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Abstract
Radiating pain is a significant feature of chronic musculoskeletal pain conditions such as
radiculopathies, repetitive motion disorders and whiplash associated disorders. It is reported
to be caused by the development of mechanically-sensitive ectopic receptive fields along
intact nociceptor axons at sites of peripheral neuroinflammation (neuritis). Since
inflammation disrupts axonal transport, we have hypothesised that anterogradelytransported mechanically sensitive ion channels accumulate at the site of disruption, which
leads to axonal mechanical sensitivity (AMS). In this study, we have characterised the
mechanical properties of the ectopic axonal receptive fields and have examined the
contribution of mechanically sensitive ion channels to the development of AMS following
neuritis and vinblastine-induced axonal transport disruption. In both models, there was a
positive force-discharge relationship and mechanical thresholds were low (~9 mN/mm2). All
responses were attenuated by ruthenium red and FM1-43, which block mechanically
sensitive ion channels. In both models, the transport of TRPV1 and TRPA1 was disrupted,
and intraneural injection of agonists of these channels caused responses in neurons with
AMS following neuritis but not vinblastine treatment. In summary, these data support a role
for mechanically sensitive ion channels in the development of AMS.
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Introduction
In chronic musculoskeletal pain conditions such as lumbar radiculopathies, repetitive motion
disorders, whiplash associated disorders and carpal tunnel syndrome, tests that stretch
nerve trunks (e.g. straight leg raise) or that apply pressure over nerve trunks (e.g. Tinel’s
sign) frequently cause radiating pain (Bove et al., 2005; Fernandez-de-Las-Penas et al.,
2010; Greening et al., 2005; Ide et al., 2001; Sterling et al., 2002). On clinical examination,
these patients rarely have signs of nerve or soft tissue injury that may account for symptoms.
However, magnetic resonance imaging has demonstrated increases in nerve T2-signal in
some of these patients that are consistent with neuritis (peripheral neuroinflammation) (Dilley
et al., 2011; Greening et al., 2017). In a model of neuritis, intact through-conducting
nociceptor axons develop ectopic receptive fields that are mechanical sensitivity to direct
pressure and stretch at the inflamed site (Bove et al., 2003; Dilley and Bove, 2008; Dilley et
al., 2005; Eliav et al., 2001; Satkeviciute et al., 2018). Therefore, we have hypothesised that
inflammation-induced axonal mechanical sensitivity (AMS) underlies radiating pain in many
patients with chronic musculoskeletal conditions (Bove and Dilley, 2019).
The cellular components necessary for mechanical transduction are conveyed from the
soma to the peripheral terminals of primary sensory neurons by fast axonal transport
(Koschorke et al., 1994). Since neuritis disrupts axonal transport (Dilley et al., 2013), we
have proposed that transported mechanically sensitive ion channel components accumulate
and become functional at the site of disruption, which leads to the development of an ectopic
receptive field that responds to mechanical stimulation (Dilley and Bove, 2008). Consistent
with this mechanism, the local disruption of axonal transport by vinca alkaloids, such as
vinblastine, also leads to the development of AMS (Dilley and Bove, 2008).
The mechanically sensitive ion channels that contribute to the mechanism AMS have yet to
be determined. Similarly, specific physiological characteristics of the ectopic axonal
receptive fields have not been examined. Therefore, in the present study, we have examined
the force-discharge relationships of C/slow Aδ-fibre axons with AMS following neuritis and
local vinblastine treatment. As confirmation that AMS is due to activation of mechanically
sensitive ion channels, we have examined the effects of ruthenium red and the styryl dye,
FM1-43, on the force-discharge relationship. Both agents are reported to block mechanically
sensitive ion channels in primary sensory neurons (Drew and Wood, 2007; Drew et al.,
2002), which include members of the transient receptor potential family of channels (Fischer
et al., 2003; Nagata et al., 2005; Qu et al., 2012; Quick et al., 2012; Voets et al., 2002), and
piezo 1 and 2 (Coste et al., 2010; Coste et al., 2012; Eijkelkamp et al., 2013).
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As part of this study, we have looked at the role of transient receptor potential vanilloid 1
(TRPV1) and ankyrin 1 (TRPA1) in the underlying mechanisms. Both channels are reported
to mediate inflammation-induced mechanical sensitisation of nociceptors (Brederson et al.,
2012; De Schepper et al., 2008; Kelly et al., 2015; Lennertz et al., 2012), and TRPA1 is
considered to be in part responsible for noxious mechanical transduction (Brierley et al.,
2011; Kerstein et al., 2009; Vilceanu and Stucky, 2010). Furthermore, there is also evidence
that TRPV1 is transported by fast axonal transport (Biggs et al., 2007; Guo et al., 1999).
Specifically, we have determined whether the transport of these channels is disrupted
following neuritis and vinblastine-induced axonal transport disruption, and whether there is
an increased functional presence of channels at the treatment site in nociceptor axons that
are mechanically sensitive. In the latter experiments, the effects of N-oleoyldopamine
(OLDA; a TRPV1 agonist (Chu et al., 2003)) and cinnamaldehyde (a TRPA1 agonist
(Bandell et al., 2004)) on the activity rates of neurons with AMS were examined. Together,
data from the present study have revealed the physiological characteristics of the ectopic
axonal receptive fields and has demonstrated a role for mechanically sensitive ion channels.
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Experimental procedures
Animals
Adult male Sprague Dawley rats (n = 87; Charles River, Kent, UK) were used in this study.
Animals were housed in groups of two to four, in a 12/12 hour light/dark cycle, and were
given ad libitum access to food and water. Experiments were carried out in strict accordance
with the UK Animals (Scientific Procedures) Act (1986) and approval was also obtained from
the University of Sussex Animal Welfare Ethical Review Board.

