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ABSTRACT
The anterior cingulate cortex (ACC) is a core brain region processing pain emotion. In this study, 
we performed RNA sequencing analysis to reveal transcriptomic profiles of the ACC in a rat 
chronic constriction injury (CCI) model. A total of 1628 differentially expressed genes (DEGs) 
were identified by comparing sham-operated rats with rats of 12 hours, 1, 3, 7, and 14 days 
after surgery, respectively. Although these inflammatory-related DEGs were generally increased 
after CCI, different kinetics of time-series expression were observed with the development of 
neuropathic pain affection. Specifically, the expression of Ccl5, Cxcl9 and Cxcl13 continued to 
increase following CCI. The expression of Ccl2, Ccl3, Ccl4, Ccl6, and Ccl7 were initially upregulated 
after CCI and subsequently decreased after 12 hours. Similarly, the expression of Rac2, Cd68, Icam- 
1, Ptprc, Itgb2, and Fcgr2b increased after 12 hours but reduced after 1 day. However, the 
expression of the above genes increased again 7 days after CCI, when the neuropathic pain 
affection had developed. Furthermore, gene ontology analysis, Kyoto Encyclopedia of Genes and 
Genomes pathway enrichment and interaction network analyses further showed a high connec
tivity degree among these chemokine targeting genes. Similar expressional changes in these 
genes were found in the rat spinal dorsal horn responsible for nociception processing. Taken 
together, our results indicated chemokines and their targeting genes in the ACC may be differ
entially involved in the initiation and maintenance of neuropathic pain affection. These genes may 
be a target for not only the nociception but also the pain affection following nerve injury.
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1. Introduction

Neuropathic pain caused by the injury or disease 
of the somatosensory nervous system is 
a pathological condition that places a heavy bur
den on patients. According to the data of the 
International Association for the Study of Pain in 
2019, approximately 10% of the world’s population 
suffered from neuropathic pain[1]. Therefore, 
improving our understanding of the pathogenesis 
of neuropathic pain and developing effective treat
ments is crucial for the wellbeing of these patients.

The anterior cingulate cortex (ACC) is located 
in the forebrain and is an important part of the 
limbic system. Evidence has shown that the ACC 
is a core brain region that processes pain emotion. 
Clinical studies have revealed significant changes 
in the structure and function of the ACC in 

patients with chronic pain change significantly 
[2–4]. Synaptic plasticity of the ACC is a key 
mechanism underlying the development of 
chronic pain, which has been supported by 
numerous animal experiments [5,6]. Peripheral 
inflammatory pain or neuropathic pain causes 
considerable changes in the synaptic transmission 
and morphological plasticity of ACC neurons [7– 
9], and blocking this abnormal plasticity of the 
ACC induces a significant analgesic effect [10,11].

To date, RNA sequencing analyses of the ACC 
have been conducted to reveal the mechanisms 
underlying psychiatric disorders [12–14], diurnal 
rhythms[15] and cognitive dysfunction[16], how
ever, those for neuropathic pain remain scarce. 
A recent study revealed the entire transcriptome 
of the spinal cord, ACC, and amygdala following 

CONTACT Changsheng Huang changsheng.huang@csu.edu.cn Department of Anesthesiology, Xiangya Hospital, Central South University, 87 
Xiangya Road, Changsha, Hunan 410008, China

Supplemental data for this article can be accessed here

BIOENGINEERED
2022, VOL. 13, NO. 2, 2058–2075
https://doi.org/10.1080/21655979.2021.2021710

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0003-0535-1865
https://doi.org/10.1080/21655979.2021.2021710
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2021.2021710&domain=pdf&date_stamp=2022-01-12


spinal nerve ligation (SNI) and compared between 
sham-surgery mice and mice of 7 days after SNI 
[17]. In order to undertake a more comprehensive 
investigation of the ACC cells under neuropathic 
pain conditions, we performed RNA sequencing 
analysis to distinguish DEGs between sham- 
operated rats and rats of 12 hours and 1, 3, 7, 
and 14 days after chronic constriction injury 
(CCI). We expected to further understand the 
molecular mechanisms underlying different stages 
of neuropathic pain and provide therapeutic tar
gets for neuropathic pain. We performed gene 
ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment, protein- 
protein interaction (PPI) network analyses and 
Short time-series expression miner analysis 
(STEM) to investigate the mechanism underlying 
the initiation and maintenance of neuropathic 
pain. In addition, we compared gene expression 
patterns of chemokines in ACC and spinal dorsal 
horn to further explore the role of these genes in 
pain.

