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Targeted cyclooxygenase-2 inhibiting
nanomedicine results in pain-relief and
differential expression of the RNA
transcriptome in the dorsal root
ganglia of injured male rats
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Abstract

Chronic constriction injury of the sciatic nerve in rats causes peripheral neuropathy leading to pain-like behaviors commonly
seen in humans. Neuropathy is a leading cause of neuropathic pain, which involves a complex cellular and molecular response
in the peripheral nervous system with interactions between neurons, glia, and infiltrating immune cells. In this study, we
utilize a nonsteroidal anti-inflammatory drug -loaded nanoemulsion to deliver the cyclooxygenase-2 inhibitor, Celecoxib,
directly to circulating monocytes following nerve injury, which provides long-lasting pain relief. However, it is not fully
understood how cyclooxygenase-2 inhibition in a macrophage traveling to the site of injury impacts gene expression in the
dorsal root ganglia. To elucidate aspects of the molecular mechanisms underlying pain-like behavior in chronic constriction
injury, as well as subsequent pain relief with treatment, we employ RNAseq transcriptome profiling of the dorsal root ganglia
associated with the injured sciatic nerve in rats. Using high throughput RNA sequencing in this way provides insight into the
molecular mechanisms involved in this neuroinflalmmatory response. We compare the transcriptome from the dorsal root
ganglias of the following study groups: chronic constriction injury animals administered with cyclooxygenase-2 inhibiting
celecoxib-loaded nanoemulsion, chronic constriction injury animals administered with vehicle treatment, a drug-free nano-
emulsion, and a group of naive, unoperated and untreated rats. The results show an extensive differential expression of |15
genes. Using the protein annotation through evolutionary relationship classification system, we have revealed pain-related
signaling pathways and underlying biological mechanisms involved in the neuroinflammatory response. Quantitative poly-
merase chain reaction validation confirms expression changes for several genes. This study shows that by directly inhibiting
cyclooxygenase-2 activity in infiltrating macrophages at the injured sciatic nerve, there is an associated change in the
transcriptome in the cell bodies of the dorsal root ganglia.

Keywords
Neuropathic pain, chronic constriction injury, neuroinflammation, celecoxib, nanoemulsion, RNA sequencing

Date received: 5 April 2020; revised: 18 May 2020; accepted: | June 2020

'Bayer School of Natural and Environmental Sciences, Duquesne
University, Pittsburgh, PA, USA

Introduction

Peripheral neuropathy is characterized as damage or
injury to the peripheral nervous system resulting in spon-
taneous pain, allodynia, and mechanical and thermal
hyperalgesia. A key mechanism underlying peripheral
neuropathy is neuroinflammation, which is thought to
be more efficient at driving chronic pain than systemic
inflammation,’ as it involves the induction of the innate
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immune response as well as activation of the nervous
system. Interactions between injured neurons, glia, and
infiltrating immune cells result in the production of
effector molecules known as inflammatory mediators,
all of which contribute to the hypersensitive state. It is
previously known that the release of inflammatory medi-
ators contributes to the induction and maintenance of
neuropathic pain leading to the alteration of neuronal
function both at the site of injury as well as at the site of
neuronal cell bodies in the dorsal root ganglia (DRG).>">
Sensitization of the injured nerve and its associated neu-
ronal cell bodies in the DRG may lead to long-term
changes in gene expression in these cells, as suggested
by RNA transcriptome studies.®®

We have utilized a neuropathic pain model in male
rats known as chronic constriction injury (CCI) of the
sciatic nerve.*>°'> Within hours of CCI, activation of
the inflammatory response occurs, resulting in cellular
and molecular expression changes at and near the site
of injury.*'® The production of inflammatory mediators
along with the activation of immune-like glial and
immune cells leads to shifts in cellular phenotypes,
which further results in changes in gene expression that
signals hypersensitivity and chronic pain in CCI ani-
mals.''” We have previously reported on gene expres-
sion changes that occur at the site of injury at the sciatic
nerve for messenger RNAs (mRNAs) involved in neuro-
inflammation as well as in the associated DRG.">*° For
example, we have previously shown that CCl-associated
hypersensitivity is associated with GAP43, NPY, and
TRPV1 mRNA expression changes in the DRG and fur-
thermore, that TRPVI1 protein expression changes in
specific CCI DRG cell bodies of neurons that innervate
the affected foot (identified by DiD retrograde label-
ing).?° In other studies, quantitative polymerase chain
reaction (qPCR) of mRNA expression in the injured sci-
atic nerve for 84 neuroinflammatory genes revealed sev-
eral distinct differences between naive, CCI, and CCI
treated with cyclooxygenase-2 (COX-2) inhibition.'
Changes in the expression of mRNAs for cytokines
and chemokines is consistent with the inflammation
and corresponding infiltration of macrophages at the
site of injury. Furthermore, the expression of transcripts
for integrins involved with selective macrophage adhe-
sion as well as changes in neuronal and glia expression
profiles were observed in the sciatic nerve dependent on
the pain or pain-relieved state.'” Administration of a
macrophage-targeted COX-2 inhibiting celecoxib-
loaded nanoemulsion (CXB-NE) revealed that by target-
ing the production of PGE, at the site of injury, pain
relief is associated with a partial reversal of the gene
expression profiles in the sciatic nerve when compared
to tissue in a pain state.'> Here, we hypothesize that
ultimately, the inflammatory milieu and tissue response
at the site of injury are communicated to the DRG where

changes in expression profiles are of particular impor-
tance given that these cells are a component of primary
sensory neurons, acting as the bridge between the
peripheral and central nervous system.

RNA sequencing allows for the exploration of the
molecular and biological mechanisms of neuropathic
pain through the analyses of whole transcriptome
changes after nerve injury. Using RNA sequencing, sev-
eral studies have previously examined pain-associated
changes in expressed RNA in the DRG.®*'"?* Here,
we report studying changes in the RNA transcriptome
in the DRG when the CCI animal is experiencing signif-
icant pain as compared to a naive animal and separately
for animals that are treated with an anti-inflammatory
nanoemulsion (COX-2 inhibiting CXB-NE). The nano-
emulsion pain-relieving therapy selectively targets the
COX-2 in macrophages, which is normally produced
by these infiltrating cells and other activated cells at
the site of injury, triggering pain.>> The nonsteroidal
anti-inflammatory drug (NSAID) CXB can be used to
treat pain through the reduction of PGE, following
selective inhibition of COX-2. We have previously
shown that localized delivery of a single micro-dose
(0.24 mg/kg) of CXB in nanoemulsion, which is incorpo-
rated in circulating macrophages/monocytes that then
naturally accumulate at the site of injury provides up
to six days of pain relief.>'*'>* An important feature
is that the nanomedicine delivers drug to the affected
injured nerve.>'*!> This creates a unique opportunity
to assess drug effects on cellular expression of RNAs
when the drug is present at the distal injury and virtually
no other parts of the peripheral nervous system. With
this approach, we have been able to reveal transcriptome
changes in the DRG associated with CXB-NE. Results
show that DRG RNAs in CClI-treated males exhibit dif-
ferential expression in association with changes in neu-
rons, activated glial cells, and multiple immune cells.