Surgeries
Neuritis was induced in 28 adult rats as previously described (Dilley and Bove, 2008). Under
general anaesthesia (1.75% isoflurane in oxygen), an incision was made through the skin on
the posterolateral aspect of the thigh. The sciatic nerve was exposed by blunt dissection and
a 7-8 mm length of nerve was carefully freed from the surrounding connective tissue. A strip
of Gelfoam (5 × 5 × 10 mm, SpongostanTM; Ferrosan, Denmark) saturated in 50% complete
Freund’s adjuvant (~150 μL; diluted in sterile 0.9% w/v saline) was loosely wrapped around
the nerve. The muscle and skin were closed using 4/0 monofilament sutures (Vicryl; Ethicon,
West London, United Kingdom) and the animals were allowed to recover.
Vinblastine was applied to the nerve of 25 rats as previously described (Dilley et al., 2013).
The left sciatic nerve was exposed in the thigh by blunt dissection and a 7-8 mm length of
nerve was freed from the surrounding connective tissue. A strip of parafilm (6 mm × 20 mm)
was positioned under the nerve to prevent leakage of the drug onto the surrounding tissue. A
strip of Gelfoam (5 × 5 × 10 mm) saturated in 0.1 mM vinblastine (~150 μL; diluted in 0.9%
w/v saline) was loosely wrapped around the nerve. After 15 minutes, the Gelfoam and
Parafilm were removed and the nerve was rinsed with saline. The muscle and skin were
closed using 4/0 monofilament sutures.
The effects of neuritis, vinblastine and saline treatment on the anterograde transport of
TRPV1 and TRPA1 were assessed by partially ligating the sciatic distal to the treatment site
as previously described (Dilley et al., 2013). Briefly, a 7-8 mm length of nerve was freed
from surrounding connective tissue, and 1/3-1/2 of the nerve was tightly ligated using 6-0
monofilament sutures (Vicryl; Ethicon). In one group of animals, a strip of gelfoam (5 x 5 x 10
mm) saturated in complete Freund’s adjuvant was loosely wrapped around the nerve 2-4
mm proximal to the ligation (n = 6). In another group, a length of parafilm (6 x 20 mm) was
positioned under the nerve, and a strip of Gelfoam saturated in either 0.1mM vinblastine (n =
5

8) or 0.9% w/v saline (n = 8) was loosely wrapped around the nerve 2-4 mm proximal to the
ligation. After 15 min, the Parafilm and Gelfoam were removed from these animals and the
nerve was rinsed with saline. The muscle and skin were closed using 4/0 monofilament
sutures. Immunohistochemistry was used to compare the levels of TRPV1 and TRPA1
antibody immunofluorescence immediately proximal to the ligation.

Ex-vivo electrophysiology
Ex-vivo single-unit electrophysiological recordings from C/slow Aδ-fibre axons were carried
out 3-8 days following neuritis (n = 94 neurons in 18 animals) and vinblastine treatment (n =
85 neurons in 10 animals) and in an additional untreated group (n = 89 neurons in 5
animals). Experiments were carried out using a custom recording chamber (Bove, 2011;
Zimmermann et al., 2009). The chamber, which was constructed of thermoplastic (Delrin),
consisted of two compartments: a larger main compartment, for superfusion of the nerve,
and a smaller recording compartment (Fig. 1A). The compartments were separated by a 1
mm wall. Two 2 mm diameter apertures through the wall allowed exchange of perfusate
between both compartments. A third aperture was used to pass the nerve through. The floor
of the main compartment was lined with silicone (Sylgard 184 elastomer, Dow Corning,
Midland, Michigan, USA), and a groove within the silicone supported the nerve. Synthetic
interstitial fluid (SIF (Bretag, 1969)), bubbled with 95% oxygen/5% carbon dioxide, was
flowed into the main compartment of the chamber, the level of which could be adjusted using
a sluice. A one metre vertical column maintained the hydrostatic pressure of the SIF, and the
flow rate of the SIF was regulated through a drip chamber (1 drop/sec; Alaris, Becton
Dickinson, San Diego, California, USA). The temperature of the SIF was monitored using a
thermistor (TH10K, Thor Labs, Newton, New Jersey, USA) mounted within the wall of the
main compartment. A foil resistive heater (HT10K, Thor Labs) within the floor of the chamber
was used to warm the SIF to 32 ˚C, which was controlled with a temperature controller
(TC200, Thor Labs). A raised glass platform (9 x 5 mm) within the recording compartment
supported the proximal end of the nerve. The recording compartment was topped up with
mineral oil above the level of the glass platform. The level of the SIF was adjusted using the
sluice so that it was just below the height of the glass platform.
Animals were overdosed with sodium pentobarbital (200 mg/kg, intraperitoneally) and
transcardially perfused with SIF containing heparin. The left sciatic nerve and its L5 anterior
primary ramus were carefully dissected from the L5 intervertebral foramen to the popliteal
fossa, and transferred into the main compartment of the chamber. The proximal end of the
nerve was passed through the aperture from the main compartment into the recording
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compartment using a curved 30-gauge needle, where it was placed onto the glass platform.
Within the main compartment, the nerve was pinned by its connective tissue with fine insect
pins into the groove on the silicone floor. The nerve was incubated for one hour in the
chamber prior to recording.
Bipolar stimulating electrodes were used to stimulate the nerve. The anode, which was a
shielded tungsten needle electrode (World Precision Instruments, Sarasota, Florida, USA),
was positioned in the nerve distal to the treatment site so that the unshielded tip was in
contact with the nerve. For proximal stimulation, or stimulation at the treatment site, the
electrode was positioned in the connective tissue surrounding the nerve. The cathode, a
platinum wire electrode, was located within the SIF close to the distal portion of the nerve. A
ground electrode was positioned under the nerve within the main compartment.
Individual fine filaments were teased from the L5 anterior primary ramus (~6-10 µm in
diameter) using finely sharpened forceps and placed over gold bipolar recording electrodes.
Electrical stimulation (square-wave pulses; 0.5 ms duration, 2-20 V amplitude) was applied
using a constant-voltage isolated stimulator (Digitimer, Hertfordshire, United Kingdom). Only
clearly identifiable waveforms were studied (<15 C/slow Aδ-fibre waveforms per filament).
The number of C/slow Aδ-fibres on each filament was determined by slowly increasing the
stimulus amplitude until the maximum number of waveforms was elicited. Action potentials
were amplified (1-5 K), band-pass filtered (10-5,000 Hz) and monitored with an oscilloscope,
and digitised using Spike 2 software (Cambridge Electronic Designs, Cambridge, United
Kingdom). Neurons were classified based on waveform shape and conduction velocity,
which was determined from the conduction distance and latency of individual waveforms.
Conduction velocities below 1.5 m/s were considered C/slow Aδ-fibres (Harper and Lawson,
1985).

