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Abstract
People suffering from chronic widespread pain, which include those diagnosed with
non-specific arm pain, whiplash associated disorder, fibromyalgia and complex
regional pain syndrome type 1, often complain of neuropathic pain like symptoms in
the absence of obvious nerve injury upon routine clinical examination. Many of these
patients shown signs of nerve trunk mechanical sensitivity (Tinel’s sign), which can
also be detected following a positive response to a neurodynamic test that stretches
the peripheral nerve (i.e. movement-evoked pain). Although it is not clear what
causes nerve trunk mechanical sensitivity in patients, it is hypothesised that localised
nerve inflammation (neuritis) might contribute towards its development. Consistent
with this hypothesis, modelling neuritis in the rat causes the development of axonal
mechanical sensitivity (AMS) in nociceptive neurons. Previously, our laboratory has
inferred a role for inflammatory-induced axonal transport disruption in the
development of AMS. Axonal transport disruption is hypothesised to cause an
accumulation of anterogradely transported mechanically sensitive ion channels,
which are locally inserted into the axonal membrane thereby causing mechanical
sensitivity. To examine the contribution of axonal transport to the development of
AMS in the absence of inflammation, low doses of vinblastine (0.1mM) can be applied
to the rat sciatic nerve. The main aim of this study was to investigate the role of
axonal transport disruption in the development of AMS. Specific aims included:
investigation of the time course of the development of AMS following vinblastineinduced axonal transport disruption, examination of the properties of mechanically
sensitive axons and identification of the mechanically sensitive ion channels
hypothesised to be responsible for AMS.
Following vinblastine-treatment, AMS developed rapidly in C-fibre neurons, reached
a peak between days 4-5 and had resolved by days 14-15. These changes occurred in
the absence of an increase in the development of ongoing activity. Following
vinblastine treatment and neuritis, mechanically sensitive hotspots had relatively low
firing thresholds and produced graded responses to changes in force. Mechanically
sensitive ion channel blockers ruthenium red and FM1-43 attenuated AMS following
vinblastine treatment and neuritis, indicating that mechanically sensitive ion
ii

channels contribute towards AMS. The anterograde transport of the transient
receptor potential channels vaniloid 1 and ankyrin 1 (TPRV1 and TRPA1 respectively)
and acid sensing ion channel 3 (ASIC3) were disrupted following vinblastinetreatment and neuritis. Additionally, intraneural injection of OLDA and
cinnamaldehyde (TRPV1 and TRPA1 agonists respectively) onto mechanically
sensitive hotspots initiated responses in a proportion of neurons with AMS following
neuritis. These results indicate an increased presence of functional TRPV1 and TRPA1
ion channels in neurons with AMS following neuritis, which suggests that they are
involved in the development of mechanical sensitivity. However, a proportion of
neurons that did not have AMS, but were ongoing, responded to cinnamaldehyde
following neuritis, suggesting that TRPA1 may also be increased in these neurons and
might contribute towards ongoing activity. In contrast, intraneural injections of the
same agonists did not cause a response in the majority of neurons with AMS following
vinblastine treatment, indicating that there is not an increased presence of functional
TRPV1 and TRPA1 in these neurons. This finding suggests that TRPV1 and TRPA1 are
not involved in the development of AMS following vinblastine treatment and that
other ion channels play a role. In summary, data from this study supports the role of
axonal transport disruption in the development of AMS and strongly infers that
mechanically sensitive ion channels contribute towards AMS. Whereas the ion
channels responsible for AMS following vinblastine treatment were not
characterised, this study has revealed that TRPV1 and TRPA1 might contribute
towards AMS following neuritis.
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Chapter 1
Introduction

1

1.1 Chronic pain
Pain is an unpleasant sensory or emotional experience usually associated with
physical triggers, which involve actual or potential tissue damage (IASP, 1986). A
stimulus that is potentially harmful to our tissues (e.g. extreme temperatures, strong
pressure) is known as noxious and causes the activation of nociceptors located on
specialised fibres of the somatosensory nervous system (see 1.2). This provides an
early warning signal to prevent us from damaging our tissues. In the event of tissue
injury, numerous inflammatory mediators can be released from the damaged area,
which can result in inflammatory pain. Some of the mediators may activate
nociceptors directly, others may sensitise sensory afferents, which in turn lowers the
threshold for activation of pain pathways. This provides a degree of protection
(reduces contact) to the damaged area whilst the wound takes time to repair (Scholz
and Woolf, 2002). In some instances pain is thought to be triggered in a non-physical
way. This is known as psychogenic pain, which is defined as pain that is caused or
enhanced by psychological factors.
Pain that persists for a duration of 3 months or more, which can be continuous or
interrupted by pain free intervals, is termed chronic (IASP, 1986). Chronic pain is an
ongoing problem and it is estimated that about one in five adult Europeans are
suffering from some form chronic pain of moderate to severe intensity (Breivik et al.,
2006). It severely impairs quality of life and has a great socio-economic impact on the
western world (Breivik et al., 2006; Dagenais et al., 2008; Juniper et al., 2009).
Moreover, chronic pain conditions have been associated with psychological
comorbidities (e.g. depression and sleep deprivation) (Breivik et al., 2006; Elliott et
al., 2003). Chronic pain can be caused by nociceptive (e.g. osteoarthritis),
inflammatory (e.g. rheumatoid arthritis) or neuropathic (see 1.1.1) mechanisms.
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1.1.1 Neuropathic pain
Pain is defined as neuropathic when it is caused by a lesion or disease of the
somatosensory nervous system (IASP, 1986). In the western world it is estimated that
between 7-10 percent of the general population are suffering from neuropathic pain
(van Hecke et al., 2013).
Signs and Symptoms
Patients suffering from neuropathic pain often suffer from spontaneous pain
(stimulus independent) and describe shooting, stabbing, burning, aching sensations.
Patients may also suffer from evoked pain (stimulus dependent) such as radiating
pain on limb movements, allodynia and hyperalgesia (see Table 1.1 for a list of clinical
definitions) (Backonja and Stacey, 2004; Bennett, 2001; Birklein et al., 2000).
Nerve trunk mechanical sensitivity is a prominent feature of neuropathic pain
conditions such as whiplash associated disorder (WAD), carpal tunnel syndrome and
non-specific arm pain (NSAP). In patients with such disorders, Tinel’s sign or applying
moderate pressure to nerve trunks in the periphery can cause pain, which is thought
to be an indicator of nerve trunk mechanical sensitivity (Greening et al., 2005; Ide et
al., 2001; Sterling et al., 2002). Tinel’s sign or the Hoffman-Tinel sign, which was first
described separately by Jules Tinel and Paul Hoffman in 1915 (Hoffmann et al., 1993),
is the tingling sensation produced upon tapping over a nerve trunk. Nerve trunk
mechanical sensitivity can also be detected following a positive response to
neurodynamic tests that stretch peripheral nerves (i.e. movement evoked pain).
Examples of neurodynamic tests include the upper limb abduction tests or straight
leg raise.
The upper limb tension test
The upper limb tension test, also known as the brachial plexus tension test or ‘Elvey
test’, was first described by Elvey in 1979. The test involves arm movements that
cause increased stretch of the nerves innervating the upper limb. If there is damage
to the nerves that are being stretched, there is an exacerbation of painful symptoms
in the upper arm, back and neck (Elvey and Idczak, 1979; Quintner, 1989).

3

The straight leg raise
The straight leg raise test or ‘Lasègue’s sign’ was recognised by Charles Lasègue in
1864, but not documented until 1880 by Lazerevi. The test, which involves lifting of
the extended leg of a patient whilst in the supine position, causes stretching of the
sciatic nerve; a positive result for the test is pain in the lower back (Lazarevic, 1880).
The resultant pain is an indication that there is damage to the lumbar nerve roots.
Movement-evoked radiating pain is likely to be extremely uncomfortable to an
individual and may limit the range of limb movements that are required to complete
day-to-day tasks. Hence, it is important to understand the underlying mechanisms
that lead to its development.
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Clinical Term

Allodynia

Definition
Painful response to a stimulus that would
normally be regarded as innocuous

Hyperalgesia

An Increased response to a painful stimulus

Hypoalgesia

A diminished response to a painful stimulus

Paraesthesia

An unusual sensation (e.g. pins and needles)
which can be evoked or happens spontaneously

Hyperesthesia

Increased sensitivity to stimulation (tactile or
thermal; both rare)

Hypoesthesia

Decreased sensitivity to stimulation
(tactile/thermal; both frequent)

Dysesthesia

An unpleasant sensation that can be
spontaneous or evoked.

Table 1.1 A list of clinical features that are common in patients with neuropathic
pain. From IASP diagnosis and classification of chronic pain 2010
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Causes
Neuropathic pain can arise in a number of different ways. A summary of the causes
is provided in Table 1.2. Patients with frank nerve injury (nerve trauma) either have
severed, crushed or stretched nerves, in which the cause of pain is normally a direct
result of injury to the nerve fibres. However, pain can also develop in patients who
do not always have an obvious nerve lesion. In these patients the reasons behind the
development of neuropathic pain symptoms is not always clear. Inflammation of
nerve fibres plays a major role in the underlying mechanisms of neuropathic pain,
especially in those patients diagnosed with neuropathies such a Guillain-Barré
syndrome (Press et al., 2001; Pritchard and Hughes, 2004), human immunodeficiency
virus (HIV) neuropathy (Jones et al., 2005a; Nagano et al., 1996) and herpes zoster
infection (Choi et al., 2009; Watson et al., 1991). Further to this, inflammation may
also play a role in the development of neuropathic pain symptoms in patients with
chronic widespread pain, who lack evidence of a frank nerve injury on routine clinical
examination. Examples of these conditions are detailed below.
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Cause of neuropathic pain

Examples

phantom limb pain, post-traumatic
neuralgia, post-surgical neuroma,
spinal cord injury

Traumatic

diabetic neuropathy, alcoholic
neuropathy

Metabolic

chemotherapy induced peripheral
neuropathy, anti-retroviral induced
neuropathy

Chemical

Immune-mediated

complex regional pain syndrome type
1, non-specific arm pain, Guillain-Barré
syndrome, multiple sclerosis

Cancer

osteosarcoma, carcinoma-associated
paraneoplastic peripheral neuropathy

Hereditary

amyloid neuropathy, Charcot-Marietooth disease
post-herpetic neuralgia, HIV induced
pain

Infectious

Table 1.2 A list of common causes of neuropathic pain conditions.
Adapted from (Baron et al., 2010)
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Neuropathic pain without frank nerve injury
Non-specific arm pain
Non-specific arm pain (NSAP) (more commonly known as repetitive strain injury or
cumulative trauma disorder) is caused by high repetition activities (e.g. typing on a
keyboard, production line work) and it is the most common work-related injury
(Fogleman and Brogmus, 1995; Silverstein et al., 1998). Sensory symptoms include
diffuse pain, which can be present in the wrist, arm and neck, movement-evoked
radiating pain, hyperalgesia and allodynia (Greening et al., 2005; Moloney et al.,
2010). The mechanisms that cause NSAP are unknown; however ischaemia and
inflammation are thought to play important roles in the development of the sensory
symptoms. Evidence from magnetic resonance imaging (MRI) studies indicate
possible inflammation in the nerves of patients with NSAP (Dilley et al., 2011).
Moreover, patients with upper-extremity overuse disorders have been shown to
have a raised systemic concentration of pro- inflammatory cytokines (e.g. tumour
necrosis factor [TNF] and interleukin-1β [IL-1β]) (Carp et al., 2007).
Complex regional pain syndrome type 1
Most patients suffering from complex regional pain syndrome type 1 (CRPS-1), also
known as reflex sympathetic dystrophy, have had a previous history of peripheral
trauma (e.g. sprains, fractures or contusions) or nerve compression in the distal part
of an extremity. Patients often describe a ‘tearing’ or ‘burning’ pain that is normally
located deep in the distal part of the affected limb. Stimulus-evoked pain
(hyperalgesia and allodynia) and autonomic abnormalities that can include changes
to the skin temperature, sweating and oedema, are also common (Birklein et al.,
2000). The mechanisms that cause the development of painful sensory symptoms are
strongly linked with inflammation. Higher levels of pro inflammatory cytokines, such
as IL-6, IL-1 beta and TNF, as well as neuropeptides such as substance P, have been
found in affected patients (Huygen et al., 2002; Schinkel et al., 2006). Inflammation
is thought to play a key role in the transition of CRPS-1 from an acute to chronic phase
(Birklein et al., 2001; Maihofner et al., 2005).
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Whiplash associated disorder
Whiplash associated disorder (WAD) is a condition which is associated with
individuals who have been involved in motor vehicle collision. Approximately 50% of
people will still experience painful symptoms one year following initiation of the
injury (Gargan and Bannister, 1994). Symptoms of whiplash injury can include pain in
the cervical spine, head, and upper limb. Tinel’s sign may be present in the neck,
elbow or arm and abduction of the arm can cause radiating pain in the neck (Ide et
al., 2001). Some patients also experience pressure hypersensitivity of the neck
muscles and over nerve trunks in the periphery (Gerdle et al., 2008; Sterling et al.,
2002). The mechanisms that cause the development of painful symptoms are not
fully understood. It is thought that a sudden acceleration/deceleration of the head in
relation the neck causes nerve compression/traction. Additionally, soft tissue
damage may also be present in the neck/shoulder region, which causes
inflammation. In patients, there is evidence to suggest that the nerves in the shoulder
and arm are inflamed (Greening et al., 2017). Moreover, systemic levels of the
inflammatory cytokine IL-6 is increased in the acute phase of the injury (Kivioja et al.,
2001).
Chemotherapy induced peripheral neuropathy
As part of this study, we have used the vinca-alkaloid drug vinblastine that is used to
treat many different types of cancer (Garewal et al., 1983; Jelliffe, 1969; Stoter et al.,
1984). However, the use of vinca-alkaloid drugs over a prolonged period is associated
with sensory symptoms that indicate the development of a peripheral neuropathy
(DeAngelis et al., 1991; Holland et al., 1973).
Chemotherapy induced peripheral neuropathy (CIPN) is the most common cause of
dose limiting toxicity in cancer patients undergoing treatment (Windebank and
Grisold, 2008). Drugs that can cause CIPN include the mitotic spindle inhibitors,
platinum and DNA alkylating compounds. Examples of the mitotic spindle inhibitors
include taxane or vinca-alkaloid compounds. These drugs are used to treat a range of
different malignancies including breast, ovarian, prostate and lung carcinomas
(Windebank and Grisold, 2008). Symptoms tend to develop weeks to months after
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treatment has begun and the severity is largely dependent on the drug dose. Sensory
symptoms, which are usually more prominent in the periphery, include paraesthesia,
numbness, radiating pain, mechanical and cold allodynia (Dougherty et al., 2004;
Forsyth et al., 1997; Holland et al., 1973). There are likely to be numerous
mechanisms that cause the development of sensory symptoms in patients (See
Windebank and Grisold, 2008 for review). As many of these drugs interfere with
microtubules, which are important for normal axonal transport (see 1.2.3), it seems
that axonal transport disruption might contribute towards the development of
sensory symptoms.
Treatment of neuropathic pain
Treating neuropathic pain has become a real challenge for clinicians. There are a
limited number of treatments that can effectively control/ease painful symptoms in
patients suffering from neuropathic pain (Finnerup et al., 2005; Finnerup et al., 2010;
Kingery, 1997). Treatments that are currently available include the anti-convulsants
(e.g. Pregabalin), anti-depressants (e.g. Amitriptyline) and opioids (e.g. Tramadol)
(Table 1.3). These treatments are only effective in certain sub groups of patients and
often have unwanted adverse effects, which can limit their use (Finnerup et al., 2005;
Finnerup et al., 2010). Many of these drug treatments (e.g. morphine) only provide
symptomatic pain relief, hence there is a requirement for drugs that treat the
underlying mechanisms which cause pain in these patients.
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Drug class

Examples

Mechanism of action

Carbamazepine

Sodium channel blocker

Pregabalin
/Gabapentin

Binds to the auxiliary
subunit of presynaptic
voltage gated calcium
channels

Anti-convulsants

TCA’s ( e.g.
amitriptyline)

Anti-depressants

Serotonin selective
reuptake inhibitor

SNRI’s

Serotonin
noradrenaline reuptake
inhibitor

Morphine

μ-opioid receptor
agonist

Tramadol

Dizziness,
drowsiness,
nausea, blurred
vision, fatigue,
weight gain

Monoamine uptake
inhibitor

SSRI’s (e.g.
duloxetine)

Opioids

Problems
associated with
drug class

μ-opioid receptor
agonist

Nausea, weight
gain, fatigue,
drowsiness, GI
disturbances

Constipation,
drowsiness,
dizziness.
Patients become
desensitised after
long-term
use/potential for
addiction.

Table 1.3 Summary of the major drug classes used to treat neuropathic pain.
SSRI’s - Serotonin selective reuptake inhibitors, SNRI’s – Serotonin noradrenaline reuptake
inhibitors, TCA’s - Tri-cyclic anti-depressants
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1.2 Introduction to the somatosensory nervous system
To understand how neuropathic pain conditions can develop, it is essential to
understand the normal physiology of the somatosensory nervous system.
The somatosensory nervous system, which forms part of the peripheral nervous
system (motor, sensory and sympathetic neurons), allows us to sense changes in the
surrounding environment (touch, pressure, vibration, movement, temperature and
pain). Primary sensory neurons, which are pseudounipolar, are responsible for
transmitting electrical impulses that encode sensory information to the central
nervous system. One part of the axon terminates in the dorsal horn of the spinal cord
or the brainstem, whilst the other typically extends all the way to the periphery (e.g.
muscle, joints, and skin). However, there are a group of axons that innervate the
nerve itself, which are known as the nervi nervorum (See Bove and Light, 1997 for
review). The presence of sodium and potassium channels along axons allows
electrical impulses to be conveyed in the form of action potentials. The cell body of
the axon, which is located in the dorsal root ganglion, contains the nucleus and the
machinery used to synthesise and process ion channels and other proteins.
Although glial cells (Schwann cells and satellite glial cells), immune cells (mast cells)
and fibroblasts are important in maintaining the normal physiology of the
somatosensory nervous system, this section will focus on the physiology of neuronal
cells.
1.2.1 Sensory nerve fibre classification
Axons of primary sensory neurons can be classified into A- and C-fibre types. A-fibre
neurons are subdivided based upon conduction velocity into Aɑ-, Aβ- and Aδ-fibre
neurons. The thickly myelinated Aɑ/β-fibre neurons are large in diameter (1.5-12.5
μM) and have rapid conduction velocities (>14m/s) (Harper and Lawson, 1985;
Vejsada et al., 1985). Aδ-fibre neurons are thinly myelinated, have a medium
diameter (2-5 μM) and have conduction velocities that range between 2-8 m/s )
(Harper and Lawson, 1985). The unmyelinated C-fibre neurons have small diameters
(0.1-0.8 μM) and have slower conduction velocities (< 1.4 m/s) (Harper and Lawson,
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1985; Suh et al., 1984). While A-fibre neurons are typically associated with specialised
endings in the skin, muscle and joints, C-fibre and some Aδ-fibre neurons terminate
as free nerve endings. Each type of nerve ending decodes information about different
stimulus modalities to allow us to sense changes in our environment (Table 1.4).
A-alpha fibre neurons
The rapidly conducting Aɑ-fibre neurons convey information from the golgi tendon
and muscle spindles (proprioceptors). Type 1 fibres respond to changes in muscle
length and the rate of the change in length, whereas type 2 fibres only detect changes
to muscle length (Loeb, 1981) The type 1a fibres (Golgi tendon organs) are activated
during muscle contraction and are sensitive to changes in tension and changes in the
rate of tension (McCloskey, 1978).
A-beta fibre neurons
Rapidly adapting A-beta fibre neurons
Aβ-fibre afferents terminate in glabrous (non-hairy) and hairy skin. In glabrous skin,
rapidly adapting Aβ-fibre neurons are also associated with Meissners and Pacinian
corpuscles. Meissner corpuscles are located on the edge of the dermis and are
responsible for detection of skin motion/vibration (low frequency; 20-40Hz). Each
corpuscle is connected to a single Aβ-fibre neuron and responds to low threshold
stimulation in a rapidly adapting manner (Torebjork and Ochoa, 1980). The Pacinian
corpuscles are also innervated by single Aβ-fibre neurons but are located slightly
deeper in the dermis. They detect pressure changes and higher frequency vibrations
(150-300Hz). These low threshold mechanoreceptors are very sensitive and rapidly
adapt to stimuli (Lynn, 1971; Mendelson and Lowenstein, 1964). In the hairy skin, Aβfibre neurons may innervate low threshold mechanoreceptors present in hair
follicles. These fibres respond in a rapidly adapting manner in response to hair follicle
deflection (Brown and Iggo, 1967).
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Slowly adapting A-beta fibre neurons
Aβ-fibre neurons that innervate Merkel cell complexes in the skin are classed as
slowly adapting type 1. Merkel cells contain low threshold mechanosensitive
receptors, which are able to transduce information about indentation of the skin. The
slowly adapting type 1 fibres give a graded pattern of firing in response to the rate
and depth of indentation. These fibres have no spontaneous activity and have clearly
defined receptive fields (Coleman et al., 2001; Tapper, 1965). Unlike Meissner’s and
Pacinian’s corpuscles, a number of different Merkel cell complexes in the skin can be
innervated by a single Aβ-fibre neuron (Pare et al., 2002). Type 2 slowly adapting Aβfibre neurons are associated with Ruffini endings, which detect skin stretch. These
neurons also produce a sustained response to skin indentation but have a more
regular firing pattern in comparison to type 1 Aβ-fibre neurons (Chambers et al.,
1972).
A-delta fibre neurons
Aδ-fibre neurons that terminate as free nerve endings in the skin are nociceptive.
The majority of these nociceptive neurons are ‘polymodal’, which means they can be
activated by multiple types of noxious stimuli. Every nociceptive Aδ-fibre neuron
responds to noxious mechanical stimuli. There are a proportion (18%) of neurons that
respond to noxious mechanical and cold stimuli (0 ˚C), of which the threshold is
normally <16˚C (Cain et al., 2001; Simone and Kajander, 1997). Additionally, there are
a population that respond to noxious mechanical and heat stimuli (15%). All of these
neurons respond to extreme cold (when the stimulus < 0 ˚C) (Simone and Kajander,
1997). Nociceptive Aδ-neurons produce a graded response that encodes the intensity
of the stimulus being applied (Cain et al., 2001). Not all of the Aδ-neurons are classed
as nociceptive, there are a number that respond to lower threshold mechanical
stimuli (e.g. D-hair afferents) (Millard and Woolf, 1988).
C-fibre neurons
There are two different populations of C-fibre neurons, which are distinguished based
upon their binding to isolectin B4 (IB4). Non-peptidergic fibres bind to IB4 and express
FRAP and P2X3 receptors, whereas peptidergic fibres express neurotransmitters and
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neuropeptides (e.g. substance P and calcitonin gene-related peptide [CGRP])
(Bradbury et al., 1998; Nagy and Hunt, 1982; Silverman and Kruger, 1990). The latter
are related to the transmission of pain.
C-fibre neurons terminate as free nerve endings in cutaneous and deep structures
(Group IV). Many of these, approximately 90%, respond to potentially damaging
stimuli and are therefore classed as nociceptive (Fang et al., 2005). The majority of
nociceptive C-fibre neurons are ‘polymodal’ (Bessou and Perl, 1969; Cain et al., 2001).
Most nociceptive C-fibres respond to both noxious mechanical stimuli and noxious
temperatures (C mechano-thermal), however there are approximately 10% that only
respond to noxious mechanical stimuli (CM) (Cain et al., 2001; Georgopoulos, 1976).
The majority of neurons responding to noxious mechanical stimuli also respond to
noxious heat (>43 ˚C), but approximately half of these also respond to noxious cold
(10˚C) (Cain et al., 2001). Not many of these neurons respond to mechanical and cold
stimuli alone. A low proportion (4%) of C-fibre neurons are thought to respond to
temperature only (either just heat or cold or both heat and cold) (Georgopoulos,
1976). The responses to hot, cold and mechanical stimuli are graded, i.e. discharge
increases as the stimulus intensity increases (Andrew and Greenspan, 1999; Cain et
al., 2001; Hoffmann et al., 2008). A proportion of C-fibre nociceptors (10-20%), which
were previously unresponsive to noxious mechanical stimulation, become responsive
due to the effects of mediators released by tissue injury and inflammation; these
fibres are referred to as ‘silent’ (Schmidt et al., 1995). Not all C-fibres show optimal
responses to noxious stimuli. Some of these fibres have been shown to respond to
gentle cooling and warming of the skin (Bessou and Perl, 1969). Moreover, there is a
group found only in hairy skin, that have been shown to respond to low threshold
mechanical stimuli (Vallbo et al., 1993).
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Fibre
type

