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Abstract \
Traumatic peripheral nerve injuries are at high risk of neuropathic pain for which novel effective therapies are urgently needed.
Preclinical models of neuropathic pain typically involve irreversible ligation and/or nerve transection (neurotmesis). However,
translation of findings to the clinic has so far been unsuccessful, raising questions on injury model validity and clinically relevance.
Traumatic nerve injuries seen in the clinic commonly result in axonotmesis (ie, crush), yet the neuropathic phenotype of “painful”
nerve crush injuries remains poorly understood. We report the neuropathology and sensory symptoms of a focal nerve crush injury
using custom-modified hemostats resulting in either complete (“full”) or incomplete (“partial”’) axonotmesis in adult mice. Assays of
thermal and mechanically evoked pain-like behavior were paralleled by transmission electron microscopy, immunohistochemistry,
and anatomical tracing of the peripheral nerve. In both crush models, motor function was equally affected early after injury; by
contrast, partial crush of the nerve resulted in the early return of pinprick sensitivity, followed by a transient thermal and chronic tactile
hypersensitivity of the affected hind paw, which was not observed after a full crush injury. The partially crushed nerve was
characterized by the sparing of small-diameter myelinated axons and intraepidermal nerve fibers, fewer dorsal root ganglia
expressing the injury marker activating transcription factor 3, and lower serum levels of neurofilament light chain. By day 30, axons
showed signs of reduced myelin thickness. In summary, the escape of small-diameter axons from Wallerian degeneration is likely a
determinant of chronic pain pathophysiology distinct from the general response to complete nerve injury.

Keywords: Axonotmesis, Chronic pain, Mechanical allodynia, Peripheral nerve injury, Neuropathic pain, Partial crush, Preclinical
pain model, Wallerian degeneration

1. Introduction techniques, the incidence of chronic and neuropathic pain
Chronic pain, defined as pain lasting more than 3 months, affects ~ remains high.**
more than 30% of people worldwide, placing a huge personal and In 1943, Herbert Seddon produced the first clinical classification

economic burden on those aﬁ|ioted.19 Nerve injury, either from of nerve injUI’ieS,76 which was later refined by Sldney Sunderland.82

trauma or surgery, is found in approximately 20% of chronic pain A neurapraxic (fransient) injury is accompanied by local myelin
cases.?’ In as many as 50% to 75% of these people, the painis ~ damage, but axons otherwise remain intact. Axonotmesis
classified as neuropathic.*> Despite advances in surgical  describes the severance of both axons and myelin sheaths with
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intact nerve connective tissue, which remains theoretically capable
of hosting axon regeneration. Neurotmesis is a complete
anatomical disruption of the nerve tissue (eg, transection) in which
nerve recovery does not occur without surgical intervention.”®

Nerve injuries can be associated with both negative (hypo-
esthesia, anaesthesia) and positive (pain, paraesthesia) sensory
symptoms.®® Several preclinical models have been developed to
study the gain-of-function mechanisms leading to persistent pain
after traumatic nerve injury.®?%°""7 The most frequently used
rodent models involve transection or irreversible ligation of part of
the sciatic nerve (neurotmesis), designed to permanently restrict
axonal regeneration. Despite great advances in our biological
understanding of neuropathic pain, the field has struggled to
translate findings to the clinic,* resulting in calls for models that
better reflect the human condition.®®

Chronic pain after trauma is more likely with nerve damage,®”
which is often incomplete® and consists of a mixture of
neuropraxia and axonotmesis.®™""®% Nerve crush injury (axonot-
metic) models have long been a mainstay of loss-of-function
studies of Wallerian degeneration and axonal regenera-
tion!15:16:37.66. thay are also occasionally reported to elicit pain-
like behavior in rodents.*>®® However, discrepant observations
and varying reports of either a resolving®2¢-°% or nonresolving 2
sensory phenotype have precluded the use of nerve crush in
preclinical studies of neuropathic pain.

We have previously shown the development of a slow-onset
mechanical hypersensitivity in a mouse model of “partial” sciatic
nerve crush that does not appear after a more severe “full” crush
injury.2%°° This suggests the presence of an inflection point in the
relationship between injury severity and the outcome of positive
and negative sensory symptoms that challenges previous
assumptions of clinical nerve injuries.'®

Here, we report a comprehensive behavioral and anatomical
exploration of the partial and full sciatic nerve crush models at
acute (2-7 days) and chronic (>30 days) time points in adult mice
of both sexes using a simple and reproducible tool. We show that
after partial crush nerve injury, there is escape of small-diameter
axons from Wallerian degeneration resulting in chronic tactile
hypersensitivity. Our findings provide further insights into the
pathophysiology of neuropathic pain with potentially greater
relevance to people with traumatic nerve injury.

2. Materials and Methods
2.1. Experimental design

All experiments were performed and reported in accordance with the
ARRIVE guidelines.®® Experiments included animals of both sexes
unless otherwise indicated. Investigators performing the behavioral
assessments, quantitative histological staining and morphometric
analyses were blinded to the surgery group. The results were obtained
from multiple independent experiments, with results obtained with the
same tools confirmed in 2 different laboratories. Any mice that
underwent full crush nerve injury but displayed any remaining pinprick
score (>0) on the first day after surgery were considered an
incomplete crush and were excluded from subsequent experiments.
Otherwise, no data points were excluded from the study.

2.2. Animals

C57BL/6J mice (Jackson Laboratory, JAX, stock 000664) were
purchased from DooYeol Biotech (Korea) or supplied in-house by
the University of Oxford Biomedical Services unit. All experiments
were conducted on 6- to 15-week-old male and female mice on
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the C57BL/6J background. Mice were maintained in constant
temperature (22 + 1°C), humidity (55%), and 12-hour light/dark
cycle environment with standard laboratory chow and water
available ad libitum. Animal husbandry was performed in
accordance with the Guideline for Animal Experiments by the
Korean Academy of Medical Sciences, the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals,®®
and in the United Kkingdom according to the Home Office
Animals (Scientific Procedures) Act 1986, revised 2012.

2.3. Crush tool development

Spacers were created out of 15-um-thick sheets of aluminium foil
(Seong Won Cooking Foil, Cheonan, Korea). Foil thickness was
confirmed using digital Vernier calipers. Foil layers were cut such
that the nerve could be placed between the 2 opposing faces of
the hemostat blades, bounded on both sides by one or more
layers of foil to provide an aperture of varying distance between
the hemostat blades (Supplemental Figure 1, available at http://
links.lww.com/PAIN/B843). Spacers were autoclaved with he-
mostats for sterilization prior to surgery.

Custom modification of a series of ultrafine hemostats (Cat no.
13020-12, Fine Science Tools, Germany) was performed by sink
spark erosion using bespoke copper electrodes in custom-built jig to
hold the hemostats at the correct angle when closed on the first lock
position. The final depth of cutout on machined hemostats were
measured using an optical comparator device (IM-6700 Series,
Keyence Corporation UK Ltd, Milton Keynes, United Kingdom).

