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ABSTRACT

Background: Peripheral nociceptors expressing the ion channel transient receptor potential cation channel, subfamily V,
member 1, play an important role in mediating postoperative pain. Signaling from these nociceptors in the peri- and post-
operative period can lead to plastic changes in the spinal cord and, when controlled, can yield analgesia. The transcriptomic
changes in the dorsal spinal cord after surgery, and potential coupling to transient receptor potential cation channel, subfamily
V, member 1—positive nociceptor signaling, remain poorly studied.

Methods: Resiniferatoxin was injected subcutaneously into rat hind paw several minutes before surgical incision to inactivate
transient receptor potential cation channel, subfamily V, member 1—positive nerve terminals. The effects of resiniferatoxin on
postincisional measures of pain were assessed through postoperative day 10 (n = 51). Transcriptomic changes in the dorsal
spinal cord, with and without peripheral transient receptor potential cation channel, subfamily V, member 1-positive nerve
terminal inactivation, were assessed by RNA sequencing (n = 22).

Results: Peripherally administered resiniferatoxin increased thermal withdrawal latency by at least twofold through postop-
erative day 4, increased mechanical withdrawal threshold by at least sevenfold through postoperative day 2, and decreased
guarding score by 90% relative to vehicle control (P < 0.05). Surgical incision induced 70 genes in the dorsal horn, and these
changes were specific to the ipsilateral dorsal horn. Gene induction with surgical incision persisted despite robust analgesia
from resiniferatoxin pretreatment. Many of the genes induced were related to microglial activation, such as Cd11b and Ibal.
Conclusions: A single subcutaneous injection of resiniferatoxin before incision attenuated both evoked and nonevoked mea-
sures of postoperative pain. Surgical incision induced transcriptomic changes in the dorsal horn that persisted despite analgesia
with resiniferatoxin, suggesting that postsurgical pain signals can be blocked without preventing transcription changes in the

dorsal horn. (ANESTHESIOLOGY 2018; 128:620-35)

DEQUATE postoperative analgesia continues to
pose a major clinical challenge. Despite the increased

focus on pain control in recent decades, a large number o Nociceptors expressing the transient receptor potential cation

of patients report severe pain after surgery with current channel, subfamily V, member 1, ion channel play important
roles in postoperative pain

Resiniferatoxin is a potent transient receptor potential cation

channel, subfamily V, member 1, agonist capable of silencing

nerve terminals and providing analgesia lasting weeks

What We Already Know about This Topic

standard of care postoperative analgesics.!> In addition

to causing suffering in the immediate postoperative time
period, uncontrolled postoperative pain is a risk factor for
chronic postsurgical pain after a variety of surgical proce-
dures.>” Previous studies indicate that long-lasting, mul-
timodal analgesia can reduce primary afferent nociceptor e Using a rat model of postsurgical pain, it was shown that a
single localized injection of resiniferatoxin reduced evoked and
nonevoked pain-related behaviors over the entire period of
postoperative recovery

Analysis of spinal cord dorsal horn tissue revealed that
resiniferatoxin pretreatment did not block most changes in
gene expression, including the expression of genes associated
with microglia, despite reducing pain-related behaviors

What This Article Tells Us That Is New

firing during the perioperative period.®® Nonetheless,
achieving simple, effective long-duration postoperative
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analgesia with minimal patient intervention remains

elusive, and new analgesic targets are needed to con-
trol postoperative pain. Primary afferents that express
transient receptor potential cation channel, subfamily
V, member 1 (TRPVI) transduce signals from noxious

%10 and the activation of

heat and inflammatory stimuli,
these fibers is perceived as painful, making these fibers,
as a class, attractive targets to silence in the perioperative

period. Indeed, after surgical incision, TRPV1* afferents
have been implicated in heat hyperalgesia and spontane-
ous afferent activity.!!
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Selective and temporary chemoablation of TRPVI*
nociceptors with resiniferatoxin could provide the requisite
long-lasting analgesia needed for postoperative pain control.
Resiniferatoxin provides highly effective analgesia in multiple
preclinical models of pain,'®!>-1
als for intrathecal use in patients with severe pain associated

and is in phase I clinical tri-

with advanced cancer. As an ultrapotent analog of capsaicin,
resiniferatoxin binds to TRPV1 and causes prolonged channel
opening, calcium influx, and cytotoxicity to the neuron ter-
minals.”>!® As a result, treatment with resiniferatoxin blocks
several modalities of nociceptive signaling from nerve endings
containing TRPV1 in addition to those signals transduced by
the channel itself. A single peripheral administration of resin-
iferatoxin leads to an analgesic state that lasts between 7 and
14 days,' a duration of effect longer than the usual duration
of severe postoperative incisional pain.!” Thus, nociceptive
input from TRPV1* afferents can theoretically be blocked
during the entire perioperative period after a single preopera-
tive injection. In this report, we first establish the efficacy of
resiniferatoxin in decreasing postincisional pain in rats.

Fewer pain signals entering the central nervous system
potentially decrease the likelihood of inducing plastic changes
in the central nervous system known as central sensitization,
which is a concern after surgery.” To date, the transcriptional
changes in the dorsal horn (DH) of the spinal cord that occur
after surgical incision remain incompletely defined, and so it
is unclear to what extent gene expression is altered by periph-
eral incision. Furthermore, postincisional pain is thought to
involve different mediators and mechanisms than purely
inflammatory or neuropathic pain, and insight into transcrip-
tomic changes in those models might not be fully applicable to
a postsurgical pain model.'®!” Therefore, we performed RNA
sequencing (RNA-Seq) of the dorsal spinal cord to character-
ize the molecular changes in the DH induced by surgery. To
further characterize the coupling of nociceptive input to DH
molecular changes, we conducted an RNA-Seq analysis of the
DH of surgically incised animals after inactivation of TRPV1*
nociceptors with peripheral resiniferatoxin injection.

Materials and Methods

Animal Care

Experiments were approved by the Institutional Animal Care
and Use Committee of the Clinical Center, National Insti-
tutes of Health (Bethesda, Maryland). Animals were cared
for and tested in accordance with ethical guidelines estab-
lished in the Guide for Care and Use of Laboratory Animals.
Male Sprague Dawley rats (200 to 300g) were housed in
pairs with 12-h light-dark cycles, fed ad libitum, and were
tested and monitored for behavior during the animal’s light
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cycle. Animal cages were furnished with a plastic tunnel for
enrichment. Male and female Sprague Dawley rats have
been shown to have similar nocifensive behavior after sur-
gical incision, and similar responses to approved analgesics
postoperatively,?’ so we focused on male rats in this study.
Future work will extend this work to female rats.