Aɑ

Aβ

Aδ

C

Classification

Location

Stimulus

1a Muscle spindle

Deep

Muscle length
(phasic discharge)

1b Golgi tendon

Deep

Muscle tension

Muscle spindle

Deep

Muscle length
(static discharge)

Type 1 slowly adapting; Low threshold
mechanical (Merkel disc)

Cutaneous
(Glabrous/Hairy)

Indentation

Type 2 slowly adapting; Low threshold
mechanical (Ruffini ending)

Cutaneous
(Glabrous/Hairy)

Stretch

Rapidly adapting; Low threshold mechanical
(Pacinian corpuscle)

Cutaneous
(Glaborous)

High frequency
vibration

Rapidly adapting; Low threshold mechanical
(Meissner’s corpuscle)

Cutaneous
(Glabrous)

Low frequency
vibration

Hair follicle

Cutaneous (Hairy)

Hair follicle
deflection

High threshold mechanical

Cutaneous
(Glabrous/Hairy)

Strong pressure

Cold receptors

Cutaneous
(Glabrous/Hairy)

Cold

Polymodal nociceptor

Cutaneous
(Glabrous/Hairy)

Strong
pressure/thermal

Polymodal nociceptors

Cutaneous
(Glabrous/Hairy)

Warm + Cold Thermoreceptor

Cutaneous
(Glabrous/Hairy)

Strong
pressure/thermal
/irritant chemical
Hot/Cold
temperatures

C- mechanoreceptor

Cutaneous (Hairy)

Stroking

High threshold mechanoreceptor

Cutaneous
(Glabrous/Hairy)

Strong pressure

Silent

Cutaneous
(Glabrous/Hairy)

Irritant chemicals

Group IV

Deep

Strong pressure

Table 1.4 Classification of the different sensory receptors found in the
somatosensory nervous system. Adapted from (Abraira and Ginty, 2013).
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1.3 Axonal transport
The axon of a neuron extends out an extremely long distance from the cell body
where the majority of the protein machinery is located. Therefore, an elaborate
transport system is required to ensure the delivery and removal of proteins, which
include sensory ion channels and other macromolecules, from the periphery. This bidirectional transport network is powered by the motor proteins kinesin, which
transports cargos in the anterograde direction, and dynein, which transports cargos
in the retrograde direction (Hirokawa et al., 1991; Schnapp and Reese, 1989) (Figure
1.1). These motor proteins attach to their cargo via various adaptor and linker
proteins (Karcher et al., 2002), and use microtubule tracks to travel up and down the
axon. Microtubule tracks are in a constant state of dynamic instability. At the growth
end (+), beta-tubulin monomers are added, while at the opposite end (-), they are
removed (depolymerised).
There are two rate components of microtubule-based axonal transport, namely fast
and slow axonal transport. The slow component only exists in the anterograde
direction, whilst the fast component is present bi-directionally (Black and Lasek,
1980; Lorenz and Willard, 1978; Stockel et al., 1975). Membrane proteins,
mitochondria and enzymes typically move rapidly via fast axonal transport, whereas
sub-cellular organelles and cytoskeletal polymers are transported via the slow
component of axonal transport (Table 1.5).
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Figure 1.1 The mechanisms of axonal transport.
Kinesin motors predominantly transport vesicles containing proteins and other
macromolecules in the anterograde direction (towards peripheral terminals). Dynein motor
proteins transport is responsible for the retrograde transport signalling factors and proteins
targeted to be recycled/degraded. These motor proteins use microtubule tracks that are in a
dynamic state of instability. Polymerisation of Beta-tubulin monomers occurs at the growing
end (+), whereas they are depolymerised at the opposite end (-).
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Anterograde

Speed
(mm/day)
200-400

Mitochondria

34-68

Retrograde

100-250

SCa

0.2-1

Neurofilaments,
Tubulin

(Black and
Lasek, 1980;
Hoffman and
Lasek, 1975)

SCb

2-8

Microfilaments,
actin, clathrin,
calmodulin

(Black and
Lasek, 1980;
Gower and
Tytell, 1987)

Type

FAST
TRANSPORT

SLOW
TRANSPORT

Macromolecules

References

Membrane
proteins, lipids and
neurotransmitters

(Forman et al.,
1977; Lorenz
and Willard,
1978; Ochs,
1972; Stockel
et al., 1975)

Mitochondria

(Lorenz and
Willard, 1978)

Lysosomal vesicles,
trophic factors and
enzymes

(Forman et al.,
1977;
Hollenbeck,
1993; Stockel
et al., 1975)

Table 1.5 Different components of axonal transport with their corresponding rates
and compositions. SCa – slow component-a, SCb – slow component-b
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1.3.1 Fast axonal transport
Anterograde transport
The maximum rate of anterograde transport in mammals is between 200-400
mm/day (Anderson and McClure, 1973; Lorenz and Willard, 1978; Ochs, 1972;
Schonback and Cuenod, 1971). Vesicles containing proteins are thought to move
continuously along the axon, seldom pausing as they travel towards the periphery
(Reis et al., 2012). Membrane proteins (e.g. ion channels), lipids and
neurotransmitters have all been reported to travel within the fast component of
anterograde transport (Gilbert et al., 1980; Grafstein et al., 1975; Koschorke et al.,
1994). The fast component of anterograde transport is required for the rapid delivery
of materials to the periphery, to ensure the growth and maintenance of the axon.
Retrograde transport
The average rate of retrograde transport (150 mm/day) is slightly slower than
anterograde transport (Stockel et al., 1975). Retrograde transport is important for
the retrieval of materials, such as lysosomal vesicles and trophic factors, from the
periphery back to the cell body (Hollenbeck, 1993; Stockel et al., 1975). Trophic
factors have the ability to enter nuclear compartments and regulate gene expression
(see Chowdary et al., 2012 for review). Vesicles targeted for degradation are sent to
the lysosomes, whereas others are sent back to the golgi complex for recycling.
1.3.2 Slow axonal transport
Cytoplasmic materials such as microfilaments and neurofilaments are transported at
slower rates, in which there are two different rate components. The slow componenta has a rate of 0.2-1mm/day and this group is mainly composed of proteins that form
microtubules and neurofilaments. Slow component-b has a slightly faster rate of 2-8
mm/day and transports microfilament proteins such as actin, clathrin and spectrin
(Black and Lasek, 1980; Gower and Tytell, 1987; Levine and Willard, 1981).
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1.4 Signal transduction in sensory neurons
Sensory nerve terminals contain specialised transducers that are typically ion
channels, such as transient receptor potential (TRP) channels and acid sensing ion
channels (ASICs). These ion channels are responsible for transducing energy from a
stimulus into an electrical signal, which is conveyed along axons in the form of an
action potential. The two main ion channels responsible for action potential
propagation are voltage-gated sodium (Nav) and potassium ion channels (Kv). There
are a variety of sub-types of these ion channels that are expressed in sensory neurons
(See Du and Gamper, 2013 and Rush et al., 2007 for reviews). Nociceptive neurons
predominantly express the Nav1.8, Nav1.9, Kv1.4, Kv3.4 and Kv4.3 subtypes (Chien et
al., 2007; Djouhri et al., 2003; Fang et al., 2002; Rasband et al., 2001).
1.4.1 Mechanically sensitive ion channels
This section focuses on ion channels that are postulated to be involved in
mechanotransduction, because it is hypothesised that these channels contribute
towards the development of nerve trunk mechanical sensitivity in patients.
Mechanically sensitive ion channels may open or close in response to mechanical
stimulation of the cell membrane. These channels play a role in the function of many
different cell types in the body. For instance, mechanically sensitive channels are
important in touch, hearing, osmoregulation and controlling blood pressure
(Alessandri-Haber et al., 2003; Lu et al., 2009; Meyers et al., 2003; Woo et al., 2014).
There are two theoretical models of how mechanically sensitive channels can open
directly in response to a force applied to the membrane (Kung, 2005). The bilayer
model proposes that changes in lipid tension are adequate enough to open
mechanically sensitive channels (see Figure 1.2 A). For example, tension is proposed
to cause the membrane to become thinner (Perozo et al., 2002). This is believed to
cause a mismatch between the length of the hydrophobic interface of the channel
and the hydrophobic section of the lipid bilayer, which is energetically unfavourable.
To avoid this mismatch, the channel changes its confirmation, causing it to open. The
second model, which materialised from studies on auditory hair cells (LeMasurier and
Gillespie, 2005), involves a tether between the channel and the cytoskeleton or
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extracellular matrix. The tether is proposed to transmit a change in tension, which
results in the channel opening upon mechanical stimulation of the membrane (see
Figure 1.2 B). The opening of mechanically sensitive channels in sensory neurons may
be dependent on tethers, as cytoskeletal disrupting agents have been demonstrated
to reduce the responsiveness of channels (Cho et al., 2002).
The mechanically sensitive ion channels that are postulated to be involved in
mechanotransduction in the somatosensory nervous system are reviewed below (see
Table 1.6). Although many of the mechanically sensitive ion channels involved the
detection of low threshold mechanical stimuli have been formerly identified, the
identity of the channel that responds to high threshold (noxious) mechanical stimuli
remains unknown.
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Figure 1.1 Models of mechanically sensitive channel opening in direct response to
a force applied to the membrane. A) Gating mechanism in which channels are opened via
changes in membrane tension. B) Gating mechanism in which channels open due to forces
transmitted through tethers to the extracellular matrix or intracellular cytoskeletal proteins.
Adapted from (Lin and Corey, 2005)
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Transient receptor potential channels
Transient receptor potential channels are cation selective channels which are more
permeable to calcium ions compared to sodium ions (Owsianik et al., 2006). These
channels share a similar structure that consists of six transmembrane domains and a
pore-forming loop between the last two domains (Liao et al., 2013; Paulsen et al.,
2015). Both the carboxyl and amino terminals are on the inside of the cell membrane
and contain a variety of different domains and motifs depending on the TRP
subfamily. There are seven TRP channel families namely; TRPC, TRPM, TRPV, TRPN,
TRPA, TRPP and TRPML, within which there are individual sub-types (Montell, 2005).
The sub-types that are reported to be involved in mechanotransduction in the
mammalian somatosensory nervous system are reviewed below.
Transient receptor potential ankyrin 1
Transient receptor potential ankyrin 1 (TRPA1) shares a similar structure to other TRP
channels, specifics include an amino terminal that contains several ankyrin repeats
(Paulsen et al., 2015). The channel is expressed in a variety of different location within
the body, which include the inner ear, brain, skin, vasculature, bladder and
gastrointestinal tract (Anand et al., 2008; Corey et al., 2004; Earley et al., 2009; Kwan
et al., 2009; Nozawa et al., 2009; Streng et al., 2008). In the somatosensory nervous
system, TRPA1 is predominantly expressed in a proportion of Aδ- and C-fibre neurons
and is also expressed within auditory hair cells (Nagata et al., 2005; Story et al., 2003).
It is a non-selective cation channel that can be opened when temperatures are
lowered below 17 ˚C, or upon application of noxious chemicals such as mustard oil
(Jordt et al., 2004; Story et al., 2003). As a putative mechanosensitive ion channel, it
is thought that the N terminal domain ankyrin repeats act as gating springs (tethers)
to facilitate channel opening, as they are assumed to do in hair cells (Corey et al.,
2004). There is a body of evidence to suggest that TRPA1 is involved in
mechanotransduction in sensory neurons. The gene that encodes a TRPA homologue
in drosophila, is responsible for the transduction of noxious heat and mechanical
stimuli (Tracey et al., 2003). In vertebrates, inhibiting the TRPA1 channel in both
zebrafish and mice reduced the transduction currents produced in hair cells (Corey
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et al., 2004). As a putative mechanotransduction channel in sensory neurons, in-vitro
and ex vivo electrophysiological studies in mice have suggested that the channel is
responsible for mechanotransduction in a population of C-fibre neurons (Brierley et
al., 2011; Kerstein et al., 2009; Vilceanu and Stucky, 2010). TRPA1 knockout mice have
deficits in sensing noxious mechanical stimuli, further supporting a role for the
channel in mechanotransduction in C-fibre neurons (Kwan et al., 2006).
Transient receptor potential vaniloid 1
Similarly to TRPA1 the structure of TRPV1 has an N-terminal domain that contains
ankyrin repeats (Liao et al., 2013). Transient receptor potential vanilloid channels can
assemble in homotetramers or heterotetrameric complexes (Kuzhikandathil et al.,
2001; Rutter et al., 2005). Within the body, the channel is expressed similar locations
to TRPA1, which include the vasculature, bladder, skin, gastrointestinal tract and
brain (Birder et al., 2002; Caterina et al., 1997; Deering-Rice et al., 2012; Golech et
al., 2004; Inoue et al., 2002; Kark et al., 2008). In the somatosensory nervous system,
TRPV1 is expressed in a proportion of Aδ- and C-fibre neurons of the trigeminal and
dorsal route ganglia (Caterina et al., 1997; Guo et al., 1999). In these neurons, the
channel has been specifically localised to the cell body, the peripheral terminals and
is thought to be present along axons (Bernardini et al., 2004; Tominaga et al., 1998).
It is a cation selective ion channel that can be activated by noxious heat (>40˚C),
capsaicin and protons (Caterina et al., 1997). There is mixed evidence as to whether
TRPV channels are able to respond to mechanical stimulation. The TRPV channels
homologues in Caenorhabditis Elegens that are encoded by the OSM 9 and OCR-2
genes, were found to be essential for mechanosensation and detection of various
other forms of sensory stimuli (Tobin et al., 2002). However, it currently remains to
be determined whether mammalian TRPV1 channels open in response to mechanical
stimulation. TRPV1 is not thought to be essential for noxious mechanotransduction
in sensory nerve fibres which innervate the skin (Caterina et al., 2000). However, it
has been found to be essential for mechanically evoked adenosine tri-phosphate
(ATP) release in the bladder and has also been suggested to have a mechanosensory
function in visceral afferents of the colon (Birder et al., 2002; Jones et al., 2005b).
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Transient receptor potential vanilloid 4
Transient receptor potential vanilloid (TRPV4) is a non-selective cation channel that
shares the same structure of TRPV1 channel (Shigematsu et al., 2010). The channel is
expressed within various different organ systems, which include the inner ear,
kidney, liver, heart, skin and brain (Liedtke et al., 2000; Strotmann et al., 2000). The
channel is expressed in A- and C-fibre neurones and has been identified in the DRG,
nerve trunk and the periphery; specifically the terminals of cutaneous
mechanosensitive neurons (Alessandri-Haber et al., 2003; Suzuki et al., 2003).
Similarly to TRPV1, the channel is activated by heat, but the channel opens at a
temperature threshold that isn’t noxious (>27˚C) (Guler et al., 2002). In C. Elegens the
channel has been demonstrated to have an osmosensitive and mechanosensitive
function (Liedtke et al., 2003). In rodents, there is evidence to suggest the channel is
involved in the transduction of noxious mechanical stimuli in sensory neurons (Suzuki
et al., 2003). However, the channel may not to be directly sensitive to mechanical
stimulation, as removal of the ankyrin domain from the amino terminus had no effect
on channel opening caused by osmotic stress or membrane stretch (Liedtke et al.,
2000; Strotmann et al., 2000). It has been proposed that the channel opens indirectly
via cytochrome p450 and phospholipase A2 production (Vriens et al., 2004).
Transient receptor potential canonical channels 1, 3 and 6
Transient receptor potential canonical (TRPC) channels are calcium permeable nonselective cation channels. In mammals there are seven homologues of the channel
(Vazquez et al., 2004). Like the TRPV4 and TRPA1 ion channels, TRPC channels also
have ankyrin repeats on their amino terminal domains (Lussier et al., 2005). However,
they are different to other TRP channels in that the C-terminal domain contains
specialised domains, such as the CIRB domain (calmodulin/Inositol tri-phosphate
receptor binding), important in mediating channel activation via intracellular
messengers (Tang et al., 2001; Wedel et al., 2003). The mRNA of the TRPC channels
are expressed in several different areas of the central nervous system and variety of
other locations within the body (Riccio et al., 2002). Channels are expressed within
organs and tissues that contain mechanosensory complexes; examples include the
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kidney and the vasculature (Huber et al., 2006; Reading et al., 2005). Accordingly,
there is a body of evidence for the involvement of TRPC channels in
mechanotransduction (reviewed in Hamill and Maroto, 2007). In the somatosensory
nervous system there is evidence that all channels are expressed within DRG neurons,
with TRPC1, TRPC3 and TRPC6 being most prominent (Elg et al., 2007). Transient
receptor potential canonical 1 is expressed in A-fibre neurons and a proportion of Cfibre neurons and may play a role in the mechanotransduction processes involved in
light touch (Elg et al., 2007; Garrison et al., 2012). The TRPC3 and TRPC6 channels are
expressed alongside each other within C- and A-fibre neurons (Elg et al., 2007; Kress
et al., 2008; Quick et al., 2012). There are suggestions that both of these channels are
involved in mechanotransduction processes important in touch and hearing (Quick
et al., 2012; Sexton et al., 2016). In nociceptive neurons, TRPC channels do not appear
to play a role in mechanotransduction mechanisms (Garrison et al., 2012; Quick et
al., 2012; Sexton et al., 2016). It is thought that TRPC channels are able to respond to
mechanical stimuli through changes in membrane tension; both TRPC1 and TRPC6
open in response to stretch of the membrane (Maroto et al., 2005; Spassova et al.,
2006)
Acid sensing ion channels
There are six known types of acid sensing ion channels (ASICs), which are encoded by
four separate genes. ASIC 1ɑ and ASIC 1β are splice variants of the ASIC1 gene (Chen
et al., 1998; Garcia-Anoveros et al., 1997). Similarly, ASIC2a and ASIC2b are two
variants of the ASIC2 gene (Garcia-Anoveros et al., 1997; Lingueglia et al., 1997).
ASIC3 and ASIC4 channels are each encoded by the ASIC3 and ASIC4 gene respectively
(Grunder et al., 2000; Waldmann et al., 1997b). Channels are composed of three
subunits that each have a large extracellular domain and two transmembrane
domains. The extracellular domains from different subunits form a hydrogen ion
binding pocket and each of the three sets of transmembrane domains group together
to form an ion selective pore (Jasti et al., 2007). Subunits from the same sub-type
form homomeric channels, alternatively subunits from different sub-types can
assemble to form heteromers (Benson et al., 2002). A decrease in extracellular pH
causes most ASICs to open, resulting in the influx of cations which causes
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depolarisation (Krishtal and Pidoplichko, 1980). However, ASIC4 does not respond to
decreases in extracellular pH (Grunder et al., 2000). These channels are responsible
for evoking pain behaviour in response to moderate acidosis (Deval et al., 2008; Dube
et al., 2005; Voilley et al., 2001). Currently there is no evidence that these channels
are directly sensitive to mechanical stimulation and hence possible gating
mechanisms are unknown. However, evidence from immunohistochemical studies
have shown that ASIC channels are expressed within specialised mechanosensory
organs in the skin, bladder and cardiovascular system, suggesting that they may be
involved in the mechanotransduction process (Calavia et al., 2010; Corrow et al.,
2010; Lu et al., 2009).
Acid sensing ion channel 1
In the sensory nervous system, ASIC1 is expressed in A- and C-fibre neurons and has
been identified along the sciatic nerve (Alvarez de la Rosa et al., 2002; Bohlen et al.,
2011). Although ASIC1 is expressed within specialised mechanosensory Pacinian
corpuscles in the skin and baroreceptors in the vasculature, it is not reported to be
involved in mechanotransduction in these areas (Calavia et al., 2010; Lu et al., 2009;
Page et al., 2004). However, ASIC1 is suggested to play a role in the mechanosensory
mechanisms in the gastrointestinal tract, because knockout mice have colonic
afferents that display an increased sensitivity to mechanical stimulation (Page et al.,
2004).
Acid sensing ion channel 2
The ASIC2 channel is expressed within A-fibre neurons, in addition to some C-fibre
neurons (Alvarez de la Rosa et al., 2002). In the periphery, the channel is expressed
in the specialised mechanosensitive terminals, namely Meissner and Pacinian
corpuscles, as well as some myelinated free nerve endings (Alvarez de la Rosa et al.,
2002; Cabo et al., 2012; Garcia-Anoveros et al., 2001). Evidence from behavioural
studies suggests that the channel is important in the mechanotransduction processes
for low threshold touch sensation, but not for noxious mechanical stimuli (Price et
al., 2000; Staniland and McMahon, 2009). However, in vitro evidence indicates that
the channel does not contribute to the mechanotransduction process in the somata
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of cultured sensory neurons (Drew et al., 2004). In the cardiovascular system, ASIC2
is thought to have a mechanosensory role in medaiting the barorecpetor reflex to
changes in blood pressure (Lu et al., 2009). Similiar to ASIC1 knockout mice, ASIC2
knockouts have altered mechanosensory processing in the gastrointestinal tract,
suggesting that it is involved in the mechantransduction in colonic afferents (Page et
al., 2005).
Acid sensing ion channel 3
The ASIC3 channel is expressed within A- and C-fibre sensory neurones (Alvarez de la
Rosa et al., 2002; Price et al., 2001). It has been localised to specialised
mechanosensory structures near surface of skin, specifically Meissners corpuscles
and Merkel cells, but is also present some cutaneous unmyelinated/myelinated free
nerve endings and muscle afferents (Alvarez de la Rosa et al., 2002; Molliver et al.,
2005; Price et al., 2001; Waldmann et al., 1997a). Although ASIC3 is reported to be
involved in mechanotransduction in proprioreceptors (Lin et al., 2016), it is not clear
whether ASIC3 participates in mechanotransduction in cutaneous afferents. Similarily
to ASIC2, ASIC3 knockdown did not alter mechanosensitive currents in the somata of
cultured sensory neurons (Drew 2004). In vitro skin-nerve data suggests that blocking
ASIC3 function, either by pharmacological or genetic means, causes increased
sensitivity to low threshold mechanical stimuli in rapidly adapting mechanosensitive
neurons and reduces the sensitivity of population of mechanosensitive C-fibre
neurons (Moshourab et al., 2013; Price et al., 2001). However behaviourally, ASIC3
knockouts do not show increased sensitivity to light touch and in addition to this do
not show altered sensitivity to noxious mechanical stimulation (Chen et al., 2002).
Acid sensing ion channel 3 is reported to play an important role in visceral
nociception. Knockout mice have colonic afferents that show reduced sensitivity to
colon distension, suggesting that the channel may function as a mechanotransducer
in the gastrointestinal tract (Jones et al., 2005b; Page et al., 2005). Within the
vasculature, ASIC3 is expressed on afferent terminals and may function as a
mechanosensor important in the regulation of blood volume (Lee et al., 2011;
Molliver et al., 2005).
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Piezo channels
Piezo channels have a structure that contains between 24 and 36 transmembrane
domains. Currently, there are only two channels that have been identified; namely
Piezo1 and Piezo2. These channels are expressed in similar locations to other
mechanically sensitive ion channels, such as the bladder, colon, kidney and skin
(Coste et al., 2010). In sensory neurons, Piezo1 is reported to be expressed in
negligible levels, while Piezo2 is expressed in A- and C-fibres (Coste et al., 2010).
Piezo 1 and 2 have both been shown to produce mechanosensitive currents with
cationic selective conductances, when expressed in various different cell types (Coste
et al., 2010; Woo et al., 2014). In drosophila, Piezo channels are suggested to play a
role in the transduction of noxious mechanical stimuli (Kim et al., 2012). However, in
mammals the channel is proposed to be involved in the perception of light touch as
it is localised to a subset of mechanosensory neurones which have been identified as
Merkel cells (Woo et al., 2014). Recent evidence suggests that the channel could also
be the main mechanotransduction channel in proprioceptors (Woo et al., 2015).
Two pore potassium domain channels
The two pore domain potassium (K2P) channel family consists of the inwardly
rectifying K+ channels one and two (TWICK 1 + 2), related potassium channel one and
two (TREK 1 + 2), acid-sensitive potassium channel (TASK), and TWIK-related
arachidonic acid activated potassium channel (TRAAK) (Enyedi and Czirjak, 2010). The
TREK and TRAAK subtypes are known to be mechanically sensitive (Kang et al., 2005).
All K2P channel share a similar structure consisting of four transmembrane segments
and two pore forming domains. TREK 1 and TREK 2 are outwardly rectifying potassium
channels and TRAAK is a non-rectifying potassium channel (Bang et al., 2000; Fink et
al., 1996; Fink et al., 1998). TREK 1, TREK 2, and TRAAK are expressed in various
locations with the nervous system, including that of sensory neurons; individual
channels are also found in organs with known mechanosensory complexes, such as
the kidney and gastrointestinal tract (Medhurst et al., 2001; Talley et al., 2001). In
primary sensory neurons, TREK 1 is located on A- and C-fibre neurons (Alloui et al.,
2006). TREK 2 is strongly expressed in C-fibre neurones and weakly expressed in Afibre neurones (Acosta et al., 2014). The TRAAK channel is only expressed upon heat
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sensitive C-fibre neurones (Noel et al., 2009). As well as being sensitive to mechanical
stimuli, the TREK 1, TREK2 and TRAAK channels have been shown to be temperature
and pH sensitive (Kang et al., 2005). Mechanically sensitive K2P channels are likely to
raise the mechanical threshold in the skin, as TREK 1, TREK 2 or TRAAK knockout mice
all exhibit pronounced mechanical allodynia (Alloui et al., 2006; Noel et al., 2009;
Pereira et al., 2014). It has been suggested that these channels work together with
depolarising mechanically sensitive ion channels to guide the response to noxious/
non-noxious mechanical stimuli. The mechanism by which these channels open is
thought to be due to membrane deformation induced disruption of a link between
the C-terminus and the actin skeleton (stretch-activation). The C-terminus of TREK 1
interacts with the actin cytoskeleton and this contact represses mechano-activation
of the channel (Lauritzen et al., 2005).
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Ion

