., 2014

30% Menthol Topical Healthy subjects 30% Topical menthol can induce cold NA Hatem et al., 2006
hyperalgesia with effectively and safely

10% Menthol Topical Healthy subjects ~ No significant to histamine-induced itch NA Yosipovitch et al., 1996
and pain sensation
Tetracaine gel with vs. without Topical Healthy subjects Improved the analgesic efficacy of the NA Liu et al., 2005
menthol tetracaine gel in part through enhanced
percutaneous permeation
Menthol smokers vs. NA Healthy subjects Less pain and pain-related functional NA Kosiba et al., 2019
non-menthol smokers interference
0%, 10%, 20% and 30% menthol Topical Healthy subjects The concentration-dependent grading NA Wright et al,, 2019
response elicits a range of sensations
Topical pain-relieving patch Topical Mild to moderate Significant relief of pain NA Gudin et al., 2020
(containing 6% menthol) vs. pain condition
placebo
40% Menthol Topical Upper limb Induce hypersensitivity NA Vase et al., 2013
amputees

40% Menthol vs. placebo Topical Healthy subjects, No Results Posted NCT02653703 Andersen et al., 2016

Trans-

cinnamaldehyde-
induced
hyperalgesia

5% Menthol cream vs. placebo Topical After photodynamic No Results Posted NCT02984072

therapy
Menthol (Biofreeze) vs. placebo Topical Acute LBP Significant relief of pain NA Zhang J. et al., 2008
Menthol (Biofreeze) vs. placebo Topical Non-radicular No Results Posted NCT03012503

mechanical neck
pain
3.5% Menthol gel vs. inert Topical OA No significant improvement NA Topp et al., 2013
placebo gel
Menthol (Biofreeze) vs. placebo Topical OA No Results Posted NCT03888807,
NCT04351594,
NCT01565070

Menthol (Biofreeze) vs. placebo Topical EIMD Menthol may reduce the sensation of NA Gillis et al., 2020

muscle soreness and may influence
recovery of lower-body power

Menthol (Biofreeze) vs. placebo Topical DOMS Significant relief of pain associated with NA Stefanelli et al., 2019
increased corticospinal inhibition
3.5% menthol gel vs. application Topical DOMS Decreased perceived discomfort to a NA Johar et al., 2012
of ice greater extent and permitted greater
tetanic forces to be produced.
3.5% menthol gel vs. inert placebo Topical Soft tissue injuries Significant relief of pain NA Airaksinen et al., 2003
gel
3% menthol + ibuprofen vs. gel Topical Soft tissue injuries Significant relief of pain NA Wade et al., 2019
ibuprofen gel alone/diclofenac gel
Mentholated cream only vs. MC Topical Acute The combination resulted in a gradual =~ NCT01387750 Taylor et al., 2012
containing oxygenated glycerol musculoskeletal pain  reduction in pain, lower VAS scores, and
triesters greater improvements in lifestyle and
mobility improvements
3.5% Menthol patch vs. placebo Topical Mild to moderate Significant relief of pain NA Higashi et al., 2010
patch musculoskeletal
strain
1% Diclofenac/3% menthol gel vs. Topical Acute ankle sprain No significant improvement NCT02100670 Lai et al., 2017
inert placebo gel
Menthol (Biofreeze) vs. placebo Topical CTS No Results Posted NCTO01716767
(Continued)
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TABLE 2 (Continued)
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Compound Route of Indication Effects Clinical trial References
administration number

Menthol (Biofreeze) vs. placebo Topical CTS Significant relief of pain NA Sundstrup et al., 2014

Neat peppermint oil (containing Topical Postherpetic Significant relief of pain NA Davies et al., 2002

10% menthol)* neuralgia

Menthol (Biofreeze) vs. placebo Topical MPS Increase in the mouth opening size NA Yaman et al., 2021

1% Menthol cream Topical CIPN, PMPS Significant relief of pain NA Fallon et al., 2015

1% Menthol cream* Topical CIPN Significant relief of pain NA Cortellini et al., 2017

5% Menthol cream* Topical CIPN Significant relief of pain NA Brid et al., 2015

7.5% Methyl salicylate/2% Topical CIPN No Results Posted NCT01855607

menthol lotion vs. placebo

3.5% Menthol gel vs. inert placebo Topical CIPN No Results Posted NCT04276727

gel

Mannitol + menthol cream vs. Topical PDPN No Results Posted NCT02728687

menthol cream

No cooling vs. menthol-containing Topical Undergoing anterior Positive subjective comfort feedback NA Engelhard et al., 2019

cooling bandage vs. ice containing cruciate ligament

cold pack reconstruction

Menthol 10% solution vs. menthol Topical Migraine Significant relief of pain NA Borhani Haghighi et al., 2010

0.5% solution

6% Menthol gel (STOPAIN) Topical Migraine Significant relief of pain NCT01687101 St Cyr et al., 2015; Kayama

etal., 2018

40% Menthol Topical Histamine-induced ~ An inhibitory effect on histaminergic itch NA Andersen et al., 2017;
itch Engelhard et al,, 2019

Menthol based aromatic therapy NA Second trimester No significant improvement NA Hanprasertpong et al., 2015

vs. placebo genetic amniocentesis

* Case reports. CTS, carpal tunnel syndrome; CIPN, chemotherapy-induced peripheral neuropathy; DOMS, delayed-onset muscle soreness; EIMD, exercise-induced muscle damage;

LBP, low back pain; MPS, Masticatory myofascial pain syndrome; OA, osteoarthritis; PDPN, painful diabetic peripheral neuropathy; PMPS, post-mastectomy pain syndrome; VAS,

Visual Analog Scale.

Neuropathic pain

Neuropathic pain is defined as pain caused by a lesion or
disease of the somatosensory nervous system and is a major
therapeutic challenge. Common causes of neuropathic pain
include cerebrovascular accident, multiple sclerosis or spinal
cord injury, or peripheral nervous system, for example, painful
diabetic neuropathy, postherpetic neuralgia, or surgery (Boyd
et al,, 2019). The first reported use of menthol in neuropathic
pain dates to 1870, when menthol oil was successfully used to
treat neuropathic facial pain.

Chemotherapy-induced peripheral neuropathy is a severe
and painful adverse reaction of cancer treatment in patients.
CIPN that occurs during chemotherapy, sometimes requiring
dose reduction or cessation, impacting on survival (Colvin,
2019). Menthol activated TRPMS8 channels are a promising
therapeutic target in CIPN (Colvin, 2019). In Fallon et al.
(2015), in a proof-of-concept study, determined that 82% of
evaluable patients had an improvement in their total pain scores
after 4—6 weeks of treatment with topical 1% menthol cream,
and 50% had a clinically relevant reduction in pain scores of
at least 30%. Cortellini et al. (2017) reported the remarkable
treatment with menthol cream of a male patient with a history
of metastatic colon cancer and previous chemotherapies who
had neuropathy that impaired his quality of life and limited
further chemotherapy. Another clinical study (NCT01855607,
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as shown in Table 2) assessed whether 6 weeks of treatment
with topical menthol twice daily would reduce CIPN in patients
have completed adjuvant or neo-adjuvant Taxane based breast
cancer therapy or Oxaliplatin based colon cancer chemotherapy.
Recently, a phase II study (NCT04276727, as shown in Table 2)
used a special brain scan called functional magnetic resonance
imaging (fMRI) to help determine whether topical menthol
therapy has potential for CIPN patients. In a word, CIPN
patients may benefit from the use of menthol, either during
the treatment of patients complain of subjective improvement,
lead to a better quality of life, and can be implemented without
interruption of chemotherapy and effective chemotherapy dose
delivery, which in turn lead to longer survival, is likely to be an
effective potential palliative treatment option.

Neuropathy is one of the most common long-term
complications of diabetes, characterized by altered thermal,
mechanical, and chemical sensation. Of three large, clinic-based
studies from Europe, the prevalence of diabetic neuropathy
varied from 23-29% (Young et al., 1993; Tesfaye et al., 1996;
Cabezas-Cerrato, 1998). Preclinical studies have shown that
there was an increase in TRPV1-mediated currents but a
decrease in TRPM8-mediated currents in DRG isolated from
diabetic hyperalgesia mice. Therefore, menthol, which has the
effect of targeting TRPV1 or TRPMS, may be a useful approach
to treat pain associated with diabetic neuropathy (Pabbidi and
Premkumar, 2017). There has been a randomized, double-blind,
placebo-controlled crossover trial of the efficacy and safety of

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1006908
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

Li et al.

menthol topically alone or in combination with mannitol in the
relief of diabetic neuropathy (NCT02728687), with no results
have been reported.

In addition, Davies et al. (2002) reported successful relief
of postherpetic neuralgia using topical peppermint oil in
combination with other interventions.

Others

Management of postoperative pain relieve suffering and
leads to earlier mobilization, shortened hospital stay, reduced
hospital costs, and increased patient satisfaction (Gupta
et al, 2010). Engelhard et al. (2019) observed a beneficial
effect of cooling by a menthol-containing bandage during
the rehabilitation phase after anterior cruciate ligament
reconstruction. The reduction of muscle cross section within
30 days after surgery was prevented by menthol dressings,
which highly contributed to rehabilitation success after 90 days
of therapy and can reduce painkiller consumption (Engelhard
etal., 2019).

Genome-wide association analysis have revealed that
TRPMBS is associated with susceptibility to migraine without
aura (Freilinger et al., 2012), and reduced TRPM8 expression
(rs10166942 carriers) helps reduce migraine risk in humans
(Gavva et al, 2019), which may provide the rationale
for the topical menthol as an alternative treatment option
for migraine patients. A randomized, triple-blind, placebo-
controlled, crossed-over study demonstrated the efficacy, safety,
and relative tolerability of cutaneous application of 10% menthol
solution in the treatment of migraine without aura (Borhani
Haghighi et al., 2010). An open-label pilot study showed that
52% of subjects experienced at least one statistically significant
improvement in migraine severity 2 h after using topical
menthol (St Cyr et al, 2015). Due to the limitations of these
studies, larger placebo-controlled clinical trials are needed.

Pruritus and pain are closely related but distinct sensations.
There is a broad overlap between pain- and itch-related
receptors, there
astonishingly similar mechanisms of neuronal sensitization

peripheral mediators and/or and are
in the peripheral and central (Ikoma et al,, 2006). Analgesia
and antipruritic therapy should have common targets. In 1995,
Bromm et al. found that topical menthol had a central inhibitory
effect on histamine-induced pruritus of the lower left arm in 15
healthy male volunteers (Bromm et al,, 1995). Andersen et al.
(2017) conducted a similar study and got the same conclusion,
further verified the antipruritic effect of menthol like doxepin.
Using a combination of pharmacologic, genetic, and mouse
behavioral assays, Palkar et al. (2018) found that the inhibition
of pruritus by menthol requires TRPMS8 channels or intact and
functional TRPM8-expressing afferent neurons. Menthol and
its analogs that rely on TRPMS channels are a promising target
for the development of pruritus therapies, and further clinical

trials could significantly improve the management of pruritus.
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Conclusion

We summarize the progress of menthol in pain and
analgesia research based on existing evidence and demonstrate
the important role of menthol in clinical analgesia. Although
TRPM8 may explain the analgesic effect of menthol, the
molecular mechanism between upstream and downstream has
not been fully elucidated, and the exact association between
menthol, TRP family, mGluRs and endogenous k-opioid
signaling pathway has not been established. Furthermore,
menthol interactions with TRPA1 and other targets may have
pro-nociceptive and inflammatory effects. In fact, topical
menthol treatment is often accompanied by skin irritation, and
inhalation of menthol can aggravate asthma in some patients,
which may be the role of TRPA1 (Bautista et al., 2006; Zhang
X. B. et al, 2008; Caceres et al, 2009). This is very similar
to the action of beta-adrenergic receptors in the circulatory
system. Therefore, it is urgent to develop TRPM8-specific drugs
to replace menthol in analgesic and anti-irritant therapy, to
prevent these adverse effects and allow more effective analgesic
treatment.
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Toll like receptor 9 (TLR9) is a critical sensor for danger-associated molecular
patterns (DAMPs) and a crucial marker of non-sterile/sterile inflammation
among all TLRs. However, the significance of TLR9 in inflammatory pain
remains unclear. Here, we subcutaneously injected Complete Freund's
adjuvant (CFA) into the plantar surface of the hind paw, to established
a mouse model of inflammatory pain, and we examined expression and
distribution of TLR9 in this model. There was a significant increase
of TLR9 mRNA and reduction of mechanical paw withdrawal threshold
in mice intraplantar injected with CFA. By contrast, mechanical paw
withdrawal threshold significantly increased in mice treated with TLR9
antagonist ODN2088. Furthermore, TLR9 is found predominantly distributed
in the neurons by immunofluorescence experiment. Accordingly, neuronal
TLR9 downregulation in the spinal cord prevented CFA-induced persistent
hyperalgesia. Overall, these findings indicate that neuronal TLR9 in the spinal
cord is closely related to CFA-induced inflammatory pain. It provides a
potential treatment option for CFA-induced inflammatory pain by applying
TLR9 antagonist.

inflammatory pain, toll-like receptor 9, toll-like receptor 9 antagonist, CpG ODN,
spinal cord, neuron
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Introduction

Toll-like receptors (TLRs) are a class of pattern-recognition
receptors that are inherited from the germ line and trigger
innate immune responses by recognizing pathogen associated
molecular patterns (PAMPs) (Akira et al, 2006). Some
endogenous ligands such as danger-associated molecular
patterns (DAMPs) can also be recognized by TLRs after tissue
injury or cellular stress. When activated, TLRs are known to
promote the production of a wide variety of inflammatory
mediators including cytokines (e.g., TNF-a), chemokines [e.g.,
monocyte chemotactic protein-1 (MCP-1)], enzymes (e.g.,
cyclooxygenase-2 and matrix metalloproteinase 9), and other
inflammatory mediators (e.g., prostaglandins) (Basbaum et al,,
2009; Buchanan et al., 2010; Chen and Nunez, 2010; Lehnardt,
2010; Okun et al, 2011). Therefore, TLRs play a significant
part in the pathogenesis of various CNS disorders, including
infectious diseases such as spinal cord injury (Pallottie et al,,
2018; Li et al., 2019), Parkinson’s disease (Maatouk et al., 2018),
neuropathic pain (Liu et al,, 2016), pruritus (Liu et al., 2010),
stroke (Caso et al,, 2007), and multiple sclerosis (Prinz et al.,
2006). Proinflammatory central immune signaling pathway
plays an important role in the induction and maintenance of
heightened pain condition (Nicotra et al., 2012).

TLRs have been involved in the pain process in a growing
number of studies, including cancer induced bone pain (Li et al.,
2013), neuropathic pain (Wang et al., 2013; Liu et al., 2016, 2017;
Zhang et al.,, 2018) and inflammatory pain (Guan et al., 2016;
Liu et al., 2016; Zhang and Deng, 2017; Sun et al., 2018). TLR9
is a critical sensor for DAMPs and a crucial marker of non-
sterile/sterile inflammation among all TLRs. TLRY, in particular,
is of special role because it localizes in endolysosomes and
has distinct ligand, the unmethylated CpG motifs of bacterial
DNA (Krieg et al., 1998; Hemmi et al., 2000; Park et al., 2008).
Cytidine-phosphateguanosine oligodeoxynucleotide 2088 (CpG
ODN 2088) has been used as TLR9 antagonist in numerous
studies (David et al., 2013, 2014; Qin et al, 2014; Acioglu
et al, 2016). According to the literature, CpG ODN 2088
reduces injury-induced thermal hypersensitivity by inhibiting
inflammatory response and TNF-a expression, suggesting that
TLR9 may play potential a role in SCI-induced pain (David
etal, 2013). Although research efforts have been made on other
TLRs, such as TLR4 in inflammatory pain (Zhao et al,, 2015), the
significance of TLRY in inflammatory pain is yet unknown.

The current study aims to investigate the role of neuronal
TLRO in the spinal dorsal horn in CFA-induced inflammatory
pain. CFA treatment induced upregulation of TLR9 mRNA in
the spinal cord, and inhibition of TLR9 by TLR9 antagonist
significantly relieved CFA-induced mechanical allodynia. The
role of neuronal TLR9 in CFA-induced inflammatory pain was
observed by an adeno associated virus (AAV) virus with a
neuronal specific promoter SYN delivering TLR9 shRNA to
downregulate neuronal TLR9. The present study revealed that
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neuronal TLR9 might serve as a promising therapeutic approach
for inflammatory pain treatment.

Materials and methods
Experimental animals

Adult male C57BL/6 mice were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd., China. Mice were reared
under a 12 h light and dark cycle with free access to food and
water. Before experimental operation, mice were acclimated for
at least 1 week after being received. The virus injection was
applied on mice at the age of 5-6 weeks, while other experiments
were performed on mice at the age of 8-10 weeks. This study
was approved by the local ethical committee at School of Basic
Medical Sciences, Fudan University, People’s Republic of China
(Agreement No. 20140226-087). All procedures covered in the
study were in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
Ethical Issues of the International Association for the Study
of Pain. As for behavioral test, prior to formal test, mice were
habituated in the testing environment without any stimulation
1 h per day for 2 consecutive days and the experimenters were
blinded to the treatment.

Establishment of complete Freund's
adjuvant-induced inflammatory pain
model and intrathecal injection

According to previous study (Ghasemlou et al., 2015), 20
ul of CFA (Sigma, F5881-10ML) was delivered into the plantar
surface of hind paw in mice via subcutaneous injection to induce
inflammatory-pain related response. The control group was
injected with the same volume of normal saline.

Intrathecal injection of ODN 2088 (InvivoGen, tlrl-2088)
or ODN 2088 control (InvivoGen, tlrl-2088¢c-1) (150 ng/g)
(David et al.,, 2014) started on the 5th and 14th day after the
CFA injection. A 30 1/2 gauge needle connected with a 10
nl Hamilton syringe was inserted into the intervertebral space
between the fifth and sixth lumbar as previously described (Hu
et al, 2018). The instant mechanical allodynia was measured
every 1 h. ODN 2088 was dissolved in double distilled water.
Mice were assigned to the experimental groups at random,
and they were anesthetized with isoflurane (1.0 L/min at a
concentration of 3.0% in oxygen).

Real-time PCR

Total RNA of the samples from L4-L6 spinal dorsal

horn was isolated with RNSiso Plus (Takara, 9109)
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following manufacturer’s instructions and then measured
with Nanodrop (Thermo). The sequences of primers for
each target mRNA are as follows (Acioglu et al, 2016):
GAPDH, forward: 5'-AAA TGG TGA AGG TCG GTG TG-3/,
reverse: 5-AGG TCA ATG AAG GGG TCG TT-3/, TLRY,
forward: 5'-GCGGCAGCATCCTGCTCCAA-3',  reverse:
5'-GGGGGCTAAGGCCAGTGGGT-3';. All primers used for
PCR analysis are synthesized by Sangon Biotech (Shanghai)
Co., Ltd. Reverse transcription was conducted by employing
PrimeScript™ RT reagent Kit with gDNA Eraser (Takara,
RR047A) and SYBR Premix Ex Taq™ II (Takara, RR820A).

Behavioral tests

Up-and-down method

According to previous research (Hu et al,, 2018), a series of
von Frey hairs (0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g)
(Stoelting, Wood Dale, Illinois, USA) were applied to measure
mechanical paw withdrawal threshold. In short, mice were
acclimated in a plexiglass box separately for 30 min. A von Frey
hair was accordingly employed and held for about 3 s. There
was a 10-min interval between von Frey hair applications. For
each test, 0.16 g von Frey hair was chosen as the first application,
and the hair force was then decreased or increased according to
the reaction. A rapid withdrawal of the hind paw was defined
as positive reaction. There are five more stimuli during the
test following the first shift in reaction occurred. Final scores
were converted to a 50% von Frey threshold using the Dixon
up-and-down paradigm (Dixon, 1980).

Hargreave's test and hot plate assay

Thermal hyperalgesia was measured according to our
previous study (Mao-Ying et al., 2006). In brief, mice were put
into a clear plastic chamber on an elevated glass pane. Radiant
heat was then applied to the plantar surface of the hind paw until
the mouse lifted its paw. The cut-off time was set to 20 s so as to
avoid damage of tissue.

As for hot plate, according to our previous study (Mao-
Ying et al.,, 2006), the temperature was set to 52°C. Withdrawal
latency began when the mouse was placed on the plate and
terminated when either a rapid withdrawal or paw flinching was
observed. Likewise, the cut-off time was set to 20 s so as to avoid
damage of tissue. As for the test, there were three replicates
in each mouse with enough interval between applications and
calculated by the mean value.

Open field test replications

Open field test (OFT) was applied to identify whether AAV
injection would influence mice’s locomotive ability. The open
box device contains a 50 x 50 cm white floor with an opaque
wall (40 cm height). It was cleaned up with 5% aqueous acetic
acid before each trial. The performance of mice in the open field
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was recorded with a camera. Finally, the horizontal movement
and the vertical movement (two front paws in the air or the mice
climbing the wall) of the mice within 5 min were analyzed by the
OFT video analysis system, as described previously (Wang et al.,
2019).

Rotarod test

To evaluate the mice’s acquisition of skillful motor behavior,
a rotarod machine with an automatic timer and a falling
sensor (ENV-575M, Med Associates, USA) was used. Before test
sessions, mice were trained on the static drum for 5 min (two
sessions per day) at a relatively slow speed (5 rpm/min) for 2
consecutive days. To test the accelerating rotarod, the rod speed
was set to accelerate from 4 to 40 rpm in 300 s. The falling
latency was recorded automatically by photocells. As for the test,
there were three replicates in each mouse with at least 30-min
intervals between applications, and the mean value of falling
latency was calculated.

Intraspinal adeno associated virus
delivery

According to our previous study (Ma et al., 2021), mice
aged 5-6 weeks received virus delivery 3 weeks before the
CFA injection. Mice were deeply anesthetized and placed on
a stereotaxic frame. The spine was fixed with the help of two
spinal adaptors to fully expose the L4-L5 lumbar space. A glass
microelectrode for Nanoliter (with 1.14 mm of outer diameter,
0.53 mm of inner diameter) was applied to insert into the spinal
dorsal horn intervertebral space at a depth of 200-300 pm.
A motorized perfusion system (Nanoliter 2010, World Precision
Instruments) was used to control the rate of virus delivery (60
nl/min). Delivery finished, and the glass microelectrode was
then left in spinal dorsal horn for 5 min. With wounds sutured,
mice were placed on a heating pad to support recovery. AAV
virus vectors employed in our study were purchased from OBiO
Technology (Shanghai, China).

Transfection with TLR9-GFP plasmid
and western blot

The plasmid of TLR9 shRNA was designed by OBiO
Technology (Shanghai, China). The micro30 shRNA (TIr9)
sequence was cloned into the HindIII(1494) and Agel(1503)
sites of the adeno-associated virus vector AOV062 pAAV-
SYN-MCS-EGFP-3FLAG. Neuroblastoma cells SY5Y cells were
provided by the Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China), according to previous
study from our lab (Cui et al, 2020). Dulbecco’s modified
Eagles medium (Gibco, USA) containing 10% fetal bovine
serum were used to cultivate SY5Y cells. The cells were stored
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in the cell incubator, with temperature of 37°C and CO; of
5% concentration. Following the manufacturer’s instructions,
SYS5Y cells were harvested and transfected with 1 g of cDNA
coding for TLR9-GFP with Lipofectamine 3000 (Invitrogen).
The cells were lysed using RIPA Lysis Buffer (100 pl/g,
Beyotime Biotechology, P0013B). Applying SDS-PAGE, samples
were separated with 10% acrylamide gels and then transferred
onto polyvinylidene fluoride membranes. The membranes were
incubated overnight with TLR9 (Abcam, ab37154) or B-actin
(ProteinTech, HRP-60008) primary antibody at 4°C on a shaker
table. On the following day, they were washed with TBST. After
that, the membranes were incubated with corresponding HRP-
conjugated secondary antibody for 2 h at room temperature.
The target bands were detected with ImageQuant LAS4000
miniimage analyzer (GE Healthcare, Buckinghamshire, UK) and
the gray value of target bands was analyzed by Image] software
(version 1.47).

Immunofluorescence

Mice were anesthetized with 10% chloral hydrate. Then
they were transcardially perfused with saline and perfused
with 4% formaldehyde. L4-L6 segment of the mice spinal cord

10.3389/fnmol.2022.1008203

was soaked in 4% formaldehyde for 4 h, and subsequently
in 20 and 30% sucrose. The 30 pm-thick sections were
incubated in Superblock Buffer (Thermo, 37580) for 1 h at
room temperature, reacted with mouse anti-NeuN (Millipore)
or anti-TLR9 (Abcam, ab37154) overnight at 4°C, and then
reacted with Alexa-594-conjugated donkey anti-mouse IgG
secondary antibodies (Invitrogen) for 2 h at room temperature.
After three washes with PBST, the sections were attached
using mounting media containing DAPI and were analyzed by
confocal microscope (FV1000, Olympus). The mean gray value
and the cell amount were analyzed by Image]. The Pearson’s R
value was measured by the coloc 2 function of Image].

Statistical analysis

All data analysis was performed through the use of the
Prism?7 software packages and IBM SPSS 22.0. All data are
presented as mean =+ standard error of the mean (SEM). A ¢-
test was used for direct comparisons between the two groups.
Significant differences among groups were checked by two-way
ANOVA. Repeated-measures ANOVA was applied to compare
the differences between TLR9 shRNA group and the control
group. Significance was assumed when p < 0.05.
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FIGURE 1

(A) The mechanical threshold decreased after CFA injection. The statistical method is repeated measures ANOVA. *p < 0.05. (B) Real-time PCR
analysis showed that TLR9 increased in inflammatory pain. Results are normalized to GAPDH. Values are represented as mean + SEM. *p < 0.05.
Student's t-test was used for comparisons. (C) The mean gray value of TLR9 immunostaining from (F,G) between NS- and CFA-treated group.
Values are represented as mean + SEM. *p < 0.05. (D) The proportion of TLR9 + /NeuN + colocalization between NS- and CFA-treated group
The numbers of cells were counted by Imaged. Values are represented as mean + SEM. *p < 0.05. (E) The Pearson’s R value of TLR9 and NeuN
represented the correlation between NS- and CFA-treated group. The value was measured by coloc 2 in ImageJ. (F,G) The
immunofluorescence of spinal cord form NS- and CFA-treated group, respectively. Double immunostaining of TLR9 (green) with NeuN (a

neuronal marker, red). Scale bars = 100 pm
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Results

Toll like receptor 9, probably neuronal
toll like receptor 9, increased in
complete Freund'’s adjuvant-induced
inflammatory pain in mice

We initially established a mouse model of CFA-induced
inflammatory pain to observe whether spinal TLR9 was involved
in inflammatory pain. In accordance with the previous report
(Gao et al, 2018), a significant decline of mechanical paw
withdrawal threshold can be observed in CFA-treated mice as
compared with normalsaline (NS) treated mice (Figure 1A).
Moreover, the results showed that the expression of TLR9
mRNA was increased (*p < 0.05, Figure 1B) in the L4-L6
lumbar segment of the spinal dorsal horn on the 5th day
in CFA-treated mice, compared with normal saline-treated
mice. Moreover, we measured TLR9 protein levels in NS-
and CFA-treated mice by immunofluorescence (Figures 1EG).
The mean gray value of TLR9 increased on the 5th day
after the CFA injection (Figure 1C). The proportion of
TLR9 + /NeuN + (neuronal nuclei, a neuronal marker) in
NeuN + cell was raised in CFA-treated mice compared with
NS-treated mice, indicating that the increased TLRY in CFA-
treated mice mainly occurred in neurons (Figure 1D). Further,
the Pearson correlation coefficient (Pearson’s R value) was
higher in CFA-treated mice on the 5th day than that in NS-
treated mice, indicating that the positive linear relationship
between TLRY and NeuN was stronger on the 5th day after
the CFA injection (Figure 1E). These results showed that CFA-
induced inflammation might result in an increase of TLR9 level,

especially in neurons.

Distribution of toll like receptor 9 in
the spinal cord of complete Freund'’s
adjuvant -induced inflammatory mice

TLRY was then doubly immunostained with GFAP (glial
fibrillary acidic protein, an astrocytic marker), and Iba-1
(ionized calcium-binding adapter molecule 1, a microglial
marker) (Figures 2A,B). According to the color code of
the heatmap, the proportion of colocalization between TLR9
+ and NeuN + was generally greater than that between
GFAP + and Ibal + (Figure 2C). Moreover, we adopted the
Pearson correlation coefficient (Pearson’s R value) to analyze
the specific relevance on individual variables (Figure 2D). The
Pearson’s R values were 0.42, 0.45, and 0.24 between TLR9
immunoreactivity (IR) and NeuN-IR, representing the positive
linear specific relevance (R = [0, 1]) of TLR9 to NeuN. The
Pearson’s R values of TLR9-IR and NeuN-IR were generally
higher than those of GFAP-IR and Ibal-IR. These indicated that
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in CFA-treated mice, the positive linear specific relevance of
TLR9-IR to NeuN-IR were stronger than TLR9-IR to GFAP-
IR or Iba-1-IR. TLR9-IR was mainly colocalized with NeuN-
IR, suggesting that the alteration of TLR9 was predominantly
distributed in neuron in CFA-induced inflammation.

Toll like receptor 9 was involved in
complete Freund'’s adjuvant -induced
inflammatory pain

According to Figure 3A, CFA-treated mice exhibited a
significant decrease of mechanical paw withdrawal threshold
as compared with NS-treated mice on the 5th day after the
CFA injection (*p < 0.05). Functional inhibition of TLR9
by intrathecal injection of TLRY antagonist ODN2088 (150
ng/g body weight; David et al,, 2014) significantly increased
mechanical paw withdrawal threshold 2 h after the ODN2088
injection (*p < 0.05, Figure 3B), compared to the group with
ODN2088 control injection.

Moreover, to evaluate the involvement of TLRY in long-
term inflammation, we also functionally inhibited TLRY by
intrathecally injecting TLR9 antagonist ODN2088 on the 14th
day after the CFA injection. CFA-treated mice exhibited a
significant decrease of mechanical paw withdrawal threshold as
compared with NS-treated mice on the 14th day (*p < 0.05,
Figure 3C). TLRY antagonist ODN2088 significantly increased
mechanical paw withdrawal threshold 2 h after the ODN2088
injection (*p < 0.05, Figure 3D), which was alike to the results
on day 5.

Neuronal toll like receptor 9 in the
spinal cord contributed to complete
Freund’s adjuvant-induced
inflammatory pain

For the purpose of achieving downregulation of TLR9
in vivo by AAV, we first constructed a plasmid with effective
downregulation of TLR9 in SY5Y cells, according to the previous
study from our lab (Cui et al., 2020). The micro30 shRNA (T1r9)
sequence was cloned into the HindIII(1494) and AgeI(1503) sites
of the AAV vector AOV062 pAAV-SYN-MCS-EGFP-3FLAG
(Figure 4A). Western blot analysis showed significant knock-
down effects of this plasmid (Figure 4B). Taking SYN as a
promoter of mature neurons, the plasmid was packaged into the
AAV2/9 vector, which can specifically transfect mature neurons.
To assess whether neuronal TLR9 in the spinal cord was
involved in CFA-induced persistent hyperalgesia, the virus with
the neuronal specific promoter SYN delivering TLR9 shRNA
was injected into the L4-L5 lumbar segment (Figure 4C). The
EGFP image (green) was highly colocalized with neurons (red)
in the dorsal spinal cord (Figure 4D).
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FIGURE 2

(A,B) Cellular distributions of TLR9 in the spinal cords of CFA mice. Double immunostaining of TLR9 (green) with GFAP (an astrocytic marker,
red), and Iba-1 (a microglial marker, red) in the spinal dorsal horn. Scale bars = 100 pm. (C) The heatmap showed TLR9 + /NeuN + proportion
was generally higher than TLR9 + with GFAP + or Ibal + with proportions of colocalization color-coded in the scale shown. *p < 0.05. Student'’s
t-test was used for comparisons. (D) The heatmap showed the Pearson’s R-value of TLR9 with each cell type with values color-coded in the
scale shown. *p < 0.05.
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FIGURE 3

(A) The von Frey test showed that the mechanical paw withdrawal threshold decreased at the 5th day after CFA injection. Values are
represented as mean + SEM. *p < 0.05. Student’s t-test was used for comparisons. (B) TLR9 inhibition raised mechanical paw withdrawal
threshold 2 h after the ODN2088 injection at D5. (C) The von Frey test showed that the mechanical paw withdrawal threshold decreased at the
14th day after CFA injection. Values are represented as mean + SEM. *p < 0.05. Student's t-test was used for comparisons. (D) TLR9 inhibition
raised mechanical paw withdrawal threshold 2 h after the antagomir injection at D14. The arrows indicated the moment of the ODN 2088 or
control administrations
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colocalization was displayed below.

In the CFA-treated mice, downregulation of neuronal
TLRY increased the mechanical paw withdrawal threshold
as
injection (Figure 5A), which indicated that neuronal TLR9

compared to the group with empty vector virus

downregulation in the spinal cord prevented CFA-induced
inflammatory pain.

Previous studies indicated that TLRY deficiency impacted
motor and sensory behaviors (Khariv et al., 2013). Thus, we
detected whether downregulation of TLRY in spinal neurons
would affect sensory and motor behaviors. Downregulation of
TLR9 in spinal neurons had no effect on locomotor activity
(the index of the number of rearings and the traveled distance
in Open Field Test, latency to fall in Rotarod test), mechanical
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sensitivity (von Frey test), and thermal sensitivity (Radiant heat
and Hot plate) (p > 0.05, Figures 5B-G).

Discussion

Our study for the first time demonstrates that TLR9
antagonist via intrathecal administration or downregulation of
neuronal TLRY attenuates CFA-induced inflammatory pain in
mice. Thus, TLRY, particularly neuronal TLR9, may serve as a
potential therapeutic target against inflammatory pain.

According to previous reports, there are several TLRs
expressing in spinal cord including TLR2, TLR3, TLR4, TLRS,
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(A) Downregulation of neuronal TLR9 in the spinal cord increased the mechanical paw withdrawal threshold in CFA mice. Data are expressed as
means + SEM. Repeated measurements ANOVA is the statistical approach used. (B—G) The locomotive ability (open field, rotarod test), the
mechanical sensitivity (von Frey) and thermal (radiant heat, hot plate) sensitivity was unaffected by virus to downregulate the neuronal TLR9

p > 0.05. Multiple comparisons using two-way ANOVA are the statistical approach.

and TLRY (Kigerl and Popovich, 2009; Heiman et al., 2014).
The role of TLRs in all kinds of pain has been extensively
studied (Liu et al, 2012; Ji, 2015). For instance, there
are deferred and decreased mechanical allodynia and heat
hyperalgesia post L5 spinal nerve transection in TLR2 knock-
out mice (Kim et al,, 2007). TLR4 ablation or inhibition by
siRNA or antagonist attenuates arthritic pain (Christianson
et al, 2011) and bone cancer pain (Wu et al, 2010).
Taken together, these findings imply that TLRs have distinct
and non-redundant functions. Earlier studies reveal that
when intrathecally administrated, TLR9 agonist induces an
inflammatory response in the spinal cord of intact mice (Li et al.,
2019). TLRY antagonist blocks tumor-induced pain sensitivity

Frontiers in Molecular Neuroscience

130

(Qietal,2011). In this study, the expression of TLR9 was
increased by CFA-injection, and inhibition or downregulation of
TLR9 alleviated CFA-induced mechanical pain, which supports
the idea that TLR9 plays a detrimental role in CFA-induced
inflammatory pain. TLR9 antagonists have been shown to
preserve injured proximal axons, control glial scarring, and
minimize detrimental inflammation through the action of ODN
2088 (Li et al, 2019). Recently, Dynavax Technologies (DT)
has designed immunoregulatory oligonucleotides with unique
inhibitory sequences for TLR9 that suppress autoimmune and
inflammatory diseases (Patra and Choi, 2016). All the evidences
above imply that TLR9 antagonist can be effective therapies for
TLR9-mediated inflammatory disorders.
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TLR9 has been lately confirmed to be expressed in different
cell types in CNS. In diabetic encephalopathy, Sun et al.
found a drastic increase for TLRY expression in neurons
cultivated in high-glucose media (Sun et al, 2017; Zhao
et al, 2018). Our study indicated that TLR9 was mainly
distributed in neuron in CFA-induced inflammation, and that
neuronal TRLY contributed to CFA-induced inflammatory pain.
The Pearson’s R value were 0.37 £ 0.11 between TLRY-
IR and NeuN-IR, representing the positive linear specific
relevance between TLR9 and NeuN (R = [0, 1]). However,
the proportion of TLR9 + in GFAP + were 0.08 % 0.06,
while the Pearson’s R value were 0.11 % 0.01, representing
weak specific relevance of TLR9-IR to GFAP-IR in CFA-
induced inflammation. These results suggested that although
we detected few TLR9-IR colocalized with GFAP-IR, there
was still less relevance of TLR9 to GFAP in CFA-induced
inflammatory pain. Even though TLRY in astrocytes was
found to be involved in SCI (spinal cord injury), and
TLR9 antagonist could selectively affect astroglial glutamate
transporters (Pallottie et al., 2018), whether astroglial TLR is
involved in CFA-induced inflammatory pain still needs to be
confirmed.

It has been reported that TLR9 deficient (TLR9~/~) mice
displayed hypersensitivity to thermal stimuli and enhanced
motor-responsivity compared to wide type mice. This indicated
that TLR9 was probably of essential part for the development of
sensory and motor behaviors (Khariv et al., 2013). In this study,
downregulated neuronal TLR9 by AAV vector did not affect
locomotor activity or sensitivity to mechanical and thermal
stimulations. It should be noted that, in this study, the virus
injection was performed on the mice aged 5-6 weeks and
that we only downregulated TLR9 in neuron. This is quite
different from the TLRY deficient mice. The neural development
of mice might be close to maturity when they are 5-6 weeks
old, and further downregulation of TLRY at this age is not
enough to affect sensory-motor ability. On the other hand,
despite the downregulation of TLR9 in some neurons, TLR9
in other cells has already met the normal neural development
and function needs. Therefore, this experiment is different from
that of TLR9 knockout mice. The downregulation of neuronal
TLR9 did not show a hyper-responsive sensory and motor
phenotype.