Plantar Surgical Incision and Perioperative Analgesia
Animals received 25 pl of vehicle or resiniferatoxin (8 ng/pl
in 0.25% Tween-80, 2 mM ascorbic acid, and normal saline)
through a 30-gauge needle to the plantar area 15 to 25 min
before incision. An injection was made to subcutaneous and
intramuscular tissues. Surgical incision on the plantar aspect
of the rat hind paw was made as previously described.?!
Briefly, a 1-cm longitudinal incision was made through skin
and fascia with a no. 15 scalpel blade, and the incision was
extended into the underlying plantar flexor digitorum brevis
muscle with a no. 11 scalpel blade. The wound was closed
with two horizontal mattress sutures. While resiniferatoxin
causes initial discharge of nociceptors expressing TRPV1
before the terminals degenerate, transmission of the pain
signal can be blocked with local anesthetics.'* To address
this issue, some rats received 2% lidocaine (Fresenius Kabi,
USA) cither alone or 5min before resiniferatoxin injection,
and this was administered by the same route as vehicle and
resiniferatoxin. The timing of the administration was chosen
to approximate clinically relevant procedural use. Injection
and surgery were conducted under isoflurane anesthesia. As
the addition of lidocaine had no significant effect on thermal
hyperalgesia or mechanical allodynia (Supplemental Digital
Content 1, htep://links.Iww.com/ALN/B575, which shows
the effect of lidocaine on postincisional nocifensive behav-
ior), animals treated with lidocaine were pooled with those
not treated with lidocaine for behavioral analysis.

Evoked Measurements of Nociception and Hyperalgesia

An infrared diode laser (LASS-10 M; Lasmed, USA) with
an output wavelength of 980 nm was used to generate ther-
mal stimuli as previously described.!® Briefly, unrestrained
rats were placed on a glass platform under a plastic enclo-
sure. Thermal C-fiber-mediated behavioral responses were
evoked using a continuous 5-mm-diameter beam at 1,000
mA, and the time until paw withdrawal was measured, or
the assay was stopped at 25 if no withdrawal occurred. At
paw withdrawal, the surface temperature of the paw was
inferred from a standard curve (Supplemental Digital Con-
tent 2A, htep://links.lww.com/ALN/B576, which shows
the relationship between continuous paw heating and paw
surface temperature). Thermal A-8 fiber—mediated fast with-
drawal reflexes were evoked using a 100-ms pulse of laser
stimulation at 3,500, 4,500, or 5,000 mA with a 1.6-mm-—
diameter beam; approximate temperature changes from
these stimuli are shown in Supplemental Digital Content 2B
(http://links.lww.com/ALN/B576). Paw withdrawal to the

100 ms A-8 laser pulse was measured as a binary variable.
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The small-diameter A-8 beam was targeted toward the distal,
medial edge of the surgical incision. The interstimulus inter-
val was 5 min with successive delivery of the 3 small-diame-
ter A-O stimulations first, followed by stimulation with the
larger-diameter C-fiber beam. Calibrated Von Frey monofil-
aments were used to assess mechanical allodynia as described
previously.?! Briefly, animals were placed on an elevated wire
mesh surface, and calibrated monofilaments of increasing
strength were applied to the distal, medial edge of the surgi-
cal incision until consecutive withdrawals were observed or
60g (the cutoff value) was reached. The cutoff value 60g
was recorded even if there was no withdrawal response with
this force. To further assess allodynia to punctate mechani-
cal stimuli, Von Frey filaments producing a bending force
of 0.4g, 1g, 2¢g, 4¢, or 6g were applied near the distal edge
of the wound for 1 to 3s. Filaments were tested 10 times in
order of increasing force, and the number of brisk paw with-
drawals was counted.??

Spontaneous Nocifensive Behavior and Motoric Function
Spontaneous guarding of the injured paw was scored as pre-
viously described.?! These measurements were made before
other behavioral assessments and recorded using a Canon
HF R700 camcorder (Japan). Briefly, rats were placed on an
elevated wire mesh surface (7x7mm) and video-recorded
from below for 3 consecutive minutes while they were free
to behave naturally. Animals were scored in 1-s bins based on
the position of the paw according to a previously established
rubric as follows.?? If the area of the wound was blanched or
distorted by the mesh, indicating the animal was using this
foot for weight-bearing, a score of 0 was given; if the area of
the wound was touching the mesh but without any blanching
or distortion, indicating the animal was supporting some of
its weight using this paw, a score of 1 was given; if the area
of the wound was not in contact with the wire mesh, a score
of 2 was given. The sum of the scores during the 3 min was
used as a measure of postincision guarding. Motoric function
was assessed using an accelerating rotarod (Model 7750, Ugo
Basile, Italy) set to accelerate from 4 to 50 rpm over a period
of 3 min. Rats were habituated over 4 consecutive days before
data were collected. Latency to first fall was recorded.

Immunohistochemistry

Rats were anesthetized with ketamine and xylazine on post-
operative day 5 and transcardially perfused with phosphate
buffered saline followed by 4% paraformaldehyde. Lumbar
spinal cord segments were dissected, postfixed in 4% para-
formaldehyde overnight, and embedded in paraffin blocks
from which 6-pm sections were cut. The slides were warmed
at 60°C for 20 min, deparaffinized in xylenes three times for
5min each, and hydrated in a decreasing ethanol gradient
(100%, 95%, 70%, 30%, distilled H,0) for approximately
I min each. Sections were subjected to antigen retrieval
performed using citrate buffer (10 mM citric acid, 0.05%
Tween-20, pH 6.0) in a 1200-W microwave for 3min at
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100% power and 10 min at 30% power. Slides were washed
in buffer containing 145mM NaCl, 5mM KCI, 1.8 mM
CaClz, 0.8 mM MgClz, and 10 mM HEPES. Tissue sections
were blocked by incubation in rabbit serum (VECTASTAIN
Elite ABC-HRP Kit, peroxidase, and goat IgG, Vector Labs,
USA) for 30 min. The slides were incubated in primary anti-
body (Ibal, 1:2,000, Abcam, USA) and diluted in antibody
diluent (1% bovine serum albumin, 0.05% sodium azide,
and 0.1% Tween-20 in phosphate buffered saline) for 1h.
The slides were washed in buffer for 5min and incubated
in biotinylated secondary antibody from the VECTASTAIN
Kit for 30 min. The slides were washed again for 5min in
buffer and incubated in the Vector ABC Reagent for 30 min.
The slides were washed for 5min in buffer and developed
with the InmPACT DAB kit (Vector Labs, USA) until opti-
mal color developed (7 min). The slides were rinsed in tap
water and counterstained with hematoxylin (Sigma-Aldrich,
USA). Scans of all slides were taken with an Aperio CS2
Scanner (Leica Biosystems, USA).

Tissue Preparation and RNA Purification

Rat DH tissue was dissected on postoperative day 2 and
frozen at —80°C. Total RNA was extracted following the
protocol from the RNeasy Lipid Tissue Mini Kit including
the optional DNase digestion (Qiagen, USA). Briefly, tissue
was homogenized in Qiazol (Qiagen) using the Fast Prep-
24 Homogenizer (MP Biomedicals, USA). Chloroform was
added, and the aqueous layer was extracted. An equal vol-
ume of 70% ethanol was added, and the RNA was bound
to the spin column. The column was washed and then incu-
bated with RNase-Free DNase (Qiagen) at room tempera-
ture for 15 min. The columns were washed again, and RNA
was eluted off the column in RNase-free water. RNA integ-
rity was evaluated using a 2,100 Bioanalyzer and the RNA
6,000 Nano Kit (Agilent Technologies, USA). All samples
had RNA integrity score greater than or equal to 8.9.