2.4. Hemostat pressure measurement

Hemostats were calibrated with pressure measurement film
(Prescale, Fuiifim Corporation, provided courtesy of Techni Mea-
sure, United Kingdom). Different scales of film (LW ~ 4 LW film) were
placed between the blades of each hemostat in turn, which were
closed for 15 seconds on the first lock position. Dye release onto film
was identified as an indication the pressure across the closing face of
the hemostat. The pressure range was calibrated according to the
color change on each grade of film used (Supplemental Figure 1,
available at http://links.lww.com/PAIN/B843).

2.5. Crush surgery

All surgical procedures were performed on adult mice of both sexes
aged 6 to 10 weeks using aseptic technique. Mice were placed
under isoflurane anaesthesia (2% induction) in 100% oxygen,
weighed, and given a perisurgical injection of the analgesic agent
Rimadyl (Carprofen) (5 mg/kg subcutaneously in phosphate-
buffered saline [PBS]/saline). Mice were maintained on isoflurane
anaesthesia at 1.5% using a face mask, with the depth of
anaesthesia assessed by monitoring the breathing rate and adjusted
during surgery accordingly. Body temperature was maintained with
a warm pad and monitored with a rectal probe. The right thigh was
shaved and iodine-treated and wiped with an alcohol Steri-Wipe. An
incision was made midthing length and the sciatic nerve exposed as
it emerges from the sciatic foramen by parting the muscle with blunt
forceps dissection. The sciatic nerve was carefully freed from
connective tissue and gently lifted with fire-polished glass micro-
hook. The full width of the sciatic nerve was crushed for 15 seconds
using an ultra-fine hemostat placed on the first lock position (Cat no.
13020-12, Fine Science Tools). The position of the nerve crush was
at midthigh level, distal from (ie, avoiding) the eminence of the
posterior cutaneous femoral nerve and posterior biceps semite-
ndinosus nerve, and proximal to the trifurcation of the sciatic nerve
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into tibial, common peroneal, and sural nerve branches.®*? Nerve
crush injuries were performed with or without a custom foil spacer, or
using engineered hemostats (Supplemental Figure 1, available at
http://links.lww.com/PAIN/B843). Muscle fascia was then closed
with one or two 7-0 silicone-coated silk or absorbable Vicryl sutures,
and the skin incision was closed with 9-mm skin clips (Mikron
Precision Inc., Gardena, CA). Local anesthetic (Marcain, 2 mg/kg)
was administered superficially to the incision site. Animals were
allowed to recover either under an infrared radiator or on a warm
pad. Animals were subject to daily postsurgical monitoring and
weight checks. Standard chow or mash was placed near to the cage
floor to ensure easy access to food during the 7- to 10-day period of
hind limb weakness after nerve injury. No unexpected adverse
effects were observed as a consequence of the surgery.

2.6. Behavior
2.6.1. Evoked sensory behavior

To test tactile sensitivity and pinprick score, the mice were placed
singly in transparent acrylic box or cylinder on an elevated mesh
floor. Fifty percent paw withdrawal thresholds were measured
following Chaplan up—down method with a series of graded von
Frey filaments (0.04-2 g, Stoelting Wood Dale, IL) applied
between the central footpads and lateral plantar surface of each
paw. The 0.4-g filament was first stimulus to be used. A positive
response was judged to be a brief lifting, flicking, and/or licking of
the paw within 1 to 2 seconds after application of the filament. The
response to the pinprick stimuli was scored out of 10, as
previously described.?® Briefly, the paw area (mediolateral side of
hind paw) was divided into 5 separate regions to which an
Austerlitz insect pin (size 000, Fine Science Tools, CA, US) was
applied twice per region. A brisk withdrawal of the paw was
scored as a positive pinprick response.

Thermal hypersensitivity was measured using a Hargreaves
radiant heat apparatus (IITC Life Science, CA). Mice were placed
in individual transparent acrylic container (8.5 X 8.5 X 17 cm)
above the transparent glass floor. The basal paw withdrawal
latency was adjusted to 10 to 15 seconds (initial-intensity 5, auto-
intensity 25-28, Glass surface at 30°C) and a cutoff of 20 seconds
was set to prevent tissue damage. Both hind paws were
stimulated for 3 to 4 times with at least 20-minute intervals. The
average latency was determined as final latency. The mice were
habituated to the testing environment before the assessments.

2.6.2. Motor function assessment

For gross motor function analysis, the latency to fall from rotating
rod was measured using a rotarod device (BS Technology Inc,
Anyang, Korea). Mice were pretrained for 2 days on an automated
5-lane rotarod unit before measuring the baseline. During the
testing phase, the mice were placed on the rod as it accelerated
from 2 rpm to 40 rpm throughout 60 seconds. The length of time
that each mouse stayed on the rotating rod was recorded
automatically. The cutoff time was set at 300 seconds. The
readings from 3 trials were averaged. At least 20 minutes of
intervals were given between the trials. Mice that had lower
baseline latency than the latency after crush injury were
considered unhabituated and excluded from the data.

For sciatic functional index” measurement, mice were placed
on a transparent acrylic plate in a dark cage where light is cutoff
from 5 sides except for the bottom. The reflection image of the
bottom of the feet was acquired from the video recording of the
mirror placed under the acrylic plate. A single shot from each
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mouse was captured when facing forward with all 4 paws on the
floor. A thresholded image of the plantar surface of both hind
paws was acquired through ImagedJ.

2.7. Retrograde tracer labelling

Under brief isoflurane anesthesia, 8 pL of 3% Dil (Cat no. D282,
Molecular Probes) in DMSO (Dimethylsulfoxide) was injected in
the plantar surface of both hind paws at 2 days postinjury, and the
DRG tissue was sampled on day 15. For a faster tracer, Fluoro-
Gold (Fluorochrome, LLC) was used. Ten microliters of 2%
Fluoro-Gold in saline were injected in the plantar surface of both
hind paws at 30 days postinjury, and the DRG tissue was
sampled on day 35. The tracer was injected in the middle of the
lateral side of the hind paw within the sciatic nerve innervating
area.

2.8. Immunohistochemistry

After appropriate survival times, the mice were terminally
anesthetized by intraperitoneal injection of sodium pentobarbital
(>400 mg/kg) and perfused transcardially with PBS followed by
4% paraformaldehyde in 0.1 M PBS. Hind paw skin was acquired
from the central foot pad, corresponding to the territory
innervated by the sciatic nerve using a 2-mm biopsy punch; L4
DRG were dissected from the spinal column. The fixed samples
were postfixed with the same fixative at 4°C overnight. Both
tissues were cryoprotected in 30% sucrose solutions and then
embedded in OCT (Optimal Cutting Temperature) compound.
Frozen samples were cut with a cryostat microtome (Leica,
Wetzlar, Germany) into 10-pum slices and mounted onto Super-
frost glass slides. The sections were blocked and permeabilized
with 5% to 10% host serum and 0.3% PBST (Triton-X 100) for 1
hour at room temperature. After being incubated with primary
antibodies at 4°C overnight, the sections were then incubated
with secondary antibodies and DAPI (4’,6-diamidino-2-phenyl-
indole) (1 pwg/mL; Cat no. D9542, Sigma, MO) for 1 to 2 hours at
room temperature; 1% host serum in 0.03% PBST (Triton-X 100)
was used as antibody diluent, and the antibodies were washed
with PBS. Triton-X 100 was replaced with Tween 20 specifically
for staining Dil-labeled DRG slices.

