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Abstract

Background: Paclitaxel is a widely prescribed chemotherapy drug for treating solid tumors. However, paclitaxel-
induced peripheral neuropathy (PIPN) is a common adverse effect during paclitaxel treatment, which results in
sensory abnormalities and neuropathic pain among patients. Unfortunately, the mechanisms underlying PIPN still
remain poorly understood. Long noncoding RNAs (IncRNAs) are novel and promising targets for chronic pain
treatment, but their involvement in PIPN still remains unexplored.

Methods: We established a rat PIPN model by repetitive paclitaxel application. Immunostaining, RNA sequencing
(RNA-Seq) and bioinformatics analysis were performed to study glia cell activation and explore INCRNA/mRNA
expression profiles in spinal cord dorsal horn (SCDH) of PIPN model rats. gPCR and protein assay were used for
further validation.
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Results: PIPN model rats developed long-lasting mechanical and thermal pain hypersensitivities in hind paws,
accompanied with astrocyte and microglia activation in SCDH. RNA-Seq identified a total of 814 differentially
expressed mRNAs (DEmRNA) (including 467 upregulated and 347 downregulated) and 412 DEINcRNAs (including
145 upregulated and 267 downregulated) in SCDH of PIPN model rats vs. control rats. Functional analysis of
DEmMRNASs and DEINncRNAs identified that the most significantly enriched pathways include immune/inflammatory
responses and neurotrophin signaling pathways, which are all important mechanisms mediating
neuroinflammation, central sensitization, and chronic pain. We further compared our dataset with other published
datasets of neuropathic pain and identified a core set of immune response-related genes extensively involved in
PIPN and other neuropathic pain conditions. Lastly, a competing RNA network analysis of DEINCRNAs and DEmRNAs
was performed to identify potential regulatory networks of INcRNAs on mRNA through miRNA sponging.

Conclusions: Our study provided the transcriptome profiling of DEINcCRNAs and DEmRNAs and uncovered immune
and inflammatory responses were predominant biological events in SCDH of the rat PIPN model. Thus, our study
may help to identify promising genes or signaling pathways for PIPN therapeutics.
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Introduction
Chemotherapy-induced peripheral neuropathy (CIPN) is a
dose-limiting neurotoxic adverse effect of many chemothera-
peutic agents [1]. Paclitaxel is one of the most commonly
used chemotherapeutic reagents to treat breast, ovarian,
non-small cell lung cancer, etc. [2, 3]. Paclitaxel-induced per-
ipheral neuropathy (PIPN) is a common and serious side ef-
fect accompanying paclitaxel treatment [1]. Neuropathic pain
is a major clinical symptom of PIPN, which includes tingling,
burning pain, and numbness in feet and hands [4, 5]. The
neuropathic pain symptoms of PIPN occur among
50-100% of patients receiving chemotherapy, depend-
ing on the doses [6, 7]. The painful peripheral neuropathy
is the most dose-limiting side effect of taxanes [8]. The
sensory abnormalities and pain can even become chronic
and persist after paclitaxel treatment is terminated, which
severely affect the life quality of the patients [9]. Conven-
tional treatments for paclitaxel-induced peripheral neuro-
pathic pain include nonsteroidal anti-inflammatory drugs,
opioids, corticosteroids, and antidepressants [10]. How-
ever, these medical treatments are usually insufficient
for paclitaxel-induced peripheral neuropathic pain
management and oftentimes resulted in a number of
severe side effects [10]. Therefore, paclitaxel-induced
peripheral neuropathic pain still remains a challenging
clinical problem for patients receiving chemotherapy.
Emerging evidence suggests an important role of glial cells
(such as astrocytes and microglia) in spinal cord dorsal horn
(SCDH) in mediating CIPN. SCDH receives pain signal in-
puts from the peripheral sensory neurons and plays a pivotal
role in integrating pain signals and central pain sensitization.
We and others have found that astrocytes and microglia are
activated in SCDH of PIPN model rats [11-13]. The activa-
tion of these cells produces several pro-inflammatory cyto-
kines or chemokines, such as IL-1fB, IL-17, TNF-a, and
CXCL-12, which initiate neuroinflammation and regulate

neuronal excitability and contribute to pain mechanisms of
PIPN [12-14].

Long noncoding RNAs (IncRNAs) are a class of non-
coding RNAs with sequence length greater than 200 nu-
cleotides yet without protein coding potential [15, 16].
LncRNAs can interact with proteins, DNAs, and other
RNAs and get involved in transcriptional modulation or
regulating multiprotein complexes [17]. There are grow-
ing number of studies reporting that IncRNA expression
can be modulated by neuronal activity and injury [18, 19].
Recently, emerging evidence suggested that dysregulated
expression of IncRNA (DEIncRNA) occurred in damaged
nerves, dorsal root ganglions (DRGs), and SCDH, follow-
ing peripheral nerve injury [20-22]. These DEIncRNAs
contribute to chronic pain mechanisms via modulating
pain-related gene expression, such as P2X3 and KCNA2,
in the peripheral and central sensory system [17, 20, 21,
23]. Although the studies of IncRNA’s contribution to
chronic pain have attracted more and more attention, the
role of IncRNA in mediating paclitaxel-induced peripheral
neuropathic pain still remained elusive.

To further explore the central mechanisms underlying
paclitaxel-induced peripheral neuropathic pain, in this study,
we performed a genome-wide RNA-Seq of SCDH of a rat
model of PIPN to explore expression profile changes of
IncRNAs and mRNAs. We further investigated the major
pathways or functions that these DEGs are involved in. Our
study may provide insights into understanding the central
mechanisms of PIPN and help to find promising genes or
signaling pathways that can be targeted for PIPN therapy.

Materials and methods

Animals

Male Sprague—Dawley rats (5—8 weeks, 180-220 g) were
purchased from Shanghai Laboratory Animal Center,
Chinese Academy of Sciences and housed in the
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Laboratory Animal Center of Zhejiang Chinese Medical
University accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAAL
AC). The rats were randomly allocated and were housed
in a controlled environment (5 rats per cage on 12h
light—dark cycles with controlled temperature). Food
and water were provided ad libitum. The rats were given
a minimum of 1 week to adapt to new environment be-
fore the experiment. All experimental procedures were
approved by the Animal Ethics Committee of Zhejiang
Chinese Medical University (ZSLL-2017-183).

Model establishment

The rat PIPN model was established according to
methods previously described [11, 24, 25]. Briefly, 6 mg/
mL of pharmaceutical grade paclitaxel (Hospira Australia
Pty. Ltd., Australia) was diluted with sterile 0.9% saline to
1 mg/mL and given at a dosage of 2 mg/kg intraperitone-
ally (ip.) in a volume of 0.5ml/250¢g rat every other day
for a total of four injections (days 1, 3, 5, and 7). Control
animals received the same volume of sterile saline
treatment.