Alignment and Quantification of RNA-Seq Count Data

Sequencing was performed at the National Institutes of
Health Intramural Sequencing Center as described previ-
ously.?* Briefly, messenger RNA libraries were constructed
from 22 rat DH samples using 0.6 to 1 pg messenger
RNA and Illumina TruSeq RNA Sample Prep Kits, version
2 (Illumina, USA). The resulting complementary DNA
was fragmented using a Covaris E210 instrument. Library
amplification was performed using 10 cycles to minimize
overamplification. Unique barcode adapters were applied to
each library. Libraries were pooled in equimolar ratio and
sequenced together on a HiSeq 2,500 (Illumina) with ver-
sion 4 flow cells and sequencing reagents. For each indi-
vidual library, 35 to 45 million 125-base read pairs were
generated. Data was processed using real-time analysis
1.18.61 or 1.18.64 and CASAVA 1.8.2 software tools (Illu-
mina). Resulting Binary Alignment Map files were con-
verted to fastc format using Picard tools and the mRNA and
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Genome Integrative Cooperative (MAGIC) software suite.?®
Gene quantification was performed using a rat genomic tar-
get based on RefSeq annotations for the rn6 genome and the
National Center for Biotechnology Information MAGIC
pipeline. Quantification and normalization of gene expres-
sion is reported in significant fragments per kilobase of
transcript per million mapped reads (sFPKM), a variant of
fragments per kilobase of transcript per million mapped reads
corrected to limit the influence of protocol biases.” Differ-
entially expressed genes (DEGs) are identified by comparing
the distributions of gene expression of each gene across two
experimental groups of samples. Each gene is given a DEG
score in the range 0 to 200, where 200 indicates a perfectly
classifying gene between the two conditions examined. A
threshold is chosen by controlling the false discovery rate
(FDR) in a gene-by-gene fashion. To identify genes that are
highly variable for a cause unrelated to the condition being
studied, 80 random permutations are constructed orthogo-
nal to the phenotype under study: in each permutation, the
two random groups contain the same proportion of samples
belonging to the two experimental groups.?® The average
“noise” score for each gene across these 80 permutations is
measured and subtracted from the experimental DEG score
for that gene. The average number of “noise” genes above a
score is compared to the number of experimental “signal”
genes above the same score to calculate the FDR. The thresh-
old defining the significant DEG score is chosen to maintain
the overall pairwise FDR less than 5% without exceeding an
incremental FDR of 20% upon addition of potential dif-
ferentially expressed genes (Supplemental Digital Content
3, htep://links.Iww.com/ALN/B577, which shows the rela-
tionship between FDR and differential score threshold). The
MAGIC software, documentation, and targets are available
at  ftp://ftp.ncbi.nlm.nih.gov/repository/acedb/Software/
Magic (accessed September 25, 2017). DEGs were corre-
lated with a public database of central nervous system cell-
type specific gene expression.”” Cell-type specific marker
genes were defined as those with threefold increased expres-
sion in one cell type versus any other cell type. Raw data are
available upon request and downloadable from the sequence
read archive database under project number PRJNA412076.

Weighted Gene Coexpression Network Analysis and
Functional Analysis

Weighted Gene Co-expression Network Analysis (WGCNA)
allows unbiased detection of networks of gene modules.
Briefly, a signed Pearson correlation matrix was constructed
among all pairs of genes with variance greater than 1 across
control DH samples and samples of DH ipsilateral to the
incision. The correlation matrix was increased to the power
B = 18 to fit the assumption of scale-free topology and to
calculate an adjacency matrix, and this was transformed
to a topological overlap matrix (TOM). Genes with simi-
lar expression pattern were clustered based on hierarchical
clustering of the matrix 1-TOM. Resulting modules were
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merged if the first principal components of the modules had
a Pearson correlation exceeding 0.80, and modules were con-
sidered significantly correlated with surgery if the P value
was less than 0.05 after the Holm-Sidak procedure for multi-
ple tests. The analysis was performed using custom R scripts.
Gene ontology (GO) enrichment analysis was performed
using g:Profiler on the genes in the gene module correlat-
ing with surgery focusing on terms in the biologic process
domain.”® GO terms were considered significantly enriched
(P < 0.05) after Bonferroni correction.

Statistical Analysis of Behavioral Assays

Animals (n = 51) were randomized to treatments, and the
experimenter was blinded to treatment condition for all
behavioral assays. All statistical tests were two-sided, and a
P value of less than 0.05 was considered statistically signifi-
cant. No data were excluded or lost. Some cohorts of animals
were euthanized for biochemical analyses before postopera-
tive day 10. Sample sizes for each assay, at each time point,
and for each experimental condition can be found in Sup-
plemental Digital Content 4 (http://links.lww.com/ALN/
B578). Sample sizes were chosen based on our group’s previ-
ous experience working with resiniferatoxin in rats. Exact P
values for behavioral assays are reported in the text or can
be found in Supplemental Digital Content 4 (http://links.
Iww.com/ALN/B578). To compare baseline and postsurgi-
cal continuous outcomes, the Kruskal-Wallis test with the
Dunn multiple comparison procedure was used. In the set-
ting of planned experimental loss of animals for biochemical
analyses, we did not account for repeated measures on indi-
vidual animals when comparing postsurgical measurements
to baseline values. Without planned experimental loss of
animals, continuous outcomes were compared with two-way
repeated-measures ANOVA with Holm-Sidak step-down
method adjustments for multiple comparisons. To compare
treated and untreated animals after plantar surgery, repeated
Mann-Whitney U tests were used at each time point with
Holm-Sidak step-down method adjustments for multiple
comparisons. Results are reported as median with interquar-
tile range. The Fisher exact test was repeated at each time
point with Holm-Sidak step-down method adjustments for
multiple comparisons to compare treated and untreated ani-
mals for binary response variables. Analyses were performed

with Prism Statistical Software (GraphPad, USA).

Results

Resiniferatoxin Blocks Thermal Hyperalgesia after
Surgical Incision

Resiniferatoxin was administered in a clinically relevant time-
line in the perioperative period (fig. 1A). Plantar incision
caused thermal hyperalgesia to continuous heat stimulation
(fig. 1B) as indicated by a decrease in median withdrawal
latency to 2.6s (2.25 to 3.25s) at 4h after surgery (76%
decrease from a baseline of 10.85s with interquartile range
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9.58 to 13.45s). Hyperalgesia remained prominent until Plantar incision caused increased withdrawal responsive-
postoperative day (POD) 3, when latency was 5.75s (47%  ness at the three different thermal A-9 stimulus intensities
of baseline, P < 0.05, Kruskal-Wallis test with the Dunn  after surgical incision. Even with the lowest thermal stimu-

multiple comparisons test; see Supplemental Digital Con-  lus (see heating curve in Supplemental Digital Content 2B,
tent 4 at htep://links.lww.com/ALN/B578 for exact Pvalues  http://links.Iww.com/ALN/B576), plantar incision caused
for comparison of each postoperative day). This effect was  increased withdrawal responsiveness (hyperalgesia) through
reversed in the resiniferatoxin treated group, and resinifer- PODI1 to the brief thermal pulses (thermal A-0 mediated
atoxin-treated animals had withdrawal latencies that were  rapid withdrawal reflex, fig. 1C), with 77% of vehicle-treated
2.3- to 9.6-fold longer compared to vehicle-treated animals ~ animals withdrawing compared to 0% of resiniferatoxin-
through POD4 (P < 0.05, repeated Mann—Whitney U tests  treated animals (2 = 0.0009, Fisher exact test with Holm-
with Holm-Sidak adjustment). After resiniferatoxin treat- Sidak correction for multiple comparisons). Responsiveness