For whole mount staining of the extensor hallucis longus (EHL)
muscle, the muscles were dissected out after PBS perfusion and
postfixed for 15 minutes at room temperature. The fixed tissues
were permeabilized with 1% PBST and blocked with 3% BSA
(Bovine serum albumin) for 1 hour at room temperature. Primary
antibodies were treated overnight at 4°C. Secondary antibody
and a-bungarotoxin were treated for 1 hour at room temperature;
0.1% PBST was used as antibody diluent and wash. After
finishing all the steps, tissues were then mounted with
Vectorshield mounting media (Cat no. H-1000, Vector, CA, US)
with cover glass for imaging.

2.9. Confocal fluorescence imaging and analysis

Fluorescence images were acquired on a confocal laser scanning
microscope (Zeiss LSM700) using Zen Black software. For
imaging activating transcription factor 3 (ATF-3) in NeuN-positive
area in L4 DRG, 6 z-sections low-magnification (X 10) images at
0.5 zoom were acquired and exported as maximum intensity
projection. Five sections were imaged per tissue sample. Images
were converted to black and white by adjusting to a set threshold
for analysis. The number of ATF-3 nuclei was identified by
automated quantification using particle analysis function and
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normalized with the NeuN-positive area after scale calibration
using Imaged (v1.46r, NIH).

For analyses of ATF-3 expression in each sensory neuron
subpopulation, 5 z-sections (2.5-pum interval) low-magnification
(X20) confocal images at 0.6 zoom were acquired and exported
as maximum intensity projection. Three sections per sample were
imaged for analyses. All Neuronal marker + DAPI + cells were
manually counted, and then, ATF-3-expressing cells were
counted among these cells. Images were acquired and analyzed
by an investigator blinded to the injury group of the samples.

For analyses of retrograde tracer—labeled area in NeuN positive
area, 5 z-sections (2.5-pm interval) low-magnification (X10)
confocal images at 0.6 digital zoom were acquired and exported
as maximum intensity projection. After scale calibration and
setting a threshold, the fluorescence positive area was measured.

For imaging intraepidermal nerve fibers (IENF), 3 tissue
sections per paw, and 3 regions of interest (ROIl) per
section were analyzed. 10 to 12 z-sections (1-wm interval) high-
magnification (X63) confocal images at 0.5 zoom were acquired
and exported as maximum intensity projections. For quantifica-
tion of IENF in hind paw skin, B-tubulin Il positive nerve fibers
were manually counted as they crossed the basement membrane
of the epidermis according to previously published guidelines.®®
The dermal—-epidermal boundary in skin biopsies was identified by
the high density of DAPI nuclei staining within the epidermal
layer.%® Intraepidermal nerve fibers density was defined as the
number of crossing nerve fibers per length of skin on each image.
Images were acquired and analyzed blind to the injury types.

For EHL motor nerve fiber innervation analysis, 26 z-
sections (4-pm interval, 100-pm total range) low-magnification
(X20) confocal images at 0.5 zoom were acquired and exported
as maximum intensity projection. The whole EHL muscle were
imaged in 3 to 4 images, and the number of total neuromuscular
junction (NMJ) and the axon-occupied NMJ were manually
counted, blind to the injury types.

2.10. Western blot

Mice were terminally anesthetized by intraperitoneal injection of
sodium pentobarbital (>400 mg/kg) and perfused transcardially with
PBS only. Bilateral sciatic nerves were rapidly dissected, snap frozen
in liquid nitrogen, and stored at —80°C. Fresh, frozen, sciatic nerve
tissues were homogenized in RIPA buffer (Cat no. 20-188, Millipore,
MA) containing protease inhibitor cocktail (Cat no. P8340, Sigma)
and phosphatase inhibitor cocktail (Cat no. P3200, Gendepot, TX).
Protein samples were purified by centrifugation (13,000 rpm, 10
minutes). Equal amount of protein samples (30-40 wg) was
separated by sodium dodecy! sulfate polyacrylamide gel electro-
phoresis (5% stacking gel, 10% resolving gel) followed by transfer to
a PVDF (polyvinylidene fluoride) membrane. Membranes were
blocked with 5% skimmed milk at room temperature for 1 hour
and subsequently incubated with primary antibodies diluted in the
blocking solution overight at 4°C. HRP (horseradish peroxidase)-
conjugated secondary antibodies were diluted in the blocking
solution and incubated for 1 hour at room temperature. Tris-buffered
saline containing 0.1% Tween 20 (TBS-T) was used as blocking/
antibody diluent and wash. Blots were developed by application of
western ECL substrate (Catno. 1705061, BioRad, CA). The images
of sequential exposure times were acquired digitally (ChemiDoc,
BioRad), and the density of the protein bands were analyzed with
Image Lab Software (version 4.1).

Antibodies used forimmunostaining and western blot are listed
in the Supplemental Table 1, available at http://links.lww.com/
PAIN/B843.
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2.11. Resin embedding of sciatic nerves

Mice were terminally anesthetized by intraperitoneal injection of
sodium pentobarbital (>400 mg/kg) and perfused transcardially
with 0.85% NaCl solution, followed by paraformaldehyde/
glutaraldehyde fixative (1% paraformaldehyde, 2.5% glutaralde-
hyde, 0.1% picric acid in 0.1 M PB, pH 7.4) for 15 minutes. The
distal sciatic nerve tissue from the crush site was isolated and
postfixed for 2 hours in the same fixative at 4°C temperature.
Tissues were treated with 1.0% to 1.5% OsO4in 0.1 MPB for 1 to
2 hours at room temperature, and dehydrated through a graded
series of ethanol washes (30%-100%, 30 minutes each). Tissues
were then transferred through propylene oxide to epoxy resin
(Durcupan ACM, Fluka, Buchs, Switzerland, or Taab, T028,
medium resin) for embedding in resin coffins and cured for 48
hours at 60°C.

2.12. Semithin sectioning and analysis

For day 2 nerve samples, semithin sections (500 nm) were
mounted on Superfrost slides and stained with toluidine blue
(0.5%) for 90 seconds followed by rinsing with tap water. Air-dried
slides were then mounted with nonagueous mountant (DPX).
Sections were imaged on a Leica DM500 microscope fitted with a
X100 oil-immersionlens (1.25 NA, PLAN, Leica) and CCD (Basler,
Ahrensburg, Germany). Whole cross-sections of sciatic nerve
were digitised with online stitching using Manual Whole Slide
Imaging (WSI) software (2019B, Microvisioneer). Myelinated
axons were quantified in five 50 wm X 50 wm regions of interest
(RQI) per nerve by an experimenter blinded to experimental
group. Myelinated axons were measured using a publicly
available plugin (http://gratio.efil.de/) for Fiji/imageJ,*® and axon
diameter, myelin thickness, and g-ratio were calculated from
measured area based on assumption of circularity (diameter = 2
X y/[area/]).

