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The gene regulatory network in different brain
regions of neuropathic pain mouse models

X, L', L-S. XU?, Y.-F. XU', Q. YANG?, Z.-X. FANG?®, M. YAO*, W.-Y. CHEN?

'Department of Oncology, The First Hospital of Jiaxing, The First Affiliated Hospital of Jiaxing

University, Jiaxing, China

’Department of Central Laboratory, The First Hospital of Jiaxing, The First Affiliated Hospital of

Jiaxing University, Jiaxing, China

3Department of Respiration, The First Hospital of Jiaxing, The First Affiliated Hospital of Jiaxing

University, Jiaxing, China

*Department of Pain Management, The First Hospital of Jiaxing, The First Affiliated Hospital of

Jiaxing University, Jiaxing, China

Xia Li, Longsheng Xu and Yufen Xu contributed equally to this work

Abstract. - OBJECTIVE: Neuropathic pain is
directly developed from lesions or somatosen-
sory nervous system diseases that are associ-
ated with emotion regulation. In general popu-
lation, the incidence of neuropathic pain rang-
es from 7% to 10%, but the underlying mech-
anism remains largely unknown. Neuropathic
pain is often associated with structural and
functional abnormalities in multiple brain re-
gions, and its regulation has been shown to cor-
respond with the forebrain, including nucleus
accumbens (NAc), medial prefrontal cortex (mP-
FC) and periaqueductal gray (PAG).

MATERIALS AND METHODS: To investigate
the molecular mechanism of neuropathic pain
across different brain regions, we identified the
differentially expressed genes (DEGs) between
the spared nerve injury model (SNI) mice suffer-
ing neuropathic pain and the control Sham mice
in NAc, mPFC and PAG three brain regions, and
mapped these genes onto a comprehensive-
ly functional association network. Thereafter,
novel neuropathic pain genes in these three re-
gions were identified using With Random Walk
with Restart (RWR) analysis, such as Asic3,
Cd200r1 and MT2, besides well-known Capni1
and CYP2E1.

RESULTS: Interactions or cross talks among
DEGs in NAc, mPFC and PAG three brain re-
gions were discovered.

CONCLUSIONS: Our results provide novel in-
sights into neuropathic pain and help to explore
therapeutic targets in the treatment.
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Introduction

As defined by the International Association for
the Study of Pain (IASP), neuropathic pain is the di-
rect result caused by lesions or somatosensory ner-
vous system diseases that are associated with emotion
regulation'. In general population, the incidence of
neuropathic pain is 7-10% and the underlying mech-
anisms are heterogeneous®*. Many patients with neu-
ropathic pain often experience depression and anxi-
ety disorders, leading to the low quality of life>®.

Currently, recommended treatment approaches
for neuropathic pain are pharmacological methods,
such as the use of antidepressants, anticonvulsants
and topical anesthetics™®. In some cases, however,
medical therapy alone cannot fully work on chron-
ic pain. Some non-pharmacological approaches, in-
cluding psychological approaches, physical thera-
py, interventional therapy and surgical procedures,
have been shown to be effective for neuropathic
pain®. In addition, it’s also important to clarify the
distinction between nociceptive and neuropathic
pain, because different treatment methods are usu-
ally required for different types of pain.

Chronic pain is often related to structural and
functional abnormalities in the brain®'’. Increased
activity of the forebrain neurons results in enhanced
inflammatory and neuropathic pain''>. Besides,
the forebrain, including nucleus accumbens (NAc),
medial prefrontal cortex (mPFC) and paraventric-
ular nucleus (PVN), has been shown to be asso-
ciated with the regulation of neuropathic pain'>!,
Nucleus accumbens (NAc), known to be related to
emotional dysfunctions following neuropathic pain
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regulation, is a key component of the brain reward
system®>7, Goffer et al'® demonstrated that chron-
ic pain induced depressive behaviors in rats selec-
tively increased the level of AMPA-type glutamate
receptors in the NAc, suggesting a crucial role of
NAc in the regulation of neuropathic pain-induced
depression'.

Neuropathic pain leads to morphological and
functional changes in the mPFC and its important
role in the regulation of emotional processes and
chronic pain has also been identified'*?°. Animal and
human imaging studies have proved that synaptic
changes in the PFC occur in both chronic pain and
acute models?-?2. In addition, the nucleus accumbens
(NAc) is the key output target of the PFC. Functional
connections between NAc and mPFC were also re-
ported to predict the prognosis of chronic pain after
medical treatment®?*, Lee et al*? suggested that the
activation of mPFC-NAc projections could regulate
the affective symptoms of neuropathic pain.

Patients with chronic pain also exhibit brain
abnormalities in descending modulation of
pain?*2%, especially in the periaqueductal gray
(PAG), which may be associated with dysfunc-
tions of pain regulation?”*. Neuropathic pain ac-
tivates neurons in the periaqueductal gray (PAG),
which project to the rostral ventromedial medulla
(RVM) and then to the spinal cord, resulting in
the inhibition or remission of the pain®’.