For the study to investigate the vehicle effect of pacli-
taxel formulation, rats received an equivalent volume of
the vehicle for paclitaxel, with proportional amounts of
Cremophor EL (C875008, Macklin Inc., Shanghai,
China) and 95% dehydrated ethanol diluted in sterile
0.9% saline (Cremophor EL/ethanol 1:1). Control rats re-
ceived equal amount of saline injection (0.5ml/250 g).
Rats were observed carefully for any abnormal behav-
ioral changes every day following the treatment.

Mechanical allodynia

Rats were placed in the test environment daily for 3 con-
secutive days before baseline test to habituate the test
environment. Before the test, rats were individually
placed in transparent Plexiglas chambers on an elevated
mesh floor to acclimate for 30 min. The mechanical allo-
dynia was determined using a series of von Frey fila-
ments (UGO Basile, Italy) applied perpendicularly to the
mid-plantar surface of the hind paws, with sufficient
force to bend the filament slightly for 3-5 s according to
methods we previously used [26, 27]. An abrupt with-
drawal of the hind paw, licking or vigorously shaking in
response to stimulation was considered as pain-like re-
sponses. The threshold was determined using the up-
down testing paradigm and the 50% paw withdrawal
threshold (PWT) was calculated by the nonparametric
Dixon test [28, 29]. A baseline test of PWT was done
every day for 3 consecutive days before formal testing to
acclimatize the rats and to ensure that there were no dif-
ferences among groups.
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Thermal hyperalgesia

The Plantar Test Apparatus (Ugo Basile, Italy) was used
to evaluate thermal hyperalgesia as described before
[30]. Rats were habituated for 30 min before the test. A
radiant light beam generated by a light bulb was directed
into the right hind paw in order to determine the paw
withdrawal latency (the time spent to remove the paw
from the stimulus). A 20-s cutoff threshold was set to
avoid excessive heating to cause injury. Significant de-
creases in paw withdrawal latency (PWL) were inter-
preted as heat hyperalgesia. All behavior tests were
performed by an experimenter blinded to groupings.

Tissue collection and RNA extraction

At day 14, rats were deeply anesthetized with sodium
pentobarbital (40 mg/kg, i.p.) and perfused through the
ascending aorta with 0.9% saline (4 °C). After the perfu-
sion, the spinal cord dorsal horn segments were col-
lected. Total RNA was extracted from the control and
Pac group tissues using Trizol reagent (Invitrogen,
Carlsbad, CA, USA), following the manufacturer’s in-
structions. For tissue samples, about 60 mg with liquid
nitrogen was ground into powder and the powder sam-
ples were transferred into the 2-ml tube which contains
1.5ml Trizol reagent. The mixture was centrifuged at
12,000xg for 5min at 4°C. The supernatant was trans-
ferred to a new 2.0-ml tube with 0.3 ml of chloroform/
isoamyl alcohol (24:1) per 1.5 ml of Trizol reagent. After
the mixture was centrifuged at 12,000xg for 10 min at
4°C, the aqueous phase was transferred to a new 1.5mL
tube which was added with an equal volume of super-
natant of isopropyl alcohol. The mixture was centrifuged
at 12,000xg for 20 min at 4 °C and then the supernatant
was removed. After being washed with 1 ml 75% ethanol,
the RNA pellet was air-dried in the biosafety cabinet and
then dissolved by adding 25 ~ 100 puL DEPC-treated
water. Subsequently, total RNA was qualified and quan-
tified using a Nano Drop and Agilent 2100 Bioanalyzer
(Thermo Fisher Scientific, MA, USA).

RNA-Seq library establishment and RNA-Seq

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

Bioinformatics analysis

Primary sequencing data produced by RNA-Seq (raw reads)
were subjected to quality control (QC). The information of
total reads and mapping ratio reads are shown in Table 1.
The sequencing data was filtered with SOAPnuke (v1.5.2)
[31] by removing reads containing sequencing adapter; re-
moving reads whose low-quality base ratio (base quality less
than or equal to 5) is more than 20%; and removing reads
whose unknown base (“N” base) ratio is more than 5%; after-
wards, clean reads were obtained and stored in FASTQ for-
mat. The clean reads were mapped to the reference genome
using HISAT?2 (v2.04) [32]. After that, Ericscript (v0.5.5) [33]
and rMATS (V3.2.5) [34] were used to detect fusion genes
and differential splicing genes (DSGs), respectively. Bowtie2
(v2.2.5) was applied to align the clean reads to the gene set
[35], a database built by BGI (Beijing Genomic Institute in
Shenzhen), in which known and novel, coding and noncod-
ing transcripts were included, then expression level of gene
was calculated by RSEM (v1.2.12) [36]. The heatmap was
drawn by pheatmap (v1.0.8) according to the gene expression
in different samples. Essentially, differential expression ana-
lysis was performed using the DESeq2(v1.4.5) with g value <
0.05 [37]. To take insight into the change of phenotype, GO
(http://www.geneontology.org/) and KEGG (https://www.
keggjp/) enrichment analysis of annotated different expres-
sion gene was performed by Phyper (https://en.wikipedia.
org/wiki/Hypergeometric_distribution) based on the hyper-
geometric test. The significant levels of terms and pathways
were corrected by g value with a rigorous threshold (g value
<0.05) by Bonferroni.

Cluster analysis and screening of differentially expressed
genes

Distances of expressed genes were calculated using the
Euclidean method [38]. The sum of the squared devia-
tions algorithm was used to calculate distance. The
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cluster analysis and heat map visualization of gene ex-
pression patterns were performed using the “pheatmap”
package in the R software of Bioconductor. Differentially
expressed mRNAs with statistical significance were iden-
tified through Scatter Plot filtering as we reported before
[39]. The threshold required for the results to be consid-
ered significant was as follows: g value <0.01 and abso-
lute value of |log, (fold change) | = 1.0 as in our
previous study [26].

Functional enrichment analysis of DEGs

The differentially expressed mRNAs were selected and
subjected to gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis. For GO
analysis  (http://geneontology.org/), the corresponding
genes were annotated and classified according to bio-
logical process (BP), cellular component (CC), and mo-
lecular function (MF). For KEGG analysis (http://www.
genome.jp/kegg/), pathways were ranked by their enrich-
ment scores. Cluster analysis and screening of differen-
tially expressed genes.

Real-time quantitative PCR (qPCR)

The extracted total RNA from the spinal cord was
reverse-transcribed into ¢cDNA using random hexamer
primers (TaKaRa Bio Inc., Shiga, Japan) according to the
manufacturer’s instruction. The sequences of all primers
used are shown in Table 2. qPCR was performed using
spinal cord tissues from rats other than the ones used
for RNA-Seq. B-actin was used as an internal reference
gene. qPCR was performed using the Fast Start Univer-
sal SYBR Green Master kit (TaKaRa Bio Inc., China)
with 25 uL reaction system according to the manufac-
turer’s protocol by CFX96 Real-Time System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Each reaction
was performed in triplicates and normalized to B-actin
gene expression. The CT value of each well was deter-
mined using the CFX96 Real-Time System software and
the average of the triplicates was calculated. The relative
quantification was determined by the AACT method
(40, 41].

