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Background: Neuropathic pain is a significant complication of nerve injury. This study aimed to conduct bioinformatics anal-
ysis of differentially expressed genes (DEGs) in microarrays of dorsal root ganglia (DRG) from rat models of
neuropathic pain, based on 4 GEO datasets: GSE15041, GSE38038, GSE2884, and GSE24982.

Material/Methods: We retrieved the 4 microarray datasets, which were generated using DRG samples collected in the early and
late stages after spinal nerve ligation in rats. The common DEGs (co-DEGs) were identified and then subject-
ed to Gene Ontology, pathway enrichment, and Protein—protein interaction network analyses. Drugs targeting
the identified hub genes were analyzed using the Drug Gene Interaction Database.

Results: We identified 75 early-stage co-DEGs, which were enriched in chromosome segregation and protein catabolic
processes, cytosol and extracellular exosome components, and ATP binding function and metabolic pathways.
We identified 29 late-stage co-DEGs, which were enriched in protein tetramerization and drug responses, ex-
tracellular and membrane raft components, and protein homodimerization and binding functions and calcium
signaling pathways. We also identified several hub genes, including Snap25 (synaptosome-associated protein
of 25 kDa), Vamp2 (vesicle associated membrane protein 2), and Sf3b1 (splicing factor 3b subunit 1), the first
2 of which can be targeted by botulinum toxin derivatives. SNAP25 plays a role in synaptogenesis and the exo-
cytotic release of neurotransmitters, and VAMP2 participates in neurotransmitter release at a step between
docking and fusion.

Conclusions: The present study reveals new mechanisms of neuropathic pain and provides key genes, including SNAP25 and
VAMP2, for future studies.
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DATABASE ANALYSIS

Background

Neuropathic pain is a complex clinical condition caused by le-
sions or diseases in the somatosensory nervous system [1].
Peripheral nerve injury is frequently complicated by neuro-
pathic pain, which causes distress and significantly decreas-
es the quality of life in patients [2]. There are limited treat-
ments available for neuropathic pain. This type of chronic pain
is usually poorly controlled, and the treatment is unsatisfacto-
ry in patients with peripheral neuropathy [1,2].

The precise molecular mechanisms for the development of neu-
ropathic pain are still unclear. Cell bodies of the primary sen-
sory nerves are located in the dorsal root ganglia (DRG) that
transmit the noxious stimuli to the brain. It is well document-
ed that the DRG are implicated in the development of neuro-
pathic pain [3,4]. Following peripheral nerve injury, the DRG
undergo dramatic cellular and molecular changes [1]. The spi-
nal nerve ligation (SNL) rat model has been widely used to in-
vestigate the molecular mechanisms and therapeutic targets
of neuropathic pain [5]. SNL results in significant behavioral
signs, including mechanical, heat, and cold hypersensitivity. In
addition to behavioral changes, SNL induces pro-inflammato-
ry responses and ion channel alterations in DRG [1]. In recent
years, high-throughput next-generation sequencing and tran-
scriptome microarrays have been used to screen differentially
expressed genes (DEGs) in the DRG of the SNL rat model [6-8].
These studies were performed in different laboratories, and
the DRG samples were collected at various time points after
SNL. Therefore, it is challenging to compare and summarize
the results of these studies and to make a clear conclusion.

This study aimed to undertake bioinformatics analysis of DEGs
in microarrays of DRG from the SNL and sham rat models of
neuropathic pain, based on 4 Gene Expression Omnibus (GEO)
datasets, GSE15041, GSE38038, GSE2884, and GSE24982. There
were 2 recently published bioinformatics analyses of DEGs in
microarrays of DRG using other types of animal models of neu-
ropathic pain, including spared nerve injury and spinal nerve
transection [9,10]. The present study may improve the under-
standing of molecular mechanisms in the development of neu-
ropathic pain after peripheral nerve injury.

Material and Methods

Data Collection

The microarray datasets GSE15041, GSE38038, GSE2884, and
GSE24982 were downloaded from the GEO database (http://
www.ncbi.nlm.nih.gov/geo/) [6-8]. The investigators collected
the DRG samples on day 7 for GSE15041 and GSE38038 and
on day 28 for GSE2884 and GSE24982 datasets. These datasets

Wu Y. and Nie H.:
Molecular mechanisms of neuropathic pain
© Med Sci Monit, 2022; 28: €934122

were generated by performing transcriptome microarray assays
in the DRG collected from adult rats that underwent a L4/L5
SNL or a sham operation without ligation. In total, 7 biolog-
ical repeats in the sham group and 7 in the SNL group were
performed on day 7 following the procedure, while 7 biolog-
ical repeats in the sham group and 9 in the SNL group were
performed on day 28. The platforms that were used for gene
expression arrays were Affymetrix rat genome 230 2.0 array,
Affymetrix rat genome U34 array, and Rosetta/Merck rat 25k
v1.2 microarray. Ethics approval was waived for bioinformat-
ic analyses of published datasets.

