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Abstract \
After surgery, acute pain is still managed insufficiently and may lead to short-term and long-term complications including chronic postsurgical
pain and an increased prescription of opioids. Thus, identifying new targets specifically implicated in postoperative pain is of utmost
importance to develop effective and nonaddictive analgesics. Here, we used an integrated and muitimethod workflow to reveal
unprecedented insights into proteome dynamics in dorsal root ganglia (DRG) of mice after plantar incision (INC). Based on a detailed
characterization of INC-associated pain-related behavior profiles, including a novel paradigm for nonevoked pain, we performed quantitative
mass-spectrometry—based proteomics in DRG 1 day after INC. Our data revealed a hitherto unknown INC-regulated protein signature in
DRG with changes in distinct proteins and cellular signaling pathways. In particular, we show the differential regulation of 44 protein
candidates, many of which are annotated with pathways related to immune and inflammatory responses such as MAPK/extracellular signal-
regulated kinases signaling. Subsequent orthogonal assays comprised multiplex Western blotting, biocinformatic protein network analysis,
and immunolabeling in independent mouse cohorts to validate (1) the INC-induced regulation of immune/inflammatory pathways and (2) the
high priority candidate Annexin A1. Taken together, our results propose novel potential targets in the context of incision and, therefore,

represent a highly valuable resource for further mechanistic and translational studies of postoperative pain.
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1. Introduction

Pain management after surgery is still far from being optimal. Early
after surgery, severe pain occurs in a very high number of
patients, contributes to (sub)acute complications, and impedes
the acute healing process.???%"" Furthermore, severe acute pain
after surgery may facilitate chronic pain and long-term opioid
intake after surgery.?°2%8 Thus, novel non-opioid-based
treatment options targeting pathway-specific mechanisms rele-
vant for acute postoperative pain are urgently needed.

To investigate the pathophysiology of acute incisional pain,
specific rodent “postoperative” pain models have been developed.>*
Incision injury, as a surrogate for postoperative pain, is known to
induce the activation of diverse nociceptive signaling pathways and
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inflammatory responses in peripheral tissues and dorsal root ganglia
(DRG) innervating the injured region.*%* In particular, alterations of
proteins involved in aforementioned processes may drive activity-
dependent plasticity, alter the excitability in peripheral nociceptors
and, consequently, in the central nervous system.®* These changes
are distinct to those after other types of tissue injuries and contribute
to pain-related behaviors after incision.'®®* However, our knowl-
edge of the mechanistic underpinnings, specific cellular protein
networks, and possible interactions within major signaling pathways
governing these changes in DRG after incision injury is still very
limited. Therefore, innovative and unbiased approaches are
necessary to expand our knowledge, identify new targets, and
ultimately design new therapeutic options.

Current pain research increasingly exploits the potential of
genomics and transcriptomics to globally characterize changes at
multiple levels of the nociceptive system.>?>®° Recent hypothesis-
driven studies investigated mRNA levels in the skin, DRG, and spinal
dorsal hom after incision in rodents and discovered mulltiple mediators
to be regulated. 485785 However, transcript levels correlate only up
to 50% with factual levels of corresponding proteins, which renders
the interpretation of RNA-based results and identification of novel
targets are challenging.** Hence, a thorough understanding of
incision-induced dynamics warrants the inclusion of comprehensive
studies at the proteome level. Proteome-based approaches allow
monitoring changes of functionally relevant proteins. In addition,
comprehensive protein analyses enable their quantitative and
qualitative interrogation in terms of associated protein networks and
their predicted activity as a prerequisite to develop combinatorial
therapeutic interventions in the future, 39627781

Here, we combined the established mouse plantar incision
model®® and the assessment of pain-associated behavior profiles
with quantitative and comprehensive mass spectrometry-based
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proteomics®’ to reveal proteome dynamics in lumbar DRG in an
unbiased manner on postoperative day 1 (POD 1). Postoperative
day 1 represents a time point at which mice show prominent pain-
associated behaviors. Based on these proteome analyses, we
identified molecular changes in distinct proteins and cellular
signaling pathways, which we then orthogonally validated by
protein assays combined with activity predictions on the cellular
and network level. Taken together, our data provide unprece-
dented insights into DRG protein network dynamics and
modulation of immune/inflammatory pathways on plantar in-
cision. Importantly, our results propose distinct protein networks
as potential novel targets in the context of incisional pain and,
therefore, represent a highly valuable resource for further
mechanistic and potentially therapeutic studies.

2. Material and methods

2.1. Animal care and general information

All experiments (Figs. 1A-E) were approved by the Animal Ethics
Committee of the State Agency for Nature, Environment and
Consumer Protection North Rhine-Westphalia, Recklinghausen,
Germany, and are in accordance with the ethical guidelines for
investigation of experimental pain in conscious animals.®? Adult male
C57BL/6 J mice (age: 10 weeks; 26 = 2.1 g, mean = SEM local
breeding; total n = 84) were kept in a 12/12 hours day/night cycle
with access to food and water ad libitum under standardized specific
pathogen-free conditions. All mice were euthanized by carbon
dioxide. Incision injury and evoked mechanical and heat stimuli were
performed on the right hind paw of mice.

2.2. Plantar incision

Mice were initially anesthetized with 5% isoflurane in 100%
oxygen and maintained with 1,5% to 2% isoflurane through a
nose cone during the entire procedure. Paw incision (INC) was
performed based on Brennan et al.8 and adapted to mice, as
described previously.'®° In brief, the entire right hind paw was
disinfected by 100% ethanol and Betadine (povidone-iodine). The
glabrous epidermis, dermis, fascia, and musculus flexor digito-
rum brevis were incised longitudinally with a scalpel (No 11,
incision: start 2 mm from the proximal edge of the heel, 5 mm
length). In addition, the muscle was elevated and shortly retracted
with a forceps (Dumount #5). A mattress suture with 6-0 prolene
closed the skin. The incision was covered by Betadine using a
cotton swab. Sham-treated mice (only anesthesia, same
exposure duration, no suture, and no incision) were used as a
control for the surgical incision. On postoperative day 3 (POD 3),
the sutures were removed from mice of cohort 1 under short-term
isoflurane anesthesia under sterile conditions. Mice were
randomly assigned to the groups (INC and Sham) using the
Microsoft Excel randomization function.

2.3. Pain-related behavior profiles—general

Pain-related assays were conducted randomly by experi-
menters of both genders in the moming (8-12 awm). Blinding
regarding incision vs sham is not possible because the animals
in the INC group have surgical suture until POD 3 (see section
“plantar incision”) increased hind paw thickness and show
apparent changes in pain-related behavior. However, data
analysis was performed in a blinded manner. The order of
behavioral testing in cohort 1 (Fig. 1A, cohort 1, green, INC N =
8, and Sham N = 8) was nonevoked pain assessment (NEP),
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mechanical hypersensitivity, and heat hypersensitivity with a
resting interval of 1 hour between tests. During the behavioral
tests, mice were not handled.