It is plausible that CpG ODN 2088 could confer neuronal
protection by interfering with the binding or function of
DAMPs that activate TLR9. However, there have been only
a few identified TLR9 endogenous activators up to now.
Fortunately, a number of host TLR9 stimulants have been
discovered in the domain of sterile inflammation, such as
mitochondrial DNA (Oka et al., 2012) and DNA-high-mobility
group protein Bl (HMGBI1) complex (Ivanov et al, 2007;
Tian et al, 2007). Whereas the identification of DAMPs
in CFA-affected spinal cord is beyond the scope of today’s
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investigation, future studies are in need to unravel such
ligands.
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Neuroinflammation in the
medial prefrontal cortex exerts a
crucial role in bone cancer pain

Xin Li+%f, Wei Wang?!t, Xiaoxuan Zhang'?, Zhihao Gong?,
Mi Tian3, Yuxin Zhang?, Xingji You?* and Jingxiang Wu'*
!Department of Anesthesiology, Shanghai Chest Hospital, Shanghai Jiao Tong University, Shanghai,

China, ?School of Medicine, Shanghai University, Shanghai, China, *Department of Critical Care
Medicine, Huashan Hospital, Fudan University, Shanghai, China

Bone cancer pain (BCP) is one of the most common types of pain in cancer
patients which compromises the patient’'s functional status, quality of life,
and survival. Central hyperalgesia has increasingly been identified as a crucial
factor of BCP, especially in the medial prefrontal cortex (mPFC) which is
the main cortical area involved in the process of pain and consequent
negative emotion. To explore the genetic changes in the mPFC during
BCP occurrence and find possible targets for prediction, we performed
transcriptome sequencing of mPFC in the BCP rat model and found a
total of 147 differentially expressed mRNAs (DEmRNAs). A protein-protein
interaction (PPI) network revealed that the DEmRNAs mainly participate in the
inflammatory response. Meanwhile, microglia and astrocytes were activated in
the mPFC of BCP rats, further confirming the presence of neuroinflammation.
In addition, Gene Ontology (GO) analysis showed that DEmRNAs in the mPFC
are mainly involved in antigen processing, presentation of peptide antigen, and
immune response, occurring in the MHC protein complex. Besides, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis revealed that DEmRNAs
are mainly enriched in the pathways of phagosome, staphylococcus aureus
infection, and antigen processing, in which MHCII participate. Furthermore,
immunostaining showed that MHCII is mainly located in the microglia.
Microglia are believed to be involved in antigen processing, a key cause of
BCP. In vivo, minocycline (MC) treatment inhibits the activation of microglia
and reduces the expression of MHCII and proinflammatory cytokines, thereby
alleviating BCP and pain-related anxiety. Taken together, our study identified
differentially expressed genes in the BCP process and demonstrated that the
activation of microglia participates in the inflammatory response and antigen
process, which may contribute to BCP.

transcriptome sequencing, bone cancer pain, medial prefrontal cortex, microglia,
immune inflammation, major histocompatibility complex class Il
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Introduction

The incidence of cancer worldwide has increased steadily
in the past 10 years (Miller et al, 2020), advanced cancer
metastasis to bone is one of the most common complications
(Meuser et al., 2001; Clézardin et al., 2021), inflicting patients
with severe and chronic pain. Unfortunately, current pain
management interventions are still insufficient (Kapoor et al,,
2021). Several causes of bone cancer pain (BCP) have been
proposed, including structural reorganization of sensory and
sympathetic nerve fibers in the bone, combined with the
cellular and neurochemical reorganization in the spinal cord
and brain (Mantyh, 2013; Zajaczkowska et al., 2019). More and
more evidence has been accumulated to support the role of
central nociceptive hypersensitivity in BCP (Hou et al., 2020;
Wu et al., 2021).

The medial prefrontal cortex (mPFC) is a central mediator
in the pain pathway, which is crucial as an integrator
of ascending sensory information, cognitive and emotional
responses, and descending inhibitory control (Ong et al., 2019;
Kummer et al, 2020). Changes in gene expression in the
PEC play a role in acute and chronic pain development and
maintenance (Yan et al., 2019; Cai et al., 2020; Qian et al., 2020;
Shiers and Price, 2020; Topham et al., 2020). During chronic
pain states, it has been reported that mPFC undergoes structural
and functional plasticity (Obermann et al., 2013; Liu et al., 2018;
Sang et al.,, 2018; Huang et al., 2020). Transcriptome analysis
of the mPFC using ribonucleic acid (RNA) sequencing and
further RT-qPCR has also shown that rodents with neuropathic
pain displayed an increase in genes including NMDA receptor,
BDNE, and k-opioid receptor (Alvarado et al., 2013; Palmisano
et al., 2019). Most recently, DNA methylation in the PFC was
found to be highly correlated with both pain and comorbid
behaviors in a mouse model of neuropathic pain (Tajerian
et al., 2013; Topham et al., 2020). In addition, mPFC microglia
have been shown to cause pain in the model of the peripheral
nerve injury (Fiore and Austin, 2019). Therapeutic mechanisms
targeting mPFC may have efficacy across various pain disorders
and simultaneously address associated cognitive and emotional
comorbidities (Nashed et al., 2015). However, when BCP occurs,
the expression profile and specific BCP regulation mechanisms
of mRNA in the prefrontal cortex are largely unknown.

To detect transcriptomic changes in the mPFC of the
BCP process and explore the potential therapeutic targets, we
established the widely used BCP rat model and performed
transcriptome sequencing to explore expression profile changes
of mRNAs, and functional analysis of differential genes to
provide new insights on the mechanism of BCP. Differentially
expressed mRNAs (DEmRNAs) were subjected to Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses to evaluate their functions and
possible mechanisms. Our study may provide new insights
into understanding the central mechanisms of BCP and help
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to find promising genes or signaling pathways that could be
manipulated to treat BCP disorders.

Materials and methods

Bone cancer pain animal model

Female Sprague-Dawley (200-250 g) and Wistar rats (60—
70 g) were purchased from B&K Universal Group Limited
(Shanghai, China) and housed in cages at a temperature of
24 £ 1°C under 12/12 h light-dark cycles with free access to
food and water. All animal handling and surgical procedures
were carried out in accordance with the guidelines of the
International Association for the Study of Pain, approved by the
Animal Care and Use Committee of Shanghai Chest Hospital,
Shanghai Jiao Tong University. In the study, Sprague-Dawley
rats weighing 200-250 g were randomly divided into three
groups: Sham group, BCP + normal saline group (BCP group),
and BCP + 20 mg/kg MC group (BCP + MC group).

BCP was induced in rats as previously described
(Brigatte et al., 2007). Briefly, female Wistar rats received
an intraperitoneal inoculation of Walker 256 mammary gland
carcinoma cells (purchased from ATCC). After 1 week, cells in
the ascites were collected and resuspended in saline to a final
concentration of 2 x 107 cells/ml. Next, female Sprague Dawley
rats were anesthetized with pentobarbital (50 mg/kg, i.p.), and
a 23-gauge needle was inserted into the intramedullary canal
of the right tibia at one-third of the length from the lower end,
to create a cavity for the injection of saline (10 pl, Sham) or
Walker 256 cell suspension (10 pl, containing 2 x 10° cells
in total, BCP). The cavity was sealed with bone wax and the
incision was closed with stitches. Upon waking from anesthesia,
the animals were returned to their home cages.

Pain behavioral tests

Mechanical allodynia was evaluated by measuring the
paw withdrawal thresholds (PWT) in response to a series of
calibrated von Frey filaments (Remeniuk et al., 2015). In brief,
rats were transferred to a chamber with a metal mesh floor and
allowed to acclimatize for 30 min. Then, von Frey filaments
were applied to the plantar surface of the right hind paw
in ascending order (1, 1.4, 2, 4, 6, 8, 10, and 15 g). Abrupt
paw withdrawal, licking, and shaking are defined as positive
responses. Once a positive response was observed, the rat was
allowed to rest for 5 min. PWT was defined as the lowest
force that elicited a positive response and averaged across three
repeats of measurement.

Movement-evoked pain was assessed with the limb use score
(LUS) (Remeniuk et al., 2015). Rats were permitted to move
spontaneously on a smooth plastic table (50 x 50 cm). The limb
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use during spontaneous ambulation was scored on a scale of 4-
0 (4: normal use; 3: slightly limping; 2: limping; 1: no use of the
limbs, partial; 0: no use of the limbs, complete).

Microglia-activated inhibitor MC was purchased from
MedChemExpress (Monmouth Junction, NJ, USA), dissolved in
saline (20 mg/ml, stored at —20°C for use), and administrated
every other day from 1 day after surgery (D1, 20 mg/kg, i.p.).
All behavioral tests were performed by an investigator who was
blinded to the experimental design.

Elevated plus maze test

Anxiety-like behavior was measured using the elevated
plus-maze (Shanghai Jiliang Software Technology Co., Ltd.). It
consisted of two opposing open arms (50 x 10 x 0.5 cm),
two opposing closed arms (50 x 10 x 40 cm), and a
central open platform (10 x 10 cm). Each rat was placed
on the central platform facing one of the open arms and
allowed to explore the apparatus for 5 min. We analyzed
the time spent in the open arms and total numbers of
entries by JLBehv-EPMG software, based on previous literature
(Masukawa et al., 2020).

Tissue collection and ribonucleic acid
extraction

On day 17, rats were deeply anesthetized with sodium
pentobarbital (40 mg/kg, i.p.) and perfused through the
ascending aorta with 0.9% saline (4°C). After the perfusion,
the medial prefrontal central (mPFC) was collected. Total RNA
was extracted from the Sham and BCP group tissues using
Trizol reagent (Invitrogen, Carlsbad, CA, USA), following
the manufacturer’s instructions. For tissue samples, about
60 mg of liquid nitrogen was ground into powder and
the powder samples were transferred into 1.5 ml Trizol
reagent. The mixture was centrifuged at 12,000 x g for
5 min at 4°C. The supernatant was transferred to a new
2.0-ml tube with 0.3 ml of chloroform/isoamyl alcohol
(24:1) per 1.5 ml of Trizol reagent. After the mixture
was centrifuged at 12,000 x g for 10 min at 4°C, the
aqueous phase was transferred to a new 1.5 ml tube
which was added with an equal volume of supernatant
of isopropyl alcohol. The mixture was centrifuged at
12,000 x g for 20 min at 4°C and then the supernatant
was removed. After being washed with 1 ml 75% ethanol,
the RNA pellet was air-dried in the biosafety cabinet
and then dissolved by adding 25 ~ 100 pl DEPC-
total RNA was
and quantified using a Nano Drop and Agilent 2100

treated water. Subsequently, qualified

Bioanalyzer (Yin et al, 2021) (Thermo Fisher Scientific,
MA, USA).
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RNA-seq library establishment and
RNA-seq

Approximately 1 pg total RNA per sample was treated
with Ribo-Zero® Magnetic Kit (Epicenter) to deplete rRNA.
First-strand cDNA was generated using random primers reverse
transcription, followed by second-strand cDNA synthesis. The
synthesized cDNA was subjected to end-repair and then
was 3’ adenylated. Adapters were ligated to the ends of
these 3’ adenylated cDNA fragments. Several rounds of PCR
amplification with PCR Primer Cocktail and PCR Master
Mix are performed to enrich the cDNA fragments. Then
the PCR products are purified with Ampure XP Beads. The
final library was quality and quantitated in two methods:
checking the distribution of the fragment size using the
Agilent 2100 Bioanalyzer and quantifying the library using real-
time quantitative PCR (qPCR) (TagMan Probe). The qualified
libraries were sequenced pair end on the Hiseq 4000 platform
(Fang et al., 2018) (BGI-Shenzhen, China).

Bioinformatics analysis

Primary sequencing data produced by RNA-Seq (raw reads)
were subjected to quality control (QC). The sequencing data was
filtered with SOAPnuke (v1.5.2) by removing reads containing
sequencing adapter; removing reads whose low-quality base
ratio (base quality less than or equal to 5) is more than 20%,
and removing reads whose unknown base (“N” base) ratio is
more than 5%; afterward, clean reads were obtained and stored
in FASTQ format. The clean reads were mapped to the reference
genome using HISAT2 (v2.0.4). After that, Ericscript (v0.5.5)
and rMATS (V3.2.5) were used to detect fusion genes and
differential splicing genes (DSGs), respectively. Bowtie2 (v2.2.5)
was applied to align the clean reads to the gene set, a database
built by BGI (Beijing Genomic Institute in Shenzhen), in which
known and novel, coding and non-coding transcripts were
included, then the expression level of the gene was calculated
by RSEM (v1.2.12). The heatmap was drawn by pheatmap
(v1.0.8) according to the gene expression in different samples.
Essentially, differential expression analysis was performed using
the DESeq2(v1.4.5) with g-value < 0.05.

Cluster analysis and screening of
differentially expressed genes

Distances of expressed genes were calculated using the
Euclidean method. The sum of the squared deviations algorithm
was used to calculate distance. The cluster analysis and heat map
visualization of gene expression patterns were performed using
the “pheatmap” package in the R software of Bioconductor.
DEmRNAs with statistical significance were identified through
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Scatter Plot filtering as we reported before. The threshold
required for the results to be considered significant was as
follows: g-value < 0.01 and the absolute value of | log2 (fold
change) | > 0.58 as in our previous study. To take an insight
into the change of phenotype, GO and KEGG enrichment
analysis of annotated different expression genes was performed
by bioinformatics.!

Western blot

Animals were deeply anesthetized with sodium
pentobarbital (50 mg/kg, ip.) and rapidly sacrificed by
cervical dislocation. The mPFC was homogenized in RIPA
buffer containing 1 mM PMSF (Beyotime) and centrifuged
at 13,000 x g for 30 min. The supernatant was collected,
and the total protein concentration was titrated using a
bicinchoninic acid kit. An equivalent amount of protein (50
ng) was fractionated on 10% polyacrylamide gel. Proteins
were then transferred to nitrocellulose membranes (Millipore)
at 300 mA for 90 min. Membranes were blocked with
5% BSA in Tris-buffered saline (TBS, 50 mM Tris-HCI,
150 mM NaCl, pH 7.5) for 2 h at room temperature and
incubated overnight at 4°C with primary antibodies (anti-
CD74 at 1:500, sc-6262, SANTA CRUZ; anti-CTSS at 1:1,000,
ab92780, Abcam; anti-CIITA at 1:1,000, sc-13556, SANTA
CEUZ; anti-Vinculin at 1:1,000, A2752, ABclonal; anti-
MHCII at 1:1,000, sc06-78, invitrogen) in TBS containing
5% BSA. Following three washes with TBS, membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies (goat anti-rabbit at 1:2,000, ab205718,
Abcam; goat anti-mouse at 1:2,000, ab205719, Abcam)
in TBS containing 5% BSA for 2 h at room temperature.
Immunoreactive proteins were visualized using the enhanced
chemiluminescence western blotting detection system (Santa
Cruz). The membranes were analyzed with a computerized
image analysis system (ChemiDoc XRS1, Bio-Rad, Hercules,
CA), and the intensity of the protein bands was quantified
with Image Lab software (ImageJ). All protein expression was
normalized to Vinculin.

Bone histomorphometric analysis

The ipsilateral tibia of BCP rats was fixed in 4%
paraformaldehyde for 48 h, followed by decalcification
in 10% EDTA for 3-4 weeks, and 6-pum sections were
prepared on a rotating microtome. Paraffin-embedded sections
were deparaffinized in xylene, rehydrated, and stained with
hematoxylin-eosin (H&E; Sigma, St Louis, MO, USA) according
to the manufacturer’s protocol (Wang et al., 2019).

1  www.bioinformatics.com.cn
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Enzyme-linked immunosorbent assay

ELISA was used to determine the inflammatory cytokines
(IL-1B, TNF-a, and IL-18) in the mPFC. The samples were
weighed and then homogenized completely in phosphate-
buffered solution (PBS). After centrifugation (1,000 x g, 10 min)
of the homogenates at 4°C, supernatants were collected and
stored at -80°C. The concentrations of TNF-a (ml002859-C),
IL-1f (ml037361-C), and IL-18 (ml002816-C) were detected
following the instruction of ELISA kits (Shanghai Enzyme-
linked Biotechnology Co., Ltd.).

Real-time quantitative polymerase
chain reaction

Total RNA was extracted from mPFC using a total RNA
Kit (Vazyme Biotech Co., Ltd., China), and complementary
DNA (cDNA) was generated using a ¢cDNA Synthesis Kit
(DBI® Bioscience Co., Ltd., Germany), according to instructions
provided by the manufacturers. RT-qPCR was carried out using
an SYBR Green assay (DBI® Bioscience) on a StepOnePlus
Real—Time PCR System (Applied Biosystems®, Thermo Fisher
Scientific, Waltham, MA, USA), and the relative gene expression
was determined using the comparative Ct (AACt) method.
GAPDH was used as a housekeeping gene. The primer
sequences are as Supplementary Table 1.

Immunofluorescence

Animals were deeply anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and underwent sternotomy,
followed by intracardiac perfusion with 200 ml saline and
200 ml 4% ice-cold paraformaldehyde in 0.1 M phosphate-
buffered saline. The brain was removed, postfixed in 4%
paraformaldehyde for 4 h, and subsequently allowed to
equilibrate in 30% sucrose in phosphate-buffered saline
overnight at 4°C. Brain samples were embedded in Tissue-Tek
O.C.T., cut at a thickness of 20 pM using a cryostat (Leica
CM1850-1-1), and mounted on slides. All Brain samples were
thoroughly rinsed in PBS to remove any residual OCT. The
samples were then blocked in 0.3% Triton-X 100 and 5%
normal donkey serum (NDS) in PBS for 1 h, and incubated
overnight with anti-MHCII (1:50, MCA46GA, BIO-RAD),
anti-IBA-1 (1:100, ab178847, Abcam), anti-GFAP (1:100,
ab254082, Abcam), anti-NEUN (1:100, ab177487, Abcam). On
the next day, the samples were rinsed in PBS and incubated for
1 h in PBS containing appropriate secondary antibody (1:500)
from Jackson ImmunoResearch (catalog nos. 711-545-152
or 715-585-150) or Cell Signaling Technology (catalog nos.
8,889 or 4,408). The samples were then rinsed in PBS and

coverslipped with Antifade Mounting Medium with DAPI
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FIGURE 1

Induction of bone cancer pain (BCP) in rats. (A) Experimental timeline showing the dates of surgery (D0) and behavioral tests (—30 min, D4, D7,
D11, D14, and D17). On DO, saline (Sham) or Walker 256 mammary gland carcinoma cells (BCP) were injected into the tibia in rats and pain
sensation was assessed before and after through behavioral tests. (B) Induction of significant hyperalgesia in the tumor-bearing hind paw, as
assessed through the paw withdrawal threshold (PWT, Left) and the limb use score (LUS, Right). (C,D) Track and result in an analysis of cross
maze. A total number of entries and times in open arms were used to measure the degree of walking ability and pain-related anxiety. Compared
with the Sham group, the walking ability of BCP group was decreased and exerted pain-related anxiety. (E) Photograph of the tibia from a BCP
rat on D17 shows obvious tumor growth and bone mass destruction (Right) compared to the one from a Sham rat (Left). (F) Representative
micro-CT images showing the bone microstructure of two tibias from a Sham rat (Left) and a BCP rat (Right) on D17. Note the reduction in
medullary bone and the increase in lesions in cortical bone with the tibia from the BCP rat. (G) Hematoxylin and eosin-stained histological
sections show obvious medullary bone loss and bone destruction in the tibia of a BCP rat on D17 (Right) when compared to the one from a
Sham rat (Left). Data are expressed as mean =+ SD and statistically analyzed by Two-way ANOVA followed by Turkey's multiple comparisons test
with repeated measurements, the behavior test has been repeated 3 times, and p < 0.05 was considered statistically significant. n = 5 per group.

*p < 0.05, **p < 0.01 vs. Sham groups.

(Beyotime, Nanjing, China). The imaging and subsequent
analysis were performed using a Confocal Microscope (TCS
SP8, Leica Microsystems, Mannheim, Germany).

Statistics

Data are reported as the mean + standard deviation. The
data were analyzed using GraphPad Prism 8.0 for Windows
(San Diego, CA, USA). Results from behavioral testing were
analyzed using ANOVA for repeated measures. For all other
measures between the 2 groups, the Student’s t-test was used
for the comparisons of variables with normal distribution from
independent samples. For comparisons among > 2 groups,
a one-way ANOVA with Turkeys multiple comparisons test
was applied. Two-way ANOVA followed by Turkey’s multiple
comparisons test with repeated measurements was used to
determine the interaction between time and two groups. Fisher’s
least significant difference test for pairwise comparisons, all
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statistical tests were two-sided, and p < 0.05 was considered
statistically significant.

Results

Rats developed mechanical
hypersensitivity and osteolytic lesions
after tumor cells inoculation

To induce BCP in rats, we injected Walker 256 mammary
gland carcinoma cells into the intramedullary canal of the
right tibia. Behavioral tests were performed 30 min before the
operation and on D4, D7, D11, D14, and D17 (Figure 1A).
BCP rats exhibited a significant decrease in PWT and LUS
when compared to the Sham rats (Figure 1B), consistent with
previously reported values (Remeniuk et al., 2015). Meanwhile,
the elevated plus-maze experiment carried out on D17 showed
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the total number of entries and open arms time (%) of BCP rats
were reduced (Figures 1C,D), indicating that they suffered from
pain-related anxiety and impaired walking ability (Blaszczyk
et al,, 2018). Next, a pathological examination was conducted
on D17 after the animals were sacrificed. We found that in
gross images the surface of the tibia of Sham rats was smooth
while that of BCP rats was swollen and uneven (Figure 1E).
Furthermore, we found bone destruction in BCP rats, in
contrast to uniform bone quality in Sham rats with tibia micro-
CT (Figure 1F). Lastly, we performed hematoxylin and eosin
staining of the tibia and found tumor cell proliferation and
invasion of the bone cortex in BCP rats, but not in Sham rats
(Figure 1G). Taken together, these behavioral and pathological
results strongly suggested that BCP was successfully induced

in rats.

Transcriptomic high-throughput
sequencing revealed changes in gene
expression profiles

The count and fold change of DEmRNAs were visualized
by a gene map (Figure 2A). The expression of ten mRNAs was
changed more than 20 times in the mPFC of BCP. Hierarchical
clustering of the expression of mRNA showed obvious
discrimination between BCP and Sham rats (Figure 2B). The
results were visualized through a volcano plot (Figure 2C).
These results indicated that tumor inoculation in the tibia
shifted expression profiles of mRNA in mPFC, and 147
DEmRNAS (136 upregulated and 11 downregulated) were found
in the transcriptomic sequencing, which may account for the
development of hyperalgesia in BCP rats.

To validate the reliability of sequencing quantification, 18
DEmRNAS (10 upregulated and 8 downregulated) were selected
to undergo RT-qPCR on another batch of samples (n = 5
per group), independent of the ones used for RNA-seq. As
shown in Figure 2D, RT-qPCR quantification of top DEmRNA
was consistent with RNA sequencing; Impadl, Ubd, RT1-Ba,
RT1-Da, RT1-Db, CXCL9, Cd74, C3, and CXCL9, were all
significantly upregulated (Figure 2D), and Prg4, Gprin3, Npnt,
Gjb2, Col6a3, and Cntnap5c were downregulated (Figure 2E).

Protein-protein interaction network of
differentially expressed mRNAs

For the 147 DEmRNAs, we obtained the PPI network
containing 112 nodes and 674 edges. The network was set to the
default cutoff (interaction score > 0.4) in the STRING online
database (Figure 3A). It showed extensive interaction among
them and 7 subnetworks were clustered, which may represent
more compact functional blocks (Figure 3B). Moreover,
functional analysis of these genes showed that they were mainly
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involved in immunological processes/pathways, indicating they
were crucial to the pathogenesis of BCP (Figure 3C). In
the central system, astrocytes and microglia may release
various inflammatory mediators that stimulate nociceptive
neurons and reinforce glial activation, thereby promoting
neuronal sensitization and behavioral hypersensitivity observed
in neuropathic pain (Blaszczyk et al, 2018). In our study,
immunostaining showed that morphology and number of
astrocytes and microglia are changed in the mPFC of BCP rats
(Figures 3D,E). Furthermore, ELISA analysis showed that the
pro-inflammatory cytokines level of IL-1p, IL-18, and TNF-
a were upregulated in the mPFC of BCP rats (Figure 3F),
suggesting the inflammatory response.

Gene ontology analysis and Kyoto
Encyclopedia of Genes and Genomes
analysis of differentially expressed
mMRNAs

In order to further explore the function of DEmRNAs, GO
enrichment analysis was conducted on 147 DEmRNAs, and
results showed that the DEmRNAs were mainly involved in the
following biological process (BP) terms: antigen processing and
presentation of peptide antigen, leukocyte mediated immunity,
antigen processing and presentation, and so forth (Figure 4A).
Most DEmRNAs were enriched in the following cellular
component (CC) terms: external side of the plasma membrane,
MHC protein complex, MHC class II protein complex, and so
forth (Figure 4B). Meanwhile, the following molecular function
(MF) terms were enriched including peptide antigen binding,
and immunity receptor activity (Figure 4C).

Similarly, KEGG analysis of these dysregulated genes
showed that, neglecting unrelated pathways, DEmRNAs were
primarily enriched in antigen processing and presentation,
phagosome, staphylococcus aureus infection, etc. (Figure 4D).
These results also indicated the involvement of extra-/intra-
cellular pathways in inflammatory and immunologic processes.

MHCII in microglia of medial prefrontal
cortex may participate in the process
of bone cancer pain

We aimed to explore the underlying neuroimmune
mechanism of BCP and find several valuable pain biomarkers.
It was found that MHCII may be involved in the top three
pathways: antigen processing and presentation, phagosomes,
and staphylococcus We
investigated the expression of MHCII in the mPFC after BCP.
RT1-Da and RT1-Bb, two subunits of MHCII, were strongly
upregulated at the mRNA level in BCP rats when compared

aureus infection (Figure 5A).

to Sham rats (Figure 2D and Supplementary Figure 1).
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DEmMRNAs in the mPFC were found between Sham and BCP rats at D17. (A) The gene map of the different expression mRNAs (DEmRNAs) in the
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Consistently, both western blot and immunostaining confirmed
increased expression of MHCII in the mPFC of BCP rats at the
protein level (Figures 5B-D). Remarkably, the expression of
CD74 and CTSS, two binding partners of MHCII in downstream
antigen presentation, and the class II trans-activator (CIITA),
a key transcription factor for MHCII, were all significantly
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increased in BCP rats when compared to Sham rats (p < 0.05,
Figures 5E,F). Therefore, MHCII may be involved in the
process of BCP. In addition, double immunostaining revealed
that MHCII was localized mainly in microglia, not in astrocytes
(Figures 5G,H). Microglial cells, rather than astrocytes, are
considered to be the main antigen-presenting cells in the central
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nervous system (Almolda et al., 2011; Dasgupta and Dasgupta,
2017), suggesting that MHCII in the mPFC may be a biomarker
of activated microglia which participate in the antigen process
to contribute to BCP.

In order to further investigate whether activation of
microglia in mPFC plays a crucial role in the process of
BCP, minocycline (MC) was administered in BCP rats to
inhibit microglia activation (20 mg/kg, every other day from
D1, intraperitoneally) (Figure 6A). Rats were randomly divided
into three groups; Sham, BCP (+ saline), and BCP + MC.
The reduction of PWT and LUS in BCP rats can be reversed
by MC treatment (Figure 6B). Meanwhile, the elevated plus-
maze experiment carried out at D14 showed that the MC
treatment increased the total number of entries and open
arms time (%) (Figures 6C,D), indicating improvement of
walking ability and relief of pain-related anxiety. In addition,
the upregulation of pro-inflammatory cytokines of BCP was
reversed in the BCP + MC group (Figure 6E), confirming the
inhibition of microglia activation may relieve the symptom of
BCP. To detect the expression of antigen process, RT-PCR,
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western blot, and immunofluorescent staining showed that the
upregulation of MHCII in the mPFC microglia was decreased
(Figures 6F-I) and the upregulation of its downstream binding
partners (CD74 and CTSS) and key transcription factor (CIITA)
(Figures 6H,I) were also reversed after the treatment of MC. It
indicates that MHCII and its related pathway may be decreased
after the inhibition of microglia activation. Thus, we proposed
that MHCII in the mPFC may be a biomarker for microglia
activation to participate in antigen processing and further
promote BCP.

Discussion

In this study, the whole genome of mPFC from rats
with BCP was sequenced for the first time, revealing the key
genes, which was a highlight. Firstly, the transcription sequence
showed that there are 147 DEmRNAs in the mPFC of the
BCP rat. Secondly, KEGG and GO enrichment indicated that
the DEmRNAs are mainly involved in immune inflammation.
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Thirdly, we displayed that MHCII, which is the key gene in the
enrichment, was increased in the microglia of BCP rats’ mPFC.
Lastly, we confirmed that the pain and pain-related anxiety were
relieved by administrating MC to inhibit microglia activation,
accompanied by the reversal of the upregulation of MHCII,
indicating that MHCII related to microglia activation plays a
crucial role in the mPFC of BCP.

A wealth of evidence has suggested that BCP is a
complex clinical syndrome, that shares several features with
inflammatory and neuropathic pain (Falk and Dickenson, 2014)
and which often comes with concurrent depression, cognitive
impairment, and other diseases (Feller et al,, 2019; Liu et al,,
2021). The mPFC is a main cortical area involved in processing
both pain and consequent negative emotion (Salomons et al.,
2015; Mecca et al., 2021), notably, it has been reported that
dysfunction of mPFC neurons may be implicated in neuropathic
pain-related anxiety (Du et al., 2022). Most, recently, Dai et al.
(2022) performed a gene set enrichment analysis in the mPFC
of neuropathic pain, and they found that there are 49 different
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expression genes. To further explore the potential targets in the
mPFC of BCP, we established a comprehensive transcription
sequence. The analysis showed that there were 147 DEmRNAs.
PPI network analysis showed that DEmRNAs in mPFC were
mainly involved in immune inflammation. Meanwhile, in the
mPFC of BCP rats, microglia and astrocytes were activated,
and pro-inflammatory cytokines were released, indicating an
immune inflammation response. In addition, accumulating
evidence suggests that in the central nervous system non-
neuronal cells interact with nociceptive neurons by secreting
neuroactive signaling molecules that modulate pain (Ji et al,,
2016; Totsch and Sorge, 2017).

In the analysis of neuropathic pain, the most significantly
regulated gene sets included oligodendrocyte differentiation,
semaphoring plexin signaling pathway, negative regulation of
gliogenesis, neuron fate commitment, intrinsic component of
external side of plasma membrane, and germ cell nucleus (Dai
et al, 2022). While, in our study, different from neuropathic
pain, we found that the BP, CC, and MF was related to the
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MHC complex and antigen process in the mPFC of BCP
rats. As previous research reported that infiltrated CD4*T
lymphocytes might interact with MHCII-presented antigen in
the spinal cord and contribute to BCP (Song et al, 2017).
As such, our study proposed that MHCII in the mPFC may
exert a crucial role in the process of BCP. Besides, KEGG
enrichment also displayed that 32 genes were involved in the top
three pathways: Phagosome, Staphylococcus aureus infection,
Antigen processing, and presentation. Further, MHCII was
involved in all three pathways, indicating MHCII in the mPFC
plays an important role in the occurrence of BCP.

In line with the literature, MHCII has been shown
to participate in the occurrence of different chronic pain
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(Dominguez et al., 2008a,b; Liu et al., 2012; Hartlehnert et al.,
2017; Dorsey et al,, 2019). In the present study, the expression of
MHCII was upregulated in the mPFC of BCP rats, confirming
the key role of MHCIIL To further investigate the function
of MHCII in the process of BCP, we found that MHCII was
located in the activated microglia which is the main antigen-
presenting cells population in the central nervous system.
Although some studies have shown that activated microglia
in the spinal cord and hippocampus may modulate BCP in
rats’ model (Dai et al, 2019; Diaz-delCastillo et al., 2020),
there are no typical markers indicating the types of microglia
involved in pain. In our study, we found that inhibition of
the activation of microglia by MC could relieve BCP as well
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as pain-related anxiety. It is worth noting that the upregulated
expression of MHCII could be reversed by the treatment of
MC, as such, we speculated that microglia co-labeled with
MHCII in the mPFC may participate in BCP. Since MC was
administered systemically, its analgesic effect may partly due
to inhibit microglia and MHCII in other areas of the nervous
system, such as spinal cord. However, in this study, we found
that MC inhibited microglia and MHCII activation in mPFC,
suggesting that at least mPFC play a role in analgesia. To further
investigate this mechanism, our future study may focus on
mPFC in BCP rats.

In summary, by high-throughput sequencing of the
transcriptome, we found 147 DEmRNAs (136 upregulated
and 11 downregulated) in the mPFC of BCP rats established
by implantation of Walker 256 carcinoma cells into the
right tibia. MHCII exerts a crucial role in the transcription
analysis and our research supposed that MHCII in the
mPFC may be a biomarker for microglia activation to
participate in antigen processing and further promote
BCP. These findings shed new light on the mechanisms
of BCP and open a new venue for designing treatment
plans to alleviate BCP in patients with advanced cancer,
and additional tests are necessary to provide a more
comprehensive picture.
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The expression level of upregulated mRNAs (RT1-Bb and CTSS) in the
mPFC of BCP rats. Data are expressed as mean =+ SD and statistically
analyzed by Student's T-test. n = 5 per group. *p < 0.05, **p < 0.01 vs.
Sham group.
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proteins.
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Background: Besides the established role of dopamine neurons and
projections in nociceptive stimuli, the involvement of ventral tegmental
area (VTA) glutamatergic projections to nucleus accumbens (NAc) in pain
remains unknown. In the present study, we aimed to examine the role of VTA
glutamatergic projections to NAc in painful stimuli and its related behavioral
changes.

Methods: Unilateral chronic constrictive injury (CCI) of sciatic nerve or
intraplantar hind paw injections (i.pl.) of complete Freund's adjuvant (CFA)
were used to develop pathological pain models in wild-type and VGIUT2-
Cre mice. The involvement of VTA glutamatergic neurons with projections to
NAc in CCl-induced pain model was noted by c-Fos labeling and firing rate
recordings. Pain response and pain-related behavior changes to the artificial
manipulation of the VTA glutamatergic projections to NAc were observed by
Hargreaves tests, von Frey tests, open field tests, elevated maze tests, and
sucrose preference tests.

Results: Glutamatergic neurons in VTA had efferent inputs to shell area of the
NAc. The CCI pain model significantly increased neuronal activity and firing
rate in VTA glutamate neurons with projections to NAc. The photoinhibition of
these glutamatergic projections relieved CCl-induced neuropathic pain and
CFA-induced acute and chronic inflammatory pain. Moreover, pathological
neuropathic pain-induced anxiety and less sucrose preference were also
relieved by inhibiting the VTA glutamatergic projections to NAc.

Conclusion: Together, glutamatergic inputs from VTA to NAc contribute to
chronic neuropathic and inflammatory pain and pain-related anxiety and
depressive behaviors, providing a mechanism for developing novel therapeutic
methods.
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Introduction

Chronic pain is a hostile sensory and emotional
experience related to established or potential tissue damage
(Raja et al., 2020). Its negative affective states could also lead
to adverse emotional conditions such as anhedonia, fear,
anxiety, and depression (Markovic et al., 2021). Nevertheless,
the mechanism of chronic pain involves neural complexity
among many brain circuits.

Dopamine (DA) release from ventral tegmental area
(VTA) neurons is known to provoke pain behavior persistence,
stress, anxiety, and addiction (Trainor, 2011). In contrast to
the well-studied and established functions of DA neurons, the
functional role of VTA glutamate neurons is less studied. It
could be due to the relatively small population of glutamate
neurons in VTA compared to DA and GABA neurons (Holly
and Miczek, 2016; Zhang et al., 2017; Adeniyi et al., 2020).
Emerging studies have begun to reveal the reputation of
glutamate release from VTA neurons in regulating diverse
behavioral repertoire through a complex intra-VTA and long-
range neuronal network. The VTA glutamate neurons send
projections parallel with VTA DA neurons, such as the nucleus
accumbens (NAc) and prefrontal cortex (PFC), and to regions
with few VTA dopaminergic inputs, such as lateral habenula
(LHb) and ventral pallidum (VP). Some studies reported the
role of these glutamate projections in driving aversion and
promoting wakefulness, etc. (Zell et al., 2020; Cai and Tong,
2022). Other data suggested that VTA glutamate neurons are
more excitable than different types of neurons, as they exhibit
increased overall firing to both fear-inducing context
memories and increased response to behavioral avoidance,
allodynia, and dysregulation of innate defensive behaviors in
mice (Root et al., 2018; Barbano et al., 2020; Xia and Kheirbek,
2020). Thus, the VTA glutamatergic neurons may play an
important role in pain behavior release.

As mentioned above, NAc is an important down steam
nucleus of VTA, which is involved in mediating the
reinforcing actions and responses to noxious stimuli. It is also
considered that, following peripheral nerve injury, a cell-
specific regulation in NAc worsens tactile allodynia (Ren
et al., 2016). Besides, deep brain stimulation of the NAc has
elicited successful analgesia by forwarding inhibitory
projection to the medial thalamus (Strasser et al., 2019; Harris
and Peng, 2020).

Even though VTA glutamate and its projections to NAc
are being studied in some psychological changes, its role in
chronic pain and related emotional behavior remains unclear.
Thus, we speculated that VTA-NAc glutamatergic projection
regulates pain and pain-related anxiety. In the present study,
we investigated the role of VTA glutamatergic projections to
NAc in nociceptive response and their related behavioral
variations in acute and chronic pain states influenced by the
chemogenetic and optogenetic manipulation of VTA-NAc
glutamatergic-specific projections.
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Materials and methods
Animals

Male C57BL/6] mice (Experimental Animal Center of the
Xuzhou Medical University, China) and VGIuT2-Cre mice
(Jackson Lab, America) were used in the study (Male D1-Cre &
D2-Cre mice from Jackson Lab, America, were used in the
supplementary experiments). Mice (Maximum, 5 per cage) were
housed in a vivarium (22°C-25°C) with free access to food and
water under a light/dark cycle of 12 h. All the mice were randomly
grouped and subjected to experiments during the light time of the
cycle. All the investigators were blinded to experimental
conditions during testing. All the experiments were permitted by
the Animal Care and Use Committee of Xuzhou Medical
University and performed following the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health.

Adenovirus-associated virus vectors

Adenovirus-associated virus (AAV) vectors purchased from
Brain VTA were: rAAV-CaMKIIa-CRE-WPRE-hGH PA AAV2/R;
rAAV-Efla-DIO-EYFP-WPRE pA; rAAV-Efla-DIO-eNpHR3.0-
EYFP-WPRE pA; rAAV-EF1a-DIO-hChR2(H134R)-EYFP-
WPRE-hGH pA; and rAAV-Efla-DIO-hM4D (Gi)-EYFP-WPREs
AAV2/R. The virus vectors were of the same batch and title for one
complete experiment.

Stereotaxic surgery and microinjection

Mice were primarily anesthetized with sodium pentobarbital
(40mg/kg, i.p.) and fixed on the small animal stereotaxic apparatus
(RWD). After the initial disinfection, the scalp skin was cut to
expose the skull’s cranium; 3% hydrogen peroxide was applied to
remove the periosteum on the incisional area, and the residual was
washed off with the application of normal saline. For the
microinjection, the AAV vectors of 200-300n] volume were
injected into the VTA of wild-type mice (AP: 1.05mm; ML:
+3.20mm; DV: —4.6 mm; 7° angle) and VTA of VGIuT2-Cre mice
(AP: 0.4mm; ML: £3.10mm; DV: —4.6 mm) and NAc of wild-
type/VGIuT2-Cre mice (AP: 1.1mm; ML: #0.87mm; DV:
—4.67 mm) by a Hamilton syringe needle, United States (33 gauge)
at a rate of 0.1 ml/min, followed by a 10 min pause to minimize
backflow. Erythromycin ointment was applied to the wounded site
to avoid infection. The ceramic fiber-optic cannulas were
implanted bilaterally above the NAc (AP: 1.5 mm; ML: £1.5mmy;
DV: —4.67 mm; 10° angle) and VTA (AP: 1.05mm; ML: £3.05 mm;
DV: —4.6mm; 7° angle) of wild-type and VGIluT2-Cre mice
through the dental cement. Lastly, the mice were placed in
sterilized cages with a heating cushion underneath, and these mice
were returned to their respective cages on gaining consciousness
from anesthesia.
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Pain models

Chronic constriction injury of the sciatic nerve

Chronic Constriction Injury of the Sciatic Nerve (CCI) was
performed to establish the neuropathic pain model as previously
reported (Medeiros et al., 2021). Mice were anesthetized with
sodium pentobarbital (40mg/kg, i.p.). After fur removal and
disinfecting of the surgical area, blunt dissection was made to
expose the sciatic nerve at the mid-thigh level. Three
nonabsorbable 4-0 silks were lightly tied around the sciatic nerve
at intervals of 1.0mm. sham surgery was done without such
constrictive ligation as control. After suturing, erythromycin
ointment was applied locally on the wound opening. Lastly, the
mice were placed in sterilized cages with a heating cushion
underneath, and these mice were returned to their respective
cages on gaining consciousness from anesthesia.

Intraplantar complete Freund's adjuvant
Complete Freund’s adjuvant (CFA) was injected to establish
the inflammatory pain model, as previously reported (Larson
et al., 1986). Mice were injected subcutaneously with CFA (10 pl,
Beyotime China # P2036) into the plantar surface of the left hind
paw plantar (i.pl.) with a 20-gauge micro-injector. Controls were
injected with 10 pl saline at the same site of the hind paw.

