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Abstract

To develop non-opioid therapies for postoperative incisional pain, we must understand its underlying molecular mechanisms.
In this study, we assessed global gene expression changes in dorsal root ganglia neurons in a model of incisional pain to
identify pertinent molecular pathways. Male, Sprague—Dawley rats underwent infiltration of 1% capsaicin or vehicle into the
plantar hind paw (n = 6—9/group) 30 min before plantar incision. Twenty-four hours after incision or sham (control) surgery,
lumbar L4-L6é dorsal root ganglias were collected from rats pretreated with vehicle or capsaicin. RNA was isolated and
sequenced by next generation sequencing. The genes were then annotated to functional networks using a knowledge-based
database, Ingenuity Pathway Analysis. In rats pretreated with vehicle, plantar incision caused robust hyperalgesia, up-
regulated 36 genes and downregulated 90 genes in dorsal root ganglias one day after plantar incision. Capsaicin pretreatment
attenuated pain behaviors, caused localized denervation of the dermis and epidermis, and prevented the incision-induced
changes in 99 of 126 genes. The pathway analyses showed altered gene networks related to increased pro-inflammatory and
decreased anti-inflammatory responses in dorsal root ganglias. Insulin-like growth factor signaling was identified as one of the
major gene networks involved in the development of incisional pain. Expression of insulin-like growth factor -2 and IGFBP6 in
dorsal root ganglia were independently validated with quantitative real-time polymerase chain reaction. We discovered a
distinct subset of dorsal root ganglia genes and three key signaling pathways that are altered 24 h after plantar incision but are
unchanged when incision was made after capsaicin infiltration in the skin. Further exploration of molecular mechanisms of
incisional pain may yield novel therapeutic targets.
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Introduction

Management of acute incisional pain is an essential com-
ponent of perioperative care. Approximately 234 million
major surgical procedures are performed every year
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worldwide,' and approximately 20% of these are per-
formed in the United States alone.” Uncontrolled or post-
operative pain is reported by approximately 50% of
surgical patients.*** Opioids are the mainstay for periop-
erative pain management. However, they produce an
array of harmful side effects including nausea,’ tolerance
(requirement of an increased dose for analgesia).’
hyperalgesia,” constipation,” ileus,® urinary retention,®
respiratory depression,” and death in overdose cases.”
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Importantly, patients receiving an opioid prescription
after surgery were 44% more likely to become long-
term opioid users compared with those who did not
receive opioids.'™'" Thus, there is a need to develop
non-opioid approaches for managing incisional pain.

The development of non-opioid therapies for inci-
sional pain requires a comprehensive understanding of
the underlying molecular mechanisms. For peripheral
mechanisms of incisional pain, it is critical to identify
molecular changes in primary afferent neurons that
innervate incised tissues. In this regard, next-generation
high-throughput sequencing (NGS) technology have
been used to evaluate the gene expression profiles in sev-
eral preclinical pain models'>'® but not in incisional
pain. Because sensory neurons from different tissues
respond uniquely to injury,'”'? it is necessary to assess
incisional pain-related changes in gene expression.

A rat model of incisional pain has been extensively
characterized, which includes behavioral phenotypes,
nociceptor sensitization, and pharmacologic modula-
tion.”> %> Additionally, our lab and others have reported
that intra-plantar infiltration of capsaicin attenuates
spontaneous pain behaviors and heat hyperalgesia.’®?’
This phenomenon provides a unique opportunity to iden-
tify neural transcriptomes that are specifically induced
during incisional pain. For example, incision-induced
gene regulatory changes that are sensitive to capsaicin
pretreatment are likely involved in the development of
pain after incision, whereas those which are insensitive
to capsaicin pretreatment are likely involved in processes
unrelated to pain.

We, therefore, determined the effect of incisional pain
on the transcriptional profile of the dorsal root ganglia
(DRG) by performing whole-transcriptome next-genera-
tion RNA sequencing. We hypothesized that the acute
incisional injury will dramatically alter gene transcription
in the rat DRGs, and that we would identify novel pain
pathways, which may yield novel therapeutic targets.

Methods

Animals

Adult male Sprague—Dawley rats (250-300 g) purchased
from Charles River (USA) were used in this study. Two
rats were housed together in one Plexiglass cage and all
animals were maintained on a 12 h light/dark cycle with
free access to food and water. All procedures were
approved by the Institutional Animal Care and Use
Committees at the University of Minnesota.

Surgical procedures

Rats were anesthetized with isoflurane for intra-plantar
injection of capsaicin, vehicle, and plantar incision.

Briefly, rats were placed in an induction chamber using
5% isoflurane in room air followed by 2% to 3% iso-
flurane via a nose cone after loss of the righting reflex.
Once adequately anesthetized, the intended surgical site
for incision (mid-plantar region of the right hind paw)
was infiltrated subcutaneously with 200 uL of either 1%
capsaicin (10 mg/mL) or vehicle (80% saline, 10% etha-
nol, 10% Tween-80 (Sigma-Aldrich, St. Louis, MO))
using a I mL syringe with a 25G needle. Surgery con-
sisted of a 20 mm longitudinal incision made through the
skin and fascia of the plantar hind paw as previously
described.>*?* The flexor digitorum brevis muscle was
then elevated, stressed, and incised longitudinally with
the muscle origin and insertion remaining intact. The
skin was closed with two mattress 5-0 silk sutures.
Animals were housed on soft bedding and allowed to
recover. Sutures were removed on the third post-
operative day. Sham control rats underwent anesthesia
but not surgical incision.