Table 1 The information of total reads and mapping ratio for control and PIPN groups by RNA-Seq

Sample Total raw reads (Mb) Total clean reads (Mb) Clean reads Q30 (%) Clean reads ratio (%) Total mapping ratio (%)
Con1 137.1 126.2 96.80 92.052 8334
Con2 126.1 1152 96.97 91.367 84.15
Con3 1372 1259 96.99 91.723 85.08
Con4 136.8 126.1 97.08 92.116 83.73
Pac 1 1387 126.2 97.07 90.924 85.55
Pac 2 1387 126.7 97.02 91.274 86.60
Pac 3 138.7 1270 97.07 91.512 86.63
Pac 4 1387 1272 96.99 91.638 86.27
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Table 2 Sequences of the primers used for gPCR validation of RNA-Seq data
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Gene name Primer sequence (5' to 3') Amplicon size (bp)

Beta-actin Forward: TGTCACCAACTGGGACGATA 165
Reverse: GGGGTGTTGAAGGTCTCAAA

Cxcl13 Forward: CGACTTTGAAAGGTTGCTTGTA 219
Reverse: ACACTGGATGAATAGGAAACGT

Ccl3 Forward: AGAGGCAGCGAGTACCAGTCC 184
Reverse: CATAGGAGAAGCAGCAGGCAGTC

Cxcll1 Forward: GCTGTGACAAAGTTGAAGTGAT 102
Reverse: GTATTGTCTGCATTATGAGGCG

Cdes8 Forward: GCTGTGACAAAGTTGAAGTGAT 200
Reverse: GGCTGGTAGGTTGATTGTCGTCTC

Mettl14 Forward: TGAGAGGCTTAGACCGAAGTCACC 104
Reverse: GACCACGGCCAGCAGATGTTC

Pcdh18 Forward: CCAGAGTCACAACAGTCACCAGTC 109
Reverse: CTCAACAGCAGGAGTGGCATGG

Nap1l4 Forward: GGCACAGTGAGAATGAGGAGGATG 163
Reverse: ACCAGTTCGCTAAGCATGTCCAC

LOC691141 Forward: AGGCGGTCCAGCTCCTACAAG 121
Reverse: ACACCATACTGACAGCGGAAGTTG

Pdk4 Forward: GGCCACGGTCGAGCATCAAG 168
Reverse: GGCGTTGGAGCAGTGGAGTATG

Slco2a Forward: ATCCTATTCGCCATCGCTGTGTTC 94
Reverse: TGTCCACTCTGCCGTAGTCCAC

Fgf21 Forward: TCTCCTGCTGCCTGTCTTCCTG 129
Reverse: TCGGTGTCCTGGTCGTCATCTG

Zbtb16 Forward: CACCAGCAAGATGTTTGAGATC 239
Reverse: CTGTGTCATTGTCATCAGATGC

Slc10a6 Forward: TCCTTCTCTGCTGAGTACCTGGTC 102
Reverse: TGCCTGATATGCTGCGACAATGAG

102552154 Forward: ATCGCTAGTTATGCAGGCATGGAG 124
Reverse: CAGCCAATGAGTTGCACTTGAACC

108351753 Forward: CAGTGGTTGTGAGCTGTCTGAGG 148
Reverse: ACGCAAGCATGGTAGGTGTTGG

102546487 Forward: AGCCTCAGCCTTAAGCATGTGTTC 85
Reverse: CCTTGTCTCCTCGGTTGGATGTG

108349645 Forward: AGGAGCACGGAGATAGCAACTGG 108
Reverse: CGGTGAGTACAGTGCTTGCCATAC

108352578 Forward: CGCGAACACCGGAACTCTTAGATC 125

Reverse: TGCCACTTGTGCTCAGCTTCTTC

Immunofluorescence staining

Rats were sacrificed on day 14. Rats were deeply anes-
thetized with sodium pentobarbital (40 mg/kg, i.p.) and
perfused through the ascending aorta with 0.9% saline
(4°C) followed by 4% paraformaldehyde in 0.1 M PBS.
The L4-6 dorsal root ganglia (DRGs) and the spinal

cord were removed, fixed in 4% paraformaldehyde for 6

h, and then cryo-protected in 30% sucrose solution.
Transverse spinal cord sections (25 pm) and longitudinal
DRG sections (10 um) were cut on a frozen microtome
(Thermo NX50, MA, USA), mounted on gelatin-coated
glass slides as 8 sets of every 5th serial section, and
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processed for immunofluorescent staining. After block-
ing in 5% normal donkey serum in Tris-buffered saline
tween (TBST) for 1 h at 37 °C, they were incubated over-
night with corresponding primary antibodies. The
primary antibodies used were rabbit anti-ATF3
(HPA001562, 1:400, Sigma, USA), mouse anti-GFAP
(9205, 1:400, Sigma, USA), mouse anti-OX42 (ab1211,
1:600, Abcam, UK), and mouse anti-NeuN (ab104224, 1:
500, Abcam, UK). After washing, the sections were then
incubated with Cy3-, Cy5-, or fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies (Abcam, UK)
for 1h at 37°C. Sections were viewed by a Nikon AIR
laser scanning confocal microscope (Nikon, Japan). For
image quantification, uniform microscope settings were
maintained throughout all image capture sessions and
experimenters were blinded to treatment groups. Three
to five images were randomly selected per rat tissue, av-
eraged, and then compared according to methods de-
scribed in our previous studies [11, 30].

Western blot

Rats were sacrificed after behavioral test on day 14. Rats
were deeply anesthetized with sodium pentobarbital
(Nembutal, 40 mg/kg, i.p.) and perfused through the as-
cending aorta with 0.9% saline (4°C). Then, the SCDH
were rapidly removed on ice. Tissues were immediately
removed and stored at —80°C. Tissues were homoge-
nized in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris (pH 7.4), 150 mM NacCl, 1% Triton X-100,
1% sodium deoxycholate, sodium orthovanadate, 0.1%
sodium dodecyl sulfonate (SDS), ethylenediamine tetraa-
cetic acid (EDTA), sodium fluoride, leupeptin, and 1 nM
PMSEF). The homogenate was allowed to rest on ice for
30 min and was then centrifuged at 15,000 rpm for 15
min at 4 °C, and the supernatant was collected. The pro-
tein concentration was determined using the bicinchoni-
nic acid (BCA) method according to the kit’s instruction
(Thermo Fisher, USA), and 15 pg of protein was loaded
in each lane. Protein samples were separated on 5-12%
SDS-PAGE gels and electrophoretically transferred to
polyvinyl difluoride (PVDF) membranes (Bio-Rad, USA).
The membranes were blocked with 5% non-fat milk in
Tris-buffered saline (TBS) with 0.1% Tween-20 (pH 7.5)
at room temperature for 1 h, followed by overnight incu-
bation at 4 °C with the following primary antibodies di-
luted in blocking buffer: mouse anti-CXCL11 (ab9955, 1:
1000, Abcam, UK). Subsequently, the immunoblots were
incubated with the 2nd antibodies for 2h at room
temperature. Mouse anti-beta-actin-loading control
(HRP) (ab20272, Abcam, UK) was used as internal con-
trol. The immunoreactivity was detected using enhanced
chemiluminescence (BIO-RAD, USA) and visualized
with an Image Quant LAS 4000 (GE, USA). The density
of each band was measured using Image Quant TL 7.0
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analysis software (GE, USA). The mean expression level
of the target protein in the animals in the vehicle group
was considered as 100%, and the relative expression level
of the target protein in all animals was adjusted as a ra-
tio to the level of the vehicle group.