Data Processing

DEGs between SNL and sham DRG specimens were identi-
fied via GEO2R online tools (https://www.ncbi.nlm.nih.gov/
geo/geo2r/) with log fold change greater than 1.2 or log fold
change less than -1.2 and an adjusted P value less than 0.05.
Then, we calculated the common DEGs (co-DEGs) among the
GSE15041, GSE38038, GSE2884, and GSE24982 datasets. The
results were presented in a Venn diagram by using a Venn di-
agram maker from the Van de Peer Lab.

Functional and Pathway Enrichment Analyses

We performed Gene Ontology (GO) functional enrichment
analyses, which includes the biological process (BP), molec-
ular function (MF), and cellular component (CC). The enrich-
ment analyses were performed for the co-DEGs between
GSE15041 and GSE38038 for day 7 and the co-DEGs between
GSE2884 and GSE24982 for day 28 by using the online bioin-
formatic tool, the Database for Annotation, Visualization, and
Integrated Discovery (DAVID, https://david.ncifcrf.gov/). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses of the
co-DEGs were also performed. P values <0.05 were considered
statistically significant. The bubble charts were created by us-
ing R software with ggplot2.

Protein-Protein Interaction Analyses

We performed Protein—protein interaction (PPI) network anal-
yses of co-DEGs for either day 7 or day 28 by using STRING
database of functional protein association networks (http://
string-db.org/). Interaction network analysis result charts (TSV
files) with a combined score greater than 0.4 were download-
ed. The downloaded TSV files were imported into Cytoscape
software, an open-source bioinformatics software platform for
visualizing molecular interaction networks, to visualize the PPI
network. Molecular Complex Detection (WCODE), a Cytoscape
plugin that detects network modules, was used to identify the
first 3 most significant functional modules for the PPl networks.
CytoHubba, a Java plugin for Cytoscape, was used to identify
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Figure 1. Venn diagram of common differentially expressed
genes (DEGs). Intersections were analyzed among DEGs
in GSE15041, GSE38038, GSE2884, and GSE24982
microarray datasets. The diagram was created by
using a Venn diagram maker from the Van de Peer Lab.
GSE15041 and GSE38038 were based on dorsal root
ganglia collected on day 7 after spinal nerve ligation,
while GSE2884 and GSE24982 were based on dorsal
root ganglia collected on day 28.

hub genes and sub-networks of the constructed PPI networks.
The PPI network charts were created using Cytoscape.

Targeted Drug Prediction

The hub genes identified by CytoHubba were submitted to the
drug gene interaction database (DGIldb database, http://dg-
idb.org/) to predict potential drug-gene interactions. The re-
sults downloaded from the DGIdb database were visualized
in Cytoscape.

Results

Identification of DEGs

For the DRG collected on day 7 after SNL, we identified 1207
DEGs from GSE15041, 1959 DEGs from GSE38038, and 75 co-
DEGs between GSE15041 and GSE38038. For the DRG collect-
ed on day 28 after SNL, we identified 151 DEGs from GSE2884,
1098 DEGs from GSE24982, and 29 co-DEGs between GSE2884
and GSE24982. There was no co-DEG between the DRG col-
lected on day 7 and day 28, suggesting that the molecular
mechanisms of neuropathic pain are different between the
early and late stages. The results are displayed in a Venn di-
agram (Figure 1).

DATABASE ANALYSIS

Functional Enrichment

GO enrichment and KEGG analyses of the co-DEGs for days
7 and 28 were performed using DAVID. For the DRG collect-
ed on day 7, the enriched biological processes in GO analyses
were ubiquitin-dependent protein catabolic process and chro-
mosome segregation (Figure 2A); the enriched cellular com-
ponents were cytosol and extracellular exosome (Figure 2B);
the enriched molecular functions were ATP binding and GTPase
activity (Figure 2C); and the enriched KEGG pathways were
adherens junction and metabolic pathways (Figure 2D). For
the DRG collected on day 28, the enriched biological process-
es in GO analyses were protein tetramerization and response
to drug (Figure 3A); the enriched cellular components were
membrane raft and extracellular region (Figure 3B); the mo-
lecular functions were protein homodimerization activity and
protein binding (Figure 3C); and the enriched KEGG pathways
were calcium signaling pathway, proteoglycans, and focal ad-
hesion (Figure 3D).