2.13. Ultrathin sectioning, transmission electron
microscopy, and analysis

For day 2 (n = 3 full crush, n = 4 partial crush), and day-7 nerve
samples (n = 6 full crush, n = 6 partial crush), ultrathin
sections (90 nm) were transferred to formvar-coated 50 copper
slot grids and poststained for 5 minutes with uranyl acetate and
lead citrate. Grids were imaged at 120 kV in either a FEI Tecnai 12
TEM or JEOL 1400 TEM using a Gatan OneView camera at X900
magnification for myelinated fibre analysis (12-13 images per
nerve) and X2900 to X3000 magnification for unmyelinated fibre
analysis (10 images per nerve). For day 30 samples, samples
were cut at 70 nm and collected on formvar-coated single slot
nickel grids and stained with uranyl acetate and lead citrate.
Electron micrographs were taken at random from the sciatic
nerve cross-section area (8 electron micrographs per nerve:
24.40 X 20.57 pm/image). Axon diameter and g-ratio were
measured as above. For unmyelinated fibre analysis, individual
Remak bundles were identified by axons surrounded by the basal
lamina of a dark Schwann cell cytoplasm. All axons were analyzed
or counted by an investigator blind to the experimental group.

2.14. Simoa

Peripheral blood was collected from the tail vein by making a small
incision in the lateral tail vein after swabbing with a disinfectant
wipe. Two to three drops of blood (approx. 30 L) were collected
in a sterile Eppendorf tube. The tubes were maintained at room
temperature for 30 to 60 minutes to allow coagulation and then
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centrifuged at 2000g for 25 minutes. The upper serum layer was
collected and kept at —80°C until analysis. Before analysis,
samples were thawed at room temperature and centrifuged at
10,000g. Subsequently, serum NfL concentrations were de-
termined in accordance with manufacturer guidelines using
Simoa NF-light advantage kit (Quanterix, MA).

2.15. Literature keyword analysis

Research papers were grouped into transection, ligation,
constriction, compression, or crush nerve injuries in nonhuman
animals using a keyword search on the National Library of
Medicine PubMed database hosted by the National Institutes of
Health, United States (last searched October 2022). “Pain[Title/
Abstract],” “Nerve injury,” “Model,” and NOT “Spinal cord injury”
were used for sorting out pain research from nerve injury models,
and “Regeneration[Title/Abstract],” NOT “Pain[Title/Abstract],”
“Nerve injury,” “Model,” NOT “Spinal cord injury,” NOT “brain,”
and NOT “in vitro” were used for regeneration research. “Other
animal” filter was applied. For pain research articles, the keyword
“Crush” for crush injury, “Compression” for compression,
“Transection” and NOT “Ligation” for transection injury, and
“Ligation” NOT “Constriction” for ligation injury were used. For
regeneration articles, the keyword “Crush,” “Transection,”
“Ligation” NOT “Transection,” “Compression” NOT “Crush,”
and “Constriction” were used. Review articles or irrelevant fields
of study were manually excluded.

2.16. Statistics

A power calculation was performed using In Vivo Stat software® to
determine the sample size required in behavioral assays to achieve a
minimum significance level of 5% and power of 80%. For example,
to detect a difference in thermal withdrawal threshold of 5 seconds
from baseline with an average SD of 3 seconds would require 7
animals. For detecting an average difference in mechanical sensitivity
thresholds (0.17 g) and average SD of 0.1 g, a sample size of 8
animals would achieve a power of 90%. Preliminary data assessing
ATF3 expression after nerve crush injury was used to determine a
sample size of 6 per group (3—4 tissue sections averaged per animal)
would be required to detect meaningful differences by quantitative
immunohistochemistry. Data from multiple samples were averaged
per animal before analysis. Comparisons between 2 groups (eg, full
vs partial crush) were made with Student unpaired t test where
normally distributed (2-tailed unless otherwise stated). Comparisons
between 3 groups, where appropriate, were made with 1-way
ANOVA (Analysis of Variance) with Tukey posttest. Two-way ANOVA
with post hoc tests, to correct for multiple comparisons, was used to
compare the effects of surgery on behavioral assays over time. P <
0.05 was considered significant. Analyses were performed using
GraphPad Prism v8 or 9 (GraphPad Software). Two sample
Kolmogorov—-Smirnov  test (“ks.test()” function) for single-axon
analyses was performed with R package dgof, available on CRAN
(https://github.com/cran/dgof).2 Data points represent average
values from individual mice unless otherwise stated, with mean
and standard error of the mean (SEM) superimposed for each group.

2.17. Study approval

All experimental procedures were approved by the Institutional
Animal Care and Use Committee at Seoul National University
(protocol code: SNU-200506-1-3). Procedures performed at the
University of Oxford were performed in accordance with the UK
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Animal (Scientific Procedures) Act 1986 under a Home Office
project licence (P1DBEBAB9).

3. Results

3.1. Representation of crush injury in the neuropathic
pain literature

We first identified the prevalence of preclinical nerve injury models
used in publications related to either pain or nerve regeneration
research using a keyword search on the National Library of
Medicine PubMed database. Constriction injury was the most
frequently used in pain research articles, followed by nerve ligation
(Fig. 1A), whereas crush injury was the most commonly used for
studies of nerve regeneration (Fig. 1B). Nerve transection was
largely used for investigating axonal regeneration after surgical
nerve repair, but it also appears in pain models in place of, or in
addition to, nerve ligation. These results demonstrate a significant
disparity in the types of peripheral nerve injury models used within
the pain and nerve regeneration fields.

3.2. Development of full and partial crush injury models

To develop the crush injury as a reproducible model of neuropathic
pain, we first optimized the partial crush tool. An initial sciatic nerve
partial crush prototype tool was produced by separating the blades
of an ultrafine hemostat with an aluminum foil spacer (Supple-
mental Figure 1A, available at http://links.lww.com/PAIN/B843). A
cohort of mice underwent a single, unilateral, sciatic nerve crush for
15 seconds on the first lock position using the same hemostat fitted
with multiple layers of 15-pm-thick aluminium foil to produce
different degrees of incomplete nerve crush injury. Crush using a
single layer of the foil (15 wm) as spacer resulted in the complete
loss of sensitivity to pinprick in the affected paw for up to 3 days
after injury, a behavioral response that was indistinguishable from
full crush (0-wm spacer). We observed that 30 wm was the
minimum spacer that resulted in an early sensory pinprick
response distinguishable from a “full” crush injury (Supplemental
Figure 1B, available at http://links.lww.com/PAIN/B843). Despite a
variation in the tip width (range 0.6-1.0 mm) of commercially
available hemostats (Supplemental Figure 1C, available at http://
links.ww.com/PAIN/B843), spacer thickness was the key de-
terminant of sensory loss after crush injury (Supplemental
Figure 1D, available at http://links.lww.com/PAIN/B843). Using
precision tooling, we engineered a series of hemostats with low
tolerance in spacer gap (27.67 = 3.67 pm, n = 6) (Supplemental
Figure 1E, available at http://links.lww.com/PAIN/B843). The early
onset pinprick response (Supplemental Figure 1F, available at
http://links.lww.com/PAIN/B843) and delayed-onset tactile hyper-
sensitivity (Supplemental Figure 1G, available at http://links.Iww.
com/PAIN/B843) after partial crush were indistinguishable when
induced by either the foil-based prototype or precision-tooled
hemostat. We observed that a number of the unengineered
hemostats (3/6) required tooling to create fully opposing blades (0-
wm spacing) and thus guarantee a full crush. To better understand
the physical forces applied to the sciatic nerve, we calibrated the
hemostats with different scales of pressure measurement film
(Supplemental Figure 1H, available at http://links.lww.com/PAIN/
B843). The results show that the hemostat blades, when fully
opposed and placed on the first lock position, apply a pressure of
between 0.5 and 2.5 MPa, which equates to approximately 5 to 25
kgf/cm?. No pressure was recorded at the partial crush site due to
the space in the hemostat blades (Supplemental Figure 1H,
available at http://links.lww.com/PAIN/B843).
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3.3. Differential sensory response between crush models