Neuronal

channel

expression

Expression in tissues

Role in somatosensory

involved in

mechanotransduction

mechanosensation

mechanisms

TRPA1

Aδ- and Cfibres

Vasculature, bladder,
skin, gastrointestinal
tract, inner ear

Potential noxious
mechanosensor

TRPV1

Aδ- and Cfibres

Vasculature, bladder,
skin, gastrointestinal
tract

?

TRPV4

A- and C-fibres

Vasculature, skin, kidney,
inner ear

Proposed to be involved in
sensing noxious pressure

TRPC1

A-fibre

Vasculature, skin, kidney,
inner ear

Proposed to be involved in
detection of light touch

TRPC3

A- and C-fibre

Vasculature, skin, kidney,
inner ear,

Proposed to be involved in
detection of light touch

TRPC6

A- and C-fibre

Vasculature, skin, kidney,
inner ear

Proposed to be involved in
detection of light touch

ASIC1

A- and C-fibre

Vasculature, skin,
gastrointestinal tract

?

ASIC2

A- fibre

Vasculature, skin,
gastrointestinal tract

Proposed to be involved in
detection of light touch

ASIC3

A- and C-fibre

Vasculature, skin,
gastrointestinal tract

Reported to be involved in
proprioception; unclear
whether involved in low
threshold touch sensation

Piezo2

A- and C-fibre

Bladder, skin, kidney,
gastrointestinal tract

Proposed to be involved in
detection of light touch
and proprioception

TREK1

A- and C-fibre

Skin, kidney,
gastrointestinal tract

Raise mechanical threshold

TREK2

Mainly C-fibre

Skin, kidney,
gastrointestinal tract

Raise mechanical threshold

TRAAK

C-fibre

Skin

Raise mechanical threshold

Table 1.6 Summary of the ion channels that are proposed to be involved in
mechanotransduction mechanism in the somatosensory nervous system. ASIC – Acid
sensing ion channel, TREK - TWICK related potassium channel, TRAAK – TWIK-related
arachidonic acid activated potassium channel, TRPA – Transient receptor potential ankyrin,
TRPV – Transient receptor potential vaniloid, TRPC – Transient receptor potential canonical
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1.4.2 Normal transduction properties of axons
Under normal conditions, it is assumed that most ion channels that respond to stimuli
(mechanical, chemical, thermal) are destined for delivery to the peripheral terminals
and therefore are not present in significant levels along the axon. However, as a
proportion of axons are reported to respond to stimuli applied directly to a nerve
trunk, this suggests that the ion channels responsible for transduction of this stimulus
are present and functional within these axons. Detailed below are the responses of
axons to different stimuli.
Mechanical
In apparently uninjured nerves, A- and C-fibre axons rarely respond to mechanical
stimulation (Bove et al., 2003; Dilley and Bove, 2008a; b; Dilley et al., 2013; Hoffmann
et al., 2008; Teliban et al., 2011). The proportion of C-fibre nociceptors with axonal
mechanical sensitivity (AMS) in naive nerve trunks is reported to be low (0-3%) (Bove
et al., 2003; Dilley et al., 2005; Dilley and Bove, 2008a; Teliban et al., 2011). In
uninjured nerves, mechanically sensitive axons are not reported to have similar
properties to mechanically sensitive receptive fields in the skin, i.e. stronger
mechanical stimuli does not produce an increased response (Hoffmann et al., 2008).
Additionally, thresholds for mechanical activation in the axons are reported to be
approximately 10 times higher than in the skin.
Temperature
There have been numerous reports of axonal thermosensitivity in nerve trunks that
are apparently uninjured (Hoffmann et al., 2008; 2009; Sauer et al., 2001; Teliban et
al., 2011; Zimmermann et al., 1982). In rat nerves, A-fibre axons do not have axonal
thermosenstivity, whereas a proportion of C-fibre axons with thermosensitive
receptive fields also possess axonal thermosensitivity (See Teliban et al., 2011 for
individual proportions). Axons that are thermosensitive produce a graded response
to heat and cold stimuli (Hoffmann et al., 2008; Teliban et al., 2011).
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Chemical
Under normal conditions, most inflammatory mediators (e.g. bradykinin, serotonin,
histamine, and PG) do not excite axons when topically applied to a nerve or
intraneurally injected (Govea et al., 2017; Hoffmann et al., 2008; Zimmermann et al.,
1982). However, a proportion of uninjured nociceptive axons are reported to be
excited by TNF (Leem and Bove, 2002; Sorkin et al., 1997). Although most
inflammatory mediators do not cause excitation of axons, bradykinin and PGE2 are
known to augment the responses of axons to noxious heat stimuli (Fischer and Reeh,
2007). Other chemicals, such as those that activate TRP channels, may also cause
excitation when topically applied to nerve trunks. For example, the TRPV1 agonist
capsaicin is reported to cause depolarisation in C-fibre axons when applied to nerve
trunks (Docherty et al., 2013; Hayes et al., 1984). Furthermore, C-fibre axons respond
to the application of the TRPA1 agonist cinnamaldehyde when applied to the vagal
(Nassenstein et al., 2008) and sural nerves (Docherty et al., 2013).
1.5 Animal models of neuropathic pain
Much of our current understanding of the mechanisms of neuropathic pain has come
from the use of animal models. Frank nerve injury models are commonly used to see
how nerve trauma (crushing, stretching, constricting) causes physiological changes
that lead to animals exhibiting signs of neuropathic pain (see Table 1.7 for summary
of changes that occur following different frank nerve injury models). In these models,
AMS and ongoing activity are typical features indicating the increased excitability of
axons. However, models of frank nerve injury are not consistent with patients who
present neuropathic pain symptoms in the absence of obvious trauma to a nerve
trunk. To understand the mechanisms behind the development of painful symptoms
in these patients, a series of models that do not involve frank nerve injury have been
developed (reviewed below).
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Model

CCI

Nerve
crush

Electrophysiology
Reduced
conduction (A- and
C-fibres) &
conduction slowing
of A-fibres through
injury site.
OA – A- and Cfibres
AMS – A-and Cfibres a

Ischemia,
oedema,
axonal
sprouting &
Wallerian
degeneration
at the injury
site

Autonomy,
heat, cold &
mechanical
hyperalgesia,
cold &
mechanical
allodynia

Conduction slowing
in A- and C-fibres.
OA – A-fibre, very
few C-fibres
AMS – A- and Cfibres a

Wallerian
degeneration
& axonal
sprouting at
the injury site

Autonomy;
heat
hyperalgesia,
mechanical &
cold allodynia
(delayed
onset)

OA – A- and Cfibres

Oedema,
Wallerian
degeneration
& sprouting in
the ligated
portion of the
nerve

Mild
autonomy,
heat &
mechanical
hyperalgesia,
cold &
mechanical
allodynia

Conduction slowing
in A- and C-fibres
OA – A-fibre in
injured & uninjured
axons, C-fibre in
uninjured axons (v.
low rates)
AMS – C-fibre b

Wallerian
degeneration
& axonal
sprouting at
the injury site

Heat, cold &
mechanical
hyperalgesia,
cold &
mechanical
allodynia

PNL

SNL

Reported changes
Histology
Behaviour

References
Behaviour - (Bennett and
Xie, 1988; De Vry et al.,
2004; Dowdall et al., 2005;
Jasmin et al., 1998; Kim et
al., 1997).
Histology - (Carlton et al.,
1991)
Electrophysiology - (Chen
and Devor, 1998; Eliav and
Tal, 1994; Kajander and
Bennett, 1992; Laird and
Bennett, 1993; Xie and Xiao,
1990)
Behaviour - (Bester et al.,
2000)
Histology - (Cragg and
Thomas, 1961)
Electrophysiology - (Chen
and Devor, 1998; Devor,
1983; Devor and GovrinLippmann, 1983; Welk et al.,
1990)
Behaviour - (Dowdall et al.,
2005; Kim et al., 1997;
Seltzer et al., 1990)
Histology - (Liu et al., 2000b)
Electrophysiology - (Pan et
al., 1999)

Behaviour - (Allchorne et al.,
2005; Choi et al., 1994; Kim
and Chung, 1992)
Histology - (Hu and
McLachlan, 2002; Roytta et
al., 1999)
Electrophysiology (Chapman et al., 1998; Dilley
and Bove, 2008b; Djouhri et
al., 2012; Djouhri et al.,
2006; Liu et al., 2000a; Liu et
al., 2000c; Wu et al., 2001)

Table 1.7 Summary of main changes that occur following frank nerve injury models
typically used to study neuropathic pain. a typically develops at the treatment site. b
develops at a remote location. CCI – chronic constriction injury, PNL – partial nerve ligation,
SNL – spinal nerve ligation, OA – ongoing activity, AMS – axonal mechanical sensitivity.
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1.5.1 Models of neuritis
Induced using complete Freund’s adjuvant
The neuritis model was developed to look into the effects of localised inflammation
on peripheral nerve trunks. The sciatic nerve is wrapped in a piece of Oxycel or
gelfoam that is saturated in complete Freunds adjuvent (CFA) to cause the formation
of an experimental neuritis (Eliav et al., 1999). The model is particularly relevant to
neuropathic pain conditions that include Herpes Zoster infection and Guillain Barre
syndrome (where there are immune mediated responses), but also in conditions such
as CRPS-1 and NSAP injuries, in which inflammation is thought to be involved.
Behaviour
Shortly after lesion induction, heat and mechanical hyperalgesia develop rapidly (day
1 post surgery) and peak between days 2-4. After 8-9 days, changes had completely
reversed. Mechanical and cold allodynia were also present and follow a similar time
course (Dilley et al., 2013; Eliav et al., 1999; Pulman et al., 2013). There was no
indication that animals were suffering ongoing pain. Moreover, there was no
evidence for autonomy/eversion of the affected hind paw (Eliav et al., 1999).
Histology
Application of CFA causes a minimal amount of degeneration and demyelination of
axons (Eliav et al., 2001; Eliav et al., 1999). At the treatment site a granuloma forms
around the outside the nerve, however the nerve remains normal in size with some
evidence for mild oedema. The granuloma contains increased amounts of mRNA for
the pro-inflammatory cytokines TNF and chemokine (C-C motif) ligand 2 (CCL2)
(Pulman et al., 2013), IL-6 and IL-1β (Eliav et al., 2009), in addition to proinflammatory cells such as macrophages and lymphocytes, which are concentrated
around the outside of the epineurial sheath (Eliav et al., 1999). Lower levels of
immune cells are present in the endoneurial compartment, but none penetrate the
perineurium (Bove et al., 2003; Bove et al., 2009). Additionally, fast axonal transport
is clearly disrupted on day 6 (Dilley et al., 2013).
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Electrophysiology
Neuritis causes a reduction in the conduction velocity of C-fibre axons, which peaks
at four weeks post-surgery but returns to a normal range by 2 months (Dilley and
Bove, 2008b). Ongoing activity develops in both A- and C-fibre axons (Bove et al.,
2003; Dilley et al., 2005; Eliav et al., 2001). At the peak of behavioural changes, 38%
of C-fibre axons had developed ongoing activity (Richards et al., 2011). Axonal
mechanical sensitivity develops in intact C- and Aδ-fibre axons, the majority of which
innervated deep structures (Bove et al., 2003; Dilley et al., 2005; Eliav et al., 2001).
Mechanically sensitive hotspots are typically located at the treatment site and
respond to both pressure and stretching of the nerve (Bove et al., 2003; Dilley et al.,
2005). Axonal mechanical sensitivity peaks between 4-7 days post-surgery and
persists for 4 weeks post-surgery (Bove et al., 2003; Dilley and Bove, 2008b).
Approximately 80% of nociceptive C-fibre axons develop chemical sensitivity to a
combination inflammatory mediators (Govea et al., 2017). Furthermore, C-fibre
axons are excited after individual application of the inflammatory mediators TNF and
CCL2 (Richards et al., 2011).
Induced using zymosan
The zymosan model enables the effects of peripheral nerve inflammation to be
investigated after the effects of surgery have diminished (minimising the effects of
anaesthesia on the inflammatory response). Similarly to the neuritis model, gelfoam
is placed around the sciatic nerve at the level of the mid-thigh. Zymosan is then
delivered to the gelfoam via a catheter (stitched into the nearby muscle) 4-5 days
post-surgery (Chacur et al., 2001).
Behaviour
Low doses (4ug) of zymosan induce unilateral mechanical allodynia after 3 hours post
injection through the catheter. Higher doses (40-400ug) induce bilateral allodynia.
These changes were dependent upon immune activation occurring close to the nerve
trunk and not due to zymosan entering the systemic circulation (Chacur et al., 2001).
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Histology
Zymosan application causes minimal axonal degeneration. There was evidence for
mild oedema with some indication of Schwann cell activation. In the epineurium,
there was increased fibroblast activity, collagen deposition and evidence for
macrophage infiltration from blood vessels. Furthermore, TNF staining was found
within the epineurial and endoneurial compartments (Gazda et al., 2001). Upon
inspection of the gelfoam at three hours post application, there was found to be an
increased number of neutrophils compared to that of the control (Gazda et al., 2001).
Additionally, there is evidence that immune cells within the gelfoam release IL1, TNF
and reactive oxygen species (ROS) (Gazda et al., 2001; Twining et al., 2004).
1.5.2 Model of localised axonal transport disruption
Neuritis causes the disruption to axonal transport, which is hypothesised to be an
important mechanism that leads to the development of neuropathic pain like
behaviours (Dilley et al., 2013). In order to examine this mechanism in isolation in the
absence of potentially confounding factors caused by inflammation, axonal transport
can be disrupted using anti-mitotic drugs (e.g. paclitaxel, vinblastine and colchcine)
(Dilley and Bove, 2008a; Fitzgerald et al., 1984; Jackson and Diamond, 1977; LaPointe
et al., 2013). These drugs disrupt the organisation of microtubule tracks that motor
proteins use to transport macromolecules along the axon. For example, vinblastine
inhibits assembly and promote disassembly of microtubules (Jordan and Wilson,
1990; Panda et al., 1996), whereas, paclitaxel causes stabilisation of microtubules
leading to abnormal organisation (Arnal and Wade, 1995; Masurovsky et al., 1981).
Experimentally axonal transport disruption can be achieved in the absence of axonal
damage/degeneration through a transient exposure of a low concentration (0.1 mM)
of vinblastine to the sciatic nerve (Dilley and Bove, 2008a; Fitzgerald et al., 1984).
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Behaviour
Currently, there is no evidence that animals are in ongoing pain in this model. When
low doses (0.1 mM) of vinblastine are applied to the nerve, mechanical allodynia
develops rapidly (1-day post-surgery) and peaks on day 4. The sensitivity of animals
to mechanical stimuli returns to that of baseline by 11 days post-surgery (Dilley et al.,
2013). At low doses, there is currently no evidence that mechanical or heat
hyperalgesia is associated with this model (Dilley et al., 2013; Fitzgerald et al., 1984).
Histology
Application of 0.1mM vinblastine to the nerve causes disruption to axonal transport
(Dilley et al., 2013; Fitzgerald et al., 1984). Axonal transport disruption is assumed to
be most pronounced at 2-days post-surgery, with evidence that it has recovered by
day 6 (Dilley et al., 2013). At low doses (0.1mM) there is absence of any A- or C-fibre
degeneration (Dilley et al., 2013; Fitzgerald et al., 1984). However at higher doses
(>0.15mM) there is a decrease in the number of myelinated and unmyelinated fibres,
with evidence for oedema (Fitzgerald et al., 1984). There is no evidence for the
presence of macrophages at treatment site (Dilley et al., 2013).
Electrophysiology
High doses (>0.15 mM) of vinblastine cause disruption to conduction and slowing
through the treatment site in A and C-fibre axons (Fitzgerald et al., 1984). Low doses
(0.1 mM) of vinblastine cause both A- and C-fibre axon conduction velocities to slow
through the treatment site (Dilley and Bove, 2008a). Additionally the conduction
velocity of C-fibre neurons is reduced proximal to the treatment site (Dilley et al.,
2013). Currently, there is no evidence that ongoing activity develops in A- or C-fibre
axons in this model (Dilley et al., 2013; Govea et al., 2017; Satkeviciute et al., 2018).
Axonal mechanical sensitivity develops in approximately a third of nociceptive axons
between days 3-7 post-surgery (Dilley and Bove, 2008a; Dilley et al., 2013;
Satkeviciute et al., 2018). The mechanically sensitive hotspots are located proximal
to and at the treatment site. Furthermore, 38% of C-fibre axons develop sensitivity
to inflammatory mediators at 3-4 days post-surgery (Govea et al., 2017).
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1.5.3 Chemotherapy induced peripheral neuropathy model
Anti-mitotic drugs can also cause the development of neuropathic pain symptoms
following repeated systemic administration (CIPN). Therefore, models of CIPN have
been developed to study the underlying mechanisms. In one such model in rats,
intraperitoneal administration of paclitaxel once per week, over a period of several
weeks (mimicking the dosing regime in patients undergoing chemotherapy) (Cavaletti
et al., 1995).The model has been adapted by other groups by using different
chemotherapeutic drugs/dosing regimens. Polomano and co-workers (2001)
developed a dosing regimen in which rats received four I.P. injections (2mg/kg) on
alternate days. A total of 8mg/kg is thought to be the threshold for systemic toxicity
in the rat (Cavaletti et al., 1995).
Behaviour
After injecting 2mg/kg paclitaxel on 4 alternate days, mechanical and cold allodynia
develop shortly after the last dose was administered and peak about 1 week later.
These behavioural changes persist for at least 3 weeks following the last cumulative
dose. There is a little/no heat hyperalgesia that develops with this dosing regimen
(Polomano et al., 2001). Mechanical hyperalgesia also develops using this regime and
peaks with mechanical allodynia at about 2 weeks (Flatters and Bennett, 2006).
Histology
After repeat dose paclitaxel administration, there was no evidence for axonal
degeneration in the sciatic nerve, dorsal root ganglion or spinal cord. There was some
evidence for endoneurial oedema in the sciatic nerve (Polomano et al., 2001). The
most notable change within the axons was an increase to the number of abnormal
(swollen) mitochondria, which was seen in both A- and C-fibres. These increases were
most prominent at the same time of the peak of behavioural changes in animals.
There appeared to be no effect on microtubule density in A- or C-fibre axons at this
time point (Flatters and Bennett, 2006).
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Electrophysiology
Following cumulative paclitaxel dosing, conduction velocities remained unchanged in
A- or C-fibre neurons (Xiao and Bennett, 2008). A- and C-fibre ongoing activity was
recorded upon electrophysiological examination of the nerves. At the peak of
behavioural symptoms (between days 28-55), 17% of the A-fibres and 20% of the Cfibres had developed ongoing activity (Xiao and Bennett, 2008).