PPI Network Enrichment

PPI networks for the DRG collected on day 7 and day 28 af-
ter SNL are displayed in Figures 4A and 5A, respectively. The
constructed PPI networks were further analyzed by using the
MCODE plugin in Cytoscape. For the DRG collected on day 7,
the first cluster was enriched in synaptic vesicle trafficking and
exocytosis (Figure 4B) and the second cluster was enriched in
interleukin-1- and tumor necrosis factor-involved inflammation
(Figure 4C). For the DRG collected on day 28, the first cluster
was enriched in mRNA splicing (Figure 5B) and the second clus-
ter was enriched in intracellular calcium handling (Figure 5C).
Hub genes in the constructed PPl networks were identified by
using the CytoHubba plugin in Cytoscape. The hub genes for
the DRG collected on day 7 included Snap25, Vamp2, Cplx1,
Stx5, Stxbp1, Gosr2, Bet1, Gosr1, Napa, and Stx1a (Figure 4D),
which primarily regulate synaptic vesicle trafficking and exocy-
tosis. For the DRG collected on day 28, the hub genes included
Sf3b1, Cd2bp2, Lsm4, Sart1, Prpf8, Prpf31, Prpf6, Lsm7, Eftud?,
and Sf3b2 (Figure 5D), which primarily regulate mRNA splicing.

Targeted Drug Prediction

Potential drugs targeting the hub genes were predicted by us-
ing the DGIdb database. Regarding the hub genes for the DRG
collected on day 7, six drugs targeting SNAP25 (synaptosome-
associated protein of 25 kDa) and VAMP2 (vesicle associated
membrane protein 2) were predicted, namely diazoxide, abo-
botulinumtoxinA, incobotulinumtoxinA, botulinum toxin type
A purified neurotoxin complex, botulinum toxin type B, and
phorbol myristate acetate (Figure 6A). For the hub genes for
the DRG collected on day 28, only Chembl1221944 targeting
SF3B1 (splicing factor 3b subunit 1) was predicted (Figure 6B).
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Figure 2. Functional enrichment analysis of common differentially expressed genes (DEGs) between GSE15041and GSE38038 at

the early stage after spinal nerve ligation. (A) Biological process enriched in Gene Ontology (GO) analyses. (B) Cellular
components enriched in GO analyses. (C) Molecular function enriched in GO analyses. (D) Enriched Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways. The bubble charts were created by using R software with ggplot2. The dot size
represents the number of enriched DEGs. The dot color represents -log10 (P value).
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Figure 3. Functional enrichment analysis of common differentially expressed genes (DEGs) between GSE2884 and GSE24982 at the

late stage after spinal nerve ligation. (A) Biological process enriched in Gene Ontology (GO) analyses. (B) Cellular components
enriched in GO analyses. (C) Molecular function enriched in GO analyses. (D) Enriched Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. The bubble charts were created by using R software with ggplot2. The dot size represents the

number of enriched DEGs. The dot color represents -log10 (P value).
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AbobotulinumtoxinA and incobotulinumtoxinA have been used
in clinical practice to treat neck pain due to neck muscle spasm.
Diazoxide is a well-known oral medication that is used to treat
hyperinsulinism and hypoglycemia but has never been used
for pain management.

Discussion

In the present study, we performed comprehensive bioinfor-
matic analyses of 4 transcriptome array datasets that were
generated by 4 independent research groups. The datasets
compared mRNA expression profiles in the DRG from rats
with and without SNL in the early and late stages. We found
that there were no common DEGs between the early and late
stages. The co-DEGs in the early stage were mainly enriched
in synaptic vesicle trafficking and exocytosis and pro-inflam-
matory responses, while the co-DEGs in the late stage were
primarily enriched in intracellular calcium handling and insu-
lin-like growth factor signaling pathways.
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Mechanisms for the development and progression of neuro-
pathic pain are not fully understood, which can partly lead
to the poor management of patients with neuropathic pain.
High-throughput transcriptome array is a promising strategy
for screening key genes and pathways involved in the devel-
opment of neuropathic pain. To reduce the between-laborato-
ry biases, we combined 2 distinct microarray datasets at each
time point for bioinformatic analyses. An unpredicted finding
was that there were no common DEGs in the DRG between
the early (day 7) and late (day 28) stages. This finding sug-
gests that neuropathic pain in the early and late stages has
distinct molecular mechanisms. Therefore, further mechanism
and functional studies for neuropathic pain in the early and
late stages should be performed separately.