Materials and methods

Animals

Adult male Sprague-Dawley rats (Hilltop Animals,
Springdale, PA) weighing 200 to 225g at the time of
surgery were treated in accordance with the guidelines
outlined in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of
Health and Duquesne University’s approved protocol
(no. 1501-01 and no. 1803-02) by the Institutional
Animal Care and Use Committee. Efforts were made
to minimize the number of animals used in this study
and the time experiencing pain. Animals were acclimated
for five days to standard living conditions, kept on a
12-hour light, 12-hour dark cycle, and given food and
water ad libitum. Animals were kept on paper bedding
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and socially housed until the time of surgery after which
they were then individually housed. All animals were fed
a special diet to avoid autofluorescence during imaging
(Research Diets, Inc., New Brunswick, NJ; catalog no.
AIN-93G).

CCl-induced neuropathic pain

Peripheral nerve injury was induced (this was designated
“day 07) using CCI as first described by Bennett and
Xie’ and adapted previously. *>'*'5 Briefly, CCI
causes inflammation and subsequent pain when chromic
gut sutures are loosely tied around the common sciatic
nerve in the animal’s hindleg. Animals are anesthetized
with inhaled isoflurane and oxygen. Surgery is per-
formed with a heat lamp and heating pad to ensure
maintenance of body temperature and vital signs are
monitored throughout via tail flick. Aseptic technique
was used for all surgical procedures. A superficial inci-
sion in the skin, 3 to 4mm below the femur is done,
followed by a cut through the connective tissue between
the underlying biceps femoris and gluteus superficialis
muscles to expose the sciatic nerve. An approximate
8 mm section of the sciatic nerve was isolated and four
sutures (McKesson 4-0 Chromic Gut, catalog no.
S653GX) were placed 1 mm apart on the common sciatic
nerve to ligate it. Naive, unoperated rats were used as a
control. For RNA sequencing, naive rats (n=3), CCI
rats given drug-free nanoemulsion (CCI DF-NE;
n=4), and CCI rats given CXB-NE (CCI CXB-NE;
n=13) were compared.

Behavioral testing

Mechanical allodynia testing of both hind-paws was
conducted using von Frey monofilaments of increasing
diameters using the up-down method as described pre-
viously.>*152¢ Behavioral testing was conducted twice
before surgery (day 0), and days 2 through 12 after sur-
gery, with a rest day on the day of and after surgery. The
50% paw withdrawal threshold was calculated and treat-
ment groups were analyzed by two-way analysis of var-
iance (ANOVA) and post hoc Tukey testing using
GraphPad Prism 8.0. >!°

Nanoemulsion administration

CXB-NE and drug-free nanoemulsion (DF-NE) (vehi-
cle)> 4152527 treatments were randomized and blinded
to investigators. Nanoemulsion was administered on day
8 when the animal is reaching a plateau of pain behav-
jor.*'*!5 Animals were lightly anesthetized and admin-
istered nanoemulsion through intravenous tail vein
injection as previously described.”® After nanoemulsion
enters the bloodstream, it is picked up by circulating

macrophages/monocytes through phagocytosis; the

macrophages naturally accumulate at the site of
injury. 5142729

Tissue dissection and RNA extraction

On day 12, a total of 10 animals (3 Naive, 4 CCI DF-
NE, and 3 CCI CXB-NE) were euthanized via humane
carbon dioxide inhalation. Ipsilateral L4 and L5 DRGs
were immediately collected and stored in RNAlater (Life
Technologies, New York, NY) for 24 hours at room
temperature and then kept at —20°C until RNA extrac-
tion. Ipsilateral DRGs from L4 and L5 for each individ-
ual animal were combined and used for RNA extraction.
Total DRG RNA was isolated with a Qiagen RNeasy
Plus Mini Kit (Qiagen Inc, Valencia, CA) according to
manufacturer’s instructions. Quality was initially
checked using the NanoDrop 1000 (Thermo Fisher
Scientific, Waltham, MA). RNA quantification was per-
formed using a Qubit (Thermo Fisher Scientific) and
integrity was measured with Tape Station (Agilent,
Santa Clara, CA). Only RNA samples with a minimum
RNA integrity number value above 6.6 were used for
sequencing.”

Whole transcriptome RNA sequencing

Total RNA was analyzed using an Illumina sequencer
for each condition. Library preparation was performed
according to manufacturer’s instructions using the
Takara SMARTer Stranded Total RNA-Seq Kit, Pico
input Mammalian vl (Mountain View, CA), with 2 ng
total RNA input. Total RNA is converted to comple-
mentary DNA (cDNA) via reverse transcription with
random hexamers and proprietary code-switching tech-
nology, which maintained RNA strand information.
Five cycles of PCR added barcode sequencing indexes
followed by double SPRI size selection. Ribosomal
cDNA was depleted via the cleavage with Zap-R and
mammalian-specific R-probes. Remaining library was
enriched with 12 cycles PCR followed by SPRI bead
reaction clean up. Library was loaded on a
NextSeq500 (Illumina, Hayward, CA) at 1.8 pM with
20% Phi-X. The sequences were trimmed and reads
with a minimum of 75 base pairs were used. RNA
sequencing was performed by the Genomics Research
Core at the University of Pittsburgh.

Differential expression analysis

The resulting sequencing data were mapped to the
Rattus norvegicus reference genome from ENSEMBL
using HISAT whole genome and SALMON whole tran-
scriptome mapping. Reads per kilobase per million
mapped reads were calculated for each gene hit count
to determine the expression levels. Relative differential
expression analysis for each transcript between the
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groups was calculated as the number of readings map-
ping to each transcript normalized by the transcript
length and the total number of mapped reads using
Student’s ¢ test. Differential expression analysis was
done in conjunction with the Genomics Analysis Core
at the University of Pittsburgh. Raw P values and
adjusted P values (false discovery rate; FDR values)
were calculated for all genes. We report data as signifi-
cant if the raw P value <0.05 and/or the FDR value
<0.50 to <0.05. The statistical measurement used is
indicated within each given dataset. Heatmaps were gen-
erated using Prism 8 Version 8.4.2. Genes with expressed
RNAs shared between all three conditions (Naive, CXB-
NE, and DF-NE) and that had an FDR <0.05 were
selected resulting in the collection of 57. Values
mapped were the Log, of the counts per million.

GO and enrichment analysis

Genes previously annotated based on relevant functional
gene ontology (GO) descriptions were compared to our
dataset using GO database.’’ GO annotations and func-
tional enrichment analysis were applied to investigate
the roles of all differentially expressed genes between
CCI DF-NE and CCI CXB-NE animals. Protein anno-
tation through evolutionary relationship (PANTHER)
pathway analysis based on functional classifications
and GO analysis hierarchical categories according to
the Biological Process, Molecular Function, and
Cellular Components of the differentially expressed
RNAs (http://www.pantherdb.org) of FDR <0.50 were
used in Table 6 and Supplemental data (Supplemental
Table 7). Kyoto Encyclopidia of Genes and Genmoes
(KEGG) Pathway functional analysis was performed
using g:Profiler (version €99 _egd6_pl4 _{929183) with a
2:SCS multiple testing correction method applying a sig-
nificance threshold of 0.05.*> Reactome pathway analy-
ses” were also applied (FDR <0.05; http://www.
reactome.org) to clucidate annotated pathways involved
in the pain state when CXB-NE is administered com-
pared to DF-NE to the pain state. All differentially
expressed genes were applied to the Gene Expression
Database®* (http://informatics.jax.org) to further dem-
onstrate their individual roles in the maintenance and
transduction of neuropathic pain under CCI conditions
when COX-2 is attenuated with CXB-NE.