Measurement of spontaneous foot lifting behaviors

Spontaneous foot lifting (SFL) was used as a measure of
spontaneous pain as described previously.”> Rats were
pre-treated with capsaicin (n=135) or vehicle (n=6) for
30 min prior to surgical incision. Frequency and dura-
tion of SFL were obtained longitudinally at 3h and at 1,
2,3,4,5,7,9, and 16 days after surgery. In brief, ani-
mals were placed in individual Plexiglass chambers on a
mesh floor above an angled mirror and habituated for
30min to minimize exploratory behavior during the
assessment period. Spontaneous, rapid lifting of the
incised hind paw was recorded with a hand tally counter
and the duration of prolonged (>1s) paw elevation was
recorded with a stopwatch. Each rat was tested over four
5-min periods with 5 to 10 min resting intervals between
each assessment. The sum frequency of SFL and sum
duration of paw lifts were determined for each rat.

Measurement of hyperalgesia to heat

Sensitivity to heat was determined by measuring paw
withdrawal latencies to heat (PWL). The same rats
tested for SFL were used. PWL were determined 3, 2,
and 1 day before surgery and at 3hand 1, 2, 3,4,5,7,9,
and 16 days after surgery. Rats were placed under
Plexiglass boxes (23.6cm x 13.8cm x 13.7cm) on a tem-
pered glass floor (3-mm thickness) that was maintained
at 30°C and allowed to acclimate for 20 min. A focused
radiant heat source (50 W projector lamp with an aper-
ture diameter of 6 mm) underneath the glass floor was
aimed at the plantar surface of the injured paw and with-
drawal latencies were determined. PWLs were measured
to the nearest 0.01 s by an automated system. The inten-
sity of the heat was adjusted to produce withdrawal
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latencies in normal, naive rats of 10 to 12s. Mean PWL
for each rat was obtained from three trials with a 5-min
inter-stimulus interval between trials. The experimenter
collecting all behavioral data was blinded to treatment
condition of rats; however, blinding was limited due to
distinct changes in PWL due to capsaicin pretreatment.

Measurement of mechanical hyperalgesia

The same rats tested for SFL were used to test for
mechanical paw withdrawal (PWT) 3, 2, and 1 day
before surgery and at 3h and 1, 2, 3,4, 5,7, 9, and 16
days after surgery. Rats were placed in individual
Plexiglass chambers on a mesh floor and allowed to
habituate for 30 min. Mechanical PWT was determined
using an electronic von Frey aesthesiometer (IITC Life
Science, Woodland Hills, CA). This consists of a hand-
held force transducer with a series of rigidity-graded,
attachable 0.8 mm polypropylene tips. Starting with the
least rigid tip, force was transversely applied for to the
mid-plantar surface of the hind paw (adjacent to the site
of surgical injury) until the occurrence of a rapid paw
withdrawal response. Stimuli were applied for 2 to 3s
with an inter-stimulus interval of 5Smin. The second and
third trials were conducted using the tip that was two
grades lower than the tip which elicited the first with-
drawal response. Withdrawal thresholds (g) were
expressed as the mean from three trials.

Immunohistochemistry and confocal laser scanning
microscopy

The epidermal and dermal nerve fibers were assessed by
immunohistochemistry as previously described by our
group.”®? In brief, rats were anesthetized with isoflur-
ane as described above, and treated with 1% capsaicin
(n=3) or vehicle (n = 3) 30 min prior to the surgical inci-
sion. After 24h, rats were euthanized with euthasol
(390 mg/mL Pentobarbital), and after no righting
reflex, 200 uL of Zamboni’s fixative was injected into
the hind paw. The hind paw was removed and placed
in Zamboni’s fixative at 4°C for 24 h, then 20% sucrose
at 4°C for 24 h. A 3-mm punch biopsy tool was used to
remove tissue from the edge of the incision. For section-
ing, tissues were immersed in OCT mounting medium
(Electron Microscopy Sciences, Hatfield, PA) frozen on
a cryo-microtome and cut into 50 pm thick sections. Free
floating tissue sections were incubated 1 h in blocking
buffer (10% normal donkey serum/PBS/0.1% Triton X-
100), then overnight in antibody buffer (3% normal
donkey serum/PBS/0.1% Triton X-100) containing
DAPI, rabbit anti-advillin, and goat anti-collagen type
IV. Sections were rinsed with antibody buffer three
times, 1 h each time, and then incubated for an addition-
al day in Cy5-conjugated donkey anti-goat and Cy3-

conjugated donkey anti-rabbit secondary antibodies.
Sections were rinsed in antibody buffer three times, 1h
each time, and then mounted in hot liquid noble agar
onto 22 mm? coverslips that were dehydrated in 95%,
100% ethanol, and cleared with 100% methyl salicylate
for 30min each before placing in DPX mounting
medium on slides. Fluorescent images were captured
using a Nikon Ti2 laser scanning confocal microscope
equipped with an oil immersion objective using Nikon
Elements software. Digitized images were collected in
successive frames of 0.5-um serial optical sections (z-
series) throughout the thickness of the sections and flat-
tened into a single image. The immunostaining of type
IV collagen was used to localize the dermo-epidermal
boundary.