Axonal mechanical sensitivity testing
The nerve was initially searched for mechanically sensitive ectopic axonal receptive fields
using a tapered silicone probe as previously described (Bove et al., 2003). Once a
mechanically sensitive axon was identified, its conduction velocity was determined by
electrically stimulating the nerve while mechanically stimulating the ectopic axonal receptive
field. If the axon fired in response to mechanical stimulation immediately prior to the
electrical stimulation of the nerve, the same axon evoked by the electrical stimulus would be
delayed or would not be initiated (i.e. the electrical stimulus occurred during the refractory
period). Following identification of a mechanically sensitive C/slow Aδ-fibre axon, a
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feedback-controlled mechanical stimulator (modified 300C-LR, Aurora Scientific, Aurora,
Ontario, Canada) was used to apply increasing forces to the nerve. The arm of the stimulator
was fitted with a 2 mm2 silicone tip, which was lowered onto the ectopic axonal receptive
field using a micromanipulator. The initial resting force of the probe on the nerve was below
the level that caused activation of the axon. The mechanical stimulator was controlled using
Spike 2 software. During mechanical testing, forces were applied as a series of six
incremental, 2 sec, 25mN steps from 25 to 175 mN above the initial resting force. There was
1 sec interval between each step. Prior to drug application, the step protocol was repeated
three times at two-minute intervals. Following drug application (see below), the step protocol
was repeated five times.

Application of blockers of mechanosensitive ion channels
Following identification of a mechanically sensitive axon, a brass ring (8 mm diameter),
which was notched to accommodate the nerve, was positioned over the nerve at the ectopic
axonal receptive field and sealed around its base using petroleum jelly. The height of the
ring was greater than the depth of the surrounding fluid, so that when filled, a positive
pressure would be present thus maintaining the concentration of the test fluid. Initially, the
well was topped up with SIF. After baseline mechanical sensitivity testing, the SIF within the
well was replaced with increasing concentrations of ruthenium red (R2751; 10-50 μM;
Sigma-Aldrich, Gillingham, UK) or FM1-43 (T3163, 2.5-25 μM, Thermo Fisher Scientific,
Waltham, MA, USA), which were diluted in SIF. Final concentrations of both agents were
made up on the day of the experiment from 10mM aliquots that had been stored at -20°C.
The concentrations examined were based on those previously shown to block mechanicallyactivated currents in primary sensory neurons (Drew and Wood, 2007; Di Castro et al.,
2006). Each concentration of drug was applied for a total of 20 minutes. After 10 minutes of
drug application, the mechanical stimulation protocol was repeated five times at two-minute
intervals (Fig. 2A). All treatment groups underwent the same blocker application protocol
except for two vinblastine-treated nerves where an additional concentration of 10 μM FM143 was applied. Electrical stimulation of the nerve, as well as AMS testing with the tapered
probe, were used to confirm that the nerve was still conducting following drug application. In
preliminary experiments, SIF was applied to the AMS receptive fields (n = 3) to determine
whether repeated mechanical testing effected the firing frequency produced at 150 mN
force, the slope of the force-discharge response or the firing threshold.
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In vivo electrophysiology
In vivo single-unit electrophysiological recordings from C/slow Aδ-fibre axons in the L5
dorsal root were carried out 3-8 days following neuritis (n = 88 neurons in 13 animals) and
vinblastine treatment (n = 83 neurons in 12 animals) as previously described (Bove et al.,
2003). An additional group of experiments was carried out on untreated animals (n = 55
neurons in 7 animals). Animals were anesthetized with 1.5 g/kg 25% w/v urethane
intraperitoneally and the body temperature was maintained at 37°C using a rectal thermistor
probe connected to a heated pad (Harvard Apparatus, Kent, United Kingdom). A lumbar
laminectomy was performed from L2 to L5 to expose the spinal canal. The surrounding skin
was sutured to a metal ring to form a pool filled with warmed mineral oil. The dura mater was
opened and the left L5 dorsal root was cut close to the spinal cord. The cut end of the dorsal
root was placed onto a glass platform (9 × 5 mm). In the thigh, the sciatic nerve was
exposed at the treatment site, or equivalent nerve segment in untreated animals, and a
plastic platform (9 x 5 mm) that was notched to support the nerve was positioned under the
nerve.
Fine filaments were teased from the cut end of the dorsal root and individually placed onto
paired gold recording electrodes. Bipolar stimulating electrodes positioned under the L5
dorsal root were used to electrically stimulate the nerve (square wave pulses: 0.5–0.9 ms
duration and 10–30 V amplitude) using a constant-voltage isolated stimulator. The electrical
stimulus was increased so that the maximum number of waveforms was elicited (<7 C/slow
Aδ-fibre waveforms on each filament). Action potentials were amplified (1-5 K) and bandpassed filtered (10-5,000 Hz), and digitised using Spike 2 software.
Cutaneous and deep receptive fields for isolated neurons were searched below the knee.
Most receptive fields were located by squeezing the periphery, using either fingers or
forceps. The loose property of the skin was exploited to carefully discriminate cutaneous
versus deep fields (Bove et al., 2003). Cutaneous neurons had receptive fields that
remained associated with the skin regardless of the skin excursion. In contrast, deep
neurons were identified by moving the skin and repeating the effective stimulus to the same
underlying spot. Following receptive field identification, the conduction velocity of the neuron
was determined by electrically stimulating the dorsal root while mechanically stimulating the
receptive field. If the neuron fired to mechanically-evoked stimulation of the receptive field
immediately prior to the electrical stimulation of the nerve, the same neuron evoked by the
electrical stimulus would be delayed or would not be initiated. Since neurons with AMS
generally innervate deep structures (Bove et al., 2003; Dilley and Bove, 2008; Satkeviciute
et al., 2018), receptive fields with deep locations were preferentially searched in untreated
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animals. Following receptive field characterization, the neuron was tested at the treatment
site for AMS using the tapered silicone probe described above. After a neuron with AMS had
been identified, its conduction velocity was determined by electrically stimulating the dorsal
root while mechanically stimulating the treatment site. Spike shape and conduction velocity
were used to confirm that the neuron with the characterized receptive field and the neuron
that had AMS were the same.
Agonist application
To avoid leakage of agents onto the surrounding soft tissues, a strip of Parafilm was
positioned below the treatment site (or equivalent length of nerve in untreated animals). Both
OLDA (1641, Tocris, Abingdon, Oxford, UK) and cinnamaldehyde (W228613, Sigma-Aldrich)
were diluted in 1% Dimethyl sulfoxide/0.5% ethanol in SIF (vehicle). Final concentrations of
both agents were made up on the day of the experiment from aliquots (1mM OLDA; 10mM
cinnamaldehyde) that had been stored at -20°C. The concentrations of OLDA and
cinnamaldehyde examined were based on those previously shown to activate TRPV1 (Chu
et al., 2003; Gavva et al., 2004) and TRPA1 respectively (Bandell et al., 2004; Nassenstein
et al., 2008). Initially, following a 5 min exposure to vehicle, ascending concentrations of
OLDA (10, 50 and 200 μM) and cinnamaldehyde (100, 250 and 500 μM) were topically
applied to the treatment site for 10 min each using gelfoam (5 × 5 × 10 mm) saturated in the
drug (~200 μl). However, the topical application of agonists had negligible effect on activity
levels (refer to Supplementary Material), and therefore the nerve was copiously washed with
SIF, after which 100μL of vehicle, 50 μM OLDA, or 500 μM cinnamaldehyde were
intraneurally injected at the treatment site using a 30-gauge needle, bent to a 45° angle.
These concentrations were selected based upon that of previous studies (Chu et al., 2003;
Gavva et al., 2004) (Bandell et al., 2004; Nassenstein et al., 2008). All drugs were made
from stock solutions on the day of the experiment and warmed to 37 ˚C before application.
Ongoing activity levels were assessed 2 min immediately prior to injection, and for up to 10
min post-injection. Receptive fields and AMS were re-tested for each neuron following the 10
min post-injection period to ensure that the injection did not cause damage to the axon.