Literature search of neuroinflammatory genes

A comprehensive literature search containing the search
terms CCI, CXB, and each term category listed in
Tables 7 and 8 was conducted in peer-reviewed primary
literature databases (PubMed, Science Direct, PubMed
Central, among others). In addition, the Gene

Expression Database®® and GO PANTHER database
were both utilized to help identify gene function.

Validation of genes by quantitative real-time PCR

The extracted total RNA from the DRGs was reverse
transcribed into ¢cDNA using RT? First Strand Kit
(Qiagen, Germantown, MD) according to the manufac-
turer’s instructions. qPCR using pooled L4 and L5 DRG
tissues from rats from the RNA sequencing study and
additional rats were used. gPCR was performed using
individual RT? primer assays (Qiagen) on the ABI
StepOnePlus cycler (Applied Biosystems, Waltham,
MA) with RT? SYBR green with ROX (Qiagen) accord-
ing to manufacturer’s instructions. Each reaction was
performed in triplicate and normalized to the house-
keeping gene glyceraldehyde 3-phosphate dehydroge-
nase. Analysis was done using the Livak method®
where fold change values were calculated compared to
the naive control group. A two-tailed Student’s ¢ test,
standard deviation, and error were calculated. A one-
way ANOVA followed by post hoc testing and Tukey’s
multiple comparison test with GraphPad Prism (version
8, San Diego, CA). A P value <0.05 was considered sta-
tistically significant in all analyses.

Results

Mechanical allodynia in CCl rats and relief from
hypersensitivity with a microdose of CXB
nanoemulsion

Consistent with previous studies, male rats experiencing
sciatic nerve CCI*?'*! exhibit peripheral neuropathy in
the ipsilateral hindpaw, which can be demonstrated with
footpad stimulation by von Frey monofilaments of
increasing diameter. Behavioral testing of animals in
this specific study illustrates a behavioral baseline
(before animals receive surgery) of no significant differ-
ence in pain-like behavior among the populations in this
study (Figure 1). Mechanical allodynia testing was not
conducted on the day of surgery (day 0) but was contin-
ued on days 2 to 12 following CCI surgery. All CCI
animals used in this study exhibit behavior indicative
of increasing hypersensitivity up to day 8 (Figure 1), at
which time the population was divided into naive (no
surgery and no injection treatment), those that receive
intravenous injection of CXB-NE and those that receive
an intravenous injection of DF-NE (vehicle). By day 10
(two days postinjection), animals receiving CXB-NE
experience a statistically significant decrease in allodynia
compared to those receiving vehicle (DF-NE; Figure 1).
There is no statistically significant difference between
CCI CXB-NE behavior and naive rats on days 11 and
12 indicating that the CCI animals were experiencing
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Figure 1. Pain relief behavioral testing of the animals used in this study and timeline of events following treatment. Celecoxib-loaded
nanoemulsion (CXB-NE) reduces pain-like behavior in CCl animals within one day of administration compared to those receiving drug-
free nanoemulsion as a vehicle (DF-NE). By day 12, injured rats given CXB-NE return to baseline behavior, whereas rats treated with CCl
DF-NE continue to exhibit hypersensitivity (displayed as ***). Data are expressed as a mean + SD. Significance was determined by two-
way ANOVA and post hoc Tukey’s multiple comparison test (P <0.0001). Animals underwent mechanical allodynia on the ipsilateral
hindpaw two days prior to surgery (days —2 and —1), a rest day on day 0 (day of CCl surgery) and day |, and continued von Frey testing
until euthanasia (day 12). Tail vein injection of nanoemulsion occurred as pain-like behavior plateaus on day 8. All animals were euthanized

on day 12.

significant pain relief, whereas the CCI DF-NE animals
continue to reflect significant hypersensitivity (Figure 1).

RNAseq analysis

To identify transcriptional profiles of RNA in DRG
experiencing peripheral nerve injury, high-throughput
RNA sequencing was performed on total RNA
extracted from DRG recovered from animals on
dayl12 post CCI surgery. Male rats were administered a
single dose of nanoemulsion (0.24 mg/kg) intravenously
on day 8 postsurgery, a time when pain-like behavior
approaches a maximum. Total RNA was isolated
from L4 and LS5 ipsilateral DRG (and combined) for
uninjured naive rats as well as injured CCI (DF-NE)
and CCI CXB-NE drug-treated rats. With alignment
to the Rattus norvegicus reference genome, overall,
the RNA sequencing of the naive animal DRG produced
18.8 million raw sequences of which 12.7 million
sequences mapped to the reference genome representing
21,152 transcripts from 14,717 genes (Table 1).
The sequencing from CCI DF-NE animals represented
20.2 million raw sequences, 13.4 million mapped to
the genome corresponding to 21,218 transcripts for
14,753 genes (Table 1). The analysis of the RNA
from CCI CXB-NE DRG found 26.1 million raw

sequences, 18.8 million of which mapped to the rat
genome, corresponding to 22,541 transcripts for 15,642
genes (Table 1).

The analysis shows that between 30% and 40% of the
RNAs detected correspond to exonic elements that code
for mRNAs that can be translated into protein
(Figure 2). Noncoding base pairs comprising intronic
and intergenic elements consist of the majority of the
represented sequence elements that were detected.
Intronic elements were expressed evenly in naive and
CCI DF-NE at 14%. A higher number of intronic
sequences were detected for CCI CXB-NE at 21% over-
all (Figure 2). Intergenic elements dominated the
detected RNAs; naive 48%, CCI DF-NE 49%, and
CCI CXB-NE 40% (Figure 2).

A comparison between RNAs detected in DRGs from
vehicle (DF-NE), versus COX-2 inhibited (CXB-NE),
and naive shows that 8,948 distinct genes are expressed
in all three conditions. Gene biotype analysis was per-
formed for those RNAs that were differentially
expressed showing that the majority of transcriptional
changes were observed in protein-coding genes (94%).
The remaining differentially expressed RNAs are consid-
ered noncoding, being composed of 111 (1.2%) RNAs of
known long noncoding genes (IncRNAs) and as
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Table I. Mean number of raw and mapped reads, transcripts and genes detected, and standard deviation.