In the early stage, co-DEGs of the DRG were majorly enriched
in chromosome segregation and protein catabolic processes,
cytosol and extracellular exosome components, ATP binding
function, and metabolic pathways. These findings suggest that
the DRG in the early stage after peripheral nerve injury main-
ly underwent a metabolically active cellular process. These
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Figure 4. Protein—protein interaction (PPI) network analyses of common differentially expressed genes (DEGs) between GSE15041and
GSE38038. (A) PPI network and the (B) first and (C) second sub-clusters. The PPl network charts were created using
Cytoscape. The circle size of each protein represents its connection degree to other proteins. The width of each edge
represents the combined score between the 2 proteins. (D) The hub genes were identified by the CytoHubba plugin in

Cytoscape.

co-DEGs formed 3 major clusters, including synaptic vesicle
trafficking and exocytosis, interleukin-1- and tumor necrosis
factor-involved inflammation, and cell autophagy. Snap25, en-
coding for synaptosome-associated protein 25, was the central
hub gene in the cluster of synaptic vesicle trafficking and exo-
cytosis. SNAP25 is a component of the trans-SNARE complex
and is involved in the regulation of synaptic vesicle exocyto-
sis during synaptic transmission [11]. This finding is significant
as previous studies demonstrated that SNAP25 contributed to
neuropathic pain [12]. It was reported that overexpression of
SNAP25 in rats induced pain-responsive behaviors and that
breaking down SNAP25 by using botulinum toxin A relieved
mechanical allodynia and neuropathic pain after peripheral
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nerve injury in rat models [12-14]. Through drug-gene inter-
action analyses, the present study found that botulinum tox-
in and its derivatives are potential drugs for treating neuro-
pathic pain by targeting SNAP25. We also identified Vamp2,
encoding for vesicle-associated membrane protein 2, as one
of the major hub genes in the cluster of synaptic vesicle traf-
ficking and exocytosis, suggesting it plays a role in neuropath-
ic pain. VAMP2 is also a main component of the SNARE pro-
tein complex and is involved in the fusion of synaptic vesicles
with the presynaptic membrane [15-17]. A recent microRNA ar-
ray study revealed that microRNA-34a is a significantly down-
regulated microRNA in the DRG of rats that underwent chron-
ic constriction injury, and microRNA-34a can target VAMP2
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Figure 5. Protein—protein interaction (PPI) network analyses of common differentially expressed genes (DEGs) between GSE2884
and GSE24982. (A) PPl network and the (B) first and (C) second sub-clusters. The PPI network charts were created using
Cytoscape. The circle size of each protein represents its connection degree to other proteins. The width of each edge
represents the combined score between the 2 proteins. (D) The hub genes were identified by the CytoHubba plugin in

Cytoscape.

to decrease its expression [18]. These findings suggest that
SNAP25 and VAMP2 may play key roles in the development
of neuropathic pain.

In the late stage, co-DEGs of the DRG were majorly enriched in
protein tetramerization and drug response processes, extracellu-
lar and membrane raft components, protein homodimerization
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and binding functions, and calcium signaling and focal adhesion
pathways. These co-DEGs formed 3 major clusters, including
mRNA splicing, intracellular calcium handling, and insulin-like
growth factor signaling pathways. Sf3b1, encoding for splic-
ing factor 3B subunit 1, was one of the central hub genes in
the cluster of mRNA splicing [19]. The role of SF3B1 in the de-
velopment of neuropathic pain has not been reported to date
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Figure 6. Drug-hub gene interaction network analyses for the hub genes identified at the (A) early and (B) late stages. The drug-hub
gene interaction network charts were created using Cytoscape. The green nodes represent the hub genes.

and warrants further investigation. Thnc2 and Tnni2, encoding
for troponin subtypes, were central hub genes in the cluster
of intracellular calcium handling. Tnnc2 and Tnni2 have also
been identified in other models of peripheral nerve injury in
rat models [20,21], but their role in the development of neu-
ropathic pain has not been defined. The present study found
that the co-DEGs were also enriched in insulin-like growth fac-
tors pathways, which are responsible for nervous system de-
velopment and function [22]. Dysregulated IGFBP5 expression
may contribute to diabetic axon degeneration [23]. These find-
ings suggest that targeting insulin-like growth factors path-
ways may attenuate neuropathic pain likely through promot-
ing recovery of the injured nervous system.