Immunohistochemistry
On day four postoperative, neuritis (n = 6), vinblastine-treated (n = 8), and saline-treated rats
(n = 8) were overdosed with sodium pentobarbital (200 mg/kg, intraperitoneally), and the left
sciatic nerve at the ligation site removed. Nerve segments (~10 mm length) were snap
frozen in isopentane on dry ice and stored at -80 ˚C overnight. Longitudinal 16 µm sections
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were cut using a cryostat (Leica Microsystems, Wetzlar, Germany) and thaw-mounted on
gelatin-coated glass slides. Sections were blocked with 4% normal goat serum (Vector Labs,
Burlingame, USA) in phosphate-buffered saline (PBS) (Sigma, UK) for 1 hour at room
temperature and incubated overnight at 4 ˚C with polyclonal rabbit anti-TRPV1 (NB1001617; Novus Biologicals, Abingdon, United Kingdom; diluted 1:500 in 4% normal goat serum
in PBS) or anti-TRPA1 primary antibodies (ACC-03, Alomone Labs, Jerusalem, Israel;
diluted 1:300 in 4% normal goat serum in PBS). Both antibodies have been previously tested
in rat and mouse tissue (Liapi and Wood, 2005; Sharif Naeini et al., 2006; Stein et al., 2006;
Sullivan et al., 2015; Yamamoto et al., 2015). Sections were incubated in the dark for one
hour at room temperature with Alexa Fluro 488 goat anti-rabbit (Thermo Fisher Scientific,
Loughborough, United Kingdom; diluted 1:200 in PBS), followed by fixation for 7 minutes in
4% paraformaldehyde (in PBS). Slides were dried and cover-slipped using glycerol/PBS
mounting medium (Citifluor, London, UK). Between steps, sections were washed 3 times for
10 minutes in PBS. Slides were viewed under a fluorescence microscope (Leica
Microsystems) at 488-nm excitation and photographed. Non-specific staining with secondary
antibody was not found in the absence of primary antibody in any case.