Naive

Condition Control

Ccl Ccl
DF-NE CXB-NE

18.8 x 10°+ 1.2 x 10°
12.7 x 10°+8.4 x 10°
21,1524+ 114
14,717 +90

Raw sequences
Mapped sequences
Transcripts detected
Genes detected

26.1 x 106+ 1.1 x 10°
188 x 10°+8.1 x 10°
22,541 + 167
15642+ 118

20.2 x 10°+£2.9 x 10°
13.4x 10°+2.2 x 10°
21,2184 524
14,753 + 375

Note: Mapped pairs are the total number of pairs for which both ends map; Transcripts/Genes Detected is the number of transcripts/genes with at least five
reads. CCI: chronic constriction injury; CXB-NE: celecoxib-loaded nanoemulsion; DF-NE: drug-free nanoemulsion; M: Millions.
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Figure 2. Distribution of gene elements. The mapped percentage
of expressed exonic, intronic, and intergenic elements in naive,
CCI DF-NE, and CCI CXB-NE conditions. There is a higher per-
centage of intronic reads in CCl CXB-NE compared to naive and
CCI DF-NE and a lower percentage of intergenic reads. CCl:
chronic constriction injury; DF-NE: drug-free nanoemulsion;
CXB-NE: celecoxib-loaded nanoemulsion.

microRNAs (miRNAs; 0.07%). An additional 322
RNAs account for the remaining (2.79%) found within
the samples but are not shown.

CCl of the sciatic nerve leads to differential expression
of RNAs in the DRG

Table 2 shows the number of differentially expressed
RNAs out of the 8,948 RNAs that were analyzed for
statistically significant differences in the comparisons
of control animals (naive) versus CCI DF-NE (DF-
NE) treated rats, control versus drug-loaded nanoemul-
sion (CXB-NE) treated CCI rats, and between the
treated and untreated pain states. A comprehensive
table of all statistical values studied is in Table 2, includ-
ing the traditional “raw P values” of <0.05 and <0.001
and the more stringent False Discovery Rate (“FDR”)
value ranging between <0.05 and 0.50. The FDR value

is the adjusted P value, and its interpretation is that with
a raw P value of <0.05, 5% of 100 of those are false
positives. Although the traditional raw P values can still
be reliably utilized, with the FDR, we can say with con-
fidence that these values are not false positives. When
compared to naive-unoperated controls (pain free), CCI
DF-NE (in pain) exhibited 183 total RNAs that were
differentially expressed (raw P value <0.05) and 16
with a raw P value <0.001. When the analysis calculates
the adjusted P value (FDR <0.05) zero genes were
revealed as significant; however, when the FDR value
is increased to <0.50 and a raw P value <0.001, 16
genes are differentially expressed; 9 up-regulated and 7
down-regulated. Interestingly, these are the same genes
within both statistical categorizations. When comparing
naive (unoperated, pain free) to CCI CXB-NE animals,
584 total RNAs are differentially expressed with a sta-
tistically significant raw P value <0.05 and 78 RNAs
with a statistically significant FDR value (<0.05).
When comparing untreated injured animals, CCI DF-
NE (pain) to CCI CXB-NE (COX-2 inhibiting nanoe-
mulsion treated pain relieved) 675 genes differentially
expressed were shown to be statistically significant
(raw P value <0.05). Of those RNAs, 487 were up-reg-
ulated in the pain relieved state (CCI CXB-NE), while
188 were down-regulated (in CCI CXB-NE; Table 2).
When considering the adjusted P value (FDR) <0.05
for the comparison of CCI DF-NE (pain) to CCI
CXB-NE (COX-2 inhibiting nanoemulsion treated pain
relieved) 115 genes were found to be differentially
expressed (Table 2). Of those 115 genes, 98 were up-reg-
ulated in pain relief (CCI CXB-NE) and 17 were down-
regulated (in CCI CXB-NE; Table 2). All further differ-
ential expression analyses in this work focus on tran-
scriptional differences among the pain state animals;
all other data can be found in the Supplemental data
(Supplemental Tables 1-6) section. Additionally, data
reported in the Supplement includes all data with a sig-
nificant P value (<0.05).

Comparison of detected RNAs from CCI DF-NE
(pain) to CCI CXB-NE (pain-relieved COX-2 inhibited)
revealed significant changes in a total of 115 genes, 91 of
which are considered protein-coding genes, 82 exhibiting
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Table 2. Numbers of RNAs differentially expressed utilizing multiple statistical values.

Naive vs. Naive vs. CCI DF-NE vs.
CCI DF-NE CCI CXB-NE CCI CXB-NE

Raw P value data

Differentially expressed (P < 0.05) 183 584 675

Upregulated genes 110 514 487

Downregulated genes 73 70 188
FDR data

Differentially expressed (FDR < 0.05) 0 78 115

Upregulated genes 0 72 98

Downregulated genes 0 6 17
FDR data

Differentially expressed (FDR < 0.10) 0 107 164

Upregulated genes 0 97 141

Downregulated genes 0 10 23
FDR data

Differentially expressed (FDR < 0.50) 16 316 550

Upregulated genes 9 287 487

Downregulated genes 7 29 63
Raw P value data

Differentially expressed (P <0.001) 16 97 136

Upregulated genes 9 88 116

Downregulated genes 7 9 20

Note: Up-regulated and down-regulated values represent the latter condition compared (CCI DF-NE genes up- and down-regulated
when compared to naive, CCl CXB-NE genes up- and down-regulated when compared to naive; and RNAs of CCI CXB-NE up- and
down-regulated when compared to CCl DF-NE). CCl: chronic constriction injury; CXB-NE: celecoxib-loaded nanoemulsion; DF-NE:

drug-free nanoemulsion; FDR: false discovery rate.

elevated expression while pain is relieved, with 9 genes
down- regulated, and 24 representing noncoding tran-
scripts; 57 of these genes are also shared with the naive
condition and their comparative expression levels visu-
alized in Figure 3.

Table 3 illustrates the detailed information of the 25
up-regulated protein-coding genes with the greatest
fold-change in expression along with their associated
molecular function (NCBI database). During COX-2
inhibition (CCI CXB-NE), Prosaposin-like 1 (Psalpl)
shows the highest expression change of 42-fold (essen-
tially going from undetectable to expressed at a high
level), with other notable genes including Leucine-rich
repeat transmembrane neuronal 1 (LRRTM1), transient
receptor potential cation channel, subfamily V3
(TrpV3), and potassium voltage-gated channel subfami-
ly J, member 9 (Kcnj9) exhibiting an increased expres-
sion after administration of the anti-inflammatory
CXB-NE (Figure 3). Table 4 illustrates those significant
down-regulated protein-coding genes in CCI CXB-NE,
having a raw P value <0.05, with their protein function
as reported by NCBI. Of the 17 down-regulated tran-
scripts (FDR <0.05) in the pain relief state (CCI
CXB-NE) compared to the pain-state (CCI DF-NE), 9
of which are protein-coding (Table 4).

Of these differentially expressed genes in pain-state
versus pain-relieved animals, four are previously

annotated IncRNAs, all of which experience an
increased expression after CXB-NE (Table 5). While
these IncRNAs are annotated in ENSEMBL, there is
however no known role ascribed to their pathogenesis
in neuropathic pain.