2.4. Nonevoked pain assessment (guarding pain at rest)

Nonevoked pain was determined by comparing the weight-
bearing (print area) of the paw at the incision site (ipsilateral) with
the nonincised paw (contralateral). Typically, plantar incision
resulted in an unbalanced distribution of weight-bearing caused
by guarding the ipsilateral paw to ambulatory activities.? Mice
were separately placed in a transparent box (7 X 5 X 5 cm), which
is covered by an LED-panel (illumined in red) on a green light
illuminated glass plate (Fig. 1B). With viewing direction towards
the ventral side of the mouse footprints, a camera captures an
image every 30 seconds for a total period of 10 minutes; before
(baseline, BL) and at 4~6 hours POD 1, POD 2, POD 3, POD 6,
and POD 14 for cohort 1 (Fig. 1A), BL and POD 1 for cohort 3 and
4 (Fig. 1D). The print areas of both hind paws were determined
with the software Imaged by color thresholding from 10 different
images for each mouse blinded with respect to the experimental
group. The ratio was calculated by the print area of the ipsilateral
to the contralateral hind paw for every image. Image analysis (in
total 10 images per mouse and time point) was based on
predefined exclusion criteria such as visible grooming during
capturing, rearing, or an unsharp image caused by the movement
of the hind paw. A change in the print area ratio ipsilateral/
contralateral represents the degree of guarding pain at rest in the
ipsilateral hind paw (Fig. 1B). Statistical analysis showed that INC
and Sham groups (at POD 1, cohort 3 and 4, Fig. 1D) did not
exhibit overlapping minimum or maximum values, and no outliers
were identified by the ROUT method with a Q = 5%. All mice
exhibited a clearly defined behavioral phenotype (ie, with
prominent nonevoked pain on INC); thus, all mice were included
for further proteome analysis.

2.5. Mechanical hypersensitivity

Mechanical hypersensitivity was assessed by using calibrated
von Frey filaments (Bioseb Danmic Global, LLC, San Jose,
CA) with a logarithmic force range from 0.07 g to 2 g. After a
15-minute habituation in a transparent box (7 X 5 X 5 cm) on
mesh (7 mm X 7 mm), the von Frey filaments were applied 5
times (1 Hz) to the plantar aspect of the right hind paw. The
filaments were used in an ascending order until a withdrawal
response occurred or the cut-off limit of 2 g was reached. The
median force of 3 trials (5-10 minutes break between trials)
was determined as 60% paw withdrawal threshold.

2.6. Heat hypersensitivity

Heat hypersensitivity was measured as paw withdrawal latency
(PWL) to radiant heat using the Hargreaves device (IITC Life
Science, Halogen lamp intensity 17%, temperature of the test
platform, 30°C). The radiant heat intensity (17%) was adjusted to
produce withdrawal latencies around 10 to 12 seconds at the
baseline level'”). Here, mice were placed on a prewarmed glass
plate (30°C). After 15 minutes of habituation, a radiant heat source
was applied to the plantar aspect of the hind paw. The PWL was
measured with a cut-off time set at 20 seconds. Five trials at
intervals of 5 to 10 minutes were taken to estimate the average
PWL to heat stimuli.
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Figure 1. Study design. (A) Characterization of the time course of nonevoked pain (NEP) and evoked (mechanical hypersenstivity, heat hypersensitivity) pain-
related behavior profiles after plantar incision. (B) Assessment of nonevoked pain was performed by comparing weight-bearing (print area) of the paw at the
incision site (ipsilateral) with the nonincised paw (contralateral) (cohort 1, green, INC N = 8, Sham N = 8). Scale bar = 1 cm. (C) The level of DRG projecting to the
plantar surface of the hind paw was determined in our C57BI6/J mouse colony (cohort 2, grey, naive N = 8). B = bone, asterisk = musculus flexor digitorum brevis.
(D) Mice (N = 54) were assessed for NEP at baseline (BL, 24 hours prior) and 24 hours after (POD 1) plantar incision (INC) or Sham. After determining NEP, mice
were sacrificed, and ipsilateral dorsal root ganglia (iDRG) were isolated. IDRG were used for quantitative proteome profiling (DIA-MS; cohort 3, blue, INC N = 15,
Sham N = 15) or orthogonal validation by DigiWEST multiplex Western blots (DigiWEST; cohort 4, red, INC N = 12, and Sham N = 12). Obtained results from DIA-
MS and DigiWEST analysis were integrated by bioinformatic activity prediction at the network level. (E) Orthogonal validation of our data by immunohistochemistry
in ipsilateral L4 DRG at the cell level (cohort 5, light blue, INC N = 3, Sham N = 3).

2.7. Retrograde tracing of projection neurons into the incised
area of mice hind paw

The structural organization of the sciatic nerve across species,
strains, and substrains has been indicated to be heteroge-
neous.*®%° Therefore, it is essential to identify the peripheral
sensory neurons (PSNs) of DRG that project into the incised area
in the individual mouse colony. Retrograde labeling allowed
identifying PSNs (and corresponding DRG) that project into the
incised area of the hind paw in our local C57BL/6 J colony. The
method was adopted by Rigaud et al.®® In brief, retrograde
tracing was performed by injection (subcutaneous + intramus-
cular, 29 G needle) of True Blue dye (20 pl, 1% solution in
phosphate-buffered saline (PBS), Sigma-Aldrich, Germany) un-
der isoflurane anesthesia in 8 naive male mice (Fig. 1C, cohort 2,
grey, N = 8). The dye was injected into the skin of the plantar
aspect and the musculus flexor digitorum brevis, which
represented the region where the incision in cohorts 1, 3, 4,
and 5 was made. Ipsilateral and contralateral lumbar DRG were
dissected immediately after euthanasia 7 days after injection.
Dorsal root ganglia levels were identified using anatomical images
and bony landmarks according to the previous report.>® Dorsal
root ganglia were separately fixed in 4% paraformaldehyde (PFA)

at 4°C overnight. After washingin 0.1 M PBS (3 X 15 minutes), the
tissue was cryopreserved in 0.4 M followed by 0.8 M sucrose until
it had sagged. The tissues were embedded in Tissue-Tek O.C.T.
compound and stored at —80°C. 10 wm thin slices of DRG
tissue were prepared on a cryostat and mounted on SUPER-
FROST PLUS microspore slides (Thermo). For each DRG, 3
randomized slices from 2 independent experimenters (D.S. and
K.K.) were examined in a blinded manner regarding the number
of total DRG neurons and True Blue—positive neurons by
ImageJ.®' The autofluorescent threshold was determined by
measuring the brightest pixel in corresponding contralat-
eral DRG.

2.8. Protein isolation for quantitative data-independent
acquisition-mass spectrometry

Tissues for proteome analysis were isolated from mice of the
incision group (INC, N = 15) and the sham group (Sham, N =
15) (Fig. 1D, cohort 3, blue). Ipsilateral lumbar DRG (iDRG; L4,
and L5) were isolated immediately after CO, euthanasia, snap
frozen in liquid nitrogen, and stored at —80°C. Ipsilateral dorsal
root ganglia from 5 mice were pooled to obtain 3 replicates per
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condition (INC vs Sham). Protein isolation was performed as
described previously.>® In brief, the frozen tissue was
homogenized in 4% sodium dodecyl sulfate (SDS) lysis buffer
(4% SDS in 100 mM Tris, 10 mM DTT, 5% glycerol, complete
protease inhibitor cocktail (Roche, Basel, Switzerland), pH
7.5). After, the homogenate was incubated at 70°C for 10
minutes and centrifuged at 10,000 X g for 5 minutes at room
temperature to remove cell debris. Proteins were precipitated
by the addition of 5 X volume prechilled acetone (Roth,
Germany) and incubated for 2 hours at —20°C. The protein
precipitate was centrifuged at 14,000 X g for 30 minutes, the
pellet washed with ice cold 80% ethanol (AppliedChem,
Germany), and centrifuged again at 14,000 X g for 30 minutes.
The proteins were air dried, resuspended in 2% SDS lysis
buffer, and analyzed by quantitative data-independent acqui-
sition (DIA) mass spectrometry (MS).