Analysis
Data were tested for normality using Shapiro-Wilk tests. For analysis of the
electrophysiology data, conduction velocities were compared between models using
Kruskal-Wallis tests followed by Dunn’s post hoc tests. The frequency of firing evoked by
150 mN force and the slope of the force-discharge response, which is given as Hz/mN, were
compared between models using Student’s t tests, whereas and mechanical threshold was
compared using Mann Whitney tests. The effects of FM1 -43 and ruthenium red on the
number of spikes in response to 150 mN force, slope of the force-discharge response and
the percent change of each of these parameters were compared between models using twoway analysis of variance (ANOVA). The mean activity rate pre- and post- the intraneural
injection of vehicle, OLDA and cinnamaldehyde were also compared for each model using
two-way ANOVA. The p values are given for the main effect, unless stated. The mean rate
post-intraneural injection was calculated from the 2 min bin with the highest rate change for
each individual experiment. For analysis of the immunohistochemistry data, images of the
ligation site were converted to greyscale using Image J software. A region of interested was
drawn over the ligated portion of the nerve that extended from the ligation site, 200 μm
proximally (Govea et al., 2017). A region of interest was also drawn over the adjacent
unligated portion of nerve that also extended 200 μm proximally. Care was taken to avoid
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blood vessels, which stained positive for both TRPV1 and TRPA1. The median grayscale
value was determined for each region of interest, and a ratio was calculated by dividing the
median intensity of the ligated axons by the median intensity of the axons in the unligated
portion of the nerve. Mean ratios were compared between models using one-way ANOVA.
Post hoc analyses were conducted using Fisher’s least significant- difference test, correcting
for the false discovery rate as per Benjamini and Hochberg (Benjamini and Hochberg, 1995).
Data are presented as mean +/- standard error of the mean (SEM).
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Results
Ex-vivo force-discharge responses
The median conduction velocity of the through-conducting C/slow Aδ-fibre axons was 0.68
m/s (IQR = 0.18) in the untreated group (n = 89 neurons) and 0.69 m/s (IQR = 0.16) in the
neuritis group (n = 57 neurons). Following vinblastine treatment, the median conduction
velocity (0.61 m/s (IQR = 0.16); n = 85 neurons) was significantly reduced compared to the
untreated and neuritis groups (p < 0.001, Kruskal-Wallis). Positioning of the simulating
electrodes either side of the treatment site revealed conduction block in 76% (n =37/49
neurons in 5 experiments) of C/slow Aδ-fibre axons at the inflammatory site. There was no
indication of a similar conduction blocked following vinblastine treatment.
Ectopic receptive fields that responded to direct mechanical stimulation were present along
C/slow Aδ-fibre axons following neuritis and vinblastine treatment, and were confined to
single discrete locations at, or immediately proximal to (1-2 mm), the treatment site. Similar
ectopic receptive fields were not found along C/slow Aδ-fibre axons in the untreated group (n
= 89 neurons examined). Only axons with mechanical sensitivity where the mechanical
stimulator could be positioned reliably over the receptive field were examined. Typical
responses to mechanical stimulation of the receptive field with increasing force (~25-175
mN) are shown in Fig. 1B. Following neuritis and vinblastine treatment, mechanical
stimulation of the receptive field with incremental mechanical force resulted in a clear
positive force-discharge response in the majority of neurons, i.e. as the force increased, the
firing response also increased (Fig. 1B). For one axon following neuritis, the increasing force
did not cause an increase in responses (* on Fig. 1E). All of the axons with mechanical
sensitivity conducted through the treatment site, except for one axon following neuritis that
could not be stimulated electrically distal to the inflammatory site. However, the ectopic
axonal receptive field was proximal to the stimulating site. Responses to repeat trials (n= 3)
were similar (e.g. Fig. 1C, D). The mean coefficient of determination (r2) for regression lines
fitted to the repeat trial data was 0.48 (0.1 SEM) and 0.58 (0.05 SEM) following neuritis and
vinblastine treatment respectively. The mean firing frequency produced at 150 mN force,
slope of the force-discharge relationship and mechanical threshold are shown in table 1. The
slope of the force-discharge response and the mechanical threshold were significantly
greater following vinblastine treatment compared to the neuritis group (p<0.05).
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Effects of mechanically sensitive ion channel blockers on force-discharge responses
During ex vivo experiments, either FM1-43 or ruthenium red were applied to ectopic
receptive fields on C/slow Aδ-fibre neurons following neuritis and vinblastine treatment.
Vehicle was also applied to ectopic axonal receptive fields following vinblastine treatment to
confirm that repeated mechanical stimulation does not affect the firing frequency produced at
150 mN force, the slope of the force-discharge response or the firing threshold (Table 2).
Typical responses to mechanical stimulation following the application of FM1-43 and
ruthenium red are shown in Figure 2B-E.
In both models, FM1-43 caused a dose-dependent decrease in the rate of firing evoked by
150mN force (F (2, 10) = 11.03, p < 0.01, two-way ANOVA, Fig. 2F; percent change, Fig.
2J). FM1-43 also caused a decrease in the slope of the force-discharge response in the
vinblastine-treated group but not following neuritis (F (2, 10) = 5.15 [interaction], p < 0.05,
Fig. 2G; percent change, Fig. 2K). Similar to FM1-43, ruthenium red caused a dosedependent decrease in the rate of firing evoked by 150mN force in both models (F (3, 18) =
6.29, p <0.05, Fig. 2H; percent change, Fig. 2L), as well as slope of the force discharge
response (F (3, 18) = 5.07, p <0.05, Fig. 2I; percent change, Fig. 2M). The application of
FM1-43 and ruthenium red had negligible effect on the mechanical threshold of the ectopic
axonal receptive fields following neuritis or vinblastine treatment (Table 3). With the
exception of the single neuron where conduction across the treatment site could not be
determined, electrical stimulation of the nerve distal to the treatment site following the
application of FM1-43 and ruthenium red confirmed that neither agent blocked conduction.