All 4 datasets we analyzed in the present study were gener-
ated from the SNL rat model of neuropathic pain. There are
several different animal models used to explore the molecular
mechanisms of neuropathic pain [24,25]. Two recent bioinfor-
matics analyses were performed in microarrays of DRG from
neuropathic pain animal models of spared nerve injury and
spinal nerve transection, and their identified DEGs are differ-
ent from those in the present study [9,10]. This inconsisten-
cy suggests that different animal models of neuropathic pain
may have distinct molecular mechanisms.

One of the limitations of the present study is that only 2 data-
sets are available for each time point after SNL. The numbers
of common DEGs among the microarrays are relatively small,
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indicating that variations in these datasets might be signifi-
cant. Future studies involving more datasets may help solve
this issue. The microarrays we analyzed in the present study
were generated using whole DRG tissue, which contains not
only primary sensory neurons but also other types of cells,
such as satellite glial cells, vascular cells, and other mesen-
chymal cells. Therefore, it is not clear which change in which
type of cells contributed to the identified DEGs. Future micro-
arrays may need to be performed in purified sensory neurons.
Another limitation is that the identified targets were not vali-
dated by experiments in the present study because of a fund-
ing issue. Validation should be carried out in vitro and in vivo.
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Conclusions

In conclusion, the present study deepens our understanding
of the molecular mechanism of neuropathic pain. The present
study identifies several key genes, including Snap25, Vamp?2,
and Sf3b1, in neuropathic pain. This study also suggests po-
tential pathways, including pro-inflammatory, intracellular cal-
cium handling, and insulin-like growth factors, involved in the
development of neuropathic pain.

Declaration of Figures’ Authenticity

All figures submitted have been created by the authors, who
confirm that the images are original with no duplication and
have not been previously published in whole or in part.

14. Ding XD, Wang W, Ding ZG, et al. Impact of Botox-A SNAP-25 protein ex-
pression and the mechanism of inhibitory neurotransmitter imbalance in
chronic sciatic nerve pain rat model. Exp Ther Med. 2017;13:2783-86

15. Schoch S, Deak F, Konigstorfer A, et al. SNARE function analyzed in synap-
tobrevin/VAMP knockout mice. Science. 2001;294:1117-22

16. Zhang HH, Zhang XQ, Wang WY, et al. Increased synaptophysin is involved
in inflammation-induced heat hyperalgesia mediated by cyclin-dependent
kinase 5 in rats. PLoS One. 2012;7:e46666

17. Muller HK, Kragballe M, Fjorback AW, Wiborg O. Differential regulation of
the serotonin transporter by vesicle-associated membrane protein 2 in cells
of neuronal versus non-neuronal origin. PLoS One. 2014;9:e97540

18. Brandenburger T, Johannsen L, Prassek V, et al. MiR-34a is differentially ex-
pressed in dorsal root ganglia in a rat model of chronic neuropathic pain.
Neurosci Lett. 2019;708:134365

19. Quesada V, Conde L, Villamor N, et al. Exome sequencing identifies recur-
rent mutations of the splicing factor SF3B1 gene in chronic lymphocytic
leukemia. Nat Genet. 2011;44:47-52

20. Liu Q, Zhang B, Liu C, Zhao D. Molecular mechanisms underlying the posi-
tive role of treadmill training in locomotor recovery after spinal cord inju-
ry. Spinal Cord. 2017;55:441-46

21. Rojewska E, Korostynski M, Przewlocki R, et al. Expression profiling of genes
modulated by minocycline in a rat model of neuropathic pain. Mol Pain.
2014;10:47

22. Lewitt MS, Boyd GW. The role of insulin-like growth factors and insulin-like
growth factor-binding proteins in the nervous system. Biochem Insights.
2019;12:1178626419842176

23. Simon CM, Rauskolb S, Gunnersen JM, et al. Dysregulated IGFBP5 expres-

sion causes axon degeneration and motoneuron loss in diabetic neuropa-
thy. Acta Neuropathol. 2015;130:373-87

24. von Hehn CA, Baron R, Woolf CJ. Deconstructing the neuropathic pain phe-
notype to reveal neural mechanisms. Neuron. 2012;73:638-52

25. Ji RR, Nackley A, Huh Y, et al. Neuroinflammation and central sensitization
in chronic and widespread pain. Anesthesiology. 2018;129:343-66

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€934122-10