2. Methods

2.1. Animals

Male Sprague–Dawley rats weighing 220 g − 250 g 
were purchased form Hunan SLAC Laboratory 
Animal Co., Ltd. (Changsha, China). Rats were 
raised in groups of three per cage with a free access 
to food and water under a 12 h light/dark cycle in 
a suitable environment for temperature and 
humidity. All procedures were conducted in accor
dance with the National Institutes of Health guide
lines for the care and use of Laboratory animals 
and approved by the Institutional Ethics 
Committee of Central South University. A total 
of 60 rats subject to CCI or sham-operated surgery 
were included in this study. 48 rats were randomly 
divided into 6 groups for the measurements of 
paw withdrawal mechanical threshold (PWMT), 
paw withdrawal thermal latency (PWTL) and 
sucrose preference test (SPT). Due to time limita
tion, we cannot finish all the behavioral assess
ments of the CCI-7d rats in one day. Another 12 
rats were randomly divided equally into sham and 
CCI group for the experiment of place escape/ 
avoidance paradigm (PEAP).

2.2. CCI model

CCI was performed in rats according to the 
method of Bennett and Xie[18]. After the rats 
were anesthetized with isoflurane, the left sciatic 
nerve was exposed and tied using around by four 
snug ligatures (4–0) with equal tightness at con
sistent intervals. After ligation, the nerve was repo
sitioned. In sham surgery rats, the left sciatic nerve 
was just exposed without ligation.

2.3. Behavioral assessment

PWMT and PWTL of the rats were measured on 
1 day before CCI and from 12 hours to 14 days 
after CCI. The measurement before CCI was used 
as the basic threshold (BL). All assessments were 
carried out after the rats were acclimated to spe
cific individual chambers for at least 30 min. The 
PWMT was measured using von Frey filaments 
(North Coast Medical, San Jose, CA, USA) that 
ranged from 0.4–15 g, as described in our previous 
study [19,20]. Briefly, the stimuli were applied 
vertically to the plantar surface of the left hind 
paw, and the minimal force needed to induce 
three consistent withdrawal responses (lifting or 
licking) was defined as the PWMT. A thermal 
pain test instrument (Tes7370, Ugo Basile, 
Comerio, Italy) [19,20] was used to assess the 
PTWL. Briefly, after the rats were habituated in 
the cage for 30 min, a continuous heat stimuli 
were applied to the plantar surface of the hindpaw 
to evoke withdrawal responses, and a timer 
recorded the response latency. The cutoff time 
was set to 30 s, and each rat was tested for three 
times with a 5 min interval. The three latencies 
were averaged to provide the PTWL.

SPT was performed according to a previous 
study[21]. Rats were given 1% sucrose solution 
for 3–5 days. Subsequently, the experiment was 
carried out 1 day before CCI (BL) and 3, 7, and 
14 days after CCI. During the test, rats were fed in 
a single cage and given two bottles of water (1% 
sucrose solution and water). The positions of the 
sucrose solution and water were exchanged every 
12 hours. After 24 hours, the consumption of 
sucrose solution and water was measured, and 
the percentage of sucrose preference was 
calculated.
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PEAP was performed by rats as described pre
viously[22]. Rats were placed in a 30 × 30 × 30 cm 
chamber and were allowed to move freely for 
30 minutes before the test. The chamber was 
placed on top of a mesh floor. One half of the 
chamber was painted black (dark area), and the 
other half was the light area. A 60 g von Frey 
filament was applied to the plantar surface of the 
hind paw every 15 s for 30 min. The injured hind 
paw was stimulated within the dark area, and the 
hind paw contralateral to the CCI was stimulated 
within the light area. The time spent in the light 
area throughout the test was recorded and con
verted to a percentage to reflect the level of pain 
affect. All behavioral tests were performed by 
investigators who were blinded to the experimen
tal groups.

2.4. Total RNA extraction and purification

Rats were sacrificed under deep anesthesia at dif
ferent time points. The ACC and spinal cord were 
extracted from each rat after perfusion with phos
phate-buffered saline, immediately frozen in dry 
ice, and stored at −80°C. Total RNA was extracted 
using the RNeasy Micro Kit (Cat# 74,004, Qiagen) 
following manufacturer instructions and the RIN 
number was checked to inspect RNA integrity 
using an Agilent Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA, US). Qualified 
total RNA was further purified using the 
RNAClean XP Kit (Cat A63987, Beckman 
Coulter, Inc. Kraemer Boulevard Brea, CA, USA) 
and the RNase-Free DNase Set (Cat#79,254, 
QIAGEN, GmBH, Germany).

2.5. RNA sequence and data analysis

The preparation of the cDNA library of all ACC and 
spinal cord samples and the sequencing were per
formed by Shanghai Biotechnology Corporation and 
KangChen Biotechnology Corporation, respectively. 
On average, 6 G of raw data per sample were 
obtained. Unqualified sequencing reads were 
removed, and genome mapping was performed for 
clean reads using the HISAT2 (version:2.0.4) tool 
[23]. The reads were mapped to rn6. To achieve 
gene expression standardization across different 
genes and samples, clean reads were transformed 

into fragments per kilobase of exon model 
per million mapped reads (FPKM)[24]. Fold change 
was calculated according to the FPKM value.