Optogenetic stimulation

For optogenetic manipulations, optical fibers in VTA or NAc
were connected to a combined laser generator and stimulator
(Newdoon, Hangzhou, China), which was used to generate a
594 nm wavelength of the yellow laser, or a 473 nm of a blue laser,
with specific output patterns as described in the figures. The three-
time periods were selected for “Pre” (baseline observations),
“Light” (manipulation through the laser stimulus at 3 h after the
baseline readings were observed), and “Post” (4h post the
light stimulus).

Behavioral tests

Paw withdrawal latency

Paw withdrawal latencies (PWLs) were measured using the
Hargreaves test (Hargreaves et al., 1988) with the IITC plantar
analgesia meter (II'TC Life Science). In a quiet environment, these
mice were placed in polyethylene cages separately on a glass
platform and allowed to accommodate the apparatus for 1-2h. A
radiant heat source beneath the glass was used to stimulate the
plantar surface of the hind paw. Before testing, heat intensity was
adjusted to produce a baseline of 10-15s. A cutoff time was set at
255 to prevent tissue damage. Flinching, flicking, and trembling
were considered positive responses. The measurements were
triplicated at 10 min intervals, and the mean was calculated as
the PWL.
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50% paw withdrawal threshold

For the estimation of 50% paw withdrawal threshold (50%
PWT), the up- and down-method with von Frey filaments was
used. In brief, mice were placed in polyethylene cages separately
on an elevated metallic wire mesh platform. Before testing, mice
were allowed to acclimatize to the environment for 1-2h.
Testing started with the midrange filament of 0.16 g strength.
Subsequent filaments were proceeded according to the up-down
method, and 5 consecutive touches were applied at 5min
intervals for rest. The filaments were pressed against the plantar
surface and held for 3s. Positive responses were noted when
mice withdrew their hind paw during this time. Finally, 50%
PWTs were calculated as described in the previous study (Bonin
et al.,, 2014).

Open field test

Open field test (OFT) was conducted with a white plastic open
field apparatus (40 cm x40 cm). This field was artificially divided
into a 20 cm x 20 cm center zone and a rest peripheral zone. After
sterilization with 75% alcohol, mice were put into the center zone
and allowed to travel freely within 10min. The ANY-maze
tracking system recorded the traveling trace, the number of entries
into the center zone, and the time spent in the center zone for
each mouse.

Elevated plus maze

An elevated apparatus with a digital camera was used to
perform the EPM test. The maze, 70 cm above the floor, consists
of two open arms (30cmx5cm) and two closed arms
(30cm x 5cm) with 15 cm high opaque walls. When testing, mice
were placed in the center area facing an open arm and allowed to
travel freely for 5min. The traveling trace, number of entries into
the open arms, and time spent in the open arms for each mouse
were recorded by the ANY maze tracking system.

Sucrose preference test

Mice were singly housed in two identical leak-resistant bottles
containing tap water for 3 days before testing. On testing day, mice
first underwent water restriction for 8h. They were given two
identical leak-resistant bottles containing tap water solutions and
1% sucrose solutions. The two bottles of each mouse were
exchanged every 6 h. To facilitate the Clozapine-N-oxide (CNO)
delivery, the mice were placed under an inverted light/dark cycle,
where light onset occurs in the evening. As invasive injections of
CNO can manipulate the results, we used the oral route by first
dissolving Clozapine-N-oxide (CNO, 5mg) in 1 ml of 0.9% sterile
saline solution and refrigerating the stock solution at 4°C. On test
day, we filled the bottles with 10 ml of water +1% sucrose + CNO
(1 mg/kg) and 10 ml of water + CNO (1 mg/kg) for the subjected
mice, and the control group was placed without the presence of
CNO, but with 0.9% sterile saline (1 ml/kg), we noted both the
preference in 24 h cycle as reported (Zhan et al., 2019). Following
the testing, the percentage of sucrose solution intake was
calculated to reflect the sucrose preference.
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Immunohistology and confocal imaging

With deep anesthesia by sodium pentobarbital (40 mg/kg,
i.p.), mice were subjected to intracardial perfusion with 40 ml PBS,
pH 7.4, and 20 ml 4% PFA. Later, the brain samples were extracted
and postfixed in 4% PFA at 4°C for 6-8h, then kept in 30%
sucrose solution for 48 h. Coronal brain sections (40 mm thick)
were prepared by a frozen-section microtome (VT1000S, Leica
Microsystems). The brain sections with fluorescent protein
expression were directly covered, slipped in a mounting medium,
and envisioned by a laser scanning confocal microscope (LSM
880, Carl Zeiss). For the desired immunofluorescent staining, all
the sections were washed in PBS for 15 min, incubated with an
antigen retrieval solution (P0090, Biyuntian) for 5min, and
subsequentially blocked for a nominated period of 1 h with a PBS
solution containing 1% BSA and 0.25% Triton X-100. According
to the experimental needs of the respected protocols, the sections
were incubated with the primary antibodies overnight, including
mouse rabbit anti-c-Fos (1:500, 2,250, Cell Signaling Technology).
After being washed in PBS for 15 min, the sections were tagged
with secondary antibodies for 2h, like anti-rabbit Alexa-594
(1:200, A21207, Thermo Fisher Scientific). As controls, adjacent
sections were incubated without primary antibodies. Lastly, the
sections were mounted onto glass slides; images were obtained
using a confocal microscope (LSM 880, Carl Zeiss).

Electrophysiology

The brain was placed after the immediate decapitation at a
high concentration of sucrose solution at —4°C, and the brain
sheet containing 250 pm thick with VTA and NAc was cut with a
vibrating slice. The ingredients of high sugar artificial
cerebrospinal fluid are (mm): 254 Sucrose, 1.25 NaH,PO,, 10
D-Glucose, 24 NaHCO;, 3 KCl, 2 CaCl,, and 2 MgSO, (PH 7.35,
295-305 MOSM). The brain slice was placed in a 35°C artificial
cerebrospinal fluid (ACSF) with 95% O, + 5% CO, mixture for 1 h,
and after that, it was placed in 1.25 NaH,PO,, 10 D-Glucose, 24
NaHCO;, 3 KCl, 2 CaCl,, and 2 MgSO, (pH 7.35, 295-305
MOSM). After the glass microelectrode (3—-5 mQ) is sealed, the
discharge frequency is recorded in the Cell-Attach recording
mode. Filtering and collection of the MULTI CLAMP 700B
diaphragm amplifier were performed, and light stimulation was
given to validate the VTA glutamate neuron downstream toward
the NAc for the optogenetic viral vector.

Statistical analysis

All experiments were replicated in 3-8 mice of each group
with the same generation and age, with the data randomly
collected and processed. Mice were excluded from data collection
and analysis because of the following reasons: (a) because of
off-target or poor expression for virus vectors; (b) because of

Frontiers in Molecular Neuroscience

151

10.3389/fnmol.2022.1083671

health complications after surgical intervention (e.g., body weight
drops 20% in a day) and experimental failures; (c) because of the
mortality of mice. No data points were excluded after data
acquisition was accomplished. Data were analyzed offline, and
experimenters were not blinded to the experimental group during
the analyses. All data were expressed as the mean+SEM. The
statistical graph plot and data calculation were performed with
GraphPad Prism8. Two-way ANOVA with repeated measures
followed by Bonferroni post-tests was used to compare the
differences between the groups with multiple time points of “Pre,”
“Light” and “Post” Unpaired sample t-tests were performed in
comparing the differences between two groups, One-Way ANOVA
followed by the Dunnett’s post-tests were used in comparing the
differences between four groups. Statistical significance was
defined as p<0.05. Detailed descriptions can be found in the
figure legends. The number of cells expressing c-Fos is compared
by using Image-Pro. Plus (Version 6.0.260, Media Cybernetics,
United States).

Results

CCl surgery increased the excitation
level of the glutamatergic neurons
projected from VTA to NAc

We targeted VTA-Glutamatergic neurons and their axons by
injecting DIO-EYFP viral vector in the VTA of VGIuT2-Cre mice
(Figures 1A,B). We found that VTA glutamatergic projection to
NAc was localized predominantly in the shell area, and sometimes
these fibers are extended into the ventromedial shell and olfactory
tubercle (Figure 1C). Then, c-Fos staining was also performed in
the VGluT2-Cre mice to determine the neuronal activity in
response to painful stimuli. VTA sections were prepared from
sham or CCI mice on day 7 post-surgery. The staining results
showed that CCI surgery resulted in an increased number of the
c-Fos-positive cells in VTA, compared with their sham
counterparts (Figures 1D,E). The population of glutamatergic
neurons in VTA is reported to be less than other types of neurons
like GABA and DA, and we only wanted these glutamatergic
projections to be NAc-specific rather than VTA glutamatergic
projection to other brain regions in VGIuT2-Cre mice. We used
the CaMKII tracing method in the wild-type mice because
CaMKII was reported to colonize predominantly with the
glutamate neurons (Zhu et al., 2014; Basting et al., 2018; Liu et al.,
2020; Sheng et al., 2020; Zhang et al., 2020; Li et al., 2022). For this,
aretrograde CaMKIIa-CRE viral vector was injected into the NAc,
and DIO-EYFP was injected in the VTA of the wild-type mice
(Figure 1F). Confocal imaging confirmed that somatic bodies of
VTA glutamate neurons had axonal projections to NAc sections
were prepared from sham or CCI mice on the day 7 post-surgery
(Figure 1G). The firing rates of these VTA glutamatergic somatic
bodies were recorded using MULTI CLAMP 700B diaphragm
amplifier. We noted a significantly increased firing rate of the
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FIGURE 1

The neuropathic pain can induce hyperactivity in the VTA Glutamate neurons projecting to NAc. (A) Experimental timeline. For the
immunohistological expression, the DIO-EYFP viral vector was injected in the VTA brain region and VGIuT2-Cre mice were given 21days for the
expression of the virus before the CCl surgery. The c-Fos labeling was performed on day 7 after the sham or CCl surgery (unilateral sciatic nerve
ligation) in mice. (B) Schematic illustration depicting viral constructs and experimental surgery in VGlUT2-Cre mice. (C) Confocal image of VTA
somatic expression of DIO-EYFP (Scale bar=200pm) and VTA VGIUT2 fibers projecting to NAc (Scale bar=500pm and Scale bar=200um); these
fibers are highly concentrated in NAc shell. (D) Representative confocal images of VTA glutamatergic somatic cell bodies infected by DIO-EYFP
and stained with c-Fos of both sham (without nerve ligation) and CCl mice (unilateral sciatic nerve ligation); these images were demarcated as
DIO-EYFP only, c-Fos labeled only and merged image of DIO-EYFP infected somatic bodies coupled with c-Fos protein. Scale bar=200pm.

(E) Quantitative data regarding the comparison between c-Fos protein expression coupled with DIO-EYFP infected glutamatergic somatic cell
bodies of VTA brain region in the sham group vs. CCI group of the VGIuT2-Cre mice (n=12 slices/group from 3, 3 mice; **p<0.01, unpaired-
sample t-test). (F) Experimental timeline. For the immunohistological expression, retrograde CaMKIlla-CRE viral vector was injected in the NAc
brain region, DIO-EYFP viral vector was injected in the VTA brain region, and wild-type mice were given 21days for the expression of the virus
before the CCl surgery. The electrophysiological recordings for the firing rate were done on day 7 after the sham or CCl surgery (unilateral sciatic
nerve ligation) in wild-type mice. (G) Confocal images showing virus expression in the VTA somatic body and NAc axon terminals in the brain
region of wild-type mice infected by the viral vector of CaMKlla-CRE and DIO-EYFP for the labeling of the glutamatergic projections. Scale
bar=200pm and Scale bar=100pm. (H) Traces of firing activity of the glutamatergic somatic bodies of VTA (with axonal projections to NAc) in wild-
type mice. (I) Quantitative data regarding the firing activity of glutamate neurons in VTA (with axonal projections to NAc) of sham and CCl groups

10.3389/fnmol.2022.1083671

(24 neurons from 6, 6 mice, **p< 0.01, unpaired-sample t-test).

neurons in the CCI mice compared to its sham-controlled subjects
(Figures 1H,I). The data indicate that the glutamatergic projections
from VTA to NAc are involved in the chronic pain mechanism.

The photoinhibition of the glutamatergic
neurons projected from VTA to NAc
suppressed CCl-induced pain behavior

We wanted to investigate the pain-relieving effect of VTA
glutamatergic projections to NAc in the CCI-induced
neuropathic pain model of wild-type and VGluT2-Cre mice.
First, we used two different methods for manipulating the
VTA glutamatergic neurons with projections to NAc in wild-
type mice. For the somatic inhibition in mice induced by the
CCI surgery, A retrograde CaMKIIa-CRE virus was injected
into NAc. DIO-EYFP-NpHR injection with optical fibers
implantation was performed on the wild-type mice’s VTA
brain region. For the control groups, the DIO-EYFP was
injected in the VTA without the presence of NpHR
(Figure 2A). For terminal inhibition in mice induced by the
CCI surgery, a retrograde CaMKIIa-CRE injection with
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optical fibers implantation was performed onto the NAc brain
region, and DIO-EYFP-pHR was injected into VTA of the
wild-type mice. For the control groups, the DIO-EYFP was
injected in the VTA without the presence of NpHR. For
terminal inhibition in wild-type naive mice, a retrograde
CaMKIIa-CRE injection with optical fibers implantation was
performed onto the NAc brain region, and DIO-EYFP-NpHR
was injected into VTA of the wild-type mice, For the control
groups, the DIO-EYFP was injected in the VTA without the
presence of NpHR. For terminal activation in wild-type naive
mice, a retrograde CaMKIIa-CRE injection with optical fibers
implantation was performed onto the NAc brain region, and
DIO-EYFP-ChR2 was injected into VTA of the wild-type
mice, For the control groups, the DIO-EYFP was injected in
the VTA without the presence of ChR2.
electrophysiological stimulation was also done to verify the

Besides,

effective manipulation of the viral vector (Figures 2D,G).
Confocal imaging was performed for the viral expression in
VTA and NAc (Figures 2B,E). We noted that the mice had a
pain-reducing effect through optogenetic inhibition of VTA
glutamatergic projections to NAc in CCI mice infected with
DIO-EYFP-NpHR compared to control groups (Figures 2C,F).
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FIGURE 2

Inhibition of the glutamatergic neurons projected from VTA to NAc has relieved neuropathic pain in wild-type mice. (A) Experimental
timeline. Schematic illustration depicting viral constructs. For the somatic stimulation, a retrograde CaMKIlla-CRE viral vector was
injected in the NAc brain region and DIO-NpHR-EYFP injection with fiber implantation was performed on the VTA, wild-type mice were
given 21days for the expression of the virus before the CCl surgery, PWLs and 50% PWTs of the hind paws were assessed on day 7 after
CCl surgery in wild-type mice. (B) Representative confocal image for somatic virus expression in VTA of wild-type mice infected by the
viral vector of CaMKlla-CRE and DIO-NpHR-EYFP for labeling glutamatergic projections. Scale bar=200pm. (C) The quantitative
comparison of PWLs and 50% PWTs between the two groups (with and without light stimulation). Statistics show that PWLs of
CCI+NpHR group exhibited a significant increase in withdrawal latency during the somatic light stimulation period [Light phase]
compared with the CCI+EYFP group (n=8, 8 mice; ****p<0.0001), also 50% PWTs of CCI+NpHR group were also significantly increased
during the somatic light stimulation [Light phase] compared with the CCI+EYFP group (n=8, 8 mice; ***p<0.001) of the wild-type mice.
(D) 594nm yellow laser stimulation-induced inhibition of firing activity in VTA glutamatergic neuron expressing NpHR with axonal
projections to NAc (10mW, continuous stimulation). For the terminal light stimulation, a retrograde CaMKlla-CRE viral vector injection
with fiber implantation was performed in the NAc brain region, and DIO-NpHR-EYFP was injected into the VTA, wild-type mice were
given 21days for the expression of the virus before the CCl surgery, PWLs and 50% PWTs were assessed on day 7 after CCl surgery.

(E) Confocal images showing virus expression NAc axon terminals in the brain region of wild-type mice infected by the viral vector of
CaMKlla-CRE and DIO-NpHR-EYFP for labeling glutamatergic projections. Scale bar=200pm. (F) The quantitative comparison of PWLs
and 50% PWTs between the two groups (with and without light stimulation). Statistics showing that CCl+NpHR group exhibited a
significant increase in PWLs during the terminal light stimulation [Light phase] compared with the CCI+EYFP group (n=8, 8 mice;
***xp<(0.0001), 50% PWTs of CCl+NpHR group were also increased during the terminal light stimulation [Light phase] compared with
the CCI+EYFP group (n=8, 8 mice; ***p<0.0001) in wild-type mice. (G) For the somatic activation of this pathway, a retrograde viral
vector CaMKlla-CRE viral vector were injected in the NAc brain region and DIO-ChR2-EYFP or DIO-NpHR-EYFP was injected in the VTA
of naive mice, 473nm blue laser stimulation-induced excitation of firing activity in VTA glutamatergic neuron expressing ChR2 with
axonal projections to NAc brain region (473nm, 10Hz, 10ms; the validation of EYFP-NpHR viral was described previously for the somatic
inhibition) and wild-type mice were given 21days for the expression of the virus. (H) The comparison of PWLs and 50% PWTs between
the two groups (with and without light stimulation). Statistics showing that Naive + NpHR group exhibited a less significant increase in
PWLs during the somatic light stimulation [Light phase] compared with the naive group (n=7, 7 mice; *p<0.05), 50% PWTs of the Naive +
NpHR group also exhibited a less significant increase by the somatic light stimulation [Light phase] compared with the naive group (n=7,
7 mice; *p<0.05). (1) During the terminal activation, the quantitative comparison (with and without light stimulation) of PWLs and 50%
PWTs between the two groups showed Naive + NpHR group exhibited no significant difference in PWLs by the somatic stimulation
compared with the naive group (n=7, 7 mice; p>0.05), 50% PWTs of the Naive+ChR2 group also exhibited no significance with the naive
group (n=7, 7 mice; p>0.05) of the wild-type mice (All the readings were measured during 3 consecutive periods, and all the
comparisons were performed by the two-way ANOVA test followed by Bonferroni post-test).
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In addition, this inhibitory effect of the VTA glutamatergic
projections to NAc was bidirectional, as the somatic and
terminal stimulation both induce the same pain-relieving
effect of the neuropathic pain. The naive mice with artificial
inhibition of glutamatergic neurons projected from VTA to
NAc showed less elevation in the pain intensity. Surprisingly,
the activation of these neurons through DIO-ChR2-EYFP
could not induce any change in the thermal and mechanical
pain thresholds (Figures 2H,I). Although multiple types of
VTA VGIuT2 neurons may target the same output structure,
it has so far been shown that VGluT2-only neurons project to
the nucleus accumbens (Root et al., 2018). To further reveal
this, we injected DIO-EYFP-NpHR in VTA, and the optical
fibers were planted in the NAc brain region of VGluT2-Cre
mice induced by the CCI surgery (Figure 3A). Similar to the
results in wild-type mice, we found that optogenetic
inhibition of specific VTA glutamate projections to NAc
suppressed the thermal and mechanical pain threshold in
CCI mice (Figures 3B,C). Besides, artificial activation
through the DIO-ChR2 viral vector or inhibition through
DIO-NpHR of these VTA-NAc glutamate projections did not
affect the pain behavior in the naive VGluT2-Cre mice
(Figure 3D).

10.3389/fnmol.2022.1083671

The photoinhibition of glutamatergic
neurons projected from VTA to NAc
suppressed CFA injection-induced acute
and chronic inflammatory pain

Is the pain-reducing effect of suppressing VTA-NAc
glutamatergic projection sustained in acute and chronic
inflammatory pain? To answer this question, the short-term
and long-term CFA injection-induced pain models were
prepared as acute and chronic stages of pain reported
previously (Ling et al., 2020). For the somatic stimulation in
wild-type mice induced by the intraplantar hind paw injection
of CFA, a retrograde CaMKIIa-CRE virus was injected into
NAc, and DIO-EYFP-NpHR was injected with optical fiber
implantation on VTA. For terminal stimulation in wild-type
mice induced by the intraplantar hind paw injection of CFA,
a retrograde CaMKIIa-CRE was injected with fiber
implantation onto NAc, and DIO-EYFP-NpHR was injected
into VTA (Figure 4A). The data showed that inhibiting
VTA-NAc glutamatergic projection shows a decrease in pain
intensity at 3h and at 3days after CFA injection
(Figures 4B-E). For further confirmation, the VGluT2-Cre
mice induced by intraplantar hind paw injection of CFA were
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Inhibition of the glutamatergic neurons projected from VTA to NAc has relieved neuropathic pain in VGlUT2-Cre mice. (A) Experimental timeline.
Schematic illustration depicting viral constructs. For the terminal stimulation, DIO-NpHR-EYFP was injected in the VTA, the optical fiber was
planted at the NAc in VGIuT2-Cre mice, and mice were given 21days for the expression of the virus before the CCl surgery or before PWLs and
50% PWTs measurement in naive mice. PWLs and 50% PWTs of the hind paws were assessed on day 7 after CCl surgery in VGlUT2-Cre mice.

(B) The quantitative comparison of PWLs and 50% PWTs between the two groups (with and without light stimulation). Statistics showing that
CCI+NpHR group exhibited a significant increase in PWLs during the terminal light stimulation period [Light phase] compared with the CCI+EYFP
group (n=8, 8 mice; ****p<0.0001), 50% PWTs of CCI+NpHR group were also significantly increased during the terminal light stimulation [Light
phase] compared with the CCI+EYFP group (n=8, 8 mice; ***p<0.0001) in VGlUT2-Cre mice. (C) Confocal images showing virus expression in the
somatic bodies of VTA and terminal projection in NAc brain region of the VGIUT2-Cre mice. Scale bar=200pm and scale bar=200pm. (D) The
comparison of PWLs and 50% PWTs between the two groups of the naive mice (with and without light stimulation), Statistics showing Naive +
NpHR group exhibited no significant difference in PWLs and 50% PWTs compared with the Naive group (n=7, 7 mice; p>0.05) of the VGIUT2-Cre
mice (All the readings were measured during 3 consecutive periods and the comparisons were performed by the two-way ANOVA test followed
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FIGURE 4

Inhibition of this pathway can affect both short-term and long-term inflammatory pain in wild-type mice. (A) Experimental timeline. Schematic
illustration depicting viral constructs. For the somatic stimulation, a retrograde CaMKIlla-CRE viral vector was injected in the NAc brain region, and
DIO-NpHR-EYFP injection with fiber implantation was performed on the VTA, and wild-type mice were given 21days for the expression of the virus
before the ip.l. CFA injection. 50% PWTs and PWLs of the hind paws were assessed at 3h and day 3 after ip.l. CFA injection in wild-type mice.

(B) The quantitative comparison of PWLs and 50% PWTs between the two groups (with and without light stimulation). Statistics show that PWLs of
CFA+NpHR group exhibited a significant increase in withdrawal latency by the somatic light stimulation [Light phase] compared to the CFA+EYFP
group (n=8, 8 mice ****p<0.0001), also 50% PWTs of CFA+NpHR group were significantly increased during the somatic light stimulation [Light
phase] compared with the CFA+EYFP group (n=8, 8 mice; ***p<0.0001) of the wild-type mice after 3h of ip.l. CFA injection. (C) The quantitative
comparison of PWLs and 50% PWTs between the two groups (with and without light stimulation). Statistics showing that PWLs of the CFA+NpHR
group exhibited a significant increase in withdrawal latency during the somatic light stimulation [Light phase] compared with the CFA+EYFP group
(n=8, 8 mice ****p<0.0001). Also, 50% PWTs of CFA+NpHR group were significantly increased during the somatic light stimulation [Light phase]
compared with the CFA+EYFP group (n=8, 8 mice; ***p<0.0001) of the wild-type mice after 3days of ip.l. CFA injection. (D) For the terminal
stimulation, a retrograde CaMKlla-CRE viral vector injection with fiber implantation was performed on the NAc brain region, and DIO-NpHR-EYFP

the two-way ANOVA test followed by Bonferroni post-test).

was injected in the VTA. PWLs and 50% PWTs of the hind paws were assessed at 3h and day 3 after ip.l. CFA injection in wild-type mice. The
quantitative comparison (with and without light stimulation) of PWLs and 50% PWTs between the two groups. Statistics showing that PWLs of
CFA+NpHR group exhibited a significant increase in withdrawal latency during the terminal light stimulation [Light phase] period compared with
the CFA+EYFP group (n=8, 8 mice; ****p<0.0001). Also, 50% PWTs of CFA+NpHR group were significantly increased during the terminal light
stimulation [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001) of the wild-type mice after 3h of ip.l. CFA injection.

(E) Statistics showing that PWLs of CFA+NpHR group exhibited a significant increase in withdrawal latency during the terminal light stimulation
period [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001). Also, 50% PWTs of CFA+NpHR group were significantly
increased during the terminal light stimulation period [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001) of the wild-
type mice after 3days of ip.l. CFA injection (All the readings were measured during 3 consecutive periods, and the comparisons were performed by

used. We injected DIO-EYFP-NpHR in VTA, and the optical
fibers were planted on NAc in VGluT2-Cre mice (Figure 5A).
Inhibiting VTA-NAc glutamatergic projection among
VGluT2-Cre mice also showed a decrease in pain intensity at
3h and at 3 days after CFA injection (Figures 5B,C). These
data suggested that VTA glutamatergic projections to NAc are
equally effective in both acute and chronic inflammatory pain
states. In contrast, the optogenetic inhibition by DIO-EYFP-
NpHR or activation by DIO-EYFP-ChR2 of VTA
glutamatergic projections to NAc did not effect the pain state
in VGluT2-Cre mice.
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The inhibition of glutamatergic neurons
projected from VTA to NAc released
chronic pain-related anxiety

Previously researchers reported that animal subjects suffering
from chronic pain could develop anxiety-like behavior (Li et al.,
2014; Zhou et al.,, 2020; Liu et al., 2021). The open field and
elevated maze tests (Murasawa et al., 2020) were used for testing
anxiety 21days after CCI or sham surgery. For the somatic
stimulation in wild-type mice, a retrograde CaMKIIa-CRE virus
was injected into NAc, and DIO-EYFP-NpHR injection with fiber
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FIGURE 5
Inhibition of this pathway can affect both short-term and long-term inflammatory pain in VGIUT2-Cre mice. (A) Experimental timeline. Schematic
illustration depicting viral constructs. For stimulation, DIO-NpHR-EYFP was injected in the VTA, the optical fiber was planted at the NAc in VGLUT2-
Cre mice, mice were given 21days for the expression of the virus before the ip.l. CFA injection. PWLs and 50% PWTs of the hind paws were
assessed at 3h and day 3 after ip.l. CFA injection in VGluT2-Cre mice. (B) The quantitative comparison of PWLs and 50% PWTs between the two
groups (with and without light stimulation). Statistics showing that CFA+NpHR group exhibited a significant increase in PWLs during the terminal
light stimulation [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001), 50% PWTs of CFA+NpHR group were also
increased by the terminal light stimulation [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ***p<0.0001) in VGIuT2-Cre mice after
3h of ip.l. CFA injection. (C) The quantitative comparison of PWLs and 50% PWTs between the two groups (with and without light stimulation).
Statistics showing that CFA+NpHR group exhibited a significant increase in PWLs by the terminal light stimulation period [Light phase] compared
with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001), 50% PWTs of CFA+NpHR group were also increased during the terminal light stimulation
phase [Light phase] compared with the CFA+EYFP group (n=8, 8 mice; ****p<0.0001) in VGIuT2-Cre mice after 3days of ip.l. CFA injection (All the
readings were measured during 3 consecutive periods, and the comparisons were performed by the two-way ANOVA test followed by Bonferroni
post-test).
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implantation was placed on the VTA brain region, (Figures 6A,B).
Compared with the control subject, CCI surgery resulted in
decreased latency to enter the center area after being placed into
the apparatus, and the photoinhibition of VTA-NAc glutamatergic
pathway improved the exploratory behavior of CCI mice
compared to its control counterparts and sham groups
(Figures 6C,D). Besides this, the locomotion rate has not been
influenced among all the groups (Figures 6E,F). Secondly,
we performed the elevated maze test (EMT), 21 days after CCI or
sham surgery. Again, for the somatic stimulation in wild-type
mice, a retrograde CaMKIIa-CRE virus was injected into NAc,
and DIO-EYFP-NpHR was injected with fiber implantation
placed on VTA of the wild-type mice (Figures 6G,H). The EMT
showed that CCI surgery resulted in a decreased duration of time
spent and the number of entries in the open arms; the optogenetic
inhibition of VTA-NAc glutamatergic pathway rescued this
decrease among CCI-NpHR group significantly (Figures 61-K).
These data suggested that glutamatergic neurons projected from
VTA to NAc contributed to pain-related anxiety behaviors.

The inhibition of glutamatergic neurons
projected from VTA to NAc released
chronic pain-related depression

It was reported that pain-induced depression evolves after
pain has lasted at least 4-5weeks (Llorca-Torralba et al., 2022),
and the sucrose preference test is known for measuring stress-
induced anhedonia in mice (Li et al., 2017; Liu et al., 2018). The
intraperitoneal injection of CNO could create a bias in the
experiment, so we utilized the infusion of CNO by mixing it with
the desired solution as described previously (Zhan et al., 2019).
We injected retrograde CaMKIIa-CRE into NAc and EYFP-hM4D
(Gi) into the VTA of the wild-type mice (Figures 7A,B). The
sucrose preference was recorded within 24h among mice after
32 days of CCI surgery, and at the same time for the mice without
the CCI surgery. Compared to control group, CCI-induced pain
mice resulted in a reluctance and a significant decline in the
preference for drinking the 1% sucrose water. The chemogenetical
inhibition of the glutamatergic neurons projected from VTA to
NAc could significantly improve the sucrose preference among
mice suffering from CCI-induced pain compared to its control
counterparts (Figure 7C). These data suggested that glutamatergic
neurons projected from VTA to NAc contributed to pain-related
depression behaviors too (Figure 8).

Discussion

Pain triggers maladaptive changes within the mesolimbic
system (Massaly et al.,, 2016), leading to negative affective states
such as anxiety and other related behavioral changes (Sieberg et al.,
2018). The DA neurons in the VTA are considered the famous
therapeutic target for treating reward-related behaviors, such as
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drug addictions and mood disorders, due to their crucial roles in
directing reward-related responses. VTA GABA neurons have also
been found to regulate reward consumption, depression, stress, and
sleep by altering DA release from adjacent DA neurons, suggesting
that the function of VTA GABA neurons is partially dependent on
DA release. DA neurons are nominated explicitly for addiction
(Pascoli et al., 2015), and relatively fewer researchers have focused
on VTA glutamate signaling due to their intermittent existence in
the VTA. However, recent studies suggested that VTA glutamate
neurons regulate reward reinforcement, aversive behaviors,
wakefulness, and defensive behaviors. However, its role in pain and
related behavioral changes needs more detailed investigations.

In our study, we observed that glutamatergic neurons of VTA
had efferent inputs to the NAc, which was constant in the previous
study (Qi et al., 2016), and these VTA glutamatergic projections
to NAc could be triggered for an increased firing rate and neuronal
activity by inducing pathological pain of chronic constrictive
injury providing a well-defined proposal that these glutamatergic
projections from VTA to NAc also contributes to pain.

Acute activation of VTA glutamatergic terminals in the LHb,
VP, and NAc induces self-stimulation and aversion through
glutamate-mediated action (Qi et al., 2016), and the local VGluT2
levels in the nucleus accumbens are reported to remain unaltered
in the pain state (Yamaguchi et al., 2007). In contrast, another
report suggested that VGIuT2 expression is essential in pain
behavior (Scherrer et al., 2010). We found that activation of both
CaMKII coupled and VGIuT2 projections of VTA had
no-significant changes in pain behavior. Still, in comparison, the
inhibition of these projections can induce pain relief effects for
both acute and chronic pain. In our idea, the VGluT2 inputs from
VTA produce an inhibitory response to pain behavior by creating
a rewarding aspect of relief in NAc (Harris and Peng, 2020).

People with chronic pain have three times the average risk of
developing psychiatric symptoms like anxiety disorders and
depression (Woo, 2010; Wilmer et al., 2021). Measurements of
anxiety with chronic pain also show a strong association with
depression. Neuropathic pain, initiated by constriction of the
sciatic nerve, can induce anxiety-like behavior in mice, and the
mice could develop a fear (Kamonseki et al., 2021). VTA-glutamate
neuronal activity response to innate threatening stimuli (Barbano
et al, 2020) and inhibitory response of NAc local glutamate
receptors can prevent depressive symptoms. Moreover,
neuropathic pain can induce anxiety, depression, and pain-related
fear (Bagot et al., 2015; Xu et al., 2020). Our finding also proposed
that chronic pathological pain can cause anxiety-like fear behavior
in mice which can be reduced by inhibiting VTA glutamate
projections to NAc. We can propose that this can be due to the way
VTA glutamate neurons regulates the activity of D1 and D2
receptors in NAc (Sato et al.,, 2022) and inhibition of the D2
receptor alone can reduce the pain behavior among mice
(Supplementary Figure 1). Another proposal could be the
interneurons signaling in dopamine/glutamate interaction at
different sites for behavioral responses (Richard and Berridge,
2011; Xiao et al., 2021). However, it is still unclear how the
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FIGURE 6

Inhibition of glutamatergic neurons projected from VTA to NAc decreases anxiety and improves the exploratory behavior of mice. (A) Experimental
timeline. Schematic illustration depicting viral constructs. For the somatic stimulation, a retrograde viral vector CaMKlla-CRE viral vector was
injected in the NAc brain region and DIO-NpHR-EYFP was injected in the VTA, and the optical fibers were also planted at the VTA, mice were given
21days for the expression of the virus before the CCl or sham surgery. OFT was performed on day 21 after CCl surgery was established by the
ligation of sciatic nerve and sham was produced with only an incision but without the ligation of sciatic nerve in wild-type mice. (B) Illustrated
design of the field area for the OFT behavioral tests. (C) Tracing image of Sham + EYFP, Sham + NpHR, CCI+EYFP, and CCI+NpHR groups defining
the roaming field of mice in different time periods. (D) The quantitative comparison regarding the time spent in the center zone by the groups of
Sham + EYFP, Sham + NpHR, CCI+EYFP and CCI+NpHR (with and without light stimulation). Statistics showing that there is a significant difference
regarding time duration spent in the center zone of CCI+NpHR group compared with the CCI+EYFP group (n=8, 8, 8, 8 mice; *p<0.05) but no
significant difference compared to Sham + EYFP and Sham + NpHR (n=38, 8, 8, 8 mice; p>0.05) during the light stimulation period [Light phase].
(E) The quantitative comparison regarding distance traveled by the groups of Sham + EYFP, Sham +N pHR, CCI+EYFP, and CCI+NpHR. Statistics
showing that all the groups showed no statistical difference in any time period. (n=8, 8, 8, 8 mice; p>0.05). (F) The quantitative comparison
regarding speeds of Sham + EYFP, Sham + NpHR, CCI+EYFP, and CCI+NpHR. Statistics showing that all the groups showed no statistical
difference in any time period. (n=8, 8, 8, 8 mice; p>0.05). (G) Experimental timeline. Schematic illustration depicting viral constructs. For the
somatic stimulation a retrograde viral vector CaMKlla-CRE viral vector was injected in the NAc brain region and DIO-NpHR-EYFP was injected in
the VTA, the optical fiber was also implanted at the VTA, mice were given 21days for the expression of the virus before the CCl or sham surgery.
EMT was performed on day 21 after CCl surgery in wild-type mice. The ligation of sciatic nerve established the CCl pain model. Sham was
produced with only an incision but without sciatic nerve ligation. (H) Illustrated design regarding the arms of elevated maze. (I) Tracing image of
Sham + EYFP, Sham + NpHR, CCI+EYFP, and CCI+NpHR groups defining the roaming field of mice in different time periods. (J) The quantitative
comparison regarding the number of entries in the open arms of elevated maze by the mice of the groups of Sham + EYFP, Sham + NpHR,
CCI+EYFP, and CCI+NpHR (with and without light stimulation). Statistics show that CCI+EYFP group exhibited a significant decrease in the
number of entries in open area compared with CCI+NpHR group (n=8, 8, 8, 8 mice; ***p<0.001), but CCI+NpHR had no significant difference
compared to Sham + EYFP, Sham + NpHR during the somatic light stimulation [Light phase] (n=8, 8, 8, 8 mice; p>0.05). (K) Statistics showing that
CCI+EYFP group exhibited a significant decrease in the time spent in open area compared with CCI+NpHR group (n=8, 8, 8, 8 mice; **p<0.01),
but CCI+NpHR had no significant difference compared to Sham + EYFP, and Sham + NpHR during the somatic light stimulation [Light phase]
(n=8, 8, 8, 8 mice; p>0.05; all comparisons were done by two-way ANOVA test followed by Bonferroni post-tests).

VTA-NAc-specific molecular mechanisms modulate pain Our study has some limitations. Firstly, this only defines the
perception. Future studies could use the projection- and cell-type- role of VTA glutamatergic inputs to the NAc brain region. We have
specific gene analysis techniques and live single-cell sequencing planned future studies to compare different brain regions and
techniques for further exploration. types of neurons like DA and GABA for a comparative outcome.
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(A) Experimental timeline. Schematic illustration depicting viral constructs. For the chemogenetic stimulation a retrograde CaMKIla-CRE viral
vector was injected in the NAc brain region, and DIO-hM4D(Gi)-EYFP was injected in the VTA, mice were given 21days for the expression of the
virus before the CCl surgery, the sucrose test was performed at the 32days post-surgery in the CCl-induced mice along with the mice without
CCl surgery. (B) The illustration of the oral route of CNO infusion, CNO was mixed with water and 1% sucrose solution and the control group fluids
were prepared without the presence of CNO drug. (C) Statistics data showing that CCI+Gi+Saline exhibited a significant decrease compared with
CCI+Gi+CNO, Gi+Saline and Gi+CNO (n=7, 7, 8, 8 mice; *p<0.05) during the testing of sucrose preference of 24h (All the data were measured by

one-way ANOVA followed by the Dunnett's test).

Pain & Anxiety

FIGURE 8

Glutamate Neuron

Schematic of theoretical pathway involvement in pain and pain-related behavior. Illustrated figure shows the VTA glutamate afferents to the NAc.
These projections played a role in causing unrest and anxiety-like psychological mood change among the subjected mice suffering from pain
stimuli. When these projections are silenced, it can relieve the mice from pain and pain-induced anxiety.

In our study, we used CCI pain as the primary pain model for all
the anxiety and depressive changes that could cause different
approaches in molecular-level mechanisms of CFA. We presumed
that the behavioral response remains the same as reported in a
study done previously (Zhou et al., 2021). Third, although D2
receptors positive neurons in the NAc contributed to the pain
behavior, we did not examine the directed role of the glutamatergic
inputs from VTA on these subtype neurons in the pain and pain-
related behaviors, which needs to be further investigated.

Conclusion

We can summarize that VTA glutamatergic neurons with
projections to NAc are as critical as the role of dopamine neurons
in pain and pain-induced anxiety. We proposed that this inhibitory
pathway could reduce the dopamine-only mediated side effects
observed in recreational and clinical settings. The study is one of
the first to discover the inhibition role of the VTA-glutamatergic
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pathway in pain mechanism and nociceptive induce anxiety. It
may enlighten further studies focusing on understanding the
multiple functions of VTA glutamatergic neurons.
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SUPPLEMENTARY FIGURE 1

Optogenetical inhibition of NAc D2 MSNs suppressed pain behavior. (a)
Experimental timeline. Schematic illustration depicting viral constructs,
mice were given 21days for the expression of the virus. For the stimulation,
DIO-NpHR-EYFP was injected in the NAc and optical fiber was planted at
the NAc in D1-Cre/D2-Cre mice. (b) PWLs (n=8, 8) and 50% PWTs (n=8, 8)
were measured during three consecutive periods with or without 594nm
laser stimulation in D1-Cre mice exhibited no significant difference (n=8, 8
p>0.05). (c) The quantitative comparison of PWLs and 50% PWTs between
the two groups. Statistics showing that PWLs (n=8, 8 ****p<0.0001) and
PWTs (n=8, 8 ****p<0.0001) exhibited a significant decrease in PWLs and
50% PWTs measured during 3 consecutive periods during laser stimulation
[Light phase] in D2-Cre mice. All the readings were measured during 3
consecutive periods and all the comparisons were performed by two-way
ANOVA test followed by Bonferroni post-test.