RNA sequencing

Thirty min prior to incisional surgery, rats were treated
either with (n=4) or without (n=4) capsaicin (see
above). The L4-L6 DRGs collected from control
(sham) rats (n =4) and rats at 24 h after plantar incision.
Surgery was carried out in the afternoon between 3 and 5
pm. Total RNA isolated from DRGs (RNAqueous
RNA isolation kit, Life Technologies Inc., Carlsbad,
CA) were quantified and qualified by RiboGreen RNA
quantification (Invitrogen, Carlsbad, CA) and an
Agilent 2100 Bioanalyzer (Agilent Inc., Santa Clara,
CA). Median RNA integrity score in samples was 7.9
(interquartile range, 7.825-8.275). The median mass
input was 5698 ng (Supplemental Figure 3). A total of
100 ng of RNA samples with RIN values >8.0 were used
for library construction using a TruSeq RNA v2 kit
(Illumina, San Diego, CA). Libraries were size-selected
~200-bp inserts and sequenced as a 50-bp pair end using
the HiSeq2000 (Agilent Inc.).

Bioinformatics

2 x 50 bp FastQ paired end reads (n = 18.8 Million aver-
age per sample) were trimmed using Trimmomatic (v
0.33) enabled with the optional “-q” option; 3bp
sliding-window trimming from 3’ end requiring mini-
mum Q30. Quality control on raw sequence data for
each sample were performed with FastQC. Read map-
ping was performed via Hisat2** (v2.1.0) using the rat
genome (rn6) as reference. Gene quantification was done
via Feature Counts for raw read counts. Differentially
expressed genes were identified using the edgeR*'*?
(negative binomial) feature in CLCGWB (Qiagen,
Redwood city, CA) using raw read counts. We filtered
the generated list based on a minimum 1.5x Absolute
Fold Change and false discovery rate corrected p < 0.05.
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Gene networks mapping by Ingenuity Pathway
Analysis

The differentially expressed transcripts were uploaded to
Ingenuity Pathway Analysis (IPA; Ingenuity Systems,
Redwood City, CA) to identify regulatory networks
operant in rat DRGs. IPA provides an extensive descrip-
tion of biological processes, molecular functions, and
cellular components to test for enrichment of associated
gene.®> Analysis was restricted to 126 genes, whose
expression was changed in the incised rats. Moreover,
p value is calculated by determining the probability
that a disease or biological function assigned to the
data. To show the connectivity between genes, and to
classify them according to the molecular mechanisms,
differentially expressed genes are categorized by
Medical Subject headings terms and proprietary ontolo-
gy. The significance of the association is measured by the
ratio of the number of genes from the dataset that map
to the canonical pathway divided by the total number of
known genes in that pathway.

Quantitative real-time PCR

The quantitative real-time PCR (qPCR) experiments were
carried out with biological replicates (n=3-5/group). In
brief, 1 pg of total RNA was used to generate complemen-
tary DNA (cDNA; High Capacity cDNA reverse tran-
scription kit; Life Technologies). Gene expressions were
quantified using TagMan Gene Expression Assay probes
(Applied Biosystems, Foster City, CA) and a DNA ana-
lyzer (Quant Studio, Applied Biosystems Inc.). Samples
were analyzed in technical duplicates. Fold changes are
means of duplicates, normalized to f-actin (internal load-
ing control). Tagman gene expression assays include
Rn00565371_m1 (IGFBP6), Rn01454518 ml1 (IGF2),
and Rn00667869_m1 (Actb).

Statistical analysis

Two-way analyses of variance (ANOVAs) with repeated
measures were used to compare differences in the fre-
quency and duration of SFL, PWT, and PWL. Post
hoc comparisons (Bonferroni) were used to determine
differences between vehicle and capsaicin-treated
groups at specific time points. For qPCR validation,
interactions were analyzed using ANOVA or unpaired
t-test for differences between groups. o was set at <0.05.
For IPA comparison analysis, Fisher’s exact test was
used to calculate a p-value for the association among
genes in the data sets, pathways, and functions. The gen-
erated diseases or functional annotations or upstream
regulators were ranked by the activation z score. An
absolute z score of more than 2 was considered as sig-
nificant. All values are expressed as means + SDs

Results

Intra-plantar capsaicin infiltration attenuated pain
behaviors after plantar incision and reduced
innervation in the dermis and epidermis

Following plantar incision, rats exhibited spontancous
pain-like behaviors and hypersensitivity to mechanical
and heat stimuli that persisted for three to nine days
(Figure 1(a) to (d)). Compared to vehicle (n =6), intra-
plantar injection with 1% capsaicin (n=35) 30min
before surgical incision significantly attenuated SFL fre-
quency (F,11=2.0, p=0.059); duration (F,;;=2.20,
p=0.037) and prevented the development of both
mechanical (F,1;,=11.2, p<0.0001) and heat hyperal-
gesia (F»,1;=28.9, p<0.0001). Epidermal and dermal
innervation following vehicle or 1% capsaicin infiltra-
tion was examined in rats 24 h following plantar incision.
Representative confocal images of immune-stained skin
from each of these groups are shown in Figure 1(e)
and (f). A complete loss of epidermal and dermal nerve
fibers were observed in hind paw skin pretreated with
capsaicin (Figure 1(f), arrow).

Identification of differentially expressed genes in
DRGs dfter plantar incision

To determine the transcriptomic changes in the primary
afferent neurons that occur following plantar incision,
we sequenced DRG transcripts using NGS. Three
groups of rats were used such as control (sham) rats,
rats with plantar incision, and rats treated with intra-
plantar capsaicin 30 min prior to plantar incision. This
approach allowed us to identify genes that are potential-
ly involved in incisional pain behaviors because intra-
plantar capsaicin completely denervated epidermal and
dermal nerves around the incision and abolished hyper-
algesia and SFL behaviors (Figure 1).