GO and KEGG pathway analyses of gene func
tional annotation clustering were performed using 
the OmicStudio tools [25,26](https://www.omicstu 
dio.cn/tool). Genes with a fold change > 1.5 and 
p < 0.05 were considered differentially expressed.

STEM was used to classify the input genes 
according to their expression trends and was com
bined with functional enrichment analysis to mine 
the data for internal patterns more effectively. 
STEM (Version: 1.3.11) was applied to cluster 
time-series gene expression data[27].

The PPI network analysis was performed using 
the STRING online software (http://string-db.org/ 
). Next, the interaction data in tsv format was 
downloaded and then analyzed by MCC algo
rithms of Plug-in cytoHubba for Cytoscape 
(Version: 3.7.1) software in JAVA platform 
[26,28,29].

The ACC and spinal cord sequencing results were 
submitted to the Gene Expression Omnibus (GEO) 
repository and assigned GEO accession numbers: 
GSE172133 and GSE175760, respectively.

2.6. Statistical analysis

The GraphPad Prism 7 was used for statistical 
analysis. Data were analyzed using a two-way 
repeated-measures analysis of variance, followed 
by Sidak’s multiple comparisons test. All data are 
presented as means ± standard deviations and 
statistical significance was set at p < 0.05.

3. Results

In this study, we aimed to reveal more compre
hensive transcriptomic profiles of the ACC in CCI 
rats to further understand the molecular mechan
isms underlying different stages of neuropathic 
pain and provide therapeutic targets for neuro
pathic pain. We performed RNA sequencing ana
lysis and a total of 1628 DEGs were identified by 
comparing sham-operated rats with rats of 
12 hours, 1, 3, 7, and 14 days after surgery, respec
tively. GO and KEGG analysis revealed that most 
of the DEGs were involved in inflammatory and 
immune process. Although these DEGs were 

2060 Y. ZHANG ET AL.

https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
http://string-db.org/


generally increased after CCI, they demonstrated 
different kinetics in time-series expression. We 
screened out chemokines and their targeting 
genes through STEM, and PPI network analysis 
showed high connectivity among them. Similar 
expressional changes in these genes were also 
exhibited in the rat spinal dorsal horn. Thus, 
these genes may be a target for not only nocicep
tion but also pain affection following nerve injury.

3.1. Behavioral characterization of rats 
following CCI

We performed CCI in rats and then measured 
behavioral characterization of them. Compared 
with the sham rats, the PWMT and PWTL of the 
CCI rats decreased from 3 days to 14 days, indi
cating that CCI rats developed allodynia and ther
mal hyperalgesia (Figure 1a and B, n = 8). SPT 

showed a significant decrease in the intake of 
sucrose in CCI rats, suggesting that CCI rats devel
oped depression (Figure 1c, n = 8). CCI rats spent 
more time than sham rats in the light area to 
escape the stimulation during the PEAP test, 
whereas sham rats were willing to stay in the 
dark area (a preferred area) (Figure 1d, n = 6). 
These results indicated that the neuropathic pain 
model was successfully established.

3.2. The regulation of transcripts in the ACC of 
the rat following CCI

We performed RNA sequencing analysis to reveal 
transcriptomic profiles of the ACC in CCI rats 
(n = 3). The transcriptome data were acquired 
from CCI rats of 12 hours and 1, 3, 7, and 
14 days after surgery and sham-operated rats. 
Figure 2b shows the quality control of sequencing 
data for each sample. On average, approximately 

Figure 1. Behavioral characterization of rats following CCI. Mechanical allodynia (a) and thermal hyperalgesia (b) were induced after 
CCI surgery (n = 8). (c). Sucrose preference test (n = 8). (d). CCI rats spent more time in the light area than sham rats during the 
PEAP test (n = 6). Results are represented as means ± SD. Two-way ANOVA; *p < 0.05 vs. sham group, ***p < 0.001 vs. sham group.
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Figure 2. Quality control of the raw RNA sequencing dataset of the ACC. (a). Heatmap of the correlations between each sample 
using the Pearson test. (b). The summary of quality control of the raw RNA sequencing dataset showing raw reads, clean reads, clean 
ratio, mapping ratio and Q20 (Phred quality Q scores) of the 18 samples.
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60 million clean reads were collected, and 
a mapping rate of approximately 93%–97% was 
achieved. Q20 ratios were all above 94%. We 
then calculated the correlation value between 
every two samples based on normalized expression 
results and drew a correlation heat map 
(Figure 2a).