Functional enrichment analysis

To further examine the mechanisms of differentially
expressed RNAs within the pain states, GO (http://
www.pantherdb.org) annotation and functional enrich-
ment analyses were performed.>' GO relies on grouping
known genes into categories of common function. The
number of genes within each GO category encompasses
all genes reported with significant enrichment (FDR
<0.05) and that represent functional pathways already
annotated (Table 6). This analysis shows that mRNAs
exhibiting differential expression in this analysis are
members of 14 functional pathways. We find there are
up to 10 differentially expressed mRNAs in CCI DF-NE
versus CCI CXB-NE that are evident in these 14 distinct
pathways (Table 6 and Supplemental Table 7). GO
revealed the most significantly enriched “biological proc-
esses” were the collection of “gene expression” (classified
per its GO class as GO:0010467) and response to drug
(G0O:0042493; Supplemental Table 7). The most signifi-
cantly enriched “molecular functions” include molecular
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Figure 3. Heatmap showing log, count per million (CPM) of the 57 genes shared across all 3 conditions with an adjusted P value (FDR)

<0.05.

transducer activity (GO:0060089) and signaling receptor
activity (G0O:0038023; Supplemental Table 7). The more
specific, GO Slim analysis of molecular function reveals
G-protein-coupled receptor activity (G0O:0004930) and
transmembrane signaling receptor activity
(G0O:0004888), both of which are noted in GO molecular
function as well. Twenty statistically enriched cellular
components are shown in the pain state when CXB-

NE and DF-NE animals are compared. Notable cellular
components include membrane-bounded organelle
(G0O:0043227), intracellular membrane-bounded organ-
elle (GO:0043231), and cytoplasmic part (GO:0044444;,
Supplemental Table 7).

KEGG signaling pathway analysis comparing 675
differentially expressed genes (raw P value <0.05)
among CCI DF-NE and CCI CXB-NE conditions
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Table 3. Top 25 up-regulated protein-coding genes differentially expressed between CCI DF-NE and CCI CXB-NE rats with an FDR

<0.05.

Gene description Gene ID Fold change FDR ENSEMBL Gene ID Molecular function

Prosaposin-like | Psalp| 42.204 0.00073 ENSRNOGO00000006845  Neurotrophin/Growth

Factor

Anterior gradient 2 Agr2 33.680 0.03118 ENSRNOG00000005023  Adhesion

Anti-silencing function 1A Asfla 33.637 0.00734 ENSRNOGO00000000415  Histone chaperone
histone chaperone

Leucine-rich repeat trans- Lrrtm3 32.088 2.55E-24  ENSRNOGO00000026466  Synaptic transmission
membrane neuronal 3

Nudix hydrolase 16 like | Nudtl6ll 29.052 0.04646 ENSRNOG00000003224  Signal transduction

Membrane associated ring- March 10 27.061 0.04993 ENSRNOGO00000007084  Ubiquitination
CH-type finger 10

Myosin VIIb Myo7b 23.855 3.40E-05  ENSRNOGO00000015035  Adhesion

Myosin heavy chain 6 Myhé 22.701 4.00E-31 ENSRNOGO00000025757  Adhesion

Transmembrane BAX Tmbim| 21.271 0.00016 ENSRNOGO00000014797  Innate immune system
inhibitor motif containing |

Leucine-rich repeat trans- LRRTMI 21.265 0.0001 1 ENSRNOGO00000006093  Synaptic transmission
membrane neuronal |

Arrestin 3 Arr3 17.859 0.00384 ENSRNOG00000002904  Signal transduction

Tissue inhibitor of Timp4 16.811 8.52E-05  ENSRNOGO00000007955  Signal transduction
metalloproteinase 4

Codanin | Cdanl 16.177 0.00083 ENSRNOGO00000047427  Cytoskeletal

Centrosomal protein 295 Cep295 14.559 3.40E-07 ENSRNOGO00000010999  Centriole biosynthesis

Similar to Vomeromodulin LOC690507 13.594 0.02271 ENSRNOGO00000015637  Signal peptide for

olfaction

Fanconi anemia, Fancc 12.978 0.00461 ENSRNOGO00000016889  Complement
complementation group

AABR07000595.1 AABR07000595.1 12.822 0.00014 ENSRNOG00000030796 ~ Unknown

MYC binding protein 2, E3 Mycbp2 12.429 0.0155 ENSRNOGO00000010479  Axon guidance and
ubiquitin protein ligase Signal transduction

Solute carrier family 10 SlclOal 12.363 0.0043 ENSRNOG00000005794  lon channel
member |

Leucine zipper protein | Luzpl 12.355 0.04913 ENSRNOG00000022402  Transcription factor

Transient receptor potential Trpv3 12.111 3.32E-07  ENSRNOGO00000019606  lon channel
cation channel, subfamily V,
member 3

Sulfotransferase family |A Sultlal I1.715 0.03341 ENSRNOGO00000019342  Neurotransmission
member |

Mucin 6 Mucé 11.632 0.0074 ENSRNOGO00000056817  Adhesion

Potassium voltage-gated Kcnj9 11.274 0.0008 ENSRNOGO00000007645  lon channel
channel subfamily |
member 9

Single-minded family bHLH Sim2 11.092 0.0001 ENSRNOGO00000054203  Transcription factor

transcription factor 2

FDR: false discovery rate.

displays a single statistically significant KEGG pathway
of Calcium signaling (KEGG:04020). When drug is pre-
sent (CCI CXB-NE vs. naive) between the 584 differen-
tially expressed genes (raw P value <0.05), cell cycle
(KEGG:04110) show KEGG pathway expression; how-
ever, no significant KEGG signaling pathways between
CCI DF-NE and naive conditions are noted. Reactome
pathway (www.reactome.org) analysis®® shows that

when COX-2 is inhibited in macrophages, there is a sta-
tistically ~ significant activation of two pertinent
Reactome  pathways:  neutrophil  degranulation
(R-RNO-6798695) and the innate immune system (R-
RNO-168249). Furthermore, PML-RAR alpha-regulat-
ed adapter molecule 1, Praml, is known to be involved
in neutrophil degranulation and has a fold change of
8.73 in the COX-2 inhibiting CXB-NE pain-relieved
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Table 4. Top downregulated protein-coding genes differentially expressed between CCl DF-NE and CCI CXB-NE rats with an adjusted P

value (FDR) < 0.05.

Gene description Gene ID  Fold change FDR ENSEBML gene ID Molecular  function
Histone H4 variant H4-v.1 | Histlh2ao  0.0308 0.04061  ENSRNOGO00000058444 Nucleosome formation
U2 small nuclear RNA auxiliary factor | U2afl 0.0742 0.0218 ENSRNOGO00000045860  Splicing factor

Poly (ADP-ribose) polymerase 2 Parp2 0.3284 2.58E-19 ENSRNOG00000008892  ADP-ribosylation

RNA polymerase Il subunit B Polr2b 0.3573 I.55E-05 ENSRNOG00000024779 RNA Polymerase
Bestrophin | Best| 0.5881 5.09E-05 ENSRNOG00000020346 lon channel
Coiled-coil domain containing 152 Ccdcl52 0.5883 0.01017  ENSRNOGO00000039473  Unknown

ER membrane protein complex subunit 9  Emc9 0.6310 0.01652  ENSRNOGO00000019162  Unknown

Strawberry notch homolog 2 Sbno2 0.7007 0.00027 ENSRNOGO00000013987  Transcription factor
TLC domain containing | Tledl 0.7033 1.40E-08 ENSRNOGO00000012579  Membrane assembly

FDR: false discovery rate.