Since the brain region corresponding to chronic
pain is between the ventromedial PFC and PAG in
humans, and mPFC-PAG in rodents, we would like
to identify the genes that respond to neuropathic
pain and investigate the molecular mechanisms*"*.
The differentially expressed genes (DEGs) in the
nucleus accumbens (NAc), the medial prefron-
tal cortex (mPFC), and the periaqueductal grey
(PAG) of the spared nerve injury model (SNI) were
mapped onto gene regulatory network. Novel neu-
ropathic pain genes in different brain regions were
identified using Random Walk with Restart (RWR)
algorithm and the interactions or cross talks across
different regions were analyzed.

Materials and Methods

The DEGs Between SNI and Sham
Mice In NAc, mPFC and PAG

Descalzi et al* identified gene expression profiles
from NAc, mPFC and PAG in SNI mice and Sham mice
using RNA-sequencing®. SNI mice were the mouse
models with neuropathic pain and Sham mice were
used as control. Sham NAc, Sham PAG, Sham PFC,
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SNI NAc, SNI PAG and SNI PFC samples of equal
sample size of 6 were collected, and matched Reads
Per Kilobase per Million mapped reads (RPKM) gene
expression profiles were accessed from GSE91396 in
Gene Expression Omnibus (GEO) database. DEGs be-
tween SNI mice and Sham mice in NAc, mPFC and
PAG were screened with the threshold of fold change
greater than 1.5 and p-value smaller than 0.05, sequen-
tially mapped onto STRING network for further anal-
ysis*. The p-value was calculated using function voom
from limma in R package.

The Network Expansion of Neuropathic
Pain Genes In NAc, mPFC and PAG
Based on RWR Analysis

To investigate the interactions or cross-talks
among different brain regions that were responsive
to neuropathic pain, DEGs between SNI mice and
Sham mice in NAc, mPFC and PAG were mapped
onto STRING networks (a widely used network
for bioinformatics studies®***®). Only the STRING
networks with high confidence interactions were
included, in other words, the confidence score of
the interaction must be greater than 0.900.

RWR algorithm was applied to explore the
cross talks among these three brain regions®>*°-42,
To illustrate how RWR can reveal the cross talk,
STRING network was denoted as a graph com-
prised of a set of genes and a set of interactions .

The whole interaction network can be repre-
sented in an adjacency matrix. n referred to the
genes total number. The value in row and column
was 1 if gene and gene had interactions, whereas
the value was 0 if there was no interaction.

(1) Normalization. The adjacency matrix was
column-wise normalized.

/ Ali,j
Ay =gt— (D)

Z:=1 Alk,j]

(2) Iteration. Then, a random walk step was
iterated. In each round of iteration, the state prob-
abilities at time were based on previous state and
the initial state.

Pt+1 - (1 _T)A’Pt +TP0 (2)

is previous state probability at time . is the re-
start probability and is the initial state probability,
which was a column vector with for the seed genes
(NAc, mPFC, PAG neuropathic pain genes, respec-
tively), and to O for other genes on the network.
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(3) Converge. The iteration process was end-
ed when the difference between two states was
smaller than 1x10°°,

Genes on the network undergoing RWR anal-
ysis were given a probability of being visited by
the seed genes.

The neuropathic pain genes in NAc, mPFC and
PAG were considered as seed genes, respectively.

To evaluate how significant the probability was,
we randomly chose the same number of seed genes
1000 times and calculated the RWR probabilities. If
there were more than 50 times that the permutation
proverbialities were greater than the actual proverbi-
ality, the permutation p-value for that gene was greater
than 50/1000=0.05 and that gene would be excluded.

According to the permutation p-value, novel neu-
ropathic pain genes in NAc, mPFC and PAG based
on RWR analysis were identified. Such expanded
neuropathic pain genes in NAc, mPFC and PAG
could be overlapped to show the cross talks among
NAc, mPFC and PAG under neuropathic pain.

Results

The Neuropathic Pain Genes In NAc, mPFC
and PAG Identified by Differential Analysis
The gene expression profiles of NAc, mPFC and
PAG in SNI and Sham mice were analyzed and the
DEGs were identified. Totally, 123, 89 and 795 DEGs
were screened in NAc, mPFC and PAG, respectively.

Comparison was performed among these three
DEG lists as shown in Supplementary Table L
Venn diagram was plotted (Figure 1), and two
genes were found to be overlapped, containing
Capnll and Cyp2el. These two genes might play
important roles in neuropathic pain.

Capnll (Calpain 11) encodes the intracellu-
lar calcium-dependent cysteine protease that has
protease activity and calcium-binding capaci-
ty®. Calpains have been reported to participate
in some neuronal processes, including synaptic
plasticity, neurodegeneration, signal transduction
and enhancement**°, As well, calpains can be
observed in diverse cell types in the central ner-
vous system (CNS), such as spinal cord neurons,
cortical neurons and glial cells*”*¥. The activity
of calpains was markedly increased in neurode-
generative diseases, traumatic brain injury and
neuropathic pain*-'. Blocking calpain signaling
by its inhibitor MDL28170 or silencing calpain-1
level in the spinal cord attenuates the neuropathic
pain and the inflammation following peripheral
nerve injury®-?, Mahajan et al® suggested that
calpain also mediated the editing of AMPA re-
ceptor subtypes®. Notably, depression is a well-
known emotional feature of chronic neuropathic
pain. Goffer et al”® discovered that chronic pain
could increase the AMPA-type glutamate re-
ceptor expression level at the synapses of NAc
in a rat model of chronic neuropathic pain with
depression-like behaviors'®. In addition, the in-