Our data revealed 1628 DEGs with cutoffs of 
fold changes > 1.5 and p < 0.05. The representative 
distributions of up- or down-regulated genes are 
shown in the volcano plot in Figure 3a–e. As 
shown in the Venn diagram (Figure 3f), 38 DEGs 
were shared across five time points. Twelve hours 
after CCI, 349 genes were differentially expressed: 
150 were up-regulated and 199 were down- 
regulated. On days 1, 3, 7, and 14, the ratio of up- 
regulated DEGs to all DEGs were 234/428, 201/ 
524, 403/672, and 562/748, respectively, and the 
ratio of down-regulated DEGs to all DEGs were 
194/428, 333/524, 269/672, and 196/748 
(Figure 3g). Overall, during the 14 days, the num
ber of up-regulated genes in the ACC after CCI 
followed an upward trend, reaching a peak at 
14 days after nerve injury, and only slightly 
decreasing on the third day after nerve injury, 
while the number of down-regulated genes was 
largely unchanged 1 day after nerve injury, 
increased significantly 3 days after injury, and 
subsequently decreased gradually. The top 5 up- 
and down-regulated DEGs in each time points 
were listed in Table S1 and S2. These findings 
revealed that a large number of unique DEGs are 
expressed during different stages of neuropathic 
pain development.

3.3. GO analysis of DEGs

To further understand the specific functions of 
DEGs in the ACC of rats following CCI, we per
formed GO analysis to analyze the biological pro
cesses, cellular components, and molecular functions 
of DEGs. The GO analysis revealed that the biologi
cal processes were enriched with ‘immune system 
processes,’ ‘defense responses,’ ‘regulation of 
immune system processes,’ ‘cell adhesion,’ and ‘cyto
kine production,’ which suggested that strong 
immune and inflammatory responses occurred in 
the ACC following CCI. The cellular components 
were mainly ‘cell periphery,’ ‘vesicles,’ ‘the intrinsic 

component of the plasma membrane,’ ‘the integral 
component of the plasma membrane,’ and ‘the 
plasma membrane protein complex,’ which indi
cated that multiple membrane components are 
involved in neuropathic pain. The molecular func
tion terms were focused on ‘protein binding,’ ‘signal
ing receptor binding,’ ‘G protein-coupled receptor 
binding,’ ‘antigen binding,’ and ‘CCR chemokine 
receptor binding.’ Taken together, the GO analysis 
revealed that immune and inflammatory responses 
are key physiological processes involved in the devel
opment of neuropathic pain (Figure 4a–c).

3.4. Analysis of the KEGG pathways

We analyzed the DEGs using KEGG pathway 
enrichment analysis to identify the major signaling 
pathways involved in neuropathic pain (Figure 5). 
Of the top 30 pathways, DEGs were enriched in 
the TNF signaling pathway, phagosome, Nuclear 
factor-kappa B signaling pathway, cytokine–cyto
kine receptor interaction, complement and coagu
lation cascades, chemokine signaling pathway, cell 
adhesion molecules (CAMs), and antigen proces
sing and presentation, which indicated that the 
cytokines and complements participate in the 
development of neuropathic pain. In addition, sev
eral pathways involved in infection and immune 
system diseases were also enriched, such as viral 
myocarditis and Type I diabetes mellitus. These 
results suggest that immune and inflammatory 
responses are important processes that occur in 
the ACC after CCI.

Different kinetics of time-series expression of 
DEGs in the ACC after CCI Except for several 
common DEGs, a large number of unique DEGs 
exist during different stages of neuropathic pain 
development. We classified all DEGs into 50 clus
ters based on time series (sham, 12 hours, and 1, 3, 
7, and 14 days after CCI). We identified six clus
ters of significantly different gene expression pro
files: 7, 12, 27, 36, 39, and 47. Apart from profile 
12, all the other five profiles showed an overall 
upward trend. Surprisingly, we found that profiles 
27 and 36 were up-regulated in sequence. Profile 
36 DEGs were up-regulated to reach a small peak 
at 12 hours and returned on day 1, whereas the 
DEGs of profile 27 began to up-regulate at 
12 hours, reached a small peak on day 1, and 
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Figure 3. Regulation of transcripts in the ACC of rats following CCI. (a-e). Volcano plots of all the DEGs of the sham group compared 
with those of the CCI groups. Log2(fold change) is plotted as the abscissa, and -log10(p-value) is plotted as the ordinate. Up- 
regulated genes are red and down-regulated genes are green. Gray dots represent genes with no significant difference. (f). Venn 
diagram showing the number of unique and shared DEGs with a fold change > 1.5 and p-value < 0.05 at each time point. (g). 
Histogram showing the statistics of up- and down-regulated DEGs at each time point.
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Figure 4. Gene ontology analysis of DEGs. GO analysis showing the top 30 significantly enrichments of DEGs for biological processes 
(a), cellular components (b) and molecular functions (c). GO terms are plotted as the ordinate, and the gene number is plotted as the 
abscissa.
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returned on day 3. Both of these profiles continued 
to increase 7 days after CCI. In addition, the 
profile 39 DEGs continued to increase (Figure 6).