Table 5. Differentially expressed annotated IncRNAs between
CCI DF-NE and CCI CXB-NE rats with an adjusted P value
(FDR) <0.05.

Fold
Gene name change FDR ENSEBML gene 1D
AABR07033570.1 50.95  .000l ENSRNOG00000056730
AABR07033249.1 27.06 0.049 ENSRNOG00000055 160
AABR07062800.1 15.77  0.0046  ENSRNOG0000005486 |
Rn60_1_22122  4.97 4.15E-12 ENSRNOG00000062127

FDR: false discovery rate.

state. Expression changes in Importin 7 (Ipo7) and
Strawberry Notch Homology 2 (Sbno2) are two genes
involved in the activation of the innate immune system.
Sbno?2 is reduced in expression when CXB-NE is present
(fold change 0.70) and Ipo7 is increased (6.9 fold
change).

Genes previously implicated in neuroinflammation

Several genes that have been previously reported to
exhibit differential expression in neuroinflammation
and/or the neuropathic pain were independently
revealed in our analysis as summarized in Tables 7
and 8. Table 7 illustrates mechanism-specific genes
expressed in the pain state compared to pain relief
after injection of COX-2 inhibiting CXB-NE, with up-
regulation and down-regulation noted with arrow sym-
bols. Table 8 shows previously identified cell-specific
expression with specific changes following CXB-NE.
Based on GO analysis using the Gene Expression
Database,*® genes with overlapping expression in the
pain and immune responses include the purinergic
ligand-gated calcium channel P2rx4, the G-protein-cou-
pled PGE, receptor, Ptgerl, and IL-16, a pro-
inflammatory cytokine that is chemotactic for CD4+
T-lymphocytes. Genes that normally exhibit neuronal
expression and that are involved with the overall

neuroinflammatory response include the sodium chan-
nels Scn8a/Navl.6 and Scnlla/Navl.9; the calcium
channels Trpvl, Trpv3; and the NMDA receptor
Grin3b/NMDAR3b. Significant expression changes
occur when CXB is administered in the pain-state and
include mRNAs associated with axonal growth cone
(FIrt3), growth cone (LRRTMI1), axon guidance
(FlIrt3), regulation of axon guidance (Mycbp2), response
to axon injury (FIrt3), and axonogenesis (Mapla, Dst).
Molecular expressions of genes involved in the immune
response are noted including the f-arrestin 2 (Arrb2).
Transforming growth factor f§ receptor signaling path-
way activation including importin 7 (Ipo7) involved with
the innate immune response, strawberry notch 2 (Sbno?2)
involved with macrophage activation, and PML-RAR
alpha-regulated adaptor molecule 1 (Praml) a compo-
nent of integrin-mediated signaling as well as T cell
receptor signaling, regulation of neutrophil degranula-
tion, and lysine (K)-specific demethylase 5D (Kdm5d),
which is involved with T cell antigen processing and pre-
sentation. SH2B adaptor protein 3 (Sh2b3) a component
of the cellular response to chemokines and negative reg-
ulation of chemokine-mediated signaling pathways and
Fanconi anemia complementation group C (Fancc)
involved in myeloid cell homeostasis. All differentially
expressed gene ontologies are listed in the Supplemental
Table 7.

Validation of genes by qPCR

Quantitative reverse transcription PCR was conducted
on RNA purified from DRG amplified with primers for
TrpV3, Scn8a, Praml, IL-16, Ipo7, Flrt3, and Ifngr
(Figure 4). All of these genes exhibited elevated RNA
expression in the CCI DF-NE pain-state as compared to
naive when using RNA sequencing. All of these mRNAs
when individually assessed by qPCR also exhibited ele-
vated expression in the CCI CXB-NE pain-treated state
compared to when the animals are in a pain state (CCI
DF-NE). These results confirm the observation that
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Table 6. Gene Ontology (GO) Panther functional pathway analysis.

Functional pathway

Genes involved

5HT?2 type receptor-mediated signaling pathway (P04374)
Angiogenesis (P0O0005)
Blood coagulation (PO0OI I')
Cytoskeletal regulation by Rho GTPase (P00016)
FAS signaling pathway (P00020)
Gonadotropin-releasing hormone receptor pathway (P06664)
Heterotrimeric G-protein signaling pathway (P00026, P00027)
Huntington disease (P00029)
Inflammation mediated by chemokine and
cytokine signaling pathway (P0003 1)
Integrin signaling pathway (P00034)

Muscarinic acetylcholine receptor 2 and 4 signaling pathway (P00043)
Oxidative stress response (P00046)
Nicotinic acetylcholine receptor signaling pathway (P00044)

TCA cycle (P00051)
VEGF signaling pathway (P00056)
Wht signaling pathway (P00057)

Gnal |, Slca4, Plcd3, Cacnalc, Htr2b

Pla2g4b, Fos, PId2, Apc, Angpt2, Sphk2, Cryab

F2ri2

Myhé

Parp2

Gnall, Ptgerl, Fos, Cacnalc, Itpr2

Kcnj9

Rhog, Fos, Htt, Grin3b, Dynclhl, Optn, Arfé

Myhé, Pla2g4b, Gnal |, Rhog, Myh7b, Camk2g, Adcy5,
Ifngrl, ltpr2

Parva, Arhgap26, Lama5, Actn3, CollOal, Arf6, Parva,
Lama3, Col5a3

Kcnj9

Pla2g4b

Myhé, Myo7b, Myol9, Myo|8b, Myh7b, Chrnbl,
Cacnalc

Aco2

Pla2g4b

Arr3, Myh6é, Gnal I, Wnt4, Myh7b, Apc, Pppr2r5b,
Myhéb, Cdhl5, ltpr2, Arr3, Smarcd3

The number of genes within the previously annotated functional pathways with significant enrichment (FDR <0.5). Includes genes differentially expressed
between CCI DF-NE and CCI CXB-NE animals. Displays genes with an FDR <0.05 or genes with an FDR <0.5 and exhibits more than 4 genes per pathway.

there is a shift in expression for these transcripts when
CXB-NE is present.

Discussion

RNA sequencing allows for the exploration of an aspect
of the molecular and biological mechanisms underlying
neuropathic pain through the analyses of transcriptome
changes. Identifying gene expression changes in the pain
state (CCI DF-NE) is important in defining the mecha-
nism of neuropathic pain and the sustained chronic pain
response that ensues long after injury has occurred. Up
until recently, relevant gene expression studies have been
limited to individual genes and subset of genes via qPCR
and microarrays.>'>'® Although these techniques are
vital in gene expression studies, they can only be utilized
to identify known RNA transcripts. RNA sequencing
differs in that it allows for the identification of expressed
RNAs not previously known. Thus, researchers have
begun to reveal RNA transcriptome changes in the
affected tissues underpinning pain in small animal
models.”#21222* Mounting evidence indicates that dif-
ferential expression of transcripts in the DRG coding for
ligand-gated ion channels, cell signaling molecules, G-
protein-coupled receptors, and neuroimmune-specific
precursors are all involved in the establishment of the
perceived pain.®?*?* We sought to further this analysis
by assessing whole transcriptome changes in the DRG
for animals experiencing pain relief from a state of