ELISA

The rat SCDH tissues were collected and homogenized
as described above in Western blot section. The hom-
ogenate was allowed to rest on ice for 30 min and was
then centrifuged at 15,000 rpm for 15min at 4°C, and
the supernatant was collected. The supernatant was used
for ELISA testing of CCL3 (Abcam, UK) according to
the manufacturer’s instruction.

Source of microarray data

Two independent datasets of neuropathic pain models
were selected for the study: spared nerve injury (SNI)
and chronic constriction injury (CCI) neuropathic pain
model microarray. The SNI dataset (GSE18803) was
downloaded from Gene Expression Omnbius (GEO), at
the website of https://www.ncbi.nlm.nih.gov/geo/. The
CCI dataset comes from a recently published article on
CCI sequencing [28]. Differentially expressed genes from
these microarray datasets were screened based on cri-
teria as g value < 0.01 and absolute value of |log, (fold
change) | = 1.0.

Protein-protein interaction (PPI) network analysis

The Search Tool for the Retrieval of Interacting Genes
(STRING) is used to provide information regarding pre-
dicted and experimental interactions of proteins and the
prediction method of this database is from neighbor-
hood, gene fusion, co-occurrence, co-expression experi-
ments, databases, and text mining. By setting the
combination score > 0.4 as the reliability threshold value,
the web-based STRING database (http://string-db.org/)
was used to produce PPI predictions after uploading the
union gene list to the search bar [42]. Based on the
interplayed relationships, a PPI network was established
and then visualized using the Cytoscape software [43].
The connectivity degree of each protein, namely the
number of proteins it connected, was calculated to
evaluate its importance in this network.

Competing endogenous RNA (ceRNA) analysis of
DEIncRNAs and DEmRNAs

The possible target binding of IncRNA/mRNA and
miRNA was predicted by Dr. Tom system from BGI
with database TargetScan, miRanda and RNAhybrid.
Based on the interplayed relationships, a network was
established and then visualized using the Cytoscape soft-
ware [43].
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Statistical analysis

Statistical analysis was performed with SPSS 19.0 (IBM
Corp., Armonk, NY, USA). One- or two-way ANOVA
followed by Tukey’s post hoc test was used for compari-
son among groups > 3. Student’s ¢ test was used for
comparisons between two groups. Data in graphs are
expressed as means + SEM. Comparison is considered
significantly different if p < 0.05.

Results

Establishment of the rat model of PIPN

We first established the rat model of PIPN via multiple
paclitaxel injections (Fig. 1a). Administration of a cumu-
lative dosage of 8 mg/kg paclitaxel (4 x 2 mg/kg, 2 days
apart, intraperitoneal (i.p.) injection) elicited a robust
and persistent reduction in 50% paw withdraw threshold
(PWT) in paclitaxel-treated group rats (Pac group) (Fig.
1b), compared with vehicle-treated rats (control group).
The mechanical allodynia lasted till the end of our ob-
servation time frame (day 14). In addition, Pac group
rats also developed obvious signs of thermal hyperalge-
sia, manifested by a significant reduction of paw with-
draw latency (PWL) by Hargreaves test, as compared
with control group. The thermal hyperalgesia persisted
until the end of the observation time frame as well (day
14) (Fig. 1d). These results were consistent with previous
reports, indicating successful model establishment of
PIPN model in rats.

PIPN model rats showed over-activation of astrocytes and
microglia but no neuronal damage in SCDH

Astrocytes and microglia in spinal cord dorsal (SCDH)
horn play important roles in mediating chronic pain.
Our recent work, together with others, found that astro-
cytes and microglia were over-activated in SCDH of
PIPN model rats and involved in pain mechanisms [11-
13, 44]. We confirmed these findings by performing im-
munostaining of SCDH using GFAP and OX42, markers
for astrocyte and microglia, respectively. We found that
the expressions of GFAP and OX42 were significantly
increased in SCDH of PIPN model rats (Fig. 2a—f). This
result indicated that astrocytes and microglia were over-
activated in SCDH of PIPN model rats.

We further evaluated whether neuronal damage oc-
curred in SCDH after paclitaxel treatment. We used
ATEFS3, a widely used marker for neuronal damage for the
examination. As shown in Fig. 3a, ¢, we did not observe
any ATF3 positively stained cells in spinal cord dorsal
horn in paclitaxel-treated rats. As a positive control, we
also stained peripheral DRGs with ATF3 and found that
the number of ATF3 positively expressed neurons was sig-
nificantly increased in DRGs of paclitaxel-treated rats vs.
control rats (Fig. 3b, d), a result consistent with other
studies showing that neuronal damage occurred in
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peripheral sensory neurons after paclitaxel treatment [45].
Therefore, this result showed that spinal cord neurons are
not damaged after paclitaxel treatment. This result ruled
out the possible contribution of neuronal damage in spinal
cord to paclitaxel-induced peripheral neuropathic pain.

Transcriptome profiling of SCDH of PIPN model rats by
RNA-Seq

To gain insights into the mechanisms of paclitaxel-
induced peripheral neuropathic pain, we harvested L4-
L6 segment of SCDH of PIPN model rats and control
rats and profiled the mRNA and IncRNA expression pat-
terns using RNA-Seq technique. The sequencing pro-
duced approximate 1.092 billion raw reads per sample
and the clean reads ratio was nearly 92.0% (Table 1).
More than 96% of bases had a quality score > Q30 and
over 92% of the clean reads data were mapped to the rat
genome (Table 1). A total of 20,796 mRNAs and 13,787
IncRNAs were successfully mapped and identified from
RNA-Seq (Additional file 1: Suppl. Table 1)

We then filtered out the differentially expressed genes
(DEGs) with a criterion of fold change > 2 and g value <
0.01. These DEGs are illustrated in a volcano plot (Fig. 4a,
b). A total of 814 DEmRNAs (including 467 upregulated
and 347 downregulated) were identified. In addition, a
total of 412 DEIncRNAs (including 145 upregulated and
267 downregulated) were identified as well (Fig. 4a, b,
Additional file 2: Suppl. Table 2). The DEmRNA and
DEIncRNA were further summarized and laid out in a
heat map (Fig. 4¢, d). Hierarchical clustering analysis was
then performed for further analysis. Results indicated that
a clear segregation existed between Pac and control group,
but no segregations existed within groups (Fig. 4c, d).