To further understand the functions of DEGs in 
profile 27, 36, 39, we performed GO analysis to 
identify the biological processes, molecular func
tions, and cellular components against them. As 
shown in Figure S1A, the enriched biological pro
cesses of profile 36 were those representing 
immune processes, which included ‘immune 
response,’ ‘response to cytokines,’ ‘response to 
interferon (IFN)-gamma,’ and ‘cellular response 
to IFN-gamma.’ The role of chemokines in 
enriched molecular function terms was particu
larly prominent and included ‘cytokine receptor 
binding,’ ‘cytokine activity,’ ‘chemokine receptor 
binding,’ ‘chemokine activity,’ and ‘CCR chemo
kine receptor binding.’ The enriched cellular com
ponents were focused mainly on the nucleus, such 
as ‘nuclear chromosome,’ ‘chromosome,’ and 
‘chromatin.’ For profile 27, enriched biological 
processes were those representing immune pro
cesses, such as ‘immune system processes,’ ‘cell 
activation,’ ‘lymphocyte aggregation,’ ‘leukocyte 
aggregation,’ ‘mononuclear cell proliferation,’ 

‘lymphocyte proliferation,’ ‘leukocyte prolifera
tion,’ and ‘T cell proliferation.’ The enriched mole
cular function terms were ‘protein binding,’ 
‘enzyme binding,’ ‘kinase binding,’ and ‘MHC 
class II protein complex binding.’ The enriched 
cellular components were extranuclear and 
included ‘membrane,’ ‘cell periphery,’ and ‘plasma 
membrane.’ As for the DEGs of profile 39, the 
biological processes were ‘immune system pro
cesses,’ ‘immune response,’ ‘positive regulation of 
immune system processes,’ and ‘cell activation.’ 
The molecular function terms were ‘anion bind
ing,’ ‘carbohydrate derivative binding,’ and ‘ribo
nucleoside binding,’ and the cellular components 
were ‘protein-containing complex,’ ‘plasma mem
brane protein complex,’ ‘chromosome,’ and 
‘nuclear chromosome.’

To identify the major signaling pathways 
involved in the formation and development of 
neuropathic pain, we further analyzed the DEGs 
of profiles 27, 36, and 39 using KEGG pathway 
enrichment analysis. Results showed that signifi
cantly enriched DEGs were in the classifications of 
‘cytokine–cytokine receptor interactions,’ ‘chemo
kine signaling pathway,’ ‘CAMs,’ and other cell- 

Figure 5. KEGG pathway analysis of DEGs. The comparison of pathway enrichment in the ACC of rats following CCI. The top 30 
significantly enriched KEGG pathways are shown. The KEGG terms are plotted as the ordinate and the rich factor is plotted as the 
abscissa. The size of the dots represented the gene number.
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Figure 6. Short time-series expression miner analysis of DEGs in the ACC following CCI. (a). Model profiles of time series gene 
expression. Data were sampled at six time points: 0 days (sham), 12 hours, and 1, 3, 7 and 14 days after CCI. The profile ID number is 
in the top left-hand corner, and the profiles with statistical differences are shown in color. (b). Significant model profiles provided 
detailed information on the K-means cluster.
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defense-related pathways (Figure S1B). Among 
these, cytokine-related pathways were predomi
nant in profiles 36 and 39, whereas immune cell- 
related pathways were predominant in profile 27, 
such as ‘Fc gamma R-mediated phagocytosis,’ ‘B 
cell signaling pathway,’ ‘leukocyte transendothelial 
migration,’ and ‘T cell receptor signaling pathway.’ 
These results indicated that the initial increase of 
these DEGs may reflect the early response of the 
ACC to nerve injury, whereas the later increase of 
these genes may reflect their involvement in the 
development of neuropathic pain affection.

3.5. PPI network analysis of DEGs

We performed function analysis of the DEGs from 
profiles 27, 36, and 39 using literature retrieval and 
found that more than half were from the chemo
kine family (Table 1). Ccl5, Cxcl9, and Cxcl13 were 
in profile 39, and Ccl2, Ccl3, Ccl4, Ccl6, and Ccl7 
were in profile 36. In profile 27, there were several 
inflammatory and immune-related genes, such as 
Rac2, Cd68, Icam-1, Ptprc, and Itgb2. Many of 
these genes have known functions in neuroinflam
mation or nerve injury. Because the genes in pro
files 27 and 36 changed in sequence, we performed 
PPI network analysis to investigate the underlying 
relationship between the two profiles. The PPI 
network analysis revealed complex interactions 
among genes and contained 62 nodes and 282 
edges (p< 0.001). The following genes showed 
high connectivity: Ptprc (degree = 35), Cd68 
(degree = 26), Ccl2 (degree = 19), Vav1 
(degree = 17), Rac2 (degree = 17), Itgb2 
(degree = 17), Fcgr2b (degree = 17), Icam-1 
(degree = 15), Ccl3 (degree = 12), Ccl4 
(degree = 11), Ccl7 (degree = 10) (Figure 7). 
These results suggested that chemokines and che
mokine-targeting genes in the ACC are closely 
related. Dynamic analysis of the ACC transcrip
tome profiles revealed that there were temporal 