2.9. Data-independent acquisition mass spectrometry and
data analysis

Sample preparation, DIA-MS (performed by Biognosys AG,
Switzerland), and data analysis were performed as previously
reported® with the modification that data were analyzed with
Spectronaut Pulsar (Biognosys AG, Switzerland) with precursor
and protein false discovery rate set at 0.01. For data analysis, our
previously described pan-mouse spectral library was used.®° To
calculate expression changes in the INC group, we used very
stringent criteria, that is, peptides were only considered if they
were detected across all 3 Sham replicates and all 3 INC
replicates (g-complete analysis in Spectronaut).’ Mean log, ratios
were calculated for each protein ID and statistically analyzed
using the Benjamini-Hochberg (BH) procedure, as previously
described.® Regulated proteins were defined as having a BH-
adjusted P-value < 0.05 (Q < 0.05). Any potential keratin
contaminations were removed. For comparison of DIA-MS data
with relevant previously published datasets, we used reviewed
mouse UniProt identifiers essentially as outlined previously.®

2.10. DigiWEST multiplex western blot

Protein isolation for DIigiWEST analysis was performed as
described before.®® Lysates of iDRG (L4 and L5) were obtained
from a second independent mouse cohort with the same
inclusion criteria regarding nonevoked pain behavior (Fig. 1D,
cohort 4, red, INC N = 12, Sham N = 12) as for DIA-MS analysis
(please see workflow and behavior analysis in Fig. 1A; iDRG from
3 mice were pooled/replicate, 4 biological replicates in total). As
analytes are independent of each other, they were individually
analyzed for statistical significance using multiple t-tests without
assuming a consistent standard deviation (GraphPad Prism
8.0.2, San Diego, CA).

2.11. Ingenuity Pathway Analysis

The list of significantly regulated proteins (BH-adjusted P-value,
Q-value < 0.05) was uploaded to Ingenuity Pathway Analysis
(IPA) (Qiagen, 2000-2017; upload date: 07/2017), and network
activity prediction analysis was performed.

2.12. Gene ontology analysis

The list of significantly regulated proteins (BH-adjusted P-value,
Q-value < 0.05) was uploaded to the web interface STRING
(string-db.org).?! For gene ontology (GO) analysis, only significant
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enrichments ( false discovery rate < 0.05) in biological process
(BP) and REACTOME pathways are reported. STRING settings
for network visualization: confidence view, confidence level 0.7,
and clustering algorithm MCL set to 3.

2.13. Immunohistochemistry in mouse dorsal root ganglia

The localization of the high priority candidate Annexin A1 (Anxa1)
in DRG was realized with immunohistochemistry (IHC) in a
separate cohort of mice (Fig. 1E, cohort 5, light blue; INC N = 3,
Sham N = 3). Dorsal root ganglia tissue sections (for tissue
preparation, cryopreservation, and slicing, see “Retrograde
tracing experiments”) were thawed and subsequently sur-
rounded by Pap Pen (Dako, Glostrup, Denmark). After, in-
cubation steps were performed in a humid chamber (Thermo
Scientific, Marietta, OH). After washing with 0.1 PBS (1 X 15
minutes, 3 X 5 minutes), slices were incubated for 10 minutes in
TrueBlack IF Background Suppressor (Biotium, San Francisco,
CA) and for 1 hour in TrueBlack IF Blocking Buffer at room
temperature.

Sections were incubated in primary antibody solution overnight
at 4°C, followed by washing steps and incubation with secondary
antibodies at room temperature for 1 hour. After the final washing
steps, slides were covered up with Confocal matrix (Micro-Tech-
Lab, Austria). Isolectin B4 (IB4)-positive PSNs were identified by
biotin-conjugated I1B4 (1:50) and Pacific Blue—conjugated strep-
tavidin (Invitrogen, Marietta, OH) at 1:50 dilution. Image acquisi-
tion was performed at a Zeiss Apotome 2 in a blinded manner
concerning the experimental group and antibody combinations in
L4 iDRG. Exposure times for the single channels were used:
ultraviolet (352 nm): 1200 ms, green fluorescent protein (488 nm):
900 ms, and red fluorescent protein (594 nm): 900 ms. Only for
presentation purposes, equal adjustments of brightness and
contrast were made evenly for all images with the Zen software
(Zeiss, Germany). Three randomized slices from iDRG L4 and L5
per mouse of both groups (Fig. 1E, cohort 5, light blue, INC N =
3, Sham N = 3) were examined in a blinded manner (2
independent experimenters, D.S. and K.K.) regarding the number
of total DRG neurons and Anxa1-positive neurons by ImageJ.®"
Anincrease in Anxal-positive neurons was detected in each slide
of each mouse of the INC group (N = 3, 3 slides per mouse).

2.14. Antibodies used in this study

Primary antibodies: mouse Anxa1, sc-12740 AF546, Santa Cruz
Biotechnology, Dallas, TX (IHC, 1:100); rabbit neurofilament
protein 200, N4142, Sigma-Aldrich, Germany (IHC, 1:250); rabbit
peripherin AB1530, Chemicon, US (1:200); rabbit calcitonin
gene-related peptide (CGRP), C8198, Sigma-Aldrich, Germany
(IHC, 1:500); rabbit glial fibrillary acidic protein (GFAP), Z0334,
Dako, US (1:400 in 1%BSA/PBS); Fuji Film, Japan (1:500).
Secondary antibodies were purchased from Abcam and used at
1:1000 dilution; goat antirabbit AlexaFluor (AF) 488 (ab150077).

2.15. Systematic literature search

We performed a systematic literature search in Medline to assess
whether regulated proteins and predicted signaling pathways
(extracellular signal-regulated kinases [ERK], serine/threonine
kinase Akt [Akt], and protein kinase C [PKC]) have already been
investigated in the context of incisional pain in preclinical studies.
For this, the “animal filter” for systematic search in MEDLINE was
used,®* combined with a search string to identify all studies that
used the “plantar incision model” in rodents, restricted by a
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custom timespan from 1996 (first plantar incision model was
published) until the present (see Table, Supplement Digital
Content 1, available at http://links.lww.com/PAIN/B274). This
string was combined with the full protein name and the UniProt
number. The identified publications were manually reviewed by 2
independent reviewers for the following criteria for relevance: (1)
use of the plantar incision model according to Brennan et al. for
rats and Pogatzki and Raja®®/Banik et al.? for mice and (2)
investigation of protein expression by quantitative or qualitative
methods along the pain axis (eg, peripheral tissue, DRG, spinal
cord, or brain) after plantar incision (see Table, Supplement Digital
Content 2, available at http://links.lww.com/PAIN/B274). Only
publications, which fulfilled the inclusion criteria, are reported (see
Tables, Supplement Digital Content 3-5, available at http://links.
lww.com/PAIN/B274; publications, which report expression
analyses in DRG are highlighted in red).

2.16. Statistical analysis

Data were analyzed using GraphPad Prism 8.0.2 (San Diego). All
data are represented as mean = SEM unless indicated other-
wise. Sample sizes were a priori determined in dependence on
the amount of tissue required for each analytical method (DIA-MS
and DigiWEST multiplex Western blot) and are in line with
standards in the field. All replicates were biological. All statistical
tests are indicated in the respective figure legend and are 2-sided.
For proteome data and protein network analysis, we used the
Benjamini-Hochberg (BH)-adjusted P-value, Q-value < 0.05.
There were no missing data.

2.17. Data availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium by the PRIDE®® partner
repository with the data set identifier PXD022706.

3. Results

We used an integrated workflow to study proteome dynamics on
incisional pain in male mice (Fig. 1). Incisional pain was induced
using the plantar incision model (and Sham-treated mice as
controls) and assessed by measuring diverse pain-related
behaviors, including our novel assay for nonevoked pain behavior
(Figs. 1A, B, D). The level of DRG projecting to the plantar surface
of the hind paw was determined in our local C57BI6/J mouse
colony (Fig. 1C). Ipsilateral lumbar dorsal root ganglia (iDRG) of
the respective level were isolated for quantitative data-
independent acquisition mass spectrometry (DIA-MS)-based
proteomics at POD 1 (Fig. 1D, cohort 3). Data-independent
acquisition mass spectrometry enabled us to reveal a differential
protein signature on incision, further evaluated by biocinformatic
pathway analysis. Our results were orthogonally validated by
experimental pathway analysis using quantitative multiplex
Western blot analysis (DigiWEST) (Fig. 1D, cohort 4) and by
immunohistochemistry in DRG (Fig. 1E, cohort 5). In this way, we
revealed unprecedented insights into protein network dynamics
for acute incisional pain.