A summary of the excitability changes that occur in axons in frank and non-frank
nerve injury models is shown in Table 1.8.
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Axonal mechanical

Ongoing activity
Model

Frank
nerve
injury
models

Nonfrank
nerve
injury
models

Aβ-

Aδ-

fibre

fibre

Chronic
constriction
injury

+

+

Nerve crush

+

Partial nerve
ligation

Spinal nerve
ligation

sensitivity
Aβ-

Aδ-

fibre

fibre

+/- a

+

+

+

+

+/- a

+

+

+

NR

+

+

NR

NR

NR

+

+

+/- b

NR

NR

+

C-fibre

C-fibre

Neuritis
induced by
CFA

+

+

+

-

+

+

Neuritis
induced by
Zymosan

NR

NR

NR

NR

NR

NR

Localised
axonal
transport
disruption

-

-

-

+

+

+

Chemotherapy
induced
peripheral
neuropathy

+

+

+

NR

NR

NR

Table 1.8 A summary of the electrophysiological changes that occur in different
models of neuropathic pain. The development of AMS and ongoing activity may occur in
both the presence and absence of frank nerve injury. NR – data not reported.
reported b v. low rates - uninjured only.
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a

rarely

1.6 Summary of the mechanisms of neuropathic pain
In the following section, our current understanding of the peripheral and central
mechanisms of neuropathic pain that occur following nerve injury are briefly
reviewed. The major mechanisms of neuropathic pain that occur following a frank
nerve injury are summarised in Figure 1.3.
1.6.1 Peripheral mechanisms
Frank nerve injury
Frank nerve injury (complete axotomy/crush) can cause a variety of physiological
changes to the nerve. Initially, Schwann cells and macrophages break down
degenerating axons distal to the injury site in a process known as Wallerian
degeneration (Stoll et al., 1989). Additionally, numerous different types of
inflammatory mediators and trophic factors are increased at the injury site (Heumann
et al., 1987; Perrin et al., 2005; Shubayev and Myers, 2000; Zhong and Heumann,
1995). These mediators may act on ion channels and receptors (see neuro-immune
interactions) located on uninjured axons in close proximity to the injured ones,
causing them to become sensitised (Li et al., 2000; Wu et al., 2002). Axotomy causes
the complete cessation of axonal transport and at the proximal end of the injured
nerve, injured axons develop regenerating sprouts that form a neuroma (Devor and
Wall, 1976; Kwon et al., 2000). Axonal sprouts are sensitive to mechanical, chemical
and heat stimuli (Blenk et al., 1996; Scadding, 1981; Welk et al., 1990), which is likely
to be due to the accumulation of anterogradely transported ion channels at the
proximal end of injured axons (Devor and Govrin-Lippmann, 1983; Devor et al., 1993).
Sodium channels have also been shown to accumulate along the length of the axon
which may further contribute to the increased excitability of injured afferents (Devor
et al., 1993). It is thought that regenerating sprouts contribute towards movement
evoked radiating pain, as painful responses can be produced upon mechanical
activation of a neuroma (Nystrom and Hagbarth, 1981).
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As previously reviewed, frank nerve injury can cause the development of ongoing
activity in injured A-fibre axons (Kajander and Bennett, 1992; Matzner and Devor,
1994; Scadding, 1981; Welk et al., 1990) and may also ongoing activity in uninjured
C-fibre axons, although firing rates are reported to be very low (Djouhri et al., 2012;
Djouhri et al., 2006; Wu et al., 2001; Wu et al., 2002). The development of ongoing
activity is associated with an increased expression of sodium channels (Na v1.8)
(Devor et al., 1993; Gold et al., 2003; Matzner and Devor, 1994) and activation of
hyperpolarization-activated cyclic nucleotide–gated (HCN) 2 channels (Emery et al.,
2011). Ongoing activity is thought to be responsible for symptoms such as
spontaneous pain (Arner et al., 1990; Kleggetveit et al., 2012). Moreover, it provides
an afferent barrage that may lead to central changes (see section 1.5.2) required for
the development and maintenance of neuropathic pain (Campbell and Meyer, 2006;
Porreca et al., 1999; Quartilho et al., 2003).
Nerve damage can also cause chemical sensitisation of sensory afferents. Injured and
uninjured A- and C-fibre axons develop sensitivity to inflammatory mediators (see
Neuro-immune interactions), in addition to adrenaline and noradrenaline (Devor and
Govrin-Lippmann, 1983; Schafers et al., 2003; Wall and Gutnick, 1974a; b; Welk et al.,
1990).
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Figure 1.2 Changes to the nervous system following spinal nerve injury.
1) Nerve injury causes the development of excitability (ongoing activity, mechanical and
chemical sensitivity) at the injury site. 2) The expression of different proteins is up/down
regulated due to alterations in retrograde signalling. Ongoing activity can also develop in the
DRG. 3) Schwann cells initiate Wallerian degeneration of the injured nerve, uninjured nerves
siting close by may be affected by cytokines and growth factors. 4) Primary afferent
nociceptors can also be sensitised by trophic factors and inflammatory mediators. 5) Proteins
in uninjured DRGs can be up/downregulated in response to sensitisation of primary afferents
in the periphery. 6) Responses to cutaneous stimuli are amplified due to sensitisation of postsynaptic dorsal horn. 7) Microglial cells may contribute to dorsal horn sensitisation 8)
Changes in descending modulation may also cause increase responsiveness of dorsal horn
neurons. Adapted from (Campbell and Meyer, 2006).
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Neuritis
As previously reviewed, AMS develops within intact nociceptive axons following
neuritis (Bove et al., 2003; Dilley and Bove, 2008b; Dilley et al., 2005). The
mechanisms that lead to the development of AMS are not well understood and
therefore require further investigation. It is likely that neuro-immune interactions
that include the sensitisation of ion channels (see page 49) and the disruption of
axonal transport (Amano et al., 2001; Dilley et al., 2013) contribute to the
development of AMS. In normal conditions, axonal transport coordinates the delivery
of sensory ion channel components, including those that are mechanically sensitive,
to the peripheral terminals of neurons (Alessandri-Haber et al., 2003; Guo et al.,
1999; Koschorke et al., 1994) (Figure 1.4 A). The components necessary for the
development of AMS in C-fibre neurons are transported via axonal transport (Dilley
and Bove, 2008a). It is hypothesised that axonal transport disruption causes an
accumulation of mechanically sensitive ion channels, which are locally inserted into
the membrane proximal to the treatment site (Dilley and Bove, 2008a; Proske and
Luff, 1998) (Figure 1.4 B). Axonal transport disruption is also reported to cause sprout
formation (Gallo and Letourneau, 1999), which, similar to sprouts in a neuroma, could
also be mechanically sensitive. Axonal mechanical sensitivity may be a cause of
movement evoked radiating pain in patients. Neurons with AMS respond to
approximately 3% stretch, which can be generated in nerves during normal limb
movements (Dilley et al., 2003; Dilley et al., 2005). Additionally, AMS may also be
responsible for the nerve trunk pressure hypersensitivity seen in patients (e.g. Tinel’s
sign) (Greening et al., 2005; Ide et al., 2001).
Ongoing activity originates from the inflamed site in intact nociceptive axons (Bove
and Dilley, 2010; Bove et al., 2003; Richards et al., 2011). Similar to the development
of ongoing activity following frank nerve injury, HCN2 channels (Richards and Dilley,
2015) and sodium channels are likely to be involved. Intact nociceptive axons
innervating deep tissue also develop chemosensitivity to inflammatory mediators,
which provides another source of ongoing activity (Govea et al., 2017; Richards et al.,
2011). Generation of ectopic activity in nociceptors innervating deep tissues is
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consistent with the deep ache frequently described by patients (Birklein et al., 2001;
Dilley and Greening, 2012).
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Figure 1.3 Disruption to axonal transport in sensory neurons.
Under normal conditions, sensory ion channels are transported from the cell bodies of the
DRG to the peripheral terminals where they are inserted into the membrane. When axonal
transport is disrupted sensory ion channels are proposed to accumulate at the site of
disruption and be locally inserted into the membrane. This leads to hotspots of mechanical
sensitivity, suggesting mechanically sensitive ion channels accumulate where axonal
transport has been disrupted. Adapted from (Dilley and Bove, 2008a).
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Neuro-immune interactions
As previously reviewed, a variety of inflammatory mediators are reported to be
present at a neuritis site (see section 1.4.1). These mediators may alter the properties
of ion channels (e.g. TRPV1 and Nav1.8) on nociceptive axons, thereby increasing the
sensitivity of the axon. Detailed below are the mechanisms by which inflammatory
mediators can sensitise/excite axons.
Nerve Growth factor
The neurotrophic factor NGF is produced in response to inflammation and causes the
sensitisation of nociceptive neurons (Bennett et al., 1998a; Dmitrieva and McMahon,
1996; Koltzenburg et al., 1999; Woolf et al., 1997). This sensitisation can be mediated
through a direct action of NGF on nociceptive neurons, for example, through binding
to the tropomyosin A receptors (TrK A). This in turn results in the activation of
downstream signalling pathways, the mechanisms of which are somewhat uncertain
(see Bonnington and McNaughton, 2003; Chuang et al., 2001; Shu and Mendell, 2001;
Stein et al., 2006), but involve protein kinases. Activation of protein kinases enhances
the trafficking of ion channels, such as TRPV1, to the membrane (Stein et al., 2006;
Zhang et al., 2005) and leads to the phosphorylation of ion channels, thereby
increasing their sensitivity (Bonnington and McNaughton, 2003). Additionally, NGF is
reported to enhance mechanosensitivity by causing an increase in the synthesis of
mechanically sensitive ion channels (Di Castro et al., 2006).
Cytokines
During the Inflammatory response, pro-inflammatory cytokines (e.g. TNF, IL-6 and IL1β) are released from macrophages and neutrophils and play a role in the
sensitisation of primary sensory neurons (Ferreira et al., 1988; Obreja et al., 2002b;
Ozaktay et al., 2002; Schafers et al., 2003). Tumour necrosis factor can bind to TNF
receptors that are present on sensory neurons (Pollock et al., 2002). Through binding
to TNF receptors signalling pathways are activated, which have been shown to cause
the sensitisation of TRPV1 and TTX resistant sodium channels (Jin and Gereau, 2006;
Nicol et al., 1997), in addition to the increased trafficking of TRPV1 and TRPA1 to the
membrane (Meng et al., 2016). The receptor components required to transduce the
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signal from IL-6 and IL-1β are present within sensory neurons (Gardiner et al., 2002).
There is evidence to suggest that these interleukins are also involved in the
sensitisation of ion channels. For example, both interleukins can sensitise the TRPV1
ion channel through a PKC dependent mechanism (Obreja et al., 2005; Obreja et al.,
2002a). Interleukin-6 has been reported to sensitise unmyelinated joint afferents to
mechanical stimulation, suggesting that it is involved in the modulation of
mechanically sensitive ion channels (Brenn et al., 2007).
Chemokines
Macrophages and neutrophils also produce chemoattractant molecules known as
chemokines, which have numerous roles in inflammation. Chemokines can bind to Gprotein coupled chemokine receptors, of which there are various types of expressed
in primary sensory neurons (Oh et al., 2001). Through binding to these receptors,
chemokines can cause excitation in sensory neurons. For example, the chemokines
CCL2 and CXCL1 promote CGRP release in primary sensory neurons and cause an
increase in intracellular calcium release, an effect mediated through PKC and PLC
activation (Qin et al., 2005). In vivo application of the chemokine CCL2 causes an
increase in the excitability of inflamed and injured neurons (Richards et al., 2011; Sun
et al., 2006; Wang et al., 2010). This effect is likely to be mediated through the
activation of the TRPV1 and TRPA1 ion channels (Jung et al., 2008; Wang et al., 2010),
the increase in density of TRPV1 and Nav1.8 channels (Kao et al., 2012), or the
inhibition of voltage gated potassium channels (Sun et al., 2006).
Bradykinin
Bradykinin is produced during the inflammatory response and can cause the
sensitisation of nociceptive neurons (Ferreira et al., 1993; Franz and Mense, 1975).
Bradykinin binds to B1 and B2 receptors that are coupled to G protein coupled
receptors, which activate PLC. This activation results in the release in intracellular
calcium from intracellular calcium stores, which in turn activates kinases, such as PKC,
which is suggested to enhance TRPV1 activity (Kress et al., 1997; Premkumar and
Ahern, 2000) Additionally, bradykinin can activate TRPA1 through PLC/PKA signalling
pathways (Bandell et al., 2004; Wang et al., 2008).
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Prostaglandins
Prostaglandins such as PGH2 are produced by the conversion of arachidonic acid by
cyclooxygenase (COX) enzymes during inflammation. Prostaglandins bind to EP
receptors, which are coupled to GPCRs. The prostaglandins PGI2 and PGE2 sensitise
nociceptive afferents (Pitchford and Levine, 1991). For example, PGE2 sensitises C
and A delta fibres to mechanical stimuli (Martin et al., 1987), most likely due to a PKA
induced reduction in the sensitivity of high threshold mechanosensitive ion channels
(Cho et al., 2002). PGE2 & PGI2 also augment the response of nociceptive neurons to
capsaicin and can sensitise Nav1.8 sodium channels present upon these neurons
(Gold et al., 1996; Pitchford and Levine, 1991).
Nucleotides
Nucleotides (e.g. ATP) are important in mediating the inflammatory response
(Ulmann et al., 2010). Nucleotides can bind to ionotropic P2X receptors, or the P2Y
receptors that are coupled to GPCRs. Both types of receptor are present in a
proportion of primary sensory neurons (Chen et al., 1995; Molliver et al., 2002). It is
reported that nucleotides can sensitise nociceptors to mechanical and heat stimuli
(Lechner and Lewin, 2009; Tominaga et al., 2001). Nucleotide binding to the P2Y
receptor causes activation of signalling pathways, which in turn result in the
modulation of potassium and sodium channels, thereby increasing the membrane
excitability of neurons (Baker, 2005; Yousuf et al., 2011).
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Retrograde signalling and phenotypical changes in the cell body
Frank nerve injury or neuritis may cause phenotypical changes in the cell body of the
neuron, both of which are likely to be mediated via retrograde signalling pathways
(Reviewed in Abe and Cavalli, 2008). Injury to axons causes the complete cessation
of axonal transport. This leads to interruption of target-derived neurotrophic factors,
such as glial-derived neurotrophic factor (GDNF), which can cause alterations in the
levels of ion channels and receptors in the DRG (Bennett et al., 1998b; Boucher et al.,
2000). In ‘spared’ axons that are in close proximity to the injured ones, a retrograde
signal may be generated. This signal is conveyed via an importin-dynein retrogradesignalling complex, which facilitates the transport of molecules (e.g. neurotrophic
factors) to the DRG (Curtis et al., 1998; Hanz et al., 2003; Perry et al., 2012). Nerve
inflammation increases the levels of neurotrophic factors, such as nerve growth
factor (NGF) (Obata et al., 2002), which can subsequently be retrogradely transported
to the DRG. Nerve growth factor causes activation of extracellular signal related
kinase (ERK) or MAPK pathways in the cell body (Delcroix et al., 2003; Obata et al.,
2004), which can initiate changes to the transcription of sensory ion channels and
other proteins (Obata et al., 2005; Obata et al., 2006).
1.6.2 Central mechanisms
Central sensitisation is a phenomenon that occurs within the dorsal horn of the spinal
cord. The current understanding of the mechanisms that produce central
sensitisation are briefly summarised below (Figure 1.5)
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Figure 1.4. Summary of the main mechanisms that lead to the development of
central sensitisation. Repeated nociceptor stimulation causes a large influx of calcium ions
across the postsynaptic membrane. This causes activation of protein kinases (e.g. PKC, PKA).
These kinases can phosphorylate postsynaptic proteins to modify their function. Kinases also
mediate changes to receptor trafficking and cause reductions in the release and activity of
glycine and GABA inhibitory pathways. Adapted from (Latremoliere and Woolf, 2009).
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At the synapses between sensory neurons and dorsal horn neurons within the spinal
cord, repeated stimulation of sensory neurons causes an improvement in the
efficiency of this connection. Briefly, ongoing activity in nociceptors may cause
release of glutamate and other neuromodulators, such as substance P, resulting in
the prolonged opening of glutamate and NK1 receptors respectively. This sustained
opening causes a large influx of calcium ions across the postsynaptic membrane. This
in turn results in activation of kinases that phosphorylate postsynaptic NMDA and
AMPA receptors, causing an increase in their currents (Chen and Huang, 1992;
Esteban et al., 2003). Calcium induced activation of protein kinases can also initiate
signalling (e.g. ERK), which lead to changes to transcription (Hu et al., 2007; Kawasaki
et al., 2004; Wei et al., 2006). Additionally, ERK activation can modify potassium
currents important in determining excitability of dorsal horn neurons (Hu et al.,
2007), phosphorylate NMDA receptors to increase function (Slack et al., 2004), and
increase AMPA receptor trafficking to the postsynaptic membrane (Galan et al.,
2004). Together, these changes increase the excitability of the post-synaptic dorsal
horn neuron. In some cases, where Aβ-fibre afferents also synapse onto pain
signalling dorsal horn neurons, the postsynaptic changes described above may also
improve the efficiency of this synapse. This potentiation of Aβ-fibre afferent input
into the spinal cord is proposed to be a mechanism that contributes towards the
development of allodynia (Klein et al., 2008; Xu et al., 2015)
A proportion of A-fibres undergo transcriptional changes after nerve injury. These
fibres may start expressing neuromodulators such as substance p, CGRP and brain
derived neurotrophic factor (BDNF) (Fukuoka et al., 2001; Miki et al., 1998; Noguchi
et al., 1995). Through stimulation of these fibres, neuromodulators (e.g. substance
P) can be released into the dorsal horn of the spinal cord (Malcangio et al., 2000).
Substance P activation of NK1 receptors in the dorsal horn may 1) activate
nociceptive afferents 2) cause slow synaptic potentials contributing to the
development and maintenance of central sensitisation (Pitcher and Henry, 2004).
Nerve injury can cause the degeneration of GABA and Glycine inhibitory neurons in
the dorsal horn of the spinal cord (Ibuki et al., 1997; Moore et al., 2002).
Furthermore, GABA and glycine receptors can be desensitised through the action of
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kinases (Harvey et al., 2004; Porter et al., 1990) This desensitisation reduces the level
of tonic inhibition produced by these neurotransmitters and makes dorsal horn
neurons more likely to fire in response to excitatory inputs (Lin et al., 1996). Changes
to descending pathways may also play a role in the mechanisms of central
sensitisation. For example, facilitatory pathways from higher centres such as the
rostral ventromedial medulla are involved in the maintenance of central sensitisation
(Burgess et al., 2002; Vera-Portocarrero et al., 2006).
1.7 Summary
Chronic pain is distressing to an individual and is a tremendous burden on our society
because of costs associated with lost work days and healthcare. Origins of long-term
pain that is related to a lesion or disease of the somatosensory nervous system is
defined as neuropathic. In certain patients that complain of neuropathic pain like
symptoms, diagnosing the cause of pain may be straightforward as they may have
obvious trauma to a nerve, which may be severed, crushed or compressed. In these
patients with frank nerve injuries, physiological changes to the nerve fibres at the
injury site are associated with the development of painful sensory symptoms.
However, many patients suffering from chronic musculoskeletal disorders, which
include WAD, NSAP, fibromyalgia and CRPS-1, complain of symptoms that resemble
neuropathic pain in the absence of frank nerve injury upon routine clinical
examination. For example, in these patients pain can often be evoked upon normal
movements, which can make day-to-day activities extremely difficult. It is unclear
how such symptoms develop, but it is hypothesised that localised nerve
inflammation might play an important role.
The mechanisms of neuropathic pain can be studied using animal models of nerve
injury. Pain signals are normally transmitted to the central nervous system via
nociceptive neurons. These sensory neurons contain ion channels at their peripheral
terminals that are able to respond to noxious stimuli. Following frank nerve injury,
physiological changes occur at the injury site in both nociceptive and non-nociceptive
fibre types, which may lead to the development of AMS or ongoing activity. In the
severed axons, the development of AMS and ongoing activity is associated with the
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complete cessation of axonal transport. Axonal mechanical sensitivity is the probable
cause of movement-evoked pain in patients. Ongoing activity, which can develop in
injured and uninjured axons, is likely to be responsible for spontaneous pain in
patients. Axonal mechanical sensitivity and ongoing activity are likely to contribute
towards afferent barrage that leads to central changes, which may cause other
neuropathic pain symptoms, such as allodynia.
Following neuritis, AMS and ongoing activity can also occur. However, AMS only
develops in nociceptive axons. The mechanisms that lead to the development of AMS
are associated with the disruption to axonal transport, which is thought to lead to
the accumulation of anterogradely transported ion channels, resulting in hotspots of
excitability. However, due to the potential confounding factors caused by
inflammation, it is unknown what the relative contribution of axonal transport
disruption is to this mechanism. To examine the effects of axonal transport disruption
in intact axons in isolation, low concentrations of anti-mitotic drugs can be applied
to nerve trunks. Currently, it is unknown how axonal transport disruption leads to
the development of AMS and it has not been directly proven that ion channels, such
as those that are mechanically sensitive, are responsible for this phenomenon.

Hypothesis
Inflammation-induced axonal transport disruption leads to an accumulation of
anterogradely transported mechanically sensitive ion channels, which are locally
inserted into the axonal membrane. The increased levels of ion channels at the
treatment site leads to the development of mechanical sensitivity.

Aims
The ultimate aim of this project is to investigate the role of axonal transport
disruption in the development of AMS in intact C-fibre neurons. Axonal transport
disruption will be induced in the sciatic nerve through local application of vinblastine.
Additionally, axonal transport disruption will also be examined following a localised
neuritis. The development of AMS will be compared between the models.
The main aims of the project are detailed below:
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1. Investigate the profile of axonal mechanical sensitivity following localised
axonal transport disruption
The time course of AMS following axonal transport disruption is not known.
Understanding the time course will advance our understanding of how AMS
correlates with the previously reported time course for axonal transport
disruption and pain behaviours. Therefore, this study will use single unit in
vivo electrophysiological recordings to determine the proportion of
mechanically sensitive C-fibres on different days following vinblastine
treatment.
2. Examine the properties of mechanically sensitive hotspots following
vinblastine-treatment and neuritis
The properties of AMS hotspots have not previously been reported and it has
not been directly proven that mechanically sensitive ion channels contribute
towards AMS. Therefore, a force-feedback controlled stimulator will be used
in an ex vivo electrophysiological set up to determine the threshold of
mechanically sensitive axons and whether they produce graded response to
changes in force. Mechanically sensitive ion channel blockers will be applied
to hotspots in order to elucidate whether mechanically sensitive ion channels
contribute towards AMS.
3. Identify the channels responsible for axonal mechanical sensitivity
following vinblastine-treatment and neuritis
Using immunohistochemistry, determine whether the putative mechanically
sensitive ion channels (TRPV1, TRPA1, ASIC3) are disrupted and accumulate
at the site of axonal transport disruption. Pharmacological agents (agonists of
selected sensory ion channels) will be applied to nerves to determine if they
cause excitation of mechanically sensitive axons, giving indication of whether
levels of these channels are increased and functional in neurons with AMS.
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Chapter 2
Materials and Methods
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2.1 Animals
Experiments were carried out in strict accordance with the UK Animals Scientific
Procedures Act 1986. A total of 154 adult male Sprague Dawley rats (200–450 g;
Charles River, Kent, UK; Harlan, Bicester, Oxon, United Kingdom) were used in this
study. Rats were housed in groups of 2-4 in cages (50 x 35 x 26 cm) with sawdust, soft
nesting material, soft wood blocks and plastic tubes. They had ad libitum access to food
and water.