Figure 1. The Venn Diagram of DEGs in NAc, mP-
FC and PAG. Among the 123, 89 and 795 DEGs in
NAc, mPFC and PAG, only two genes, Capnll and
Cyp2el, were overlapped. These two genes played
important roles in neuropathic pain, but there were
many undiscovered neuropathic pain genes in the
differential analysis.

mPFC NAc
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creased level of GluA1 led to the formation of cal-
cium-permeable AMPA receptors (CPARs), and
the inhibition of these CPARs in the NAc could
increase depressive symptoms associated with
neuropathic pain'®. Therefore, CPARs may pres-
ent as a novel therapeutic target for the treatment
of depressive symptoms in neuropathic pain.

CYP2E]I (Cytochrome P450 2E1), amember of the
cytochrome P450 superfamily, can be considered as
the second enzymatic system involved in the ethanol
metabolism in brain**®. This enzyme can be wide-
ly expressed in various cell types and human brain
regions, including the hippocampus, substantia nigra
and medulla®-®?, Further studies are needed to iden-
tify the role of Cyp2el in chronic pain and sensory
symptoms of pain. Toselli et al®® found that CYP2E1
was expressed in human AMG and PFC and might
influence the drug effects on those regions.

As shown above, these two genes function via
complex pathways and regulatory mechanisms.
There are many genes that can facilitate neuro-
pathic pain responses in different brain regions
have not been identified. To find these hidden
genes, we mapped these DEGs onto functional
association networks of STRING.

The Novel Neuropathic Pain Genes In NAc,
mPFC and PAG Identified by RWR Analysis on
the Functional Association Network

To identify more novel neuropathic pain genes
in NAc, mPFC and PAG and find their hidden
links or cross talks, DEGs were mapped onto
networks and RWR analysis was performed. Af-
ter being considered as seed genes and permut-
ed 1000 times, DEGs with permutating p-value
smaller than 0.05 were identified significant., in-
cluding 623, 888 and 507 novel neuropathic pain
genes in NAc, mPFC and PAG, respectively (Sup-
plementary Table II).

Venn Diagram of these novel neuropathic pain
genes in NAc, mPFC and PAG on the network was
plotted (Figure 2) and found 25 overlapped genes
(Table I). These 25 overlapped genes showed
great promise in linking the three brain regions
and revealing the potential cross talk mechanisms
among NAc, mPFC and PAG. Their functions
were discussed in the next section.

Discussion

Among the 25 genes in Table I, many of them
were involved in pathways or functions that were
associated with neuropathic pain genes. Asic3,
Cd200rl and MT?2 three genes were shown to be
most promising.

mPFC+RWR

NAc+RWR

PAG+RWR

Figure 2. The Venn Diagram of novel neu-
ropathic pain genes in NAc, mPFC and PAG
on the network. Among the 623, 888 and 507
novel neuropathic pain genes in NAc, mPFC
and PAG, 25 genes were overlapped. These
genes linked the three brain regions and re-
vealed the potential cross talk mechanisms
among NAc, mPFC and PAG.
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Table I. The 25 overlapped novel neuropathic pain genes in NAc, mPFC and PAG on the network.

Gene Symbol Gene Symbol Gene Symbol Gene Symbol Gene Symbol
Adat2 Ap5bl Cd200rl1 Igdee3 Prlhr
Adat3 ApS5sl Cic Junb Stoml3
Adgra3 Asic3 Ctul Mtl Ush2a
Adgrvl Atxnl Ctu2 Mt2 Vezt

Agt Cd200 Cyp2el Prlh Whrn

Asic3 (Acid-sensing ion channels, ASICs) is a
cationic channel expressed principally in central
(CNS) and peripheral (PNS) nervous systems®*®,
Ion channel modulation is the main approach to
achieve novel neuropathic pain management®.
Evidence from many experiments has suggested
the involvement of ASICs in pain sensation®’.
Among the ASICs, ASIC3 is known to regulate
inflammatory pain, ischemic pain and mechanical
pain®“8, Inflammation is one of the pain symptoms
that induces a significant increase of ASIC3 chan-
nel expression in sensory neurons, which demon-
strates the crucial role of ASIC3 in the generation
of pain-associated inflammation®. Therefore, in-
hibition of ASIC3 channel at the sensory system
could significantly help to alleviate pain. In addi-
tion, Jeong et al” suggested that ASIC3 may be
associated with the antinociceptive effects of ami-
loride and benzamil, inhibitors for ASIC channels,
in neuropathic pain, and blocking ASIC3 channel
may be a novel therapeutic strategy in neuropathic
pain treatment’*72,

Cd200r1, encoding the membrane glycopro-
tein of the immunoglobulin superfamily, is high-
ly expressed in neurons in the central nervous
system, while its receptor CD200R is restricted
to the surfaces of myeloid lineage cells like mac-
rophages and microglia™™. The CD200-CD200R
interaction has been reported to be closely asso-
ciated with the macrophage-mediated damage in
autoimmune disease and various neuroinflam-
matory diseases””®. Animal models have also
shown that loss of immunosuppression through
CD200 has significant impact on neuroinflamma-
tion and neurodegeneration”*’. Hernangomez et
al® reported that the CD200/CD200R regulatory
system could suppress the neuroinflammatory
reactions associated with peripheral neuropathic
pain, and it might be used as a target for treating
neuropathic pain.