Responses to intraneural injection of TRPV1 and TRPA1 agonists
In vivo recordings were made from 88 C/slow Aδ-fibre neurons following neuritis, of which 17
were mechanically sensitive at the treatment site, and 83 C/slow Aδ-fibre neurons following
vinblastine treatment, of which 12 were mechanically sensitive at the treatment site. In both
groups, ectopic axonal receptive fields were located at, or immediately proximal to, the
treatment site. All of the neurons with AMS had receptive fields within deep tissues in the leg
or at the ankle joint that responded to firm pressure. Receptive fields were not characterised
for neurons without AMS. Recordings were also made from 55 C/slow Aδ-fibre neurons in
untreated animals, of which receptive fields in deep structures in the leg and ankle were
identified in 11 of these neurons. None of the neurons in the untreated group had AMS. The
median conduction velocities were 0.39 m/s (IQR = 0.18), 0.42 m/s (IQR = 0.22) and 0.47
m/s (IQR = 0.26) in the neuritis, vinblastine-treated and untreated groups respectively. The
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proportion of neurons that had ongoing activity at baseline was 27.3% (24/88) following
neuritis (median rate = 0.06 Hz (IQR = 0.19)), 14.4% (12/83) following vinblastine treatment
(median rate = 0.04 Hz (IQR = 0.32)) and 12.7% (7/55) in the untreated group (median rate
= 0.02 Hz (IQR = 0.15)).
In the neuritis and vinblastine-treated groups, OLDA, cinnamaldehyde or vehicle were
injected into the treatment site. For the neurons in the neuritis group with ectopic axonal
receptive fields, there was a significant transient increase in activity within 10 min following
the intraneural injection of OLDA and cinnamaldehyde compared to baseline (F (1, 14) =
9.95, p<0.01, two-way ANOVA; Fig. 3A-E). All of the responses peaked within two minutes
following cinnamaldehyde injection (Fig. 3D). For those neurons in the neuritis group without
ectopic axonal receptive fields, there was no significant increase in activity following the
injection of OLDA or cinnamaldehyde (F (1, 68) = 3.43, p = 0.068; table 4). In the vinblastinetreated group, neither OLDA nor cinnamaldehyde caused an increase in activity in neurons
with ectopic axonal receptive fields (F (1, 8) = 1.27, p = 0.29; Fig. 3F-H) or those without (F
(1, 64) = 0.37, p = 0.54; table 4). The intraneural injection of OLDA or cinnamaldehyde into
the untreated group had negligible effects on activity levels during the 10 min recording
period (F (1, 8) = 3.39, p = 0.10; table 4).

Evidence for disruption of TRPV1 and TRPA1 transport
Following saline treatment, there was clear immunolabeling of TRPV1 immediately proximal
to the ligation on day 4 postoperative, whereas there was negligible immunolabeling in
adjacent unligated nerve. In contrast, immunolabeling of TRPV1 was decreased immediately
proximal to the ligation site in the vinblastine-treated and neuritis groups (F (2, 10) = 4.78, p
< 0.05, one-way ANOVA. Fig. 4A, B). A similar pattern of immunolabeling was observed for
TRPA1 (F (2, 8) = 5.57, p < 0.05, one-way ANOVA; Fig. 4C, D). For both channels, the
decrease in immunolabeling was most apparent following vinblastine treatment.

15

Discussion
Mechanical sensitivity along intact nociceptor axons is considered to underlie movementevoked radiating pain. In this study, we compared the mechanical properties of axons at
sites of neuritis to those treated with vinblastine, the latter of which disrupts axonal transport
in the absence of inflammation. The present data has added to our previous studies on the
role of neuritis as the cause of mechanical sensitivity. Specifically, we have shown that the
majority of mechanically sensitive axons have a clear, positive force-discharge relationship,
and that the forces necessary to activate these axons are low. We have shown that AMS is
reduced following the application of the mechanically sensitive ion channel blockers,
ruthenium red and FM1-43. Finally, we have revealed a potential role for TRPV1 and TRPA1
in the underlying mechanisms.
There is no information on the transduction properties of inflamed mechanically sensitive
through-conducting axons. It should be emphasized that untreated axons do not normally
respond to mechanical stimuli (Bove et al., 2003; Dilley and Bove, 2008; Dilley et al., 2005).
The graded responses reported in this study are comparable to mechanical responses at the
peripheral terminals of nociceptors, which also show a positive force-discharge relationship
(Banik and Brennan, 2008; Garell et al., 1996; Handwerker et al., 1987; Khalsa et al., 1997;
Koltzenburg et al., 1997). Since we have previously proposed that mechanically sensitive
channels destined for the terminals accumulate at the site of disruption, it is possible that
similar mechanisms underlie the transduction of mechanical stimuli at both sites. As such,
following neuritis and vinblastine treatment, the axon membrane at the treatment site
behaves as a remote extension of the peripheral terminal. The majority of cutaneous C-fiber
terminals are polymodal (Bessou and Perl, 1969). Since a recent study has shown this
characteristic along nociceptive axons following neuritis (noxious mechanical and chemical
stimuli) (Govea et al., 2017), it seems likely that the axon membranes of some neurons in
this study would have responded to other noxious stimuli. Limitations in the method
prevented us from including multiple stimuli.
The steeper response slopes following vinblastine treatment suggest that ectopic axonal
receptive fields are more responsive in this model compared to neuritis. This correlates with
a more pronounced axonal transport disruption following vinblastine treatment (Dilley et al.,
2013). The difference in responsiveness could also reflect the thickened epi-perineurium and
granuloma that occur due to neuritis (Bove et al., 2003; Bove et al., 2009; Eliav et al., 1999;
Bove et al., 2019), neither of which develop following vinblastine treatment (Dilley and Bove,
2008). In both models, the mechanical thresholds were relatively low, which is consistent
with a previous study (Bove and Light, 1995). Correcting for probe size (2 mm2), neurons
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responded to pressures of approximately 9 mN/mm2 following neuritis and vinblastine
treatment, which is comparable to those forces that activate regenerating sprouts at a
neuroma (Rivera et al., 2000) and injured muscle C-fibre afferents (Tode et al 2018). These
values are less than the pressure that is reported to evoke painful responses over nerve
trunks in patients with carpal tunnel syndrome and whiplash associated disorder
(approximately 200 mN/mm2) (Fernandez-de-las-Penas et al., 2009; Scott et al., 2005), but
in our study the forces are applied directly on the nerve rather than through varying
thicknesses of skin and other soft tissues. The findings further support a role for
inflammation-induced AMS in nociceptors as the cause of nerve trunk mechanical sensitivity
in these patients.
The dose-dependent decrease in the firing rate at 150 mN force following the local
application of FM1-43 and ruthenium red supports that mechanically sensitive ion channels,
such as transient receptor potential and piezo channels, which have also been implicated in
mechanical transduction at the peripheral terminals (Sexton et al., 2016; Woo et al., 2015),
may underlie inflammatory- and vinblastine-induced AMS. This result was further confirmed
by the observed decrease in the slope of the force-discharge response following drug
application (i.e. the agents reduced the responsiveness of the ectopic axonal receptive
fields), and the tendency for the threshold of the response to increase. However, these
agents are not specific to mechanically sensitive channels. For example, ruthenium red has
been shown to block other channels, such as voltage-gated calcium channels and two-poredomain potassium channels (Cibulsky et al., 1999; Braun et al., 2015). The local inhibition of
channels that are not mechanically sensitive may alter membrane excitability, which could
impact the frequency of action potential firing during AMS testing. The activity of both
ruthenium red and FM1-43 were most apparent on axons in vinblastine treated nerves,
which could be due to the thickened epi-perineurium of inflamed nerves presenting more of a
barrier for the drugs to gain access to the axons. Preliminary experiments, where SIF was
applied within the ring, confirmed that the observed drug effects were not simply due to
repeated mechanical testing. Furthermore, control experiments confirmed that the effects
were not due to conduction block.
Although the majority of ex-vivo recordings were from axons that conducted through the
treatment site, there was a notable block of conduction at the inflammatory site that was not
evident following vinblastine treatment or during in vivo studies (Dilley et al., 2005). Such
conduction block may reflect a reduction in available oxygen and other metabolites, which
ex-vivo rely on penetration through the greatly thickened epi-perineurium (Bove and Barbe
2009).
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Increased labelling of TRPV1 and TRPA1 immediately proximal to the ligation site in salinetreated nerves confirmed that both channels are transported by fast anterograde transport.
Furthermore, a decrease in labelling at the ligation site following neuritis and vinblastine
treatment is consistent with the disruption of this process in both models, and the
subsequent accumulation of these channels at the site of disruption. From this data,
however, it is not possible to determine the density of channel accumulation at the treatment
sites and how this compares to the receptive fields. Since both models are short-term, the
accumulation may only be modest. A transient increase in firing from C/slow Aδ-fibre
neurons following the intraneural injection of TRPV1 and TRPA1 agonists at the
neuroinflammatory site confirmed that, as well as being present, both ion channels were
functional at this location. Since the responses to both OLDA and cinnamaldehyde were
confined to neurons with AMS, we have hypothesised that TRPV1 and TRPA1 may
contribute to axonal excitability, and possibly mechanical sensitivity, in this subgroup of
neurons, which is consistent with their role in inflammation-induced mechanical sensitisation
of nociceptors (Brederson et al., 2012; De Schepper et al., 2008; Kelly et al., 2015), and
noxious mechanical transduction (Brierley et al., 2011; Kerstein et al., 2009; Vilceanu and
Stucky, 2010). In contrast, there was an absence of response to both OLDA and
cinnamaldehyde injection at the vinblastine treatment site, which suggests that TRPV1 and
TRPA1 are unlikely to underlie AMS in this model. Although the transport of both channels is
disrupted, there may be fewer inserted into the axon membrane, which is consistent with the
reports that inflammatory mediators increase the insertion of TRP channels (CamprubiRobles et al., 2009; Meng et al., 2016; Stein et al., 2006; Zhang et al., 2005).
In summary, inflammation- and vinblastine-induced ectopic axonal receptive fields are
characterized by graded responses that are attenuated by agents that act on mechanically
sensitive ion channels, such as TRP channels. As such, the present data support our
previously proposed mechanism whereby mechanically sensitive ion channels accumulate
at, or just proximal to, the site of disruption, which leads to a mechanically sensitive
receptive field on the nerve. Our data have revealed small differences in the mechanical
properties of axons between models, which suggest that inflammation may play a role in
defining the characteristics of the mechanical responses following neuritis. For example,
local inflammation may influence the insertion, expression, or sensitisation of the
accumulating channels. The current findings add to our understanding of the mechanisms of
radiating pain, which is a feature of a diverse, although seemingly related, group of
conditions that include lumbar radiculopathies, repetitive motion disorders, whiplash
associated disorders, carpal tunnel syndrome as well as fibromyalgia and complex regional
pain syndrome.
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Table 1. Ectopic axonal receptive field characteristics.