2.2 Surgery
All surgeries were carried out under aseptic conditions. Animals were anaesthetized
and maintained on isoflurane (1.75%) in oxygen. Animals were shaved at the level of
the left thigh and the surrounding skin was washed with 70% ethanol. Following this,
the skin was disinfected with Videne antiseptic aqueous solution (Williams Medical
Supplies, Rhymney, UK) and sterile drapes were placed on the animal. During surgical
procedures, a heat mat was used to maintain body temperature. Following all
surgical procedures, animals were closely monitored for adverse effects.
2.2.1 Vinblastine surgery
Vinblastine was applied to the sciatic nerve of adult rats (n = 66) as previously
described (Dilley and Bove, 2008a). A two-centimetre incision was made in the skin
just posterior to the femur. Following this, curved surgical scissors were used to make
a blunt dissection through the myofascial plane associated with biceps femoris. A 7–
8 mm length of the sciatic nerve was carefully freed from its surrounding connective
tissue. A strip of Parafilm (6 mm × 20 mm; Pechiney Plastic Packaging, Menasha, WI)
was positioned under the nerve to prevent leakage of the drug onto the surrounding
tissue. Using curved forceps, a 5 mm × 5 mm × 10 mm piece of absorbable gelatin
sponge (Spongostan; Ferrosan, Denmark) saturated in 0.1 mM vinblastine (~150 μL;
diluted in filtered 0.9% w/v saline); was wrapped around the nerve.

The

concentration used was determined from previous studies (Dilley and Bove, 2008a;
Fitzgerald et al., 1984). After 15 min, the Gelfoam and Parafilm were removed and
the nerve was rinsed with saline. The location of the treatment site was carefully
noted. The muscle and skin were closed using 4/0 monofilament sutures (Vicryl;
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Ethicon, West Lothian, United Kingdom). The wound was rinsed with sterile saline to
remove any dried blood and disinfected with betadine topical spray (Williams
Medical Supplies, Rhymney, UK). The animal was allowed to recover on a heat mat
and was then transferred into a clean cage. In a separate group of animals (n = 7),
the same surgical procedure was followed except that gelfoam was saturated in
sterile 0.9% w/v saline.
2.2.2 Neuritis surgery
An experimental neuritis was induced in adult Sprague Dawley rats (n = 38) as
previously described (Dilley and Bove, 2008b). A two-centimetre incision was made
in the skin just posterior to the femur. Following this, curved surgical scissors were
used to make a blunt dissection through the myofascial plane associated with biceps
femorus. A 7–8 mm length of the sciatic nerve was carefully freed from its
surrounding connective tissue. A 5 mm × 5 mm × 10 mm piece of gelfoam saturated
in CFA (~150 μL; diluted 1:2 in filtered saline) was loosely wrapped around the nerve
(Figure 2.1). The muscle and skin were closed using Vicryl 4/0 monofilament sutures.
The wound was rinsed with sterile saline to remove any dried blood and disinfected
with betadine topical spray. The animal was allowed to recover on a heat mat before
being transferred into a clean cage.
2.2.3 Partial ligation surgery
Partial ligation surgeries were performed to assess the disruption to the anterograde
transport of sensory ion channels. A two-centimetre incision was made in the skin
just posterior to the femur. Following this, a blunt dissection through the myofascial
plane associated with biceps femorus and a 10 mm length of the sciatic nerve was
carefully freed from its surrounding connective tissue. Using a 6-0 monofilament
polyamide suture (Vicryl; Ethicon, West Lothian, United Kingdom), approximately
1/3-1/2 of the nerve was tied off, approximately 2mm proximal to the trifurcation.
The suture was tied tight enough to sufficiently constrict the area whilst leaving the
remaining portion of the nerve undamaged. The nerve was then treated with saline
(n = 8), vinblastine (n = 8) or CFA (n = 8) (as previously described) at a position 3-5mm
proximal to where the nerve has been ligated. The skin and muscle were then closed
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using a Vicryl 4/0 ethilon suture. The wound was rinsed with sterile saline to remove
any dried blood and disinfected with betadine topical spray. The animal was allowed
to recover on a heat mat before being transferred into a clean cage.
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Figure 2.1 Induction of the neuritis lesion. Using curved forceps, gelfoam saturated in
CFA is gently wrapped around the sciatic nerve. Image used with permission from A. Dilley
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2.3 Single unit in vivo recordings
Single-unit electrophysiological recordings were made from C-fibre axons teased
from the L5 dorsal root. Axons from within the L5 dorsal root were examined because
many of these axons pass through the treatment site and innervate the plantar
surface of the foot, which is the area of skin that was tested during previous
behavioural studies (Dilley et al., 2013).
Animals were anesthetized with 1.5 g/kg 25% w/v urethane intraperitoneally.
Smaller doses of urethane were given intraperitoneally as required to maintain
absence of pinch withdrawal and corneal reflexes. The body temperature was
monitored by a rectal thermistor probe and maintained at 37°C using 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 mineral oil pool. The dura mater was opened and the L5 dorsal root
was cut close to the dorsal root entry zone. The cut end of the dorsal root was placed
onto a glass platform (9 mm × 5 mm).
Fine gold wire (0.075 mm diameter, Advent Research Materials Ltd, UK) electrodes
that were connected to an electrode holder mounted on a micromanipulator (World
Precision Instruments Inc., USA) were used to make recordings. Using finely
sharpened forceps, fine filaments (6–10 μm) were teased from the cut end of the
dorsal root. Filaments were split until single action potentials could be evoked using
electrical stimulation of the dorsal root. Bipolar stimulating electrodes were placed
under the root approximately 10-15 mm distal to where the recording electrodes
were positioned (Figure 2.2). To identify C-fibre neurons, electrical stimulation
(square wave pulses: 0.5–0.9 ms duration and 10–30 V amplitude) was applied using
a constant-voltage isolated stimulator (Digitimer, Hertfordshire, United Kingdom),
which was band-pass filtered (10–5,000 Hz), and monitored with an oscilloscope.
Only filaments with clearly identifiable waveforms were studied. The latency of the
action potential and the conduction distance were used to calculate the conduction
velocity of the axon. Conduction velocities below 1.5 m s−1 were considered C-fibres
(Harper and Lawson, 1985).
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2.3.1 Receptive field characterisation
Receptive fields for isolated neurons were searched below the knee using mechanical
stimuli. Most receptive fields were located by squeezing the periphery, using either
fingers or forceps, or by probing the skin with blunt 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.
Neurons were only included for further study if they had mechanically sensitive
receptive fields in the lower limb located distal to the exposed part of the sciatic
nerve, indicating that their axons passed through the treatment site.
After determining the location of the receptive field, the neuron was then collided to
confirm its conduction velocity. Collision involved stimulating the receptive field
mechanically, whilst stimulating the dorsal root electrically. If the electrical stimulus
occurred during the relative refractory period of the neuron to mechanical stimuli,
the action potential was not initiated or was delayed.
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2.3.2 Axonal mechanical sensitivity testing
To allow access for mechanical stimuli, the sciatic nerves were re-exposed in the
thigh at the treatment site, or the equivalent area in untreated animals. In animals
that underwent a neuritis surgery the gelfoam was removed prior to AMS testing. A
plastic platform (9 mm × 5 mm), notched to accommodate the nerve, was positioned
under the nerve with the treatment site in its centre (Figure 2.2). Axonal mechanical
sensitivity (AMS) was tested with a tapered silicone probe. The probe used in this
study was capable of delivering forces up to 400 mN pressure, although in previous
studies 200 mN pressure was sufficient to activate mechanically sensitive axons
(Dilley and Bove, 2008a; b). The nerve was mechanically stimulated for two seconds
at different locations along the platform. Axonal mechanical sensitivity was also
tested at locations proximal and distal to the platform, using a flat metal spatula
placed beneath the nerve for support. If one of more action potentials were elicited
within a two second stimulus, the axon was considered to be mechanically sensitive.
Mechanically sensitive neurons were collided to confirm the latency of the neuron.
Following mechanical stimulation, the receptive field was re-tested to ensure the
neuron was still conducting through the site where the axon had been probed. To
prevent the exposed tissue from drying out between mechanosensitivity testing, it
was temporarily covered with gauze saturated in warmed saline.
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Figure 2.2 Axonal mechanical sensitivity testing. The treatment site (highlighted in grey)
was placed on a grooved platform for mechanical sensitivity testing. Recordings were made
from the L5 dorsal root, which contains sensory axons that pass through the treatment site
and innervate the foot (Dilley and Bove, 2008a).
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2.3.3 Experimental Design
Chapter 3 - Profile of axonal mechanical sensitivity in the vinblastine model
In vivo single-unit electrophysiological recordings from C-fibre neurons were carried
out at 1 to 15 days following treatment with either vinblastine (n = 18), or saline (n =
3), and in untreated animals (n = 3). After a C-fibre neuron had been identified
through collision and its receptive field characterised, the neuron was left for two
minutes to ensure there wasn’t any residual discharge. Ongoing activity was
recorded for three minutes. C-fibre neurons were considered to have ongoing
activity if they fired at least once per minute. The neuron was then tested for AMS at
the treatment site as described above. In each experiment, approximately 5 - 8 Cfibres were characterised and tested for AMS. Neurons were typically characterised
within five hours from the beginning of recording.
Chapter 6 - Electrophysiological evidence for the presence of TRPV1 and TRPA1 in
mechanically sensitive axons
Receptive fields were characterised in these experiments. Mechanical receptive
fields with deep locations were preferentially searched for in untreated animals. This
was to ensure a similar population of C-fibre neurons was compared between groups,
because neurons with AMS typically have mechanical receptive fields in deep
locations (Bove et al., 2003; Dilley and Bove, 2008a).
In vivo recordings were carried out on vinblastine-treated animals (n = 13) on two to
five days post-surgery and neuritis animals (n = 15) on five to eight days post-surgery.
An additional set of experiments was carried out on untreated (n = 9) animals.
Receptive field and AMS testing were carried out as described above. Following
vinblastine treatment or neuritis, one neuron with AMS was usually recorded from
in each experiment except when there was more than one neuron with AMS on the
same filament (Neuritis; 2/filament, n = 4). In untreated animals, one neuron with a
characterised receptive field was typically recorded from each experiment, except
when there was more than one neuron with a receptive field on the same filament
(2/filament, n = 2). Following characterisation of the neuron, the filament was left for
5 minutes to ensure there wasn’t any residual discharge caused by mechanical
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sensitivity or receptive field testing. In these experiments, C-fibres neurons were
considered to have ongoing activity if they fired at least once per minute.
Perineural application of agonists to the nerve
Gelfoam was used to apply the TRPV1 agonist N-Oleoyldopamine (OLDA) (Tocris, UK)
and the TRPA1 agonist Cinnamaldehyde (Sigma, UK) directly to the nerve at the
treatment site. Gelfoam application of agonists was carried out on vinblastinetreated (n = 9), neuritis (n = 13) and untreated (n = 9) animals. Both OLDA (diluted in
vehicle at concentrations of 10, 50, 200 μM) and cinnamaldehyde (diluted in vehicle
at 100, 250, 500 μM respectively) were tested on the same nerves. The vehicle was
made up of 1% Dimethyl sulfoxide (Sigma, UK), 0.5% ethanol (Sigma, UK) which was
diluted in synthetic interstitial fluid (SIF); in mM: NaCl 107.8, KCl 3.5, NaHCO3 26.2,
NaH2PO4 1.7, Na-gluconate 9.6, sucrose 7.6, glucose 5.6, CaCl2 1.5 and MgSO4 0.7 [All
from Sigma, UK] (Bretag, 1969). Prior to application, all test agents were maintained
at 37 ˚C. A strip of parafilm (12 x 20 mm) was initially placed under the nerve to
minimise the contact of the agonists with the surrounding muscle tissue. A 15 x 10 x
3 mm piece of gelfoam saturated in the vehicle was gently wrapped around the nerve
at the location of the hotspot. Following a 10-minute exposure of the vehicle,
increasing concentrations of the first agonist were applied to the nerve. The protocol
was then repeated with the second agonist. The individual steps were as follows (also
see Figure 2.3 A):
1.

10 minute application of vehicle

2.

10 minute application of lowest dose of agonist

3.

10 minute application of middle dose of agonist

4.

10 minute application of highest dose of agonist

5.

Receptive field and AMS testing
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Nerves were washed thoroughly with SIF between each concentration of agonist. The
order of which agonists were applied was alternated between experiments, except
following vinblastine-treatment (See flow diagram in Figure 2.4). After agonists had
been tested, nerves were washed thoroughly and the receptive field and AMS were
checked.

69

Figure 2.3 Application of agonists to the sciatic nerve. Time lines of the (A) gelfoam
application and (B) intraneural injection of agonists to the sciatic nerve. A) Each agonist was
applied in incrementing concentrations (1-3) before being washed off with synthetic
interstitial fluid. OLDA and vehicle were intraneurally injected into nerves following gelfoam
application. Cinnamaldehyde was also injected into nerves in the untreated group; however
in neuritis and vinblastine groups, cinnamaldehyde was intraneurally injected alone. AMS –
axonal mechanical sensitivity, testing RF – receptive fields testing.
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Intraneural injection of agonists
It was apparent that perineural application of the agonists to the nerve had negligible
effect on activity levels of AMS neurons (see Chapter 6). Therefore, agonists were
also injected intraneurally into the nerves. Fifty micro molar OLDA and vehicle were
injected at the vinblastine and neuritis treatment site and in untreated nerves
following perineural application of agonists. Five hundred micro molar
cinnamaldehyde was also injected into untreated nerves following perineural
application of agonists. However, in vinblastine-treated and neuritis nerves, 500 μM
cinnamaldehyde was injected into the treatment site without previous perineural
application. This was to reduce the risk of experimental failure (Figure 2.4).
Following AMS and receptive field testing, the filament was left for a period of 2-5
minutes to ensure there was not any residual discharge. Using a 30-gauge needle
bent to a 45-degree angle, 100 μL of either OLDA (50μM), cinnamaldehyde (500 μM)
or vehicle was intraneurally injected onto the AMS hotspot or into the corresponding
location in the nerve of untreated animals. Activity was recorded for 10 minutes
before washing with SIF (Figure 2.3 B). The receptive field and AMS were re-tested
to ensure that the intraneural injection did not cause damage to the axon.
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Figure 2.4 Order of agonist application in the different treatment groups.
Note that intraneural injections of cinnamaldehyde were made alone to reduce risk of
experimental failure. I.N. – Intraneural, OLDA – N-Oleoyldopamine,
CINNA – Cinnamaldehyde
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2.4 Ex vivo recordings
The sciatic nerve was recorded from in ex vivo recording chamber to investigate the
properties of mechanically sensitive hotspots and to allow the application of
mechanically sensitive ion channel blockers.
2.4.1 Ex vivo recording chamber and set up
The ex vivo recording chamber was based upon the skin-nerve chamber designed by
Peter Reeh (Reeh, 1986) (Figure 2.5). Further modifications were made in the UK
where the chamber was fully assembled. The chamber consisted of a main reservoir
that had a silicone base (Sylgard 184 elastomer, Dow corning, US), which was
connected to a second recording compartment. The main reservoir was perfused
with carbogen buffered SIF (pH 7.4). The hydrostatic pressure of SIF was maintained
using a vertical column (130 cm height) and the flow rate into the chamber was
regulated through a drop chamber of an infusion set (Alaris, UK) (approximately 1
drop per sec). The chamber was heated to 32 ˚C using a HT10K foil resistive heater
(Thor Labs, Germany), which was controlled and maintained with a TC200
temperature controller and a TH10K thermistor (Thor Labs, Germany). A sluice gate
(6 on Figure 2.5) was used to control the levels of SIF within the chamber.
Experiments were carried out at two to five days following vinblastine-treatment (n
= 31) and at four to eight days following neuritis (n = 19). An additional group of
experiments were carried out on untreated animals (n = 7). Animals were deeply
anaesthetised with euthatal and then transcardially perfused with buffered SIF. The
length of the sciatic nerve was dissected from the L5 intervertebral foramen to the
point of trifurcation within the popliteal fossa, and carefully transferred into the main
reservoir of the ex vivo chamber. In animals that underwent a neuritis surgery the
gelfoam was carefully removed. The proximal end of the nerve was passed through
a hole connecting the main reservoir and the recording chamber (7 on Figure 2.5)
using a 30-gauge needle, where it was placed onto the glass platform. The remainder
of the nerve was pinned by its connective tissue using fine insect pins to a groove in
the silicone floor within the main part of the chamber (5 on Figure 2.5). The nerve
was left in SIF for one hour prior to recording, after which mineral oil was added to
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recording compartment. Using the sluice gate the SIF-oil level was adjusted to ensure
that the proximal end of the nerve was in mineral oil.
Fine gold wire (0.075 mm diameter, Advent Research Materials Ltd, UK) electrodes
that were connected to an electrode holder mounted on a micromanipulator (World
Precision Instruments Inc., USA) were used to make recordings. Recordings were
made from fine filaments that were teased from the proximal end of the sciatic
nerve, using finely sharpened forceps.
In the majority of experiments, bipolar stimulating electrodes were positioned distal
to the treatment site (see 1 Figure 2.5). The anode, a tungsten needle electrode, was
positioned in the nerve immediately distal to the treatment site. The shaft of the
electrode was coated in resin for insulation, except for the tip, which was in contact
with the nerve. The cathode, a platinum wire electrode, was positioned within the
SIF close to the distal portion of the nerve. At the beginning of each experiment, a
large filament was stimulated electrically using an isolated voltage stimulator
(Digitimer, Hertfordshire, United Kingdom) at a strength sufficient to produce an Afibre action potential (square wave pulses; 0.05 ms duration, 3-10 V amplitude). If an
A-fibre compound was produced at a suitable threshold (< 3.5 volts) it indicated that
the nerve was healthy. Following this, C-fibre recordings were made from fine
filaments, which were identified by electrical stimulation as described above (see
section 2.3). Only fine filaments were examined with <15 C-fibre waveforms. The
number of C-fibres was counted by gradually increasing the voltage from zero up
until the maximum number of waveforms were elicited.
2.4.2 Axonal mechanical sensitivity testing
Mechanically sensitive hotspots were identified with a tapered silicone probe. To
confirm the latency, action potentials were collided by stimulating the hotspot
mechanically, whilst stimulating the nerve.
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Figure 2.5 Ex vivo recording chamber. A) Photo and B) diagram of ex vivo chamber. The
base of the chamber had a 5mm coating of silicone 1. Stimulating electrodes 2. Recording
electrodes 3. Ground electrode (platinum wire, WPI, UK) which is positioned above the nerve
just before it enters the recording chamber 4. Thermistor 5. Groove that the nerve fits into
6. Sluice gate for controlling levels of SIF 7. Recording Chamber 8. Brass well used to isolate
AMS hotspot 9. Mechanical stimulator
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2.4.3 Experimental design
Conduction through the treatment site
In several neuritis experiments, an A-fibre compound action potential was absent on
distal stimulation, indicating conduction block. In these experiments, a C-fibre
strength electrical pulse was then applied to determine whether any C-fibre axons
were present. If no C-fibre axons were being identified after stimulating five teased
filaments from different parts of the nerve, it was assumed that conduction was
blocked distal to the treatment site. These nerves were therefore stimulated at the
proximal end of the treatment site. Stimulating electrode B was carefully pinned
through the side of the nerve (through the sheath) and electrode A was placed
alongside it. In five experiments where conduction was thought to be affected
through the treatment site, stimulation was applied proximal and distal (both up to
50 volts) to determine the percentage of through conducting axons.
Force-discharge relationships
Following the identification of a mechanically sensitive hotspot, a feedbackcontrolled mechanical stimulator (modified 300C-LR, Aurora Scientific) was used to
apply increasing forces to the nerve (6 x 25 mN steps; duration of each stimulus: two
seconds, with one second periods between steps) (Figure 2.6 A). The silicone probe
of the stimulator (2 x 2 mm) was positioned onto the hotspot using a
micromanipulator (World Precision Instruments Inc., USA) and the force was offset
at a level just below the firing threshold for the unit identified. Prior to drug
application, three force step protocols were carried out (Figure 2.6 B). Mechanical
stimulation using the feedback-controlled stimulator was not carried out in
untreated nerves.
Application of mechanically sensitive ion channel blockers
Following vinblastine-treatment or neuritis, a brass ring (notched to accommodate
the nerve) was positioned over the nerve at each mechanically sensitive hotspot to
allow the application of the mechanically sensitive ion channel blockers ruthenium
red (10-50 μM) and N-(3-Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl)
Pyridinium Dibromide (FM1-43) (2.5-25 μM), both made up in SIF. The ring was
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sealed using petroleum jelly. Both blockers were maintained at 32˚C prior to
application. The blockers were only applied to neurons that had clearly defined AMS
hotspots. Each concentration of drug was applied for a total of 20 minutes. After 10
minutes of drug application, five force step protocols were carried out at two-minute
intervals for 10 minutes (Figure 2.6 B). Recovery was not assessed. The same agents
were also applied to untreated nerves to assess whether the blockers affected the
conduction properties of neurons. In vinblastine-treated and neuritis nerves, only
one blocker was applied to the nerve. In untreated nerves, both blockers were
applied individually; however, different filaments were recorded from for each
blocker. All treatment groups underwent the same blocker application protocol
except for two vinblastine-treated nerves, in which an additional concentration of 10
μM was applied between 2.5 and 25 μM FM1-43.
Following blocker application, the nerve was electrically stimulated and the number
of C-fibres was re-counted. In vinblastine-treated and neuritis nerves, electrical
stimulation of the nerve (at or distal to the hotspot) or mechanical stimulation of the
hotspot with the silicone tipped applicator, were used to confirm that the
mechanically sensitive axon was still conducting after the application of the blockers.
In untreated nerves, electrical stimulation of the nerve distal to the blocker
application site was used to assess the effects of the blockers on the conduction
properties of the neurons.
To determine whether repeated mechanical stimulation caused a decrease in the
responsiveness of mechanically sensitive hotspots, the same stimulation protocol
was carried out without drug application following vinblastine treatment.
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Figure 2.6 Force step protocol and mechanically sensitive ion channel blocker
application timeline. A) The force was offset just below the firing threshold for the AMS
unit. Six forces were applied in incrementing steps of 25mN. Duration of each stimulus was
2 seconds with a 1 second period in between. B) After baseline force discharge relationships
had been established, mechanically sensitive ion channel blockers were applied in
incrementing concentrations (1-3). Each concentration of drug was applied for 10 minutes,
before force discharge relationships were re-assessed. After the final force discharge step
protocol had been carried out at the highest concentration, the nerve was washed with SIF.
Conduction was confirmed by electrical stimulation or manual mechanical stimulation of the
hotspot.
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2.5 Immunohistochemistry
Immunohistochemistry was used to assess staining patterns of TRPV1, TRPA1 and
ASIC3 at the treatment site in the sciatic nerve and in the small to medium diameter
cell bodies of the L5 dorsal root ganglia.
2.5.1 Antibodies
Table 2.1 summarises the antibodies used in the immunohistochemical procedures.
2.5.2 Immunolabeling protocol
Four days following vinblastine treatment (n = 4), neuritis (n = 4) and saline treatment
(n = 4), animals were terminated by an overdose of euthatal and a 10 mm length of
sciatic nerve from the treatment site and the ipsilateral L5 DRG were removed,
placed in OCT embedding medium and flash frozen in isopentane (Sigma, UK) on dry
ice. Tissue samples were stored at -80 ˚C overnight. On the following day, sections of
both nerve and DRG were cut using a cryostat (Leica Microsystems, Wetzlar,
Germany) and mounted onto gelatine-coated slides. All nerve sections were cut so
that the tissue was orientated longitudinally. At least three nerve or DRG sections
from each animal (vinblastine/neuritis/sham) were mounted on the same slide. DRG
sections were sequentially mounted on seven consecutive slides, so that the eighth
section was on the same slide as the first section. This was to avoid repeated counting
of cells on the same slide. Slides were blocked using 4% normal goat serum (Vector
Labs, USA) phosphate-buffered saline (PBS) (Sigma, UK) for 1 hour at room
temperature. Sections were incubated overnight at 4 ˚C with either the polyclonal
rabbit anti-TRPV1, anti-TRPA1 or anti-ASIC3 primary antibodies (see Table 2.1 for
dilution factors). One slide was used as a negative control, which was incubated in
4% goat serum overnight.
On day two, slides were incubated in the dark for one hour at room temperature with
Alexa Fluro 488 goat anti-rabbit (Thermo Fisher Scientific), diluted 1:200, after which
they were fixed for 7 minutes in 4% paraformaldehyde diluted in PBS. All slides were
stained with 4',6-diamidino-2-phenylindole (DAPI, (Invitrogen, 1:2500), for 10
minutes at room temperature, before being dried and coverslipped using
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glycerol/PBS mounting medium (Citifluor, London, UK). Between steps, slides were
washed 3 times for 10 minutes in PBS. Slides were viewed under a fluorescence
microscope (Leica Microsystems) at 488-nm and 350-nm excitation and
photographed at each wavelength. Non-specific staining with secondary antibody
was not found in the absence of primary antibody in any case.
In a separate set of experiments, the ligation site was removed from animals four
days following vinblastine-treatment (n = 8), neuritis (n = 8) and saline treatment (n
= 8) that also underwent a partial ligation distal to the treatment site. In these
experiments, 16µm longitudinal nerve sections were cut using a cryostat and
mounted on gelatine-coated slides. Sections were stained for TRPV1, TRPA1 or ASIC3
as described above.
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Antibody
Code
target
TRPV1a
NB1001617