modeled neuropathic pain as a result of treatment
with the COX-2 inhibiting NSAID, CXB packaged in
nanoemulsion. The effective dose of CXB is a single
micro-dose, delivering COX-2 inhibiting CXB-NE to
the site of injury, which provides about a week a pain
relief. We reveal a novel drug effect on the differential
expression of RNAs associated with neurons, activated
glial cells, and multiple immune cells in the proximal
dorsal root ganglion. Additionally, we use PANTHER
GO and functional enrichment analyses to reveal 14
distinct pathways implicated when CXB-NE is given
to CCI animals. REACTOME pathway analysis indi-
cates an altered neuroinflammatory response with
changes in neutrophil granulation and the innate
immune system within the cell bodies of injured rats.
Moreover, we use qPCR to explore a subset of genes
that show elevated expression in CCI rats experiencing
a state of pain-relief following administration with
CXB-NE, compared to those in a pain state ( DF-
NE). This subset of genes has been previously reported
in the literature to be involved in neuroinflamma-
tion.* 1322233637 RNAs revealed in this current study
are inclusive of both protein-coding (mRNAs) and
nonprotein-coding including recently annotated
IncRNAs. Overall, the impact of a precise drug inhibi-
tion of COX-2 and the corresponding reduction in
PGE, production at the site of injury broadly influence
RNA expression in multiple cell types of the corre-
sponding DRG.
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Figure 4. Individual qPCR analysis of distinct genes showing
differentially expressed in the pain (CCl DF-NE) compared to the
pain-relieved (CCI CXB-NE) state. CCl animals given CXB-NE
exhibit increased expression of seven known neuroinflammatory
genes consistent with the RNAseq analysis.

The main achievement of this study is the demonstra-
tion that treatment of neuropathic pain achieved by tar-
geted inhibition of COX-2 in macrophages leads to
changes in gene expression profiles throughout the
affected peripheral nervous system; not just confined to
the site of injury'> or within infiltrating macrophages.
For context, previous studies using systemically, intra-
thecally, or subcutaneously delivered CXB demonstrated
a decrease in PGE, and moderate attenuation of allody-
nia in CCI animals,*®3° whereas upon intraneural injec-
tion hypersensitivity persisted as well as PGE, levels.*
Our studies use a theranostic nanoemulsion, which an
anti-inflammatory NSAID component (CXB) utilized
for treatment and a near infrared fluorescent dye to
localize the nanoemulsion in vivo.>'*'> Nanoemulsion
is readily cleared from the bloodstream and introduced
to the DRG by infiltrating macrophages.'*?%2# Wwe
hypothesize that the observed gene expression changes
in the DRG is due to targeted COX-2 in infiltrating
macrophages upon phagocytosis of the nanoemulsion
from the bloodstream.>'*'> In accord with previous
studies, a single dose (~0.24mg/kg) of CXB-NE one
week after CCI surgery leads to in a change in the
number of infiltrating macrophages, revealing on day
12 while the DRG has infiltrated macrophages, the den-
sity is 40% of what is seen in the injured sciatic nerve.’
Also, while 63% of the macrophages in the sciatic nerve
have nanoemulsion, only 19% of the macrophages in the
DRG carry nanoemulsion.” From a behavioral stand-
point, in CCI CXB-NE animals, there is a reduction in
hypersensitivity within a day of intravenous injection
and a near reversal in hypersensitivity by day 12,

at which time tissue collection occurred.>*!
Furthermore, our group’ have shown that peak pain-
relief occurs on the third and fourth day after CXB-
NE treatment and persists up to six days after adminis-
tration. Although gene expression changes were exam-
ined on day 12, it is likely that different subset of genes
will be expressed beyond this time point. Saleem et al.’
also demonstrated shifts from M1 to M2 phenotypes
within the injured nerve when CXB-NE is administered
compared to CCI animals receiving DF-NE, revealing
an increase in the number of M1 macrophages in CCI
DF-NE animals on day 12.°> Alternatively, the number
of M2 macrophages is significantly increased in injured
animals receiving CXB-NE on day 12, with a parallel
production on day 18 in both pain-treated and untreated
pain states.’ At day 12, there are nearly twice as many
infiltrating macrophages in the injured sciatic nerve than
the corresponding DRG; interestingly, about 60% of the
sciatic nerve macrophages have nanoemulsion, whereas
in the DRG only about 20% carry nanoemulsion.’
When CXB is present, the number of macrophages at
day 12 in the “sciatic nerve is nearly halved but is
unchanged in the DRG.’ By day 18, the number of mac-
rophages in the DRG increases about three-fold, while it
remains unchanged in the injured nerve.” Given that
analgesia persists until around day 15, this may indicate
the induction and persistence of gene expression that
influences the milieu of cells at the DRG long term.
Clearly, transcriptional changes are not restricted to
changes in expression of genes associated with the pro-
duction of PGE, in macrophages, instead transcriptional
changes are evident for other neuroinflammation-
associated genes and genes expressed in other cell
types. The 25 genes with the greatest increase in expres-
sion are protein-coding genes associated with CCI CXB-
NE pain relief (compared to CCI DF-NE) are illustrated
in Table 4; however, the biggest differences may not be
the most important in terms of underlying biology.
Tables 7 and 8 refer to genes previously implicated in
neuropathic pain and neuroinflammation, which display
varying degrees of altered expression in this study. Genes
known to be involved in neuroinflammation and found
to be responsive to drug therapy in this study are listed
in Tables 7 and 8. Among the differentially expressed
RNAs, Phospholipase A2 Pla2g4b (involved in the
hydrolysis of phospholipids in the membrane), G-pro-
tein-coupled Prostaglandin E receptor type 1 Ptgerl,
and Prostaglandin D2 Synthase Ptgds are involved in
the production of PGE, after breakdown of the cell
membrane. We also find the differences in Coactosin-
like (COTL1), which binds to F-actin and interacts
with 5-lipoxygenase in leukotriene biosynthesis. All of
these are associated with the metabolism of arachidonic
acid and eicosanoids, which are associated with COX-2
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inhibition; and they show differential expression when
CXB-NE is present in CCI animals.