differences in the expression of chemokines and 
their targeting genes. The above results indicated 
that these genes are differentially involved in the 
initiation and maintenance of neuropathic pain 
affection.

3.6. Similar expressional changes of chemokines 
in the ACC and spinal cord

To determine the specific expression patterns of 
each chemokine in the ACC, a bar chart was 
generated to visualize their expression levels dur
ing the different stages. As shown in Figure 8b, all 
chemokines varied in their expression patterns. 
Chemokines in the spinal cord are responsible 
for processing nociception following nerve injury 
[30]. Therefore, we compared gene expression pat
terns of chemokines in the ACC with those in the 
spinal cord. The quality control of the sequencing 
data of each spinal cord sample is shown in Table 
S3. As shown in the heatmap in Figure 8a, all 
chemokines showed generally upward trends and 
exhibited similar expressional changes, which sug
gested that DEGs are differentially involved in the 
initiation and maintenance of neuropathic pain 
affection. Thus, these genes may be a target for 
not only nociception but also pain affection fol
lowing nerve injury.

4. Discussion

The pain experience includes pain perception and 
emotional affection. The ACC is a key brain region 
that is involved in the regulation of pain. Pain 
emotions include anxiety, depression, aversion, 
fear et al. In this study, CCI rats developed pain 
perception and pain-related affection, manifesting 
as a decrease in threshold and latency to mechan
ical and thermal stimuli, a reduction in intake of 
sugar due to depression, and aversion to noxious 
stimuli. We performed RNA sequencing of the 

Table 1. Function analysis of DEGs for profiles 27, 36, and 39. Gene symbols of DEGs are shown.
Gene symbol of DEGs

profile 27 Ptprc, Rac2, Fcgr2b, Icam-1, vav1, Itgb2, Cd68, Cd4, Cd6, Cd22
profile 36 Ccl2, Ccl3, Ccl4, Ccl6, Ccl7, Il21r, Il2rg, Cd27, Ncf4, Rad51
profile 39 Ccl5, Cxcl9, Cxcl13, Il12rb1, Il2rb, Il18r1, Itgam, Itgal, Cd8a, Mcm3
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ACC in CCI rats and found 1628 DEGs that were 
primarily involved in inflammatory and immune 
processes.

ACC activation is closely related to the inflam
matory response. Harrison found that ACC activa
tion was associated with increased IL-6 
accompanied by fatigue and confusion, in healthy 
individuals who received typhoid vaccination[31]. 
ACC activation also occurs during stress-induced 
inflammatory responses[32]. Moreover, microglial 
activation has been detected using labeling trans
locator protein labeling with positron emission 
tomography in patients with major depressive dis
order, whose ACC showed elevated TSPO levels 
[32,33]. It is well established that neuropathic pain 
is associated with profound neuroinflammation 
and immune responses, which involve chemokines 
to some extent. Chemokines were found up- 
regulated in dendritic cells that infiltrated into 
tumors compared with dendritic cells from juxta
tumor tissues in the model of cancer pain[34]. In 
our study, chemokines showed different kinetics of 
time-series expression in ACC and spinal dorsal 

horn from CCI rats with the development of neu
ropathic pain. Evidence has shown that chemo
kines function in the dorsal root ganglion (DRG) 
and spinal cord under chronic pain conditions 
[30]. However, few studies on chemokines in the 
brain have been conducted. Our results showed 
that several chemokines, such as Ccl5, Cxcl9, and 
Cxcl13, were persistently up-regulated in the ACC 
during the development and maintenance of neu
ropathic pain. Recent studies have revealed that 
increases in Cxcl13 and its receptor, 
C-X-C chemokine receptor type 1 (Cxcr5), triggers 
neuropathic pain-related conditioned place aver
sion. Moreover, cxcl13 mRNA was found to gra
dually increase in the ACC from 1 to 10 days 
following surgery, which is consistent with our 
results. Cxcll13/Cxcr5 are also up-regulated in 
the trigeminal ganglion, DRG, and spinal cord 
under pain conditions. Furthermore, pain hyper
sensitivity is attenuated by inhibiting Cxcl13/ 
Cxcr5 signaling[30]. Under pathological condi
tions, Ccl5, which predominantly recruits and acti
vates T lymphocytes and natural killer (NK) cells, 