. . . . . . o . o

ment, animals did not withdraw their paws on average until to the medium- and high-intensity (fig. 1, D and E) thermal g

3

temperatures exceeded 47°C through POD6 (see heating pulses was significantly blocked in the resiniferatoxin-treated g

curve in Supplemental Digital Content 2A, http://links.lww. ~ group after incision through POD4 and PODI10, respec- g

com/ALN/B576). tively (P < 0.05, Fisher exact test with Holm-Sidak correction E]
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Fig. 1. Postincisional thermal hyperalgesia is attenuated after peripheral resiniferatoxin injection. (A) Top, Diagram for the loca-
tion of peripheral injection and plantar surgical incision. Bottom, Experimental timeline for behavioral testing with sequence of
anesthesia induction, peripheral injections of analgesics, and plantar incision. (B) Plantar incision led to decreased withdrawal
latency to continuous thermal stimulation associated with C-fiber activation, which was attenuated by resiniferatoxin through
POD4 (*P < 0.05, repeated Mann-Whitney U tests with Holm-Sidak adjustment; data are plotted as median with IQR). (C)
Hyperalgesia to low-intensity 100-ms thermal pulse associated with A-§ fiber stimulation (maximum temperature, ~64°C) was
most pronounced through POD1 and attenuated by resiniferatoxin during this time (*P < 0.05, repeated Fisher exact tests
with Holm-Sidak adjustment; error bars are 95% Cls). (D) Hyperalgesia to moderate-intensity thermal stimulation (maximum
temperature, ~105°C) was evident for several days after surgical incision, and resiniferatoxin treatment significantly attenuated
the withdrawal response through POD4 (*P < 0.05, repeated Fisher exact tests with Holm-Sidak adjustment). (E) Most vehicle-
treated animals withdrew from the high-intensity thermal pulse (maximum temperature, ~124°C), but resiniferatoxin ablated
this response through POD10 (*P < 0.05, repeated Mann-Whitney U tests with Holm-Sidak adjustment). Thermal A-d mediated
withdrawal reflexes take 3 weeks or longer to return to baseline, depending on the intensity of the stimulus.®® See Supplemental
Digital Content 2 (http://links.lww.com/ALN/B576) for the relationship between laser intensity and paw surface temperature.
IQR = interquartile range; POD = postoperative day; RTX = resiniferatoxin.
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for multdiple comparisons). As TRPV1 mediates the sensa-
tion of noxious heat, these data signify successful ablation of
TRPV1* terminals by peripheral resiniferatoxin, as well as the
peripheral sensitization of TRPV1* fibers after incision.

Resiniferatoxin Decreases Nonthermal Nocifensive
Behaviors

Resiniferatoxin attenuated nonthermal nocifensive behav-
jors in the postoperative period (fig. 2). In vehicle-treated
animals, plantar incision led to a reduced Von Frey mechani-
cal withdrawal threshold (fig. 2A) at 4 h postoperatively, and
this mechanical hyperalgesia remained through POD4 (98%
reduction from baseline to 88% reduction, < 0.05, Kruskal-
Wallis test with the Dunn multiple comparisons test). Resin-
iferatoxin treatment attenuated the hyperalgesic response
through POD2 with resiniferatoxin-treated animals having
at least a sevenfold higher mechanical withdrawal thresh-
old during this time compared to vehicle-treated animals
(P < 0.05, repeated Mann—Whitney U tests with Holm-
Sidak adjustment). Mechanical allodynia was assessed with
a second complementary test using repeated application of
low-intensity mechanical stimuli, and peripheral resinif-
eratoxin was found to decrease the median number of paw
withdrawals by 50% for stimuli with bending forces of 2 to
6 g through POD2 (fig. 3). When peripheral resiniferatoxin
was given 1 day after incision, after mechanical allodynia
had developed, paw withdrawal response was attenuated
relative to vehicle-treated animals (P < 0.05 for filaments
with bending forces greater than or equal to 2g, two-way
repeated-measures ANOVA with post hoc comparison to
vehicle control with Holm-Sidak adjustment). Nonevoked
measures of pain were also attenuated by perioperative resin-
iferatoxin treatment. Vehicle-treated animals exhibited paw
guarding behavior through POD2 (fig. 2B), whereas resin-
iferatoxin-treated animals demonstrated a 90% or greater

>
w

reduction in guarding score compared to vehicle-treated
animals during this time (P < 0.05, repeated Mann—Whit-
ney U tests with Holm-Sidak adjustment). Treatment with
resiniferatoxin had no effect on motoric function (fig. 2C),
nor was there any effect of resiniferatoxin in response to
pinprick (see Supplemental Digital Content 5, http://links.
Iww.com/ALN/B579, which is a figure of animal response
to pinprick), demonstrating that resiniferatoxin peripheral
ablation did not indiscriminately eliminate all pain-sensing
modalities. There was no evidence of autotomy*>* such as
paw gnawing.

Plantar Incision with or without Preemptive
Resiniferatoxin Leads to Ipsilateral Gene Ghanges in the
Dorsal Spinal Gord

Plantar incision induced expression of 70 genes compared to
a separate group of control rats; no genes exhibited decreased
expression (fig. 4, A and B). Using a within-animal compari-
sons, changes were specific to the DH ipsilateral to surgical
incision; ipsilateral DH had 92 genes with increased expres-
sion compared to the contralateral DH (fig. 4C). Despite
the evident level of analgesia achieved during our behavioral
assays, in animals pretreated with resiniferatoxin, we still
observed an induction of 37 genes in the DH compared to
control (fig. 4D), and no genes were significantly different
in the DH of incised animals with and without preemptive
resiniferatoxin (fig. 4E). The transcriptomic changes in the
DH after surgical incision with and without resiniferatoxin
were highly similar by covariance analysis, indicating similar
expression levels of almost all genes in these two data sets
(Supplemental Digital Content 6, htep://links.lww.com/
ALN/B580). While fewer genes were significantly induced
after incision with resiniferatoxin (37 genes) compared to
without resiniferatoxin (70 genes), this is largely because the
incision in the resiniferatoxin group had greater variability in
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Fig. 2. Postincisional mechanical allodynia, spontaneous pain (guarding score), and motoric function. Data are plotted as me-
dian with IQR. (A) Withdrawal threshold to mechanical stimuli is decreased after surgery, but the allodynia is significantly at-
tenuated after resiniferatoxin (RTX) treatment through POD2 (*P < 0.05, repeated Mann-Whitney U tests with Holm-Sidak ad-
justment). (B) Paw guarding score, a measure of spontaneous nocifensive behavior, was increased from baseline after plantar
incision; resiniferatoxin treatment attenuated guarding behavior through POD2 (*P < 0.05, repeated Mann-Whitney U tests with
Holm-Sidak adjustment). (C) Treatment with resiniferatoxin did not change the duration of time the rats spent on the rotarod,
a measure of motoric function (P > 0.50, repeated Mann-Whitney U tests). IQR = interquartile range; n.s. = not significant;
POD = postoperative day.
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Fig. 3. Resiniferatoxin (RTX) attenuates postsurgical mechanical allodynia when given preemptively (red line) or after the estab-
lishment of hypersensitivity (orange line). Data are plotted as median with IQR. (A) A range of filaments were assessed including
a 0.4-g filament, which did not induce a behavioral response. (B-E) Preemptive resiniferatoxin (n = 6, red line) attenuated behav-
ioral responses to 1-g, 2-g, 4-g, and 6-g filaments, indicating a reduction in postincisional mechanical allodynia with resinifera-
toxin treatment. (*P < 0.05, two-way repeated measures ANOVA with post hoc comparison to vehicle control with Holm-Sidak
adjustment). Resiniferatoxin was given 1 day after surgical incision (n = 6, orange line) with testing at least 2 h after intraplantar
resiniferatoxin injection. Animals demonstrated attenuation of mechanical allodynia compared to vehicle control (1P < 0.05,
two-way repeated-measures ANOVA with post hoc comparison to vehicle control with Holm-Sidak adjustment). Vehicle-treated