Supplier
Novus

Dilution
1:500

Rat brain – Immunoblotting (Liapi
and Wood, 2005)
Mice DRG – Immunoblotting (Stein
et al., 2006)
Mice brain – Immunolabeling
(Sharif Naeini et al., 2006)

1:300

Human urethra – Immunoblotting
& immunolabeling (Gratzke et al.,
2009)
Rat DRG – Immunoblotting &
immunolabeling (Yamamoto et al.,
2015)
Rat TG – Immunolabeling (Meng et
al., 2015)
Rat gastrointestinal tract –
Immunoblotting and
immunolabeling (Akiba et al.,
2008)
Rat TG – Immunolabeling (Yan et
al., 2013)
Rat TG – Immunolabeling (Meng et
al., 2015)

Biologicals,
UK

TRPA1

ACC-037

Alomone
labs, Israel

ASIC3

ASC-018

Alomone

Previous publications

1:400

labs, Israel

Table 2.1 Information on the antibodies used in this study. All antibodies were diluted
in 4% goat serum phosphate buffered saline a Same as Neuromics RA10110 TRPV1 antibody.
DRG – Dorsal root ganglion, TG – trigeminal ganglia

81

2.6 Analysis
A Shapiro-Wilk test was used to assess whether the data sets were normally
distributed to determine the appropriate analysis. GraphPad Prism (version 7) was
used to analyse all data sets.
2.6.1 In vivo electrophysiology
Chapter 3 - Profile of axonal mechanical sensitivity in the vinblastine model
Characterised C-fibre neurons recorded from animals on different post-surgical days
were grouped as follows: days 1-2, days 4-5, days 7-9, days 13-15. A Kruskal-Wallis
test followed by Dunn’s post-hoc tests was used to analyse the differences in
conduction velocities and median rates of ongoing activity between the different
groups. A Mann-Whitney U test was used to compare the conduction velocities and
median rates of ongoing activity between the saline group and the d4-5 vinblastine
group. Fisher’s exact tests were used to compare the proportion of C-fibre neurons
with AMS or ongoing activity at each time point. Since repeated noxious mechanical
stimulation of receptive fields during an experiment leads to an increased proportion
of C-fibre neurons with slow rates (<0.1 Hz) of ongoing activity (Bove and Dilley,
2010), the proportion of neurons with ongoing activity >0.1 Hz that were recorded in
the first hour of the experiment were also compared using Fisher’s exact tests.
Chapter 6 - Electrophysiological evidence for the presence of TRPV1 and TRPA1 in
mechanically sensitive axons
Rates of activity were calculated from individual C-fibre neurons pre- and post- the
application of agonists. Post-drug data for intraneural injections was split into 5 x 2
minute bins and rates of activity for each bin were calculated. A C-fibre neuron was
deemed to have a positive response to an agonist if the firing rate increased by 50%
above its baseline rate. However, if the increase in firing rate remained below 0.08
Hz or 0.09 Hz following gelfoam application or intraneural injection respectively, it
was not considered a responder. These values were calculated from the 99% CI of
the slow firing neurons (<0.1Hz) during the period immediately preceding agonist
application. For neurons that were non-ongoing prior to drug application, their rate
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had to increase above the 99% CI to be considered a responder. Kruskal-Wallis tests
were used to compare differences in conduction velocities between the different
groups. Rates of activity pre- and post-gelfoam application were compared using
Kruskal-Wallis tests.
2.6.2 Ex vivo electrophysiology
A Kruskal-Wallis test followed by Dunn’s post-hoc tests was used to compare
differences in conduction velocities between the different groups. A Fisher’s exact
test was used to compare the proportion of C-fibre neurons with AMS.
The force threshold was calculated from an average of the first mechanical force that
caused a response during repeated baseline testing. Data from the baseline testing
(three repeats) was combined and a linear regression line was fitted to each plot, and
the slope and r2 were calculated. An unpaired Students’ t-test was used to compare
the slope and r2 values between groups. The estimated response at 75 and 150 mN
was calculated from the linear equation. A Mann Whitney test was used to compare
the responses at 75 and 150 mN between groups. One hundred and fifty
millinewtons was chosen as the sub-maximal force that produced a response in all
neurons. Following the application of each concentration of drug, an average of five
repeats was combined to generate linear regression lines. The change in slope and
response at 150 mN were used as a measure of the effect of the mechanically
sensitive ion channel blockers on AMS.
Changes in the number of spikes at 150 mN and the mechanical firing threshold
following drug application were assessed using a Friedman test followed by
Dunnett’s post hoc tests. Changes to the slope of the force discharge relationship
following drug application were assessed using a one-way repeated measures
analysis of the variance (ANOVA) followed by Dunnett’s post hoc tests.
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2.6.3 Immunohistochemistry
DRG and sciatic nerve sections were analysed using ImageJ (Fiji) software (Fiji
contributors).
Sciatic nerve
For nerve sections, a region of interest (ROI) was selected from the treatment site
and an area between 3-5 mm proximal to the treatment site. The ROIs only included
axonal staining avoiding any visible artefacts and blood vessels. A ratio was calculated
by dividing the median intensity of antibody labelling at the treatment site by the
median intensity of the nerve proximal. Ratios were averaged for each animal, which
was then averaged again to give a mean ratio (from the three experimental runs).
For analysis of the sections from nerves that were partially ligated, a ROI 200 μm
proximal to the ligature site (avoiding visible artefacts and blood vessels) was
selected. An area covering the same distance was selected on the unligated nerves
for comparison (Figure 2.7). A ratio was generated by dividing the median intensity
of the ligated axons by the median intensity of the axons in the unligated portion of
the nerve. Sections were excluded on the basis of signs of axonal damage (holes,
bends or breaks) or if there were no intact axons for comparison. As a variable
number of suitable nerve sections (2-10) were obtained from each animal, mean
ratios were calculated. This was to ensure the data set was not biased towards one
animal. Mean ratios were then averaged for each group and compared using a 1-way
ANOVA followed by Dunnett’s post-hoc tests
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Figure 2.7 Analysis of partially ligated nerves. A region of interest 200 μm proximal to
the ligation site was selected. The median intensity of this area was divided by the median
intensity of the area corresponding to the unligated portion of the nerve. 10 x magnification;
UL – unligated axons, L – ligated axons
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Cell bodies of the dorsal route ganglion
For analysis of ion channel expression in the DRG, cell bodies were grouped into small
and medium size (<32 μm, i.e. neurons with C- and Aδ-fibers) and large (>32 μm
neurons with Aɑ/β-fibres) (Harper and Lawson, 1985). For each section, cell bodies
with DAPI-positive nuclei were randomly selected using a checkerboard method
(squares of grid were 40 x 40 μm). The median intensity of antibody labelling was
measured in representative areas of the cell bodies, excluding the nuclei.
The intensity data was normalised to account for non-specific binding of antibodies.
To normalise the intensity data, ‘corrected intensity’ values were calculated. To
normalise antibody labelling, in each individual treatment group, the intensity of
each small + medium diameter cell body was divided by the median intensity of the
large diameter cell body population of that group (see Appendix 1). For all
antibodies, between 50 - 60 small and medium diameter cell bodies were randomly
selected from each experimental run. Corrected intensity values were compared
using a Kruskal-Wallis test followed by Dunn’s post-hoc tests.
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Chapter 3
Profile of axonal mechanical
sensitivity in the vinblastine model
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3.1 Introduction
Axonal transport disruption can be examined in isolation (without inflammation)
after application of low doses of anti-mitotic agents (such as vinblastine), in the
absence of neuronal degeneration/injury (Dilley and Bove, 2008a; Fitzgerald et al.,
1984). Axonal transport disruption alone can cause the development of AMS in Cfibre neurons and is thought to play a key role in the development of AMS in C-fibre
neurons after induction of a neuritis (Dilley and Bove, 2008a). Mechanistically it is
not known how AMS can influence the development of pain behaviours. However, it
is postulated to play a role in their development, as following vinblastine treatment,
there is a lack of ongoing activity in A- and C-fibre neurons (Dilley et al., 2013;
Satkeviciute et al., 2018), which is widely accepted to be essential for the
development and maintenance of central changes that lead to pain behaviours
(Campbell and Meyer, 2006; Gracely et al., 1992; Xie et al., 2005). A previous study
investigated the time course of mechanical allodynia associated with this model,
which developed rapidly, peaks between days 4-5 and had completely reversed by
day 11 (Dilley et al., 2013). Moreover, the time course of axonal transport disruption
had also been investigated in this model, in which transport was clearly disrupted on
day two, however appeared to be completely reversed by day six post-surgery (Dilley
et al., 2013). It is not known how these changes relate to the development of AMS
and whether AMS reverses in this model. Therefore, in this study the time course of
AMS in C-fibre neurons has been investigated following vinblastine treatment. Single
unit in-vivo electrophysiological recordings were carried out on different days
following a vinblastine lesion. C-fibre ongoing activity was also examined and was
specifically investigated within the first hour of recording (see 2.6.1).
The primary objective was:
To determine the time course for the development of AMS and ongoing activity
following vinblastine treatment.

88

3.2 Results
3.2.1 Effect of Surgery
All of the rats operated on made full recoveries after induction of the vinblastine
surgery. Upon observation of the animals in the days following lesion induction, rats
behaved normally and there was no evidence of pain or distress (e.g. hunched
posture, piloerection, or vocalisation). There was no evidence that animals had
difficulty weight bearing on the affected limb.
No animals showed signs of systemic infection at any time after surgery had been
performed. Upon re-exposure of the sciatic nerve at the treatment site, the
appearance of the nerve was normal (no evidence of a granuloma formation which
is present after neuritis induction). None of the surrounding skin or muscle appeared
oedematous.
3.2.2 Electrophysiology
A total of 103 filaments were recorded from 1-15 days post vinblastine lesion.
Receptive field properties
All of the mechanical receptive fields identified were deemed to be nociceptive as
they were activated by strong pressure, either by squeezing the skin with forceps
(cutaneous), or squeezing the muscle between the thumb and the forefinger (deep).
In the untreated group of animals, 63% (12/19 neurons) of mechanical receptive
fields had deep locations. A similar proportion of C-fibre neurons (74%; 86/117) had
deep locations in the vinblastine group (between days 1-15); the proportion of deep
neurons ranged between 66 - 82% at individual time points. In the saline treated
group, 57% of C-fibre neurons had mechanical receptive fields with deep locations.
Deep receptive fields were typically located within the gastrocnemius muscle or
within the ankle.
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Conduction velocities
Only C-fibre neurons with receptive fields were included within the analysis.
In the untreated group (n = 19 neurons), the conduction velocity of the C-fibre
neurons was 0.58 m/s (IQR = 0.11), which was not significantly different to that
following vinblastine treatment (Days 1-15 combined, n = 117 neurons, 0.59 m/s, IQR
= 0.25; p = 0.58, Mann Whitney Test). There were no significant differences between
the conduction velocities of any of the individual vinblastine time points (main effect
p = 0.06, Kruskal-Wallis test; Figure 3.1). In the saline group (n = 26 neurons), the
conduction velocity was 0.66 (IQR = 0.20), which was not significantly different to
that 4-5 days following vinblastine treatment (0.64 m/s, IQR = 0.33, n = 29; p = 0.52,
Mann Whitney Test; Figure 3.1).
The median conduction velocity of the neurons that had AMS between days 1-15
following vinblastine treatment (n = 16) was 0.55 m/s (IQR = 0.26), which was not
significantly different to neurons without AMS (0.59 m/s, IQR = 0.24, n = 101; p =
0.51, Mann Whitney Test).
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Figure 3.1 Conduction velocities in untreated, saline and vinblastine treatment
groups. Number of neurons: Saline n = 26 (from 3 animals), untreated n = 19 (from 3
animals), vinblastine 1-2d n = 38 (from 6 animals), vinblastine 4-5d n = 29 (from 5 animals),
vinblastine 8-9d n = 24 (from 3 animals), vinblastine 14-15d n = 26 (from 4 animals).
Presented as medians. Error bars represent IQR.
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Axonal mechanical sensitivity
The proportion of C-fibre neurons in each group that developed AMS is summarized
in Figure 3.2 A. All of the neurons that developed AMS had receptive fields below the
knee, and all had a relatively high mechanical threshold. Axonal mechanical
sensitivity did not develop in the untreated (0/19 neurons) or saline treated groups
(0/23 neurons). Following vinblastine treatment, AMS developed rapidly, with 16%
(6/38) of C-fibre neurons responding to direct mechanical stimulation at the
treatment site on day 1-2 post-surgery. The proportion of neurons with AMS reached
a peak on day 4-5, with 28% (8/29) of all neurons responding to mechanical
stimulation (both p < 0.05 compared to untreated and day 4-5 saline-treated groups,
Fisher’s exact test). By day 14, AMS was absent with 0% (0/26) of neurons being
mechanically sensitive. Following vinblastine treatment, all of the C-fibre neurons
that developed AMS had deep receptive fields (16/86).
Mechanically sensitive hotspots tended to be located at the treatment site or slightly
proximal to the treatment site. In no instances were hotspots located distal to the
treatment site. Hotspots did not produce any sustained discharge after mechanical
stimulation (Figure 3.2 B).
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Figure 3.2 Axonal mechanical sensitivity in C-fibre neurons following vinblastine
treatment. A) The proportion of C-fibre neurons with AMS on different days following
vinblastine treatment. There was a significant increase in the proportion of C-fibre neurons
with AMS on days 4-5 following vinblastine treatment, when compared to that of untreated
and days 4-5 saline-treatment (* p<0.05, Fisher exact test). Number of animals: Saline n = 3,
untreated n = 3, vinblastine 1-2d n = 6, vinblastine 4-5d n = 5, vinblastine 8-9d n = 3,
vinblastine 14-15d n = 4. S, saline-treatment. B) Example traces of neurons with AMS
responding to mechanical stimulation. Horizontal bars represent mechanical stimuli being
applied to the nerve.
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Ongoing activity
Figure 3.3 shows the percentage of C-fibre neurons that developed ongoing activity
on different days following vinblastine treatment. The proportion of neurons with
ongoing activity reached a peak on day 4-5 following vinblastine treatment, 54 %
(15/29), which was not significantly different to the saline group, 43% (11/23), or to
that of the untreated group, 32% (6/19) (p = 0.37 and p = 0.24 respectively, Fisher’s
Exact test).
The proportion of C-fibre neurons with ongoing activity found within the first hour of
recording with rates lower than 0.1 Hz is shown in Figure 3.3 B. The proportion of
ongoing neurons in the vinblastine-treated group on days 4-5 was 25% (3/12), which
was not significantly different to that of saline-treated group, 33% (4/12) or to the
untreated group 13% (1/8) (p = 1.0 and p = 0.62 respectively, Fisher’s Exact tests).
The median firing rates of ongoing activity for all groups are shown in Table 3.1. There
were no significant differences between the rate of ongoing activity in any of the
individual vinblastine time points compared to the untreated group (p = 0.91,
Kruskal-Wallis test). The median rate of ongoing activity in C-fibre neurons on 4-5
days following vinblastine treatment (n = 15) was 0.27 Hz (IQR = 0.15), which was not
significantly different to the saline group (0.53 Hz, IQR = 0.95, n = 11; p = 0.08, Mann
Whitney U test).
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Figure 3.3 Ongoing activity in C-fibre neurons following vinblastine treatment.
A) The proportion of C-fibre neurons with ongoing activity in on different days following
vinblastine treatment. B) The proportion of C-fibre neurons found within the first hour of
recording with activity rates above 0.1Hz C) Example trace of an ongoing C-fibre recorded on
day 4 following vinblastine treatment. Number of animals: Saline n = 3, untreated n = 3,
vinblastine 1-2d n = 6, vinblastine 4-5d n = 5, vinblastine 8-9d n = 3, vinblastine 14-15d n = 4.
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Untreated

Saline

Vinblastine

Day

-

4-5

1-2

4-5

8-9

14-15

Median
rate/Hz

0.20

0.45

0.25

0.27

0.29

0.19

IQR

0.18

0.95

0.25

0.28

0.38

0.51

Number
of
neurons

11

11

10

15

6

5

Table 3.1 The median rates of ongoing activity in C-fibre neurons.
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3.3 Main findings
•

Axonal mechanical sensitivity was not present in untreated animals (0/19) or
on day 4-5 in the saline-treated group (0/23).

•

Following vinblastine treatment, AMS developed in 16% (6/38) of C-fibre
neurons on day 1-2 and reached a maximum of 28% (8/29) on day 4-5.

•

On days 4-5 following vinblastine treatment, the proportion of C-fibre
neurons with AMS was significantly different compared to the saline-treated
group (p<0.05).

•

Axonal mechanical sensitivity was absent by day 14-15 following vinblastine
treatment.

•

Only C-fibre neurons with receptive fields located deep within tissue
developed AMS.