MT2 (Metallothioneins II) is a major neuro-
protective protein with a high affinity for met-
als®"#2. MT2 has been found in many CNS (central

nervous system) regions, such as cortex, hippo-
campus, brainstem and spinal cord®*-*®. A series
of evidence has suggested that metallothioneins
(MTs) are essential for the recovery from CNS
damage®*#¢. Hidalgo et al*” reported that MT-I/-
II was capable of decreasing inflammatory re-
sponses associated with CNS injury, and provid-
ed credible evidence for supporting that MT-1/-11
was able to protect neurons from death®-%, Kwon
et al’’ evaluated the expression of MT-I/II in the
spinal cord in rat models with inflammatory and
neuropathic pain and found that increased MT-1/
II participated in the initiation of inflammatory
and neuropathic pain.

Conclusions

Neuropathic pain is a common nervous system
disease with a low incidence (7-10%) in the gen-
eral population, and its underlying mechanisms
remain largely unknown. Neuropathic pain in-
volves the structural and functional abnormalities
in multiple brain regions. The regions in fore-
brain, including nucleus accumbens (NAc), me-
dial prefrontal cortex (mPFC) and periaqueductal
gray (PAG), have all been proved to correspond
to neuropathic pain response. To investigate the
molecular mechanism of neuropathic pain across
different brain regions, we identified the DEGs
between SNI mice (a widely used model for neu-
ropathic pain) and the Sham mice (control) in
NAc, mPFC and PAG three brain regions. Then,
these DEGs were mapped onto STRING net-
works. RWR analysis was conducted and more
novel neuropathic pain genes in NAc, mPFC and
PAG were revealed in concomitant with more
overlapped genes. These overlapped novel neuro-
pathic pain genes can help us understand how dif-
ferent brain regions communicate with each other
and coordinate the regulation of neuropathic pain.
These genes were worth to be further validated
and investigated as therapeutic targets.



X. Li, L-S. Xu, Y.-F. Xu, Q. Yang, Z.-X. Fang, M. Yao, W.-Y. Chen

Funding

This study was supported by the Key Discipline of Jiaxing
Respiratory Medicine Construction Project (No. 2019-zc-
04), the Early Diagnosis and Comprehensive Treatment of
Lung Cancer Innovation Team Building Project, Zhejiang
North Regional Anesthesia Special Disease Center, Clin-
ical Research Project in Medical Committee of Zhejiang
Province (No. 2013ZYC-AR89), key laboratory of precision
treatment for lung cancer in Jiaxing,the Natural Science
Foundation of Zhejiang Province (No. LQ20H160057) and
Science and Technology Project of Jiaxing (2019AY32030).

Authors' contributions

XL contributed to the study design. LX conducted the lit-
erature search. YX acquired the data. QY wrote the article.
ZF performed data analysis and drafted it. MY revised the
article. XL and LX gave the final approval of the version
to be submitted.

Conflict of Interests
The Authors declare that they have no conflict of interests.

References

1) CosTiGaN M, ScHoLz J, Woorr CJ. Neuropathic
pain: a maladaptive response of the nervous
system to damage. Annu Rev Neurosci 2009;
32: 1-32.

2) NisHiNakA T, Nakamoto K, Tokuvama S. Early life
stress induces sex-dependent increases in phos-
phorylated extracellular signal-regulated kinase
in brains of mice with neuropathic pain. Eur J Pain
2016; 20: 1346-1356.

3) van Hecke O, Austin SK, KHAN RA, SmitH BH, Tor-
rANCE N. Neuropathic pain in the general pop-
ulation: a systematic review of epidemiological
studies. Pain 2014; 155: 654-662.

4) WipersTRoM-NoGa E. Neuropathic pain and spi-
nal cord injury: phenotypes and pharmacological
management. Drugs 2017; 77: 967-984.

5) BannisTer K, Qu C, NavraTiLova E, Ovarzo J, Xie JY,
KinG T, Dickenson AH, Porreca F. Multiple sites and
actions of gabapentin-induced relief of ongoing
experimental neuropathic pain. Pain 2017; 158:
2386-2395.

6) YaLan |, BarTHAs F, Barror M. Emotional conse-
quences of neuropathic pain: insight from pre-
clinical studies. Neurosci Biobehav Rev 2014; 47:
154-164.

7) Xu L, ZHANG Y, Huang Y. Advances in the treatment
of neuropathic pain. Adv Exp Med Biol 2016; 904:
117-129.

8) KersTMAN E, AHN S, BaTTU S, TAria S, GraBois M.
Neuropathic pain. Handb Clin Neurol 2013; 110:
175-187.

9) Becerra L, Borsook D. Signal valence in the nu-
cleus accumbens to pain onset and offset. Eur J
Pain 2008; 12: 866-869.