control n = 5. IQR = interquartile range; POD = postoperative day.

gene expression, and with our stringent requirement for con-
trolling the FDR, fewer genes had the magnitude of induc-
tion needed to overcome this variability and reach statistical
significance (see Supplemental Digital Content 3, http://
links.lww.com/ALN/B577, which demonstrates the signifi-
cance threshold to maintain the FDR less than 5% in differ-
ent experimental comparisons).

Because many genes are changed by surgical incision,
but not all surpass the threshold for statistical significance
when corrections for multiple comparisons are made, we
further investigated subthreshold changes of related genes.
WGCNA allows for unbiased detection of gene networks;
comparing how these modules are affected by surgical inci-
sion allows us to identify significant gene networks that are
composed of correlated genes, some of which underwent
subthreshold elevation. Analysis of the 6,029 genes with
variance greater than 1 across samples detected 27 dis-
tinct gene modules (fig. 5A). One module (blue module in
fig. 5A) was significantly correlated with surgery (P < 0.001
after Holm-Sidak adjustment, fig. 5B) and contained 394
genes (see Supplemental Digital Content 7, http://links.Iww.
com/ALN/B581, for gene list with sFPKM values). Most
genes changing with surgery did not change in the contra-
lateral DH. Furthermore, peripheral resiniferatoxin pretreat-
ment failed to significantly attenuate the induction of many
genes (fig. 5C). GO term analysis of the gene module cor-
relating with surgery identified gene enrichment for biologic

Anesthesiology 2018; 128:620-35

processes relating to mitotic and apoptotic processes as well
as immune cell activation, migration, and differentiation
(fig. 5D; a full list of GO terms can be found in Supplemen-
tal Digital Content 8, http://links.lww.com/ALN/B582).
The transcription levels of select genes in the DH for each
experimental condition are shown in table 1, highlighting
genes involved in the complement and chemokine signal-
ing pathways, opioid pathways, and lipid pathways as well as
select G-protein—coupled receptors (GPCRs) and select glial
marker genes. The full list of genes with sFPKM values can
be found in Supplemental Digital Content 9 (http://links.
Iww.com/ALN/B583), and the full list of genes with counts
of aligned reads can be found in Supplemental Digital Con-
tent 10 (heep://links.Iww.com/ALN/B584).

Dynorphin Induction and Microglial Activation

Plantar incision led to a greater than 118% increase in
expression of the prodynorphin gene (Pdyn) in the ipsilateral
DH, but not in the contralateral DH relative to control ani-
mals (fig. 6A). The expression of Pdyn was not significantly
different between the resiniferatoxin-treated and control ani-
mals (with only 49.5% increase in expression after incision
with resiniferatoxin pretreatment compared to baseline). In
contrast, many genes specific to microglia such as Jtgal were
increased after surgical incision irrespective of resiniferatoxin
pretreatment (fig. 6, B-D), and known microglial activation
markers /tgam and Aifl, which encode CD11b and Ibal,

Raithel et al.
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Fig. 4. Transcriptional changes in the DH on postoperative day 2 after plantar incision. (A) Schematic of experimental groups
for RNA sequencing. Tissue was harvested on postoperative day 2. (B) Surgical incision increased gene expression in the DH
relative to control (70 genes), and (C) similar changes were observed in the side of the DH ipsilateral to the incision relative to
the contralateral side. (D) Surgically incised animals with preemptive resiniferatoxin (RTX) analgesia also had increased gene
expression in the DH compared to controls (37 genes). (E) There were no significantly differential genes between the surgically
incised group with or without intraplantar resiniferatoxin treatment. All genes are plotted (gray dots) with significantly differen-
tially expressed genes in red. Contra = contralateral; DH = dorsal horn; Ipsi = ipsilateral; RNA-Seq = RNA sequencing; sFPKM =
significant fragments per kilobase of transcript per million mapped reads.

were also increased after surgery (fig. 6, E and F). The tran-
scriptomic signature of microglia activation is nearly identi-
cal in the DH of animals after surgical incision whether or
not they received preemptive resiniferatoxin. That is, there
are no differences in expression of microglial-specific genes
or other markers of microglial subtypes such as Tmem119 or
Sall1*73132 between the two conditions (Supplemental Digi-
tal Content 11, A-G, http://links.Iww.com/ALN/B585).
Moreover, genes that are specific for monocytes relative to
microglia such as 7rem! and Trem3**34 remain negligible
in expression after injury, suggesting a low contribution
from myeloid cells invading the spinal cord in this model

Anesthesiology 2018; 128:620-35 627

(Supplemental Digital Content 11, C and D, http://links.
Iww.com/ALN/B585).

We confirmed by immunohistochemistry that Ibal was
increased in DH lamina I and II ipsilateral to surgical inci-
sion compared to contralateral; pretreatment with resinifer-
atoxin had no effect on the number of Ibal immunoreactive
microglial cells (fig. 6, G and H). The immunohistochemi-
cal changes were observed at POD5, indicating that glial
activation persists even as hyperalgesia is subsiding. Resinif-
eratoxin without surgical incision also caused a modest non-
significant increase in the number of Ibal immunoreactive
microglial cells in the ipsilateral dorsal spinal cord compared

Raithel et al.
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Fig. 5. (A) Weighted Gene Co-expression Network Analysis (WGCNA) was used to identify gene modules in control and surgi-
cally treated animals; genes are shown as terminal branches of the dendrogram, and groups of genes that are closely correlated
are represented as large downward deflections in the graph. Distinct gene clusters (27 clusters) are marked with unique colors
beneath the cluster dendrogram. (B) Each module is plotted as a colored circle. The blue gene module (394 genes) was the
only gene module significantly correlated with surgery (P < 0.001 after Holm-Sidak adjustment). (C) The genes in the module
are represented in a heat map that shows increased expression after surgery in the ipsilateral DH. Graphical representation for
the expression of these genes in the contralateral DH and after preemptive resiniferatoxin analgesia are shown for comparison.
Each column is an individual animal, and each row of the heat map corresponds to a gene; expression values (sFPKM) are nor-
malized across each row. (D) Gene ontology (GO) analysis for the gene module that changes with plantar incision shows that
predominant changes in the DH relate to mitosis signatures, immune cell migration, immune cell activation, and immune cell
differentiation (P < 0.05 after Bonferroni correction; nonspecific terms not shown in figure; see Supplemental Digital Content 7,
http://links.lww.com/ALN/B581, for full list of GO terms). Contra = contralateral; DH = dorsal horn; Ipsi = ipsilateral; ROS, reac-
tive oxygen species; RTX = resiniferatoxin; sFPKM = significant fragments per kilobase of transcript per million mapped reads.