SUPPLEMENTARY FIGURE 2

Neuronal Activity of Glutamate neurons was intact in the chronic pain
stage. (a) Experimental timeline. For the immunohistological expression.
(b) The DIO-EYFP viral vector was injected in the VTA brain region and
mice were given 21days for the expression of the virus before the CCl
surgery and immunohistological and confocal imaging was performed
30days after CCl surgery. (c) Confocal image of VTA somatic expression
of DIO-EYFP in VGIuT2-Cre mice (Scale bar=200um).
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Ultrasound-guided anterior
iliopsoas muscle space block
effectively reduces intraoperative
hypotension in elderly adults
undergoing hip surgery: A
randomised controlled trial

Qingyu Teng¥, Chengyu Wang®, Jing Dong?, Hai Yan?, Moxi Chen'
and Tao Xu®#*

!Department of Anaesthesiology, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine, Shanghai, China, 2Department of Anaesthesiology, Suzhou Hospital of Anhui
Medical University, Suzhou, Anhui, China

Background: Hypotension often occurs during hip surgery in elderly adults with
conventional posterior lumbosacral plexus block.

Purpose: We conducted a randomised controlled trial to determine if simple iliopsoas
space block can lower the incidence of intraoperative hypotension (IOH) and provide
sufficient perioperative pain relief during hip fracture surgery in elderly adults.

Methods: Patients undergoing surgery for elderly hip fracture were randomised to
receive either an anterior iliopsoas space block with a lateral femoral cutaneous
nerve block or a posterior lumbosacral plexus block. The primary outcome was a
composite measure of IOH incidence comprising frequency, absolute and relative
hypotension durations.

Results: Compared to the posterior group, the iliopsoas space block group had
a decreased median frequency of IOH [1.09 (0-2. 14) vs. 3 (1.6-4.8), p =0.001,
respectively] along with lower absolute [5 (0—10) min] and relative [minutes below
systolic blood pressure of 100 mmHg in % of total anaesthesia time, 6.67 (0—7.65)]
duration of IOH compared to the posterior group [35 (10-45) min, p=0.008; 37.6
(12.99-66.18), p=0.004, respectively]l. The median pain levels in the post-anaesthesia
care unit and median intraoperative sufentanil usage were comparable between the
iliopsoas space group [2 (1-3); 8 (6—10) pgl and posterior group [1 (0-3); 5 (5-8) pgl.
Thermal imaging revealed that the limb injected with the iliopsoas space block had
a higher skin temperature than the unblocked limb in the sacral plexus innervated
region.

Conclusion: A single iliopsoas space block lowers the IOH incidence and provides
comparable perioperative analgesia to conventional lumbosacral plexus block.

Clinical Trial Registration: Trial registration at
(ChiCTR2100051394); registered 22 September 2021.

www.chictr.org.cn

KEYWORDS

hip fracture surgery, iliopsoas space block, intraoperative hypotension, perioperative
analgesia, lumbosacral plexus block
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Introduction

One of the most common fractures in senior people are hip
fractures, which affect millions of people every year, causing pain,
disability, and socioeconomic difficulty (Tajeu et al., 2014). The best
therapy for hip fracture, particularly in the elderly, is internal fixation
and arthroplasty, which permits early ambulation and decreases the
likelihood  of  fracture (Bhandari
Swiontkowski, 2017).

For hip fracture surgery, in addition to endotracheal-intubation,

consequences and

general and spinal anaesthesia, the lumbosacral plexus combined with
laryngeal-mask general anaesthesia is currently widely promoted,
especially for high-risk patients (de Visme et al., 2000; Ho and
Karmakar, 2002; Strid et al., 2017). Compared with the previous two
techniques, conventional posterior lumbosacral plexus block with
laryngeal-mask general anaesthesia provided adequate pain relief
during surgery, shortened hospital stays, and decreased mortality
(Chen et al.,, 2018; Scurrah et al., 2018). However, the posterior
lumbosacral plexus also has some disadvantages, such as multiple
puncture injections, turning over to change the patient’s position, and
intraoperative hypotension (IOH; Aksoy et al., 2014; Zhang et al,,
2022), which may be due to the diffusing local anaesthetics into the
epidural area, sympathetic nerve block, or excessive analgesia (Lee and
Braehler, 2017).

IOH is often used to characterise arterial hypotension in patients
undergoing surgery under general anaesthesia (Bijker et al., 2007). In
patients undergoing general surgery, neurological surgery, geriatric hip
surgery, or cardiovascular surgery, reductions in arterial blood pressure
below the lower limit of the vascular autoregulation curve are related
to ischemia of vital organs (Bayliss, 1902; Mosher et al., 1964; Harper,
1966) and adverse organ outcomes (e.g., myocardial injury, stroke, and
acute renal injury; Bijker et al., 2012; Aronson et al., 2013; Walsh et al.,
2013). In addition, IOH is connected with prolonged hospital stays,
surgical morbidity (Tassoudis et al., 2011), and even death (Monk
etal., 2015).

Previously, we proposed the iliopsoas space block technique to
provide equivalent analgesic effects to the traditional posterior
lumbosacral plexus approach (Dong et al., 2021), which was still
paired with sacral plexus block of the supine posture. The lumbosacral
trunk walks below the psoas major and above the sacroiliac joint
(Miniato and Varacallo, 2022); therefore, bolus injection of regional
anaesthetic into the iliopsoas space could theoretically block the
lumbosacral trunk by spreading around the psoas major space. In this
randomised clinical trial, it was hypothesised that the single iliopsoas
muscle space block might provide older patients undergoing surgical
repair for hip fractures with a decreased incidence of IOH and better
analgesia traditional lumbosacral

comparable to posterior

plexus block.

Materials and methods
Study design

Between October 2021 and August 2022, we performed a double-
blind, randomised, controlled trial to compare the hemodynamic effects
of ultrasound-guided iliopsoas block and posterior lumbosacral plexus
block in elderly patients with hip fractures undergoing surgery. The
Shanghai Sixth People’s Hospital Ethics Committee (Ethical Committee
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Number 2021-221) approved the trial, which was registered at'
(ChiCTR2100051394, principal investigator: Tao Xu).

Study population

Between October 2021 and August 2022, patients aged >65 years,
with American Society of Anaesthesiologists (ASA) physical status class
I-11I and scheduled for unilateral hip surgery under general anaesthesia
were recruited. All participants or their legal representatives gave their
written, informed permission. Infection at the puncture site, history of
hip surgery, preexisting neurological deficiency in the lower extremities,
contraindications for regional anaesthesia, history of allergy to local
anaesthetics, coagulopathy, substance addiction, or daily use of
analgesics were exclusion criteria. Patients who refused to cooperate
with the researchers were excluded from the study. Most surgeries for
hip fractures took <2 h, while those that took longer were also excluded
from the study.

Randomisation

All individuals were randomly assigned to either the iliopsoas
muscle space group or the posterior lumbosacral plexus group by a
physician not blinded to the experimental condition. Every ultrasound-
guided nerve block was administered by a professional anaesthesiologist.
The next step was conducted by a research coordinator or investigator
who was blinded while collecting the data.

Anaesthetic management

All patients underwent fasting according to the ASA guidelines
and were not premedicated. A peripheral intravenous access was
established as well. The nerve block was administered by a senior
anaesthesiologist with >10 y of expertise in ultrasound-guided nerve
blocks. The skin of the block region was cleansed with iodophor and
both the sterile window sheets and probe were covered with sterile
drapes. A standardised amount of local anaesthetic was administered
utilising ultrasound guidance and a portable ultrasound system
(M-Turbo; SonoSite, Bothell, WA), a 2- to 5-MHz curved array
transducer, and a 22-G needle (KDL; Shanghai KDL Medical
Instruments, China). The impact and scope of the nerve blocks were
assessed and documented. Using thermal imaging and infrared (IR)
cameras (FLIR Systems, Wilsonville, OR), we measured bilateral lower
limb skin temperature 20 min after completion of nerve block, based
on previous research regarding the onset time of nerve block (Dong
etal., 2021).

In the posterior lumbosacral plexus group, the lumbar plexus block
was conducted using 30ml of 0.333% ropivacaine at L2-3 and L3-4
utilising a longitudinal paravertebral scan and out-of-plane injection
approach, as described by Kirchmair et al. (2001). As documented by
Bendtsen et al. (2014), the patients also underwent a sacral plexus block
consisting 30 ml of 0.333% ropivacaine. In accordance with our previous
procedure, a transverse-section ultrasound scan was used to guide the

1 http://www.Chictr.org.cn
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placement of 50ml of 0. 333% ropivacaine in the lower region of the
abdominal wall, 3-4 cm medial to the anterior superior iliac spine in a
spine position (Figure 1; Dong et al., 2021) along with a lateral femoral
cutaneous nerve block using 10ml of 0.333% ropivacaine, as described
by Thybo et al. (2016).

Propofol (2-3 mg/kg) and sufentanil (5pg) were subsequently
administered to establish general anaesthesia, and a laryngeal-mask
airway (Auraonce; Ambu, Xiamen, China) was implanted. Sevoflurane
administration and spontaneous breathing helped maintain the
minimum alveolar concentration of sevoflurane between 0.8 and 1.
Intraoperatively, a bolus dose of 2-3 pg of sufentanil was administered
if the surgical stimuli caused an increase of 10 beats per minute (bpm)
in heart rate or an increase of 20 mmHg in systolic blood pressure
(SBP) at baseline. Sufentanil was adjusted to keep the respiratory
rate<20bpm. The entire intraoperative sufentanil dosage was
documented. During the perioperative phase, SBP, diastolic blood
pressure (DBP), mean arterial pressure (MAP), heart rate (HR), and
pulse oxygen saturation were recorded with invasive arterial blood-
pressure monitoring.

The anaesthesiologist immediately delivers 3-5mg ephedrine or
30-60 pg phenylephrine intravenously whenever IOH occurs, SBP
<100mmHg. The anaesthesiologist will administer 0.4-0.5mg of
atropine intravenously when the patient’s heart rate falls below 50 beats
per minute. All cardiovascular drugs used during the surgery
were documented.

Every patient was admitted to the post-anaesthesia care unit
(PACU) after surgery. The nursing personnel and a study coordinator
blinded to conditions assessed the pain score 60 min after surgery. Using
a visual analogue scale (VAS) ranging from 0 to 10, pain ratings were
assessed (0=no pain, 10 =greatest agony). In the PACU, opioids were
given intravenously as necessary.

10.3389/fnmol.2023.1119667

Outcomes

The definition of IOH remains controversial (Filiberto et al., 2021).
Based on the Perioperative Quality Initiative (POQI) statement (Sessler
etal., 2019) and related studies, we defined IOH as a SBP <100 mmHg
(Weinberg et al., 2022). As primary endpoints, a composite measure of
IOH incidence, including frequency, absolute duration, and relative
duration (percentage of total anaesthesia time), was established for this
investigation, as stated by Schneck et al. (2020), while secondary
endpoints included the pain score recorded 60 min after surgery and
perioperative sufentanil dose.

Sample size

Based on the clinical data from our studies, we deemed a difference
(confidence interval) of 2 in the frequency of IOH to be statistically
significant. Assuming a standard deviation (SD) of 1.75 in each group,
36 participants would give 90% power to deliver an iliopsoas space
block, which is related with a lower incidence of IOH than a lumbosacral
posterior plexus block for senior hip fractures. Considering a drop-out
rate of 20%, 44 patients were required to be enrolled in this study.

Statistical analysis

Demographic information, clinical features, and hemodynamic
data were included in descriptive statistics. Non-normally distributed
variables are shown as medians and interquartile ranges, as opposed
to means and SDs for regularly distributed data. Numeral and
percentage representations of categorical variables are used.

FIGURE 1

Ultrasound-guided anterior iliopsoas muscle space block. I: ilium; IM: iliac muscle; LST: lumbosacral trunk; PM: psoas muscle; SJ: sacroiliac joint; AS: alae

sacralis
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Independent Student’s t-tests were used to analyse differences in main

outcomes across groups for continuous variables, while
non-parametric tests were used for nominal variables. The significance
threshold was fixed at p <0.05. GraphPad Prism 6 was used to conduct
statistical analysis (GraphPad Software, San Diego, CA). Two
one-sided test (TOST) protocols were used to assess the secondary
outcome across groups and determine if they were equivalent (2

equivalency margin).

Results

This research involved 48 individuals. Four individuals were
excluded, and 44 patients were finally recruited in the trial (Figure 2).

10.3389/fnmol.2023.1119667

Six were excluded from analysis as the procedure lasted >2h; 38
patients were included in the final analysis: 21 in the iliopsoas muscle
space group and 17 in the posterior lumbosacral plexus group.
Table 1 provides a summary of patient characteristics for the
two groups.

Iliopsoas muscle space block reduces the
incidence of IOH

The IOH frequency was considerably lower in the iliopsoas space
block group than that in the posterior lumbosacral plexus group {all
values in median interquartile [IQR] and shown as numbers of
hypotensive events per hour (n/h); 1.09 (0-2.14), 3 (1.6-4.8); p=0. 001,

Enrolment ] [Assessed for eligibility (n=4s)

Randomised {z = 44) H

Excluded (n= 4):
Age under 50 (z = 2)
History of hip surgery (z =1)
Spinal disease (z= 1)

(n=1)

A

' P\
[ Analysed (z = 21) ] ‘ foalvsis
FIGURE 2

CONSORT flow diagram.

i]iupsoaim I:::::lre space ‘ Allocation Posterior
group (n = 22) LT lumbar plexus group (z = 22)
Operative duration > 2 ‘ Follow-up Unable to co-operate (n = 2)

Operative duration > 2 h (z =3)

b

[ Analysed (z=17) ]

TABLE 1 General patient and surgery characteristics.

lliopsoas space group

Posterior lumbosacral

Characteristics (n=21) plexus group (n=17) p value
Sex, F (M) 12 (9) 7 (10) 0.328
Height (cm) 160.00+7. 16 164.00+7.25 0.097
Weight (kg) 58.38+10. 41 60.71+10. 05 0. 492
BMI (kg/m?) 22.84+3.98 22.47+2.63 0.745
Age (years) 73.33+13.10 76.76+9.13 0. 367
Operation duration (min) 59.05+24.18 62.94+18.88 0.591
Duration of general anaesthesia (min) 76.57+31.46 79.00+20. 40 0.785
PACU 1-h VAS score 2(1-3) 1(0-3) 0.279
Perioperative propofol dose (mg) 130 (110-160) 130 (102-150) 0.554
Perioperative dose of sufentanil (ug) 8(6-10) 5(5-8) 0.176

Data are expressed as mean + SD or median (interquartile range). SD: standard deviation; BMI: body mass index; VAS: visual analogue scale; PACU: post-anaesthesia care unit.
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respectively}. In comparison to the posterior lumbosacral plexus group,
the iliopsoas space block group had considerably shorter absolute [5
(0-10) min, 35 (10-45) min; p=0.008, respectively] and relative
[minutes below SBP 100mmHg in % of total anaesthesia time, 6.67
(0-17.65), 37.6 (12.99-66.18); p=0.004, respectively] durations of IOH
(Figure 3; Table 2). However, neither the number nor the duration of
events (SBP<90mmHg) differed

hypotension substantially

between groups.

Pain scores in the PACU

Receivers of a posterior lumbar plexus block (#=17) had a median
IQR pain score of 1 (0-3), whereas those receiving an iliopsoas muscle
space block (1 =21) received a score of 2(1-3), resulting in a group
difference of —1 (95% confidence interval [CI], —0.614 to 2.065;
p=0.279; Figure 4). Since the CI fell within the predetermined range
of-2.0 to 2.0, the effects of the two therapies on postoperative pain were
comparable. Using the non-parametric TOST, equivalence was
measured (Figure 5).

10.3389/fnmol.2023.1119667

Perioperative sufentanil usage

Sufentanil was administered in the iliopsoas space block group at a
median IQR dose of 8 (6-10) pg and in the posterior group at a median
IQR dose of 5 (5-8) ug (Table 1). There was no significant difference
between the two groups (p=0.176) indicating that both the iliopsoas
space block and posterior lumbosacral plexus block may be useful for
providing analgesia during hip surgery.

Iliopsoas space block’s blocking range

FLIR imaging revealed the body surface temperature at the same
selected points on the patients’ blocked and unblocked sides. The
selected point temperature of the heel (sacral plexus innervation area)
on the nerve-blocked side was 26.3°C while that of the unblocked side
was 24.8°C. The temperature at the base of the foot (sacral plexus
innervation area) on the blocked side was 25.7°C and that on the
unblocked side was 23.4°C. The temperature at selected points of the
distal femur (lumbar plexus innervation) on the nerve-blocked side was
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FIGURE 3

**p<0.01.

T T
iliopsoas space group  posterior lumbosacral plexus group

Graphs demonstrating the frequency (A), absolute (B), and relative duration (C) of hypotensive events in the study. IOH: intraoperative hypotension.

T T
iliopsoas space group  posterior lumbosacral plexus group

TABLE 2 Overview of primary endpoint parameters.

lliopsoas space group

Posterior lumbosacral

Characteristics (n=21) plexus group (n=17) P value
Frequency of IOH, n/h 1.09 (0-2. 14) 3(1.6-4.8) 0.001%*
Absolute duration of IOH (min) 5(0-10) 35 (10-45) 0. 008%*
Relative duration of IOH% 6.67 (0-17.65) 37.6(12.99-66. 18) 0. 004%*
Number of hypotension (SBP <90 mmHg) 0(0-1) 1(0-2) 0.238
Duration of hypotension (SBP <90 mmHg) (min) 0 (0-5) 5(0-15) 0.181
Number of hypotension (SBP < 100 mmHg) 1(0-2) 4(2-4) 0. 001%*
Duration of hypotension (SBP < 100 mmHg) (min) 5(0-10) 35 (10-45) 0. 008**
Surgery type (no. of cases) 0.264
Total hip arthroplasty 10 10

Hemi-arthroplasty 7 3

Internal fixation of intertrochanteric fracture of femur 0 2

Internal fixation of intertrochanteric fracture of femur 2 0

Internal fixation of femoral neck fracture 2 2

Values are shown as median [interquartile range] or number. n/h: numbers of hypotensive events per hour; IOH: intraoperative hypotension; SBP: systolic blood pressure. **p <0.01.
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27.2°C and that on the unblocked side was 26°C. The medial (lumbar
plexus innervation region) side of the thigh had a temperature of 29.5°C
whereas the unblocked side had 28.9°C. The darker the colour of the
corresponding region, the lower the temperature. After the nerve block,
the blocked sacral plexus innervation area (sciatic innervation area) had
a brighter colour, indicating a higher skin temperature and nerve
blockage, compared to the unblocked side (Supplementary Figure 1).
After the nerve block was administered, the limb skin temperature of
the region innervated by the femoral nerve, obturator nerve, and sciatic

L4

T
iliopsoas space group posterior lumbosacral plexus group

FIGURE 4

Effect of either an anterior iliopsoas space or posterior lumbosacral
plexus block on postoperative pain after hip surgery with an injection
of 0.33% ropivacaine. Data are expressed as median [interquartile
rangel. The 95% confidence intervals for the estimated group
differences were prespecified tolerances and therefore deemed
equivalent. VAS, visual analogue scale.

10.3389/fnmol.2023.1119667

nerve was higher on the blocked side than on the unblocked side,
indicating that both the lumbar plexus and lumbosacral trunk were
successfully blocked.

Discussion

Building on our previous work (Dong et al., 2021), we compared
the incidence of hypotension and analgesic effects of a single iliopsoas
space block to those of a posterior lumbosacral plexus block in hip
surgery. Significantly lesser IOH occurred in the iliopsoas plexus group
than in the posterior lumbosacral plexus group. In addition, the pain
relief after surgery was comparable across groups, indicating that a
single iliopsoas space block not only minimises the incidence of IOH
but also has the same pain-relieving effect as a posterior lumbosacral
plexus block.

Posterior lumbosacral plexus block is often utilised in hip surgery;
however, IOH frequently occurs and has unanticipated outcomes
(Aksoy et al., 2014; Zhang et al., 2022). Evidence has demonstrated that
longer periods of SBP < 100 mmHg following non-cardiac surgery are
related with an increased risk of organ damage and death (Sessler et al.,
2019). Based on Weinberg et al. (2022), 153 studies (48.1%) did not
include any duration variable in the definition of hypotension; however,
IOH should be defined using the absolute values indicated in the POQI
statement (Sessler et al, 2019); that is, MAP <60-70mmHg or
SBP < 100 mmHg. Accordingly, we defined IOH as SBP < 100 mmHg in
the current study. Here, we demonstrated that the incidence of IOH
considerably decreased in elderly patients undergoing hip fracture
surgery using an iliopsoas space block compared to the posterior
lumbosacral plexus block.

Possible causes of IOH after traditional posterior lumbosacral
plexus block include nerve root block, local anaesthetics’ epidural space

LEL

UEL

-0.37, P<0.01

1.82, P=0.03

0.73 ‘

95% CI ‘

3 -1

FIGURE 5

postoperative pain were comparable.

Equivalent test results of iliopsoas muscle space group and posterior lumbar plexus group. Cl: confidence interval; LEL: lower equivalence limit; UEL: upper
equivalence limit. Using the non-parametric TOST, the Cl fell within the predetermined range of —2.0 to 2.0, the effects of the two therapies on
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diffusion, sympathetic nerve block, and excessive analgesia (Lee and
Braehler, 2017). When performing a lumbosacral plexus block, if the
needle point is placed extremely near the foraminal opening, the
medication may transfer down the foraminal to the epidural area,
resulting in an epidural block (Lee and Braehler, 2017). Furthermore,
since the lumbar sympathetic nerve is positioned between the
anterolateral lumbar vertebrae and the medial psoas major muscle
(Feigl et al., 2011), it may be blocked simultaneously during the lumbar
plexus block. Above all, a lumbosacral plexus block may cause blood
vessel dilation of the lower extremities and blood pressure decline,
which happens in up to 81% of non-cardiac procedures and is related
with a higher 30-day death rate (van Waes et al., 2016). A single anterior
iliopsoas space block can effectively avoid these potential problems.
With this newly introduced technique, the local anaesthetic rarely
enters the epidural diffusion, and the block is relatively restricted.
Compared with the posterior lumbosacral plexus, the anterior iliopsoas
space block migrates more to the periphery to achieve accurate block
and provide relative analgesia without being excessive. Therefore, an
iliopsoas anterior space block can effectively decrease the occurrence
of IOH and provide an appropriate analgesic effect to the elderly during
hip surgery.

As the lumbosacral trunk passes medially to the psoas major muscle
at the level of the first sacral vertebra (Miniato and Varacallo, 2022), it
can be blocked by injecting a high-volume of local anaesthetic into the
iliopsoas space, diffusing medially into the psoas major. Despite the fact
that the iliopsoas space block requires a longer onset time than the
posterior lumbosacral plexus block (Dong et al., 2021), the iliopsoas
space block can not only block the femoral nerve, obturator nerve, and
lateral femoral cutaneous nerve, but also the lumbosacral trunk, thereby
providing adequate analgesia for hip fracture surgery without additional
sacral plexus block. However, variations in the abnormally high VAS
score 1h after surgery also indicate that the possible local anaesthetic
diffusion in the space around the psoas major muscle may also result in
imperfect blockade.

In addition, the anterior iliopsoas block has many other advantages
over the posterior lumbosacral plexus block, such as avoiding the risk of
cardiovascular disturbances caused by the pain of turning over in the
fracture patient, risk of thrombus dislodging from the leg vein caused
by turning over, and risk of aggravated fracture injury caused by postural
changes. Additionally, the anterior iliopsoas block may minimise the
number of punctures and/or repeated blocks (sacral plexus), and the
occurrence of blockage-related haemorrhage, nerve damage, and total
spinal anaesthesia. The anterior block provides separation from the
abdominal cavity to protect the kidneys and intestines from possible
injury. Therefore, it is beneficial to promote anterior iliopsoas space
block in the supine posture.

The present research has certain limitations. First, propofol causes
hypotension following anaesthesia induction; on the other hand,
age-related changes in vascular tone, homeostatic disturbances, and
sympathetic nervous system tonic activity render the elderly more
vulnerable to IOH. The perioperative bispectral index should
be monitored to avoid the effect of anaesthesia depth on blood pressure
fluctuations. Second, local anaesthetic concentration and volumetric
titration were not assessed to obtain more accurate injection volumes
and concentrations.

In conclusion, this study demonstrated that a single iliopsoas muscle
space block not only provides as much perioperative analgesia as the
traditional lumbosacral plexus block, but also reduces the number of
punctures, helps avoid position changes of the patient, and effectively
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reduces the incidence of IOH, thus improving patient prognosis and
increasing perioperative safety.

Data availability statement

The original contributions presented in the study are included in the
article/Supplementary material, further inquiries can be directed to the
corresponding author.

Ethics statement

The Shanghai Sixth People’s Hospital Ethics Committee (Ethical
Committee Number 2021-221) approved the trial. The patients/
participants provided their written informed consent to participate in
this study.

Author contributions

TX conceived and designed the experiments. The data collection
was performed by QT, HY and JD. QT and CW analysed the data. The
manuscript was written by TX, QT and CW. MC contributed materials
and analysis tool. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by grant from the Natural Science
Foundation of China (82171486), the Interdisciplinary Program of
Shanghai Jiao Tong University to TX (YG2021ZD23), General Science
Foundation of Shanghai Sixth People’s Hospital to TX (YNMS202114)
and Scientific research fund of Shanghai Sixth People’s Hospital to MC
(YNTS202005).

Conflict of interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as
a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1119667/full#
supplementary-material

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1119667
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1119667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1119667/full#supplementary-material

Teng et al.

References

Aksoy, M., Dostbil, A., Ince, L., Ahiskalioglu, A., Alici, H. A., Aydin, A., et al. (2014).
Continuous spinal anaesthesia versus ultrasound-guided combined psoas compartment-
sciatic nerve block for hip replacement surgery in elderly high-risk patients: a prospective
randomised study. BMC Anesthesiol. 14:99. doi: 10.1186/1471-2253-14-99

Aronson, S., Phillips-Bute, B., Stafford-Smith, M., Fontes, M., Gaca, J., Mathew, J. P, et al.
(2013). The association of postcardiac surgery acute kidney injury with intraoperative systolic
blood pressure hypotension. Anesthesiol Res Pract 2013:174091. doi: 10.1155/2013/174091

Bayliss, W. M. (1902). On the local reactions of the arterial wall to changes of internal
pressure. J. Physiol. 28, 220-231. doi: 10.1113/jphysiol.1902.sp000911

Bendtsen, T. F, Pedersen, E. M., Haroutounian, S., et al. (2014). The suprasacral parallel
shift vs lumbar plexus blockade with ultrasound guidance in healthy volunteers--a
randomised controlled trial. Anaesthesia 69, 1227-1240. doi: 10.1111/anae.12753

Bhandari, M., and Swiontkowski, M. (2017). Management of Acute hip Fracture. N. Engl.
J. Med. 377, 2053-2062. doi: 10.1056/NEJMcp1611090

Bijker, J. B., Persoon, S., Peelen, L. M., Moons, K. G. M., Kalkman, C. J., Kappelle, L. J.,
et al. (2012). Intraoperative hypotension and perioperative ischemic stroke after general
surgery: a nested case-control study. Anesthesiology 116, 658-664. doi: 10.1097/
ALN.0b013e3182472320

Bijker, J. B., van Klei, W. A., Kappen, T. H., van Wolfswinkel, L., Moons, K. G. M., and
Kalkman, C. J. (2007). Incidence of intraoperative hypotension as a function of the chosen
definition: literature definitions applied to a retrospective cohort using automated data
collection. Anesthesiology 107, 213-220. doi: 10.1097/01.anes.0000270724.40897.8¢

Chen, W. Q., Guo, N., Wang, S. S., Wang, R., Huang, F, and Li, S. R. (2018). General
laryngeal mask airway anesthesia with lumbar plexus and sciatic block provides better
outcomes than general anesthesia and endotracheal intubation in elderly patients undergoing
hip surgery. Arch. Gerontol. Geriatr. 78, 227-232. doi: 10.1016/j.archger.2018.07.005

de Visme, V., Picart, F, Le Jouan, R., et al. (2000). Combined lumbar and sacral plexus
block compared with plain bupivacaine spinal anesthesia for hip fractures in the elderly.
Reg. Anesth. Pain Med. 25, 158-162. doi: 10.1053/rapm.2000.0250158

Dong, J., Zhang, Y., Chen, X., Ni, W, Yan, H,, Liu, Y, et al. (2021). Ultrasound-guided
anterior iliopsoas muscle space block versus posterior lumbar plexus block in hip surgery
in the elderly: a randomised controlled trial. Eur. J. Anaesthesiol. 38, 366-373. doi: 10.1097/
EJA.0000000000001452

Feigl, G. C., Kastner, M., Ulz, H., Breschan, C., Dreu, M., and Likar, R. (2011).
Topography of the lumbar sympathetic trunk in normal lumbar spines and spines with
spondylophytes. Br. J. Anaesth. 106, 260-265. doi: 10.1093/bja/aeq345

Filiberto, A. C., Loftus, T. J., Elder, C. T., Hensley, S., Frantz, A., Efron, P, et al. (2021).
Intraoperative hypotension and complications after vascular surgery: a scoping review.
Surgery 170, 311-317. doi: 10.1016/j.surg.2021.03.054

Harper, A. M. (1966). Autoregulation of cerebral blood flow: influence of the arterial
blood pressure on the blood flow through the cerebral cortex. J. Neurol. Neurosurg.
Psychiatry 29, 398-403. doi: 10.1136/jnnp.29.5.398

Ho, A. M., and Karmakar, M. K. (2002). Combined paravertebral lumbar plexus and
parasacral sciatic nerve block for reduction of hip fracture in a patient with severe aortic
stenosis. Can. J. Anaesth. 49, 946-950. doi: 10.1007/BF03016880

Kirchmair, L., Entner, T., Wissel, J., Moriggl, B., Kapral, S., and Mitterschiffthaler, G.
(2001). A study of the paravertebral anatomy for ultrasound-guided posterior lumbar
plexus block. Anesth. Analg. 93, 477-481. doi: 10.1097/00000539-200108000-00047

Frontiers in Molecular Neuroscience

169

10.3389/fnmol.2023.1119667

Lee, B. H., and Braehler, M. (2017). Use of test dose allows early detection of subdural
local anesthetic injection with lumbar plexus block. J. Clin. Anesth. 37, 111-113. doi:
10.1016/j.jclinane.2016.11.011

Miniato, M. A., and Varacallo, M. Anatomy, Back, Lumbosacral Trunk. Treasure Island
(FL). (2022).

Monk, T. G., Bronsert, M. R., Henderson, W. G., Mangione, M. P, Sum-Ping, S. T. J.,
Bentt, D. R., et al. (2015). Association between intraoperative hypotension and
hypertension and 30-day postoperative mortality in noncardiac surgery. Anesthesiology
123, 307-319. doi: 10.1097/aln.0000000000000756

Mosher, P, Ross, J. Jr., McFate, P. A., and Shaw, R. E. (1964). Control of coronary blood
flow by an autoregulatory mechanism. Circ. Res. 14, 250-259. doi: 10.1161/01.res.14.3.250

Schneck, E., Schulte, D., Habig, L., Ruhrmann, S., Edinger, E, Markmann, M., et al.
(2020). Hypotension prediction index based protocolized haemodynamic management
reduces the incidence and duration of intraoperative hypotension in primary total hip
arthroplasty: a single Centre feasibility randomised blinded prospective interventional
trial. J. Clin. Monit. Comput. 34, 1149-1158. doi: 10.1007/s10877-019-00433-6

Scurrah, A,, Shiner, C. T, Stevens, J. A., and Faux, S. G. (2018). Regional nerve blockade
for early analgesic management of elderly patients with hip fracture - a narrative review.
Anaesthesia 73, 769-783. doi: 10.1111/anae.14178

Sessler, D. I, Bloomstone, J. A., Aronson, S., Berry, C., Gan, T. ], Kellum, J. A,, et al. (2019).
Perioperative quality initiative consensus statement on intraoperative blood pressure, risk and
outcomes for elective surgery. Br. J. Anaesth. 122, 563-574. doi: 10.1016/j.bja.2019.01.013

Strid, J. M. C,, Sauter, A. R., Ullensvang, K., Andersen, M. N., Daugaard, M.,
Bendtsen, M. A. E, et al. (2017). Ultrasound-guided lumbar plexus block in volunteers; a
randomized controlled trial. Br. J. Anaesth. 118, 430-438. doi: 10.1093/bja/aew464

Tajeu, G. S., Delzell, E., Smith, W, Arora, T, Curtis, J. R, Saag, K. G., et al. (2014). Death,
debility, and destitution following hip fracture. J. Gerontol. A Biol. Sci. Med. Sci. 69,
346-353. doi: 10.1093/gerona/glt105

Tassoudis, V., Vretzakis, G., Petsiti, A., Stamatiou, G., Bouzia, K., Melekos, M., et al.
(2011). Impact of intraoperative hypotension on hospital stay in major abdominal surgery.
J. Anesth. 25, 492-499. doi: 10.1007/s00540-011-1152-1

Thybo, K. H., Schmidt, H., and Hagi-Pedersen, D. (2016). Effect of lateral femoral
cutaneous nerve-block on pain after total hip arthroplasty: a randomised, blinded, placebo-
controlled trial. BMC Anesthesiol. 16:21. doi: 10.1186/s12871-016-0183-4

van Waes, J. A., van Klei, W. A., Wijeysundera, D. N., et al. (2016). Association between
intraoperative hypotension and myocardial injury after vascular surgery. Anesthesiology
124, 35-44. doi: 10.1097/ALN.0000000000000922

Walsh, M., Devereaux, P. J., Garg, A. X., Kurz, A, Turan, A, Rodseth, R. N, et al. (2013).
Relationship between intraoperative mean arterial pressure and clinical outcomes after
noncardiac surgery: toward an empirical definition of hypotension. Anesthesiology 119,
507-515. doi: 10.1097/ALN.0b013e3182a10e26

Weinberg, L., Li, S. Y., Louis, M., Karp, J., Poci, N., Carp, B. S,, et al. (2022). Reported
definitions of intraoperative hypotension in adults undergoing non-cardiac surgery under
general anaesthesia: a review. BMC Anesthesiol. 22:69. doi: 10.1186/s12871-022-01605-9

Zhang, Q., Ling, M., Wang, X., and Cui, D. (2022). A comparison of two peripheral nerve
blocks combined with general anesthesia in elderly patients undergoing Arthroplasty for
hip fractures: a pilot randomized controlled trial. Front Surg 9:715422. doi: 10.3389/
fsurg.2022.715422

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1119667
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/1471-2253-14-99
https://doi.org/10.1155/2013/174091
https://doi.org/10.1113/jphysiol.1902.sp000911
https://doi.org/10.1111/anae.12753
https://doi.org/10.1056/NEJMcp1611090
https://doi.org/10.1097/ALN.0b013e3182472320
https://doi.org/10.1097/ALN.0b013e3182472320
https://doi.org/10.1097/01.anes.0000270724.40897.8e
https://doi.org/10.1016/j.archger.2018.07.005
https://doi.org/10.1053/rapm.2000.0250158
https://doi.org/10.1097/EJA.0000000000001452
https://doi.org/10.1097/EJA.0000000000001452
https://doi.org/10.1093/bja/aeq345
https://doi.org/10.1016/j.surg.2021.03.054
https://doi.org/10.1136/jnnp.29.5.398
https://doi.org/10.1007/BF03016880
https://doi.org/10.1097/00000539-200108000-00047
https://doi.org/10.1016/j.jclinane.2016.11.011
https://doi.org/10.1097/aln.0000000000000756
https://doi.org/10.1161/01.res.14.3.250
https://doi.org/10.1007/s10877-019-00433-6
https://doi.org/10.1111/anae.14178
https://doi.org/10.1016/j.bja.2019.01.013
https://doi.org/10.1093/bja/aew464
https://doi.org/10.1093/gerona/glt105
https://doi.org/10.1007/s00540-011-1152-1
https://doi.org/10.1186/s12871-016-0183-4
https://doi.org/10.1097/ALN.0000000000000922
https://doi.org/10.1097/ALN.0b013e3182a10e26
https://doi.org/10.1186/s12871-022-01605-9
https://doi.org/10.3389/fsurg.2022.715422
https://doi.org/10.3389/fsurg.2022.715422

Review
09 February 2023
10.3389/fnmol.2023.1128974

:' frontiers Frontiers in Molecular Neuroscience

’ @ Check for updates
J

OPEN ACCESS

Linlin Zhang,
Tianjin Medical University General Hospital,
China

Shunmei Lu,

Wuxi People’s Hospital Affiliated to Nanjing
Medical University,

China

Zilong Qiu,

Shanghai Jiaotong University School of
Medicine, China

Tao Xu
balor@sjtu.edu.cn

These authors have contributed equally to this
work

This article was submitted to

Pain Mechanisms and Modulators,

a section of the journal

Frontiers in Molecular Neuroscience

21 December 2022
18 January 2023
09 February 2023

Huang M, Qi Q and Xu T (2023) Targeting
Shank3 deficiency and paresthesia in autism
spectrum disorder: A brief review.

Front. Mol. Neurosci. 16:1128974.

doi: 10.3389/fnmol.2023.1128974

© 2023 Huang, Qi and Xu. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Neuroscience

Targeting Shank3 deficiency and
paresthesia in autism spectrum
disorder: A brief review

Min Huang®?, Qi Qi*?' and Tao Xu'?*

'Department of Anesthesiology, Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine, Shanghai, China, 2Department of Anesthesiology, Suzhou Hospital of Anhui Medical University,
Suzhou, China

Autism spectrumdisorder (ASD) includes a group of multifactorial neurodevelopmental
disorders characterized by impaired social communication, social interaction, and
repetitive behaviors. Several studies have shown an association between cases of
ASD and mutations in the genes of SH3 and multiple ankyrin repeat domain protein
3 (SHANK3). These genes encode many cell adhesion molecules, scaffold proteins,
and proteins involved in synaptic transcription, protein synthesis, and degradation.
They have a profound impact on all aspects of synaptic transmission and plasticity,
including synapse formation and degeneration, suggesting that the pathogenesis of
ASD may be partially attributable to synaptic dysfunction. In this review, we summarize
the mechanism of synapses related to Shank3 in ASD. We also discuss the molecular,
cellular, and functional studies of experimental models of ASD and current autism
treatment methods targeting related proteins.

autism spectrum disorder, ASD, synapse, Shank3, treatment

1. Introduction

1.1. Autism

Autism spectrum disorder (ASD) is a term widely used to describe multiple multifactorial
neurodevelopmental (Sharma et al., 2018) and grouping disorders (Becerra et al., 2014), including
autism (Jiang and Ehlers, 2013), Asperger’s syndrome (Berkel et al., 2018), and no other general
developmental disorders (Thapar et al., 2017). However, the updated diagnostic criteria for ASD
mainly focus on two core areas: social communication disorder and alternative interests/repetitive
behaviors (Kales et al., 2015; Kodak and Bergmann, 2020; Srivastava et al., 2021).