Analysis of DEmRNAs and DEIncRNAs in SCDH of PIPN
model rats

Among the DEmRNAs and DEIncRNAs we have ob-
tained, some genes were well established to be involved
in pain processes. These genes include as follows: Ccl3
(C-C motif chemokine ligand 3, fold change = 15.22),
Cxclll (C-X-C motif chemokine 11 precursor, fold
change = 3.9), Cxcl13 (C-X-C motif chemokine 13 pre-
cursor, fold change = 12.37), Cd68 (cd68 molecule, fold
change = 2.3). We further analyzed the data and found
that 109 DEmRNAs showed expression changes more
than 30-fold, with 65 upregulated genes and 44 down-
regulated genes, such as Kif5bh (kinesin family member
5B, fold change = 95.32), Ccdc50 (coiled-coil domain
containing 50, fold change = 34.96), Pnpo (pyridoxamine
5'-phosphate oxidase, fold change = -110.88), Plk4 (polo-
like kinase 4, fold change = -38.95). In total, 17
DEIncRNA showed expression changes more than 30-
fold, with 12 upregulated genes and 5 downregulated
genes, such as LOC 108353231 (fold change = 96.2),
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Fig. 1 The rat model of PIPN exhibits persistent mechanical and thermal hypersensitivities. a Experimental protocol for the establishment of the rat
model of paclitaxel-induced peripheral neuropathy (PIPN). b 50% paw withdraw threshold (PWT) of right hind paw of control and Pac group rats. ¢
Normalized AUC analysis of panel (b). d 50% paw withdraw latency (PWL) of right hind paw of control and Pac group rats. e Normalized AUC analysis
of panel (d). AUCs were all normalized to corresponding control group. ~p < 001 vs. control group. n = 5 rats/group. Two-way ANOVA followed by
Tukey post hoc test was used for statistical analysis in panels (b and d), whereas Student’s t test was used for statistical analysis in panels (c and e)

LOC103693147 (fold change = 55.69), LXLOC 012126
(fold change = -101.44), and LXLOC_012123 (fold
change = - 48.37). Tables 3, 4, 5, and 6 illustrate the de-
tailed information of the top 20 up- and 20 downregu-
lated DEmRNAs and DEIncRNAs, respectively.

Validation of expression changes of DEIncRNAs and
DEmRNAs by real-time quantitative PCR (qPCR) assay and
validation of protein expressions

To validate the reliability of the RNA-Seq dataset, 13 DEmR-
NAs (5 upregulated and 4 downregulated) and 5 DEIncRNAs
(3 upregulated and 2 downregulated) were randomly selected
from the DEGs list for qPCR analysis. qPCR results indicated

that the expression of Pdk24, Slco2al, Fgf21, Zbtb16, and
Slc10a6 were all significantly upregulated, whereas Metzt/24,
Pcdhi8, Naplld, and LOc69114 were all significantly down-
regulated in SCDH of Pac group vs. control group rats, a re-
sult consistent with RNA-Seq dataset (Fig. 5a, b). We further
picked up several genes that were well established to be in-
volved in mediating inflammation or pain responses and eval-
uated their expressions by qPCR. These genes included Cc/3,
Cxcll1, Cxcll13, and CD68. qPCR results indicated that the
expression of these genes was all significantly upregulated, a
result consistent with RNA-Seq dataset (Fig. 5¢). In addition,
qPCR indicated that the expression of 3 DEIncRNAs, namely
Loc102552154, Locl108351753, and Locl02546487 were
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Fig. 2 Overexpression of OX42 and GFAP in SCDH of paclitaxel-treated rats. @ Representative immunofluorescence images indicating OX42 (a microglia
marker) antibody staining of spinal cord from control and paclitaxel-treated (Pac) groups. Areas staining positive for ATF3 are shown in red. Each dorsal horn
was outlined for further analysis. Microglia were further magnified in SCOH and outlines of microglia were illustrated in the right panel. Scale bars indicates

100 um (entire spinal dorsal horn) and 25 um (magnified dorsal hom), respectively. b Percentage of OX42 positively staining area in each observation field.
Summary of the normalized % increase in fluorescence intensity of OX42 immunostaining in each observation field. The value of each group was normalized
to that of control group. d Representative immunofluorescence images indicating GFAP (an astrocyte marker) antibody staining of spinal cord from control and
Pac groups. Areas staining positive for GFAP are shown in red. Astrocytes were further magnified and outlines of astrocytes were illustrated in the right panel.
Scale bars indicates 100 um (entire spinal dorsal homn) and 25 um (magnified dorsal horn), respectively. e Percentage of GFAP positively staining area in each
observation field. f Summary of the normalized % increase in fluorescence intensity of GFAP immunostaining in each observation field. The value of each group
was normalized to that of control group. n = 5 rats/group. ~p < 001 vs. control group. Student’s ¢ test was used for statistical analysis in panels (b, ¢, e, and f)
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significantly upregulated and 2 DEIncRNAs, namely
Loc108349645 and Loc108352578 were downregulated, which
was also consistent with RNA-Seq dataset (Fig. 5d, e).

We further validated the protein expression of two
chemokines, namely, CCL3 and CXCL11, whose gene
expression has been confirmed by qPCR. We found that
the protein expression (tested by ELISA) of CCL3 is sig-
nificantly increased in spinal cord tissue from paclitaxel-
treated rats compared with control rats (Fig. 5f). This re-
sult is consistent with the RNA-Seq and qPCR results.
However, we did not observe any significant upregula-
tion of the protein expression of CXCL11 by paclitaxel
treatment (Fig. 5g).

Function and pathway analysis of the identified
DEIncRNAs and DEmRNAs

To further investigate the molecular mechanisms under-
lying PIPN, we performed GO analysis of the DEmRNAs
that were identified. Results obtained from GO analysis
of upregulated DEmRNAs indicated that the most sig-
nificantly enriched biological process (BP) was response

to collagen fibril organization, immune response, inflam-
matory response, chemokine-mediated signaling path-
way and T cell chemotaxis, etc. (Fig. 6a, Additional file
3: Suppl. Table 3). The most significantly enriched cellu-
lar component (CC) of upregulated DEmRNAs was pro-
teinaceous extracellular matrix, extracellular matrix,
external side of plasma membrane, extracellular space
and membrane, etc. (Fig. 6b, Additional file 4: Suppl.
Table 4). The most significantly enriched molecular
function (MF) of upregulated DEmRNAs was chemokine
activity, chemokine receptor binding, cytokine receptor
activity, integrin binding, etc. (Fig. 6¢, Additional file 5:
Suppl. Table 5). In contrast, the most significantly
enriched BP of downregulated DEmRNAs was defense
response to virus, response to virus, negative regulation
of viral genome replication, purine nucleotide biosyn-
thetic process, ISG15-protein conjugation, etc. (Fig. 6d,
Additional file 3: Suppl. Table 3). The most significantly
enriched CC of downregulated DEmRNAs was endo-
plasmic reticulum, perinuclear region of cytoplasm,
extracellular region, myosin complex, cytosol, etc. (Fig.
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6e, Additional file 4: Suppl. Table 4). The most signifi-
cantly enriched MF of downregulated DEmRNAs was
2'-5"-oligoadenylate synthetase activity, ATP binding,
NADP binding, double-stranded RNA binding, nucleoti-
dyltransferase activity, etc. (Fig. 6f, Additional file 5:
Suppl. Table 5).