•

Following vinblastine treatment, the proportion of neurons with ongoing
activity reached a peak on days 4-5, with 54 % (15/29), which was not
significantly different compared to the saline group, 43% (11/23) (p = 0.37).
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3.4 Discussion
Although the mechanisms of nerve trunk mechanical sensitivity are poorly
understood, it has been proposed that localised nerve inflammation (neuritis, Dilley
et al., 2011; Greening et al., 2017) may play a role in its development. Consistent with
a role for inflammation, the induction of an experimental neuritis in rats causes AMS
in nociceptors (Bove et al., 2003, Dilley at al., 2005). Inflammation induced axonal
transport disruption is hypothesised to be an important part of the underlying
mechanism that leads to the development AMS (Dilley and Bove, 2008a; Dilley et al.,
2013). In this study, a model of localised axonal transport disruption, which is induced
by applying low doses of vinblastine directly to the nerve trunk (Dilley and Bove,
2008a; Fitzgerald et al., 1984), was used to examine the contribution of axonal
transport disruption to the development of AMS.
3.4.1 Vinblastine treatment caused the transient development of AMS
Although previous studies had examined the time course of axonal transport and
mechanical allodynia following vinblastine treatment, levels of AMS were only
investigated at a time point when vinblastine was considered to have its maximum
effect ((Dilley and Bove, 2008a; Dilley et al., 2013). As the time course of axonal
transport disruption and mechanical allodynia were transient, it was hypothesised
that the development of AMS would also be short-lived. Therefore, the levels of AMS
were assessed on different days following vinblastine treatment to determine a time
course for its development.
The present findings have shown that vinblastine-induced disruption of axonal
transport causes the rapid, yet transient, development of AMS. This pattern is
consistent with the previously reported time course of axonal transport disruption,
which is disrupted on day two and resolves by day six (Dilley et al., 2013). Axonal
mechanical sensitivity closely correlates to the transient development of mechanical
allodynia reported following vinblastine treatment (Dilley et al., 2013), which is in
contrast to the chronic nature of symptoms in patients. Therefore, this indicates that
there is likely to be an ongoing trigger in patients that causes persistent axonal
transport disruption. This trigger may be inflammation associated with compression
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of a nerve through a fibro-osseous tunnel, or inflammation associated with injury to
surrounding soft tissues, such as muscle.
All of the axons that were mechanically sensitive innervated deep structures and
were nociceptive, which is consistent with that of previous reports following
vinblastine treatment (Dilley and Bove, 2008a; Dilley et al., 2013) and neuritis (Bove
et al., 2003), and with clinical reports of deep tissue pain in patients (Bove et al.,
2005; Lemming et al., 2012). This suggests that unmyelinated afferents that
innervate deep structures (e.g. muscle) are particularly vulnerable to the effects of
vinblastine-treatment. Such vulnerability may be related to the morphology of this
population of neurons. For example, the diameters of unmyelinated axons from
nerves that mainly innervate muscle are reported to be larger than that of cutaneous
nerves (Schmalbruch, 1986; St John Smith et al., 2012). However, whether these
morphological differences contribute to the vulnerability of deep afferents to the
effects of vinblastine treatment is unknown. Alternatively, group IV afferents may
have a different levels or types of sensory ion channel that are expressed in these
neurons. Interestingly, a higher percentage of afferents that innervate muscle
express the putative mechanically sensitive ion channels ASIC3 and TRPV1, compared
to those that innervate the skin (Hu-Tsai et al., 1992; Molliver et al., 2005).
The time course for the development of AMS following vinblastine treatment
contrasts from the pattern of AMS following neuritis. Although both are transient,
AMS that develops following neuritis is reported to persist for up to four weeks (Dilley
and Bove, 2008b). These differences might be explained by the contrasting time
courses of axonal transport disruption. Axonal transport is clearly disrupted at day
six following neuritis, whereas at this time point following vinblastine treatment,
axonal transport disruption had resolved (Dilley et al., 2013). Axonal transport
disruption has not been examined beyond day six following neuritis, and hence it is
not known whether inflammation-induced axonal transport disruption is responsible
for the sustained increase in mechanical sensitivity. However, inflammatory cells
remain elevated at 12 weeks following neuritis (Bove et al., 2009), which suggests
that inflammation persists and could trigger axonal transport disruption at later time
points.
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In agreement with previous findings, mechanically sensitive hotspots were located
proximal to or at the site of vinblastine exposure (Dilley and Bove, 2008a; Dilley et
al., 2013), which is in line with the hypothesis that anterogradely transported
mechanically sensitive ion channels accumulate proximal to the site of disruption
(Dilley and Bove, 2008a; Proske and Luff, 1998). Vesicles containing ion channels are
assumed to have accumulated shortly after axonal transport was disrupted and,
similar to that which occurs when ion channels reach the peripheral terminal, are
inserted into the membrane (Ghosh et al., 2016; Meng et al., 2016). These changes
are likely to result in an increase in the density of ion channels in the membrane,
which leads to the development of mechanical sensitivity. The reversal of AMS on
day 8-9 post-surgery, and complete recovery by day 14-15, suggests that ion channels
are eventually removed from the treatment site, which is presumably due to an
endocytotic mechanism. However, very little is known about the way sensory ion
channels are internalised and rates at which they turnover in the membranes of
excitable cells.
Although Aɑ- or Aβ- fibre neurons were not investigated in this study, it has been
previously reported that Aδ- fibre neurons develop AMS following vinblastine
treatment and neuritis (Bove et al., 2003; Dilley and Bove, 2008a). In the present
study, neurons with conduction velocities that are typically associated with Aδ-fibre
neurons (i.e. 2-8 m/s) were not identified. However, conduction velocities of axons
are slowed along the dorsal root compared to sciatic nerve(Waddell et al., 1989), and
therefore it is possible that some of the faster C-fibre neurons were in fact slow Aδfibre neurons.
3.4.2 Levels of ongoing activity did not increase following vinblastine treatment
The development of ongoing activity in C-fibre neurons was also examined, since
such activity is likely to contribute to spontaneous pain that is reported in patients
(Kleggetveit et al., 2012), and drive the mechanisms that lead to central sensitisation
(Koltzenburg et al., 1992; McMahon and Wall, 1984; Wall and Woolf, 1984; Woolf,
1983). Ongoing activity has not been reported to increase following vinblastine
treatment in previous studies (Dilley et al., 2013; Satkeviciute et al., 2018). As
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confirmation of these findings, the levels of ongoing activity were assessed at
different time points following vinblastine treatment.
In this study, the lack of a significant increase in the proportion of C-fibre neurons
with ongoing activity following vinblastine treatment is in contrast to neuritis, which
causes an increase in ongoing activity during the first week following surgery (Bove
et al., 2003; Dilley et al., 2005; Richards et al., 2011; Satkeviciute et al., 2018).
Therefore, it seems that inflammation is required for the development of such
activity. Previous studies have also shown that the application of inflammatory
mediators, such as TNF, can induce ongoing activity in nociceptive axons (Leem and
Bove, 2002; Richards et al., 2011; Sorkin et al., 1997). Levels of TNF are raised at the
neuritis site and this is likely to contribute towards the development of ongoing
activity produced in this model (Pulman et al., 2013).
The absence of ongoing activity following vinblastine treatment does not exclude
that ion channels involved in the generation of ongoing activity, such as HCN2 and
Nav1.8 (Emery et al., 2011; Richards and Dilley, 2015; Roza et al., 2003), might have
accumulated at the site of axonal transport disruption. In this regard, recent evidence
indicates that neurons can be excited by inflammatory mediators following
vinblastine treatment (Govea et al., 2017), thus demonstrating that an additional
inflammatory trigger may be required to activate these channels (Gold et al., 1996;
Herrmann et al., 2017). The lack of ongoing activity following vinblastine treatment
is consistent with the anti-inflammatory properties of anti-mitotic agents (Norris et
al., 1977).
Ongoing activity in the C-fibres neurons of untreated animals prior to noxious
stimulation is rare (Bessou and Perl, 1969; Perl et al., 1976). However, the levels of
background activity from C-fibre neurons in the untreated and saline groups were
relatively high. This discrepancy was most likely due to the methodology used to
characterise nociceptive neurons. Repeatedly searching for noxious mechanical
receptive fields causes the development of slow firing (<0.1 Hz) ongoing activity in Cfibre neurons, which is most likely due to inflammation in the periphery (Bove and
Dilley, 2010; Richards et al., 2011). Accordingly, inflammatory mediators may
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sensitise ion channels, such as Nav1.8 (Gold et al., 1996), increasing axonal excitability
sufficient to cause ongoing activity. Hence, the proportion of ongoing activity (rates
greater than 0.1Hz) in C-fibre neurons that were characterised within the first hour,
were also compared. In these neurons, the proportion of ongoing neurons was lower
in all groups, which was similar to that reported previously (Bove and Dilley, 2010).
3.4.3 Vinblastine treatment did not cause conduction slowing in nociceptive
neurons
Previous studies have reported vinblastine-induced conduction slowing in
nociceptors along the dorsal root (Dilley et al., 2013) and sciatic nerve (Dilley et al,
2008). Therefore, it was hypothesised that conduction velocities would be slower
following vinblastine treatment. However, in contrast to a previous finding (Dilley et
al., 2013), the conduction velocity of C-fibre axons was not slowed along the dorsal
root following vinblastine treatment. This discrepancy may reflect the low number of
C-fibre neurons sampled in this part study.
3.4.4 Summary
Following vinblastine treatment, the development of AMS in C-fibre neurons was
rapid yet transient. It is likely that the development of AMS contributes to
movement-evoked radiating pain in patients. However, the transient development
of AMS following vinblastine-treatment contrasts the chronic nature of symptoms
that are reported in patients. This indicates that in patients, there is likely to be an
inflammatory trigger that causes persistent axonal transport disruption (Dilley et al.,
2011; Greening et al., 2017; Satkeviciute et al., 2018). In contrast to the development
of AMS, the effects of vinblastine treatment were not sufficient to cause an increase
in ongoing activity in C-fibre neurons.
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Chapter 4
Ex-vivo examination of
mechanically sensitive hotspots
following vinblastine treatment
and neuritis

103

4.1 Introduction
In previous studies, mechanically sensitive hotspots in C-fibre neurons from neuritis
and vinblastine treated nerves have been found to fire at or below a pressure of 200
mN (Dilley and Bove, 2008a; b). However, the precise firing thresholds of
mechanically sensitive hotspots are unknown and it is not known if thresholds differ
between hotspots found in vinblastine-treated and neuritis nerves. Additionally, it is
not known whether mechanically sensitive hotspots produce graded responses to
changes in force.
It is hypothesised that fast axonal transport disruption, a feature in both vinblastine
and neuritis models, causes the accumulation of mechanosensitive ion channels at
the treatment site, which contributes towards the development of AMS in C-fibre
neurons (Dilley et al., 2013). However, it has not been directly proven that such an
accumulation of mechanosensitive channels is responsible for AMS. To determine
whether mechanically sensitive channels are accumulating at the treatment site, this
study has looked at the effects of mechanosensitive ion channel blockers (ruthenium
red and FM1-43) on AMS. To enable AMS hotspots to be isolated so blockers could
be applied, experiments were run in a modified ex-vivo recording chamber (Reeh,
1986). This also allowed for the examination of force-discharge responses of
mechanically sensitive axons, generated using a force-feedback controlled
mechanical stimulator, which could apply set forces to hotspots. This enabled
quantification of the effects of mechanosensitive ion channel blockers and an insight
into the mechanical properties of C-fibres with AMS. In addition to this, conduction
through the treatment site was also investigated following neuritis.
The primary objectives were:
1. To determine whether AMS hotspots produced graded responses to changes
in force.
2. To determine whether mechanically sensitive ion channel blockers
attenuated AMS.
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4.2 Results
4.2.1 Effect of Surgery
All animals recovered from vinblastine and neuritis surgeries without adverse effects.
Neuritis
Upon observation of the animals in the days following the neuritis surgeries, rats
behaved normally and there was no evidence of pain or distress (e.g. hunched
posture, piloerection, or vocalisation). There was no evidence that animals had
difficulty weight bearing on the affected limb.
No animals showed signs of systemic infection at any time after surgery had been
performed. Upon dissection of the nerve, there was evidence for a granuloma
formation at the treatment site. Moreover, the nerve also appeared to be highly
vascularised.
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4.2.2 Physiology of the nerve in an ex-vivo setting
Conduction through the treatment site
In untreated nerves (n = 7) C-fibre action potentials could be evoked at a threshold
between 10 - 20 volts.
Following vinblastine treatment (n = 31 nerves) C-fibre action potentials could always
be evoked when the nerve was stimulated distal to the treatment site, at a threshold
between 10-20 volts. As large groups of C-fibre axons (range 8 – 17 C-fibres per
filament) were quickly identified in these experiments, it was assumed that there was
no significant disruption to conduction through the treatment site, hence nerves
were stimulated distal to the treatment site for the duration of the experiment
Following neuritis, C-fibre action potentials could be electrically evoked in 48% (9/19)
of the neuritis nerves) upon distal simulation. In the 10 neuritis nerves that could not
be stimulated distal to the treatment site, it was assumed that conduction was either
fully or partially blocked. These nerves were stimulated at the proximal end of the
treatment site for the duration of the experiment (except in 5 experiments that were
initially stimulated proximally and distally – see below).
In five experiments where conduction was thought to be effected through the
neuritis treatment site, 24% of C-fibres (12/49) were found to be through conducting
(See Figure 4.1 A). In these experiments, there were no signs of conduction slowing
through the treatment site (median velocity = 0.66 m/s, IQR = 0.19 and 0.68 m/s, IQR
= 0.11, proximal and distal stimulation respectively; p = 0.99, Mann Whitney test;
Figure 4.1 B).
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Figure 4.1 Stimulation of neuritis nerves proximal and distal to the treatment site.
A) Example traces from a neuritis nerve. Top trace - Stimulation at 50 volts distal to the
treatment site, three C-fibres were present. The spikes highlighted in the red circle had
conduction velocities of 0.79 and 0.75 m/s. Bottom trace - Proximal stimulation at 50 volts.
The highlighted spikes, which were identified to be the same as the spikes shown in the circle
in the top trace, were found to have conduction velocities of 0.83 and 0.77 m/s.
B)
Conduction velocities of the units present on the filament when stimulating electrically
proximal and distal to the neuritis site. Proximal stim n = 49, distal stim n = 12. Presented as
medians, error bars represent IQR.
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Conduction velocities
For vinblastine and neuritis groups, only the conduction velocities of C-fibre axons
present upon filaments that had AMS were included within the analysis.
Conduction velocities of C-fibre axons stimulated distal to that of the treatment site
following vinblastine treatment or neuritis (or corresponding area in untreated
animals) are shown in Figure 4.2. In the untreated group (n = 7 animals, 89 axons),
the median conduction velocity of C-fibre axons was 0.68 m/s (IQR = 0.18), which was
significantly different to the vinblastine group (0.61 m/s, IQR = 0.16; n = 14 animals,
88 axons; p < 0.001 Dunn’s post-hoc test). In the neuritis group, the median
conduction velocity was 0.69 m/s (IQR = 0.16; n = 5 animals, 45 axons), which was
not significantly different to the untreated group (p = 1.0, Dunn’s post-hoc).
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Figure 4.2 Conduction velocities of C-fibre axons in untreated, vinblastine and
neuritis (distal stimulation) groups. C-fibre axons from the vinblastine group had slower
conduction velocities than that of untreated group (*** p<0.001, Dunn’s post-hoc test).
Number of neurons: Untreated n = 89 (from 7 animals), vinblastine n = 88 (from 14 animals),
neuritis n = 45 (from 5 animals). Data presented as medians. Error bars represent IQR.
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Axonal mechanical sensitivity
Following vinblastine treatment and neuritis, the proportion of AMS ranged between
0-13 % and 2-14 % respectively. The overall proportion of AMS in C-fibre axons
following vinblastine treatment and neuritis was significantly greater than that of the
untreated group (both p<0.01, individual Fisher’s exact tests; Table 4.1). Hotspots did
not produce any sustained discharge after mechanical stimulation. Following
vinblastine treatment and neuritis, mechanically sensitive hotspots were localised to
a 1-2mm portion of the nerve. Following vinblastine treatment, hotspots were either
located proximal to or at the treatment site. Whereas following neuritis, the majority
of hotspots were located at the treatment site, with a few being located proximal to
the treatment site. The AMS hotpots in the vinblastine-treated nerves were always
located proximal to the stimulating electrodes. Following neuritis, all but one of the
mechanically sensitive hotspots were located proximal to the stimulating electrodes;
this unit was located at the neuritis treatment site.
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Untreated

Vinblastine

Neuritis

Total number of Cfibres

188

1382

878

C-fibre AMS

1

66

64

% AMS

0.5%

4.8%a

5.2%b

Table 4.1 The proportions of C-fibre axons with axonal mechanical sensitivity and
ongoing activity ex-vivo. a Significantly different to that of untreated (p<0.01, Fisher’s
exact test) b Significantly different to that of untreated (p<0.01, Fisher’s exact test). Number
of animals: Untreated n = 7, vinblastine n = 31, neuritis n = 19.
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4.2.3 Force-discharge relationships
Mechanically sensitive axons in both vinblastine-treated and neuritis groups
produced force-discharge responses, whereby increased forces produced an
increase in the number of spikes (Figure 4.3 & 4.4). Within the ranges of forces
applied, there was a linear relationship between force and number of spikes in the
majority of experiments, and therefore a linear regression line was fitted to the data
(Figure 4.5). In one experiment, there was indication of a plateau at the highest force
(Figure 4.5 C). In another experiment, the maximum number of spikes was elicited at
the minimum applied force (see * in Figure 4.6 B). The r2 value from the forcedischarge relationships produced from AMS hotspots following vinblastine treatment
(n = 14) was 0.58 (SEM +/- 0.05), which was not significantly different to neuritis (r2
= 0.48, SEM +/- 0.1, n = 12; p = 0.27, unpaired Students t-test). Clear force-discharge
relationships were seen in the majority of the mechanically sensitive hotspots from
neuritis and vinblastine treated nerves (see Figure 4.6).
The mean slope of the force-discharge relationships following vinblastine treatment
was 0.055 spikes.s-1.mN-1 (SEM +/- 0.007), which was significantly greater than
neuritis (0.027 spikes.s-1.mN-1, SEM +/- 0.008; p <0.01, unpaired Students t-test;
Figure 4.7).
At a force of 75 mN, AMS hotspots identified following vinblastine treatment (n = 11)
produced 3.0 spikes.s-1 (IQR = 3.1), which was not significantly different to neuritis
(spikes.s-1 = 3.6, IQR = 2.4, n = 11; p = 0.56, Mann Whitney test). The number of
spikes.s-1 produced at 150 mN force following vinblastine treatment (n = 14) was 7.1
(IQR = 5.9), which was greater but not significantly different to that of neuritis
(spikes.s-1 = 5.6, IQR = 3.9, n = 12; p = 0.32, Mann Whitney test).
In the vinblastine-treated group, the median mechanical threshold for the axons that
were mechanically sensitive was 48 mN (IQR = 34, n = 14), which was higher but not
significantly different to that of neuritis (36 mN, IQR 13, n = 12; p = 0.076, Mann
Whitney test; Figure 4.8).
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Figure 4.3 Example traces of force-discharge responses produced from
mechanically sensitive hotspots following vinblastine treatment.
Top plot is the force step protocol. Hotspots produced graded response to changes in force.
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Figure 4.4 Example traces of force-discharge responses produced from
mechanically sensitive hotspots following neuritis.
Top plot is the force step protocol. Hotspots produced graded response to changes in force.
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Figure 4.5 Regression lines were fitted to responses produced from mechanically
sensitive hotspots. Example plots following A) vinblastine-treatment and B) neuritis. C)
Hotspot following vinblastine-treatment that reached a maximum response prior to
application of the top force. Each graph represents data from three trials.
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Figure 4.6 Force-discharge relationships produced from mechanically sensitive
hotspots. Linear regression lines fitted to force discharge responses produced from
hotspots following A) vinblastine treatment and B) neuritis. The majority of mechanically
sensitive hotspots produced clear force-discharge relationships. Each line represents three
repeats. * In this experiment, the minimum force elicited the maximum number of spikes.
AMS hotspots: Vinblastine = 14 axons (13 nerves), neuritis n = 12 axons (10 nerves)
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Figure 4.7 Slopes of the force-discharge relationships from mechanically sensitive
hotspots Following vinblastine treatment, the slope was significantly higher than neuritis
(**p<0.01, Students t-test). Data presented as means. Error bars represent SEM. AMS
hotspots: Vinblastine = 14 axons (13 nerves), neuritis n = 12 axons (10 nerves)
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Figure 4.8 Force thresholds of mechanically sensitive hotspots
Firing thresholds were calculated from the average of the first force that caused a response
from each trial. Data presented as medians. Error bars represent IQR. AMS hotspots:
Vinblastine = 14 axons (13 nerves), neuritis n = 12 axons (10 nerves)
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4.2.4 Control force-discharge steps
Repeated mechanical stimulation of mechanically sensitive hotspots identified
following vinblastine treatment (n = 3) did not cause a reduction in the number of
spikes.s-1 produced at 150 mN force (p = 0.75, Wilcoxon test), the slope of the linear
line fit to force-discharge responses (p = 0.64, Students paired t-test) or the firing
threshold (p = 1.00, Wilcoxon test; Figure 4.9).
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Figure 4.9 Repeated mechanical stimulation of mechanically sensitive hotspots
Application of 3 x 5 force-discharge step protocols in the absence of blockers does not affect
A) the number of spikes.s-1 produced at 150 mN force, B) the slope of the regression line or
C) the threshold of mechanically sensitive hotspots. Note that the force-discharge protocol
was the same as during drug application. n = 3 mechanically sensitive hotspots from
vinblastine-treated nerves.
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4.2.5 Mechanosensitive ion channel blockers
Ruthenium red
All nerves were stained red at the location where ruthenium red (RR) had been
applied to the nerve. Following the application of 10-50 µM RR, there was negligible
block of conduction along C-fibre axons at the treatment site in untreated (87%; n =
33/38 axons), vinblastine-treated (89%; n = 32/36 axons) and neuritis nerves (88%; n
= 19/21 axons).
Figure 4.10 shows example AMS responses to the force-discharge step protocol
following the application of RR. Following vinblastine treatment and neuritis,
ruthenium red caused a dose dependent decrease in the number of spikes.s-1
produced from AMS hotspots at 150 mN force (main effects: p = 0.19 and p = 0.14
respectively, Friedman test; Figure 4.11). Following application of 50 μM, the number
of spikes.s-1 had reduced by 87% and 65% compared to that of baseline (vinblastine
treatment and neuritis respectively).
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Figure 4.10 Example force-discharge responses pre and post 50μM ruthenium red.
Responses from a mechanically sensitive hotspot identified in a nerve A) 4 days following
vinblastine treatment and B) 5 days following neuritis. Both examples were selected from
the beginning of the series of force steps that followed 50μM ruthenium red application. RR
– ruthenium red.
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Figure 4.11 The number of spikes.s-1 produced from mechanically sensitive
hotspots at 150 mN following application of ruthenium red. The average number of
spikes.s-1 produced at 150 mN force from AMS hotspots ; before and after application of 1050 μM ruthenium red following A) vinblastine treatment and B) neuritis. Hashed line
represents hotspot that was distal to the stimulating electrodes. 0 = pre-drug. Vinblastine n
= 4, neuritis n = 4.
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Following vinblastine treatment and neuritis, ruthenium red caused a reduction in
the slope of the regression line fit to force-discharge relationships from mechanically
sensitive hotspots, i.e. as the concentration increased the slope decreased (main
effects: p = 0.24 and p = 0.47 respectively, repeated measures one-way ANOVA;
Figure 4.12). Following application of 50 μM, the slope decreased by 113% and 38%
compared to baseline (vinblastine treatment and neuritis respectively).
Following 50 μM, at the end of the force step protocol series (force step protocol 4/5
– 5/5) the majority of mechanically sensitive hotspots in the vinblastine group did
not produce positive force-discharge relationships, i.e. the slope was zero or less than
zero in some cases (slopes ranged from -0.005 – +0.007 spikes.s-1.mN-1). This was also
the case for one mechanically sensitive hotspot in the neuritis group represented by
hashed line in Figure 4.12 B (slope -0.001spikes.s-1.mN-1).
Ruthenium red caused an increase in the firing threshold for AMS in all of the neurons
following vinblastine treatment and two out of four neurons following neuritis (main
effects: p = 0.16 and p = 0.22 respectively, Friedman test; Figure 4.13). Following
application of 50 μM, the threshold had increased by 57% and 13% compared to that
of baseline (vinblastine treatment and neuritis respectively).
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Figure 4.12 Slopes of force-discharge relationships following application of
ruthenium red. The slope of force discharge relationships; before and after application of
10-50 μM ruthenium red following A) vinblastine treatment and B) neuritis. Hashed line
represents hotspot that was distal to the stimulating electrodes. Vinblastine n = 4, neuritis n
= 4.