5058

10) Scorr DJ, Hemzec MM, Koepre RA, StoHLer CS,
Zusieta JK. Variations in the human pain stress
experience mediated by ventral and dorsal basal
ganglia dopamine activity. J Neurosci 2006; 26:
10789-10795.

11) Wel F, WanG GD, KercHNER GA, Kim SJ, Xu HM, CHeN
ZF, ZHuo M. Genetic enhancement of inflamma-
tory pain by forebrain NR2B overexpression. Nat
Neurosci 2001; 4: 164-169.

12) Descalzi G, FukusHiva H, Suzuki A, Kiba S, ZHuo
M. Genetic enhancement of neuropathic and
inflammatory pain by forebrain upregulation of
CREB-mediated transcription. Mol Pain 2012; 8:
90.

13) NeugeBauer V, GALHARDO V, MaioNE S, Mackey SC.
Forebrain pain mechanisms. Brain Res Rev
2009; 60: 226-242.

14) BusHNeLL MC, Ceko M, Low LA. Cognitive and emo-
tional control of pain and its disruption in chronic
pain. Nat Rev Neurosci 2013; 14: 502-511.

15) GeHA PY, Bauki MN, HARDEN RN, BAUER WR, PARRISH
TB, ArkAriaN AV. The brain in chronic CRPS pain:
abnormal gray-white matter interactions in emo-
tional and autonomic regions. Neuron 2008; 60:
570-581.

16) Lavmee S, lon DI, Roeper J, MaLenka RC. Projec-
tion-specific modulation of dopamine neuron syn-
apses by aversive and rewarding stimuli. Neuron
2011; 70: 855-862.

17) NavratiLova E, Porreca F. Reward and motivation
in pain and pain relief. Nat Neurosci 2014; 17:
1304-1312.

18) Gorrer Y, Xu D, Egerte SE, D'AMOUR J, LEe M, Tukey
D, Froemke RC, ZiFF EB, Wang J. Calcium-perme-
able AMPA receptors in the nucleus accumbens
regulate depression-like behaviors in the chronic
neuropathic pain state. J Neurosci 2013; 33:
19034-19044.

19) Metz AE, Yau HJ, Centeno MV, APKARIAN AV, MARTINA
M. Morphological and functional reorganization of
rat medial prefrontal cortex in neuropathic pain.
Proc Natl Acad Sci U S A 2009; 106: 2423-2428.

20) ARNSTEN AF, WANG MJ, PaspaLas CD. Neuromodu-
lation of thought: flexibilities and vulnerabilities
in prefrontal cortical network synapses. Neuron
2012; 76: 223-239.

21) Huna KL, WaANG SJ, WaNG YC, CHIANG TR, WanG CC.
Upregulation of presynaptic proteins and protein
kinases associated with enhanced glutamate re-
lease from axonal terminals (synaptosomes) of
the medial prefrontal cortex in rats with neuro-
pathic pain. Pain 2014; 155: 377-387.

22) Lee M, ManDers TR, Egerte SE, Su C, D'AMOUR J,
YanG R, LiN HY, DesserotH K, Froemke RC, WAaNG
J. Activation of corticostriatal circuitry relieves
chronic neuropathic pain. J Neurosci 2015; 35:
5247-5259.

23) Kaneko H, ZHang S, SexicucHi M, Nikapo T, MAKITA
K, Kurata J, Konno SI. Dysfunction of nucleus ac-
cumbens is associated with psychiatric problems
in patients with chronic low back pain: a functional
magnetic resonance imaging study. Spine (Phila
Pa 1976) 2017; 42: 844-853.

24) Bauki MN, GeHA PY, Fieos HL, Aprkarian AV. Pre-
dicting value of pain and analgesia: nucleus



Gene regulatory in brain of mouse model

accumbens response to noxious stimuli changes
in the presence of chronic pain. Neuron 2010; 66:
149-160.

25) Fietos HL. Pain modulation: expectation, opioid
analgesia and virtual pain. Prog Brain Res 2000;
122: 245-253.

26) Porreca F, Ossipov MH, GesHART GF. Chronic pain
and medullary descending facilitation. Trends
Neurosci 2002; 25: 319-325.

27) Mainero C, BosHyan J, HapuikHant N. Altered func-
tional magnetic resonance imaging resting-state
connectivity in periaqueductal gray networks in
migraine. Ann Neurol 2011; 70: 838-845.

28) Desouza DD, Moavepi M, CHen DQ, Davis KD, Ho-
paiE M. Sensorimotor and pain modulation brain
abnormalities in trigeminal neuralgia: a paroxys-
mal, sensory-triggered neuropathic pain. PLoS
One 2013; 8: €66340.

29) Kucvi A, Moavepr M, WeissMaN-FoceL |, GoLbeerg MB,
Freeman BV, Tenensaum HC, Davis KD. Enhanced
medial prefrontal-default mode network function-
al connectivity in chronic pain and its association
with pain rumination. J Neurosci 2014; 34: 3969-
3975.

30) Ossipov MH, Morimura K, Porreca F. Descending
pain modulation and chronification of pain. Curr
Opin Support Palliat Care 2014; 8: 143-151.