We also know that on day 12, day of tissue collection,
CCI animals are known to be undergoing peripheral
nerve regeneration.™*? Our data show that genes
involved in this process are affected when drug-loaded
nanoemulsion is applied to the pain state, possibly lead-
ing to an increase in factors contributing to nerve regen-
eration. Fibronectin leucine-rich transmembrane protein
3 FIrt3, and leucine-rich repeat transmembrane neuronal
proteins LRRTM1, LRRTM2, and LRRTM3 are all
differentially expressed and are known to be involved
in axon outgrowth and synapse formation.*

One way to think of these observations is in terms of a
potential shift in cell fate, which may be occurring
among several cell types during the chronic inflammato-
ry state. The transition to chronic pain relies on signif-
icant changes in gene expression. Similarly, when COX-2
is inhibited in macrophages during the neuroinflamma-
tory response, the shifts in RNA expression can
represent realignment of cellular function representing
pain-relief and possibly shifts in cell fate as was seen in
the macrophage transition from M1 to M2 in the sciatic
nerve in response to CXB-NE.> Transcriptional and pro-
tein changes are noted in both the damaged sciatic nerve
and the DRG.>">*** We have previously shown that
intravenous injection of CXB-NE “one-week postinjury
results in differences in macrophage expression at the
injured sciatic nerve and in the lumbar DRGs’ as well
differential expression of a subset of mRNAs in the sci-
atic nerve compared to the DRGs.!> Here, we show
when COX-2 is inhibited, there is an increased expres-
sion in inflammatory molecules (pro-inflammatory cyto-
kines IL-12, 1112rb2, IL-16) and other RNAs known to
be involved with cells associated with the neuro-
inflammatory response including Uncl3d involved in
intracellular trafficking and exocytosis, also Praml an
adaptor protein involved with T-cell receptors-
mediated signaling, Sh2b3 an adaptor protein involved
with regulating signaling pathways and Ipo7 a nuclear
transport protein. In addition, there is a down-
regulation in ion channels in CCI DF-NE (Scn8a,
Scnlla, Sen3b, Clen7, Kenj9, Kentl, Kenmbl, Kcne3,
Kcnh6, Kenabl, Trpvl, Trpv3, Cacnalce, and Cacnald)
ranging from a fold change of 2.5 to 20.7, when the raw
P value is <0.05. Given these changes, it appears that
select RNAs associated with neuronal expression in the
DRG shift from a normal sensory neuron to a hypersen-
sitive pain-responding neuron after CCI. Even after a
pain-relieving behavioral change is evident after CXB-
NE is given, RNAs typically associated with inflamma-
tion continue to exhibit increased expression on day 12.
In comparison, to the injured sciatic nerve, when given
CXB-NE, neuroinflammatory-associated RNAs show
down-regulation, with a decreased expression of Scn9a

and TrpV3 and an increase expression in Cacnalb.'”
Interestingly, a comparable RNA sequencing studying
examining sex differences at the DRG after CCI revealed
a modest up-regulation of Scn9a.?? It is important to
note that gene expression differences exist in the DRG
and sciatic nerve after CCI. We have shown previously
that IL-6, IL-1p, Scn9a/Navl.7, Grin2b/NMDAR?2bD,
Itgam/Cd11b, Moab, Tacl, and Trpv3 are all down-reg-
ulated in the injured sciatic nerve after CXB-NE admin-
istration, whereas Cacnalb is up-regulated.'® Similarly,
some genes and their homologs exhibit differential
expression in the DRG under nanoemulsion treatment.
For example, in the DRG, there is an increased expres-
sion of the Calcium channel Cacnalb and sodium
voltage-gated channels Navl.6 and Navl.8 after treat-
ment with CXB-NE. A recent study in mice explored
how DRG macrophage activation may influence sensory
neurons and found a significant up-regulation of IL-1/
only in CD11b macrophages, with no evidence of IL-1f
expression in satellite cells or sensory neurons.** In addi-
tion, there is a shift in RNA expression typically associ-
ated with Schwann cells, macrophages, and mast cells in
their inflammatory functions. RNA expression changes
in cell adhesion molecules (Flrt3, Elmo3, Card14, Dst,
Parva, Myo7b, Myo19, Itgblbpl, Thsb3) is also seen,
suggesting the extracellular milieu for the cells in the
DRG, including the primary sensory neurons, is chang-
ing. An increase in expression of Flrt3 in the DRG has
been noted in previous RNA sequencing studies.?
Furthermore, Mast cells may be in a degranulating
state in the pain-relieved state, as indicated by an
increase in Pram1 and Uncl3d expression. We have pre-
viously shown a decrease in Mcptl mast cell degranula-
tion at the site of injury when COX2 is inhibited by
nanoemulsion CXB-NE.>!?

This study shows decreased expression of TrpV3
RNA in the DRG while in the pain state (DF-NE) as
compared to animals with COX2 inhibited by CXB-NE
that are experiencing pain relief. Interestingly, we have
previously shown the opposite effect in the sciatic nerve
where a significant decrease in TrpV3 gene expression is
evident in CCI CXB-NE animals.'> One interpretation
is that TrpV3 expression at the injured sciatic nerve is
prominent due to its activation by arachidonic acid
metabolites in inflammatory conditions. A 2006 study
by Zhu et al.** shows that TrpV3 is potentiated by unsat-
urated fatty acids such as the activation of arachidonic
acid, which is targeted specifically by CXB.
Furthermore, a study by Freichel et al.** demonstrated
that activated mast cells exhibit increased expression of
Trp proteins, associated with pain and degranulation.

Neuro-immune cross-talk may be associated with the
increased expression of F2rl2 a 7-Transmembrane G-
Protein-coupled receptor, Praml, which is associated
with T-cell receptor-mediated signaling, and Ipo7 a
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nuclear transport protein. These observations are con-
sistent with the REACTOME analysis, displaying acti-
vation of neutrophil degranulation (R-RNO-6798695)
and activation of innate immune system (R-RNO-
268249) pathways. Neuroimmune signaling further
mediated by the purinergic receptor P2rx4 (expressed
by neurons and immune cells) may lead to the increase
in neutrophil and M1 macrophage infiltration after
nerve injury as seen when given a systemic COX-2 inhib-
itor.*” Although we have previously reported in vitro and
in vivo specificity of the nanoemulsion to monocytes,*'
activation of the innate immune system may lead to an
increased neutrophil response after CCI. Within injured
sciatic nerve tissues, we have previously identified pain
and CXB-NE pain-relief shifts in M1 and M2 macro-
phage phenotype and mast cell degranulation activity
using the same experimental conditions at day 12.°
Considering all of the RNA expression data from both
the injured sciatic nerve'” and associated DRG cell
bodies reported here, we observe that due to the CCI
damage of the associated axons and surrounding cells
in the sciatic nerve, RNA expression changes are appar-
ent at not only the injured sciatic nerve >'*!> but also in
the cells of the DRG.

In addition to differential expression of protein-
coding RNAs expressed in the DRG, noncoding RNA
expression changes were investigated. The role of non-
coding RNAs remains an important aspect of pain
research as these RNAs actively participate in processes
that coordinate gene expression.*® One class of noncod-
ing RNAs are IncRNAs, which are greater than 200
nucleotides in length, highly abundant and multifunc-
tional. IncRNAs have the capacity to regulate gene
expression.®” Interestingly, we have identified four
IncRNAs that are differentially expressed when CXB-
NE is administered (Table 5). Each of these IncRNAs
exhibit significant expression changes ranging from a
nearly 5-fold increase to a 50-fold increase in CCI-
CXB-NE (Table 5) and have only been recently anno-
tated in ENSEMBL.

In summary, peripheral nerve injury resulting in
behavioral hypersensitivity causes changes in RNA
expression at the site of injury,'” as well as differential
RNA expression evident in the corresponding cell bodies
of the DRG. We also demonstrate that introducing
CXB-NE not only reduces hypersensitivity>'*!> but
also reduces inflammation at the site of injury,™'*!?
the drug therapy is associated with widespread changes
in the transcriptome of various cell types at the site of
injury and the cells of the corresponding DRG. Even
though CXB specifically attenuates COX-2 activity in
the associated macrophages, the influence extends far
beyond.
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