Using selection criteria that include an absolute fold
change >1.5x, p<0.05, and a false discovery rate
<0.05, 126 genes were identified in the incised compared
to sham group, including 36 that were up-regulated
(incision vs. control; Table 1) and 90 that were down-
regulated (incision vs. control; Table 2). Capsaicin pre-
treatment prevented transcriptional changes in 99 of 126
genes, including 20 of the upregulated and 79 of the
down-regulated genes (Figure 2(a) and (b), Inci vs.
Inci+ Cap). These genes are displayed in the heat map
(Figure 2(a)) to illustrate the degree of reproducibility
among biological replicates. IPA mapped these genes
onto specific diseases and biological functions (Figure
2(c)). Compared to sham control (Cntl) group, incised
groups showed changes in the expression of genes asso-
ciated with increased morbidity, organismal death, and
decreased growth and differentiation (Figure 2(c), Inci).
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Figure |. Capsaicin pretreatment attenuates the development of pain-like behaviors 24 h after plantar incision. The frequency (a) and
duration (b) of plantar incision-induced spontaneous foot lifting behaviors (see methods) as well as mechanical (c) and heat (d) hyperalgesia
were decreased in capsaicin-treated groups compared to vehicle-treated rats. The capsaicin pretreatment completely abolished epidermal
and dermal nerves (f) compared with vehicle treated (e) rats 24 h after incision. In immunohistochemistry experiments, the tissue
cryosections were immune-stained with anti-advillin antibody to label nerve fibers (green) and with anti-collagen type IV antibody to label
basement membranes (red). Yellow indicates colocalization of the two antibodies. Cell nuclei were labeled with DAPI (blue). Each image in
this figure represents a maximum projection of an image stack captured as 0.5 pm optical slices through the immune-stained tissue. Merkel
cells (M) were unchanged with capsaicin treatment. No changes were evident in blood vessels (V) in the dermis. E indicates the location of

epidermis and Drm indicates dermis. Scale bar = 50 microns.

These changes in gene expression were abrogated with
capsaicin pretreatment (Figure 2(c), Inci+Cap).

Regulatory networks involved in plantar
incision-induced pain behaviors

To identify the regulatory networks involved in the
development of incisional pain, IPA was used to anno-
tate these genes onto known functional gene networks.
Specific analysis of DRG genes, which are altered 24 h
after plantar incision but unchanged when rats were pre-
treated with 1% capsaicin in skin, predicted lower activ-
ity of CCAAT/enhancer-binding protein beta (CEBPB),
forkhead box M1 (FOXM1), prostaglandin E(2) recep-
tor (PTGER?2), and BRD4 (Figure 3). These changes are
associated with reduced cell proliferation, increased
bleeding, and organismal death (Figure 3).

Changes in inflammatory genes following plantar
incision

We have identified that plantar incision induces the
expression of DRG genes that regulates inflammatory
processes. In particular, markedly increased expression
of IFIT1B (~50-fold), IL2Ra, CD274 were predictive of
increased toll-like receptor 9 (TLRY) signaling (Figure 4
(a)), which was attenuated with capsaicin pretreatment

(Figure 4(b)). Conversely, reduced expression of
EDNRB, EMP2, and FBNI coupled with increased
expression of INHBA and Sultlal were indicative of
reduced IL10Ra signaling (Figure 4(c)), which was
attenuated by capsaicin pretreatment (Figure 4(d)).
These results suggest plantar incision produces a
change in genes leading to increased pro-inflammatory
responses and decreased anti-inflammatory responses in
the DRG.

Insulih-like growth factor signaling pathway is
involved in incisional pain

The analysis of differentially expressed DRG genes
showed evidence of reduced insulin-like growth factor
(IGF) signaling pathway with downregulation of
IGF1, IGFBP3, MPZ, and COL1A1 accompanied by
upregulation of IGF2 and IGFBP6 (Figure 5(a)).
Capsaicin pretreatment prevented the upregulation of
IGF2 and IGFBP6 (Figure 5(b)). Further, IPA linked
these transcriptional changes to reduced PI3K and ERK
signaling, leading to altered expression of ERK target
genes (Figure 5(c)). To independently validate NGS
data, expression of IGF2 and IGFBP6 were quantified
by qPCR using a different set of biological replicates.
The significant upregulation of IGF2 and IGFBP6
were confirmed in the DRGs from incised rats, which



Molecular Pain

Table |. List of upregulated genes in the dorsal root ganglia after plantar incision.