31) Yu R, Gourus RL, SpaeTH R, Narabow V, WasaAN A,
Kong J. Disrupted functional connectivity of the
periaqueductal gray in chronic low back pain.
Neuroimage Clin 2014; 6: 100-108.

32) Frovp NS, Price JL, Ferry AT, Kear KA, BANDLER R. Or-
bitomedial prefrontal cortical projections to distinct
longitudinal columns of the periaqueductal gray in
the rat. J Comp Neurol 2000; 422: 556-578.

33) Descazi G, Mitsi V, PurRusHOTHAMAN |, GAsPARI S,
Avrampou K, LoH YE, SHEN L, ZacHAriou V. Neuro-
pathic pain promotes adaptive changes in gene
expression in brain networks involved in stress
and depression. Sci Signal 2017; 10. pii: eaaj1549.

34) SzkiArczyk D, FRANCESCHINI A, WYDER S, FORSLUND
K, HeLLer D, HuertA-Cepas J, Simonovic M, RotH A,
SanTtos A, Tsarou KP, Kunn M, Bork P, JENSEN LJ, von
Mering C. STRING v10: protein-protein interaction
networks, integrated over the tree of life. Nucleic
Acids Res 2015; 43: D447-452.

35) CHEN L, ZHANG Y-H, ZhanGg Z, Huang T, Cal Y-D.
Inferring novel tumor suppressor genes with a
protein-protein interaction network and network
diffusion algorithms. Mol Ther Methods Clin Dev
2018; 10: 57-67.

36) CHen L, Xing ZH, HuanG T, SHu Y, Huang G, Li H-P.
Application of the shortest path algorithm for the
discovery of breast cancer-related genes. Curr
Bioinformatics 2016; 11: 51-58.

37) CHeN L, ZHANG Y-H, Li J, WANG S, ZHANG Y, HuaNnG
T, Cal Y-D. Deciphering the relationship between
obesity and various diseases from a network
perspective. Genes 2017; 8: 392.

38) CHEN L, PaN H, ZHANG YH, Feng K, KonG X, HuanG
T, Cal YD. Network-based method for identifying
co-regeneration genes in bone, dentin, nerve and
vessel tissues. Genes (Basel) 2017; 8: 252.

39) LiJ, CHEN L, WANG S, ZHANG Y, KonG X, HuanG T, Cal
YD. A computational method using the random

walk with restart algorithm for identifying novel
epigenetic factors. Mol Genet Genomics 2018;
2983: 293-301.

40) ZHeng G, Huaneg T. The Reconstruction and Anal-
ysis of Gene Regulatory Networks, in Huang T
(ed): Computational Systems Biology: Methods
and Protocols, Vol. New York, NY, Springer New
York, 2018, pp 137-154.

41) Li L, WanG Y, AN L, Kong X, Huang T. A net-
work-based method using a random walk with
restart algorithm and screening tests to identify
novel genes associated with Meniére's disease.
PLoS One 2017; 12: e0182592.

42) CHEN L, ZHanG Y-H, Huang T, Cal Y-D. Identifying
novel protein phenotype annotations by hybridiz-
ing protein—protein interactions and protein se-
quence similarities. Mol Genet Genomics 2016;
291: 913-934.

43) Wu HY, LyncH DR. Calpain and synaptic function.
Mol Neurobiol 2006; 33: 215-236.

44) Baubry M, CHou MM, Bi X. Targeting calpain
in synaptic plasticity. Expert Opin Ther Targets
2013; 17: 579-592.

45) Lw J, Liu MC, WanG KK. Physiological and patho-
logical actions of calpains in glutamatergic neu-
rons. Sci Signal 2008; 1: tr3.

46) Ma M. Role of calpains in the injury-induced
dysfunction and degeneration of the mammalian
axon. Neurobiol Dis 2013; 60: 61-79.

47) Hamakueo T, KANNAGI R, MuracH! T, Matus A. Distri-
bution of calpains | and Il in rat brain. J Neurosci
1986; 6: 3103-3111.

48) PertmuUTTER LS, GALL C, BAubry M, LyncH G. Distribu-
tion of calcium-activated protease calpain in the
rat brain. J Comp Neurol 1990; 296: 269-276.

49) Voster PS, Brennan CS, CHen J. Calpain-mediated
signaling mechanisms in neuronal injury and neu-
rodegeneration. Mol Neurobiol 2008; 38: 78-100.

50) Saatman KE, Creep J, RagHupatHi R. Calpain as a
therapeutic target in traumatic brain injury. Neu-
rotherapeutics 2010; 7: 31-42.

51) Znou HY, CHen SR, Byun HS, CHEn H, Li L, Han
HD, Lorez-BeresteiN G, Soop AK, Pan HL. N-meth-
yl-D-aspartate receptor- and calpain-mediated
proteolytic cleavage of K+-Cl- cotransporter-2 im-
pairs spinal chloride homeostasis in neuropathic
pain. J Biol Chem 2012; 287: 33853-33864.

52) Kunz S, NieDerBerGER E, EHNErT C, Coste O, Pren-
NINGER A, KrulP J, WENDRICH TM, ScHmiDTKO A, TEGEDER
I, GesssunGer G. The calpain inhibitor MDL 28170
prevents inflammation-induced neurofilament light
chain breakdown in the spinal cord and reduces
thermal hyperalgesia. Pain 2004; 110: 409-418.