The prevalence of ASD has increased steadily (Kincaid et al., 2017; Hyman et al., 2020). Genetic
factors, parental history of mental illness, premature birth, and oxygen exposure to psychotropic
drugs or pesticides are associated with a higher risk of ASD (Kincaid et al., 2017; Masi et al., 2017;
Crump et al.,, 2021). Various scales, such as the Childhood Autism Rating Scale (CARS; Moon et al.,
2019), Childhood Autism Spectrum Disorder Observation (ASD-OC; Neal et al., 2012), and
Developmental, Dimensional, and Diagnostic Interview (3Di; Randall et al., 2018), can be used to
assess abnormal behaviors and symptoms in ASD efficiently. Nearly 75% of patients with ASD have
coexisting mental illnesses or complications, including ADHD, epilepsy, anxiety, bipolar disorder,
depression, Tourette’s syndrome, and inpatient diseases (Tuchman et al.,, 2010; Doshi-Velez
etal., 2014).

Pharmacological and non-pharmacological interventions are used for ASD treatment (Sharma
et al, 2018). Existing drug treatments, including psychostimulants, atypical antipsychotics,
antidepressants, and a-2 adrenergic receptor agonists, can partially relieve the core symptoms of
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ASD and control comorbidities (Aman, 2004; Muskens et al., 2017).
Moreover, non-pharmacological interventions, including music therapy
and cognitive and social behavioral therapies, improve the social
interaction and oral communication of patients with ASD (Sharma
etal., 2018; Esposito et al., 2020). The combined use of vitamins, herbs,
nutritional supplements, and behavioral therapy improves ASD
symptoms; however, the specific efficacy needs further investigation
(Guang et al., 2018; Sharma et al., 2018).

1.2. Shank3

Shank (also known as ProSAP) protein has three main subtypes,
Shankl, Shank2, and Shank3, with similar structural domains:
N-terminal ankyrin repeats, an Src homology 3 (SH3) domain, a
PSD-95/Discs large/ZO-1 (PDZ) domain, an extended proline-rich
region, and a sterile alpha motif (SAM) domain (Saupe et al., 2011;
Costales and Kolevzon, 2015; Varghese et al., 2017; Sgritta et al., 2019).

As the main scaffold protein of excitatory synaptic PSD, Shank
protein interacts with more than 30 types of postsynaptic proteins
through these domains. These domains are critical for synapse formation,
glutamate receptor transport, and neuronal signal transmission
(Monteiro and Feng, 2017; Orefice et al., 2019). Shank3 is encoded by the
SHANKS3 gene located on chromosome 22q13.3. The 22q13.3 deletion
syndrome [also known as Phelan-McDermid syndrome (PMS)] is found
and characterized by marked developmental deterioration (Phelan et al.,
2001; Phelan and McDermid, 2012). More than 50% of patients with PMS
have identified SHANK3 abnormalities, including complete deletions,
insertions, splicing mutations, and point mutations (Durand et al., 2007;
Gauthier et al., 2009; Boccuto et al., 2013). Mutations in SHANK3 are
estimated to occur in 1-2% of people with autism and intellectual
disabilities, while mutations in SHANKI and SHANK?2 are less common
(Boccuto et al., 2013; Leblond et al., 2014; Roberts et al., 2014). Shank3
deficient neurons showed reduced overall expression levels of PSD
protein, including GKAP, Homerlb/c, AMPAR subunit GluAl, and
NMDAR subunit NR2A (Wang et al., 2011; Peca et al., 2011a). The
disruption of the interaction and connection between Shank3, GKAP,
and Homerlb/c may cause the redistribution and disruption of the
activity-dependent GluAl subunit. Consequently, posterior tonicity
increases, and hippocampal LTP decreases (Wang et al., 2011). In patients
with PMS, neurons induced by pluripotent stem cells (iPSCs) showed
significantly impaired NMDAR and AMPAR-mediated synaptic
transmission (Shcheglovitov et al., 2013; Speed et al., 2015; Qin et al.,
2018; Tatavarty et al., 2020). Shank3-deficient mice showed repetitive self-
harm and social interaction defects. In addition, mEPSC frequency and
amplitude were significantly reduced, indicating a reduction in the
number of functional synapses and a decrease in the postsynaptic
responses of available synapses (Peca et al., 2011b; Lee et al., 2021). In
contrast, overexpression of Shank3 resulted in a sharp increase in the
amplitude of AMPAR-mediated NMDAR and NMDAR-mediated EPSC
and a high frequency of AMPAR-mediated mEPSC (Arons et al., 2012).

1.3. Risk factors of ASD

The prevalence of ASD in boys is four to five times that in girls
(Christensen et al., 2018). Patients with genetic and chromosomal
diseases tend to show more symptoms of ASD (Ogata et al., 2014).
About 10% of children with ASD also have Down syndrome or Fragile

Frontiers in Molecular Neuroscience

10.3389/fnmol.2023.1128974

X syndrome (DiGuiseppi et al., 2010; Auerbach et al, 2021). The
psychiatric history of biological parents, especially the history of
schizophrenia and affective disorder, is associated with an increased
incidence of ASD (Jokiranta et al., 2013). Fetal exposure to pesticides is
associated with a decrease in infant weight and length, delay in
psychomotor development, and high risk of autism (Landrigan, 2010).
In addition, epidemiological studies have shown that exposure of
pregnant mothers to viral or bacterial infections, especially in the first
trimester or middle of pregnancy, promotes the mother’s immune
activation (MIA) and increases the risks of children’s neuropsychiatric
disease, including ASD (Estes and McAllister, 2016). MIA is related to
an increase in neuroinflammatory cytokines, abnormal expression of
synaptic proteins, and abnormal development of synaptic connections,
all of which may contribute to the pathophysiology of ASD (Pendyala
et al., 2017). Consuming psychotropic drugs during pregnancy is
considered a risk factor for autism. Several studies have demonstrated
that prescribing antidepressants to pregnant women increases the risk
of autism moderately (Gidaya et al., 2014; Siu and Weksberg, 2017).
Certain limitations, including failure to carefully adjust the mother’s
psychiatric history (Hoover and Kaufman, 2018; Bai et al., 2020), genetic
susceptibility to ASD (Pardo and Eberhart, 2007; Wei et al., 2021), and
variable molecular and clinical effects of different antidepressants
(McCarthy et al., 2016; Soler et al., 2018; Johannessen et al., 2019), may
lead to differences in findings of current and repeated studies. However,
a recent 12-year study (including full-term live births by mothers who
received antidepressants during pregnancy) concluded that the period
of antidepressant use did increase the risk of autism in children
(Boukhris et al., 2016; Modabbernia et al., 2017). A previous pilot study
evaluated medical screening results at the time of referral for children
and adolescents with different mental disorders. They found newly
developed somatic functions in 56% of the subjects (Muskens et al.,
2015). These findings include a wide range of medical problems,
including weight and height problems (Dhaliwal et al., 2019), high
thyroid hormone levels (Needham et al., 2021), dyslipidemia (Panjwani
et al., 2020), anemia (Wiegersma et al., 2019), vitamin D and B12
deficiency (Raghavan et al., 2018; Wang Z. et al., 2020), and
malformations (Grafodatskaya et al., 2010). Some of these results require
consultation with other medical experts. In contrast, other results
directly impact daily medical practice, such as adjusting psycho-drug
logic therapy and participating in overweight prevention plans
(Vannucchi et al., 2014; Mansouri et al., 2020). These studies contribute
to improving people’s understanding of the relationship between somatic
and mental symptoms in developmental disorders. It points to common
genetic pathways and other potential mechanisms that may be involved
(Dovey et al., 2019; Frolli et al., 2021). In addition, the simultaneous
assessment of medical and psychiatric disorders may be of great value.
Clinicians can then relate somatic functions to different diagnostic
considerations for medical and psychological intervention (Rodin
etal., 2021).

2. Shank3 and ASD
2.1. Links between Shank3 genes and ASD

The SHANK gene was first found to be related to neurodevelopmental
disorders in the study of PMS (Costales and Kolevzon, 2015; Frank,
2021). PMS is a neurodevelopmental disorder caused by the deletion of
22q13.3, characterized by autistic behavior, hypotonia, and continuous
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or even nonexistent speech (Burdeus-Olavarrieta et al., 2021). Genome
rearrangements in patients with PMS include deletions, chromosomal,
mesenchymal deletions, and unbalanced translocations (Bonaglia et al.,
2011; Leblond et al., 2014; Tammimies, 2019). In almost all reported
cases (Wilson et al., 2003; Wilson et al., 2008), the loss of Shank3 was
observed. These cases support the theory that PMS symptoms are
caused by the loss of the SHANK3 haplotype (Phelan and McDermid,
2012) or complete SHANK3 gene on chromosome 22 (Grabrucker et al.,
2011a,b). In addition to the symptoms of autism, genetic screening of
patients with ASD who have not yet been diagnosed with PMS also
revealed many SHANK3 mutations (Durand et al., 2007; Moessner et al.,
2007; Gauthier et al., 2009; Boccuto et al., 2013; Leblond et al., 2014).
These mutations include small deletions, nonsense mutations,
breakpoints, and missense mutations. A meta-analysis study found that
mutations or disruptions in the SHANK gene family accounted for
about 1-2% of all patients with ASD (Leblond et al., 2014; Zhou et al.,
2016). The degree of related mutations and cognitive impairment
between SHANKI-3 also differs: patients with SHANK3 mutations
suffer more cognitive impairment than those with SHANK1I or SHANK2
mutations (Qin et al,, 2022). In addition, patients with SHANK3
mutations have severe cognitive deficits (Chevallier et al., 2012; Zhou
et al., 2016). These findings together indicate that the common
neurobiological effects shared by all members of the SHANK gene family
may be related to the pathophysiology of ASD. Furthermore, the degree
of cognitive impairment in ASD may be due to mutations in the SHANK
family members, the most significant being SHANK3 (Chevallier et al.,
2012; Baum et al., 2015; Monteiro and Feng, 2017; Banker et al., 2021).
The difference in the severity of symptoms can be determined by the
mutation of the specific SHANK gene (Jiang and Ehlers, 2013; Gong and
Wang, 2015; Li and Pozzo-Miller, 2020). The results of the study suggest
that mutations in the SHANK3 gene are the primary cause of ASD and
that the expression of the other two remaining SHANK subtypes can (or
cannot) compensate for its loss (Mashayekhi et al., 2021; Salomaa et al.,
2021). Family mutations are comprehensive and should be screened in
clinical practice. Many human SHANK3 mutations map to exon 21 and
are associated with moderate to severe intellectual disability (D'Antoni
et al., 2014; Mossa et al., 2021; Purushotham et al., 2022). Mutations in
the pro-domain region of exon 21 were not associated with altered
pathophysiology (Shi et al., 2017; Moutin et al., 2021). One possible
explanation is that exon 21 is present in most SHANK3 isotype
surrogates (Moutin et al., 2021). Therefore, mutations in this exon may
have more severe effects (Speed et al., 2019). Given the nature of these
genes in ASD, it becomes imperative to understand their usual role in
synapses and how mutations disrupt them (Figure 1).

2.2. Neurobiological characteristics of ASD
models with alterations in the Shank gene

The expression of different Shank3 subtypes varies with different
brain regions and ages (Wang et al., 2014b; Vyas et al., 2021), complicating
the analysis and establishment of animal models. Studies on various
mouse models of Shank3 heterozygous deletion have recorded changes
in the transport of glutamate transmitters or synapses (Yi et al., 2016; Lutz
etal., 2020). For example, the Shank3 (Shank3a) model, by deleting exons
4-9, shows reduced immunoreactivity of the glutamate receptor 1 in
hippocampal CAl (Bozdagi et al., 2010; Epstein et al, 2014). In
Shank3B~~ mice, gene deletion of two consecutive Shank3 isoforms
(Shank3a and B) increases the length and complexity of dendrites and
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FIGURE 1

Schematic diagram of postsynaptic density and construction of
Shank3. PSD-95, Postsynaptic density-95; SH3, Src homology 3; PDZ,
PSD95/DIgA/Zo-1; SAM, Sterile alpha motif; mGIluR5, metabotropic
glutamate receptor 5; AMPAR, The a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor; NMDAR, The N-methyl-D-aspartate
receptor; GKAP, guanylate kinase-associated protein.

decreases the synaptic density of spinal neurons in the striatum and PSD
length and thickness (Peca et al., 201 1a; Balaan et al., 2019; Rendall et al.,
2019). Purkinje cells of Shank372¢ mice have Shank3 C-terminal
deletions, although the density does not change, and they have a robust
dendritic complexity in the body and reduced synaptic density (Kloth
etal, 2015; Zhu et al,, 2018). The expression of NMDA receptors in the
PFC of these mice was reduced; however, the density of synapses did not
change (Duffney et al., 2015). The dendrites on the CAl neurons of
Shank34“2¢ mice reduced LTP and NMDA/AMPA ratios in the
hippocampus; however, their complexity or synapse density did not
change (Bangash et al., 2011; Kouser et al., 2013). In a KO mouse model
(Shank3Ae4-227"~ mice) that eliminated all Shank3 subtypes, the PSD
length and thickness of the striatum were reduced (Pagliardini et al.,
2005; Bey et al., 2018). Restoring Shank3 expression in adult Shank3-
deficient mice can reverse the destruction of dendritic spines in the
striatum and stimulate synaptic function (Peca et al., 2011a; Mei et al.,
2016; Hsueh, 2019). The above findings confirmed the role of Shank3 in
mobilizing multiple glutamate receptor assemblies at the PSD and
synaptic signal substitution and dynamics (Jeong et al., 2021). Although
the loss of heterozygosity in Shank3 is more representative of the defects
observed in human PMS, the researchers still focused on the homozygous
Shank3 KO (Han et al., 2016; Yi et al., 2016; Jacot-Descombes et al., 2020).

Based on the molecular and physiological abnormalities in
SHANK3-deficient animals (Delling and Boeckers, 2021), various
pharmaceutical compounds have been proposed as possible therapeutic
options for SHANK3-related neuropsychiatric disorders (Wang X. et al.,
2016; Vicidomini et al., 2017). For example, modulation of glutamate
receptors may be beneficial, as AMPAR, NMDAR, or GRM5
hypofunction may lead to excitation/inhibition imbalance, contributing
to ASD-like phenotypes in SHANK3-mutant mice (Guo et al., 2019;
Rhine et al., 2019; Nuzzo et al., 2020).

3. Comorbidity of Shank3 deficiency
and paresthesia

Hypersensitivity, hyposensitivity, or abnormal interest in sensory
stimuli are common features of patients with ASD (Lord et al., 2020) and
PMS, who usually show increased pain tolerance (Zencica et al., 2010;

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1128974
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Huang et al.

Soorya et al., 2013). Abnormal sensory function in SHANK3-deficient
rodents can be analyzed in various ways. The most used paradigm focuses
on the perception of injury or somatic sensory function. Examples of the
methods used include the tail-flick, Frey, and hot plate tests. However,
other methods have also been investigated, including auditory, olfactory,
visual, vestibular function, and sensorimotor gating (Bruno et al., 2021).
In rat models, exons 4-22 (Han et al., 2013; Drapeau et al., 2018), exon 11
(Vicidomini et al., 2017), exon 21 (Kouser et al., 2013), and exons 11-21
(Song et al., 2019) describe general somatic dysfunction, especially low
pain sensitivity. Targeted destruction of SHANKS3 in tail embryo cells,
somatosensory neurons [exon 13-16 (Orefice et al., 2019)], and cells
expressing SCN10A [commonly known as Nav1.8, exon 4-22 (Han et al.,
2013)] can induce somatosensory dysfunction. Two studies examining
the constitutive SHANK3 defect model exon 13-16 (Chen et al., 2020;
Kabitzke et al., 2020) described somatosensory dysfunction related to
light touch stimulation. In contrast, in other studies, the somatosensory
function examined by heat/injury perception was not affected in these
mice (Dhamne et al., 2017; Schroeder et al., 2017). Additionally, there is
mixed evidence regarding the mouse model of exons 4-9 (Yang et al.,
2012; Orefice et al., 2019), while the somatic sensory function of mice
with exon 8 appears unaffected (Yoo et al., 2019).

These previous studies suggest that ASD subjects express their pain
perception through various behaviors, including typical reactions
similar to those seen in the general population. Crying, shouting,
protecting the painful parts, or seeking comfort are examples. However,
the behaviors are more specific and less easily recognized as pain-related
behaviors (making specific sounds, playing posture, etc.; Dubois et al.,
2017). Despite these findings, the version of the Diagnostic and
Statistical Manual of Mental Disorders (DSM 5) still mentions sensitivity
to pain as a diagnostic standard and uses the term “obvious pain
indication” Pain sensitivity is a critical issue for patients with autism
because they experience pain more frequently than others (Gillberg and
Coleman, 1996; Lee et al., 2008). The sensitivity of patients with autism
to pain may affect their medical pain management. This may lead to an
insufficient treatment or a lack of evaluation. Therefore, this assumption
needs to be tested.

Although some adults with ASD may also experience reduced pain
sensitivity, lack of pain perception may not be considered a classic
characteristic of ASD populations. To understand the pain in ASD and
explain its lack of reactivity, it is necessary to focus on multiple
components of pain rather than just the mechanism of pain and consider
pain as part of a broader conceptual framework (Hadjistavropoulos and
Craig, 2002; Dubois et al., 2010; Rattaz et al., 2013; Moore, 2015).
Conceptualizing pain expression from the perspective of multiple
factors requires individual pain management strategies and evaluation
according to the clinical characteristics of patients with autism.

4. Treatment of ASD and paresthesia by
targeting Shank3

Current treatment options for ASD include pharmacological and
non-pharmacological interventions. Pharmacological interventions
include psychostimulants, atypical antipsychotics, antidepressants,
alpha-2 adrenergic receptor agonists, NMDA receptor antagonists, and
antiepileptic mood stabilizers (Aman et al., 2008; Costales and Kolevzon,
2015; Bicker etal., 2021). This section focuses on the safety and tolerability
profiles of the main strategies used to treat children and adults with ASD
(Table 1).
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Because the genome of human mutations associated with ASD is
very complex, animal models are the basis for studying specific
mutations and establishing beneficial genotype-cell phenotypes
(De Rubeis et al., 2018; Zhou et al., 2019; Reed et al., 2020). New
approaches to preclinical animal studies should take into account
evidence that certain therapeutic windows affect specific circuits and
associated behavioral phenotypes, but also potentially reopen those
critical plasticity periods to enhance therapeutic effectiveness. In
particular, the advantage of the SHANK3 gene is that different mouse
models can be designed, including different Shank3 gene deletions or
failures (Engineer et al., 2018; Poleg et al., 2021). In addition, the
SHANKS3 protein has a precise location in the glutamatergic synapse.
The study of the Shank3 gene is less complicated than that of other
autism-related genes (Uchino and Waga, 2015; Tao-Cheng et al., 2016;
Wang L. et al, 2020; Golden et al, 2021). Since autism is a
neurodevelopmental disorder (symptoms appearing before age three;
Lord et al., 2000; Bonaglia et al., 2001), one of the critical questions
in autism research is whether the symptoms are reversible in
adulthood. Recently, in a study, mice with Shank3-KO (with the
deletion of the PDZ domain) had an inverted PDZ domain so that
they could be repositioned at any point in the growth phase to
re-express the Shank3 gene (Jaramillo et al., 2016, 2017; Jacot-
Descombes et al., 2020). This gene design is crucial because it keeps
the Shank3 gene under the control of its endogenous genome and

TABLE 1 Targets in Shank3 and treatment effects.

Edit Related

factors

Target Effect

PDZ domain Homer, GluN2A,

GluN2B and GluR2

Inverted Repetitive
modification,
anxiety, social
interaction deficits
and impaired motor

coordination

Restored in
adulthood

All the changes

restored

Full length
Shank3 gene

mGluR5, AMPAR
and NMDAR

Knock-out Repetitive
modification,
anxiety, social
interaction deficits
and impaired motor

coordination

Re-expression in

adulthood

Reduce repetitive
behaviors and social
interaction defects,
but cannot relieve
anxiety or motor
coordination

defects,

Exon 11 Knock-out RACI and PAK Social behavior

defects

Exon 6 and 7 Knock-out GABA Spatial memory

deficits

PDZ, PSD95/DIgA/Zo-1; GluN2A, NMDA receptor 2A; GluN2B, NMDA receptor 2B; GluR2,
Glutamate ionotropic receptor AMPA type subunit 2; mGluR5, metabotropic glutamate
receptor 5; AMPAR, The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
NMDAR, The N-methyl-D-aspartate receptor; RAC1, Rac Family Small GTPase 1; PAK, p21-
activated kinase; GABA, gamma-aminobutyric acid.
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avoids the expression of the SHANK3 gene at a non-physiological
level, which may cause potential confusion (Saré et al., 2020). These
Shank3-KO mice had defects in neurotransmission in the striatum.
As a result, the striatum’s synapse density and the levels of essential
PSD proteins (SAPAP3, Homer, GluN2A, GluN2B, and GluR2) were
reduced. Behaviorally, these Shank3-KO mice showed repetitive self-
harm modification, anxiety, social interaction deficits (decreased
frequency and duration of social interaction), and impaired motor
coordination. By restoring the expression of the Shank3 gene, all these
changes could be restored in adulthood (Mei et al., 2016; Guo et al.,
2019; Lee et al., 2021).

Re-expression of Shank3 in adulthood can reduce repetitive self-
harm behaviors and social interaction deficits but not anxiety or motor
coordination defects. Accordingly, this re-expression can only save a
portion of the behavioral manifestations of autism (Grabrucker et al.,
2011a; Peca etal,, 2011a; Tai et al., 2020). A similar study showed that
early postpartum intervention could improve irreversible behavioral
defects in adulthood (Jin et al., 2018; Bukatova et al., 2021). Therefore,
this phenomenon emphasizes the unique performance of SHANK3
expression at specific developmental stages and throughout life.
Relying on the emergence of novel gene editing methods (such as
CRISPR; Liu et al., 2018; Tu et al., 2019; Chiola et al., 2021), repairing
the SHANK3 gene in adulthood can alleviate some synaptic and
behavioral disorders related to SHANK3 mutations. Although there
are still technical limitations to the genetic manipulation of mature
neurons in the fully adult brain, recent research has promoted the
application of CRISPR to adult brain repair (Swiech et al., 2015; Lee
et al., 2017). More importantly, this work shows the possibility of
treating patients with SHANK3 mutations or deletions during
adulthood (either pharmacologically or through future genetic
modification methods).

Some studies have shown that the re-expression of the Shank3 gene
in the brain leads to a complete reversal of the expression of the
SHANKS3 protein. Previous studies have verified this result (Speed et al.,
2015). However, we cannot conclude that this biochemical rescue leads
to the rescue of some behaviors or synaptic phenotypes in mutants.
Transgene seems to have complex effects on wild-type mouse synaptic
transmission (Han et al., 2013; Lin R. et al., 2021). Nevertheless, some
scholars have successfully replicated the previous behavioral and
electrophysiological findings in Shank3 mutant mouse models (Kouser
etal., 2013; Speed et al., 2015).

In summary, these studies indicate that restoring Shank3 levels or
downstream signals in adults may be one of the therapeutic ways to
alleviate certain synaptic and behavioral disorders associated with
Shank3 mutations (Bariselli et al., 2016; Jaramillo et al., 2020;
Reichova et al., 2020). As downstream mediators and proteins related
to the Shank3 network are regulated, two groups have recently studied
mGluR5 and Homer as potential therapeutic targets in ASD (Kouser
etal., 2013; Wang X. et al., 2016; Vicidomini et al., 2017; Huang et al.,
2021). Using complete Shank3-KO mice (Wang X. et al., 2016), they
demonstrated that inhibition of mGluR5 activity could reduce
excessive licking, while positive agonists of mGIuR5 aggravated self-
licking. In another study (Vicidomini et al., 2017), the pharmacological
enhancement of mGluR5 activity improved repetitive behavior and
rescued other behavioral defects in Shank3-KO mice (Verpelli et al.,
2011; Lin etal., 2014). Although these studies may seem contradictory,
the mGluR5 positive agonist CDPPB exacerbated self-modification
in these studies. These results are based on different Shank3-mutant
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transgenic mice, which can lead to different results. However, the
findings from both studies are consistent in other respects. According
to another study (Vicidomini et al., 2017), pharmacological activation
of mGluR5 activity alleviated functional (NMDA-induced synaptic
membrane depolarization; Arvanov and Wang, 1997; Pisani et al.,
2001) and behavioral defects (social interaction and Morris water
maze; Wang Y. et al., 2016) in mice with exon 11 deletion. Another
study reported that the cortical actin filaments of mice lacking exon
11 were significantly reduced (Duffney et al, 2015). This was
attributed to the reduced activity of RAC1 and PAK, as well as the
enhanced activity of cofilin (the main factor involved in actin
depolymerization; Al-Ayadhi and Halepoto, 2013; Sarowar and
Grabrucker, 2016; Yi et al., 2016). This suggests that actin modulators
may be another potential molecular target for treating ASD. The
increase of RACI activity in the PFC of these mice improved their
social behavior defects and NMDAR function (Park et al., 2003;
Duffney et al., 2013, 2015). In contrast, inhibition of PAK or RAC1
function resulted in social behavior defects and dysregulation of
NMDAR function in wild-type mice (Bennett and Lagopoulos, 2014;
Lin Y. et al,, 2021). The use of drugs in Shank3 mutant mice to reverse
their symptoms highlights the potential target pathway. NMDA
hypofunction is a potential mechanism of ASD behavior (Won et al.,
2012; Lee et al., 2015). Social interaction could be improved by
treating mice with CDPPB (probably due to the enhancement of
NMDAR function through mGluR5 activation; Won et al., 2012). In
recent years, many studies have investigated NMDA-dependent
inhibitors, demonstrating their therapeutic efficacy in ASD (King
etal., 2001; Minshawi et al., 2016; Wink et al., 2017). The mechanism
of the NMDAR antagonist, ketamine, acting on the nervous system,
significantly overlaps with the pathophysiological theory of ASD,
including destroying synaptic connections and neuronal networks
(Wang et al., 2014a,b; Kriittner et al., 2022). However, despite the
broad interest throughout psychopharmacology research, ketamine
has not been explored in clinical trials of ASD. Furthermore, mice
lacking exons 6 and 7 have impaired GABAergic neurotransmission
(Orefice et al.,, 2016; Lim et al., 2017). Collectively, these studies
suggest that NMDAR hypofunction leads to specific ASD-like
phenotypes in Shank-mutant mice, and other related molecular
targets may be used to regulate NMDAR activity. Direct gene
targeting in humans appears to be a future treatment option for some
types of ASDs, as the recent success of many techniques related to
detecting and treating genetic disorders may provide the
necessary tools.

5. Conclusion

Although Shank3 mutation is heterozygous in humans, the
analysis and identification of Shank3 homozygous mutant mice are
imperative for understanding the physiological role of Shank3 and its
functional consequences. In addition, the mutation has destructive
effects. In terms of the treatment window, the earlier the treatment is
administered, the better the outcome. However, interventions in
adulthood may still be useful for reducing some of the symptoms
associated with SHANK3 mutations. It is necessary to carefully analyze
the specific phenotype of a genotype before trying a drug alone.
Exploring the SHANK3 gene may help uncover some of the
neurobiological aspects of autism.
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Background: Pain plays an important role in chronic ankle instability
(CAl), and prolonged pain may be associated with ankle dysfunction and
abnormal neuroplasticity.

Purpose: To investigate the differences in resting-state functional connectivity among
the pain-related brain regions and the ankle motor-related brain regions between
healthy controls and patients with CAl, and explore the relationship between patients’
motor function and pain.

Study design: A cross-database, cross-sectional study.

Methods: This study included a UK Biobank dataset of 28 patients with ankle
pain and 109 healthy controls and a validation dataset of 15 patients with CAl and
15 healthy controls. All participants underwent resting-state functional magnetic
resonance imaging scanning, and the functional connectivity (FC) among the
pain-related brain regions and the ankle motor-related brain regions were calculated
and compared between groups. The correlations between the potentially different
functional connectivity and the clinical questionnaires were also explored in patients
with CAl.

Results: The functional connection between the cingulate motor area and insula
significantly differed between groups in both the UK Biobank (p = 0.005) and clinical
validation dataset (p = 0.049), which was also significantly correlated with Tegner
scores (r=0.532, p = 0.041) in patients with CAl.

Conclusion: Areduced functional connection between the cingulate motor area and

the insula was present in patients with CAl, which was also directly correlated with
reduction in the level of patient physical activity.

KEYWORDS

ankle injuries, functional magnetic resonance imaging, functional connection, pain, central
nervous system

1. Introduction

Lateral ankle sprain is one of the most common sports injuries (McCriskin et al., 2015;
Jiang et al., 2018). Although approximately 80% of acute injuries have shown recovery with
conservative treatments, the remaining 20% have demonstrated chronic ankle instability (CAI)
and have suffered from a range of symptoms (e.g., persistent pain, impaired proprioception, and
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repetitive re-injury) (Safran et al., 1999; Alghadir et al., 2020). The
long-term chronic course can also lead to a reduced quality of life
and the development of ankle osteoarthritis (Thompson et al., 2019).
Despite a variety of currently utilized conservative treatments and
surgery to treat CAI, the outcomes have been far from satisfactory.
It is apparent, therefore, that additional research elucidating the
pathological mechanisms is essential to deepen our understanding
of CAI which could form the basis for more effective clinical
intervention (Doherty et al., 2017).

To emphasize the vital role pain plays in CAI, current
evidence suggests it is present in 58% of these patients, yet
most studies on CAI have continued to ignore pain in their
inclusion criteria or primary outcomes (Gribble et al., 2014; Al
Adal et al, 2019, 2020). Ankle dysfunction associated with CAI,
such as the sense of ankle instability, has been accompanied
with pain (Gribble et al, 2014; Al Adal et al., 2020; Xue et al,
2021a). Moreover, persistent pain has been reported to disturb
proprioception thereby jeopardizing safe return to sports (RTS)
in patients with CAI (Al Adal et al, 2020). However, although
pain and the corresponding ankle dysfunction are among the
most common symptoms of CAI, existing studies have not
thoroughly explained the underlying mechanisms. Recently, a
growing number of studies have suggested that long-term pain
and dysfunction of musculoskeletal disorders may be associated
with maladaptive neuroplasticity in the central nervous system, and
we postulated that this upstream mechanism might exist in CAI
(Pelletier et al., 2015).

The concept of neuroplasticity suggests that the central nervous
system has the ability to adapt to both the external environment
and internal factors, which can change the degree of involvement of
certain connections or brain areas through different neural circuits
(Sharma et al., 2013). In recent years, functional magnetic resonance
imaging (fMRI) has gradually shown its value in neurological
studies of neuroplasticity, especially the functional connectivity
(FC) evaluated by the between-region correlation of the blood
oxygen level-dependent (BOLD) signal that reflects the simultaneous
nature of blood flow in different brain tissues (Ogawa et al., 1990,
1993). Of particular interest, in musculoskeletal disorders, such
as lower back pain and knee ligament injuries, altered FC has
been recognized between patients and healthy controls that might
negatively affect the time of returning to sports, especially the FC
between the pain-related and motor-related areas that are associated
with emotional processes, perception of visual motion and body form
(e.g., the amygdala, postcentral gyrus, temporal-parietal junction,
and middle temporal visual cortex) (Needle et al., 2017; Gandhi
et al, 2020; Conboy et al, 2021; Xue et al, 2021b). However,
similar evidence of an abnormality relative to FC in CAI has not
been demonstrated.

Therefore, we aimed to analyze the functional connectivity
between the ankle motor-related and pain-related areas in patients
with CAI, to obtain evidence on whether pain is related to motor
function and time to return to exercise, based on the initial
exploration in patients with ankle pain of the UK Biobank (currently
the most extensive human genetic cohort sample library), and further
validation in patients with CAI enrolled from a sports medicine clinic.
We hypothesized that there was an abnormal functional connection
between the pain-brain region and the ankle-motor brain region
in patients with CAI, which might also correlate with the clinical
outcomes of the patients.
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2. Methods

Participants and data acquisition

The study was designed with two parts of cross-sectional analyses
to explore the pain symptoms in patients with CAI. Ethical approval
was granted for the UK Biobank data usage, and the present research
was prospectively registered online (No. 62721). Validation for using
the dataset and all study protocols was approved by the Institutional
Review Board Huashan Hospital, Fudan University (No. 2016M-
008). Informed consent was obtained, and the rights of all subjects
were protected.

Part 1 was an initial analysis based on existing MRI data in
the UK Biobank (http://www.ukbiobank.ac.uk/). Participants were
included if they met the diagnosis based on the ICD10 disease
diagnostic classification codes M25.57 Pain in joint (Ankle and
foot), and M79.67 Pain in limb (Ankle and foot). Exclusion criteria
included patients with painful symptoms due to other factors, joint
instability beyond the ankle, no brain imaging, not right-handed,
lack of demographic data, and other excluded diseases. Brain images
were acquired after the diagnosis of their disease. The diagnosis
code of chronic ankle pain and the excluded codes can be found
in supplemental digital content (Supplementary Table 1). The final
patient group was matched to healthy controls in a 1:4 ratio using
sex, age, BMI, and ethnic background.

Part 2 was a validation study using the participants we enrolled
from February 2021 to July 2021. CAI patients were recruited by
the sports medicine department at the Huashan Hospital, Fudan
University. Adult patients were selected if they met the following
recommendation of the International Ankle Consortium: (1) history
of at least one significant ankle sprain, which occurred at least 12
months prior to the study, resulting in pain, swelling, and at least one
interrupted day of normal physical activity; and (2) a score of < 24 on
the Cumberland Ankle Instability Tool (CAIT) questionnaire (Hiller
et al., 2006; Gribble et al., 2014). Additionally, all participants had
been diagnosed with anterior talofibular ligament injuries through
physical examinations (positive anterior drawer test) and imaging
assessments (ultrasonic or ankle MRI) by an experienced orthopedist
(Prof. Yinghui Hua) (Song et al., 2019). Furthermore, all participants
were right-footed, defined by the limb they preferred to kick a ball.
Exclusion criteria included: (1) a history of other musculoskeletal
problems or surgeries of the lower extremities (except the CAI in
the patient group); (2) acute ankle sprains or other injuries in the
previous 3 months; (3) the medical history of or current medication
usage for major medical illnesses, such as cardiovascular, respiratory,
neurological, autoimmune, or mental disorders.

2.2. Data acquisition

of the UK Biobank
(https://biobank.ctsu.ox.ac.uk/

MRI data
are presented

acquisition  protocols
online
crystal/crystal/docs/brain_mri.pdf). For the validation dataset,
the Tegner Activity Rating Scale score and American Orthopedic
Foot and Ankle Society Score (AOFAS) were measured prior to MRI
scanning. The validation dataset MRI scanning was performed on
a 7T scanner (MAGNETOM Terra, Siemens Healthcare, Erlangen,
Germany) equipped with a 1Tx/32Rx head coil (Nova Medical,
Wilmington, MA, USA). Subjects were reminded to lie still at
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rest, looking at a cross reflected on a projector without thinking
about anything. First, a MPRAGE sequence was used to acquire
high resolution 3D T1-weighted images (sagittal): TR = 8.1 ms,
TE = 3.7 ms; field of view = 256 x 256 mm; matrix = 256 x 256;
inplane resolution = 1 x 1mm; slice thickness = 1 mm; number
of slices = 180. Second, fMRI data of resting-state were acquired
with the following parameters: TR = 650 ms; TE = 30 ms; flip angle
= 53° field of view = 200 x 200 mm; acquisition matrix = 68 x
66; SENSE factor = 1.5; reconstructed in-plane resolution = 2.5 x
2.5; slice thickness = 3.5 mm; number of slices = 40; multi-band
factor = 4. In total, 500 frames of data were collected, and the
total time for the resting-state fMRI sessions was approximately
5.5 min.

2.3. Data analysis

For preprocessing of the images, Restplus (version 2019) software
of Matlab2014a was used, including slice timing and realign,
normalization to Montreal Neurological Institute (MNI) template
space (resampled to 2mm isotropic), and smoothing (8 mm full-
width half-max kernel). Participants with movement outlier were
confirmed using mean frame-wise displacement (FD) >0.2mm,
which would be excluded from the analysis.

For ROIs analysis, 5mm spheres with combined left and
right ankle motor-related regions related to motor were created
based on previously published fMRI data of ankle movements,
including 9 regions, such as bilateral primary sensorimotor cortex
(SM1), supplementary motor area (SMA-proper), cingulate motor
area (CMA), premotor cortex (PMC), secondary sensory cortex
(SII), basal ganglia, and cerebellum (vermis, anterior lobes). The
thalamus was excluded because the coordinates of bilateral brain
regions were not available (Kapreli et al., 2007). Also, the 159 pre-
defined pain-related ROIs (4 mm sphere) were evenly placed out in
pain-related brain regions that were selected from a meta-analysis
automatically generated from 516 articles labeled with the term
“pain” in the framework of neurosynth (www.neurosyntsh.org) (Woo
et al., 2014; Flodin et al,, 2016) (Figure 2A). The volume of the
ROI spheres was used to represent the total voxel size of this brain
region, and the time series of BOLD signal under this ROI was
extracted. The FCs calculated by the Fisher-z transformed Pearson
correlation coefficients between the ankle motor-related and pain-
related ROIs to identify neural differences in brain connectivity
between ankle motor control and pain processing (Diekfuss et al.,
2019).

The remainder of the statistical analyses were performed by
Graphpad Prism Version 9.0. Data normality was tested using
the Kolmogorov-Smirnov test. Chi2 tests, Mann Whitney U-tests,
and independent two-sample f-tests were applied to examine the
equivalence of demographic variables and the differences in clinical
features between groups. Independent two-sample t-tests were used
for comparisons between groups in both parts, and the two-tailed
threshold of p < 0.01 was used to identify the potentially altered
connectivity in the initial exploration of part 1, and the one-
tailed threshold of p < 0.05 was used to validate the altered
connectivity in part 2. Two-tailed Pearson correlation was also used
to estimate the correlation between the significantly different FCs
and the clinical questionnaires (i.e., AOFAS and Tegner scores)
in patients with CAI, with the absolute values of correlation
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coefficients (r) classified as weak (0-0.4), moderate (0.4-0.7), or
strong (0.7-1.0).

3. Results

3.1. Demographic and clinical features

A total of 502,461 participants were screened from the UK
Biobank Resource, of which 463,486 were removed because they
had no brain imaging, 4,274 were removed because they were
not right-handed, 8,753 were excluded for disease, 879 were
removed because they had no demographic data. The remaining
25,069 participants were screened based on the ICDI0 disease
diagnostic classification. After the exclusion of major illnesses/
traumas, joint instability beyond the ankle, inclusion of ankle
instability and selecting fMRI data quality, 28 participants were
included in the chronic ankle pain group and 109 in the
healthy control group for part 1, the detailed ICD10 codes
and diagnosis are presented in Supplementary Tables 1-3. The
flowchart of the participant selection in part 1 is presented in
Figure 1A. Individual demographic data are shown in Table I.
In Group Chronic Ankle pain, there were 17 females and 11
males, and in Group Healthy Control, there were 63 females
and 46 males. No significant differences were observed between
the two groups for sex, age, BMI, and ethnic background
(p > 0.05).

In part 2, 16 CAI patients and 18 healthy controls were recruited,
while four subjects were excluded due to excessive head motion,
leaving 15 in each of the patient groups for further data analysis.
The flowchart of participant selection in part 2 is also presented in
Figure 1B. Demographic data are shown in Table 2. In Group CAI,
there were 2 females and 13 males, and in Group Healthy Control,
there were 3 females and 12 males. No significant differences were
observed between the two groups for sex, age, BMI, and ethnic
background (p > 0.05). The CAI patients had significantly worse
sports level (Tegner) and ankle function (AOFAS) (p<0.001) when
compared with healthy controls.