log2(Fold
Gene Name Gene symbol change) Location Type(s)
Germ cell-less homolog | (Drosophila)-like LOC302576 53.20 Other Other
Interferon-induced protein with Ifitl 50.10 Cytoplasm Other
tetratricopeptide repeats |B
Inhibin subunit beta A Inhba 42.46 Extracellular space Growth factor
Interleukin 2 receptor subunit alpha 112ra 34.32 Plasma membrane Transmembrane
receptor
Chitinase domain containing | Chidl 27.50 Extracellular space Other
Aquaporin 4 Aqp4 13.53 Plasma membrane Transporter
Exocyst complex component 7 Exoc7 9.69 Cytoplasm Transporter
Urocortin Ucn 9.19 Extracellular space Other
CD300c molecule RGD 1559482 6.24 Plasma membrane Transmembrane
receptor
Solute carrier family 22 member 6 Slc22a6 4.11 Plasma membrane Transporter
ALK and LTK Ligand 2 Fam150b 4.06 Extracellular space Other
Coiled-coil domain containing 153 Ccdcl53 3.70 Other Other
C-X-C motif chemokine ligand 13 Cxcll3 3.56 Extracellular space Cytokine
Prostaglandin D2 synthase Ptgds 3.27 Cytoplasm Enzyme
Troponin T2, cardiac type Tnnt2 3.09 Cytoplasm Other
Insulin-like growth factor 2 Igf2 297 Extracellular space Growth factor
Aldehyde dehydrogenase | family member A2 Aldhla2 2.92 Cytoplasm Enzyme
Hematopoietic SH2 domain containing Hsh2d 2.88 Cytoplasm Other
Solute carrier family 22 member 8 Slc22a8 2.69 Plasma membrane Transporter
Prepronociceptin Pnoc 2.58 Extracellular space Other
Mitochondria localized glutamic Mgarp 2.52 Cytoplasm Other
acid-rich protein
Solute carrier family 6 member 13 Slc6al3 2.52 Plasma membrane Transporter
Ankyrin repeat domain 33B Ankrd33b 227 Other Other
Gap junction protein beta 6 Gjbé 2.14 Plasma membrane Transporter
Astacin-like metalloendopeptidase Astl 2.09 Cytoplasm Peptidase
Solute carrier family 16 member |1 Slcl6al | 1.99 Cytoplasm Transporter
Tripartite motif containing 45 Trim45 1.95 Cytoplasm Other
Myomesin 2 Myom?2 1.90 Cytoplasm Other
Activating transcription factor 3 Atf3 1.83 Nucleus Transcription
regulator
Sulfotransferase family |A, Sultlal 1.70 Cytoplasm Enzyme
phenol-preferring, member |
CD274 molecule Cd274 1.66 Plasma membrane Enzyme
Insulin-like growth factor binding protein 6 Igfbpé 1.65 Extracellular space Other
Serine peptidase inhibitor, Kunitz type 2 Spint2 1.59 Extracellular space Other
Cholinergic receptor nicotinic alpha 6 subunit Chrnaé 1.55 Plasma membrane Transmembrane
receptor
RNA binding motif protein 3 Rbm3 1.52 Cytoplasm Other

were prevented with capsaicin pretreatment (Figure 5(d);
IGF2: F;10=16.99, p=0.0006; IGFBP6: F,,;=26.22,

p < 0.0001).

Plantar incision-induced changes in genes not

related to pain

IPA annotation of 27 DRG genes that are not influenced
by capsaicin pretreatment in plantar skin (Figure 2(b))

revealed changes in cellular responses

including

decreased recruitment of myeloid cells, cell movement,

and cellular necrotic death. These effects were accompa-
nied by increased vascularization and organismal death
(Figure 6). These responses may have a role in surgical
injury and repair and unlikely to be involved in the pain
processing after incision.

Discussion

Our study is the first genome-wide transcriptional pro-
filing of DRG tissues in a rat model of incisional pain.
We identified changes in gene expression in the DRG
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Table 2. List of downregulated genes in the dorsal root ganglia after plantar incision.
Gene log2(Fold
Gene Name symbol change) Location Type(s)
Myosin light chain | Myll —6.00 Cytoplasm Other
H19 imprinted maternally expressed transcript HI19 —4.32 Cytoplasm Other
DNA topoisomerase Il alpha Top2a —4.05 Nucleus Enzyme
Collagen type Il alpha | chain Col2al -3.76 Extracellular space  Other
Centromere protein T Cenpt —3.59 Cytoplasm Transcription
regulator
Ribonucleotide reductase regulatory subunit M2 Rrm2 —3.46 Nucleus Enzyme
BUBI mitotic checkpoint serine/threonine kinase B Bublb —3.42 Nucleus Kinase
Family with sequence similarity 84 member A Fam84a -3.37 Other Other
Integrin subunit beta 3 Itgb3 -3.33 Plasma membrane Transmembrane
receptor
Syntrophin gamma 2 Sntg2 —2.98 Plasma membrane Other
Kinesin family member 18B Kif18b —2.95 Cytoplasm Other
Beta-1,4-N-acetyl-galactosaminyltransferase 3 B4galnt3 —2.85 Cytoplasm Enzyme
Clq and TNF-related 6 Clqtnf6 —2.8lI Extracellular space  Other
Cyclin B2 Ccnb2 —2.76 Cytoplasm Other
Centromere protein F Cenpf —2.76 Nucleus Other
Protein regulator of cytokinesis | Prcl —2.71 Nucleus Other
CD93 molecule Cd93 —2.56 Plasma membrane Other
Grainyhead like transcription factor 3 Grhi3 —2.36 Nucleus Transcription
regulator
Insulin-like growth factor | Igfl —2.33 Extracellular space  Growth factor
Collagen type Il alpha | chain Col3al —2.31 Extracellular space ~ Other
Collagen type Xl alpha | chain Coll lal —2.30 Extracellular space ~ Other
Apelin receptor Aplnr —2.23 Plasma membrane G-protein-coupled
receptor
Ewing sarcoma breakpoint region | Ewsrl —2.21 Nucleus Other
Periostin Postn —2.21 Extracellular space  Other
Nucleolar and spindle-associated protein | Nusap -2.19 Nucleus Other
Collagen type VIl alpha | chain Col8al —2.18 Extracellular space ~ Other
Chromosome 2 open reading frame 40 RGD 1305645 —2.15 Extracellular space ~ Other
Collagen type | alpha | chain Collal —-2.13 Extracellular space  Other
Tenascin C Tnc —2.11 Extracellular space  Other
NUF2 component of NDC80 kinetochore complex Nuf2 —2.08 Nucleus Other
Collagen type XIV alpha | chain Coll4al -2.07 Extracellular space  Other
Fibrillin 2 Fbn2 —2.05 Extracellular space  Other
Transmembrane protein 26 Tmem?26 —2.04 Other Other
Myosin heavy chain 6 Myhé —2.01 Cytoplasm Enzyme
RAB7B, member RAS oncogene family Rab7b —1.99 Cytoplasm Peptidase
EMI domain containing | Emid| —1.97 Extracellular space  Other
Secreted frizzled-related protein 4 Sfrp4 —1.96 Plasma membrane Transmembrane
receptor
Kirre-like nephrin family adhesion molecule | Kirrel —1.91 Plasma membrane Other
Minichromosome maintenance complex component 6 Mcmé —1.88 Nucleus Enzyme
Feline leukemia virus subgroup C cellular Flver2 —1.84 Plasma membrane Transporter
receptor family member 2
Peripheral myelin protein 2 Pmp2 —1.80 Cytoplasm Other
Niban apoptosis regulator | Fam[29a —1.77 Cytoplasm Other
Acyl-CoA thioesterase | Acotl —1.75 Cytoplasm Enzyme
Collagen type XXVII alpha | chain Col27al —-1.73 Extracellular space  Other
Collagen type IV alpha | chain Col4al —-1.73 Extracellular space  Other
ETS transcription factor ELKI Elkl —1.72 Nucleus Transcription
regulator
Collagen type V alpha 2 chain Col5a2 —1.68 Extracellular space ~ Other