We also performed Gene Set Enrichment Analysis
(GSEA) to further evaluate the enriched pathways from
GO analysis. The top 12 most significantly upregulated
pathways by paclitaxel treatment deduced from GSEA
analysis (NES > 1.0, FDR < 0.25) are shown in Suppl.

Fig. 1. The GSEA analysis indicates that immune re-
sponses predominate among these pathways.

Next, we carried out KEGG pathway analysis of the
DEmRNAs. As shown in Fig. 7a (Additional file 6: Suppl.
Table 6), the upregulated DEmRNAs were mainly in-
volved in cytokine-cytokine receptor interaction, PI3K-
Akt signaling pathway, cell adhesion molecules (CAMs),
antigen processing and presentation, hematopoietic cell
lineage, etc. The downregulated DEmRNAs mainly in-
volved human papillomavirus infection, Epstein-barr
virus infection, viral carcinogenesis, etc.
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KEGG analysis of the upregulated DEIncRNAs in
SCDH of PIPN model rat were primarily enriched in
focal adhesion, neurotrophin signaling pathway, foxo sig-
naling pathway, etc. (Fig. 8a, Additional file 7: Suppl
Table 7). The downregulated DEIncRNAs were primarily
involved in MAPK signaling pathway, focal adhesion,
cGMP-PKG signaling pathway, etc. (Fig. 8b, Additional
file 7: Suppl. Table 7).

We were especially interested in pathways involved in
immunological responses, since these pathways may get
involved in mediating neuroinflammation and pain
mechanisms in SCDH of PIPN model rats. Therefore,
we continued to perform PPI analysis of the genes that
are related to immune-related biological process we
identified from GO and KEGG analysis, including T cell
chemotaxis, chemokine-mediated signaling pathway,

inflammatory response, immune response, and chemo-
kine receptor bind. In total, 42 genes were identified
thereafter and the major hub genes deduced from PPI
analysis consisted of Ccl5, Ccl3, Ccl19, Cxcr3, Cxcll3,
Cxclll, Cxcr6, Tir10, Mx2, Cybb, Csflr, etc. (Fig. 9).

Comparison of RNA-Seq dataset of PIPN rat model with
other published datasets of neuropathic pain models

We then compared the PIPN RNA-Seq dataset with
microarray/RNA-Seq datasets from rat CCI and SNI
models, two well-known neuropathic pain models. The
same criteria (fold change >2, g < 0.01) were imposed
upon both SNI and CCI microarray datasets to screen
DEmRNAs. The DEmRNAs of PIPN model had 9 and
10 genes overlapping with CCI and SNI models, respect-
ively (Fig. 10 and Additional file 8: Suppl. Table 8). In



Li et al. Journal of Neuroinflammation (2021) 18:48 Page 12 of 22

Table 3 The detailed information of the top 20-upregulated DEMRNA

Upregulated gene name Gene ID Location Q value Log, fold change (Pac/control)
Mboat7 308309 1:NC_005100.4 1.23E - 112 1047045683
Marchf2 362849 7:NC_005106.4 5.09E-86 9.963392968
Kif5b 117550 17:NC_005116.4 297E-77 9.763083788
LOC000654 1.80E-69 9.566262667
Fam168b 690188 9:NC_005108.4 2.90E-67 9.506567641
7723 310958 2: NC_005101.4 448E-62 93586638
MXLOC_008222 1.78E-58 9.248934774
Mpz 24564 13:NC_005112.4 0 9.003982058
Lamb2 25473 8:NC_005107.4 5.72E-51 8.997842807
Ap3mT 171126 15:NC_005114.4 9.07E-49 8917523643
RTI1-CI 24977 NW_001088046.1 1.09E-36 8403453182
MXLOC_031701 1.57E-35 8.345896503
MXLOC_002749 4.65E-35 8321992109
Cnmd 81512 15:NC_005114.4 2.74E-34 8282249284
Aff4 303132 10:NC_005109.4 3.14E-34 8279159906
Sptbn1 305614 14: NC_005113.4 142E-33 8244642313
Abcal 313210 5: NC_005104.4 1.35E-32 8191829602
Myof 309499 1:NC_005100.4 481E-28 7.924093716
LOC689986 689986 14:NC_005113.4 5.07E-27 7858189936
Pacsin 29704 20: NC_005119.4 7.39E-25 7.710583606

Table 4 The detailed information of the top 20 downregulated DEmRNA

Downregulated gene name Gene ID Location Q value Log, fold change (Pac/control)
Pnpo 64533 10:NC_005109.4 6.19E-96 —10.25972871
MXLOC_011484 347E-64 —9.509624869
Cul4a 361181 16:NC_0051154 4.64E-52 —9.124415381
Tmem?216 361727 1:NC_005100.4 233E-47 —8.951600521
Helz 287773 10:NC_0051094 381E-45 —8.864420971
Oasli 304507 12NC_0051114 3.27E-43 — 8.784895643
Tns1 301509 9:C_0051084 8.70E-42 —8.724083939
Myorg 366360 5:NC_005104.4 144E-37 —8.531715478
Stx1b 24923 1:NC_005100.4 4.38E-34 —8.356525666
Tmeml51a 309158 1:NC_0051004 2.57E-33 —8.315606053
Klhl20 304920 1:NC_005112.4 481E-32 -8.24578303
MXLOC_026819 5.06E-24 —7.732451143
Arid3b 367092 8:C_0051074 937E-23 —7.636486612
Dynclli1 252902 &NC_0051074 9.72E-23 —7.635266703
Daaml 314212 6:NC_005105.4 5.33E-22 —7.576894143
CTSE LOC001510 1:NC_000001.11 1.27E-20 —7.462898784
lgsf3 295325 2: NC_0051014 5.09E-20 —7410558702
Rent 362182 3:NC_0051024 6.97E-19 —7.307683071
FbIn5 29158 6:NC_005105.4 1.75E-18 —7.270057221

Csmp1 363165 8:NC_005107.4 3.35E-16 —7.038893991
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Upregulated gene name Gene ID Location Q value Log, fold change (Pac/control)
LOC108353231 108353231 20:NC_0051194 3.80E-79 9.808117242
LOC024465 2.77E-60 8.102969671
LOC103693147 103693147 &NC_0051074 1.37E-21 7462230128
LOCT100910237 100910237 1:NC_0051004 501E-14 6.709403702
LOC108352467 108352467 12NC_005111.4 491E-07 5513006489
LOCT102555451 102555451 19:NC_0051184 6.90E-15 5431212398
LOC102547829 102547829 17:NC_005116.4 4.85E-05 4928043989
LXLOC_018745 8.77E-05 4.834934584
LXLOC_028716 9.26E — 05 4.826252341
LXLOC_022035 0.000144899 4751793349
LOC102553678 102553678 4:NC_0051034 0.000159494 4.735398911
LXLOC_017539 0.000497496 4.527361782
LXLOC_024464 436E-12 4513006489
LXLOC_001959 9.75E-07 4513006489
LXLOC_009597 0.000692202 4461607337
LXLOC_034027 0.000988798 4387475607
LXLOC_000038 0.001265955 4334036348
LXLOC_034063 0.00183728 4.249972083
LOCT103690244 103690244 9NC_0051084 0.00243296 4.183544722
LXLOC_010634 0.003435335 4.09796899
Table 6 The detailed information of the top 20 downregulated DEINCRNAs