3.2. FC analysis

A Heatmap of the t value of the between-group comparisons of
the FCs between 9 ROIs of ankle activity and 159 ROIs of pain in
the global brain is shown in Figure 2B. As compared to group healthy
controls, brain FC was significantly lower in group chronic ankle pain
in brain ROIs, including CMA and Insula (p = 0.005), CMA and
Putamen (p = 0.004), CMA and Rolandic Operculum (p = 0.004),
SIT and Putamen (p = 0.009). These ROIs were used in the validation
study in part 2; only the CMA and Insula persisted in patients with
CAI (p = 0.049) (Table 3, Figure 3). The FC of CMA and Insula had
a moderate correlation with Tegner scores (r = 0.532, p = 0.041), as
shown in Figure 3D, while there was no significant correlation with
the AOFAS scores (r = 0.2738, p = 0.3234).

4. Discussion

The most important finding of this study was that FC between
CMA and insula was reduced in patients with CAI and the degree of
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A UK Biobank Dataset B Validation Dataset
I 502,461 participants enrolled in the UK Biobank I
Preliminary Results of
Altered Functional connectivity
Excluded:
463,486 no brain images Sample size estimated
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I 25,069 participants for selection I 579 Ro demographicdsta
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l l Head motion or Image quality
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Head motion or Image quality I l
excluded
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(n=28) (n =109)
Validated Results of
Altered Functional connectivity
Correlation with
Preliminary Results of The Clinical Questionnaire
Altered Functional connectivity
FIGURE 1
(A) Flowchart of the participants selection in part 1; (B) Flowchart of the participants selection in part 2.

TABLE 1 Demographic variables of ankle pain group and healthy control
group presented as mean (SD).

TABLE 2 Demographic variables of chronic ankle instability group and

healthy control group presented as mean (SD).

UK Biobank set Ankle pain Healthy P value Validation set Ankle pain Healthy P value
(n=28) control (n = 15) control
(n = 109) (n = 15)
Sex (female/male) 17/11 63/46 0.949 Sex (female/male) 2/13 3/12 1.000
Age (years) 64.86 + 7.08 63.93 £ 6.97 0.531 Age (years) 26.20 £ 6.12 26.53 £ 2.39 0.846
BMI (kg/m?) 26.82 + 4.28 27.13 +£5.71 0.791 BMI (kg/m?) 24.13 £2.26 23.19 £2.30 0.265
Ethnic background 0.872 Ethnic background 1.000
A 26 (92.9%) 96 (88.1%) H 15 (100%) 15 (100%)
B 0(0.0%) 3(2.8%) Tegner scores 327 +1.71 5.07 +1.10 0.002
C 1(3.6%) 3 (2.8%) AOFAS 99.33 £ 2.58 69.87 £ 17.26 <0.001
D 0 (0.0%) 1(0.9%)
E 0 (0.0%) 1(0.9%)
F 1(3.6%) 2(1.8%) is a crucial function of the insula (Gonsalves et al., 2021). Previous
studies have confirmed that enhanced nociceptive sensitization in
G 0(0.0%) 3(2.8%) . . . . . . . .
patients with chronic pain may be associated with overlapping pain

connectivity was positively correlated with impaired motor function.
To our knowledge, this study is the first fMRI study to evaluate
the neuroplasticity of pain processing and motor control in patients
with CAL

The insula, a region involved in pain processing, is usually divided
into partial subregions based on anatomy and connectivity (Centanni
etal, 2021). Generally, the insula is thought to affect somatosensory,
nociceptive, and affective functions (Starr et al., 2009; Segerdahl et al.,
2015). Meanwhile, integration of information inputs in the insula
provides the prediction of a combination of pain, perceptual errors,
or a variety of other current conditions (Geuter et al., 2017; Centanni
etal., 2021). The integration of emotional and somatosensory signals

183

Frontiersin Molecular Neuroscience

activation in the insula (Ploghaus et al, 2001; Zhuo, 2016). In
addition, reduced pain inhibition is associated with stronger resting-
state FC in relation to the insula and other cortical brain regions
(Huynh et al., 2022). Furthermore, impaired insula function can also
produce or enhance emotions such as anxiety (Paulus and Stein, 2010;
Avery et al., 2014; Zhuo, 2016). Therefore, we believe that the insula
has a valuable research significance in patients with chronic pain,
not only in relation to their pain management but also in terms of
predicting their psychological patterns and behavior.

The CMA area is anatomically divided into four regions and
is not perfectly aligned in function (Lu et al, 1994; He et al,
1995; Wessel et al., 1995). Numerous studies have demonstrated that
the CMA is significantly activated during lower limb movements,
even activated before active awareness during voluntary activity
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These ROIs were validated in part 2 of this study.

159 ROIs of pain

(A) The ROIs in global brain as sphere. Each ROl was put in a brain as sphere, for blue color was ROIs of ankle motor regions, and for red color was ROIs
of pain regions. (B) Heatmaps of functional connectivity between 9 ROIs of ankle activity and 159 ROIs of pain in the global brain. Warmer colors (red and
yellow regions) indicate stronger connectivities whereas cooler colors (blue and green regions) indicate weaker connectivity. The 9 ROIls associated with
ankle activity are primary sensorimotor cortex (SM1); supplementary motor area (SMA-proper); cingulate motor area (CMA); premotor cortex (PMC);
secondary sensory cortex (Sll); basal ganglia (BG); external segment of globus pallidus (Gpe); cerebellum (Cereb), in which signsificant differences
presented between CMA and Insula (p = 0.005), CMA and Putamen (p = 0.004), CMA and Rolandic Operculum (p = 0.004), SIl and Putamen (p = 0.009).

. ROIs of ankle

’ ROIs of pain

SM1
SMA-proper
CMA

PMC

SII

BG Gpe

SII

Cereb vermis

Cereb anterior lobe

TABLE 3 Comparison of functional connectivity between the group chronic ankle pain and healthy control in two parts of study.

UK Biobank dataset Ankle pain (n = 28) Healthy control (n = 109) Direction of difference P value*
CMA-Insula 0.67 (0.30) 0.84 (0.28) < 0.005"*
CMA-Putamen 0.57 (0.31) 0.73 (0.25) < 0.004"*
CMA-Rolandic Operculum 0.65 (0.31) 0.83(0.28) < 0.004**
SII-Putamen 0.50 (0.30) 0.65 (0.27) < 0.009**
Validation dataset Ankle pain (n = 15) Healthy control (n = 15) Direction of difference P value®
CMA-Insula 0.56 (0.29) 0.75 (0.33) < 0.049*
CMA-Putamen 0.59 (0.28) 0.55 (0.41) > 0.380
CMA-Rolandic Operculum 0.70 (0.25) 0.70 (0.37) > 0.499
SII-Putamen 0.55 (0.29) 0.45 (0.27) > 0.186

ns, not significant™* Significant (p < 0.001); *Significant (p < 0.05).

(Ball et al., 1999). Increased functional connectivity can be thought of
as increased neuronal activity (Lin et al., 2008). In contrast, repetitive
somatosensory and motor stimuli, and cognitive stimuli reflect
increased resting-state functional connectivity (rsFC) in the brain
network, which may be related to the aggregation of neurotransmitter
receptors at synaptic terminals (Tung et al., 2013; Wei et al.,, 2014).
Some studies have shown increased rsFC of the CMA with other
motor-related cortical brain regions in stroke patients (Liu et al.,
2020), which contradicts the results of the present study, but may

Frontiersin Molecular Neuroscience

indicate that the CMA and insula have different patterns from normal
activity in processing movements related to pain sensation.

The present study links the insula to the CMA is an attempt
to explain its reduced connectivity with decreased motor function.
The conclusion that weaker intensity connectivity between the CMA
and insula implies that these two brain regions failed to work
well together, resulting in a temporal difference of activation in
sequence, which forms the theoretical basis for further correlation
analysis with pain and ankle dysfunction. We suggest that this
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FIGURE 3
(A) The insula and CMAs ROls in global brain as sphere, in which blue color was ROIs of CMAs, and for red color was ROlIs of Insula; (B, C): the functional
connectivity between CMA and insula are significant on a corrected cluster level in ukbiobank (p = 0.005) and clinical validation (p = 0.049) both; (D):
functional connectivity of CMA and insulation significantly correlated with Tegner scores (r = 0.532, p = 0.041). **Significant (o < 0.001); *Significant
(p < 0.05).

reduction in FC may indicate neuroplasticity in CAI patients. It
should be noted that if the conflict exists between brain regions
during processing information when exercising, this may be the cause
of many CAI failures to recover motor function. Due to prolonged
chronic pain, patients develop a lower response-ability to pain which
in turn adjusts motor behavior. Based on our clinical experience,
CALI patients with pain often have a greater fear of rehabilitation.
Whether this occurs earlier or later than neuroplastic changes is
uncertain, but clearly this psychological change delays their RTS.
After participants became aware of their motor intentions, fear
of movement-related pain caused hyperactivation in the cingulate
motor area. This hyperactivation may result from a conflict between
the unrealized desire to avoid the painful experience and the
motivation to perform the desired motor task (Osumi et al., 2021).
This may in part explain the poorer RTS function and longer RTS
times in patients with CAI who experience long-term chronic pain.
As some studies have similarly identified a progression of pain
sensitization in the follow-up of post-operative CAI patients, the
critical role of pain in clinical prognosis is emphasized. Our findings
may further explain the process of injury-related outcomes in patients
with CAL

To further investigate the clinical significance of pain in
patients with CAI, we assessed the relationship between CMA,
insula and clinical scores. Tegner scores were designed to provide
a standardized method of assessing the level of motor function
through physical activity, and a two-year follow-up of athletes
showed that t-scores also provided valid information in predicting
RTS function in impaired patients (Klasan et al., 2021). In other
words, reduced connectivity of the CMA to the insula directly
correlated with the Tegner score. To some extent, it also indicated
reduced RTS motor function. However, no significant correlation
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between rsFC and AOFAS scores was found in this study, which
may be principally attributed to the following: (1) AOFAS is used
in the clinic mostly to assess patient activity function, and the
assessment of pain is less accurate than a VAS; (2) AOFAS is more
subjective, and pain perception in different states varies greatly for
CAT patients.

Through validation in clinical populations, we found a
reduced regional connectivity between the insula and CMA in
CAL but in the UK Biobank data, we also found a significant
results between the CMA and putamen, Rolandic operculum,
even SII and putamen. This represents an interaction between
pain and motor function that does not necessarily exist solely
between the CMA and the insula. However, due to the false
positives, we were unable to verify all their authenticity,
which suggests that future work needs to focus more on
the full range of symptoms in CAI patients rather than
instability alone.

Current research regarding pain-sensitized brain function has
emphasized abnormal connectivity between brain regions, rather
than simply abnormal activation of brain regions. These intrinsic
connectivity networks offer exciting new avenues for subsequent
in-depth research: to perform functional analyses between brain
regions in pain and further investigate the presence of neuroplasticity
between the “upstream and downstream of pain”. This, in turn,
may shift attention to pain-induced central changes such as
functional brain connectivity, abnormal activation of associated brain
regions, and even large-scale brain network analysis. Concomitantly,
we can optimize the clinical questionnaire evaluation system to
determine more concordance with rsFC to help predict patient
clinical symptoms and psychological status (Gonsalves et al,
2021).
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We have also noted that many sports injuries produce pain
that is not easily eliminated, so research on the FC between pain
sensation and sports injuries can help us understand more about
sports injuries. Additionally, due to the limitations of existing
treatments, more treatments for pain after sports injuries should
be developed. Several studies have shown that TMS can be used
to enhance neuroplasticity and reduce pain after injuries (Lu et al,,
2015; Shin et al, 2018; Krishnan et al., 2019). It is expected
to facilitate more specific interventions in the process of passive
assessment of injury-related stimuli to improve future surgical
outcomes in patients with cerebral infarction and even other
motor injuries.

4.1. Limitation

Several limitations should be noted. First, the increased false-
positive rate associated with comparisons between multiple ROIs
in our exploratory and preliminary study should be acknowledged.
However, two sub-studies were performed with inter-validation,
which may help to reduce the false-positive rate. Second, although
similar to the sample size of previous studies of FC, ours
was still smaller. To compensate, we used imaging of two
groups, which may have reduced the false positive rate, and
the use of a 7T MRI machine can also improve accuracy
to a certain extent. Additionally, during data analysis, bilateral
foot injuries were combined due to the deficiencies of the UK
Biobank itself. The inclusion of more clinical subjects with more
detailed clinical evaluations would certainly provide more accurate
interindividual variability.

4.2. Conclusion

Reduced FC between the CMAs and the insula was present in
patients with ankle instability and ankle pain, which was also directly
correlated with reduction in the level of physical activity.
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Mental disorders such as anxiety and depression induced by chronic pain are common
in clinical practice, and there are significant sex differences in their epidemiology.
However, the circuit mechanism of this difference has not been fully studied, as
preclinical studies have traditionally excluded female rodents. Recently, this oversight
has begun to be resolved and studies including male and female rodents are
revealing sex differences in the neurobiological processes behind mental disorder
features. This paper reviews the structural functions involved in the injury perception
circuit and advanced emotional cortex circuit. In addition, we also summarize the
latest breakthroughs and insights into sex differences in neuromodulation through
endogenous dopamine, 5-hydroxytryptamine, GABAergic inhibition, norepinephrine,
and peptide pathways like oxytocin, as well as their receptors. By comparing sex
differences, we hope to identify new therapeutic targets to offer safer and more
effective treatments.

KEYWORDS

sex differences, pain, anxiety, depression, neural circuit

1. Introduction

Chronic pain has a high comorbidity rate with anxiety and depression, and the incidence
is as high as 50% (Vos et al., 2020). Epidemiology suggests that there are sex differences in
pain-induced mental disorders, and sex factors also affect the efficacy of clinical anti-anxiety
and antidepressant drugs (Sramek et al., 2016; LeGates et al., 2019). Most of the experimental
studies in neuroscience are carried out in male animals. The excessive dependence on male
animals and cells in preclinical studies may mask the key sex differences that may guide clinical
research (Madla et al., 2021). Therefore, this paper reviews the research on sex differences
in the field of pain and related mental behaviors in recent years, analyzes the sex differences
of dopamine, serotonin, GABA, oxytocin, and norepinephrine pathways involved in pain and
related emotional behaviors, and combs out the brain circuit mechanism that may be involved
in the regulation of sex differences in pain-induced mental disorders. In the era of individualized
medical care, emphasis on sex medicine is essential to promote personalized care for patients.

2. Sex differences in neural circuits

Many brain regions, such as the anterior cingulate cortex, thalamus, amygdala, medial
prefrontal cortex, and periaqueductal gray, are involved in the regulation of both chronic pain
and emotions (Bushnell et al., 2013). However, a growing number of researchers believe that no
neuron is an isolated island and that the connections between brain regions are more critical than
brain subdivisions (Han and Domaille, 2022). Identifying specific or shared circuits that regulate
pain and emotions is the key to unraveling the complex manifestations of pain and emotions.
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FIGURE 1
Sex differences in neural circuits (mainly in clinical experiments).
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In clinical experiments, graph theory, modular analysis, and machine
learning were used to analyze the default mode, central, visual,
and sensorimotor modules in patients with chronic pain (Figure 1).
In preclinical experiments, there were also more nuanced circuit
manipulation experiments which were now being carried out
extensively in animal experiments (Figure 2). Interestingly, both
the clinical and preclinical results showed that sex difference
was a non-negligible factor in the study of pain and emotions
(Mogil, 2020). Brain regions and connections related to pain
and emotions such as anterior cingulate cortex, amygdala, locus
coeruleus, ventral tegmental area, and periaqueductal gray were all
sexually differentiated.

Sex-difference neural circuits mentioned in this article are mainly
about the functional connectivity (FC) of ACC. The red lines indicate
that women exhibit greater FC between the anterior cingulate cortex
and the thalamus, amygdala, periaqueductal gray, and raphe nucleus

Abbreviations: CGRP1, calcitonin gene-related peptide 1; CeA, central
nucleus of the amygdala; DRN, dorsal raphe nucleus; LC, locus coeruleus;
ACC, anterior cingulate cortex; sgACC, subgenual ACC; FC, functional
connectivity; LTD, long-term depression; LTP, long-term potentiation; VTA,
ventral tegmental area; PFC, prefrontal cortex; NAc, nucleus ambiguus; RMTg,
rostromedial tegmental nucleus; DA, dopamine; Sp5C-LPBN, spinal trigeminal
subnucleus caudalis to the lateral parabrachial nucleus; BNST, bed nucleus
of the stria terminalis; VIPAG/DR, ventral lateral aqueduct periaqueductal
gray/dorsal fissure; RVM, rostral ventromedial medulla; NE, norepinephrine;
SNRI, serotonin-noradrenaline reuptake inhibitors; TH, tyrosine hydroxylase;
CREF, corticotropin-releasing factor; D1 and D2, dopamine receptor 1 and 2;
CCI, chronic constriction injury; NAc, nucleus accumbens; ADHD, attention-
deficit/hyperactivity disorder; SSRI, selective serotonin reuptake inhibitor;
5-HIAA, 5-Hydroxy indoleacetic acid; IDO, indoleamine-2,3-dioxygenase;
TRYCAT, tryptophan catabolite pathways; 5-HTT, 5-HT transporter; rs-
fMRI, resting-state functional magnetic resonance imaging; GABA, gamma-
aminobutyric acid; GABA,sr. GABA,p receptors; GIRK, G proteingated
GAT, GABA

transporter; STG, superior cerebral gyrus; SPECT, single-photon emission

inwardly-rectifying K*; GAD, glutamic acid decarboxylase;
computed tomography; GABA,-BZR, GABA, -benzodiazepine receptor; DMN,

dorsomedial nucleus; Oxt, Oxytocin; PVN, paraventricular; SON, supraoptic

nuclei; ICV, intracerebroventricular.
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than men when chronic pain and pain emotions exist; The green
lines indicate that men exhibit greater FC between the anterior
cingulate cortex and temporoparietal junction, anterior insula, and
hypothalamus than women when chronic pain and pain emotions
exist. The yellow lines indicate that only women with chronic
pain had greater ACC FC to the precuneus and lower FC to the
hippocampus and frontal regions, men with chronic pain have no
change in these connectivities compared to healthy men.

The green lines indicate that activation of the pathways induces
pain-related depression in males but not females. Activation of the
LC — ACC pathway leads to pain-induced depression in males,
but it remains unknown whether the LC — ACC pathway conducts
the same function in females. Increased VTA DA neuronal activity
was associated with chronic neuropathic pain-induced depression-
like behaviors. The activation of the Sp5C-LPBNG"-VTAPA pathway
was directly involved in the modulation of pain-related depression
in males, but this circuit was not manipulated in females. Activation
of the terminals in VIPAG/DRPA* neurons or vIPAG/DRPA*-
BNST can reduce nociceptive sensitivity in naive male mice and
inflammatory pain states in males, whereas in female mice resulted
in increased locomotion in the presence of significant stimuli. The
purple lines indicate that activation of the pathways induces pain-
related depression both in males and females. The inhibition of
DRN serotonergic neurons — CeA somatostatin neurons pathway
produces depression-like behaviors both in male and female mice
models with chronic pain. There are also no sex differences in
the regulation of the RMTgCSABA-VTAPA circuit for chronic pain-
induced pleasure deficits.

2.1. Anterior cingulate cortex (ACC)

Recent studies indicate that the anterior cingulate cortex (ACC)
plays a critical role in chronic pain and pain-related emotional
responses (Li et al, 2021). As an important part of the limbic
system, ACC involves in pain and pain-related emotions via
connectivity with other brain regions such as the descending pain
antinociceptive system and so on (Chen et al, 2021). In a cross-
sectional resting-state functional connectivity (RSFC) study among
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older adults, researchers found that the strongest evidence for sex
differences emerged in the associations of thermal pain with RSFC
between the ACC and amygdala and between the ACC and PAG
in older females relative to older males (Figure 1) (Monroe et al,
2018). Researchers also investigated whether women have stronger
functional connectivity (FC) and greater structural connectivity (SC)
compared to men between the subgenual ACC (sgACC) and the
descending antinociceptive system. They revealed that brain circuitry
in women may provide for greater engagement of the descending
modulation system mediating pain habituation but not in men.
Between the sgACC and the periaqueductal gray (PAG), raphe
nucleus, medial thalamus, and anterior midcingulate cortex (aMCC)
women exhibited greater FC than men (Figure 1) (Wang et al., 2014).
There were also findings indicating that abnormal sgACC circuitry
is unique to women but not men with ankylosing spondylitis-related
chronic pain. Compared to men, women had greater sgACC FC to
the default mode and sensorimotor networks (Figure 1) (Osborne
et al., 2021). Besides the connectivity, the anatomy of the ACC of
rats was also sexually dimorphic with males having greater dendritic
spine density as well as arborization. And this reduction was more
pronounced for males with increasing age (Markham and Juraska,
2002). Synaptic plasticity is a key cellular mechanism for pain
perception and emotional regulation. In preclinical studies, excitatory
transmission and plasticity in the anterior cingulate cortex are critical
in chronic pain-related emotions. Researchers used a 64-channel
multielectrode (MED64) system to record synaptic plasticity in the
ACC and found that long-term depression (LTD) was greater in ACC
in male mice than females while long-term potentiation (LTP) did not
show a sex-related difference (Liu et al., 2020). Besides, some studies
reported that Sex differences in GABAergic gene expression occur in
the ACC in schizophrenia (Bristow et al., 2015). It remains unknown
whether Sex-difference GABAergic gene expression involves in pain
and pain-related emotion.

2.2. Amygdala

It has been suggested that the amygdala receives inputs from the
parabrachial nucleus and mediates differentiated pain and affective
responses in males and females (Sun et al, 2020). Calcitonin
gene-related peptide 1 (CGRP1) receptors in the central nucleus
of the amygdala (CeA) are involved in neuropathic pain-related
amygdala activity and contribute to nociception in both sexes
(Presto and Neugebauer, 2022). However, they elicit emotional-
affective pain responses such as ultrasound onset and anxiety-
like behaviors mainly in females (Neugebauer et al,, 2020). The
dorsal raphe nucleus (DRN) is the main brain region for the
synthesis and release of serotonin, and its involvement in pain-
affective reactions has been discussed previously. It has been
suggested that the inhibition of DRN serotonergic neurons — CeA
somatostatin neurons pathway produces depression-like behaviors in
male mice models with chronic pain. Activation of this pathway using
pharmacological or optogenetic approaches reduced depression-
like behavior in these mice (Figure 2) (Zhou et al, 2019). In this
study, the researchers also included MRI data of the patient’s FC
to corroborate this finding. However, these data were not sex-
differentiated, which seems to indicate that this circuit is not
sexually dimorphic.
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FIGURE 2
Sex differences in neural circuits (mainly in preclinical experiments).

2.3. Locus coeruleus (LC)

The locus coeruleus (LC) acts as a nucleus that regulates pain
and emotion (Hirschberg et al., 2017). Resilience to chronic stress
is mediated by the noradrenergic regulation of dopamine neurons
(Llorca-Torralba et al., 2016). The circuits in which it is involved
have also received considerable attention. In studies performed on
male rats only, it was believed that bilateral chemogenetic inhibition
of the LC —  ACC pathway relieves pain-induced depression
(Figure 2) (Llorca-Torralba et al, 2022), while activation of the
noradrenergic LC — spinal cord pathway relieves pain. However,
the noradrenergic system is considered to be sexually dimorphic
in much of the literature. Studies have shown differences in the
structure and function of LC between male and female rodents in
many ways (Bangasser et al., 2015). The dendrites of the neurons
in the LC of female rodents were more complex than those of the
males (Bangasser et al., 2011), and the female LC dendrites further
extended to the areas around the LC, as well as the afferent limbic
systems involved in the stress response, such as the central nucleus
of the amygdala and the bed nucleus of the stria terminalis (Van
Bockstaele et al., 2001). And due to the increased synaptic density
in females relative to males, female LC dendrites may receive more
synaptic input (Bangasser et al., 2011). This means that anatomically
the noradrenergic neurons of the LC may then form different circuits
from other brain regions. Therefore, it remains unknown whether
inhibition of the LC —
depression is applicable to female rats.

ACC pathway relieves pain-induced

2.4. Ventral tegmental area (VTA)

In addition to the involvement of the LC noradrenergic
system in pain and depression co-morbidity, dopaminergic neuronal
projections from the ventral tegmental area (VTA) to the prefrontal
cortex (PFC), amygdala and nucleus ambiguus (NAc) play a key
role in the perception and regulation of chronic pain symptoms
(Hipolito et al, 2015). Rostromedial tegmental nucleus (RMTg)
GABA hyperinhibition of the VTA dopamine (DA) neurons mediates
pain-induced pleasure deprivation (Figure 2). In their experiments,
the researchers concluded that no differences were found in the
behaviors of males and females in the disease state or the alterations in
their behaviors after the manipulation of the circuits (Markovic et al.,
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2021). This suggests that there are no sex differences in the regulation
of the RMTg GABA-VTA DA circuit for chronic pain-induced
pleasure deficits (Figure 2) (Lowes et al., 2021). In another study, it
was suggested that chronic neuropathic pain-induced depression-like
behaviors were associated with increased VTA DA neuronal activity
and that upstream spinal trigeminal sub-nucleus caudalis to the
lateral parabrachial nucleus (Sp5C-LPBN) glutamatergic neuronal
projections were directly involved in the modulation of VTA DA
neurons (Figure 2) (Zhang et al, 2021). However, this circuit was
not manipulated in female rats. Some studies support that the
projections, gene expression levels, and electrical activity of VTA DA
neurons do not differ significantly in males and females, which may
explain the absence of functional differences in VTA DA-involved
circuits in the co-morbidity of chronic pain and depression (Chung
etal., 2017).

2.5. Periaqueductal gray (PAG)

In contrast, the DA neuron to the bed nucleus of the stria
terminalis (BNST) projection circuit in the ventral lateral aqueduct
periaqueductal gray/dorsal fissure (VIPAG/DR) has male and female
differences in pain-related behaviors (Figure 2) (Yuetal., 2021). It has
been found that activation of the terminals in vIPAG/DRPAY neurons
or VIPAG/DRPAT_BNST can reduce nociceptive sensitivity in naive
male mice and inflammatory pain states in males, whereas activation
of this pathway in female mice resulted in increased locomotion in
the presence of significant stimuli (Yu et al., 2021). There is still
insufficient fundamental research to answer the question of whether
DA in PAG/DR is indeed sex-differentiated in projections and
functions. Early studies suggested that the projection from the PAG
to the rostral ventromedial medulla (RVM) is sexually dimorphic
and that systemic administration of morphine significantly inhibited
pain-induced PAG activation in male rather than female rats. It
has also been suggested that microglia (Doyle et al., 2017) in the
PAG, opioid receptor signaling (Loyd and Murphy, 2006), morphine
metabolites (Doyle and Murphy, 2018), and endocannabinoids
(Llorente-Berzal et al., 2022) are all sexually differentiated in their
involvement in pain regulation. The PAG is a key structure in
a number of regulatory pathways of nociception, emitting neuro
fibers projections to the amygdala, hypothalamus, frontal cortex,
hippocampus, and BNST to regulate the generation of pain and pain-
related behaviors. We thus hypothesize, with little knowledge, that
the brain circuits involving PAG are more likely to exhibit sexual
dimorphism in their involvement in pain and related emotions.

In conclusion, whether different brain circuits are sexually
dimorphic in their involvement in pain and related emotions may be
related to differences in their own anatomies, molecular levels, and
electrophysiological activities per se, and cannot be generalized in a
simple way.

3. Sex differences in neurotransmitters
and neuromodulators

that
such as

The past and literature have indicated

neurotransmitters and

current
neuromodulators  systems
norepinephrine (Joshi and Chandler, 2020), dopamine (Hasbi et al.,

2020), serotonin (Zhang et al., 2017), GABA (Cerne et al., 2022),
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and oxytocin (Tamborski et al., 2016; Aulino and Caldwell, 2020)
seemed to be strongly involved in pain-related sexually dimorphic
mental disorders (Dazzi and Scicchitano, 2014). Differences in
concentrations (Busch et al.,, 1997), receptors (Hasbi et al., 2020),
and transporters (Zachry et al, 2021) of these neurotransmitters
and neuromodulators sexual differences may be potential targets for
explaining sex differences in pain-related mental disorders.

3.1. Norepinephrine

Norepinephrine (NE) mediates the pathogenesis of pain and
anxiety co-morbidity (Phillips et al., 2018). Serotonin-noradrenaline
reuptake inhibitors (SNRI) antidepressants are widely used in anxiety
disorders and they block the reuptake of NE and 5-HT, making
them psychotropic drugs for the treatment of neuropathic pain
in clinical settings as well (Fava et al., 2018). Norepinephrinergic
neurons are mainly found in the LC and widely project to the cerebral
cortex, hippocampus, hypothalamus, cerebellum, brainstem nuclei,
and spinal cord (Mason, 1979). Previous studies have suggested
that sex differences in the locus coeruleus noradrenergic system
(Bangasser et al., 2015; Mulvey et al., 2018; Joshi and Chandler, 2020)
may be one of the reasons why pain and depression occur frequently
in females.

It has been reported that the LC of adult female rats is larger
than that of male rats (Pinos et al., 2001) and contains more NE-
ergic neurons (Guillamon et al., 1988), which corresponds to the
phenomenon in humans (Busch et al., 1997). This may have increased
the capacity for NE generation and release in females. In addition to
differences in the number of neurons, there are also sex differences in
the LC dendritic morphology (Bangasser et al., 2011). Morphological
analysis of individual LC neurons by the researchers revealed that
female LC dendrites are longer and more complex than those of
males, which may increase synaptic afferent contacts in the peri-
LC region (Mulvey et al., 2018). For example, increased nociception
introduced by PAG (Bangasser et al, 2011) may be one of the
neurobiological mechanisms underlying the sex differences in pain.

Apart from the differences in the number and morphology
of NE-ergic neurons in LC, it has been reported that estradiol
treatment increases NE levels in the ventral hippocampus, cortex,
and hypothalamus of ovariectomized female rats (Bangasser et al.,
2011). In addition, estrogen can increase NE synthesis and decrease
NE degradation, while ovarian hormones increase NE levels in LC
target regions through presynaptic modulation of NE release (Vathy
and Etgen, 1988). This can occur through estrogenic regulation
of the NE biosynthetic enzyme tyrosine hydroxylase (TH) (Serova
et al., 2002; Dalla et al.,, 2010). The widespread projection system
of the LC can release NE into the forebrain and regulate emotional
behaviors by targeting forebrain regions. LC activation in animal
models of chronic pain exhibited an anxiolytic-depressive phenotype
(Landau et al., 2015) but these experiments did not involve females
(Alba-Delgado et al., 2013).

However, in reports on other excitatory mediators associated with
LC and neuropathic pain, the main excitatory neurotransmitter of
the associated stress response, corticotropin-releasing factor (CRF),
was enhanced in LC with sex differences. The expression of the CRF1
receptor was increased in the LC of male mice (Bangasser et al., 2013)
with chronic pain and anxiogenic phenotypes, whereas this receptor
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was weakly expressed in anxiety-resilient female mice with pain.
Interestingly, increased sensitivity of LC to CRF signaling in females
leads to enhanced LC responses of females to non-pain stresses.

In conclusion, sex differences in the locus coeruleus
norepinephrine system in the phenotype of pain and related

anxiety and depression is an area of research interest.

3.2. Dopamine

Dopaminergic neurons in the brain are widely distributed in the
substantia nigra pars compacta (Poulin et al., 2018), ventral tegmental
area (Markovic et al., 2021), hypothalamus (Kim et al., 2019) and
periventricular area, periaqueductal gray, dorsal raphe nucleus (Yu
et al,, 2021), and the olfactory bulb (Pignatelli and Belluzzi, 2017).
Regions such as the prefrontal cortex (Bhattacherjee et al., 2019),
striatum (Dentresangle et al., 2001), nucleus ambiguus, amygdala
(Janak and Tye, 2015), thalamus, hippocampus, periaqueductal gray
(Yuetal, 2021), and dorsal horn of the spinal cord are all innervated
by dopaminergic neurons and are involved in the transduction of
pain and related behaviors (Mercer Lindsay et al., 2021; Yang H.
et al, 2021). The nigrostriatal dopaminergic system affects pain
transduction and perception through the ascending and descending
pathways (Dieb et al., 2016). The mesolimbic dopaminergic system
regulates pain perception mainly through the reward or motivational
pathways in the ventral tegmental area innervating the vomeronasal
nucleus, amygdala, thalamus, and hippocampus (Serafini et al., 2020).
It also influences learning and memory as well as sensory evaluation
of pain through projections to the prefrontal cortex (Huang et al.,
2020).

In recent years, it has become a consensus that there are sex
differences in the incidence of dopamine-related neuropsychiatric
disorders and sensitivity to dopamine-enhancing drugs such as
stimulants, and previous studies have shown that dopaminergic
circuits often act through dopamine receptors D1 and D2 (Fasano
et al.,, 2013; Stalter et al., 2020; Allichon et al., 2021). It has been
shown in the chronic constriction injury (CCI) pain model of the
sciatic nerve in mice that dopaminergic projections from the VTA to
the nucleus accumbens (NAc) are involved in pain modulation (Ding
et al., 2021). In addition, optogenetic activation of dopaminergic
neurons in the VTA and their nerve endings in the NAc significantly
increases the nociceptive threshold in CCI rats, and the analgesic
effect is exerted mainly through D2 (Gao et al.,, 2020). D1 and D2
may be involved in pain and analgesia in different ways. In the PAG,
an important component of the nociceptive descending regulatory
system, the analgesic efficacy of opioid receptor agonists on thermal
pain stimuli in mice is significantly reduced following damage
to dopaminergic nerve endings. Microinjection of D1 antagonists
attenuated the analgesic effect of opioids in the hot plate tests,
whereas D2 antagonists showed no such effect (Tobaldini et al., 2018).
In another study, pharmacological experiments revealed that both D1
and D2 antagonists significantly antagonized the analgesic effects of
opioids. Injections of D2 agonists into PAG increased the nociceptive
threshold in mice, and the analgesic effects of D2 agonists were
blocked by D2 antagonists and y -aminobutyric acid receptor agonists
or opioid receptor antagonists. This study also demonstrated that the
combination of D1 and D2 agonists had a greater anti-injurious effect
than any one of the receptor agonists alone (Wang et al., 2021).
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More interestingly, a number of studies have found that D1 and
D2 are involved in sex-differentiated regulation of pain and related
behaviors such as anxiety and depression (Hasbi et al., 2020). For
example, in the caudate nucleus of non-human primates and the
rat striatum, females express a higher density of D1-D2 heteromeric
complexes and more D1-D2-expressing neurons compared to males
(Hasbi et al, 2020). Signaling pathway analysis showed that sex
differences in D1-D2 heteromer expression resulted in differences
in the basal and heteromer-stimulated activity of two important
signaling pathways, BDNF/TrkB and Akt/GSK3/B-linked protein.
The dopamine D1-D2 heteromeric complex is involved in depressive
and anxiety-like behaviors, and higher D1-D2 heteromer expression
in females may significantly increase the propensity for depressive-
and anxiety-like behaviors (Hasbi et al., 2020). Furthermore, in the
field of non-pain-related emotions, it has been demonstrated that
sex differences in D1 receptor-regulated molecular pathways lead to
sex differences in social withdrawal behaviors (Campi et al., 2014).
Although social defeat increased dopamine levels in male and female
NAg, social withdrawal was induced only in female California mice,
but not in male ones. Pharmacological experiments showed that
D1 receptor activation was sufficient to induce social withdrawal in
females, but not in males. D1 antagonists increased social approach
behavior in females exposed to social defeat but did not affect naive
females (Campi et al., 2014). Apart from the fact that D1 and D2 are
differentially expressed between males and females, they may be a
potential target for revealing the differences in pain-related emotions
between the two sexes. Sex differences in neurological dopamine
sensitivity as well as in the balanced dopamine release among the
circuits could be another area of concern.

In clinical and preclinical studies, using pharmacological
methods combined with PET-CT imaging, researchers have
suggested that the increased sensitivity of the striatal dopamine
reward system in females compared to males may underlie
the sex differences in substance use disorders and attention-
deficit/hyperactivity disorder (ADHD) 2022).
However, some researchers pointed out that there is little sex

(Manza et al,

difference in the encoding of VTA neurons as well as dopamine
release and vesicle depletion in the NAc during the learning process
of cue-action-reward instrumental tasks, and that dopamine-related
sex differences may be mediated by secondary mechanisms that
flexibly affect dopamine cell and circuit functions (Rivera-Garcia
et al., 2020). Much of the research on the dopamine system has
focused on addiction-related disorders, and it has been suggested
that sex differences between different dopamine projections
underlie sex differences in addiction (Becker, 2016). In rodents,
ovariectomized female rats exhibit smaller initial dopamine increases
after cocaine treatment than castrated male rats. Estradiol treatment
of ovariectomized female rats enhanced stimulated dopamine
release in the dorsolateral striatum but not in the vomeronasal
nucleus, resulting in sex differences in the balance between these
two dopaminergic projections (Becker, 2016). Moreover, it is
not clear whether sex differences regarding the balance of the
dopaminergic nervous systems are involved in the generation of
sex differences in pain and pain-related emotions. It may be an
important potential target.

While many of the previous studies have focused on sex
differences in the anatomical structure of dopamine neurons and
sex differences related to dopamine levels, it has been suggested
that how sex differences in microcircuit regulatory mechanisms
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mediate sex-differentiated dopamine dynamics is worthy of equal
attention (Zachry et al, 2021). Studies suggested that there are
local regulatory mechanisms in the ventral tegmental area of the
midbrain limbic dopamine system to the striatal circuits that are
independent of somatic activity and that these processes can occur
through both homogeneous synaptic mechanisms (e.g., presynaptic
dopamine self-receptors and dopamine transporter proteins) and
heterosynaptic mechanisms (e.g., retrograde signaling of postsynaptic
cholinergic and GABAergic systems, etc.) (Zachry et al.,, 2021), so
that the dopamine released by the striatal axonal terminals can be
independently and rapidly regulated. In addition, these regulations
are potential targets of sex differences in ovarian hormone-dependent
and non-dependent dopamine regulation (Zachry et al, 2021).
These mechanisms have been shown to be key mediators of
multiple psychiatric disorders and involved in the expression of
sex-specific behaviors.

3.3. Serotonin

As a monoamine neurotransmitter, serotonin plays a vital role in
regulating emotions (Kraus et al., 2017), learning (Grossman et al.,
2022), memory (Wu et al., 2021), sleep (Monti, 2011), and appetite
(Blundell, 1984), and is closely related to pain and neuropsychiatric
disorders such as major depression and anxiety (Zhou et al., 2022).
In recent decades, selective serotonin reuptake inhibitor (SSRI)
drugs have been the most commonly prescribed medications for
depression. Clinical and preclinical studies suggest that amitriptyline,
a tricyclic antidepressant used to treat mood disorders, neuropathic
pain, and migraine, can increase serotonin levels and restore
behavioral responses associated with pain and depression (Zhang
et al., 2017). Long-term administration of fluoxetine, an SSRI, was
found to prevent anxiety and depression caused by sciatic nerve
injury without affecting mechanical allodynia (Barthas et al., 2017).
Researchers had found, but controversially, that SSRIs were more
effective for females compared to tricyclic antidepressants (Kornstein
et al., 2000). Sex differences regarding the serotonergic system had
been much reported. In particular, 5-Hydroxy indoleacetic acid (5-
HIAA) was reported to be increased in the cerebrospinal fluid of
women suffering from depression (Rubinow et al., 1998). Studies
have shown increases in 5-HT activity, 5-HT synthesis, and 5-
HT metabolites in the brains of female rats compared to male
ones (Carlsson and Carlsson, 1988; Haleem et al., 1990). In a
clinical study comparing SSRIs with tricyclics, researchers found that
menopause significantly affected treatment outcomes and pointed
out that this sex-specific difference may be related to the hormonal
milieu (Yonkers and Simoni, 2018). Studies conducted with multiple
models of depression such as the Chronic Mild Stress Model, the
Learned Helplessness Model, the Flinders Sensitive Line rats, and the
Lipopolysaccharide-Induced Sickness Behavior in mice have shown
that serotonergic neurochemical responses are affected differently
in males and females, resulting in sex-dependent behavioral effects
(Serova et al., 2002; Dalla et al., 2010).