We first examined the temporal pattern of mechanical and
thermal sensitivity in the 2 crush models in both male and female
mice (Fig. 2A). Consistent with previous observations,?® the time
course of the recovery of the sensory response to pinprick varied
between the crush injuries (Figs. 2B and C). Full-crush injury
resulted in a transient tactile hyposensitivity of the plantar surface
of the ipsilateral hind paw on the first week after the surgery that
recovered to baseline threshold after approximately 2 weeks
(Figs. 2D and E). Partial crush injury resulted in reduced
mechanical thresholds from 2 weeks that lasted over 60 days
postinjury (Figs. 2D and E); the frequency of response to a single
von Frey filament also remained elevated at day 28 compared
with full crush (Supplemental Figure 2A, available at http://links.
lww.com/PAIN/B843). Mice showed relative insensitivity to
thermal stimuli following full crush injury for a period of
approximately 3 days and recovered to baseline within a week,
reminiscent of nerve crush injury in the rat, which does not
develop signs of a painful syndrome.”® By contrast, in partial
crush nerve—injured mice, thermal thresholds transitioned to
thermal hypersensitivity from day 6 (Figs. 2F and G), coinciding
with the early appearance of pinprick response in this model
(Figs. 2B and C). Unlike tactile sensitivity, the thermal hypersen-
sitivity to partial crush nerve injury resolved within 28 days
(Figs. 2F and G). Overall, sensory behaviors to evoked stimuli
observed after respective crush nerve injuries were comparable
between male (Figs. 2B, D and F) and female (Figs. 2C, E and G)
mice; data from both sexes were therefore grouped in sub-
sequent experiments. Interestingly, the frequency of response to
repeated von Frey stimulation of the contralateral hind paw was
also elevated 28 days after partial crush nerve injury compared
with full crush injury (Supplemental Figure 2B, available at http://
links.lww.com/PAIN/B843), although the sensitivity thresholds of
the contralateral paw did not change significantly during the study
in either sex for tactile (Supplemental Figure 3A and C, available at
http://links.lww.com/PAIN/B843) and thermal stimuli (Supple-
mental Figure 3B and D, available at http://links.lww.com/PAIN/
B843).

3.4. Differential denervation of sensory axons between
crush models

We examined intraepidermal nerve fiber (IENF) density of the hind
paw skin following crush nerve injury (Fig. 3A). As expected from
the known time course of Wallerian degeneration,®° there was a

significant loss of IENFs in the plantar surface of the hind paw
innervated by the sciatic nerve on day 2 with no fibres detectable
by day 7 after full crush (Fig. 3B). In comparison, there were
significantly more IENFs at all time points after partial crush
(Fig. 3B). By day 30 postinjury, there was some signs of
reinnervation of IENF in the full crush injury group, although there
were still fewer fibers compared with the partial crush model
(Fig. 3B). We next examined the integrity of sensory axons from
the hind paw to the dorsal root ganglia (DRG) by the injection of
fluorescent tracers into the hind paw skin 2 days or 30 days after
the crush injury (Fig. 3C). Following Dil injection at day 2, few Dil-
positive sensory neurons were observed in L4 DRG by the time of
sampling (day 15) after full crush, suggesting a complete
severance of afferent fibres (ie, axonotmesis) by the time of
injection (Fig. 3D). By contrast, retrograde Dil labelling in L4 DRG
at the same time point was significantly greater after partial crush
(Fig. 3E), indicating the continuity of at least a subset of sensory
axons. The number of fluorogold (FG)-positive neurons in L4 DRG
following injection at day 30 was also greater in the partial crush
model (Figs. 3F and G) implying that despite regeneration,
peripheral innervation following partial crush remains greater than
after full crush.

3.5. Motor axons are equally affected between crush models

Next, we investigated sciatic nerve motor function following the 2
crush nerve injuries. Both sexes showed a temporal reduction in
the sciatic functional index (SFl) over time—as measured by the
change in toe spread pattern’—consistent with an initial loss of
function that was indistinguishable between full and partial crush
injuries (Fig. 4A). Gross motor function was evaluated by
measuring the latency to fall from accelerating rotor-rod and
was not significantly different between the 2 models (Fig. 4B).
Motor nerve innervation of the extensor hallucis longus (EHL)
muscle, supplied by the sciatic nerve, was measured by the
percentage colocalization of synapsin-positive motor fiber endings
with the NMJ marker, alpha bungarotoxin (x-BTx), on days 2, 7,
and 30 (Fig. 4C). Neuromuscular junction innervation was
completely absent in both full and partial crush injury models on
day 2 and fully recovered by day 30; there were no significant
differences between the 2 groups (Fig. 4D). These results suggest
that peripheral motor axons are fully denervated in both crush
models, in line with the similar loss of motor function in the 2
groups. Surprisingly, when injury models were grouped together,
female mice showed a slower recovery to full motor function in
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comparison to male mice (Supplemental Figure 4A, available at
http://links.lww.com/PAIN/B843), although there was no observ-
able sex difference in NMJ innervation at either of the time points
tested (Supplemental Figure 4B, available at http://links.lww.com/
PAIN/B843). Together, these results suggest that the immediate
loss of motor function is equivalent between full and partial crush
models but that motor recovery may be sex dependent.

3.6. Differential axonal degeneration between crush models

Next, we assessed axon fiber continuity within semithin and ultrathin
cross-sections of the sciatic nerve distal to the site of injury (=10 mm)
in both models. In a pilot experiment, semithin sections sampled 2
days after crush injury were stained with toluidine blue (Supplemental
Figure 5A, available at http://links.lww.com/PAIN/B843). Despite clear
signs of injury, myelin profiles were still relatively intact in both injury
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models. We observed a trend for a greater change in the g-ratio profile
and slope after full crush compared with the uninjured nerve, although
this did not reach significance in comparison to partial crush
(Supplemental Figure 5B and C, available at http://links.w.com/
PAIN/B843). There was no change to the average g-ratio (Supple-
mental Figure 5D, available at http://links.ww.com/PAIN/B843),
although the axon g-ratio distribution was more spread after the full
crush injury at this time point (Supplemental Figure 5E, available at
http://links.w.com/PAIN/B843). Myelinated axon density was re-
duced 2 days after injury compared with control but was not different
between the crush groups (Supplemental Figure 5F, available at http://
links.Imw.com/PAIN/B843), and there was no significant change in the
average myelinated axon diameter or overall distribution (Supplemen-
tal Figure 5G and H, available at http:/links.lww.com/PAIN/B843).
These data suggested a potential delay to the onset of Wallerian
degenerative changes in the partial crush compared with the full crush
model, although sample sizes are likely underpowered to detect any
significant differences.