(continued)
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Table 2. Continued.

Gene log2(Fold
Gene Name symbol change) Location Type(s)
POU class 3 homeobox 2 Pou3f2 —1.68 Nucleus Transcription
regulator
Leucine-rich repeat containing G Lgr5 —1.67 Plasma membrane Transmembrane
protein-coupled receptor 5 receptor
Fibrillin 1 Fbnl —1.67 Extracellular space Other
Nidogen 2 Nid2 —1.66 Extracellular space  Other
Pyridine nucleotide-disulphide Pyroxd2 —1.66 Other Other
oxidoreductase domain 2
TLR4 interactor with leucine-rich repeats Tril —1.65 Other Other
Dedicator of cytokinesis | Dockl —1.64 Cytoplasm Other
Transmembrane serine protease 5 Tmprss5 —1.64 Plasma membrane Peptidase
Fatty acid desaturase 2 Fads2 —1.63 Plasma membrane Enzyme
Bone morphogenetic protein | Bmpl —1.6l Extracellular space  Peptidase
Protein phosphatase | regulatory inhibitor subunit 14C  Ppplrl4c —1.60 Cytoplasm Other
KDEL motif containing | Kdelcl —1.60 Cytoplasm Enzyme
Myelin protein zero Mpz —1.60 Plasma membrane Other
Sclerostin domain containing | Sostdc| —1.59 Extracellular space Growth factor
Thrombospondin 2 Thbs2 —1.59 Extracellular space Other
Laminin subunit alpha 4 Lama4 —1.59 Extracellular space Enzyme
C-X-C motif chemokine receptor 4 Cxcr4 —1.59 Plasma membrane G-protein-coupled
receptor
Protein tyrosine phosphatase receptor type Z| Ptprzl —1.58 Plasma membrane Phosphatase
Transforming growth factor beta receptor 3 Tgfbr3 —1.58 Plasma membrane Kinase
Cysteine and tyrosine rich | Cyyrl —1.58 Other Other
Glycerophosphodiester phosphodiesterase Gdpd2 —1.58 Plasma membrane Enzyme
domain containing 2
Fms-related tyrosine kinase | Fltl —1.58 Plasma membrane Kinase
Uncharacterized LOC100912041 LOCI100912041 —1.58 Plasma membrane Transmembrane
receptor
Sortilin-related VPS10 domain containing receptor 2 Sorcs2 —1.58 Plasma membrane Transporter
Endothelin receptor type B Ednrb —1.58 Plasma membrane G-protein-coupled
receptor
UDP glycosyltransferase 8 Ugt8 —1.57 Cytoplasm Enzyme
ADAM metallopeptidase with Adamts5 —1.57 Extracellular space Peptidase
thrombospondin type | motif 5
Collagen type V alpha | chain Col5al —1.57 Extracellular space  Other
Chrondromodulin Lectl —1.57 Extracellular space Other
Plexin B3 PIxnb3 —1.56 Plasma membrane Transmembrane
receptor
Eadherin EGF LAG seven-pass G-type receptor 2 Celsr2 —1.56 Plasma membrane G-protein-coupled
receptor
ANTXR cell adhesion molecule | Antxr| —1.56 Plasma membrane Transmembrane
receptor
SLIT- and NTRK-like family member 2 Slitrk2 —1.54 Plasma membrane Other
Myelin-associated glycoprotein Mag —1.54 Plasma membrane Other
Epithelial membrane protein 2 Emp2 —1.54 Plasma membrane Other
nudE neurodevelopment protein | Ndel —1.53 Nucleus Other
Sphingosine kinase | Sphkl —1.52 Cytoplasm Kinase
Growth arrest specific 7 Gas7 —1.52 Cytoplasm Transcription
regulator
Insulin-like growth factor binding protein 3 Igfbp3 —1.52 Extracellular space ~ Other
PDZ domain containing 2 Pdzd2 —1.52 Plasma membrane Other
Leucine-rich repeat transmembrane neuronal | LRRTMI —1.51 Plasma membrane Other
Erb-b2 receptor tyrosine kinase 3 Erbb3 —1.51 Plasma membrane Kinase
Podoplanin Pdpn —1.50 Plasma membrane Other
Peroxidasin Pxdn —1.50 Extracellular space Enzyme
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Figure 2. The global transcriptome analysis on rat dorsal root ganglia (DRG) identifies the genes that are significantly altered in one day
after plantar incision. The infiltration of capsaicin 30 min prior to surgical incision completely prevented incision-induced transcriptional
changes in 99 of 126 (79%) genes; shown in a heat map (a). Each line represents a gene across three groups (n = 4/group). Shades of blue
and orange indicate negative and positive z-scores, respectively. (b) Venn diagram showing altered functions associated with two distinct
groups of genes. Both groups underwent plantar incision but one was pretreated with capsaicin (inci + cap) and the other was not (Inci).
Values in parentheses indicate z-score where negative and positive values predict inhibition and activation, respectively. (c) The differ-