53) MaHAJAN SS, THal KH, CHen K, ZiFr E. Exposure of
neurons to excitotoxic levels of glutamate induces
cleavage of the RNA editing enzyme, adenosine
deaminase acting on RNA 2, and loss of GLUR2
editing. Neuroscience 2011; 189: 305-315.

54) SancHez-CataLAN MJ, Hipoumo L, Guerri C, GRANERO
L, PorLacHe A. Distribution and differential induc-
tion of CYP2E1 by ethanol and acetone in the
mesocorticolimbic system of rat. Alcohol Alcohol
2008; 43: 401-407.

55) ProJean D, Dautrey S, Vu HK, GrosLewski T, BRAZIER
JL, DucHarME J. Selective downregulation of he-

5059



X. Li, L-S. Xu, Y.-F. Xu, Q. Yang, Z.-X. Fang, M. Yao, W.-Y. Chen

patic cytochrome P450 expression and activity
in a rat model of inflammatory pain. Pharm Res
2005; 22: 62-70.

56) HakkoLA J, Hu Y, INGeLMAN-SunDBERG M. Mecha-
nisms of down-regulation of CYP2E1 expression
by inflammatory cytokines in rat hepatoma cells.
J Pharmacol Exp Ther 2003; 304: 1048-1054.

57) Howarp LA, Miksys S, HoFFmanN E, MasH D, TYNDALE
RF. Brain CYP2E1 is induced by nicotine and
ethanol in rat and is higher in smokers and alco-
holics. Br J Pharmacol 2003; 138: 1376-1386.

58) Hirouiro L, SANCHEZ-CATALAN M, PoLAcHE A, GRANERO L.
Induction of brain CYP2E1 changes the effects of
ethanol on dopamine release in nucleus accumbens
shell. Drug Alcohol Depend 2009; 100: 83-90.

59) Lepesma JC, Miauer M, PascuaL M, Guerri C, ARAGON
CM. Induction of brain cytochrome P450 2E1
boosts the locomotor-stimulating effects of etha-
nol in mice. Neuropharmacology 2014; 85: 36-44.

60) Farin FM, Owmiecinski CJ. Regiospecific expression
of cytochrome P-450s and microsomal epoxide
hydrolase in human brain tissue. J Toxicol Envi-
ron Health 1993; 40: 317-335.

61) HanssoN T, TINDBERG N, INGELMAN-SUNDBERG M, KOHLER
C. Regional distribution of ethanol-inducible cy-
tochrome P450 IIE1 in the rat central nervous
system. Neuroscience 1990; 34: 451-463.

62) UrapHvA SC, TiRumALAI PS, Boyp MR, Mori T, RAVIN-
DRANATH V. Cytochrome P4502E (CYP2E) in brain:
constitutive expression, induction by ethanol and
localization by fluorescence in situ hybridization.
Arch Biochem Biophys 2000; 373: 23-34.

63) ToseLLl F, bE Waziers |, DutHeiL M, VINCENT M, WiLce
PA, Dopb PR, BeEaune P, Lorior MA, Gitam EM.
Gene expression profiling of cytochromes P450,
ABC transporters and their principal transcription
factors in the amygdala and prefrontal cortex of
alcoholics, smokers and drug-free controls by
gRT-PCR. Xenobiotica 2015; 45: 1129-1137.

64) DevaL E, NokL J, Lar N, Auoul A, DiocHoT S, FRIEND
V, JobArR M, Lazpunski M, LincuecLiA E. ASIC3, a
sensor of acidic and primary inflammatory pain.
EMBO J 2008; 27: 3047-3055.

65) Duse GR, Eracoz A, ManGar H. Acid sensing ion
channels and acid nociception. Curr Pharm Des
2009; 15: 1750-1766.

66) CoLomBo E, Francisconi S, Faraveiu L, Izzo E, Pe-
vARELLO P. lon channel blockers for the treatment
of neuropathic pain. Future Med Chem 2010; 2:
803-842.

67) Sun WH, CHen CC. Roles of proton-sensing recep-
tors in the transition from acute to chronic pain. J
Dent Res 2016; 95: 135-142.

68) Lin JH, CHiang YH, CHen CC. Research strategies
for pain in lumbar radiculopathy focusing on ac-
id-sensing ion channels and their toxins. Curr Top
Med Chem 2015; 15: 617-630.

69) Mazzuca M, Heurteaux C, Aour A, DiocHor S, BaroN
A, Voiey N, Bronoeau N, Escousas P, Getotr A, Curo
A, ZMMER A, ZIMMER AM, EscHALER A, Lazounski M. A
tarantula peptide against pain via ASIC1a channels
and opioid mechanisms. Nat Neurosci 2007; 10:
943-945.

70) Jeona S, Lee SH, Kim YO, Yoon MH. Antinociceptive
effects of amiloride and benzamil in neuropathic

5060

pain model rats. J Korean Med Sci 2013; 28:
1238-1243.