3.1. Study rationale—behavior profiles, dorsal root
ganglia levels

At the beginning of the study, 2 rationales had to be determined:
(1) identification of a time point suitable for analysis of proteome
dynamics associated with incisional pain and (2) characterization
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of DRG levels that correspond to peripheral sensory neurons
(PSNs) that project to the incised area of the hind paw in our
C57BI6/J mouse colony.

Pain-related behavioral profiles were determined in an in-
dependent cohort (Figs. 1A and 2A, cohort 1, green, INC N = 8,
Sham N = 8, and see RAW data, Supplemental Digital Content 6,
available at http://links.lww.com/PAIN/B274). Nonevoked pain
behavior was observed up to POD 6, represented by a significant
decrease of change (%) compared with baseline (BL) and Sham
condition. In addition, mice exhibited significant hypersensitivity
to mechanical and heat stimuli, starting with the acute phase
(4~6 hours) and lasting up to POD 3 after incision (Fig. 2A). For all
pain modalities, no significant difference was determined
between (4~6 hours) and POD 1. Mechanical and heat
hypersensitivity characteristics regarding intensity and time are
consistent with previous results in this model.®® Taken together,
our behavior data suggest that POD 1 represents an appropriate
time point to study proteome dynamics in incisional pain.

The anatomical organization of the sciatic nerve is heteroge-
neous, and the extent of the DRG level (lumbar levels L3 to L6)
contribution has been shown to be dependent on the species,
strain, substrain, and genetics.®® Therefore, before starting the
study, we assessed which DRG levels correspond to PSNs that
project to the incised area of the hind paw in our local C57BI6/J
mouse colony to ensure adequate selection of DRG for the
proteome analysis. The distributions of True Blue-labeled PSNs
were determined in a separate naive male cohort (Fig. 1B, cohort
2, grey, naive N = 8). We identified 258 True Blue—positive cells
(Fig. 2B) in L3 iDRG (8.13%, 258/3244 in total, P < 0.001 vs L4,
L5, L6, Fisher’s exact test), 1092 in the L4 iDRG (30.62%, 1092/
3378 intotal, P < 0.05vs L5, P < 0.001 vs L3, L6, Fisher’s exact
test), 726in L5iDRG (26.4%, 726/2604 in total, P < 0.05vs L4, P
< 0.001vs L3, L6, Fisher’s exact test), and 48 in L6 iDRG (1.91%,
48/2610 in total, P < 0.001 vs L3, L4, L5, Fisher’s exact test).
Compared with the number of positive cells in the L4 iDRG,
significantly fewer marked cells were found in other levels (P <
0.05, Fisher's exact test). Based on these data, which
characterize the nerve projections to the plantar surface of the
hind paw in male mice of our local mouse colony (yet are not
universally valid), L4 and L5 DRG were harvested and pooled for
subsequent proteome analysis.

3.2. Mouse behavior combined with unbiased quantitative
proteomics reveals the regulation of 44 proteins at POD 1 on
plantar incision

Two independent cohorts of mice were used (total n = 54), one for
DIA-MS (Fig. 1D, cohort 3, blue, INC N = 15, Sham N = 15), the
other for follow up by DIGIWEST (Fig. 1D, cohort 4, red, INCN = 12,
Sham N = 12). Behavior analysis was performed before (baseline,
BL) and 24 hours after incision (POD 1, Fig. 2C). Specifically, we
assessed nonevoked pain at rest by comparing the print area of
ipsilateral and contralateral hind paws in incised (INC) and (Sham)
(sham) mice (please see Methods for details). The selection of POD 1
and nonevoked pain at rest as a paradigm is based on our a priori
characterization of the time course of diverse pain-related behaviors
in an independent cohort beforehand (Fig. 2A). In cohort 3 (Fig. 2C
blue), the print area decreased from 1.02 = 0.02 (Mean = SEM) at
BL before incisionto 0.52 = 0.04 at POD 1 after incision. By contrast,
Sham mice exhibited stable print areas with 1.04 + 0.02 at BL and
0.99 + 0.03 at POD 1 as expected (**P < 0.001 vs BL, TP <
0.001 vs Sham Fig. 2C, blug). In cohort 4 (Fig. 2C red), the print area
decreased from 1.08 = 0.03 at BL before incision to 0.42 = 0.05 at
POD 1 after incision; again, sham mice displayed unchanged print
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Figure 2. Study rationales—behavior profiles and DRG levels. (A) On plantar incision (INC), pain-related behavior profiles of nonevoked (NEP) and evoked (mechanical
and heat) pain-related behaviors were evaluated in an independent cohort (cohort 1, green, INC N = 8, Sham N = 8). INC-induced NEP, as well as mechanical and
heat hypersensitivity started in the acute phase (4~6 hours) after surgery and lasted up to postoperative day (POD) 3 (mechanical and heat hypersensitivity) and up to
POD 6 (NEP), respectively. At POD 1, 2, and 3, no significant differences were found for either pain-related behavior. Mice were randomly assigned to experimental
groups (INC and Sham), and experiments were performed in a balanced study design. Data are expressed as change in % (mean *+ SEM). Statistics were performed by
2-way ANOVA followed by Dunnett’s post-hoc test. P-Values: **P < 0.001 vs baseline (BL), TP < 0.001 vs Sham. (B) The contribution of DRG levels to the sciatic
nerve was determined by retrograde tracing (True Blue dye) in a separate cohort of male naive mice of our local C57BL6/J colony (cohort 2, grey, naive N = 8).
Representative images of the ipsilateral lumbar DRG of levels L3 to L6. True Blue—positive neurons were counted 7 days after tracer injection and are significantly
increased in ipsilateral DRG L4, and L5 compared with L3 and L6. The results are expressed as the absolute number of True Blue—positive and negative neurons, and
the percentage of neurons in total. Scale bar = 200 wm. Statistics: Fisher’s exact test (contingency). P-Values: “**P < 0.001. (C) Determination of behavior-based
inclusion criterion for cohorts 3 and 4 (cohort 3, blue, INCN = 15, Sham N = 15; cohort 4, red, INCN = 12, and ShamN = 12). AtPOD 1, INC-induced significant NEP
in both cohorts. The results are expressed as mean (ratio incised/nonincised paw) = SEM and single values for each mice (open circles). P-Values: ***P < 0.001 vs

baseline (BL), TP < 0.001 vs Sham by 2-way ANOVA followed by Dunnett’s post-hoc test. ANOVA, analysis of variance; DRG, dorsal root ganglia.

areas with 1.08 + 0.03 at BL and 1.03 = 0.16 at POD 1 (Fig. 2C,
red). Thus, plantar incision caused nonevoked pain behavior at
POD 1 in both cohorts, as indicated by a significant decrease in the
ratio of the print area between the ipsi/contralateral paws compared
with baseline (BL).

After the behavioral assessment, cohort 3 was sacrificed for
dissection of IDRG (L4 and L5, Fig. 1D) for the purpose of MS-based
proteomics. In total, IDRG from 15 INC and 15 Sham animals were
pooled in 3 biological replicates each (ie, IDRG from 5 mice/replicate)
and prepared for DIA-MS. We then followed our established
proteomics workflow using liquid chromatography coupled mass
spectrometry in DIA mode. For comprehensive data analysis, we
used our pan-mouse spectral library harboring proteins detected
across the mouse pain axis, from the sciatic nerve, lumbar DRG, and
spinal cord to different brain regions as previously reported®°
(http://painproteome.em.mpg.de/). In this way, we reproducibly
identified 4618 proteins across all biological replicates (Fig. 3A).