%20z Iidy 61 uo 3s8nb Aq Jpd'9z000-0 00£08102/81508€E/029/E/8C L/4Ppd-8l0E/ABO|OISBYISBUE/WOD IBYDIBA|IS ZESE//:dJY WOI) papeo|umoq

to the contralateral side (10.75 + 3.48 ws. 8.25+2.33, Discussion

P=0.17, paired # test, n = 4; Supplemental Digital Content  Resiniferatoxin was efficacious in decreasing multiple mea-

12, heep://links.lww.com/ALN/B586). Ibal immunoreac-  gures of postoperative pain in rats. Resiniferatoxin binding
tive microglial cells were located in the medial DH, con- causes prolonged TRPV1 channel opening, produces a large
sistent with innervation from the tibial nerve at the site of  intracellular calcium overload, and rapidly leads to nerve ter-
injury. minal silencing.!>!® Because of the long-term nature of nerve
Anesthesiology 2018; 128:620-35 628 Raithel et al.
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Table 1. Gene Changes after Surgical Incision and with Preemptive Resiniferatoxin-based Analgesia

Control Ipsi Fold Change Contra RTX

Gene Protein Product (sFPKM) (sFPKM) (Ipsi/Control) (sFPKM) (sFPKM) Sig DEG Score
Opioid pathways
Penk Proenkephalin 145.8 165.4 1.1 148.3 160.9 n.s. -
Oprl1 Nociceptin/orphanin FQ peptide receptor 39.5 38.5 1.0 37.9 36.7 n.s. -
Pdyn Prodynorphin 16.8 36.7 2.2 18.2 24.6 * 95.5
Pnoc Prepronociceptin 13.5 13.1 1.0 13.1 14.2 n.s. —
Oprk1 x opioid receptor 5.8 5.9 1.0 5.9 6.0 ns. —
Oprm1 p opioid receptor 6.0 6.5 1.1 6.1 7.3 n.s. -
Oprd1 O opioid receptor 4.9 4.7 0.9 4.7 49 ns. —
Chemokine receptors go’
Cx3cr1 Fractalkine receptor 40.1 53.0 1.3 41.3 53.4 # - §j
Ccer5 C-C chemokine receptor type 5 7.9 11.8 1.5 8.4 10.4 # — §
Cmkir1 Chemokine like receptor 1/Chemerin Rec 23 2.0 3.1 1.6 2.4 2.6 # - g?
Complement system =
C3 Complement component C3 39.6 53.5 1.4 37.5 52.9 # - :é
Ciqga A-chain polypeptide of C1q 32.0 47.2 15 33.4 47.7 # - g
C4a Complement component 4a 13.1 21.9 1.7 15.8 23.5 * 78.5 2
Cigb B-chain polypeptide of C1q 19.2 33.2 1.7 20.1 36.3 * 102.7 %
Crfh Complement factor H 16.4 215 1.3 18.3 18.1 # - §
Ciqgc C-chain polypeptide of C1q 8.2 15.0 1.8 8.9 14.5 * 99.8 )
Cfb Complement factor B 5.5 9.2 1.7 7.9 7.7 # - %
GPCRs E
Gpr84 G protein—coupled receptor 84 2.1 5.1 2.4 2.5 5.4 * 142.9 g
Niacr1 Hydroxycarboxylic acid receptor 2 (Hcar2) 2.2 4.0 1.8 2.1 3.8 * 109.6 §
Gpr31 G protein—-coupled receptor 31 1.55 2.22 1.4 1.29 2.27 * 69.9 ::;
C3art C3a anaphylatoxin chemotactic receptor 1.39 2.43 1.7 1.52 2.49 * 96.6 ;'?
Gpr183 G protein—coupled receptor 183 1.2 2.5 2.1 1.5 3.1 * 117.9 %
P2ry6 P2Y purinoceptor 6 1.07 1.89 1.8 1.09 2.28 * 113.0 2
Cbhart C5a anaphylatoxin chemotactic receptor 0.95 1.65 1.7 1.038 1.45 * 79.2 §
Lipid pathways 8
Pld4 Phospholipase D4 17.3 28.4 1.6 18.2 29.5 * 88.1 g
Pla2g4a Cytosolic phospholipase A2 4.9 7.1 15 5.2 6.8 # - N
Thxas1 Thromboxane A synthase 1 1.26 2.29 1.8 1.51 2.23 * 85.8 %
Alox5 Arachidonate 5-lipoxygenase 0.69 1.18 1.7 0.8 1.15 * 75.3 ‘8
Kinases g
Lyn Tyrosine-protein kinase Lyn 71 10.7 1.5 7.3 10.3 * 70.5 §
Hck Hematopoietic cell kinase 2.2 4.2 1.9 2.1 4.2 * 124.5 g
Glial-related g
Gfap Glial fibrillary acidic protein 1023.1  1147.8 1.1 918.6 1168.8 n.s. - ?
Itgam Integrin alpha M (CD11b) 12,5 25.0 2.0 12.5 27.2 * 131.1 g’
Aifl Allograft inflammatory factor (Iba1) 17.7 252 14 16.6 24.4 * 66.8 @
lon channels g
Clic1 Chloride intracellular channel protein 1 7.7 11.7 1.5 7.9 12.4 * 77.9 é
Other potentially pain-related ®
Csf2rb Cytokine receptor common subunit beta 1.3 11.2 8.6 14 13.4 * 199.8
Tubaic Tubulin alpha-1C chain 2.1 9.1 4.3 2.3 10.5 * 187.0
Ptpn6 Tyr-protein phosphatase nonreceptor type 6 4.0 7.4 1.8 4.3 7.9 * 106.3
Casp1 Caspase 1 1.3 2.9 2.3 1.8 2.6 * 98.7

Mean gene expression (sFPKM) is expressed for the four experimental groups, and fold change is shown for the ratio of expression from control DH tissue
to DH tissue from surgically manipulated animals. In order to increase power, experimental groups were grouped as follows for determination of statistical
significance: (1) control DH with DH contralateral to surgical incision and (2) DH ipsilateral to surgical incision with and without resiniferatoxin. The threshold
defining significant differentially expressed genes for the MAGIC differential gene analysis was set to a DEG score of 65 to maintain the overall false dis-
covery rate less than 5% without exceeding an incremental false discovery rate of 20% upon addition of potential differentially expressed genes. See also
Supplemental Digital Content 3 (http://links.lww.com/ALN/B577).