entially expressed genes from Inci+ cap and Inci were compared by IPA. The top diseases and biological functions were related to
“mortality morbidity” and “organismal death”. Dots indicate z-score <2.0.

Figure 3. Altered regulatory networks and associated downstream effects in DRG following plantar incision. Analysis of differentially
expressed genes indicated reduced activity of CEBPB, FOXMI, PTGER2, and BRD4 regulatory factors (z-score < —2.0), leading to
increased risk organismal mortality accompanied by decreased mitosis and tissue size. Legends: Upregulation: red; downregulation: green;

predicted inhibition: blue; predicted activation: orange.

at one day after plantar incision, a time point at which
pain behaviors were most prominent. The skin infiltra-
tion of capsaicin 30 min prior to surgical incision
attenuated incision-induced pain behaviors, complete-
ly denervated the epidermis and dermis around the
incision, and prevented incision-induced transcription-
al changes in 99 of 126 DRG genes (79%), suggesting
the majority of these transcriptional changes were
related to post-operative pain development. These
findings highlight novel gene networks associated
post-operative pain including neuro-inflammation
and the IGF signaling.

Global analysis of transcriptome in rat DRG
following plantar incision

Plantar incision alone induced 36 upregulated and 90
downregulated genes in L4-L6 DRGs. These results
are significant and robust compared to a previous poly-
merase chain reaction array study by Spofford and
Brennan,* who showed few changes in gene expression
in DRGs using similar incision model.** The disparate
results were likely due to the use of different techniques.
The qPCR approach by Spofford and Brennan* is lim-
ited to measuring single transcripts and requires priori of
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Figure 4. Changes in gene expression leading to increased pro-inflammatory and decreased anti-inflammatory responses in DRG
following plantar incision (a, b). IPA predicted increased toll-like receptor 9 (TLR9Y) activity due to increased expression of IFITIB and
IL2RA (a, boxed). Capsaicin pretreatment (b) diminished these transcriptional responses. (c—d) Altered gene expression suggests a
decreased anti-inflammation in incision group (c), which were not altered with capsaicin pretreatment (d).
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Figure 5. Altered IGFI signaling in DRG of rats after plantar incision. (a, b) IGFI gene networks showing altered expression level in
incision group (a) and incision with capsaicin pretreated group (b). Boxed genes indicate those that responded to capsaicin treatment.
(c) IPA mapped differentially expressed genes onto IGF| canonical pathway suggesting reduced cell growth and proliferation. (d) gPCR
validation of IGF2 and IGFBP6 in DRG. Values are mean £ SD, n = 3-6/group, t-test, **p < 0.01, **p < 0.001.

known gene targets. In contrast, RNA Seq, used in the
present study, is an agnostic and more comprehensive
approach that covers the entire transcriptome (>26,000
gene loci) present in DRGs. Moreover, this approach
allows a better resolution of complex nature of the tran-
scriptome including a detailed and quantitative measure

of gene expression. Notably, the number of downregu-
lated genes much greater than the number of upregu-
lated genes; however, the fold change in expression for
the upregulated genes was markedly higher than that for
the downregulated genes (Figure 7, Tables 1 and 2). The
higher number of downregulated versus upregulated
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Figure 6. Functional annotation of DRG genes that were regulated by plantar incision but were not influenced by the capsaicin
pretreatment. IPA mapped functions of these 25 genes indicating reduced cell movement, recruitment of myeloid cells, and necrosis as well

as increased vascularization and risk of perinatal death.
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Figure 7. Data presented in figure 2 are shown as stacked percentage chart showing degree of expression changes relative to the total
changes in gene expression in dorsal root ganglia (DRG) following plantar incision. Left: upregulated genes; Right: downregulated genes.

transcripts in DRG is consistent with previous studies
that used lumbar disc herniation models* but it con-
trasts with studies that wused neuropathic pain
models.>*?” These findings suggest that altered gene
expression in sensory neurons are specific to the types
of tissue injury. Interestingly, our findings showed a
strong similarity to a transcriptomic analysis of the
spinal cord in a similar model of post-operative pain
by Raithel et al. by identifying increased inflammation
as a possible contributing factor for pain development at
day 2 after plantar incision.*® Together, these two stud-
ies showed a prolonged common physiological response
following plantar incision at the DRG and spinal cord.
However, our findings showed an opposite effect from
Raithel et al.*® in cell proliferation. This differential
effect could stem from differences in the timing (24 h
vs. 48 h) or tissue type (DRG vs. spinal cord) of analysis

following plantar incision. Given a positive effects of the
CEBPB and the PTGER?2 in the genesis of neuropathic
pain,®® the reduced activity of these factors in the DRG
of the incision model could have a role in wound repair.
The role of the cell cycle regulator FOXM1 in post-
operative pain is unknown. Due to its high expression
level in macrophages, reduced FOXMI1 activity could
have a role in inflammatory response and wound
repair following plantar incision.*