On statistical comparison (corrected for multiple testing using
the Benjamini-Hochberg (BH) Q-value,>¢°¢” for complete data
set, please see table, Supplemental Digital Content 7, available at
http://links.lww.com/PAIN/B275), we observed little overall
proteome changes as visualized in the volcano plot (Fig. 3A).
Specifically, 44 of 4618 quantified proteins (ie, 0.95% of detected
proteins, list in Table 1) were significantly regulated (Fig. 3A;
magenta-colored candidates) on INC compared with Sham with
all but one candidate being upregulated. Interestingly, thus,
biological replicates of each condition only displayed limited
coclustering (see figure, Supplemental Digital Content 8, available
at http://links.lww.com/PAIN/B274) despite highly reproducible

DIA-MS-based quantification across samples. Once more, these
data highlight the importance of including sufficient numbers of
mice in each study (in this study: 15 mice/condition) to allow the
robust identification of significant protein alterations beyond the
variable biological background.

3.3. Plantar incision alters major biological pathways in
ipsilateral dorsal root ganglia

We then used the web-based STRING interface (www.string-db.
org,?") to visualize predicted relationships across the 44 regulated
proteins. This analysis revealed 3 major clusters with functionally
distinct GO annotations, that is, proteins involved in muscle
contractions, proteins involved in carbohydrate catabolic processes,
and proteins involved in immune and inflammatory responses,
including ERK1/2 signaling (Fig. 3B). Overall, GO-analysis for
biological process (BP) and Reactome pathways (R) suggested that
regulated proteins were associated with major cellular pathways
such as the ones mentioned above and, additionally, stress
response, cell cycle, vesicle-mediated transport, adhesion, and
blood platelets (Fig. 3C; for detailed lists, please see table,
Supplemental Digital Content 7, available at http://links.lww.com/
PAIN/B275). In particular, the association with pathways implicated
in immune and inflammatory responses was very pronounced.
Indeed, IPA-based activity prediction highlighted several significantly
regulated candidates, which are known to modulate inflammatory
responses such as Annexin A1 (Anxal), S100-calcium-binding
protein A9 (S100a9), fibronectin 1 (Fn1), and fatty acid-binding
protein 4 (Fabp4) to name a few (Fig. 3D).
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Figure 3. Protein signature of incisional pain in iDRG. (A) The Volcano plot displays the mean log, fold change (log, INC/Sham) of detected proteins and
corresponding -logyo of Q values on comparing protein intensities between INC and Sham. 44 of a total of 4618 quantified proteins were significantly regulated
(magenta-colored circles above the dotted horizontal line, which represents Q < 0.05, ie, BH-adjusted P-value) on INC compared with Sham. The numbers are
summarized in the Venn diagram. STRING-based predicted, relationship across the 44 regulated proteins (B). Three major clusters were identified with functionally
distinct gene ontology (GO) annotations (see grey inlay) such as muscle contraction, carbohydrate catabolic process, immune and inflammatory responses,
including regulation of ERK1/2. Settings for network visualization with STRING were as follows: confidence view, confidence level 0.7, and clustering algorithm
MGCL set to 3. GO-analysis for biological process (BP) and REACTOME (R) pathways (C). Regulated proteins are associated with major cellular pathways of which
selected ones are shown, for example, stress response, cell cycle, vesicle-mediated transport, adhesion, and blood platelets). For full data sets, please see Table,
Supplemental Digital Content 7, available at http://links.lww.com/PAIN/B275. Only annotated pathways, which exhibit significant enrichment ( false discovery rate
< 0.05; assessed via the web-based interface STRING) are reported. Several regulated candidates are implicated in inflammatory responses (D) as assessed by
Ingenuity Pathway Analysis (IPA)-based activity prediction analysis (IPA, Qiagen, 2000-2017). Red lines predicted activation; black lines represent predicted
inhibition; grey lines show predictions, which are not defined. DRG, dorsal root ganglia.

3.4. Orthogonal quantitative and network analysis of analysis in Fig. 1D and Fig, 2C; 3 mice were pooled/replicate)

inflammatory signaling pathways on incision

Functional categorization and network analysis based on pre-
viously annotated information (Fig. 3B-D) exhibit a certain degree
of ambiguity. Therefore, we aimed at validating and extending our
data on the modulation of immune/inflammatory signaling
pathways by an orthogonal experimental approach. To this
end, we used quantitative multiplex Western blot analysis
(DigiWest). Lysates of iIDRG (4 biological replicates) obtained
from an independent mouse cohort (cohort 4, red, INC N = 12,
Sham N = 12, please see study design and pain-related behavior

were subjected to multiplex profiling using 87 analytes. Analytes
were selected based on their previously described or predicted
association with inflammatory/immune signaling, such as highly
interconnected signaling cascades involving ERK1/2, PKA/PKC,
and Akt (for the full list of analytes and results, please see Table,
Supplemental Digital Content 9, available at http://links.lww.com/
PAIN/B274). Even more, we included, whenever possible
(depending on the availability of specific antibodies), several
phosphorylated protein forms of analytes given the functional
relevance of the phosphorylation status for the regulation of
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INC-regulated candidate proteins identified by proteomics.

Uniprot Id Gene name LOG, (INC/Sham) N (no. of identified peptides) BH (g-value) Name

Q5SX40 Myh 1 1.416 42 1.07E-29 Myosin-1

P01027 C3 0.281 62 3.09E-16 Complement C3

Q9wWUB3 Pygm 0.543 39 1.37E-09 Glycogen phosphorylase, muscle form

P07310 Ckm 0.735 27 1.35E-07 Creatine kinase M-type

(Q8KOE8 Fgb 0.348 18 2.44E-07 Fibrinogen beta chain

P58771 Tpm1 0.489 25 4.53E-07 Tropomyosin alpha-1 chain

Q9DOF9 Pgm1 0.263 33 1.44E-06 Phosphoglucomutase-1

E9PV24 Fga 0.343 18 9.03E-06 Fibrinogen alpha chain

P11276 Fn1 0.211 ) 1.62E-05 Fibronectin

P21550 Eno3 0.690 17 2.61E-05 Beta-enolase

P10107 Anxal 0.317 16 4.48E-05 Annexin A1

P06909 Cth 0.211 12 0.0001227 Complement factor H

P58774 Tpm2 0.586 17 0.0001266 Tropomyosin beta chain

Q9ROY5 Akl 0.396 22 0.0001366 Adenylate kinase isoenzyme 1

Q8R429 Atpzal 0.588 22 0.0001941 Sarcoplasmic/endoplasmic reticulum calcium
ATPase 1

P04117 Fabp4 0.266 10 0.0004020 Fatty acid—binding protein, adipocyte

P20065 Tmsh4x 0.155 15 0.0004121 Thymosin beta-4

P05977 Myl 1.236 8 0.000450 Myosin light chain 1/3, skeletal muscle isoform

P04247 Mb 0.949 12 0.0004906 Myoglobin

P32848 Pvalb 0.500 18 0.0006162 Parvalbumin alpha

070250 Pgam?2 0.462 16 0.0009156 Phosphoglycerate mutase 2

P06151 Ldha 0.207 28 0.0012775 L-lactate dehydrogenase A chain

P16015 Ca3 0.650 15 0.0015511 Carbonic anhydrase 3

P97457 Mylpf 1.472 5 0.0015511 Myosin regulatory light chain 2, skeletal muscle
isoform