*Score above threshold by MAGIC Differential Gene analysis. tIf not above threshold by MAGIC, member gene of the module correlating with surgery from
WGCNA analysis (P < 0.001 for gene module correlation with surgery after Holm-Sidak adjustment).

DEG = differentially expressed gene; GPCR = G-protein—coupled receptor; n.s. = not significant; sFPKM = significant fragments per kilobase of transcript
per million mapped reads; Sig = significant; WGCNA = Weighted Gene Co-expression Network Analysis.
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Fig. 6. Changes in prodynorphin (Pdyn) and microglial markers. (A) Of opioid receptors and peptides, only the transcript for Pdyn,
which codes for prodynorphin, is upregulated. (B) Differentially expressed genes were correlated with a public database®” of cell-
specific gene expression. Tissue-specific expression marker genes were defined as threefold increased expression over other cell
types. (C) Incision mainly upregulated genes that are markers of microglia even after perioperative resiniferatoxin administration.
(D) Transcripts for microglial specific marker ltgal are increased after surgical incision with or without resiniferatoxin administration.
Microglial activation markers ltgam (E) and Aif1 (F) are increased after surgical incision. (G) Dorsal horn immunohistochemical staining
for Iba1 confirms microglial activation on POD5 (outline of spinal gray matter shown by dotted line). (H) The ipsilateral dorsal spinal
cord contained significantly more Iba1* cells in lamina | and Il relative to the contralateral side (P = 0.015 for ipsi vs. contra, two-way
repeated-measures ANOVA, n = 3 for both treatment groups, data plotted as mean with SD). For (A, D—F), *score above threshold by
MAGIC Differential Gene analysis; #member gene of the module correlating with surgery from WGCNA analysis. Contra = contralat-
eral; Ipsi = ipsilateral; POD = postoperative day; RTX = resiniferatoxin; sFPKM = significant fragments per kilobase of transcript per
million mapped reads; Surg = surgery; WGCNA = Weighted Gene Co-expression Network Analysis.
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terminal inactivation, analgesia with resiniferatoxin outlasts
the period of greatest postincisional thermal hyperalgesia
(fig. 1), mechanical allodynia (figs. 2A and 3), and spontane-
ous nonevoked pain (fig. 2B). To realistically model periop-
erative usage, resiniferatoxin was administered peripherally
just minutes before surgical incision. Previously, perineurally
applied resiniferatoxin was shown to be an eflicacious anal-
gesic for surgical incision and other pain models.*>* The
current study uses a less invasive and more timely peripheral
administration protocol better suited for a clinical setting.
Tissue infiltration with local anesthetics, with the possible
exception of liposomal bupivacaine,®” provides a short dura-
tion of analgesia, and while many regional nerve blocks pro-
vide long-lasting analgesia, they impair motor function and
may require placement of a perineural catheter.

In comparison to local anesthetics, nerve terminal inacti-
vation with resiniferatoxin is sensory-modality selective, such
that protective withdrawal reflexes to noxious mechanical
stimuli like a pinprick are preserved (Supplemental Digital
Content 5, http://links.Iww.com/ALN/B579). The analgesic
action of resiniferatoxin, although long-lasting, is tempo-
rary, and restoration of impaired pain sensation returns as
TRPVI1* nerve terminals regrow and reinnervate the tissue.
Thermal C-fiber-mediated behavioral responses return to
baseline before 3 weeks while thermal A-0—mediated with-
drawal reflexes take 3 weeks or longer, depending on the
intensity of the stimulus.?® The efficacy of peripheral resinif-
eratoxin, along with the sparing of noxious mechanical sen-
sation and motor coordination, indicates a high potential for
the perioperative setting.

Because resiniferatoxin inactivates the entire periph-
eral TRPVI* nerve terminal, analgesia is achieved beyond
that which could be achieved by blocking only TRPV1 sig-
nal transduction. For example, TRPV1 antagonists®! and
TipvI”~ mice'"® continue to exhibit mechanical allodynia
after incision, whereas full inactivation of the TRPV1* termi-
nal produced robust attenuation as assessed by the Von Frey
test (figs. 2A and 3). Capsaicin has also been used to impair
TRPV1* nociceptor signaling, but in comparison, resinifera-
toxin is more potent!®> and more rapidly leads to attenuation
of paw guarding, thermal hyperalgesia, and mechanical allo-
dynia.*>* The mechanism by which TRPV1* nerve termi-
nal inactivation attenuates mechanical allodynia after surgical
incision is not fully known. Inactivation of TRPV1* terminals
with capsaicin diminishes mechanical allodynia with surgi-
cal incision when given before or after incisional hyperalgesia
has developed, suggesting that TRPV1* fibers mediate part
of the mechanical sensitivity after surgical incision. However,
capsaicin attenuation of mechanical allodynia is not seen in all
inflammatory conditions.®® Peripheral resiniferatoxin, given 1
day after surgical incision, also attenuates mechanical allodynia,
suggesting TRPV1* nerve terminals are involved in the mainte-
nance of postsurgical mechanical hypersensitivity (fig. 3).

To better elucidate the molecular pathophysiology of
postsurgical pain, we studied transcriptomic changes in
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the DH after incision. Gene changes in the DH after sur-
gical incision were specific to the DH tissue ipsilateral to
the site of surgical manipulation (fig. 4), and all genes were
induced (70 genes exhibited increased expression us. 0 genes
decreased compared to control). Because the changes were
unilateral, they are unlikely to be due to systemic factors
induced by surgical manipulation. We discovered that many
genes induced in the DH by surgical incision are related to
immune cell signaling. We cross-validated this finding using
WGCNA, identifying gene modules related to immune cell
signaling induced after surgical incision (fig. 4D). These
observations are consistent with microglial activation (fig. 6,
B and C), and genes showing increased expression include
microglial markers coding for Ibal and Cd11b (fig. 6, E and
F), among many others (Supplemental Digital Content 11,
heep://links.lww.com/ALN/B585). There has been extensive
work on the role of microglial activation in different pain
models (see reviews’®*”), and activation of p38 MAPK in
spinal microglia has been shown to contribute to postsur-
gical mechanical allodynia.*® Transcripts for chemokines
such as fractalkine as well as many transcripts involved in
the complement system were induced after surgical incision
(table 1); these potentially play a role in hypersensitivity,
especially after neuropathic injury.>->!