Firing frequency at 150 mN force (Hz), mean
(SEM)

Slope (Hz/mN), mean (SEM)

Mechanical threshold (mN), median (IQR)

Neuritis group

Vinblastinetreated group

p

5.60 (1.21)

7.10 (1.17)

0.38*

0.027 (0.008)

0.055 (0.007)

<0.01*

34.8 (3.06)

38.3 (27.9)

<0.05†

* Student t test. † Mann Whitney test.
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Table 2. Effects of vehicle application on repeated mechanical testing of ectopic receptive
fields (See Fig. 2A for protocol).
Baseline
Firing frequency at 150 mN
force (Hz), mean (SEM)

5.84 (1.58)

Slope (Hz/mN), mean (SEM)

0.071 (0.016)

Mechanical threshold (mN),
median (IQR)

79.72 (30.15)

Final repeat

% change

p

5.92 (1.80)

2.18% (14.8%)

0.94*

0.070

-1.64%

(0.017)

(19.1%)

testing

79.72
(30.15)

0% (0%)

0.92*

1†

n = 3 vinblastine-treated animals. * Student t test. † Mann Whitney test.
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Table 3. Effects of FM1-43 and ruthenium red on the mechanical threshold of ectopic
receptive fields.

Blocker
FM1-43
Ruthenium
red

Model
Neuritis
Vinblastine
Neuritis
vinblastine

Threshold (mN), mean
(SEM)
PrePost32.02 (1.23) 32.02 (1.23)
36.28 (1.29) 36.28 (1.29)
48.54 (7.66) 55.19 (13.33)
46.76 (6.63) 53.40 (13.06)

Post- represents the mechanical threshold following the application of the highest dose of
each agent (25µM FM1-43 and 50 µM ruthenium red). n = 4 neurons in each group, except
neurons following neuritis that were tested with FM1-43 (n = 3).
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Table 4. Mean activity rates of neurons without ectopic axonal receptive fields.