P05064 Aldoa 0.208 52 0.0015620 Fructose—bisphosphate aldolase A

Q8vCMm7 Fgg 0.406 19 0.002596 Fibrinogen gamma chain

061838 Pzp 0.213 38 0.003306 Pregnancy zone protein

Q5SX39 Myh4 1.977 4 0.003611 Myosin-4

Q9D154 Serpinb1a 0.285 21 0.0059320 Leukocyte elastase inhibitor A

P01899 H2-D1 0.150 11 0.0081110 H-2 class | histocompatibility antigen, D-B alpha
chain

P09411 Pgk1 0.139 42 0.0090205 Phosphoglycerate kinase 1

p9r447 Fhi1 0174 15 0.0101767 Four and a half LIM domains protein 1

Q9QXSt Plec 0.041 353 0.0109909 Plectin

P47857 Pfkm 0.129 33 0.0113854 ATP-dependent 6-phosphofructokinase, muscle
type

061147 Cp 0.125 35 0.0119051 Ceruloplasmin

Q99MQ4 Aspn 0.236 8 0.0119197 Asporin

P61804 Dad1 —0.152 ) 0.0155192 Dolichyl-diphosphooligosaccharide—protein
glycosyltransferase subunit

Q92111 Tf 0.095 74 0.0164564 Serotransferrin

P31725 510029 0.700 7 0.0254775 Protein $100-A9

p21107 Tpm3 0.384 11 0.0304592 Tropomyosin alpha-3 chain

060847 Col12at 0.141 47 0.0346081 Collagen alpha-1(XIl) chain

(continued on next page)
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Table 1 (continued)
Uniprot Id Gene name LOG, (INC/Sham) N (no. of identified peptides) BH (q-value) Name
035887 Calu 0.097 15 0.0396033 Calumenin
P28665 Mug1 0.196 37 0.0496802 Murinoglobulin-1
Q60598 cttn 0.077 23 0.0496802 Src substrate cortactin

BH, Benjamini—-Hochberg.

cellular signaling cascades.®**3*° For example, a hallmark of
ERK1/2 signaling is its activation by phosphorylation, which has
already been reported to be functionally relevant in the mouse
incision model.® Unfortunately, direct validation of here identified
candidates regulated on INC (Table 1) was not possible because
antibodies did not pass quality criteria for multiplex Western
blotting.

Nonetheless, and in line with our DIA-MS results and network
analysis (Fig. 3B,C), we observed prominent dysregulation of
ERK1/2 signaling and, additionally, altered PKA/PKC and Akt
signaling (Fig. 4 and see table, Supplemental Digital Content 9,
available at http://links.lww.com/PAIN/B274). Given the known
crosstalk among these pathways and their involvement in diverse
cellular functions,*”*"® a straightforward interpretation of the net
effects of here measured alterations is not possible. Importantly,
thus, the decrease in the total abundance of ERK1/2 on INC (Fig.
4, data on ERK1/2 and on ERK1) paired with stable levels of
phosphorylated ERK1/2 (Fig. 4 data on pERK1/2) results in a
higher pERK1/2 vs total ERK1/2 ratio indicative of activation of the
ERK1/2 pathway.?*>8° These data are in accordance with our
DIA-MS results and network analysis (Fig. 3C).

Emerging network medicine holds the promise to increase
treatment specificity by combinatorial targeting of multiple central
nodes involved in pathological processes.®2°2 Thus, we aimed
at interrogating our results on the relevance of ERK1/2 and PKC
signaling from a network point of view. To this end, we tested for
predictions of activity between ERK1/2 and PKC with those
proteins that are annotated (shown in Fig. 3D) to be involved in
immune/inflammatory signaling using IPA (Fig. 5A; and see
figure, Supplemental Digital Content 10 for original IPA-network
output, available at http://links.lww.com/PAIN/B274). This anal-
ysis revealed a protein network of INC-regulated candidates,
which is predicted to be implicated in ERK1/2 signaling cascades
(Fig- 5B; see figure, Supplemental Digital Content 10, available at
http://links.lww.com/PAIN/B274) in line with our GO-BP and
Reactome results (Fig. 3C). Similarly, PKC signaling is predicted
to be activated by some members of this protein network, albeit
to a lesser extent (Fig. 5B). Importantly, these predictions are
consistent with our multiplex Western blot analysis endorsing our
results (Fig. 4).

3.5. Comprehensive and systematic literature search on INC-
regulated proteins

Although our data propose the implication of several INC-
regulated candidate proteins in ERK1/2 signaling (Fig. 5),
ERK1/2 per se is unlikely to serve as a new analgetic target
given its ubiquitous functions.” " Therefore, we instead focused
our attention on predicted INC-regulated modulators of ERK1/2
signaling (Fig. 5).

We first performed an extensive and systematic literature
search to assess the novelty of here identified INC-regulated
candidates, that is, and we asked whether candidates have
previously been mentioned in the context of INC (Supplemental

Digital Content 1: search string, available at http://links.lww.com/
PAIN/B274). Remarkably, our literature search suggests that all
here identified candidates seem to represent novel INC-regulated
proteins (Supplemental Digital Content 2: results of literature
search, available at http://links.lww.com/PAIN/B274). Interest-
ingly, a systematic literature search on aforementioned signaling
pathways altered on INC, that is, those involving ERK1/2, AKT, or
PKC signaling (Fig. 5), suggested their implication in incisional
pain by other studies (Supplemental Digital Content 3-5: results of
literature search, available at http://links.lww.com/PAIN/B274)
endorsing our findings.

Next, we queried select DIA-MS proteomics and transcrip-
tomics data sets to assess (1) whether our candidate proteins
have been reported in the context of neuropathic pain in mice®3°
(comparable DIA-MS proteomics datasets on other pain models
are unfortunately not available, preventing further comparisons)
and (2) in which cell types of DRG their transcripts are expressed
(Table 2). Interestingly, 31 of all INC-regulated candidates
identified in our study were reported to be also regulated in the
DRG proteome on neuropathic pain induced by spared-nerve
injury (SNI)° (Table 2, first column). Among these 31 overlapping
candidates 11 (highlighted by an X in bold font; Table 2, first
column) were also shown above to modulate ERK1/2 signaling
(Fig. 5).

In addition, transcripts of 21 INC-regulated candidate proteins
were previously detected to be expressed in nociceptors,® and
transcripts of 4 candidate proteins are included in the TOP300
transcripts across neuronal DRG subpopulations reported by
Usoskin and colleagues.”® A comparison to the overall tran-
scriptome of satellite glia cells (SCG) revealed an overlap with 20
INC-regulated proteins of which 2 (Anxal and Col12aft,
highlighted by an X in bold font; Table 2, last column) appeared
to be regulated in SCG on the transcript level at POD 3 after fulll
sciatic nerve ligation.®® Taken together, these comparisons
suggest that we have identified INC-regulated candidate proteins
with expression across DRG cell types, for example, neurons
and SCG.