This is the first report using RNA-Seq to quantitatively
and comprehensively address gene changes in the DH after
peripheral injury, and this database can serve as a resource for
further investigations of incision-induced central changes.
Select transcriptomic changes are categorized in table 1. As
there were no differentially expressed genes within control
DH samples compared to contralateral DH samples, these
experimental treatments were grouped together to identify
genes for table 1. Likewise, ipsilateral DH samples with
and without preoperative resiniferatoxin were also grouped
together. Combining the groups allowed more statistical
power to detect changes in the postsurgical DH. The puri-
nergic receptor P2ry6 and the GPCR Gpr84 are induced in
the DH after surgical incision. Previous work shows these
genes participate in nociception after nerve injury.’>>> The
GPCR Niacrl, coding for the niacin receptor 1, was also
induced after surgical incision, and agonism of the Niacrl
protein product can inhibit proinflammatory cytokine
production.”® Other GPCRs like Gpri83, a GPCR with
constitutive activity,”> and Gpr31, the receptor for 12(S)-
hydroxyeicosatetranoic acid,’® have not yet been thoroughly
assessed for their role in pain states. Further work is needed
to determine the role of these transcriptional changes in the
sensitization process, and whether pharmacologic manipula-
tion of these receptors could alter postsurgical hypersensi-
tivity. Genes encoding phospholipase D4, phospholipase A2
group IVA, arachidonate 5-lipoxygenase, and thromboxane
A synthase 1 were upregulated after surgical incision. These
changes implicate a strong role for multiple inflammatory
lipid mediators that may act in conjunction with prostaglan-
dins. The full list of differentially expressed genes between
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any pairwise comparison of our experimental groups can
be found in Supplemental Digital Content 13 (http://links.
Iww.com/ALN/B587).

Interestingly, despite providing robust analgesia, preemp-
tive resiniferatoxin failed to attenuate many genes upregu-
lated by surgical incision (fig. 4, D and E). One exception
to this pattern is the prodynorphin gene (Pdyn), the expres-
sion of which is not significantly increased after incision with
resiniferatoxin compared to 118.4% after incision without
resiniferatoxin (fig. 6A). Pdyn encodes the precursor of the
neuropeptide dynorphin, which is currently hypothesized to
have a role in facilitating chronic pain (see recent review”’)
and is known to be upregulated in the DH after inflamma-
tion, nerve injury, and surgical incision.’®-®° The expression
of the opioid receptors did not change after surgical incision
(table 1), consistent with previous work showing no changes
in p, 8, or k opioid receptor expression or binding after
inflammation or nerve injury.’! Our results suggest that
the partial attenuation of Pdyn in the resiniferatoxin-treated
group could be a correlate of reduced nociceptive physio-
logic inputs as a result of resiniferatoxin analgesia.

As with surgical incision without analgesia, surgical
incision with resiniferatoxin induced many transcriptomic
changes that are predominantly related to microglia activa-
tion. Microglial activation is likely induced from altered tro-
phic signaling from damaged primary afferents.*¥ Markers of
nerve injury are induced in the dorsal root ganglia after sur-
gical incision, such as the transcription factor ATF3, and
intraplantar resiniferatoxin also induces ATF3 in the dorsal

3863 consistent with the idea of resiniferatoxin-

root ganglia,
induced calcium overload leading to nerve terminal/axon
damage.'* If incisional nerve injury at the peripheral termi-
nal triggers central changes that lead to microglial activation,
then it is not surprising that resiniferatoxin fails to abrogate
these changes. Indeed, intraplantar resiniferatoxin without
surgical incision trended toward modest, although nonsignif-
icant, microglial activation in the DH (Supplemental Digital
Content 12, http://links.Iww.com/ALN/B586), consistent
with previous work showing microglial proliferation after
perineural resiniferatoxin.®* While there are components of
axonal damage after surgical incision, this intervention alters
transcriptional networks in a distinct way from neuropathic
pain models such as the spared nerve injury model, although
the few shared genes induced by both conditions are largely
microglial-specific®® (Supplemental Digital Content 11H,
htep://links.lww.com/ALN/B585).

The persistence of transcriptomic changes in the central
nervous system despite robust postsurgical analgesia with
resiniferatoxin is surprising. With the possible exception
of Pdyn, transcriptomic induction in the postsurgical DH
does not appear to be due to postsurgical hyperalgesia per
se, and thus resiniferatoxin can effectively block one with-
out preventing the other. This raises the hypothesis that
postsurgical hyperalgesia is caused by at least two mecha-
nisms. First, TRPV1* fibers are required for the induction
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Resiniferatoxin inactivates f
Trpv1+ nerve terminals, partially ‘
contributing to the nerve
damage signal

[ \
\ / . Microglial

Nerve Injury Activation

Hyperalgesia gﬂgﬁ@? .
N i

Incision

Neuronal
Prodynorphin Induction

Resiniferatoxin blocks the
majority of post-operative
nocifensive behavior

Fig. 7. Proposed model for transcriptomic changes after sur-
gical incision. Incision leads to nerve injury as well as tissue
damage and local inflammation. Nerve injury is likely respon-
sible for microglial activation, which resiniferatoxin (RTX) fails
to attenuate. In contrast, resiniferatoxin blocks the majority
of postoperative nocifensive behaviors, a possible molecular
correlate of which is the prodynorphin transcript level, which
is induced by incision and has attenuated induction with re-
siniferatoxin treatment.

and maintenance of postincisional hyperalgesia, which
is blocked after peripheral injection of resiniferatoxin.
Second, surgical injury to multiple fiber types including
TRPV1- large A-fibers® leads to microglial activation and
proliferation (fig. 7), and when TRPV1* nociceptor signal-
ing is intact, microglia activation contributes to postsurgical
pain. 98¢
resiniferatoxin has many of the characteristics of a clinically

¢ In conclusion, local preemptive administration of

useful perioperative analgesic: the inhibition of nociceptive
stimulation and hyperalgesia is broadly effective, motoric
function is unaffected, and a single injection circumscribes
the most painful postoperative time period. As skin is
reinnervated by both thermal C-fibers and A-d fibers, the
nerve terminal inactivation with peripherally administered
resiniferatoxin is reversed.?® Our work emphasizes the
importance of TRPVI* fibers in postsurgical nocifensive
behavior, and highlights that analgesia is possible through
TRPV1* fiber inactivation despite central changes in the
postsurgical DH.
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Slocum’s Cocaine “Surprise” for Johnson Pillmore, M.D.

PULLED WITHOUT

“DENTAL SURPRISE”

A LOCAL ANESTHETIC FOR

PAINLESS

MANUFACTURZD ONLY BY
THE SLOCUM MANUFACTUIING COMPANY
HOLLY, MICHIGAN.

EXTRACTION OF TEETH

SEE OUR $1,000 OFFER WITHIN.
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From the Wood Library-Museum'’s Ben Z. Swanson Collection, this illegibly postmarked cover (above) was sent to John-
son Pillmore, M.D., of Delta, New York. Fortunately, the “Columbus in Sight of Land” 1-cent stamp from the Columbian
Issue assists us in dating this item. From Holly, Michigan, the Slocum Manufacturing Company was taking advantage
of the 1893 World’s Columbian Exposition to advertise “Dental Surprise,” their new (?) “local anesthetic for painless
extraction of teeth.” Suspicious of the novelty of Slocum’s wares, the journal editor of the Dental Cosmos forwarded
a sample of “Dental Surprise” in 1893 to S. P. Sadltler, Ph.D., a professor at the Philadelphia College of Pharmacy.
Sadtler’s chemical analysis unmasked “Dental Surprise” as merely carbolic acid fortified with 1.46% “Anhydrous Cocain
Hydrochlorate.” (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)

George S. Bause, M.D., M.RH., Honorary Curator and Laureate of the History of Anesthesia, Wood Library-Museum
of Anesthesiology, Schaumburg, lllinois, and Clinical Associate Professor, Case Western Reserve University, Cleveland,
Ohio. UJYC@aol.com.
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