In previous studies, researchers have noted that sex steroids such
as testosterone, progesterone, estrogen, and HPA axis, all have effects
on the serotonin pathway (Songtachalert et al, 2018). Activated
immune inflammation induces the indoleamine-2,3-dioxygenase

(IDO) and tryptophan catabolite (TRYCAT) pathways, thereby
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enhancing tryptophan degradation and increasing the generation of
TRYCATS, including kynurenine and quinolinic acid, exerting an
overall anxiogenic effect. The effect of immune activation on IDO is
greater in females than in males, therefore, females are more likely
to exhibit elevated anxiogenic TRYCAT levels following immune
challenge. Moreover, aberrations in the IDO-activated TRYCAT
pathway are observed in pregnant females and parturients and are
associated with increased levels of postpartum anxiety (Songtachalert
etal., 2018).

In addition to the metabolic pathways of serotonin, studies have
also found that there are sex differences in serotonin receptors (Zhang
et al.,, 1999; Snoeren et al., 2014; Yamada et al., 2015). There were
also differences in 5-HT;a receptor responses between males and
females in the repeated stress restraint model in rats. Only males
exhibited elevated 5-HT;a receptor G protein coupling responses
after repetitive restraint, whereas only females showed increased
5-HTa receptor responses in the hippocampus following single
or repeated exposure (Philippe et al, 2022). In studies exploring
sex-related differences in genetics, stress, and the nervous system,
female 5-HT)p receptor knockout mice showed significantly lower
immobility time and significantly higher baseline hippocampal 5-
HT levels than male 5-HT;p receptor knockout mice or male and
female wild-type mice in tail suspension and forced swimming
tests (Jones and Lucki, 2005). This suggests that female 5-HTp
receptor knockout mice exhibit sex-related disinhibition of 5-HT
release, which maintains higher baseline levels of hippocampal 5-
HT and behavioral vulnerability to 5-HT depletion (Jones and Lucki,
2005). Moreover, the serotonin transporter protein is also worthy of
investigation as a target for many anxiolytic and antidepressant drugs.
Using 5-HT transporter (5-HTT) gene-deficient mice as an anxiety
animal model, researchers examined cerebral blood flow during
resting and amygdala hyperresponsiveness periods using resting-
state functional magnetic resonance imaging (rs-fMRI) (Kolter et al.,
2021). The results indicated that amygdala reactivity in 5-HTT-
deficient mice is regulated by the 5-HTT genotype in males. Whereas,
in females it is regulated by the estrous cycle and the predominant
influence of gonadotropins may mask genotypic effects (Kolter et al.,
2021).

In conclusion, the role of the serotonin system in the sex-
differentiated modulation of pain, anxiety, and depression is a matter
worthy of investigation.

3.4. Gamma-aminobutyric acid (GABA)

GABA, as one of the important inhibitory neurotransmitters,
regulates the encoding of pain and anxiety-depressive mood (Cerne
et al., 2022). It has been reported that the anxiolytic effect of GABA
depends mainly on its binding to the GABA, receptors (GABAR).
The benzodiazepine anxiolytic GABAsr modulators have been in
clinical use for decades (Sollozo-Dupont et al., 2015). GABAaR
functions through its subunit composition, the activation of which
allows GABA to exert trophic effects in immature neurons.

Recent studies found that GABA-mediated responses were
sexually dimorphic even in the absence of gonadal hormone and that
there were sex differences in the expression of GABAaR subtypes
(Mir et al., 2020). Researchers assessed sex differences in GABA AR
function of hypothalamic neurons before brain masculinization
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by gonadal hormones by culturing 16-day rat embryonic ventral
medial hypothalamus neurons in vitro, combined with calcium
imaging and electrophysiological recordings (Mir et al, 2020).
Optogenetic-specific activation of the dmPFC/VIPAG neural pathway
had been reported to produce analgesic and anxiolytic effects in
chronic pain-anxiety mice. dmPFC-specific activation of inhibitory
neurons in dmPFC was reported to induce nociception and anxiety
under normal conditions and chronic pain, and the GABAsgr
or mGluRl antagonists can produce analgesic and anxiolytic
effects (Yin et al, 2020). However, this study focused only on
male mice and it is unknown whether female ones have the
same phenotype.

In studies of disorders associated with altered mPFC functions
such as schizophrenia, ADHD (Aoki et al., 2013), post-traumatic
stress disorder (Lou et al, 2020), depression (Yang L. et al,
2021), and drug addiction (Jasinska et al., 2015), etc., researchers
suggested that sex-differentiated manifestations can be partially
explained by sex differences in G protein gated inwardly-rectifying
K™ (GIRK)-dependent signaling in mPFC pyramidal neurons.
Neuronal GIRK channels are formed by homo- or heteromeric
assembly of GIRK1/GIRK2/GIRK3 subunits. They play a key role
in regulating excitability throughout the brain and are associated
with a variety of neurological disorders as well as sex differences
in cellular functions. Sex differences in GABAgr-GIRK signaling
are attributed to a phosphorylation-dependent transport mechanism
(Marron Fernandez De Velasco et al., 2015). There are sex differences
in the GABARR-GIRK signaling pathway in these neurons. GABAgR-
dependent GIRK currents in the anterior limbic region of the mPFC
were greater in adolescent male mice than in females, but this sex
difference was not observed in pyramidal neurons in layer 5/6 of the
adjacent limbic cortex.

Previous studies have revealed sex differences in the expression
levels of the GABA signaling components, namely, glutamic
acid decarboxylase (GAD), GABA receptor subunit, and GABA
transporter (GAT) (Pandya et al., 2019). Analysis of sex-specific
changes in the expression of GAD, GABAA/pr subunit, and GAT
in the human primary sensory and motor cortex revealed sex-
dependent differences in the expression of the GABAsr subunit
in the superior cerebral gyrus (STG). There is a significant sex-
dependent difference in the expression of the a1 subunit of STG:
males present significantly higher levels of expression compared to
women across all stages of life in STG. Older females had significantly
lower @2, a5, and B3 subunit expression in the STG compared
to older males. These changes found in the STG may significantly
affect GABAergic neurotransmission and lead to sex-specific disease
susceptibility and progression (Pandya et al., 2019). There is still a
lack of evidence as to whether these baseline differences are involved
in the sex-differentiated manifestations of pain and related emotions
and behaviors.

In studies on male and female smokers in terms of nicotine
dependence, cigarette cravings, and mood or pain sensitivity,
researchers used single-photon emission computed tomography
(SPECT) to image subjects (Cosgrove et al., 2011). The results showed
that females (both female smokers and female non-smokers) had
higher GABA-benzodiazepine receptor (GABA4-BZR) availability
than all males. GABAA-BZR availability was negatively correlated
with craving and pain sensitivity in female smokers, but not in
male smokers. This suggests a sex-specific modulation of GABA4-
BZR availability and demonstrates the potential of GABAA-BZRs to
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mediate smoking cravings and pain symptoms in female and male
smokers (Cosgrove et al., 2011).

It is estimated that GABAergic neurons account for more than
half of the hypothalamic neuronal population (Searles et al., 2000),
and they may explain some of the structural and functional sex
differences observed in the mammalian brain. Studies have reported
sex differences in GABA turnover rates in discrete hypothalamic
structures in adult rats and determined that these differences may
be related to differences in GAD65 and/or GAD67 mRNA levels
(Sagrillo and Selmanoft, 1997). There is evidence that GAD65 mRNA
levels are significantly higher in female rats in the dorsomedial
nucleus (DMN), while GAD67 mRNA levels are higher in male rats in
the medial amygdala. These data reveal significant sex differences in
GABA turnover and GAD mRNA levels in hypothalamic GABAergic
neurons of specific populations (Bowman et al., 2013).

Whether the differential manifestations of these GABAergic
neurons participate in the sex differences in pain and pain-related
affective behaviors remains to be further studied.

3.5. Oxytocin

Oxytocin (Oxt) is a nine-amino-acid peptide hormone that is
synthesized and released in the brain primarily by neurons in
the paraventricular (PVN) and supraoptic nuclei (SON) of the
hypothalamus (Rossoni et al., 2008). Oxt is thought to be associated
with pain, and clinically, plasma oxytocin levels are reduced in
women with fibromyalgia syndrome (Anderberg and Uvnas-Moberg,
2000). Intranasal administration of Oxt leads to changes in the
activity of the bilateral thalamus, left caudate nucleus, and right
amygdala, and ameliorates pain in patients with chronic low back
pain (Schneider et al., 2020). Epidural oxytocin induces analgesia in
patients with severe chronic pain and also improves patients’ moods
and quality of life.

Oxt has anti-injurious and antinociceptive hormonal effects on
neuropathic pain (Xin et al., 2017) induced by nerve injury, which
is mediated by its receptor (OTR) and likely occurs due to co-
localization of these neurons within OTR-binding sites, such as the
spinal dorsal horn (Veronneau-Longueville et al., 1999; Wrobel et al.,
2011). Interestingly, in the pain model in rats, Oxt content in the
PVN was found to be significantly reduced, but Oxt content in the
spinal cord remained unchanged. The researchers also observed that
intracerebroventricular injection of Oxt increased the mechanical
hypersensitivity response threshold in a dose-dependent manner,
whereas intrathecal injection of Oxt did not induce any analgesia.
These results indirectly suggest that Oxt in the brain may have
an analgesic effect independent of the spinal cord (Zhang et al.,
2015). Furthermore, Oxt also plays a crucial role in social behavior,
stress, and depression, as verified in animal experiments (Neumann,
2008; Massey et al., 2016). More than one study has suggested that
activation of OTR in the VTA is critical for the expression of reward-
like properties of social interactions (Song et al., 2016; Borland et al.,
2018). However, there are clear sex differences in the embryonic
development of Oxt /OTR, which may indicate sex differences in
their involvement in pain/behavior (Tamborski et al., 2016; Aulino
and Caldwell, 2020). In clinical studies, the expression of Oxt at
rs4813625, a single nucleotide polymorphism linked to Oxt was
found to correlate more with nociception, anxiety, and wellbeing in
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females, while no such correlation was found in males (Love et al.,
2012).

Another study showed a correlation between depression severity
and methylation of the Oxt promoter region. There was a significant
negative correlation between critical life events and the mean
methylation status as well as the methylation status of single CpG
sites in the Oxt promoter region. Whereas, there was no association
between depression severity and Oxt methylation. However, there
were significant sex differences in the methylation status of Oxt,
with females having higher methylation rates than males, suggesting
that in patients with depressive disorders, Oxt activation is lower
in female patients compared to male ones (Sanwald et al., 2020).
Interestingly, in an animal experiment, 3-nitropropionic acid (3-NP)-
induced Huntington’s disease model was found to have both anxiety
and depressive behaviors. 3-NP also reduced the levels of OTR and
mGluR?2 in the striatum and increased mGluR5. Oxt pretreatment
was performed to ameliorate anxiety and depression and to reverse
the abnormal expression of OTR, mGluR2, and mGluR5 under
the disease state. These behavioral and molecular alterations act
similarly between male and female animals (Khodagholi et al., 2022).
Meanwhile, some studies support that Oxt may interact with mGluR2
and influence addictive behavior in rats and that this receptor
interaction is similar between females and males (Bernheim et al,,
2017). However, some researchers have suggested that sex differences
in Oxt -regulated emotions tend to occur in the presence of negative
stress, for example, one study found that male rats exposed to
the stress of social defeat exhibited reduced social avoidance after
receiving Intracerebroventricular (ICV) infusions of Oxt (Lukas et al.,
2011). Whereas, ICV infusion of Oxt did not reduce social avoidance
in stressed female rats (Lukas and Neumann, 2014). The same dose
of intranasal Oxt reversed social avoidance in male mice exposed to
social defeat, a phenomenon not observed in female mice (Steinman
et al.,, 2016). Nevertheless, sex differences of Oxt in pain affective
reactions remain worthy of further study.

4. Conclusion

In the study of pain-induced emotional disorders, most animal
experiments only use male mice. It is generally considered that
many neurological and behavioral functions are affected by estrogen,
including emotion, cognitive function, and pain (McEwen and
Milner, 2017). Sex hormones, particularly estradiol and progesterone,
play an important role in pain perception and mood swings (Vincent
and Tracey, 2010). It has been reported that there is a strong link
between mood swings and sex hormones, particularly endogenous
hormones (Hernandez-Hernandez et al., 2019; Frokjaer, 2020).
Menstrual (or estrous) cycles in females altered pain perception (Kaur
etal., 2018), depression (Kaur et al., 2018; Zhao et al., 2021), and even
neuronal activity in certain brain regions (D’Souza and Sadananda,
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Introduction: Long non-coding RNAs (IncRNAs) act as key regulators in
multiple human diseases. In particular, the dysfunction of IncRNAs in dorsal
root ganglion (DRG) contributes to the pathogenesis of neuropathic pain (NP).
Nevertheless, the role and mechanism of most IncRNAs in NP remain unclear.

Methods: Two classic chronic NP models, including L4 spinal nerve ligation
(SNL) model and chronic constriction injury (CCl) of the sciatic nerve,
were performed. Mechanical allodynia and heat hyperalgesia were used to
evaluate neuropathic pain. DRG microinjection was used to deliver agents into
DRG. gRT-PCR, immunofluorescence, immunoprecipitation, western blotting,
siRNA transfection, AAV transduction were performed to investigate the
phenotypes and molecular basis.

Results: Here, we discovered that Rmst as a IncCRNA was specifically expressed
in Atf3T injured DRG neurons and significantly upregulated following
peripheral nerve damage. Rmst overexpression by direct DRG injection of
AAV5-Rmst causes neuropathic symptoms in the absence of nerve damage.
Conversely, blocking Rmst expression in injured DRGs alleviated nerve
injury-induced pain hypersensitivities and downregulated Dnmt3a expression.
Furthermore, we found peripheral nerve damage induced Rmst increase could
interact with RNA-binding protein HuR to stabilize the Dnmt3a mRNA.
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Conclusion: Our findings reveal a crucial role of Rmst in damaged DRG
neurons under NP condition and provide a novel target for drug development

against NP.

neuropathic pain, dorsal root ganglia, Rmst IncRNA, HuR, DNA methyltransferase 3
alpha (DNMT3A), mRNA stability

Introduction

Chronic pain has been a perplexing problem for decades.
Globally, approximately one-fifth of people suffer from chronic
pain (Tompkins et al., 2017), and about thirty percent of these
patients have gone through the symptoms of neuropathic pain
(NP) (van Hecke et al., 2014). Patients with NP have detrimental
effects on their quality of life and ability. In addition to personal
suffering, chronic pain is a substantial financial burden on
society, and lies billions of dollars every year (van Velzen
et al.,, 2020). However, there are limited treatments available
for NP. Dorsal root ganglia (DRG) neuron is responsible
for conveying the nociception in peripheral nerve injury.
Peripheral nerve damage-induced maladaptive alterations at
transcriptional and translational levels of pain-associated genes
in the primary afferents of DRG neurons contribute to these
abnormal spontaneous activities and subclinical behavioral
patterns (Li et al., 2020; Pan et al., 2021). Hence, identifying new
targets and mechanisms in damaged DRGs could open a novel
avenue against NP.

As potent and multifaceted roles of long non-coding RNAs
(IncRNAs) in gene regulation, IncRNAs are paid much attention
in many human illnesses, including NP (Wu et al,, 2016, 2019).
However, the function of most IncRNAs in NP is not thoroughly
understood. A IncRNA called rhabdomyosarcoma 2-associated
transcript (Rmst) was essential for neuronal differentiation (Ng
et al, 2012) and neurogenesis (Ng et al, 2013). Although
previous studies showed that Rmst was involved in neurological
disorders (Hou and Cheng, 2018; Ma et al., 2021; Zhao et al,,
2021; Li et al., 2022), little is known about its role in NP.

DNA methyltransferase 3 alpha gene encodes the Dnmt3a
protein and is responsible for catalyzing 5-methylcytosine
methylation. The aberrant regulation of Dnmt3a is implicated in
multiple nervous diseases (Feng et al., 2005; Clemens and Gabel,
2020), especially in NP (Guo et al.,, 2019). Increased Dnmt3a
have been found in injured DRG (Shao et al., 2017; Zhao et al,,
2017). What’s more, the increased-Dnmt3a was able to mediate
the epigenetic inaction of the voltage-dependent potassium
channel subunit (Kcna2) via DNA hypermethylation of Kcna2
promoter region (Zhao et al, 2017). Depletion of Dnmt3a in
the injured DRGs effectively attenuated NP by restoring Kcna2
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expression (Zhao et al,, 2017, p. 3). These studies suggested that
Dnmt3a plays a pivotal role in regulating DNA methylation of
nerve damage related gene alterations. Nevertheless, it is unclear
how peripheral nerve damage triggers the activation of Dnmt3a
in injured DRG.

Here, IncRNA

rhabdomyosarcoma 2-associated transcript (Rmst) in injured

we sought to characterize a
DRG neurons was substantially increased in NP. The nerve
damage triggered Rmst expression in injured DRGs contributes
to regulating Dnmt3a through interaction with RNA binding
protein HuR in NP. Thus, the role and mechanism of
Rmst may provide novel and insightful directions for NP

management in clinic.

Materials and methods
Bioinformatics

RNA sequencing dataset for mouse DRG after peripheral
nerve injury was obtained from previous research (Wu et al,
2016). The mouse DRG was harvested 7 days after L4 spinal
nerve ligation (SNL) model and sequencing was performed on
the Illumina HiSeq2500 platform with 2 x 100-bp paired-end
reads.

For scRNA-seq dataset for mouse DRG after peripheral
nerve injury, we obtained the cell count matrix and metadata
from Gene Expression Omnibus (GEO) with the series record
GSE155622 (Wang K. et al, 2021). The mouse DRG was
harvested for Smart-seq2 as smart-seq2 was better to captured
low abundance transcripts as well as more IncRNAs (Wang X.
etal, 2021). All metadata was also obtained from GSE155622.

Animals

C57BL/6] adult mice were from SPF Biotechnology Co.,
Ltd (Beijing, China). A 12-h light-dark cycle environment with
unlimited access to food and water was used to house mice.
All processes were endorsed by the Animal Care and Use
Committee at Guangzhou Medical University.
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Chronic neuropathic pain model

Two classic chronic NP models, including L4 SNL model
and chronic constriction injury (CCI) of the sciatic nerve, were
performed as described previously (Li et al., 2020). SNL model
was established by tightly ligating L4 spinal nerve distal to DRG
with 7-0 silk suture. L4 spinal nerve was exposed in the matched
sham mice, however, the L4 spinal nerve was neither ligated
nor transected. CCI model was established by loosely ligated
the sciatic nerve at three spots with 1 mme-intervals by 7-0 silk
suture. Sham animals did not receive the ligation of the sciatic

nerve.

Behavioral tests

As previous described, mechanical allodynia was quantified
by measuring paw withdrawal frequency by low (0.07 g)
and median (0.4 g) von Frey filaments (Stoelting Co., Wood
Dale, IL, USA) (Li et al., 2020). We use two calibrated plastic
filaments to stimuli the central of plantar surface of hind paws.
A positive response is quick withdrawal of the paw. Mice
were totally received 10 applications. The paw withdrawal
frequency describes the positive withdrawal responses within
10 applications.

Heat hyperalgesia was quantified by measuring paw
withdrawal latencies after heat stimulation as described (Li et al.,
2020). All mice before behavior test were left in a glass surface in
individual plexiglas cages. A beam of light was applied to the
central of hind paw. The performance of a positive response is
a swift raise of the hind paw. The Model 336 Analgesia Meter
(ITTC Inc., Life Science Instruments. Woodland Hills, CA, USA)
was automatically records the withdrawal latency from heating
source. 4-5 trials on each side were performed at intervals of

5 min.

Dorsal root ganglion microinjection

As described previously, DRG microinjection was carried
out (Li et al,, 2020). After 3-cm-long skin incision, we firstly
exposed the corresponding spinal nerve (L4 and/or L3). After
that, we used rongeur to remove the unilateral articular
processes for DRG microinjection. The glass micropipette was
carefully inserted into the exposed ipsilateral L4 and/or L3 DRGs
and 1 pl of either siRNA solution or viral solution was injected
into L4 and/or L3 DRG. The injection was performed at a
rate of 10 nl/s. After the injection was completed, the pipette
was left in place for 10 min before removal to allow the fluid
to distribute and the pressure within the DRG to equalize.
The skin was sutured with 6-0 silk and mice were kept on a
heating pad. All reagent and surgical instruments are sterilized
in advance.
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Dorsal root ganglion neuronal culture

We performed DRG neuron cultures as described (Li et al.,
2020). We first prepared complete neurobasal medium (CNM)
including 10% fetal bovine serum, and 1x antibiotics, 2% B-27
supplement, and 1% GluMax supplement. 3-4 weeks mice were
used for collecting DRGs. The collected DRGs were incubated
with collagenase solution including dispase, collagenase type I in
HBSS. All reagents are from Thermofisher Scientific Company
(Waltham, MA, USA).

Quantitative real-time RT-PCR

The TRIzol Reagent (Cat. No0:15596026,
Corporation, Carlsbad, CA, USA) was used for extracting

Invitrogen

RNA from DRGs, followed by reverse transcription using
PrimeScript RT Master Mix (Cat. No: RR036A, Takara Bio
Inc, Shiga, Japan). Quantitative PCR were performed using TB
Green Premix Ex Taq II (Tli RNaseH Plus) (Cat. No: RR820A,
Takara Bio Inc, Shiga, Japan) on a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Finally, relative fold changes of each gene were
calculated by ACt method (2722C). Supplementary Table 1
included all primer information.

Ribonucleic acid stability assay

Primary neurons grew in 6-well plate and were treated with
actinomycin D (Cat. No:A1410, Sigma-Aldrich, Burlington,
MA, USA) for testing the mRNA stability. After that, we
collected neurons at 0, 2, 4, 8, and 12 h after actinomycin D
treatment for RNA extraction.

Nuclear/cytoplasmic ribonucleic acid
fraction isolation

Cytoplasmic and Nuclear RNA purification Kit were
purchased from Norgen Biteck Corp. (Cat. No: NGB-21000,
Thorold, ON, Canada). After Nuclear and cytoplasmic RNA
fraction isolation, various gene expression levels in both nuclear
and cytoplasmic fractions of all samples were calculated by
RT-PCR as protocol above.

Nuclear/cytoplasmic protein isolation

Nuclear and cytoplasmic protein were separated using the
NE-PER nuclear and cytoplasmic extraction reagents (Cat. No:
78833, Thermofisher Scientific Company, Waltham, MA, USA)
following the manufacturer’s instructions. The collected protein
was aliquoted and stored at —80°C.
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Plasmids constructs and virus
production

The pAAV-CMV-mRmst-:WPRE vector (vector ID:
VB220510-1032tdc) and AAV5-Rmst virus packaging was
designed and constructed to overexpress the Rmst expression
by VectorBuilder Company (Chicago, IL, USA). Briefly, the
full-length ¢cDNA of Rmst (NR_028262.1) was amplified by
RT-PCR. After that, double enzyme-digested PCR products
were ligated into the mammalian ncRNA expression AAV
vector as a plasmid. AAV5-Gfp (vector ID: VB150925-10026)
is used as negative control. SIRNA for Rmst and Dnmt3a were
designed and produced by Tsingke Biotechnology Co., Ltd.
(Beijing, China). All siRNA sequencing used in this work were
listed at Supplementary Table 1.

Immunohistochemistry staining

Mice were perfused with 4% PFA after deep isoflurane
before being analyzed by immunohistochemistry. The DRGs
were collected and post-fixed in 4% PFA overnight, followed
by dehydrating in 30% sucrose for two nights at 4°C. Finally,
the DRGs were sectioned at 15-20 pm and kept them in
—80°C refrigerator.

Before primary antibody incubation, the section was
blocked in 1X PBS with 10% donkey serum and 0.3% Triton
X-100. The sections were then incubated with anti-DNMT3a
(Santa Cruz, Dallas, TX, USA) overnight at 4°C followed
by incubating secondary antibody conjugated to Cy3 (1:500,
Jackson ImmunoResearch, West Grove, PA, USA) for 2 h.
Finally, the sections were mounted using Fluoroshield™ with
DAPI (Cat. No: F6057, Sigma-Aldrich, Burlington, MA, USA).

Ribonucleic acid-binding protein
immunoprecipitation (RIP)

The Magna RIP Kit were purchased from EMD Millipore
(Burlington, MA, USA) company for RIP assay. A anti-HuR
antibody (Santa Cruz, Dallas, TX, USA) was used in RIP assay.
After purification of RNA, RT-PCR was performed following the
previous protocol.

Western blotting

The collected protein was firstly separated using SDS-PAGE
electrophoresis on the basis of size, followed by moving to
PVDF membranes with appropriate size. The blot was then
immediately placed in 5% fresh non-fat milk powder for
blocking for 1 h. Next, the appropriate primary and secondary
antibodies were used to incubate the transferred membrane
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according to the recommended dilution and time in datasheet.
The rabbit anti-DNMT3b (1:500), rabbit anti-DNMT3a (1:500),
and rabbit anti-histone H3 (1:1,000) were purchased from Cell
Signaling Technology (Danvers, MA, USA). The mouse anti-
HuR (1:500) and rabbit anti-GAPDH (1:1,000) were purchased
from Santa Cruz company (Dallas, TX, USA). Membranes were
visualized by the Clarity Western ECL Substrate (Cat. No: 170-
5060, Bio-Rad Laboratories, Inc., Hercules, CA, USA), exposed
by ChemiDoc Touch (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and analyzed by Image J.

Statistical analysis

Sample size estimation was based on certain assumptions,
including significance level, expected placebo mean, expected
treatment mean, standard deviation, power, expected dropout.
In our case, expected placebo mean, expected treatment mean,
standard deviation, and expected dropout were depended on
our pilot studies and previous report in the field (Li et al,
2020; Pan et al., 2021). After that, sample sizes were calculated
using nQUERY software, assuming a significance level of 0.05,
90% power and homogeneous variances for the 2 samples to
be compared, with the means and SEM for different parameters
predicted from pilot study. The data is presented as mean + SEM
and analyzed by GraphPad Prism 8. The Shapiro-Wilk test
was used for normal distribution test. If the data passed the
normality test, the ¢-test or ANOVA was used in this study by
GraphPad Prism 8 software according to experimental design
and the detailed statistical method was listed in figure legend.
The interaction of factors after ANOVA is provided in result.
A P-value of less than 0.05 was considered statistical significant.

Results

Increased rhabdomyosarcoma
2-associated transcript in damaged
dorsal root ganglions was found in
neuropathic pain

As the critical role of IncRNAs during the formation of
NP, we extracted the 10 most up-and downregulated IncRNAs
in L4 DRGs 7 days after SNL model (Figure 1A) from the
previous RNA sequencing dataset (Wu et al, 2016). Among
them, we found Rwmst, a previously reported brain specific
IncRNA (Ng et al., 2012), was also expressed in damaged DRGs
(Figure 1A). As previous research has been found that Rimst
was specific to neuron (Briese et al,, 2016), we are wondering
the distribution of Rmst in the neuron subtype after nerve
injury. Thus, we analyzed the scRNA sequencing dataset from
DRGs with peripheral nerve damage (Wang K. et al, 2021).
As the smart-seq2 technology was better to captured low
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FIGURE 1
Rhabdomyosarcoma 2-associated transcript (Rmst) was specifically expressed in Atf3* injured neurons. (A) The 10 most up- and
downregulated IncRNAs in L4 DRGs after SNL model. The heatmap was created using Z-score values obtained from RNA-seq dataset. (B) TSNE
plot of all cells from DRGs after nerve injury. Each dot was color-coded and annotated by neural subtypes. NF: neurofilament, NP:
non-peptidergic neurons, TH: tyrosine hydroxylase, PEP: peptidergic neurons. (C) TSNE plots showing scRNA-seq data, colored by gene
expression level, showing S100b, Th, Tacl, Mrgpra3, Sst, Atf3, and Rmst expression.

abundance transcripts as well as more IncRNAs (Wang X. et al,,
2021), we focused on the smart-seq2 analysis to explore DRG
neuron subtype. In t-distributed stochastic neighbor embedding
(tSNE), 6 traditional classification neuronal subtype was found
(Figure 1B), including S100b™ neurofilament (NF), Mgpra3™
non-peptidergic neurons (NP), Th* tyrosine hydroxylase (TH),
Tacl™ and Sst* peptidergic neurons (PEP), and Atf3" injured
neuron (Figures 1B,C). Interestingly, we found Rmst was
specifically expressed in Atf3" injured neuron (Figure 1C),
suggesting that Rmst may be involved in NP.

To provide the adequate evidence, we performed animal
neuropathic pain model to validate the result. We found IncRNA
Rmst expression was increased early and persistently at least
28 days in damaged DRGs after SNL surgery but not sham
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surgery (Figure 2A) [F(5,36) = 5.942]. To be specific, Rmst
expression was elevated 1.58-fold on day 3, 2.07-fold on day
7, 2.01-fold on day 14, 1.99-fold on day 21, 1.88-fold on day
28 after SNL but not in the contralateral L4 DRGs and L3
DRGs (Figures 2A-D) [Figure 2B: F(5,36) = 1.896; Figure 2C:
F(5,36) = 0.7694; Figure 2D: F(5,36) 2.980]. A similar
phenomenon was observed in another NP mouse model called
CCI model (Figures 2E,F) [Figure 2E: F(5,36) = 3.530];
[Figure 2F: F(5,36) = 0.8966]. The Rmst expression in damaged
DRGs were elevated 1.97-fold on day 3, 2.23-fold on day 7, 2.23-
fold on day 14, 2.46-fold on day 21, 2.3-fold on day 28 after CCI
model (Figure 2E). Taken together, our data showed peripheral

nerve damage could trigger the elevated Rmst expression in
the damaged DRGs that maintained at least until 1-month
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FIGURE 2

Days after CCl or Sham surgery

Days after CCl or Sham surgery

Rhabdomyosarcoma 2-associated transcript (Rmst) upregulation was found in damaged DRG of mice after SNL or CCl model. (A-D) Level of
Rmst in ipsilateral L4 DRGs (A), contralateral L4 DRGs (B), ipsilateral L3 DRGs (C), and contralateral L3 DRGs (D) after SNL or sham surgery

n = 16. (E,F) Levels of Rmst in the ipsilateral (E) and contralateral (F) side L3/4 DRGs after CCl or sham surgery n = 8. Two-way ANOVA followed
by post-hoc Tuckey test. *P < 0.05 and **P < 0.01 compared with sham group at each time point.

post-SNL, suggesting that Rmst may take part in the nerve
damage-induced NP.

Blocking rhabdomyosarcoma
2-associated transcript expression in
damaged dorsal root ganglions
alleviated neuropathic pain

As the apparent change of Rmst in damaged DRGs, we
further ask whether blocking Rmst expression in injured
DRG could alleviate pain hypersensitivity. We first confirmed
that DRG microinjection of siRmst, but not Scr, 3 days
before SNL could block SNL-induced
[F(3.8) =
of siRmst also slightly reduced basal expression of Rmst

increased Rmst
expression (Figure 3A) 65.29]. Microinjection
expression (Figure 3A). More importantly, we found pre-
microinjection of siRmst could ameliorate SNL-induced
nociceptive hypersensitivities, including mechanical allodynia
(Figures 3B,C) [Figure 3B: F(12,80) = 9.633; Figure 3C:
F(12,80) = 10.15] and heat hyperalgesia (Figure 3D) [Figure 3D:
F(12,80) = 17.99]. Neither Scr nor siRmst changed basal paw
response to mechanical or heat stimuli while mice received sham
surgery (Figures 3B-D). We then ask the role of Rmst during
the maintenance period after SNL model. We first confirmed
that DRG microinjection of siRmst in maintenance period
after SNL (Figure 3E) [F(3,8) = 30.85]. As expected, siRmst
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delivery through DRG microinjection on day 7 post-SNL
rescued pain hypersensitivity (Figures 3F-H) [Figure 3F:
F(18,112) = 3.614; Figure 3G: F(18,112) = 3.312; Figure 3H:
F(18,112) =
damage triggered nociceptive hypersensitivity may be attributed
to elevated Rmst expression in the damaged DRG.

20.60]. Our data strongly support that nerve

Dorsal root ganglion long non-coding
RNA Rmst overexpression produces
nociceptive hypersensitivity

Next, we asked if DRG Rmst overexpression in neuron
is sufficient for NP production. As the previous paper has
reported Rmst was specifically expressed in the neuron (Briese
et al, 2016), we utilized Adeno-associated Virus 5 (AAV5)
following the previous papers (Li et al, 2020) to package
Rmst full-length vector (AAV5-Rmst) and microinjected to
the ipsilateral DRG to overexpress the Rmst expression. As
a proof of concept, we found DRG microinjection of AAV5-
Rmst in the ipsilateral side could particularly increase Rmst
expression in ipsilateral side but neither contralateral side nor
AAV5-Gfp (Figure 4A) [F(3,8) = 84.17]. More importantly,
pain symptoms (Figures 4B-D) [Figure 4B: F(15,96) = 5.679;
Figure 4C: F(15,96) = 3.432; Figure 4D: F(15,96) = 14.98] were
induced third weeks after Rmst overexpression in DRG of naive
mice. It means that, even without nerve damage, DRG Rmst
overexpression in neuron could result in NP-like symptoms.
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FIGURE 3
Blocking nerve damage triggered rhabdomyosarcoma 2-associated transcript (Rmst) expression in DRG mitigated the nerve damaged-induced
nociceptive hypersensitivity. (A) Level of Rmst in the L4 DRGs on day 14 after nerve injury model in presence of siRmst or Scr. n = 12 mice,
One-way ANOVA followed by post-hoc Tukey test, **P < 0.01 compared with Sham + Scr group and #P < 0.05 compared with SNL + Scr
group. (B—=D) The PWF to von Frey filament (B,C) and the PWL to thermal stimuli (D) on the development period of NP. n = 5 mice, two-way
ANOVA followed by post-hoc Tukey test, *P < 0.05 and **P < 0.01 compared with the SNL + Scr group. (E) Level of Rmst in the L4 DRGs on day
28 after nerve injury model in presence of siRmst or Scr. n = 12 mice, One-way ANOVA followed by post-hoc Tukey test, **P < 0.01 compared
with Sham + Scr group and #P < 0.05 compared with SNL + Scr group. (F—H) The PWF to von Frey filament (F,G) and the PWL to thermal stimuli
(H) on the maintenance period of NP. n = 5 mice, two-way ANOVA followed by post-hoc Tukey test, *P < 0.05 and **P < 0.01 compared with
SNL + Scr group. Paw withdrawal frequency: PWF; Paw withdrawal latency: PWL.

Rhabdomyosarcoma 2-associated
transcript participated in the nerve
damage induced dorsal root ganglion
DNA methyltransferase 3 alpha
expression after spinal nerve ligation

Next, the detailed mechanism of Rmst involved in NP was
investigated. As the subcellular location of IncRNA can provide
significant information on its function, we utilized cytoplasmic
and nucleus RNA extraction protocol to purify populations
of subcellar RNA fractions. Consistent with previously report
in vitro (Zhao et al, 2021), Rmst in naive mouse DRG
was distributed predominantly in the cytoplasm (Figure 5A).
Cytoplasmic IncRNAs can function in the posttranscriptional
gene expression through mRNA stability and translation
(Rashid et al., 2016). It has been reported that Rmst could
upregulate DNA methyltransferase 3 (Dnmt3) by increasing
the stability for its mRNA (Peng et al., 2020) in MCF7 cells,
a breast cancer related epithelial cell line. We then examined
whether overexpression of Rmst could also increase the Dnmt3a
and Dnmt3b mRNA in primary DRG neuron. Surprisingly,
only Dnmt3a mRNA as well as protein level increased but
not Dnmt3b was observed in cultured neurons co-transduced
with AAV5-Rmst (Figures 5B-D). In fact, Dnmt3a in primary
afferent neurons was reported to participate in NP by repressing
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the potassium voltage-gated channel Kv1.2 encoded by Kcna2
(Zhao et al, 2017). To elucidate whether Rmst participated
in regulating Dnmt3a mRNA stability, actinomycin D was
used to inhibit the RNA synthesis. We found that Rmst could
stabilize Dnmt3a mRNA transcripts (Figure 5E). The half-life
of Dnmt3a mRNA was around 8.5 h for Rmst overexpressed
neurons, as compared to 6.5 h for Gfp control (Figure 5E)
[F(4,20) = 2.384]. Next, we found microinjection of siRmst,
but not Scr, could abolish the SNL- induced Dnmt3a increases
(Figure 5F) [F(3,8) = 17.11]. Decreased Dnmt3a protein in
damaged DRG with the siRmst microinjection after SNL was
observed in the nucleus (Figures 5G,H) [F(3,8) = 45.02].

To further confirm whether Rmst is responsible for
stabilizing Dnmt3a mRNA in the damaged DRG, we inhibited
Dnmt3a expression through delivering Dnmt3a siRNA into
the DRG after AAV5-Rmst microinjection. We found blocking
Rmst overexpression-induced Dnmt3a increase could not lower
Rmst expression (Figure 6A) [F(2,6) = 19.28] but lead
to a fall of Dnmt3a mRNA and protein (Figures 6B,C)
[Figure 6B: F(2,6) = 62.27; Figure 6C: F(2,6) = 31.06].
More importantly, blocking Dnmt3a expression attenuated
the Rmst induced-nociceptive hypersensitivity (Figures 6D-
F) [Figure 6D: F(8,60) = 13.12; Figure 6E: F(8,60) = 3.500;
Figure 6F: F(8,59) = 10.35]. Collectively, nerve injury induced
Rmst upregulation participates in NP by stabilizing the Dnmt3a
mRNA expression.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1027063
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/

10.3389/fnmol.2022.1027063

Guo et al.
A 8 B 8074079
o *% *%
*%
— &4 60 .
g . -&- AAV5-Gfp-Ipsi
3 = by & AAV5-Rmst-Ipsi
2 4 T 40 AAV5 -RmSt-ip
£ a l —A- AAV5-Gfp-Con
& - ¥ AAV5-Rmst-Con
2 -
0 | | : | 0 T T T T T T
Gfp Rmst Gfp Rmst . . . 4 ° 6
Ipsi Con Weeks after surgery
€ 100+ 0.4g D 14 Heat
- AAVS5-Gfp-Ipsi
80 *k Iy Kk 12
—_ . - AAV5-Rmst-Ipsi
: Kk 2,
~ AAV5 = —A— AAV5-Gfp-Con
é 60 E 10 T %k d
= l AAV5 ** -¥ AAV5-Rmst-Con
*%
40 8 =
20 T T T T T T 6 T T T T T T
0 2 3 4 5 6 0 2 3 4 5 6
Weeks after surgery Weeks after surgery
FIGURE 4

Overexpression of DRG rhabdomyosarcoma 2-associated transcript (Rmst) produced nociceptive hypersensitivity in naive mice. (A) Rmst
expression in L3/4 DRGs 6 weeks after receiving AAV5-Rmst or AAV5-Gfp. n = 6 mice, two-tailed unpaired Student's t-test, **P < 0.01
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of AAV5-Rmst or AAV5-Gfp. n = 6, two-way ANOVA followed by post-hoc Tukey test, **P < 0.01 compared with AAV5-Gfp-Ipsi group.

Rhabdomyosarcoma 2-associated
transcript regulates the DNA
methyltransferase 3 alpha mRNA
stability by interaction with HuR under
neuropathic pain condition

Finally, we asked the potential mechanism of Rmst induced
Dnmt3a upregulation in injured DRG neuron. Given that RNA-
binding proteins (RBPs) affect the targeted mRNA stability,
we focused on one of well-characterized RBPs, HuR. Notably,
HuR was reported as a contributor to nociceptive pain (Kunder
et al, 2022) and an anti-HuR could alleviate nerve-injury
induced NP (Borgonetti and Galeotti, 2021). In particular, it
was HuR reported to stabilize the Dnmt3 mRNA (Peng et al.,
2020). Therefore, under NP condition, we asked whether HuR
contributed to Rmst-mediated increased Dnmt3a.