3.6. Anxal is expressed in sensory neurons on incision

Among INC-regulated candidate proteins, Anxal represents a
high priority candidate given (1) the fact that it has previously been
implicated in other pain models (Table 2), (2) its novelty in the
context of incisional pain (Supplemental Digital Content 2: results
of literature search, available at http://links.lww.com/PAIN/
B274), and (3) its predicted involvement in incisional pain as a
modulator of inflammatory/immune signaling (Fig. 3B-D) and
ERK1/2 (Fig. 5). Therefore, we used immunohistochemistry to
investigate Anxal expression (and potential changes thereof) in
DRG cell types on Sham- vs INC-treated mice. We used
established cell population markers to determine the localization
of Anxal in ipsilateral L4 DRG (Fig. 6). Anxal-positive cells were
largely colocalized with glial fibrillary acidic protein (GFAP) positive
satellite glial cells (SGC) surrounding DRG neurons in Sham-
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Figure 4. DigiWEST multiplex Western blot validated alterations in distinct signaling pathways. Plantar incision (INC, red bars) induced significant dysregulation of
multiple members of ERK1/2 signaling, PKA/PKC signaling, and Akt signaling (**P < 0.001 vs Sham, grey bars; 3 mice were pooled/replicate, 4 biological
replicates in total). Results are expressed as scatter bar plots showing the mean * SEM and single values for each biological replicate (open circles). P-values: ***P
< 0.0001, multiple t-tests without assuming a consistent SE. Legend: T, threonine; S, serine; P, denotes the phosphorylated form of the respective analyte;

numbers behind T/S indicate the respective amino acid residue; kDa, kilo Dalton (as ERK1/2 isoforms are known to run at different molecular weights).®®

treated mice (Fig. 6A). By contrast, on INC, Anxal appeared to
be additionally expressed across neuronal subpopulations
(please see the arrows in Fig. 6B, Inset), including Peripherin-
positive neurons (representing unmyelinated C-fiber and thinly

myelinated A8 fiber neurons), calcitonin gene-related peptide
(CGRP)-positive peptidergic nociceptors (representing neurons
that give rise to C- or Ad-fibers), and Isolectin B4 (IB4)-positive
nociceptors (Fig. 6B, Inset). Of note, we used retrograde tracing
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Figure 5. Activity prediction on plantar incision in iDRG on the network-level. Bioinformatic network analysis integrating DIA-MS data and multiplex Western blots
(A) complemented with activity prediction (B). Note the prominent role of ERK signaling as a central hub among proteins associated with immune and inflammatory
responses (from Fig. 3D). Node color code: red, regulated proteins based on DIA-MS; grey, predicted proteins based on multiplex Western blots; orange lines
indicate predicted activation among nodes. All graphs are based on IPA analysis (for original IPA results, please see Figure, Supplement Digital Content 10,
available at http://links.lww.com/PAIN/B274). DRG, dorsal root ganglia; DIA-MS, data-independent acquisition mass spectrometry; IPA, ingenuity pathway

analysis.

(with True Blue, Fig. 6) to highlight those neurons that primarily
innervate the plantar surface, several of which were also Anxal
positive (please see asterisks in Fig. 6B, Inset). In total, we
identified 40 Anxal-positive neurons in L4 and L5 DRG (1.79%,
40/2223 in total) under sham conditions. On INC, a significantly
higher number of Anxa1-positive neurons (13.59%, 288/2118 in
total, P < 0.05, Fisher's exact test) were detected (see
representative images in Fig. 6).

4. Discussion

To characterize proteome changes associated with plantar
incision in male mice, we used here, for the first time, a
multimethod integrated workflow consisting of a novel behavior
assay to determine nonevoked pain, unbiased and quantitative
proteome profiling, followed by orthogonal validation based on
quantitative multiplex Western blot analysis, network pathway
analysis, and immunolabeling. In this way, we revealed a hitherto
unknown protein signature in DRG at POD 1 after incision (INC). In
particular, we show the differential regulation of 44 proteins in INC
samples compared with sham controls. Among these INC-
regulated candidates, many seem to be implicated in pathways
associated with immune and inflammatory responses such as
mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) signaling. Subsequent orthogonal assays
in independent mouse cohorts validated the INC-induced
regulation of distinct signaling pathways and the high priority
candidate Anxal in line with our bioinformatic network analysis.

We performed proteomic analysis at POD 1 after INC because
at this time point, pain-associated behaviors are fully established
in the mouse incision model, translating well to pain in patients 1
day after surgery.5°°%* By unbiased proteome profiing, we
identified 44 INC-regulated candidate proteins. This relatively low
number of modulated proteins in DRG after INC contrasts the 715
regulated proteins identified in our previous data set on
neuropathic pain after spared-nerve injury (SNI).° This finding
likely reflects overt differences between these 2 pain models

concemning the extent of tissue trauma (SNI > INC), potential
nerve damage (SNI > INC), and peripheral inflammation
(SNI < INC).*2%552 Although time points, at which pain-related
behaviors are fully established were chosen for tissue collection in
both pain models (INC: POD 1; SNI: POD 28), this might
additionally contribute to observed differences in the number of
regulated proteins. Future studies designed to investigate
proteome dynamics along the complete time course of each
pain model will undoubtedly provide additional and highly
valuable insights into the development and resolution of distinct
pain states across pain models. Interestingly, 31 of the 44 INC-
regulated proteins reported here also seem to be altered during
neuropathic pain (in aforementioned SNI-model) in the peripheral
nervous system® (Table 2). This overlap may be indicative of
proteins, which are generally implicated in pain independently of
the pain entity, and may therefore contribute to common pain-
related behaviors.* By contrast, 13 INC-regulated candidates
were uniquely regulated on incision (Table 2) and might represent
a specific peripheral protein signature on INC. Note, however,
that “unique” only refers to the comparison with this specific DRG
proteome data set on SNI;® thus, similarities to other pain models
are possible, albeit not analyzed here. To fully exploit the potential
of our DIA-MS results, we performed extensive bioinformatics
network analysis, which revealed the association (may it be direct
or indirect) of INC-regulated candidates with diverse biological
pathways (Figs. 3C, D). Interestingly, pathways related to
mitochondrial function were unaltered on INC. This finding not
only represents another major difference to our previous work in
the SNI model® but may also suggest a certain degree of
specificity of here identified INC-regulated candidates and
associated pathways.

Many INC-regulated candidates exhibited prominent associ-
ation with immune and inflammatory response pathways (eg,
Fgg, Fga, Fgb, Fn1, and S100a9) (Fig. 3D), in particular those
that involve MAPK/ERK and PKC signaling. Changes in MAPK/
ERK®87279 and PKC signaling”“ and their contributions to pain-
related behavior have previously been reported in the context of
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Comparisons of INC-regulated candidate proteins with selected published data sets.

Regulated proteins POD 1 Gene Overlap
after incision name Neuropathic Pain (POD 28)  mRNA expressed in sorted Top 300 mRNA mRNA expressed in SCG
(Barry et al. 2018) nociceptors (Jager et al. (Usoskin et al. 2014) (Jager et al. 2020)
2020)
Myosin-1 Myh 1
Complement C3 C3 X
Glycogen phosphorylase, Pygm X
muscle form
Creatine kinase M-type Ckm X
Fibrinogen beta chain Fgb X
Tropomyosin alpha-1 chain Tpm1 X X X
Phosphoglucomutase-1 Pgm1 X X X
Fibrinogen alpha chain Fga X
Fibronectin Fn1 X
Beta-enolase Eno3 X X
Annexin A1 Anxal X X X
Complement factor H Cth X X
Tropomyosin beta chain Tpm2 X X
Adenylate kinase isoenzyme 1 Ak1 X X X X
Sarcoplasmic/endoplasmic Atp2al
reticulum calcium ATPase 1
Fatty acid—binding protein, Fabp4
adipocyte
Thymosin beta-4 Tmsb4x X X
Myosin light chain 1/3, Myl
skeletal muscle isoform
Myoglobin Mb X
Parvalbumin alpha Pvalb X X
Phosphoglycerate mutase 2~ Pgam2
L-lactate dehydrogenase A Ldha X X
chain
Carbonic anhydrase 3 Ca3 X
Myosin regulatory light chain ~ Mylpf X
2, skeletal muscle isoform
Fructose—hisphosphate Aldoa X X
aldolase A
Fibrinogen gamma chain Fgg X X
Pregnancy zone protein Pzp X
Myosin-4 Myh4
Leukocyte elastase inhibitor A Serpinbia
H-2 class | histocompatibility =~ H2-D1 X X X
antigen, D-B alpha chain
Phosphoglycerate kinase 1 Pgk1 X X X X
Four and a half LIM domains ~ Fhi1 X X X
protein 1
Plectin Plec X X X
ATP-dependent 6- Pfkm X X X
phosphofructokinase, muscle
type
Ceruloplasmin Cp X X