Downregulated gene name Gene ID Location Q value Log, fold change (Pac/control)
LXLOC_012126 8.13E-87 —10.07195601
LXLOC_011574 2.94E-134 —9.618850471
LXLOC_012123 1.94E-15 —6.954599061
LXLOC_011573 1.94E-15 -6.954599061
LXLOC_034631 9.80E-14 —6.750309665
LXLOC_017190 1.92E-12 —6.577846941
LXLOC_029452 6.92E-12 —6.498220766
LXLOC_025643 761E-12 —6.492168902
LXLOC_011438 3.77E-08 —5.840669668
LXLOC_014875 4.69E-06 —5.319883525
LXLOC_001291 5.37E-05 —4.978846607
LXLOC_017452 5.37E-05 —4.978846607
LXLOC_018867 0.000187381 —4.77239573
LXLOC_007757 0.000187381 —4.77239573
LXLOC_035549 2.35E-07 —4.715812201
LXLOC_015298 0.000353121 —4.656918512
LXLOC_021976 0.000714109 —4.518212241
LXLOC_015208 0.001278157 —4.393884106
LOC102550154 102550154 17.NC_0051164 0.001278157 —4.393884106
LXLOC_012552 0.001278157 —4.393884106
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addition, all three groups had a core set of 4 overlapping
genes (Fig. 10 and Additional file 9: Suppl. Table 9).

Competing endogenous RNA (ceRNA) analysis of
DEIncRNAs, miRNAs, and DEmRNAs

The translation of mRNAs may be affected by IncRNAs
via sponging miRNAs. We then constructed a competi-
tive endogenous network of IncRNA-miRNA-mRNA to
predict the mechanisms of IncRNAs and the potential
miRNA targets that they may affect. The competitive en-
dogenous RNA (ceRNA) network was created based
upon expression consistency, sequence similarity, and
maximum binding free energy. The network analysis
yielded a result of 17 DEIncRNAs, 27 miRNAs, and 35
DEmRNAs with 110 edges (Fig. 11). The network ana-
lysis further identified that the major miRNAs that were

competitively bound by ceRNAs included miR-3562,
miR-3593-5p, miR-326-5p, miR-344a-5p, miR-3541, etc.
(Fig. 11).

Discussion

In the present study, we successfully established the rat
PIPN model. We examined the gene expression profiles
with the focus on mRNA and IncRNA in lumber SCDH
of the rat PIPN model and control rats through RNA-
Seq. We found a number of differentially expressed
mRNAs and IncRNAs. We further validated their ex-
pressions via qPCR and protein assay and looked into
the molecular functions, cellular component, and the
most significantly enriched biological processes of these
DEGs by applying bioinformatic analysis. We found that
a sizeable proportion of these DEGs were exclusively
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SNI

CCl

Fig. 10 Comparison of the PIPN RNA-Seq dataset with two other microarray/RNA-Seq datasets of neuropathic pain models. Venn diagram showing
the overlapping of DEGs in DRGs from PIPN rat model with rat model of SNI and CCI neuropathic pain
.

CIPN

involved in inflammatory processes and immune re-
sponses. In addition, ceRNA analysis further identified
direct or indirect regulatory relationship may exist be-
tween these DEmRNAs and DEIncRNAs under condi-
tions of PIPN.

It is well established that astrocytes and microglia
from SCDH play crucial roles in promoting neuroin-
flammation and central sensitization during chronic pain
[46-48]. Up to date, mounting evidence suggested that
both astrocytes and microglia are important contributors
to pain mechanisms of PIPN. These glia cells make their
contributions by promoting neuron-glia communica-
tions, increasing neuronal excitability, releasing pro-
inflammatory cytokines/chemokines, etc. in PIPN model
animals [12-14]. In the present study, we found that
PIPN model rats showed significant activation of both
microglia and astrocytes in SCDH. However, an earlier
study by Zheng et al. report no increment of spinal
microglia activation associated with paclitaxel neur-
opathy using the same rat model as we used. In contrast,
some recent studies reported obvious spinal microglia
activation using the same paclitaxel model as we used in
the present study [49]. Moreover, our recent study,
which used the same paclitaxel model, also identified
significant spinal microglia activation after paclitaxel
treatment and we further evaluated the effect of

electroacupuncture on alleviating microglia activation in
spinal cord [11]. These findings are all consistent with
our present study. Recently, mounting evidence indicates
that spinal microglia is clearly activated after paclitaxel
treatment, although different dosages of paclitaxel or
treatment regime may vary in these studies [44, 50-52].
More importantly, inhibition of microglia activity further
alleviated paclitaxel-induced neuropathic pain [53], indi-
cating a critical role of spinal microglia in mediating
PIPN. At this moment, we have no clues why the study
by Zheng et al. found no microglial activation in the
spinal cord. But it has become more and more apparent
nowadays that spinal microglia are activated after pacli-
taxel treatment and played an important role in mediat-
ing neuroinflaimmation and pain response. The
sustained glial cell activation in SCDH can produce an
array of pro-inflammatory mediators, including cyto-
kines or chemokines, in spinal cord [54]. These pro-
inflammatory mediators make important contributions
to the pain mechanisms of PIPN by causing neuroin-
flammation and promoting central sensitization [13, 14].
Therefore, we performed RNA-Seq of SCDH of PIPN
model rats, with the purpose to explore the pain mecha-
nisms underlying PIPN.

KEGG analysis unraveled several signaling pathways
enriched in SCDH of PIPN model rats. Among these
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pathways, cytokine-cytokine receptor, chemokine signaling,
and PI3K-AKT pathways especially attracted our attention
since they have been implicated in mediating chronic pain.
Cytokine-cytokine receptor and chemokine signaling path-
ways are important for mediating neuron-glia crosstalk,
which plays a critical role in glial and neuron activation,
cytokine production, neuroinflammation, and pathogenesis
of chronic pain. One of the major mechanisms for conduct-
ing the crosstalk is via cytokine or chemokine release from
glia and the binding to corresponding receptors expressed
in neurons or vice versa [48, 55]. Therefore, cytokine-
cytokine receptor pathway and chemokine signaling path-
way are activated among neurons, astrocytes, and microglia
to mediate the neuro-glia crosstalk during chronic pain.
Paclitaxel can induce the production of certain pro-
inflammatory cytokines in spinal cord, including IL-17,
TNEF-q, IL-1B, etc. [12-14]. These cytokines can bind with
their receptors to enhance glutamatergic activity and sup-
press inhibitory synaptic transmission, which results in
neuronal hyperexcitability in SCDH and contributes to

chronic pain [13, 14]. Spinal PI3K-AKT pathway has also
been demonstrated to mediate chronic pain [56]. PI3Ky
and pAKT have been shown to be predominantly expressed
in spinal neurons and astrocytes and a minority of micro-
glia [57], where the pathway activation may take place.
Therefore, these results suggest that targeting cytokine-
cytokine receptor interaction, chemokine signaling, or
PI3K-Akt signaling may be novel strategies to treat PIPN.
We noticed that the most significantly enriched bio-
logical process of downregulated DEmRNAs was defense
response to virus, response to virus, negative regulation
of viral genome replication, etc. At this stage, we have
no idea how these processes might be related with pacli-
taxel treatment. But evidence indicates that, in addition
to its anti-tubulin property, paclitaxel also exerts re-
markable effects on innate immunity [58-60], which acts
as the first line to defend against viral invasion or repli-
cation before adaptive immune system kicks in. There-
fore, we postulated that paclitaxel might act on the
immune system in the spinal cord to modulate the
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expression of genes related with response to virus. But
how these biological processes might be related with
paclitaxel-induced neuropathic pain is unknown and still
needs further investigation.