Model
Neuritis
Vinblastine
treatment
Untreated

Agent
Vehicle
OLDA
Cinnamaldehyde
Vehicle
OLDA
Cinnamaldehyde
OLDA
Cinnamaldehyde

n
27
14
30
20
22
25
5†
5†

Activity rate (Hz), mean (SEM)
PrePost0.002 (0.052)
0.004 (0.084)
0.027 (0.018)
0.033 (0.019)
0.056 (0.025)
0.089 (0.039)
0.000 (0.000)
0.000 (0.000)
0.006 (0.004)
0.002 (0.002)
0.053 (0.026)
0.067 (0.033)
0.005 (0.003)
0.015 (0.010)
0.022 (0.018)
0.028 (0.021)

Post-activity rate represents the two min bin post-injection with the highest mean rate. †
Peripheral receptive fields characterised.
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Fig. 1. Force-discharge responses in ex-vivo experiments. (A) Schematic diagram of the exvivo electrophysiology apparatus. (B) Typical force-discharge responses following neuritis
(middle trace) and vinblastine treatment (lower trace). Forces were applied to each ectopic
axonal receptive field as a series of six incremental, 2 sec, steps from 25 mN to 175 mN
above the initial resting force (i.e. the force of the probe against the nerve; upper trace). (C,
D) Typical examples of the force-discharge responses following (C) neuritis and (D)
vinblastine treatment. Each graph represents three repeat trials. (E, F) Regression lines for
individual ectopic axonal receptive fields in (E) neuritis and (F) vinblastine-treated animals. n
= 12 and 14 AMS neurons respectively. * AMS neuron with plateaued force-discharge
response.
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Fig. 2. Application of blockers of mechanically sensitive ion channels to ectopic axonal
receptive fields. (A) Experimental design (refer to methods). (B-E) Typical responses
following 25 µM FM1-43 and 50 µM ruthenium red (RR) application to ectopic axonal
30

receptive fields following (B, D) neuritis and (C, E) vinblastine treatment. (F, G) The mean
firing frequency produced at 150mN force and (H, I) slope of the force discharge relationship
following the application of FM1-43 or ruthenium red. (J, K) The mean percent change from
baseline in the firing frequency at 150mN force and (H, I) slope of the force discharge
relationship following the application of FM1-43 or ruthenium red. * p<0.05 (two-way ANOVA
followed by Fisher’s least significant-difference post hoc test, correcting for the false
discovery rate). In G, the interaction was significant (p <0.05). n = 4 neurons in each group,
except neurons following neuritis that were tested with FM1-43 (n = 3). Error bars = SEM.
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Fig. 3. Responses of C/slow Aδ-fibre neurons with ectopic receptive fields to the intraneural
injection of vehicle, 50 μM N-oleoyl-dopamine (OLDA) and 500 μM cinnamaldehyde.(A, C)
Typical responses following injection of (A) OLDA and (C) cinnamaldehyde into the
inflammatory site. (B, D) Activity rates of individual neurons during the 10 min recording
period following the intraneural injection of (B) OLDA and (D) cinnamaldehyde into the
inflammatory site. (E) Mean activity levels pre- and post- the intraneural injection of vehicle,
OLDA or cinnamaldehyde into the inflammatory site. The mean post-intraneural injection
was calculated from the 2 min bin with the maximum firing rate for each neuron. (F, G)
Typical responses following injection of (F) OLDA and (G) cinnamaldehyde into the
vinblastine treatment site. (H) Mean activity levels pre- and post- the intraneural injection of
vehicle, OLDA or cinnamaldehyde into the vinblastine treatment site. * p<0.05 (two-way
ANOVA followed by Fisher’s least significant-difference post hoc test, correcting for the false
discovery rate). For neuritis: n = 5, 6 and 6 neurons, exposed to OLDA, cinnamaldehyde and
vehicle respectively. For vinblastine treatment: n = 4, 4 and 3 neurons, exposed to OLDA,
cinnamaldehyde and vehicle respectively. Arrows indicate drug application. ISI, Interspike
interval. Error bars = SEM.
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Fig. 4. Axonal transport of TRPV1 and TRPA1. (A) TRPV1 and (C) TRPA1 immunolabeling
proximal to the ligation site in saline-treated, neuritis and vinblastine-treated groups. The
ligation was immediately distal to the treatment site. (B, D) Mean ratio of TRPV1
immunolabeling (ligated portion / equivalent unligated portion). P = proximal, D = distal, L =
ligated portion of the nerve, UL = unligated portion of the nerve. Insert: Methods schematic
showing sciatic nerve in the thigh. Note the red box represents the approximate position of
the sections. D = distal, L = ligated portion of the nerve, UL = unligated portion of the nerve.
Arrow head = Ligation site. * p<0.05 (one-way ANOVA followed by Fisher’s least significantdifference post hoc test, correcting for the false discovery rate). In B, n = 5, 3, 5 salinetreated, neuritis and vinblastine treated animals respectively. In D, n = 4, 3, 4 saline-treated,
neuritis and vinblastine treated animals respectively. Error bars +/- SEM. Scale Bar =
100µM.
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Supplementary material
Table. Activity rates of AMS neurons following neuritis and vinblastine treatment, and
neurons in an untreated group, at baseline (Pre-drug) and following topical application of 200
μM OLDA or 500 μM cinnamaldehyde (Post-drug).
Activity rate (Hz), mean
(SEM)
PrePost-

p

Interaction
Time
Agent
n
0.054 (0.027)
0.052 (0.013)
OLDA
Neuritis
11
0.99
0.80
0.065 (0.030)
0.062 (0.021)
Cinnamaldehyde
0.059 (0.032)
0.110 (0.054)
OLDA
Vinblastine
8
0.66
0.11
0.098 (0.079)
0.128 (0.072)
Cinnamaldehyde
0.034 (0.018)
0.053 (0.022)
OLDA
Untreated
11 0.027 (0.014) 0.041 (0.019)
0.74
0.06
Cinnamaldehyde
The mean post-intraneural injection activity rate was calculated from the 2 min bin with the
Model

maximum firing rate for each neuron. P values are shown for both the interaction and time
(pre- versus post-activity level; two-way ANOVA).

34