Figure 7. PPI network nalysis of DEGs. STRING analysis for the PPI networks of DEGs for profiles 27 and 36. Network nodes represent 
proteins. Edges represent protein-protein associations, which include known interactions, predicted interactions, text mining, co- 
expression and protein homology. PPI enrichment p-value< 0.001.
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is localized in infiltrating lymphocytes of the 
blood-brain barrier, whereas Cxcl9 is localized in 
cerebral microvessels and glial cells[35]. Moreover, 
Ccl5 is closely related to pain in the DRG, spinal 

cord,[36]and the injured nerve[37]. Intraperitoneal 
injection of a Ccl5 receptor antagonist or knocking 
out the Ccl5 gene in rats reduces the infiltration of 
macrophages and the release of pro-inflammatory 

Figure 8. Similar expressional changes of chemokines in the ACC and spinal cord. (a). Heatmap showing the expression patterns of 
genes. Down- and up-regulated genes are presented according to the color bars (blue to red). (b). Bar chart showing the dynamic 
expression series of genes in the ACC.
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cytokines, such as TNFα, IL-1β, IL-6 and IFN-γ 
following nerve injury [37,38]. Cxcl9 is up- 
regulated in spinal astrocytes after SNL, whereas 
intrathecal injection of Cxcl9 or inhibition of spinal 
Cxcl9 is ineffective for pain relief[39]. Therefore, 
further study of Ccl5 and Cxcl9 in the ACC is crucial 
to clarify their roles in neuropathic pain.

Previous reports have suggested that the parti
cipation of chemokines in the recruitment of 
immune cells is dependent on time and context. 
For example, Ccl2/Ccr2, and not Ccl5/Ccr5, have 
been shown to recruit monocytes, which exacer
bates inflammation in osteoarthritis[40]. In ather
osclerosis, Ccr2− monocytes rely on Ccr5, whereas 
Ccr2+ monocytes are dependent on Cx3cr1 to 
enter plaques[41]. We found that C-C chemokine 
receptor type 1 (Ccr1) ligands (i.e., Ccl2, Ccl3, 
Ccl4, Ccl6, Ccl7, but not Ccl5) were up-regulated 
in the ACC at two time points: before 12 hours 
and after 7 days after surgery. Studies have 
reported that the levels of Ccl2, Ccl3, Ccl4, Ccl6, 
and Ccl7 significantly increased in the spinal cord 
after CCI. In addition, Ccl2, Ccl6, and Ccl7 were 
up-regulated in the DRG in CCI rats, and single 
and multiple intrathecal injections of J113863 (a 
Ccr1 antagonist) relieves mechanical and thermal 
pain. Moreover, repeated intrathecal injections of 
J11386 can reduce the activation and infiltration of 
microglia, monocytes, neutrophils, lymphocytes, 
etc., thereby regulating the levels of pronociceptive 
(IL-1b, IL-6 and IL-18) and antinociceptive prop
erties (IL-1RA)[42].

Another profile of DEGs was also up-regulated 
twice and the first time occurred 12 hours to 1 day 
after CCI. In contrast to the DEGs of the above 
profile, the GO and KEGG pathway enrichment 
analyses of profile 27 showed that 1) biological pro
cesses involved in the activation, proliferation, aggre
gation, and adhesion of various immune cells were 
particularly prominent; 2) cellular components 
included the ‘membrane,’ ‘cell surface,’ ‘external 
side of the plasma membrane,’ and ‘cell periphery,’ 
rather than the nucleus; 3) molecular functions were 
‘protein binding,’ ‘enzyme binding,’ ‘MHC class II 
protein binding,’ and ‘MHC class II protein complex 
binding’; 4) the signaling pathways of the T cell 
receptor signaling pathway, NK cell-mediated cyto
toxicity, leukocyte transendothelial migration, Fc 
gamma R-mediated phagocytosis, and B cell receptor 