High-resolution TEM (transmission electron microscopy)
images of nerves 2 days postinjury revealed that the mean
unmyelinated axon density was lower compared with uninjured
contralateral nerves but was not significantly different between
full and partial crushed nerves (P = 0.7514) (Supplemental
Figure 6A and B, available at http://links.lww.com/PAIN/B843).
The mean unmyelinated axon diameter was not significantly
different between the groups (Supplemental Figure 6C, avail-
able at http://links.lww.com/PAIN/B843). However, the

frequency distributions of unmyelinated axon diameters were
significantly different between full and partial crushed nerve,
with a higher median axon diameter in partial crushed nerves
(0.59 pm) compared with full crush (0.53 wm) and uninjured
contralateral nerves (0.56 pwm) (Supplemental Figure 6D and E,
available at http://links.lww.com/PAIN/B843). There was no
significant difference in axons per Remak bundle between the
groups, although it tended to decrease for the injury groups
(Supplemental Figure 6F, available at http://links.lww.com/
PAIN/B843). There were significantly less Remak bundles per
unit area in full crush compared with contralateral nerves (P =
0.0309) but no difference between other groups (Supplemental
Figure 6G, available at http://links.lww.com/PAIN/B843). Over-
all, these data suggest a significant loss of unmyelinated axons
after both crush injuries, with a trend for larger diameter axons in
more Remak bundles after partial crush compared with full
crush injury.

By 7 days after crush injury, we observed significant disruption
of myelinated axons in both models (Fig. 5A). Pairwise
comparison revealed a greater number of myelinated axons
surviving intact after the partial crush injury than the full crush
injury (Fig. 5B). There was an almost complete loss of myelinated
axons larger than 4 wm in both crush models (Fig. 5C), and
although the average diameter of the surviving axons was not
different between the groups (Fig. 5D), the size distribution of
surviving axons was shifted to the left in the partial crush model
(median 2.05 pm) compared with full crush (2.47 pm) and


http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843
http://links.lww.com/PAIN/B843

October 2023 ¢ Volume 164 ¢ Number 10

www.painjournalonline.com 2335

= 5 : ; B3
2

& 20

o

£ -40

8

= 60

X -80 @ Ful
= < Partial
i -100

(7]

(03 Contralateral 2d - Ipsilateral
Ny
[7]
2
O ~
5
L
<
[7]
2
o
©
=
©
o
D ns ns ns ns
L | L | L | L |
1004 %'8 T ;t
— 804 o
[}
Qo
S 60+
8
R 40+ ns
Jns,
204 2
0- - |
2 7 30 2 7 30

Days after crush

Rotor-rod
3001

250
2004

—

150

1004
@ Full
< Partial

Latency to fall (sec
3

01

36 91215 21 30

Days after crush

30d - Ipsilateral

Bl Full - ipsi

Bl Partial - ipsi
=3 Full - contra
Bl Partial - contra

Figure 4. Complete loss of motor function and innervation after both crush injuries. (A) Representative images of ipsilateral footprints acquired every 3 days after
injury and the Sciatic Functional Index (SFl) in both sexes. Effect of surgery F (1, 29) = 0.2028, P = 0.6559; full: n = 15; partial: n = 16. (B) Rotor-rod test after the
crush injury in both sexes after full and partial crush. Time spent to fall from the rotating rod has been measured. Cutoff time was set at 300 seconds. A dotted line is
an average of the baseline latency. Effect of surgery F (1, 17) = 1.232, P = 0.7299; full: n = 9; partial: n = 10 mice. Two-way RM ANOVA. (C) Representative
images of NMJ in extensor hallucis longus (EHL) muscle 2 and 30 days after crush injury. Motor nerve fibers are stained with neurofilament light and synapsin (red),
and NMJ were stained with a-bungarotoxin (green). (D) Percentage of motor nerve fibers colabeled with NMJ in EHL muscle on days 2, 7, and 30. n = 3to 4 mice
per group per time point. Unpaired ¢ test. Two-tailed. ns; P > 0.05. Data are presented as mean = SEM. NMJ, neuromuscular junction.

uninjured contralateral (2.56 wm) (Fig. 5C). Conversely, the
average g-ratio of the surviving axons was significantly greater in
the partial crush than the full crush model (Fig. 5E) and showed a
distribution skewed to the right compared with uninjured
contralateral control nerve, as well as full crushed nerves (where
the g-ratio distribution collapsed) (Fig. 5F), suggesting the
surviving axons in the partial crushed nerve were small diameter
with thinner myelination.

Unmyelinated axons were also analysed in higher magnifi-
cation TEM images at day 7 (Supplemental Figure 7A, available
at http://links.lww.com/PAIN/B843). Although the density of
unmyelinated axons was not different overall (Supplemental

Figure 7B, available at http://links.lww.com/PAIN/B843), there
were fewer axons per Remak than uninjured controls, but this
did not differ significantly between the injury models (Supple-
mental Figure 7C, available at http://links.lww.com/PAIN/
B843). Average unmyelinated axon diameter showed an
increasing trend after injury in both models (Supplemental
Figure 7D, available at http://links.lww.com/PAIN/B843), likely
because of the presence of regenerating large fibres (see
arrow heads in Supplemental Figure 7A, available at http://
links.lww.com/PAIN/B843). Overall, the median diameter of
unmyelinated axons was lower after full crush compared with
both partial crush and uninjured controls (Supplemental
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Figure 7E, available at http://links.lww.com/PAIN/B843),
possibly suggesting greater axon outgrowth or sprouting.
Neurofilament light chain (NfL) is a key component of the axon
cytoskeleton, which has been widely used as a clinical biomarker
of axonal damage.”? Serial serum NfL concentration was
measured before surgery and at 1, 2, 4, and 7 days after crush
injury using the Simoa assay. Overall, the serum NfL level was
higher in the full crush than the partial crush injury (Figs. 5G and
H), with levels in both models returning to baseline within 7 days

(Fig- 5G). These data suggest an overall reduction in axonal
degeneration but not prolongation of Wallerian degeneration after
the partial crush nerve injury.

3.7. Differential expression of injury-responsive markers in
sensory neurons between crush models

Activating transcription factor 3 is upregulated in a variety of
stress conditions, including axotomy in sensory and motor
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neurons.®* We first assessed the overall number of ATF3-positive
nuclei in L4 DRG tissue at 3 time points after the 2 crush injuries.
Between days 2 and 7, we observed a progressive increase in the
number of ATF3-positive nuclei in the ipsilateral L4 DRG soma
area of both crush injury groups. However, the partial crush group
displayed fewer ATF3 nuclei than the full crush group at both time
points (Figs. 6A and B), consistent with the observations of
reduced axotomy above. By day 30, ATF3 expression had
reduced and become comparable between the groups (Fig. 6B).
Levels of the microtubule-associated protein stathmin 2
(STMN2), a regulator of microtubule stability and neuronal growth
after injury that colabels with ATF3 in the sensory ganglia®®"® was
higher in the ipsilateral nerve after full crush injury, reaching
statistical significance by day 7 (Figs. 6C and D). By day 30, the
relative expression of STMN2 in the ipsilateral sciatic nerve
reversed trend to higher levels in the partial crush model
(Supplemental Figure 8A, available at http://links.lww.com/
PAIN/B843). Growth-associated protein 43 (GAP-43) is
expressed in the regenerating injured axons and nonmyelin
forming Schwann cells.?? Correspondingly, we observed GAP-
43 upregulation following crush injury, although levels were
comparable between the full and partial crush models (Supple-
mental Figure 8B, C and D, available at http://links.lww.com/
PAIN/B843).