71) WALDMANN R, CHAMPIGNY G, BassiLANA F, HEURTEAUX
C, Lazounski M. A proton-gated cation channel
involved in acid-sensing. Nature 1997; 386: 173-
177.

72) VoiLLey N, pe WEILLE J, MAMET J, Lazounski M. Non-
steroid anti-inflammatory drugs inhibit both the
activity and the inflammation-induced expression
of acid-sensing ion channels in nociceptors. J
Neurosci 2001; 21: 8026-8033.

73) Koning N, Bo L, Hoex RM, Huiminga |. Downreg-
ulation of macrophage inhibitory molecules in
multiple sclerosis lesions. Ann Neurol 2007; 62:
504-514.

74) DentesaNo G, SErraTOsA J, Tusetl JM, Ramon P,
VALENTE T, SAura J, Sota C. CD200R1 and CD200
expression are regulated by PPAR-gamma in
activated glial cells. Glia 2014; 62: 982-998.

75) WaANG XJ, YE M, ZHanGg YH, Chen SD. CD200-
CD200R regulation of microglia activation in the
pathogenesis of Parkinson's disease. J Neuroim-
mune Pharmacol 2007; 2: 259-264.

76) WALKER DG, DALSING-HERNANDEZ JE, CAmPBELL NA,
Lue LF. Decreased expression of CD200 and
CD200 receptor in Alzheimer's disease: a poten-
tial mechanism leading to chronic inflammation.
Exp Neurol 2009; 215: 5-19.

77) Gao S, Hao B, Yang XF, CHEN WQ. Decreased
CD200R expression on monocyte-derived mac-
rophages correlates with Th17/Treg imbalance
and disease activity in rheumatoid arthritis pa-
tients. Inflamm Res 2014; 63: 441-450.

78) MeutH SG, Sivon OJ, Grimm A, MEeLzer N, HERRMANN
AM, Spitzer P, LANDGRAF P, WienoL H. CNS inflamma-
tion and neuronal degeneration is aggravated by
impaired CD200-CD200R-mediated macrophage
silencing. J Neuroimmunol 2008; 194: 62-69.

79) Koning N, Swaas DF, Hoex RM, Huiminga 1. Distri-
bution of the immune inhibitory molecules CD200
and CD200R in the normal central nervous sys-
tem and multiple sclerosis lesions suggests neu-
ron-glia and glia-glia interactions. J Neuropathol
Exp Neurol 2009; 68: 159-167.

80) HernanGoMEZ M, Krusakova |, JoukaL M, HRrADI-
LovA-Svizenska |, Guaza C, Dusovy P. CD200R1
agonist attenuates glial activation, inflammatory
reactions, and hypersensitivity immediately after
its intrathecal application in a rat neuropathic pain
model. J Neuroinflammation 2016; 13: 43.

81) AscHNER M, CHErRiAN MG, Kiaassen CD, PaLmiterR RD,
Erickson JC, BusH Al. Metallothioneins in brain--the
role in physiology and pathology. Toxicol Appl
Pharmacol 1997; 142: 229-242.

82) HipalGo J, AscHNER M, Zatta P, Vasak M. Roles
of the metallothionein family of proteins in the
central nervous system. Brain Res Bull 2001; 55:
133-145.

83) CHUNG RS, AbLarD PA, DittMANN J, Vickers JC, CHUAH
MI, West AK. Neuron-glia communication: metal-
lothionein expression is specifically up-regulated
by astrocytes in response to neuronal injury. J
Neurochem 2004; 88: 454-461.

84) PALmiTER RD, FiNDLEY SD, WHiTMORE TE, DUrRNAM DM.
MT-IIl, a brain-specific member of the metallo-



Gene regulatory in brain of mouse model

thionein gene family. Proc Natl Acad Sci U S A
1992; 89: 6333-6337.

85) HoLLoway AF, STENNARD FA, DzIEGIELEWSKA KM, WELLER
L, West AK. Localisation and expression of metal-
lothionein immunoreactivity in the developing
sheep brain. Int J Dev Neurosci 1997; 15: 195-
203.

86) CHunG RS, West AK. A role for extracellular metal-
lothioneins in CNS injury and repair. Neurosci-
ence 2004; 123: 595-599.

87) HibaLGo J, Penkowa M, GIraLT M, CArrasco J, Mo-
LiNero A. Metallothionein expression and oxidative
stress in the brain. Methods Enzymol 2002; 348:
238-249.

88) Penkowa M, GIraLT M, CArrAsco J, Hapeerg H, Hi-
pAaLGo J. Impaired inflammatory response and in-
creased oxidative stress and neurodegeneration
after brain injury in interleukin-6-deficient mice.
Glia 2000; 32: 271-285.

89) Penkowa M, Hipago J. Metallothionein treatment
reduces proinflammatory cytokines IL-6 and
TNF-alpha and apoptotic cell death during ex-
perimental autoimmune encephalomyelitis (EAE).
Exp Neurol 2001; 170: 1-14.

90) Kwon A, JeoN SM, Hwang SH, Kiv JH, CHo HJ. Ex-
pression and functional role of metallothioneins |
and Il in the spinal cord in inflammatory and neuro-
pathic pain models. Brain Res 2013; 1523: 37-48.