We first determined the alteration of HuR in DRGs after
SNL or Rmst overexpression. Unexpectedly, we found neither
SNL nor Rmst could regulate the HuR expression in injured
DRG (Figure 7A). In fact, in many cancerous settings, HuR
was increased subcellular localization within the cytoplasm
to stabilize various prosurvival mRNA (Schultz et al., 2020).
Therefore, we examine whether SNL induced cytoplasmic
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accumulation of HuR. We found SNL caused a steep increase
of HuR protein in the cytoplasm of the damaged DRG while
Rmst overexpression in DRG was found similar phenomenon
(Figure 7B). This may suggest that under NP condition, HuR
is transported from the nucleus to cytoplasm. Next, RNA
immunoprecipitation (RIP) assay revealed that HuR was capable
to enrich Rmst and Dnmt3a in SNL group, approximately
20-fold, and 60-fold, respectively, compared to sham group
(Figure 7C). Finally, we found overexpression of Rmst in
primary neuron promoted the binding between Dnmt3a mRNA
and HuR (Figure 7D). Thus, Rmst appeared to be the essential
regulator that promoted Dnmt3a expression through interacting
with HuR in DRG neuron.

Discussion

This is the first study to examine the molecular and
cellular function of Rmst, a IncRNA in injured DRG neuron
that modulates NP. Specifically, the increased Rmst was
positively regulated Dnmt3a by promoting its mRNA stability
and interacting with HuR, which leads to NP. Blocking the
elevation of Rmst could reverse nerve injury-induced Dnmt3a
upregulation and alleviate pain hypersensitivities (Figure 8).
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Dorsal root ganglion (DRG) rhabdomyosarcoma 2-associated transcript (Rmst) participated in the nerve damage induced Dnmt3a expression by

stabilizing Dnmt3a mRNA. (A) Transcript abundance of cytoplasmic a
and Rmst mRNA from mouse DRGs. n = 3 mice. (B) Level of Dnmt3a
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used for statistic analysis. **P < 0.01 versus AAV5-Gfp group. (C,D) Dnmt3a and Dnmt3b protein expression in DRG neuron with AAV5-Rmst.
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Gfp. n = 3 biological repeats. *P < 0.05 versus AAV5-Rmst group. (F,G)
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ANOVA followed by post-hoc Tukey test, **P < 0.01 versus Sham + Scr group and #P < 0.05, ##P < 0.01 versus SNL + Scr group
(H) Immunostaining for the ipsilateral L4 DRGs showed Dnmt3a protein expression in mice post-SNL and pre-delivered with siRmst or Scr. Scale

bar = 40 um.

The present study suggests that Rmst in DRGs is likely a key
regulator in NP.

In 2013, the first IncRNA involved in NP was reported in
detail (Zhao et al,, 2013, p. 2). After that, the regulation of
IncRNA on NP are popping up over the past few years (Wu et al,,
2019). And we are the first to report IncRNA Rmst is involved
in the NP. In fact, Rmst was first identified as non-coding
RNA in 2012, and it was essential for neuronal specification in
human embryonic stem cells (Ng et al., 2012). Under normal
condition, RMST in both human and mouse occurs primarily in
CNS (Uhde et al., 2010; Ng et al., 2012) and, more importantly,
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is abundant in neuron (Julian et al, 2013, p. 2; Briese et al,
2016). RMST physically interacts with SOX2 and regulates
neural fate by regulating neurogenesis related genes (Ng et al,,
2013, p. 2). RMST deficiency in neural stem cells resulted in
glia differentiation (Ng et al,, 2013), indicating that RMST is
important for neural differentiation in particularly during brain
development period. However, increased Rmst expression was
reported in CNS diseases, including stroke (Zhao et al., 2021; Li
et al,, 2022) and Parkinson’s disease (Ma et al., 2021). Blocking
Rmst expression could protect from neuronal apoptosis and
improve neurological function (Ma et al.,, 2021; Zhao et al., 2021;
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**P < 0.01 versus sham group. (D) Level of Dnmt3a immunoprecipitated by HUR in DRG neuron with AAV5-Rmst. n = 3 biological repeats.

Li et al,, 2022), which suggests that excessive Rmst expression
may cause CNS disease aggravations. Our present study found
Rmst was also increased expressed in DRG neuron under
NP condition. More importantly, blocking Rmst expression in
injured DRGs could mitigate nerve injury-induced nociceptive
hypersensitivity. However, why Rmst siRNA in DRGs did not
alter response to mechanical and heat stimuli is unclear, which
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may be due to low Rmst expression in physiological condition.
Together, the strong evidence indicates that the dysregulation of
Rmst in neuron may contribute to NP development.

Evidence has been emerged IncRNAs mediates DNA
methylation in various pathological condition (Huang et al,
2022), including schizophrenia (Ni et al, 2021, p. 006),
diabetic retinopathy (He et al, 2021, p. 3), colon cancer
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Proposed mechanism on rhabdomyosarcoma 2-associated transcript (Rmst) in NP. Nerve injury-triggered Rmst upregulation interacts with HuR
in injured DRGs, resulting in stabilizing Dnmt3a mRNA and protein. The latter one has been reported as a critical NP regulator in DRG neurons.
In contrast, in normal DRG neuron, Dnmt3a mRNA would be degraded without Rmst.

(Merry et al,, 2015) and so on. In particular, RMST was
characterized as a positive regulator for DNMT3 but not
DNMT1 by increasing DNMT3 mRNA stability in cancer (Peng
et al,, 2020). In our study, Rmst upregulation may contribute
to the nerve damage-triggered Dnmt3a increase by stabilizing
its mRNA in NP. Notably, when Rmst was overexpressed
in DRG neuron, only DNMT3a but not DNMT3b appear
to generate, and blocking DRG Rmst expression abolished
SNL-induced DNMT3a upregulation, which was consistent
with previous study (Peng et al,, 2020, p. 3). Furthermore,
Rmst did not directly modulate nociceptive hypersensitivity
as in absence of Dnmt3a expression in DRG neuron the
overexpression of Rmst failed to completely mimic nerve
damage-induced nociceptive hypersensitivity. In fact, it has
been reported DNMT3a in DRG neurons is involved in
the NP (Guo et al, 2019). Knockout DNMT3a in DRG
significantly attenuated nociceptive hypersensitivity (Zhao et al.,
2017). What's more, in NP, transcriptional factors, such as
CREB (Yang et al, 2021) and Octl (Zhao et al, 2017),
could bind to the promoter region of Dnmt3a to boost
Dnmt3a expression. Our study demonstrated that Rmst is
required for the stability of Dnmt3a mRNA, enhancing
DNMT3a expression. It should also be noted that Rmst also
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regulates other NP related genes including sex-determining
region Y-box2 (Sox2) (Ng et al, 2013, p. 2; Zhang et al,
2019, p. 2) and heterogeneous nuclear ribonucleoprotein D
(hnRNPD) (Liu et al, 2020; Feng et al, 2021). Whether
these genes are also regulated by Rmst in NP remains to be
determined.

Mechanistically, nerve injury-induced elevated Rmst could
recruit HuR protein, thereby stabilizing the Dnmt3a mRNA
and reducing the Dnmt3a mRNA degradation. HuR, as an
RNA-binding protein, is capable to stabilize AU-rich elements
(AREs)-containing reporter mRNA in the cytoplasm through
binding AREs sequences (Gallouzi et al, 2000). The new
finding has pointed out anti-HuR delivery has been proven
effective to relieve pain hypersensitivity by inhibiting spinal
neuroinflammation (Borgonetti and Galeotti, 2021). Therefore,
the effectiveness of analgesics of anti-HuR may also be due to the
degradation of Dnmt3a mRNA. However, further experiments
are needed.

In conclusion, our study indicated that blocking Rmst
expression in injured DRGs mitigated NP at least in part
through enhancing degradation of Dnmt3a mRNA. Thus,
Rmst may become a promising target and provide insightful
directions for NP treatment.
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There is an unmet need to identify new therapeutic targets for temporomandibular
disorder (TMD) pain because current treatments are limited and unsatisfactory.
TMEM100, a two-transmembrane protein, was recently identified as a regulator to
weaken the TRPAL-TRPV1 physical association, resulting in disinhibition of TRPAL
activity in sensory neurons. Recent studies have also shown that Tmem100, Trpal,
and Trpvl mRNAs were upregulated in trigeminal ganglion (TG) after inflammation
of the temporomandibular joint (TMJ) associated tissues. These findings raise a
critical question regarding whether TMEM100 in TG neurons is involved in TMD
pain via regulating the TRPAL1-TRPV1 functional interaction. Here, using two
mouse models of TMD pain induced by TMJ inflammation or masseter muscle
injury, we found that global knockout or systemic inhibition of TRPAL1 and TRPV1
attenuated pain. In line with their increased genes, mice exhibited significant
upregulation of TMEM100, TRPAL, and TRPV1 at the protein levels in TG neurons
after TMD pain. Importantly, TMEM100 co-expressed with TRPALl and TRPV1 in
TG neurons-innervating the TMJ and masseter muscle and their co-expression
was increased after TMD pain. Moreover, the enhanced activity of TRPAL in TG
neurons evoked by TMJ inflammation or masseter muscle injury was suppressed
by inhibition of TMEM100. Selective deletion of Tmem100 in TG neurons or local
administration of TMEM100 inhibitor into the TMJ or masseter muscle attenuated
TMD pain. Together, these results suggest that TMEM100 in TG neurons contributes
to TMD pain by regulating TRPAL activity within the TRPAL-TRPV1 complex.
TMEM100 therefore represents a potential novel target-of-interest for TMD pain.

TMEM100, TRPA1, TRPV1, temporomandibular joint, masseter muscle, bite force,
trigeminal ganglion sensory neurons, calcium signal

Introduction

Temporomandibular disorders (TMD) include a group of painful conditions that
involve the temporomandibular joint (TM]J), masseter muscles, and connective tissues
(Scrivani et al., 2008). Mastication is fundamentally relevant for vertebrate nourishment.
In cases of tissue inflammation or injury to the TMJ and masseter muscles, mastication
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becomes painful (Svensson et al., 1998; Scrivani et al., 2008; Todice
et al., 2013). Patients experience TMD pain which negatively
impacts their overall quality of life. Current pharmacotherapies
for TMD pain have limited efficacy and side effects (Andre et al.,
2022). A deeper understanding of TMD pain mechanisms and
identifying new targets for TMD pain are therefore warranted for
developing more effective treatments.

TMD pain critically depends on trigeminal ganglion (TG)
sensory neurons that transmit nociceptive signals from the
peripheral tissues to the central nervous system. Detection of
pain signals by these cells relies on specific transduction
machinery. Key components thereof belong to TRP ion channels
(Julius, 2013). TRPA1 and TRPV1, two cardinal pain-TRPs, have
been critically implicated in both acute and chronic pain and
represent possible bona-fide targets for the development of
rationally-guided analgesics (Julius, 2013). However, their
respective roles in TMD pain remain largely elusive. In addition,
previous studies have suggested that TRPA1 and TRPV1 can
form a complex of channel heteromers and functionally interact
in sensory neurons (Salas et al., 2009; Akopian, 2011; Spahn
et al.,, 2014). Yet, it is undetermined whether the interplay of
TRPAI-TRPV1 in sensory neurons of the trigeminal system
contributes to TMD pain.

TMEM100, a two-transmembrane protein, was recently
identified as an adaptor to regulate the physical and functional
interaction of TRPAI-TRPV1 in sensory neurons (Weng et al.,
2015). TMEM100 weakens TRPA1-TRPV1 physical association,
which results in disinhibition of TRPA1 activity. Conversely, when
TMEM100 is absent, TRPV1 forms a tight complex with TRPA1
that greatly suppresses the activity of TRPA1 (Weng et al., 2015).
These findings point toward TMEM100 as a potential new target
for mitigating pathologic pain, a concept supported by available
data on the loss-of-function of TMEMI100. For instance,
conditional knockout (¢cKO) of Tmem100 in dorsal root ganglion
(DRG) neurons or subcutaneous injection of TMEM100 inhibitor
into the hindpaw blunted mechanical hyperalgesia caused by
complete Freund’s adjuvant (CFA) in mice (Weng et al., 2015).
While these data suggest that disabling TMEM 100 may provide a
novel strategy to combat DRG-mediated pain, contributions of
TMEMI100 to TG-mediated TMD pain await experimental
clarification. TMD etiologies are attributable to anatomically and
functionally unique target tissues (Piette, 1993; Detamore and
Athanasiou, 2003). In addition, TMD pain not only has a
strikingly different subjective quality when compared to
DRG-mediated pain, but also different pharmacological
responsiveness (Detamore and Athanasiou, 2003; Cairns, 2010;
Andre et al., 2022; Tran et al., 2022).

Here, using two mouse models of chronic TMD pain, TM]
inflammation and masseter muscle injury as we previously
described (Chen et al,, 2013; Suttle et al., 2022), we sought to
investigate whether: (1) genetic knockout or pharmacological
inhibition of TRPA1 and TRPVI1 attenuates TMD pain; (2)
TMEM100 co-expresses with TRPA1 and TRPV1 in TG neurons
and their co-expression is increased in TG neurons-innervating the
TM]J and masseter muscle; (3) inhibition of TMEM100 suppresses
the activity of TRPA1 in TG neurons; and (4) cKO of Tmem100 in
TG neurons or local injection of TMEM100 inhibitor into the TMJ
and masseter muscle reduces TMD pain.
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Materials and methods
Animals

Trpal and Trpvl KO mice were from the Jackson Laboratory.
Timem100 cKO (Advillin-cre®™:: Tmem100”") mice were provided by Dr.
Xinzhong Dong (Weng et al., 2015). Adv-Cre mice express tamoxifen-
inducible Cre recombinase specifically in ~98% of TG/DRG neurons
(Hasegawa et al., 2007). Deletion of TmemI00 was induced via daily
intraperitoneal (i.p.) injection of tamoxifen (75mg/kg) for 5days. Pirt-
GCaMP3 mice expressing the genetically-encoded Ca®* indicator
GCaMP3 in >96% of DRG/TG neurons (Kim et al., 2014) were used for
Ca’*-imaging. Male KO and c¢KO and their respective control mice
(background: C57bl/6) were used at 2.5-3.5months of age. Animals were
housed in climate-controlled rooms on a 12/12h light/dark cycle with
water and food available ad libitum. Animal protocol was approved by
Duke University- Institutional Animal Care and Use Committee (IACUC).

Induction of TMJ inflammation and
masseter muscle injury

TMD pain was induced in mice following studies (Guo et al.,
2010; Chen et al., 2013; Bai et al., 2019; Suttle et al., 2022). For TM]J
inflammation, mice were injected with 10l of complete Freund’s
adjuvant (CFA, 5mg/mL; Chondrex) into the joint. Controls received
incomplete Freund’s adjuvant (IFA). For masseter muscle injury,
ligation of the tendon of the anterior superficial part of masseter
muscle (TASM) was conducted. The TASM was freed from
surrounding connective tissues and the tendon was tied with two
6.0-chromic gut ligatures at 1.5mm-apart during anesthesia with
ketamine/xylazine (i.p. 80mg/8 mg/kg, Sigma-Aldrich). Controls
received the same procedure but the tendon was not ligated.

TMD pain behavioral test

Bite force test was used to measure TMD masticatory pain as
we previously described (Chen et al.,, 2013; Suttle et al., 2022). When bite
transducer was slowly moved towards the mouse, a bite was invariably
elicited. The voltage output during each bite was recorded using Labview
8.0 (National Instruments). The voltage of each bite was determined and
converted into force (newton) based on the regression equation derived
from calibration. Each animal was tested 3-5 times per time point and
the values were averaged. The interval between two trials was >1 min.
Mice were randomly assigned to treatment groups. The experimenter
was blinded to the treatment conditions and genotypes. Although the
baseline values for bite force were not statistically different between
groups or genotypes, there were variations (12.84 to 16.13 newtons). To
statistically analyze the data in a more objective way, bite force values
after treatment were normalized to the baseline for each group and % of
bite force changes were compared.

Chemical injections

To determine the effect of systemic inhibition of TRPA1 or
TRPV1 on established TMD pain, mice were i.p. administered of
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the TRPA1 selective inhibitor HC030031 (Eid et al., 2008) or
TRPV1 selective inhibitor SB366791 (Gunthorpe et al., 2004)
(Sigma-Aldrich) on day 1 CFA or day 7 TASM, respectively, when
TMD pain was the most prominent (see Figure 1). To test the local
inhibitory effect of TMEM100, 10pul of TMEMI100 inhibitor
T100-Mut (21stCenturyBio) was bilaterally, intraarticularly (i.a.)
injected into the TMJs for CFA and intramuscularly (i.m.) injected
into the masseter muscle for TASM models, respectively.
T100-mut is a Tmem100-mutant-derived peptide which can
selectively inhibit TRPA1 activity in TRPAI-TRPV1 complex
(Weng et al., 2015). Control animals received 5% DMSO or
normal saline.

To track TMJ or masseter muscle innervation by the TG neurons,
mice were injected with 2 ul of neural tracer fast blue (FB, 2% aqueous
solution; Polysciences) into the TM] or masseter muscle 15 min before
CFA/IFA and TASM/sham.

Immunohistochemistry and quantitative
analysis

Mouse TGs were dissected and sectioned at 12 pm. TG sections
were blocked with 5%
ImmunoResearch) and incubated overnight with primary antibodies:
guinea pig anti-TRPV1 (1:800, Neuromics), rabbit anti-TRPA1 (1:500,
Aviva-Systems-Biology), sheep anti-TRPA1 (1:300, LifeSpan-
Biosciences), and rabbit anti-TMEM100 (1:600, EMD Millipore).
Immunodetection was accomplished with secondary antibodies
(AlexaFluor-647, —594 and —488; 1:600; Invitrogen) and cover-
slipped with Vectashield (Vector). Images were acquired using BX61-

normal donkey serum (Jackson-

Olympus upright microscope or Zeiss-780 confocal microscope. 4-6
sections/TG were analyzed. TG neurons were identified by
morphology. Using Image] software (NIH), the cutoff density
threshold was determined by averaging the density of three neurons/
section that were judged to be minimally positive. All neurons for
which the mean density exceeded the threshold of 25% were counted
as positive.

Ca%*-imaging of TG neurons

Following our method (Chen et al., 2021), ex-vivo Ca**-imaging
of TG explants was performed to visualize neuronal activity. TGs were
dissected from Pirt-GCaMP3 mice and equilibrated in artificial
cerebrospinal fluid (ACSF) bubbled with 95% O,/5% CO, at room
temperature. After 15 min, explants were placed in a dish with 2 ml of
preoxygenated ACSF and imaged using Zeiss-780 upright confocal
microscope with 20x water immersion objective at the 488-nm
wavelength. TGs were stimulated with TRPA1 agonist JT010 (Takaya
et al, 2015) (Sigma-Aldrich) at 100nM. To examine whether
inhibition of TMEM100 attenuates the JT010-induced Ca®* signal,
explants were pretreated with T-100 Mut at 200 nM during the 15min
sample equilibration. Ca** fluorescence intensity of each neuron
before (baseline) and after (response) chemical stimulation was
determined using Image]. The percentage of responding neurons
was analyzed.
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Statistical analysis

Data were expressed as mean+SEM. Two-tail t-test, one-way
ANOVA or two-way ANOVA followed by Dunnett’s post-hoc test by
Graphpad Prism 6 was used for groups comparison. Experimental “N”
as used was based on a power analysis of our previous relevant studies
involving bite force test, immunohistochemistry, and Ca*'-imaging
(Chen et al., 2013, 2021; Suttle et al., 2022). p <0.05 was considered
statistically significant.

Results

Knockout or inhibition of Trpal and Trpvl
attenuates TMD pain

Whereas TMD has multifactorial etiologies (Ohrbach et al., 2011;
Greenspan et al., 2013; Schiffman et al., 2014), a significant subgroup
of patients suffer joint inflammation and/or masseter muscle injury
(Stohler, 1999; Atsu and Ayhan-Ardic, 2006; Schiffman et al., 2014).
To mimic these conditions in mice, we induced TM] inflammation by
injecting CFA into the joint and masseter muscle injury by ligating the
TASM following our studies (Chen et al., 2013; Suttle et al., 2022). Bite
force measurement, as a clinically relevant read-out, was used to assess
masticatory pain of TMD (Chen et al., 2013). Both models resulted in
long-lasting masticatory pain, as indicated by a substantial reduction
of bite force from day 1 to 11 after CFA and from day 3 to 21 after
TASM (Figure 1). KO of Trpal or Trpvl significantly suppressed the
reduction of bite force in both models (Figures 1A,B,E,F). In line with
the results of knockout, systemic blockade of TRPA1 or TRPV1 by i.p.
injection of HC030031 and SB366791, respectively, at 3 mg/kg and
10mg/kg significantly blunted the reduction of bite force
(Figures 1C,D,G,H). These data suggest that TRPA1 and TRPV1 are
required for TMD pain.

TRPA1 and TRPV1 expressions in TG
neurons are increased after TMD pain

We have previously demonstrated that Trpal and Trpvl mRNAs
in TGs were increased after TMJ inflammation (Chen et al., 2013).
Here, we extended this finding and found that the percentage of
TRPA1- and TRPV1-immunoreactive TG neurons was elevated after
TM]J inflammation, as well as after masseter muscle injury
(Figures 11-L). These data suggest that TG neurons might be the
crucial cellular site where TRPA1 and TRPV1 drive TMD pain.

TMEM100 co-expresses with TRPA1 and
TRPV1in TG neurons and their
co-expression is increased after TMD pain

Immunostaining demonstrated that TMEM100 co-expressed with
TRPA1 and TRPV1 in TG neurons (Figure 2A). Interestingly, their
colocalization was substantially increased after CFA or TASM
(TMEM100+TRPA1+TRPV1/all TG neurons, Figure 2B). Further,
their co-expression in TG neurons-innervating the TMJ or masseter
muscle was also significantly increased after CFA or TASM

frontiersin.org


https://doi.org/10.3389/fnmol.2023.1160206
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang et al.

A B (o D
—=-WT: IFA —&-WT: sham —o—i.p. vehicle —e—i.p. vehicle
20 - = WT: CFA 20 - -&-WT: TASM 20 1 ——i.p. SB366791 (3mg/kg) 20 1—4—i.p. SB366791 (3mg/Kg)
< 10 1 —e—Trpv1 KO: CFA < 10 1 —o-Trpv1 KO: TASM < 10 ; —=—i.p. SB366791 (10mg/kg) g 10 {—=i.p. SB366791 (10mg/kg)
o 0 - g 0 A § 0 : 0
S -10 S -10 S -10 4 5-10 - Kk ke
£ 4 £ *kk
S .20 A v 20 4 9 -20 4 ©.20 A
$ 30 | 2 .30 4 2 30 4 230 4
S 8 8 e
‘s -40 - @ 40 1 o 40 1 240 |
@ .50 - @ .50 @ -50 - 0-50 -
60 +————————— 60 ————————— 60 : : . s -60 . . . .
0 1d 3d 5d 7d 9d 11d13d 0 3d 7d 14d 21d 35d 0 th__ 3h  5h 0 th 3h 5h
CFA (1d) TASM (7d)
E F G _ H : _
—=WT: IFA —=-WT: sham —6—i.p. vechile —0o—i.p. vehicle
20 - -=-WT: CFA 20 - -a-WT: TASM 20 7 —+—i.p. HC030031 (3mg/kg) 20 7 ——i.p. HC030031 (3mg/kg)
< 10 -e—Trpa1 KO: CFA < 10 —e—Trpa1 KO: TASM < 10 ~&-i.p. HC030031 (10mg/kg) £ 10 | ~*1p- HC030031 (10mglkg)
< < < o *hk
g 04 g 0 g 0 ) 0 1 ek -r
S 10 4 £ 10 4 £-10 A 8 10 -
) y -4 £ %) i BER
S .20 A G .20 4 G .20 - © -20 -
[7] ] (] E #EE
g-so g g-so 1 5 -30 1 S -30 -
o 40 A o 40 ' 40 1 %40_
0 .50 - @ 50 - e 0 .50 - -50
-60 — T -60 T T T T T ] -60 T r . , -60 . . . 1
0 1d 3d 5d 7d 9d 11d13d 0 3d 7d 14d 21d 35d 0 1h 3h 5h 0 th  3h  5h
CFA (1d) TASM (7d)
| J
50 - 50 -
o g Fekdk dekk
[ *hE rene @ x*
S 40 - 2 40
¥ g5
Q. Q 30 4 - S 30 4
>3 a2
oo o e
['4 ~ 20
e A 5
o 3
® 10 A
10 4 S S S
IFA 1d 3d 7d & P W PP
CFACFA CFA o A q:\b ”:)b
K L
50 - 50 -
O 9 dedede
" 4 dkk kdk
9 Kok > 40 4 Kk
2 40 A bi-id s
= ‘& o
g2 g5
29 30 - = 30 4
%3 g8
o c & <
E - 20 4
20 A —
"5 (<]
® - =10 A
IFA 1d 3d 7d é\'b“\ /\‘?“‘ ,\\3‘\ «‘;’ﬁ ,\@“\
CFA CFA CFA AT NN
Vv o
FIGURE 1

Global KO or systemic inhibition of TRPAL and TRPV1 attenuates TMD pain. (A,B,E,F) TMJ inflammation or masseter muscle injury resulted in a long-
lasting substantial reduction of bite force, which was attenuated by knocking out Trpal or Trpv1. *p <0.05, **p <0.01, and ***p <0.001 vs. WT: IFA or WT:
sham; #p <0.05, #p <0.01, and ###p <0.001 vs. WT: CFA or WT: TASM. Two-way ANOVA followed by Dunnett's post-hoc test. N =5—8 mice/group.
(C,D,G,H) Single i.p. injection of the TRPV1 selective inhibitor SB366791 or TRPAL selective inhibitor HCO30031 at 3mg/kg and 10mg/kg significantly
blunted the reduction of bite force caused by TMJ inflammation or masseter muscle injury except that HC030031 at 3mg/kg had no significant impact
on bite force reduction in TMJ inflammation model. *p <0.05, **p <0.01, ***p <0.001, #p <0.05, *p <0.01, and ***#p <0.001 vs. i.p. vehicle (5% DMSO).
Two-way ANOVA followed by Dunnett's post-hoc test. N =4—6 mice/group. Note: ‘0" on x-axis represents baseline (before CFA or TASM). Exemplary
changes of recorded bite force signal for WT: IFA, WT: CFA, and Trpv1-KO: CFA groups was shown in Supplementary Figure 1. (I-L) Temporal course of
upregulation of TRPV1 and TRPAL in TG neurons after TMJ inflammation or masseter muscle injury. (1,J) and (K,L) show increased percentage of TRPV1
and TRPAL immunoreactive TG neurons after TMJ inflammation or masseter muscle injury, respectively. **p <0.01 and ***p <0.001 vs. IFA (1d) or sham
(7d). One-way ANOVA followed by Dunnett's post-hoc test. N =4—-5 mice/group. Arrows and arrowheads in images represent immunoreactive positive
and negative neurons, respectively. TRPV1 and TRPAL antibodies’ specificity was validated in TG sections from KO mice (Supplementary Figure 2).
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FIGURE 2

Co-expression of TMEM100 with TRPAL and TRPV1 in TG neurons-innervating the TMJ and masseter muscle is increased after TMJ inflammation or
masseter muscle injury. (A) Representative images show colocalization of TMEM100, TRPAL, TRPV1, and FB in TG neurons. Arrows in images represent
colocalized neurons. (B—D) Quantitative analysis shows an increased percentage of TMEM100+TRPA1+TRPV1/total of TG neurons (B),
TMEM100+TRPA1+TRPV1+FB/FB-labeled TG neurons (C), and TRPA1+TMEM100/TMEM100 positive neurons (D) 1day after CFA or 7days after TASM
*p <0.05, **p <0.01, and ***p <0.001 vs. IFA or sham, two-tail t test. N =4-5 mice/group. TRPV1 and TRPA1 antibodies’ specificity was validated in TG
sections from KO mice (Supplementary Figure 2) and TMEM100 antibody specificity was previously validated (Yu et al., 2019)
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(TMEM100+TRPA1+TRPV1 + FB/FB-labeled neurons, Figure 2C).
Studies have shown that 45 and 96% of TRPAI co-express
TMEM100 in DRG neurons in mice (Weng et al., 2015) and rats (Yu
etal., 2019), respectively, we found that ~71% of TRPA1 co-expressed
with TMEM100 in TG neurons of control mice (Figure 2D). These
discrepancies might be due to TG vs. DRG and mice vs. rats.
Importantly, we found co-expression of TRPA1 with TMEM100 in TG
neurons (TRPA1+TMEM100/TMEM100) was significantly increased
after CFA or TASM (Figure 2D).

Inhibition of TMEM100 suppresses the
enhanced activity of TRPALl in TG neurons
after TMD pain

Co-localization of TMEM100 with TRPAI and TRPV1 in TG
neurons possibly provides a cellular basis for TMEM100 to regulate
TRPA1 activity in TRPV1-TRPA1 complex. We then examined
whether TRPA1 activity in TG neurons is enhanced after TMD pain,
more importantly, whether this enhancement can be suppressed when
inhibiting TMEM100. Ex vivo Ca’*-imaging demonstrated an
increased percentage of neurons responding to TRPAI agonist
JT010 in organotypic TGs prepared from mice received CFA or TASM
(Figure 3). Importantly, this increase was conspicuously reduced by
the TMEMI100 inhibitor T100-Mut. Of note, T100-Mut did not
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abolish TRPA1 activity, possibly due to a fraction of TRPA1-expressing
neurons which do not contain TMEM100 (Figure 2D). Nevertheless,
these data suggest that TMEM100 regulates TRPA1 activity in TG
neurons under TMD pain.

cKO of Tmem100 in TG neurons or local
administration of T100-Mut into the TMJ
or masseter muscle attenuates TMD pain

It was reported that Timem100 mRNA in TG was upregulated after
inflammation of masseter muscle (Chung et al., 2016). Consistently,
we found TMEM100 expression in TG neurons is increased after TMJ
inflammation or masseter muscle injury (Figures 4A,B). We next
examined whether deletion of Tinem100 in TG neurons reduces TMD
pain. In Adv-Cre:Tmem100”" mice after tamoxifen treatment,
we found TMEM100 expression in TG neurons was dramatically
reduced (Figure 4C), validating the knockout efficiency. Behavioral
assays revealed that cKO of Tmem100 in TG neurons significantly
suppressed the reduction of bite force in both models (Figures 4D,F).
Considering co-expression of TMEM 100, TRPA1, and TRPV1 in TG
neurons-innervating the TMJ and masseter muscle is elevated after
TMD pain (Figure 2), we next determined the effect of local inhibition
of TMEM100 in these tissues on TMD pain. Interestingly, we observed
that i.a. or i.m. injection of T100-Mut at 0.66 mM and 2mM [10 pl,
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FIGURE 3
Inhibition of TMEM100 suppresses the enhanced neuronal activity of TRPAL in TG after TMJ inflammation or masseter muscle injury. (A,C)
Representative Ca?*-imaging of GCaMP3-expressing TG neurons in an ex-vivo preparation illustrates the increased Ca®*-signal in response to the
TRPA1 selective agonist JTO10 (100nM) 1day after CFA (A) or 7days after TASM (C), which was reduced by pretreatment of the TMEM100 inhibitor
T100-Mut (200nM). (B,D) Quantitative analysis shows increased percentage of total TG neurons responding to JT010 after CFA (B) or TASM (D) was
reduced by T100-Mut. *p <0.05 and #*#¥p <0.001, one-way ANOVA followed by Dunnett's post-hoc test. N =4—-8 mice/group. Arrows in images
represent responder neurons.

doses chosen based on Weng et al. (2015)] into the TMJ or masseter
muscle for CFA and TASM models, respectively, attenuated the
reduction of bite force (Figures 4E,G). These data suggest that sensory
neuron-TMEM100 contributes to TMD pain.

Discussion

Although TMEM100 has been demonstrated to modulate pain via
regulating TRPA1-TRPV1 interaction at the DRG level (Weng et al.,
2015), experimental evidence regarding whether TMEM100 controls
orofacial pain at the TG level remains lacking. Here, we found that
genetic knockout or pharmacological inhibition of TRPA1 and
TRPV1 attenuated TG-mediated TMD pain. We further demonstrated
that TMEM100 colocalized with TRPA1 and TRPV1 in TG neurons
and their co-expression was increased in TG neurons-innervating the
TM] and masseter muscle after TMD pain. Importantly, inhibition of
TMEM100 suppressed TRPA1 activity in TG neurons and cKO of
Tmem100 in TG neurons or local injection of TMEM100 inhibitor
into the TMJ and masseter muscle attenuated TMD pain. These
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findings suggest that TMEM100 in TG neurons contributes to TMD
pain through regulating TRPA1 activity in TRPA1-TRPV1 complex.
Therapeutic targets for TMD pain are desirable because current
pharmacotherapeutics have limited efficacy and side effects (Cairns,
2010; Andre et al., 2022; Tran et al., 2022). TRPA1 and TRPV1 have
been implicated in a variety of pain states, including trigeminally-
mediated pain (Julius, 2013; Luo et al., 2021). For instance, TRPA1 and
TRPV1 might be involved in migraine, headache and dental pain
(Benemei et al., 2013; Luo et al., 2021), for which TMD shares
significant co-morbidity (Ohrbach et al.,, 2011). In addition, TRPV1
has been detected in TG neurons-innervating the TMJ, masseter
muscle, and synovial lining cells (Sato et al., 2005; Lund et al., 2010;
Lindquist et al., 2021). Notably, we and others previously found that
inflammation of TMJ-associated tissues upregulates Trpal and Trpvl
genes in TG (Chen et al.,, 2013; Chung et al., 2016). These findings
raise an important question as to whether TRPA1 and TRPV1 are
involved in TMD pain. Here, we found that TMJ inflammation as well
as masseter muscle injury led to an upregulation of TRPA1 and
TRPV1 in TG neurons at the protein levels. Importantly, bite force
reduction was substantially attenuated by global KO or systemic
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group. Note: ‘0’ on x-axis represents baseline (before CFA or TASM).

Conditional KO of Tmem100 in TG neurons or local administration of TMEM100 inhibitor attenuates TMD pain. (A,B) TMJ inflammation (A) or masseter
muscle injury (B) led to an increased expression of TMEM100 in TG neurons. *p <0.05 and ***p <0.001 vs. IFA or sham. One-way ANOVA followed by
Dunnett’'s post-hoc test. N =4-5 mice/group. Arrows and arrowheads in images represent TMEM100 immunoreactive positive and negative neurons,
respectively. (C) Depletion of TMEM100 in TG neurons in Tmem100 cKO mice. Immunostaining shows dramatic reduction of TMEM100-
immunoreactive TG neurons in Adv-cre::Tmem100"" mice after tamoxifen treatment. ***p <0.001, two-tailed t-test, n =3-4 mice/group. (D,E) cKO of
Tmem100 in TG neurons attenuates TMD pain after TMJ inflammation (D) or masseter muscle injury (E). *p <0.05, **p <0.01, and ***p <0.001 vs.
Tmem100"™ IFA or sham; #p <0.05, #p <0.01, and #**#p <0.001 vs. Tmem100™": CFA or TASM. Two-way ANOVA followed by Dunnett’s post-hoc test.

N =4-9 mice/group. (F,G) local injection of the TMEM100 inhibitor T100-Mut into the TMJ (i.a.) or masseter muscle (i.m.) at 0.66mM and 2mM
suppressed the reduction of bite force after CFA (F) or TASM (G) except that TL00-Mut had no effect on bite force reduction at 0.66mM in TASM
model. *p <0.05, ***p <0.001, and *p <0.05 vs. i.a. or i.m. vehicle (normal saline). Two-way ANOVA followed by Dunnett's post-hoc test. N =5-7 mice/
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inhibition of these ion channels, providing an important
demonstration that TRPV1 and TRPAL1 are essential for TMD pain.
Interestingly, using bite force test, Wang et al. previously found that
TRPV1 has a marginal effect and TRPAI has no influence on pain
induced by CFA injection into the masseter muscle (Wang et al., 2017,
2018). It is worth noting that bite force reduction induced by masseter
myositis in these studies was of short duration, i.e., <3 days, which
contrasts with pain-behavior duration of TM]J inflammation
(>11days) or masseter muscle injury (>21days) in our study.
Therefore, one possible explanation for these discrepant findings
might be due to distinct mouse models.

TRPAI and TRPV1 in sensory neurons can form a complex and
functionally interact to modulate pathological pain (Salas et al., 2009;
Akopian, 2011; Spahn et al., 2014; Weng et al., 2015). Interestingly, it
was recently discovered that TMEM100 contributes to DRG-mediated
pain via impairing TRPA1 function in TRPA1-TRPV1 complex (Weng
etal,, 2015). In the present study, several lines of evidence demonstrate
that TMEM 100 modulates TG-mediated TMD pain. First, TMEM100
co-expressed with TRPA1 and TRPV1 in TG neurons-innervating the
TM]J and masseter muscle and their co-expression was elevated after
TMD pain. These data suggest that TG neurons may provide a critical
cellular locale whereby TMEM100 mediates TMD pain via governing
the functional interaction of TRPAI-TRPVI. Second, to gain a
mechanistic insight into the role of TMEM100 in TMD pain, our Ca**
imaging assay showed that the percentage of TG neurons responsive
to TRPA1 agonist JT010 was increased after TM]J inflammation or
masseter muscle injury. Importantly, the enhanced activity of TRPA1
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was suppressed when inhibiting TMEM100, suggesting a regulatory
role of TMEM100 on TRPALI function in trigeminal sensory system.
Third, selective deletion of Trmerm100 in TG neurons or local injection
of TMEM100 inhibitor into TG neurons-innervating TMJ and master
muscle tissues significantly blunted TMD pain. These compelling data
suggest that TMEM100 might form a multi-protein complex with
TRPAI and TRPV1 in TG neurons and mediate TMD pain through
regulating TRPA1 activity within the complex. Although there are
some distinct differences in pain processing mechanisms, anatomical
specificities, and behavioral phenotypes between spinal and trigeminal
systems under pathophysiological states (Luo et al., 2021), our findings
support a novel concept that TMEM100 contributes to trigeminally-
mediated pain. Future studies are needed to investigate whether
TMEMI00 is also involved in modulating other types of trigeminal
pain, such as dental pain, migraine, and trigeminal neuralgia.
Interestingly, a recent study reported that TMEM100 co-expresses
with TRPA1 and TRPVI in human odontoblasts, implicating a
potential role of TMEM100 in dental pain (Liu et al., 2021). In
addition, based on the data showing that 95 and 74% of TMEM100-
positive sensory neurons express CGRP in mice (Weng et al., 2015)
and rats (Yu et al,, 2019), respectively, and in view of CGRP’s crucial
role in migraine (Dussor, 2019), it would be interesting to investigate
whether TMEMI100 contributes to migraine via regulating
CGRP levels.

There is a critical need for identifying novel targets for TMD pain
and better understanding of its underlying mechanisms because TMD
pain is inadequately managed. Our study for the first time
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demonstrates that TMEM100 contributes to TG-mediated TMD pain
via a mechanism of action involving the regulatory effect on TRPA1
activity in TRPAI-TRPV1 complex. TRPAl and TRPV1 are
recognized as analgesic targets for development of effective therapies.
However, clinical trials based on their inhibitors are delayed or stuck
due to off-target thermoregulatory effects and blunting of normal
noxious sensation (Moran, 2018). Thus, new modes of regulating the
ion channel’s activity rather than inhibition of ion channel per se in
pain transmission pathways represent promising alternative
approaches to combat pain. Given that the TMEM100 inhibitor can
attenuate TMD pain when it is locally administrated into TM]J or
masseter muscle tissues, our study implicates that TMEM100 could
serve as a peripheral-topical target for reducing TMD pain while
avoiding potential side effects of systemic treatments.
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