We next investigated the injury profile of specific subpopula-
tions of sensory neurons by performing double-labelling immu-
nohistochemistry for ATF3 in ipsilateral L4 DRG with markers for
the 3 major sensory neuron subtypes: Neurofilament 200 (NF200)
a marker for large, myelinated, AB-fiber neurons; calcitonin-
related gene peptide (CGRP), a marker for small-sized, c-fiber,
peptidergic neurons, a subset of medium-sized A8 neurons; and
isolectin B4 (IB4), a marker for small non-peptidergic c-fiber
neurons® (Fig. 6E). Significantly fewer nuclei were ATF3 positive
in each neuronal subset 2 days after partial crush compared with
full crush injury: 49.2 = 1.9% vs 62.3 = 3.1% for NF200-positive
neurons, 40.5 = 3.0% vs 52.1 + 4.6% CGRP-positive neurons,
and 22.1 = 5.0% vs 37.7+ 9.0% for IB4-binding sensory neurons
(Fig. 6F). When normalized to the total number of neurons in each
subset, proportionally fewer 1B4 neurons displayed ATF3
expression after partial crush compared with NF200 or CGRP
subtypes (Fig. 6G). In summary, fewer axons of all types of
sensory neurons expressed AFT3 after partial crush, likely
reflecting the reduced axotomy compared with full crush.

3.8. Anatomy of axons after regeneration

To investigate the long-term changes to sciatic nerve anatomy,
we analyzed myelinated axons in ultrathin sections of the distal
nerve 30 days after crush injury in the 2 models (Fig. 7A).
Myelinated axon profiles were distinguishable between all 3
groups (Fig. 7B). Myelinated axon density was significantly higher
in the full crush model only (Fig. 7C), whereas the average g-ratio
slope was significantly increased in both crush models compared
with control (Fig. 7D). The average axon diameter was
significantly lower (Fig. 7E) in the full crush nerve compared with
partial crush and uninjured groups, with a corresponding shift to
the left in axon diameters in the full crush group (Fig. 7F). By
contrast, the average g-ratio was highest after partial crush
(Fig. 7G), and g-ratios showed a right shift in distribution at day 30
compared with both the control and the full crush groups
(Fig. 7H), suggesting thinner myelination in this group.

In addition to myelin thickness (g-ratio), changes to node length
can also indicate potential changes to nerve conduction and
pathophysiology.? However, no significant difference in nodal
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length was observed between any groups (Supplemental
Figure 9A and B, available at http://links.lww.com/PAIN/B843).
These results suggest that abnormally thin myelination may be a
lasting feature of a painful partial crush nerve injury.®®

4. Discussion

4.1. A novel neuropathic pain model

We report a robust focal nerve crush injury that reproducibly
results in long-term hypersensitivity in mice of both sexes. We
document the pathological changes to sensory afferent structure
and function that we propose occur as a consequence of
incomplete axonotmesis of the sciatic nerve. The survival and
sparing of unmyelinated and smaller diameter myelinated fibers
with partial crush nerve injury is consistent with a recently
described incremental crush injury.*" Importantly, this paradigm
helps fill a void in the preclinical literature regarding the link
between clinically related traumatic nerve “crush” injury and
neuropathic pain.

The advantage of the partial crush tool design is its simplicity
and histologically defined effect on axon integrity. With as little as
30 pm separating the blades of a crush tool, we show that the
partial crush injury differs both phenotypically and anatomically
from a fully crushed nerve. Together with the variability in blade
apposition that we observed between commercially available
tools, these divergent sensory phenotypes may help explain the
discrepancies in prior literature regarding neuropathic pain-like
behaviors in rodents after sciatic nerve crush.10:2%:53

The transient thermal and long-term tactile hypersensitivity
after partial but not full crush injuries mirrors patients with painful
and nonpainful traumatic partial nerve injury.>* Our results
suggest that these are in fact qualitatively different nerve injuries,
helping explain why neuropathic outcomes do not necessarily
correlate with either the severity of the injury '®6° or the magnitude
of the systemic inflammatory response to tissue damage.®?

4.2. Persistent intact axons as a driver of
neuropathic hypersensitivity

By comparing a “painful” partial crush with a full crush injury that
did not evoke such behaviors,”® we show that the persistent
innervation of sensory axons following nerve injury is a defining
feature before the development of hypersensitivity, homologous
to historic observations of the chronic constriction injury model.*®

Denervation of the affected hind paw area was confirmed by a
loss of retrograde Dil labelling in the corresponding DRG. One
caveat with this approach is the diffuse nature of Dil labelling,
which precluded the counting of individual DRG. Nevertheless,
the lack of Dil signal in the L4 DRG after full crush injury confirms
that Dil within the L4 DRG must have travelled through the sciatic
nerve and not via another route.

Crush injury to the sciatic nerve is well known to result in the
loss of nerve fibers in the skin that follows the time course of
Wallerian degeneration.”® Reduced IENF density is also a
hallmark of small fiber neuropathy.®® Although often painful, loss
of IENF density does not necessarily correlate with painful
symptoms.*” In our study, the positive sensory function we
observed after partial crush nerve injury correlated with the
preservation of skin innervation, although IENF density was still
lower than the uninjured paw. This suggests the presence of an
inflection point where the sensory symptoms of progressive
peripheral fiber loss transition from hyperaesthesia to hypoaes-
thesia. Whether the spontaneous, paroxysmal-type pain
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Figure 6. Axonal susceptibility to injury depends on sensory neuron subtype. (A) Representative ATF3 and NeuN staining image in L4 DRG on day 7. (B) Average
number of ATF3-positive nuclei per NeuN-positive area on days 2, 7, and 30. n = 3 to 6 each group and time points. Unpaired t test. One-tailed. (C) Representative
blot of STMN2 in sciatic nerve and the average of expression on day 2 and (D) day 7. Normalized with Tuj1 and fold change of the average contralateral expression
is shown. n = 5 to 6 each group and time points. (E) Representative images of ATF3 and neuronal subpopulation markers (NF200, CGRP, 1B4) on day 2.
Arrowhead indicates neurons with ATF3-positive nuclei. Arrow indicates neurons without ATF3 expression. (F) Average percentage of ATF3 expression in each
neuronal subtype. n = 3 to 4 each group and subtype. Unpaired t test. One-tailed. (G) Relative expression of ATF3 in the partial crush models normalized to the full
crush group. Note that ATF3 expression in the IB4-binding neurons was significantly less than in the other 2 subtypes. One-way ANOVA with Tukey multiple
comparison test. F (2, 7) = 6.096, P = 0.0293. *P < 0.05. P values are shown above each graph. Data are presented as mean = SEM. ATF3, activating
transcription factor 3; CGRP, calcitonin-related gene peptide; DRG, dorsal root ganglia; B4, isolectin B4; STMN2, stathmin 2.

associated with small fiber neuropathy is also a feature of the
partial crush nerve injury remains to be investigated.