We found that Cc/3 gene expression is increased in spinal
cord dorsal horn of paclitaxel-treated rats by RNA-Seq and
qPCR. ELISA test further validated the upregulation of
CCL3 protein expression. A previous study by Ochi-ishi
et al. indicated that intrathecal injection of an antibody
against CCL3 significantly attenuated paclitaxel-induced
mechanical allodynia in rats [61]. However, only gene ex-
pression but not protein expression of CCL3 was tested in
that study. Therefore, our study further proved the upregu-
lation of CCL3 protein expression in spinal cord dorsal
horn. Our study, together with the study by Ochi-ishi et al.,
suggested targeting CCL3 may offer novel therapeutic ap-
proach for paclitaxel-induced neuropathic pain.

Cxcli3 gene is among one of the most upregulated
pain-related genes in SCDH. CXCL13 is a B lymphocyte
chemoattractant with CXCR5 as its receptor. A recent
study found that in a mouse SNL neuropathic pain model,
CXCL13 was persistently upregulated in spinal cord neu-
rons, resulting in spinal astrocyte activation via CXCR5.
Cxcl13 knockdown via shRNA or genetic knockout of
Cxcr5 significantly attenuates spinal cord astrocyte activa-
tion and relieves SNL-induced neuropathic pain [62]. Re-
cent work further identified that CXCL13/CXCR5
contributes to diabetes-induced mechanical hypersensitiv-
ities by activating pERK, pSTAT3, and pAKT pathways
and promoting TNF-a and IL-6 production in SCDH [63].
Our recent work identified that Cxcli3 gene is signifi-
cantly upregulated in SCDH of a rat model of complex re-
gional pain syndrome type-I [26, 64]. These studies all
support an important role of CXCL13/CXCR5 signaling
in mediating chronic pain. Therefore, our findings suggest
that CXCL13 may be a novel therapeutic target for PIPN.

LncRNA plays a vital role in regulating the expression of
coding genes [65, 66]. Several LncRNAs have been identified
to regulate certain pain-related gene expression in chronic
pain conditions, thus contributing to regulatory mechanisms
of chronic pain [20, 67, 68]. A large number of DEIncRNAs
have been identified in DRGs or spinal cord of several neuro-
pathic pain models [69-72]. However, studies about IncRNA
identification and function under PIPN condition are still
lacking. Therefore, we attempted to screen potential
IncRNAs and identify their potential biological functions in
PIPN model rats. KEGG analysis of DEIncRNAs suggested
that they are primarily involved in neurotrophin signaling
pathway. The neurotrophin signaling, when activated by neu-
rotrophins through binding to Trk receptors, results in the
recruitment of a series of signaling proteins [73]. These sig-
naling proteins activate downstream intracellular signaling
pathways, including ERK1/2 and NF-kB pathway. ERK1/2
signaling was recently found to be upregulated and
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contributed to PIPN by enhancing Navl.7 expression in
DRGs of a rat model of PIPN [74]. Besides, NF-kB signaling
was shown to be upregulated in the spinal cord of a rat PIPN
model [75]. These results suggest that IncRNAs may modu-
late mRNA expression involved in neurotrophin signaling
pathway during PIPN, which may consequently affect down-
stream ERK1/2 s and NF-kB signaling. Thus, unravelling the
mechanisms underlying how IncRNAs participate in PIPN
may help to develop novel therapeutic approaches.

In the present study, we used saline as a control. How-
ever, the paclitaxel formulation we used for model estab-
lishment contains ingredients of Cremophor EL and
ethanol as vehicle. It is reported that Cremophor EL
may be toxic and could cause neurotoxicity per se [76].
In order to exclude the unwanted side effects of Cremo-
phor EL and ethanol on pain mechanisms in our study,
we further performed experiments to study the effects of
Cremophor EL and ethanol on pain thresholds. We
found that application of equal amount of Cremophor
EL and ethanol as in paclitaxel formulation application
produced no effect on animal mechanical pain thresh-
olds (Suppl. Fig. 2A-C). Besides, Cremophor EL and
ethanol produced no effect on astrocyte and microglia
activation in spinal cord dorsal horn (Suppl. Fig. 2D-G).
These results suggest Cremophor EL and ethanol did
not elicit pain response nor produce any effect on neu-
roinflammation in SCDH. We have to acknowledge that
these experiments cannot completely rule out potential
side effects of Cremophor EL and ethanol on other tar-
gets or signaling pathways. However, it should be noted
that using saline alone as a control was not uncommon
among literatures [49, 77-79]. It is known that paclitaxel
formulation with Cremophor EL and ethanol as vehicle
(like the one we obtained from Hospira Australia Pty.
Ltd., Australia) is still the predominant pharmaceutical
products used for chemotherapy among patients. Pa-
tients are infused with the whole formulation diluted in
saline for chemotherapy. Cremophor EL per se may
cause certain neurotoxic effects, including axonal degen-
eration and demyelination [76]. The combination of Cre-
mophor EL with paclitaxel may further promote
paclitaxel’s neurotoxicity [76]. So the observed CIPN
among patients may be due to the overall toxic effects of
paclitaxel combined with Cremophor EL. Therefore,
using saline alone as a control have its own merit such
that it could help to understand the overall effects of the
whole paclitaxel formulation, which the patients were
usually treated with, on the sensory nerve system.

Conclusions

The RNA-Seq of the present study provides a landscape
of expression changes of mRNAs and IncRNAs in SCDH
of a rat model of PIPN. Pathway and functional analysis
further identified a number of DEGs and signaling
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pathways in SCDH that may possibly contribute to the
neuroinflammation and pain response of PIPN. Our
study may provide some novel insights into understand-
ing the molecular mechanisms underlying PIPN, which
may help to develop new treatments for PIPN.
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for PIPN model establishment) was injected (i.p.) with a volume of 0.5 ml/
250 g body weight into rats at time points as indicated. (B) Effects of
saline or Cremophor EL/ethanol on mechanical pain threshold. (C)
Normalized AUC analysis of panel (A). (D) Representative
immunofluorescence images indicating OX42 antibody staining of spinal
cord from saline- and Cremophor EL/ethanol-treated groups. (E)
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value of each group was normalized to that of saline group. (F)
Representative immunofluorescence images indicating GFAP antibody
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