Plantar incision induces Toll-like receptor 9

mediated pro-inflammatory response

Gene expression changes in the DRG suggest TLRY as a
significant regulator pain development following plantar
incision (Figure 4(a) and (b)). Among the DRG
genes, I[FIT1b and ILR2a were profoundly upregulated
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by 50- and 34-fold, respectively. TLRs signaling are
thought to protect and defend the host organism by ini-
tiating inflammatory responses during tissue injury.
Activation of TLRs in glia, sensory neurons, and other
cell types has been shown to alter nociceptive processing
leading to pain.*' Though our findings pinpoint TLR9
activation in the DRG as a contributing factor in a
model of post-operative pain, this signaling mechanism
has been postulated in neuropathic and inflammatory
pain models.**** Thus, TLRY activity is likely a
common mechanism in DRG that modulates pain sig-
naling in multiple pain models. Stimulation of TLR9 can
exacerbate neuronal injury through excessive release of
Tumor necrosis factor and nitric oxide from glial cells.**
Conversely, inhibition of TLRY signaling can reduce
neuropathic pain*> and thermal hyperalgesia following
spinal cord injury.*® TLRY signals through MyDS8,
which activates the transcription factor NF-«B for pro-
duction of pro-inflammatory cytokines.*' Further stud-
ies are needed to determine the mechanisms by which
TLRY contributes to pain hypersensitivity following
plantar incision.

Plantar incision inhibits IL| ORA-mediated
anti-inflammatory responses

The reduced DRG expression of EDNRB, EMP2,
FBNI predicted the inhibition of upstream regulator
interleukin 10 receptor (IL10RA) activity after plantar
incision (Figure 4(c) and (d)). Emerging evidence indi-
cates that IL-10 is a potent anti-inflammatory molecule
that acts to dampen initial pro-inflammatory responses
through a poorly defined feedback mechanism.*’ In
addition, IL-10 is a positive regulator of neuropathic
pain, where intrathecal administration of IL-10 attenu-
ates mechanical allodynia and thermal hyperalgesia
after chronic constriction injury of the sciatic
nerves.*® Moreover, IL-10 can be induced by electro-
puncture to produce analgesic effects in the plantar
incision model.*” Our finding of reduced ILI0RA activ-
ity suggests a role in modulating pain behaviors follow-
ing plantar incision. More studies are needed to
delineate the mechanism by which IL10 signaling con-
tributes to the development of incisional pain.

Activation of IGF signaling pathway following
plantar incision

We identified insulin-like growth factor signaling (IGF1,
IGF-2, and IGF binding proteins) as a major gene net-
work in the development of pain behaviors (Figure 5(a)
to (c)). The upregulation of IGF2 and IGFBP6 after
incision (Figure 5(d)) was ameliorated by capsaicin pre-
treatment, suggesting active roles of IGF2 and IGFBP6
in the development of incisional pain (Figure 7). IGF2 is

a neurotrophic factor critical for cell proliferation, neu-
ronal survival, and nerve regeneration. Dysregulated
IGF2 expression is implicated in a growing number of
diseases.’*>* IGF2 binds with IGF1 receptor (IGF1R),
IGF2R, and insulin receptors. Activation of IGFI-
receptors engages multiple signaling pathways, including
the PI3 kinase/AKT and MAPK, which modulate neu-
ronal function and plasticity.>>>* Activation of IGFIR
can stimulate voltage-gated T-type Ca2+ (CaV3) chan-
nels in mouse DRG through a mechanism dependent on
heterotrimeric G protein signaling.”*®° The inhibition of
IGF-1R signaling or knock down of CaV3 in DRG neu-
rons abolished the increased mechanical and thermal
sensitivity after chronic inflammation.®® In addition,
IGF-receptor activation enhanced TrpVI1-mediated
membrane currents in heterologous expression systems
and cultured DRG neurons.®’ We have previously
shown that TrpV1 contributes to spontaneous activity
and sensitization to heat of primary afferent nociceptors
following skin incision in rats.** Taken together, these
findings suggest that IGF signaling is a novel pharma-
cologic target with therapeutic potential to manage pain
following surgical procedures.

Conclusions

We highlight three signaling pathways in the DRG that
are potentially involved in the processing of incisional
pain. These pathways may modulate nociceptor activa-
tion and sensitization, tissue repair, nerve regeneration,
and inflammatory responses. The present study is the
first to employ NGS, which is a genome-wide approach
to identify molecular factors, in the DRG of incisional
pain model. Our data suggest that patterns of transcrip-
tome changes after incision share similar processes in the
development of pain associated with diabetes and
inflammation'?'%; but distinct from neuropathic pain®’
and sciatic nerve transection>® pain model, which include
process for neuronal cell death and regeneration. This
study is limited in its pathway predictions, which are
based on a knowledge-based database, and a lack of
validation at the protein level. While the transcriptomic
changes that were attenuated by capsaicin pretreatment
are likely associated with postoperative pain develop-
ment, we cannot rule out the possibility of other non-
pain-related processes contributed to these changes.
Future studies are warranted to validate our results.
Nevertheless, investigation of this process on a molecu-
lar level by examining whole-genome transcriptional
activity provides initial insights into the mechanisms of
incisional pain, which may ultimately guide efforts to
identify novel therapeutics and biomarkers for incisional
pain in the future.
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