signaling pathway were mainly immune-related. 
Results suggested that the expression of these DEGs 
in profile 27 in the ACC after CCI was inseparable 
from the role of chemokines. In profile 27, the DEGs 
included Rac2, Cd68, Icam-1, Ptprc, and Itgb2. Rac2 
is a member of the Rho Small GTPase family and 
regulates the cytoskeletal dynamics, cell shape, 
migration, adhesion, gene transcription and signal 
transduction[43]. A previous study identified Rac2 
as a crucial gene that participates in the pathological 
process of neuropathic pain [44,45], which may be 
related to its regulation of inflammation and 
immune response [46,47]. Cd68 is a lysosome mar
ker associated with phagocytosis expressed in acti
vated microglia[48]. In the early stages of systemic 
inflammation, microglia are attracted to vessels to 
protect the blood-brain barrier integrity by Ccl5- 
Ccr5 signaling. Once the blood-brain barrier 
becomes damaged, microglia transformed into 
a reactive phenotype expressing Cd68, which 
amplify the neuroinflammation[49]. Icam-1 was 
identified as a cell surface glycoprotein that regulates 
inflammation and injury resolution[50]. After SNI, 
Icam-1 is up-regulated in small extracellular vesicles 
[51]. Moreover, Icam-1 expressed in the vascular 
endothelium recruits opioid-containing immune 
cells to promote analgesia[52]. Futhermore, Icam-1 
is closely related to chemokines. After Ccl7 treat
ment, Icam-1 was significantly increased in human 
umbilical endothelial cells[53].However, Icam-1 can 
also inhibit the expression of Ccl2 by up-regulating 
miR-124, thereby promoting macrophage polariza
tion[54]. Recombinant Protein Tyrosine 
Phosphatase Receptor Type C (Ptprc) acts as 
a positive regulator of T-cell coactivation. Ptprc up- 
regulates in microglia isolated from LPS-injected 
mice[55]. Itgb2 (Cd18) is a transmembrane glyco
protein that aggravates injury following spinal cord 
injury[56].Taken together, the initial increase in 
these DEGs may reflect an early response of the 
ACC to nerve injury, whereas the later increase of 
these genes may reflect their involvement in the 
development of neuropathic pain affection. These 
results indicated that chemokines and their targeting 
genes in the ACC are differentially involved in the 
initiation and maintenance of neuropathic pain 
affection. Thus, these genes may be a target for not 
only the nociception but also the pain affection fol
lowing nerve injury.
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We demonstrated that the expression pattern of 
chemokines in the ACC was similar to that of the 
spinal cord after CCI. The connection between the 
ACC and spinal cord is complex and remains 
poorly understood. Chen injected the retrograde 
tracer Fluoro-Gold into the cervical spinal cord of 
mice, and found that labeled neurons were primar
ily located in layer V of the ACC. After injecting 
phaseolus vulgaris leucoagglutinin, an anterograde 
neuronal tracer, and a gene-edited rabies virus 
respectively into the ACC, labeled neurons were 
located primarily in lamina I–III of the spinal 
cord. Moreover, the expression of GluA1 and 
potentiated AMPA receptor (AMPAR)-mediated 
postsynaptic responses were increased in the ACC- 
spinal cord projecting neurons following nerve 
injury. Further research found that Ca2+- 
permeable AMPAR antagonist NASPM reverses 
the potentiation of postsynaptic responses and 
pain sensitization [57–59]. However, further inves
tigations are needed to clarify the connection 
between the ACC and spinal cord, and ascertain
ing the role of chemokines between the ACC and 
spinal cord may offer profound insight into the 
mechanisms underlying neuropathic pain.

The main reasons for the high prevalence of 
neuropathic pain are the lack of clear pathogenesis 
and effective treatments. Unlike opioids and non
steroidal anti-inflammatory drugs, which effec
tively relieve nociceptive pain, drugs currently 
used for the treatment of neuropathic pain, such 
as tricyclic antidepressants, 5-hydroxytryptamine/ 
norepinephrine reuptake inhibitors, and ion chan
nel modulators/blockers, are effective in only 
a portion of patients or during a limited period 
of the disease[60]. Thus, the comprehensive study 
of the pathogenesis of neuropathic pain and the 
development of effective drugs are crucial. Our 
results showed that chemokines and their targeting 
genes may be promising targets for the treatment 
of neuropathic pain. Maraviroc, a Ccr5 antagonist, 
is the first chemokine receptor-targeted drug 
approved by the Food and Drug Administration 
and is currently being used to treat human immu
nodeficiency virus-1 infections. It has also been 
shown to reduce tumor growth[61] and neuro
pathic pain[62]. Plerixafor, known as AMD3100, 
is in clinical use for hematopoietic stem cell mobi
lization[63] and can also can alleviate neuropathic 

pain[64]. Aside from drugs, neutralizing antibo
dies can also be used for the treatment of neuro
pathic pain. Mogamulizumab-kpkc, a Ccr4 
antagonist, is approved by the FDA for the treat
ment of adults with mycosis fungoides and Sézary 
syndrome[65] but may be applied to pain in the 
future.

5. Conclusion

We found that the ACC was involved not only in 
emotion regulation but also in connection with 
inflammatory and immune responses in the devel
opment of neuropathic pain. Moreover, chemo
kines and their targeting genes in the ACC may 
be differentially involved in the initiation and 
maintenance of neuropathic pain affection. These 
genes may be a target for not only nociception but 
also pain affection following nerve injury.

Highlights

1. Chemokines show different temporal expres
sion kinetics after nerve injury.

2. Chemokines in anterior cingulate cortex are 
involved in pain affection.

3. Expressional files of chemokines may contri
bute to strategies of pain treatment.
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