The milder sensory phenotype we observed after full crush
nerve injury correlated with an almost complete denervation of the
affected area, as confirmed by aloss of retrograde labelling to the
corresponding DRG. Surgical resection of an injured nerve can be
remarkably effective in achieving a meaningful reduction in pain in
a proportion of patients.”® Our phenotypic findings are corrob-
orated by historical observations of Wallerian degeneration null
(WId) mice. Chronic constriction injury (CCI) in WId mice, in which
axons are preserved intact long after injury, resulted in less
thermal sensitivity but prolonged mechanical hypersensitivity

compared with wild-type mice.8° Thus, the removal of intact
axons may in some cases reduce the likelihood of neuropathic
pain after traumatic nerve injury.

The sparing of a proportion of axons from Wallerian de-
generation after partial crush injury is also supported by the lower
levels of NfL detected in the serum. NfL is now well established as
a marker for neurodegeneration.*® In mouse models, serum NfL
levels are elevated as soon as 15 hours after sciatic nerve
transection, with peak levels mainly attributed to Wallerian
degeneration of axons.” Although the degenerative changes
we observed in axon morphology on days 2 and 7 after partial
crush appear delayed compared with the full crush, NfL levels
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Figure 7. Exacerbated myelin-thinning in the partial crush nerve 30 days after injury. (A) Representative TEM images of the distal sciatic nerve on day 30 from male

mice. (B) Scatterplot showing g-ratio as functions of axon diameter fitted with a
myelinated axons per unit area. (D) Average slope of linear function. (E) Average di

linear function. The value inside each graph indicates the slope. (C) Number of
ameter of the myelinated axons. (F) Frequency histogram of diameter. Contra vs

Full: D =0.4217, P < 0.0001, Contra vs Partial: D = 0.1592, P < 0.0001, Full vs Partial: D = 0.3522, P < 0.0001. (G) Average g-ratio of the axons. (H) Frequency

histogram of g-ratio. Contra vs Full: D = 0.1992, P < 0.0001, Contra vs Partial: D =

0.4432, P <0.0001, Full vs Partial: D = 0.2738, P < 0.0001. (C-E, G) One-way

ANOVA with Tukey multiple comparison test. P values are shown above each graph. n = 4 mice per group. Data are presented as means = SEM. (F and H). The
dashed line and the value inside each graph indicate the median of each group. Two sample Kolmogorov-Smirnov test. Two-sided. Contran = 410, Fulln = 623,

Partial n = 375 axons.

returned to baseline within a week after both injuries, suggesting
that the surviving axons escape Wallerian degeneration alto-
gether rather than delay until later time points.

The Wallerian degeneration and inflammatory environment of
the injured nerve is expected to drive phenotypic changes in the
axons remaining intact after partial crush injury.®® Although the
sensory neuron subtype(s) driving the chronic tactile hypersen-
sitivity remains unclear, this work does provide several clues to
their identity. The greatest proportion of ATF3-expressing DRG
neurons after both crush injuries were NF200+ large-size
neurons. This result is consistent with reports that large axons
are more susceptible to traumatic injury.®64%578" |ndeed, in both
crush models, there was an almost complete loss of myelinated
axons larger than 4 pwm, which would include all Aa (12-10 pm)
and AB (6-12 pm) fibres but spare a proportion of A3 afferents (1-
6 pum).%>®" However, just more than half of the IB4-binding

neurons expressed ATF3 early after partial crush injury, suggest-
ing that these small-sized and unmyelinated nonpeptidergic
neurons may be more likely to escape the initial injury. 1B4+
neurons are associated with expression of the mas-related G-
protein—coupled receptor member D (Mrgprd) and have been
implicated in conveying sensitivity to noxious mechanical stimuli
and mechanical allodynia'* after peripheral nerve injury,®® as well
aberrant sprouting into low-threshold mechanically sensitive
peripheral end organs in the dermis.®*

4.3. A mixed inflammatory and neuropathic pain model?

Partial crush injury was also typified by a transient and resolving
hypersensitivity to heat. The evidence for thermal hypersensitivity
following traumatic nerve injury varies between the models. For
example, the latency to withdrawal from heat in rats is reduced


www.painjournalonline.com

2340 H.W.Kimetal. e 164 (2023) 2327-2342

after chronic constriction injury (CCI)'® but not after spared nerve
injury (SNI*®; the former is thought to involve a stronger
inflammatory component.** Traumatic nerve injury elicits a strong
inflammatory response within the nerve,®' and it is likely that
intact, small-diameter nociceptors passing through this inflam-
matory milieu after partial crush become sensitized leading to the
observed lowering in thermal thresholds.®8 IB4+ neurons, which
appeared to remain the most intact following partial crush injury,
are also thought to increase capsaicin (TRPV1 agonist) re-
sponsiveness under inflammatory conditions.'® The resolution of
thermal but not mechanical hypersensitivity we observed after 28
days in the partial crush model therefore appears to suggest the
transition from an inflammatory to a neuropathic state around this
time point that parallels other chronic pain models.'”

4.4. Crush-induced neuropathic pain: a maladaptive
response of regeneration?

The increase in myelinated axon density and reduction in axon
diameter we observed more than 30 days after full crush injury is a
well-reported characteristic of axons after injury and regenera-
tion.”> Axons are known to possess thinner myelin after
regeneration,'® and prolonged myelin thinning may indicate
impaired regeneration.*® Interestingly, partial crush resulted in a
significantly greater g-ratio compared with full crush. Schwann
cells form myelin sheaths to provide support to the axon,?® and
Schwann cell demyelination may induce a transcriptional injury
response in sensory neurons.*® Whether the ongoing myelin
disturbance reflects a pathological response of Schwann cells to
the injury or is a consequence of a persistent underlying axon
pathology is currently unknown. Interestingly, the thinner
myelination after partial crush injury coincides with higher levels
of the injury marker STMN2, suggesting that some axons may
exist in a persistent injury or regenerative state.®®

4.5. Therapeutic targeting of partial crush injury-induced
neuropathic pain

Aberrant myelination has been implicated in various neuropathic
conditions, and several studies show that demyelination is both
sufficient and necessary to transform touch into pain.?”%®
Therefore, promoting myelin repair may reduce sensory hyper-
sensitivity after peripheral nerve injury.®28°

Recent clinical evidence suggests that improved regeneration
correlates with a functional recovery after release of a compressed
nerve,® thus targeting neurotrophic factors to enhance axon
regeneration may have therapeutic benefit. Conversely, precision
ablation of intact, pathogenic, small-sized sensory afferents, either
by genetic®* or immunological®® methods may offer an alternative
targeted approach to the resolution of a neuropathic sensory
phenotype.

We conclude that incomplete axonotmesis (ie, partial
crush) and the persistence of intact afferents through a nerve
injury site are significant risk factors for persistent neuro-
pathic pain®® and reinforces the differential mechanisms
underlying the development of different pain types.®® It is
important to note that translation of these findings from mice
to humans must account for the considerable distance and
time over which axon regeneration occurs in human nerve
injury.”® Nevertheless, we believe that this study offers a
useful method to explore the pathomechanisms of a clinically
relevant nerve injury and dissect the unique characteristics of
a painful nerve.
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