(continued on next page)
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Table 2 (continued)

Regulated proteins POD 1 Gene Overlap
after incision name Neuropathic Pain (POD 28)  mRNA expressed in sorted Top 300 mRNA mRNA expressed in SCG
(Barry et al. 2018) nociceptors (Jager et al. (Usoskin et al. 2014) (Jager et al. 2020)
2020)
Asporin Aspn X
Dolichyl- Dad1 X X X
diphosphooligosaccharide—
protein glycosyltransferase
subunit
Serotransferrin Tf X
Protein S100-A9 $100a9 X
Tropomyosin alpha-3 chain Tpm3 X X X
Collagen alpha-1(XIl) chain Col12a1 X X
Calumenin Calu X X X
Murinoglobulin-1 Mug1 X
Src substrate cortactin cttn X X X

Comparison of INC-regulated proteins with other selected datasets. Data sets are given on top of each column with respective reference. Proteins, which have been shown to be regulated during neuropathic pain at POD 28
after spared-nerve injury” and are predicted to be involved in the ERK signaling network (Fig. 5), are highlighted by an X in bold font. Candidates, which are expressed (on the transcript level) in SCG (right column) and have been
shown to be regulated at POD 3 after full sciatic nerve ligation®® are highlighted by an X in bold font in the right column. SCG, satellite glia cells.

plantar incision (supplement content 3-5, available at http://
links.lww.com/PAIN/B274). However, targeting MAPK/ERK
directly (eg, by inhibitors) in a clinical setting is likely to be
limited, given their ubiquitous expression and function.”'""®
Our results (Figs. 3 and 4) not only support the involvement of
these signaling pathways in incisional pain. Rather, IPA-based
network analysis (Fig. 5) identified potential upstream modula-
tors of ERK signaling such as complement component 3 (C3),
fibrinogen A/B/G (Fga, Fgb, Fgg), and Annexin1 (Anxa1),% none
of which have so far been described in the context of incisional
pain (Supplemental Digital Content 2: results of our literature
search, available at http://links.lww.com/PAIN/B274). Using
immunolabeling, we focused specifically on Anxal. We could
show its localization to DRG neurons on INC, which contrasted
its nearly exclusive expression in SCG of Sham-treated mice
(Fig. 6). Certainly, we cannot exclude very low level—beyond
the detection threshold in our experiments—expression of
Anxa1 in DRG of Sham-treated mice.®" Even so, the immuno-
labeling results correlate with the increase of Anxal protein
levels as measured by DIA-MS (Fig. 3A). Anxal (formerly known
as lipocortin-1) has originally been identified as a mediator of
anti-inflammatory actions of glucocorticoids.'®'#%%42 |t has
further been shown to act through MAPK/ERK signaling
endorsing our network prediction analysis (Fig. 5). Anxal is
reported to be involved in (anti) inflammation'® 92442 and as an
analgesic modulator of inflammation-associated
pain.’ 14194581 Oyr results suggest that Anxal might act
upstream of ERK1/2 signaling, possibly in DRG neurons and
SCG. Whether Anxal might be involved in analgesic/anti-
inflammatory processing after incision injury remains an
attractive hypothesis to be investigated in future studies. Among
potential targets/effectors of ERK signaling identified by IPA-
pathway analysis were the S100 calcium-binding protein A9
(S100a9) and the fatty acid—binding protein 4 (Fabp4) (Fig. 5).
S100a9 is mainly expressed in immune cells,”® and its
upregulation is a crucial factor in inflammatory/immune pro-
cesses, in part, by cytokine secretion and MAPK/ERK signal-

ing.*""®  Results from preclinical studies suggested

antinociceptive effects of the C-terminus of S100a9 on
neuropathic pain.®° Likewise, Fabp4 is expressed in immune
cells®® and has been implicated in endothelial dysfunction,
inflammation, ' and associated diseases such as diabetes.>®
Although beyond the scope of this study, it will be fascinating to
exploit our hypothesis-generating results in future work aimed at
determining the functional and potential therapeutic relevance
of here identified candidate proteins for incisional pain.

From a technical point of view, certain aspects need to be
considered for interpreting our results. Whole DRG lysates
contain proteins from several cell types, that is, neurons,
fibroblasts, SCG, and immune cells. Furthermore, vascular
permeability in DRG is high compared with the central nervous
system,®” facilitating the recruitment of humoral proteins such as
fiorinogens or fibronectin.®® Because of this cellular complexity
and heterogeneity, we cannot assign the detected changes in
protein abundance/phosphorylation to specific DRG cell types
after incision—an issue common to all “-omics” approaches not
performed on the single-cell level. To address this in part, we
determined the cellular localization of Anxal in DRG by
immunolabeling (Fig.- 6) and compared our data sets with
selected published resources on the DRG transcriptome/
proteome (Table 2).5%%7° |n essence, these comparisons
suggest that we have profiled proteins expressed in DRG sensory
neurons alongside other DRG cell types such as SCG. Another
technical aspect relates to the pooling of DRG from different levels
to obtain sufficient tissue per DIA-MS replicate. To minimize
heterogeneity (selection bias), we limited this pooling to DRG from
levels L4 and L5 because retrograde tracing enabled us to
determine DRG L4 and L5 as major contributors to the plantar
hind paw innervation in our in-house mouse colony (Fig. 2B).
Given known differences in hind paw innervation between and
within mouse strains,*® we advocate that future studies should
implement similar methods to characterize respective mouse
cohorts.

Taken together, our data represent a valuable resource for
exploring and testing novel therapeutical targets for incisional
pain. This aspect is of high relevance for advancing pain
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Figure 6. Localization of Anxal in L4 ipsilateral DRG. (A) Under Sham conditions, Anxa1l is colocalized with GFAP-positive cells (ie, satellite glia cells) but not with
neuronal subpopulations (labeled by indicated marker proteins) or retrogradely labeled neurons (True Blue positive) in ipsilateral L4 DRG. (B) By contrast, plantar
incision (postoperative day 1) induced neuronal expression of Anxat in Peripherin-, CGRP- and IB4-positive neurons (indicated by arrows, Inset). Retrogradely
labeled neurons are marked with an asterisk (Inset). Scale bar = 50 wm (composite), 20 wm (Inset). DRG, dorsal root ganglia.

treatments considering that severe side effects hamper not only

existing treatment regimens but also stall clinical trials.®®
Network medicine nourishes the hope of identifying and

correcting dysfunctional networks. Along these lines, INC-

regulated candidate proteins associated with distinct pathways
may conceptually be exploited to correct dysfunctional signaling
by combinatorial targeting. This strategy would harbor enormous
advantages compared with traditional pharmacotherapies aimed at
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single targets: increased efficacy, specificity, and safety.'%%8 For

example, we have identified potential effectors and modulators of
MAPK/ERK signaling (Fig. 5), which hold the promise to represent
novel combinatorial targets to more specifically alter incision-induced
pathological changes in DRG with likely reduced side effects
compared with those targeting MAPK/ERK signaling directly.

5. Conclusion

Combining a mouse model of incisional pain including a novel
behavioral test paradigm with quantitative proteome profiling, we
identified 44 regulated proteins in DRG at POD 1. Our orthogonal
assays and bioinformatic network analysis validated these results
and revealed novel candidates, such as Anxal, as attractive
targets in the context of incision-induced pain. Thus, the here
identified incision-associated protein signature in DRG opens
new avenues for hypothesis-driven functional and translational
investigations into incisional pain.
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