125

Figure 4.13 Firing thresholds following application of ruthenium red
The firing thresholds of AMS hotspots; before and after application of 10-50 μM ruthenium
red following A) vinblastine treatment and B) neuritis. Hashed line represents hotspot that
was distal to the stimulating electrodes. Vinblastine n = 4, neuritis n = 4.
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FM1-43
All nerves were stained at the location where FM1-43 has been applied. Following
the application of 2.5-25 µM FM1-43, there was negligible block of conduction along
C-fibre axons at the treatment site in untreated (86%; n = 37/43 axons), vinblastinetreated (70%; n = 14/20 axons) and neuritis nerves (91%; n = 7/8 axons).
Figure 4.14 shows example AMS responses to the force-discharge step protocol
following the application of FM1-43. Following both vinblastine treatment and
neuritis, ruthenium red caused a dose dependent decrease in the number of spikes.s1

produced from AMS hotspots at 150 mN force (main effects: both p < 0.05,

Friedman test; Figure 4.15). Twenty-five micro molar FM1-43 caused a significant
decrease in the number of spikes.s-1 produced at 150 mN force from hotspots
following vinblastine treatment and neuritis (Dunn’s post hoc comparisons to 0μM,
both p < 0.05). Following application of 25 μM FM1-43, the number of spikes.s-1 had
reduced by 70% and 58% compared to that of baseline (vinblastine treatment and
neuritis respectively).
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Figure 4.14 Example force-discharge responses pre and post 25μM FM1-43.
Responses from a mechanically sensitive hotspot identified in a nerve A) 4 days following
vinblastine treatment and B) 6 days following neuritis.
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Figure 4.15 The number of spikes.s-1 produced from mechanically sensitive
hotspots at 150 mN following application of FM1-43. The average number of spikes.s1

produced at 150 mN force from AMS hotspots ; before and after application of 2.5-25μM
FM1-43 following A) vinblastine treatment and B) neuritis. In two hotspots from vinblastinetreated nerves, 10 μM FM1-43 was applied between 2.5 and 25μM (hashed lines). * p < 0.05
Dunn’s post-hoc comparison to 0 μM. Vinblastine n = 4, neuritis n = 3.
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Following both vinblastine treatment and neuritis, FM1-43 caused a reduction in the
slope of the linear regression line fit to force-discharge relationships from AMS
hotspots (main effects: p < 0.05 and p = 0.47 respectively, repeated measures oneway ANOVA; Figure 4.16). Twenty-five micro molar FM1-43 caused a significant
decrease in the slope of the force-discharge relationships of hotspots identified
following vinblastine treatment (p < 0.05, Dunnett’s post-hoc comparison to 0μM).
Following application of 25 μM, the average slope decreased by 71% and 8%
compared to baseline (vinblastine treatment and neuritis respectively).
Following both vinblastine treatment and neuritis, FM1-43 had a negligible effect on
the firing threshold of mechanically sensitive hotspots (main effects: p = 0.16 and p
= 0.67 respectively, Friedman test; Figure 4.17). Following application of 25 μM, the
thresholds increased marginally by 11% and 16% compared to that of baseline
(vinblastine treatment and neuritis respectively).
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Figure 4.16 Slopes of force-discharge relationships following FM1-43 application
The slope of the force discharge relationship; before and after application of 2.5-25μM FM143 following A) vinblastine treatment and B) neuritis. In two hotspots from vinblastinetreated nerves, 10 μM FM1-43 was applied between 2.5 and 25 μM (hashed lines). * p < 0.05
Dunnett’s post-hoc comparison to 0 μM. Vinblastine n = 4, neuritis n = 3.
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Figure 4.17 Firing thresholds following application of FM1-43
The firing thresholds of mechanically sensitive hotspots; before and after application of 2.525μM FM1-43 following A) vinblastine treatment and B) neuritis. In two hotspots from
vinblastine-treated nerves, 10 μM FM1-43 was applied between 2.5 and 25 μM (hashed
lines). Vinblastine n = 4, neuritis n = 3.
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4.3 Main findings
•

C-fibre axon conduction through the treatment site was disrupted in a
proportion (10/19) of neuritis nerves.

•

In neuritis nerves where conduction was affected, 24% (12/49) of C-fibre axons
conducted across the treatment site.

•

Following vinblastine treatment and neuritis, clear force-discharge
relationships were produced from the majority of AMS hotspots.

•

Following vinblastine treatment, the slope of the linear regression lines fitted
to discharge response from AMS hotspots (0.055 spikes.s-1.mN-1) was
significantly greater than that of the neuritis (0.027 spikes.s-1.mN-1; p<0.01).

•

The firing threshold of AMS hotspots was similar following vinblastine
treatment (48 mN) and neuritis (36 mN).

•

Following 10-50 μM ruthenium red, there was a decrease in the number of
spikes.s-1 produced from AMS hotspots at 150 mN force (82% and 55%
decrease from baseline after 50 μM, following vinblastine treatment and
neuritis respectively).

•

Following 10-50 μM ruthenium red, there was an increase in the firing
threshold following vinblastine treatment (57% post 50μM) and a negligible
increase following neuritis (13% post 50μM).

•

Following 2.5-25 μM FM1-43, there was a decrease in the number of spikes.s-1
produced from AMS hotspots at 150 mN force (70% and 59% decrease from
baseline after 25 μM; following vinblastine treatment and neuritis
respectively).

•

Following 2.5-25 μM FM1-43, there were small increases in the firing
thresholds (11% and 16% increase following 25 μM; following vinblastine
treatment and neuritis respectively).
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4.4 Discussion
Although previous studies have examined vinblastine- and neuritis-induced AMS,
these studies have focused on the proportion of responding neurons rather than the
characteristics of the response. It was hypothesised that mechanically sensitive ion
channels are responsible for AMS, and that these channels enabled axons to encode
local changes in force within the nerve. In this study, an ex-vivo recording chamber
was used to record from the sciatic nerve dissected from animals following
vinblastine treatment and neuritis. This facilitated the use of a force-feedback
controlled stimulator to investigate the force-discharge responses produced from
mechanically sensitive hotspots.
4.4.1 Mechanically stimulating hotspots produced positive force-discharge
relationships
The present study set out to determine if the force-discharge relationships produced
from mechanically stimulating hotspots were graded, i.e. do higher forces elicit more
action potentials. At peripheral terminals, nociceptors produce graded responses
(Andrew and Greenspan, 1999; Cain et al., 2001; Hoffmann et al., 2008), which allow
these neurons to locally encode the rate of firing into the spinal cord. The
consequence of this graded response is that increased noxious stimulation causes a
greater intensity of pain. The results from this study show that mechanically sensitive
hotspots also produce graded responses, which suggest that increased pressure over
a nerve trunk, or increased nerve stretch, will cause increased nociceptor activation
in patients with suspected neuritis. Accordingly, movements that stretch peripheral
nerves may increase the afferent input into to the spinal cord, thereby contributing
towards central sensitisation.
Graded responses are also reported in other excitable cells involved in
mechanosensation, such as muscle spindles, hair cells and Pacinian corpuscles
(Hudspeth and Corey, 1977; Ottoson and Shepherd, 1970; Tapper, 1965) where
mechanically sensitive ion channels are reported to underlie mechanosensitivity
(Gale et al., 2001; Woo et al., 2015). Therefore, graded responses produced from
mechanically sensitive axons indicate that mechanically sensitive ion channels are
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likely to underlie AMS. Interestingly, graded responses are also produced from
mechanically sensitive axons following nerve crush (neuroma) (Rivera et al., 2000),
which indicates that the mechanisms that cause AMS might be similar to that
following vinblastine treatment and neuritis. At a neuroma site, mechanical
sensitivity is likely to be due to an accumulation of mechanically sensitive ion
channels subsequent to the cessation of axonal transport (Koschorke et al., 1994).
This mechanism is consistent with the hypothesis that AMS is due to the disruption
and subsequent accumulation of mechanically sensitive ion channels following
vinblastine treatment and neuritis.
The slope of the force-discharge response was examined as a measure of the
responsiveness of mechanically sensitive hotspots. There were clear differences in
the slopes of the force-discharge response following vinblastine treatment compared
to neuritis. The greater slopes following vinblastine treatment indicate that
vinblastine hotspots were more responsive at higher forces. This difference could
signify an increased density of mechanically sensitive ion channels at the treatment
site following vinblastine treatment. Differences in the density of ion channels may
reflect the time courses of axonal transport disruption. As the onset of axonal
transport disruption is slower following neuritis compared to vinblastine treatment
(Dilley et al., 2013), less channels may have accumulated at the neuritis treatment
site at the time points examined in this study. Alternatively, the dissimilarity in the
responsiveness between vinblastine treatment and neuritis could be due to the
differences in the composition of tissue at the site where the hotspots were located.
Following neuritis, a thickened granuloma forms at the treatment site due to the
mass of inflammatory cells and dense fibrous tissue (Bove et al., 2003; Eliav et al.,
1999). The majority of hotspots were typically located at this site. In contrast,
following vinblastine treatment, the gross morphology of the nerve appears
unaffected by the treatment, with no signs of a granuloma or fibrosis.
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4.2.2 Firing thresholds were similar following vinblastine treatment and neuritis
The firing thresholds identified in this study are consistent with the range of forces
(≤200 mN) required to initiate responses from mechanically sensitive axons in-vivo
(Dilley and Bove, 2008a; b). The firing thresholds of mechanically sensitive C-fibre
axons were 24 and 18 mN/mm2 following vinblastine treatment and neuritis
respectively. These values have been converted to pressures based upon the area of
the probe (2mm2) that was used in this study. Interestingly, firing thresholds of
mechanically sensitive C-fibre axons were broadly comparable to those that
developed mechanical sensitivity following nerve crush (3-11 mN/mm2) (Janig et al.,
2009; Kirillova et al., 2011; Rivera et al., 2000), which suggests that the mechanisms
of mechanotransduction might be similar. As previously discussed, mechanically
sensitive ion channels are likely to contribute to mechanical sensitivity following
nerve crush, vinblastine treatment and neuritis. Thus, the comparable thresholds
indicate that the mechanically sensitive ion channels at a neuroma site might be
similar to those that have accumulated vinblastine and neuritis treatment sites. As it
is likely that the firing threshold of a mechanically sensitive axon will be affected by
the composition of the surrounding tissue, firing thresholds have not been compared
to that of the mechanosensitive nociceptors in the skin and muscle.
4.4.3 Mechanically sensitive ion channel blockers attenuated AMS
The underlying channels that lead to AMS have yet to be identified. To verify whether
mechanically sensitive ion channels are responsible for AMS in C-fibre neurons, the
broad-spectrum mechanically sensitive ion channel blockers, ruthenium red and
FM1-43 (Di Castro et al., 2006; Drew and Wood, 2007; Drew et al., 2002; Gale et al.,
2001), were applied to AMS hotspots.
Data from this study has shown that both ruthenium red and FM1-43 cause a dose
dependent attenuation of AMS following vinblastine treatment and neuritis, which
is consistent with a role for mechanically sensitive ion channels. Of the putative
mechanically sensitive ion channels expressed on nociceptive neurons, ruthenium
red blocks the TRP channels TRPA1, TRPV1, TRPV4, and TRPC3 (Fischer et al., 2003;
Nagata et al., 2005; Qu et al., 2012; Voets et al., 2002), PIEZO2 (Coste et al., 2010;
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Coste et al., 2012) and tentonin 3 (Hong et al., 2016). Similar to ruthenium red, FM143 blocks PIEZO2 (Eijkelkamp et al., 2013), tentonin3 (Hong et al., 2016), TRPC3, but
also TRPC6 (Quick et al., 2012). Of these channels, TRPA1, TRPV1 and TRPV4 are
reported to be involved in mechanical nociception (Brierley et al., 2009; Brierley et
al., 2008; Jones et al., 2005b; Kerstein et al., 2009; Mueller-Tribbensee et al., 2015;
Rong et al., 2004; Vilceanu and Stucky, 2010) and both TRPV1 and TRPA1 are involved
in inflammatory-induced mechanical sensitisation of afferents (Brederson et al.,
2012; Brierley et al., 2009; De Schepper et al., 2008; DeBerry et al., 2014; Jones et al.,
2005b; Kelly et al., 2015). As such, it is possible that these channels contribute
towards AMS. Although TRPC3, TRPC6, PIEZO2 and tentonin3 are not reported to be
involved in mechanical nociception (Hong et al., 2016; Quick et al., 2012; Woo et al.,
2014), these channels may still contribute towards AMS.
Whereas the highest concentration of ruthenium red (50 μM) appeared to
completely attenuate vinblastine-induced AMS, following neuritis, the same
concentration produced a partial block of AMS. Interestingly, ruthenium red
appeared to reach a maximum effect at 20 μM, suggesting that other mechanically
sensitive ion channels that are not blocked by ruthenium red contribute towards the
development of neuritis-induced AMS. Acid sensing ion channels are an example of
the latter (Alvarez de la Rosa et al., 2002).
While there was a large decrease in the slope following application of 50 μM
ruthenium red or 25 μM FM1-43 to hotspots in vinblastine-treated nerves, the same
concentrations caused a moderate reduction in the slope following neuritis. This was
probably due to a near complete block of all the channels responsible for AMS
following vinblastine treatment. The reduction in the slope indicates that blockers
appeared to be more effective at the highest forces that were applied to hotspots. It
is not clear why this occurred. However, as ruthenium red blocks mechanically
sensitive channels by binding within the channel pore (Coste et al., 2012; Voets et al.,
2002), this effect might be due to use dependency. Although FM1-43 also block
mechanically sensitive ion channels by binding within the channel pore (Drew and
Wood, 2007; Gale et al., 2001), it is not reported to exert a use-dependent block (Gale
et al., 2001).
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The increase in the threshold of vinblastine-induced AMS following ruthenium red
application contrasts from neuritis, where a similar response was not observed. It
seems likely that the increased threshold following vinblastine treatment was due to
the majority of mechanically sensitive ion channels being blocked. Accordingly, the
remaining unblocked channels are likely to require higher forces to produce enough
depolarisation to initiate an action potential.
4.4.4 Vinblastine treatment caused conduction slowing in nociceptive axons
Here it was found that conduction in C-fibres was slowed along the length of the
sciatic nerve following vinblastine treatment, which is consistent with findings from
an in-vivo study (Dilley and Bove, 2008a). Although slowing of conduction has also
been reported following neuritis (Dilley and Bove, 2008b), it does not occur until later
time points (1-4 weeks). Accordingly, conduction velocities were not slowed
following neuritis in this study. It is not known how vinblastine treatment causes
conduction slowing along axons in the sciatic nerve. However, it is possible that
conduction slowing is a consequence of the reduced retrograde transport of targetderived factors, such as GDNF and NGF. Accordingly, conduction slowing following
axotomy is associated with the reduced delivery of these factors to the DRG (Bennett
et al., 1998b). For example, reduced NGF signalling is likely to result in a decrease in
the production of neurofilaments in neurons (Verge et al., 1990), thereby causing a
decrease in axonal diameter (Hoffman et al., 1987), which results in a reduction in
conduction velocity (Gasser and Grundfest, 1939). Additionally, reduced targetderived factor signalling may alter the gating or expression of sodium channels, such
as Nav1.7 (Kim et al., 2002; Stamboulian et al., 2010), which are important in
determining conduction velocity (De Col et al., 2008; Pinto et al., 2008). The reduced
anterograde transport of ion channels and other molecules is also likely to contribute
to conduction slowing. For instance, disrupted sodium channel transport is likely to
reduce their density along the axonal membrane. Furthermore, as the transport of
mitochondria is also likely to be disrupted (Shemesh and Spira, 2010), the energy
deficits that probably result from this may further contribute to conduction slowing.
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4.4.5 Levels of AMS are lower ex-vivo compared to in-vivo
The proportions of C-fibre axons with AMS following vinblastine treatment and
neuritis were substantially lower when recording ex-vivo compared to in-vivo (Dilley
and Bove, 2008a; b; Dilley et al., 2013). This suggests that neurons with AMS could
be more vulnerable to damage and are particularly susceptible upon being removed
from their internal environment. Mitochondria dysfunction or alterations to the
distribution of mitochondria might be involved in such changes, as they are critical in
supplying energy to the axon. Repeated systemic administration of anti-mitotic
agents, such as paclitaxel, is known to cause an increase in the number of swollen
and vacuolated mitochondria (Flatters and Bennett, 2006; Jin et al., 2008), which can
lead to energy deficits in neurons (Duggett et al., 2017; Zheng et al., 2011).
Inflammation can also cause damage to mitochondria (Nikic et al., 2011). However,
such changes are associated with axonal degeneration (Nikic et al., 2011), which is
minimal following neuritis (Eliav et al., 1999). The transport of mitochondria is
disrupted following inflammation (Errea et al., 2015; Sorbara et al., 2014), and
following treatment with anti-mitotic agents (Shemesh and Spira, 2010). This may
lead to a decrease in the number of functional mitochondria distal to the treatment
site, resulting in energy depletion.
Alternatively, temperature may have influenced the incidence of AMS, as
experiments were carried out at 32˚C, rather than 37˚C. Temperature-induced
changes to the properties of the membrane may alter the gating of mechanically
sensitive ion channels. For example, a reduction in temperature decreases the
compressibility of the membrane and increases its thickness (Heimburg, 1998), which
may hinder mechanically sensitive channel opening in response to mechanical
stimulation (Martinac and Hamill, 2002). Furthermore, certain ion channels are
known to be gated by changes in temperature, many of which are from the TRP
channel family (Vriens et al., 2014). It is important to note that several of channels
that are gated by mechanical stimuli also belong to the TRP channel family. Hence,
the temperature may influence the way the channel responds to mechanical stimuli,
if the gating mechanisms involved are similar.
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4.4.6 Conduction was partially blocked through the neuritis site
Following neuritis there was reduced conduction through the treatment site, which
is in contrast to what is reported in vivo (Dilley et al., 2005). The reason for this
discrepancy is unclear, but the most likely explanation is that it is due to a lack of
circulation. In an in vivo preparation the nerve is likely to be sufficiently perfused with
oxygen and glucose at the neuritis site due to the continuous flow of blood through
intraneural blood vessels. Whereas in an ex vivo preparation, oxygen and glucose are
likely to enter the axons from the cut ends or by diffusing across the epineurial and
perineurial membranes. At the neuritis site the presence of a granuloma may act as
a barrier that limits the supply of oxygen and glucose to the nerve, thereby causing
energy depletion and hypoxic conditions, the latter of which is known to block
conduction (Calcutt et al., 1991).
4.4.7 Summary
The current study has demonstrated that mechanically sensitive hotspots in C-fibre
axons produce a graded response to changes in force and that mechanically sensitive
ion channel blockers attenuate these responses. Taken together, this strongly
suggests that mechanically sensitive ion channels are responsible for AMS. Potential
mechanically sensitive ion channels that might be involved in the development of
AMS include TRPA1, TRPV1 and TRPV4. However, further ex-vivo experiments
investigating the effects of specific ion channel blockers were not carried out due to
the technical difficulties associated with experiments (see limitations 7.3.1). In
contrast to neuritis, the conduction velocities of C-fibre axons were slowed following
vinblastine treatment. Finally, a lower proportion of AMS was found ex vivo
compared to that in vivo, suggesting that these axons are likely to be susceptible to
changes in their internal environment.
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Chapter 5
The effect of localised axonal
transport disruption and neuritis
on the expression of TRPV1, TRPA1
and ASIC3 in primary sensory
neurons
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5.1 Introduction
In a previous study from our laboratory, vinblastine treatment of the sciatic nerve
and the induction of a neuritis cause the disruption to fast axonal transport (Dilley et
al., 2013). Fast axonal transport is responsible for the delivery of sensory ion
channels, including that of mechanically sensitive ion channels, to the periphery
(Koschorke et al., 1994). However, it is not known whether the transport of sensory
ion channels is disrupted as result of this axonal transport disruption and whether
there is evidence for their accumulation in the nerve. Therefore, in this study, the
expression of the sensory ion channels TRPV1, TRPA1 and ASIC3 were examined in
the sciatic nerve following vinblastine treatment or neuritis. These ion channels were
chosen based on their neuronal expression and because they are postulated to be
involved in mechanical nociception and inflammatory-induced mechanical sensitivity
(Brierley et al., 2011; Brierley et al., 2009; De Schepper et al., 2008; Jones et al.,
2005b; Kelly et al., 2015; Kerstein et al., 2009; Page et al., 2005).
To examine the effects of axonal transport disruption on the anterograde transport
of sensory ion channels, partial ligation experiments were carried out. This was
carried out by assessing the build-up of TRPV1, TRPA1 and ASIC3 proximal to the
point where the nerve has been partially ligated in the presence or absence of a
proximal vinblastine treatment or neuritis. To determine if ion channels were
accumulating in sciatic nerves following vinblastine treatment and neuritis, the
expression of sensory ion channels was investigated in the sciatic nerve at the
treatment site and proximal to this site. Further to this, the levels of sensory ion
channel expression were also explored in the small to medium diameter cell bodies
of the DRG.
The primary objectives were:
1. To determine if the anterograde transport of TRPV1, TRPA1 and ASIC3 were
disrupted in the sciatic nerve.
2. To determine if there was any evidence for the accumulation of TRPV1, TRPA1
and ASIC3 at the treatment sites.
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5.2 Results
5.2.1 Sensory ion channel transport disruption in the sciatic nerve.
Effect of surgery
All animals made a recovery after induction of a partial nerve ligation, including those
that also had the addition of vinblastine or CFA application proximal to the site of
ligation. In nerves treated with saline and vinblastine proximal to the ligation site, the
nerve appeared normal apart from some evidence of oedema near to the ligation
site. In nerves treated with CFA proximal to the ligation, there was evidence for a
neuritis formation, which on some occasions appeared to form over the top of the
ligation site. If a neuritis lesion appeared to be more distal than proximal in relation
to the partial ligation site, these nerves were excluded from the final analysis, which
is why n numbers are lower in the neuritis group. On observation of animals within
their home cages, it appeared that animals had abnormal gait and exhibited guarding
postures of the affected hind limb.
Transient receptor potential vanilloid 1
Following saline treatment, the intensity of anti-TRPV1 labelling was increased in the
ligated portion of the nerve, just proximal to the site of ligation (mean ratio of the
ligated vs the unligated portion was 1.70, SEM +/- 0.14, n = 5; Figure 5.1 A). Following
vinblastine treatment, there was a significant reduction in anti-TRPV1 labelling in the
ligated portion of the nerve compared to that of saline (mean ratio = 1.15, SEM +/0.08, n = 5; main effect p<0.05, one-way ANOVA; p<0.05, Dunnett’s post hoc test;
Figure 5.1 A & B). Following neuritis, there was a reduction in anti-TRPV1 labelling
in the ligated portion of the nerve compared to that of saline treatment (mean ratio
= 1.38, SEM +/- 0.2, n = 3; p = 0.26, Dunnett’s post hoc test; Figure 5.1 A & B).
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Figure 5.1 The effect of vinblastine treatment and neuritis on the anterograde
transport of TRPV1 along the sciatic nerve. A) Example photographs of longitudinal
sections of partially ligated nerves 4 days post-surgery treated proximally with either saline,
vinblastine or CFA (neuritis). P = proximal, D = distal, L = ligated portion of the nerve, UL =
unligated portion of the nerve. Taken at 10x magnification. Arrows indicate anti-TRPV1
labelling in what appeared to be blood vessel walls. B) Mean ratio of the intensities of antiTRPV1 labelling in the ligated vs unligated portion of the nerve in animals following
treatment with saline (n = 5 animals), vinblastine (n = 5 animals) or CFA (n = 3 animals)
proximal to the ligation site. For each animal between 2-10 sections were analysed.
Following vinblastine treatment, there was a significant reduction in the ratio of the intensity
of anti-TRPV1 labelling (*p <0.05; Dunnett’s post hoc comparison to saline). Error bars
represent SEM.
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Transient receptor potential ankyrin-1
Following saline treatment, the intensity of anti-TRPA1 labelling was increased in the
ligated portion of the nerve, proximal to the site of ligation (mean ratio of the ligated
vs the unligated portion was 2.44, SEM +/- 0.29, n = 4; Figure 5.2 A). Following
vinblastine treatment, there was a significant reduction in anti-TRPA1 labelling in the
ligated portion of the nerve compared to that of saline (mean ratio = 1.18, SEM +/0.08, n = 4; main effect p<0.05, one-way ANOVA; p<0.05, Dunnett’s post hoc test;
Figure 5.2 A & B). Following neuritis, there was a reduction in anti-TRPA1 labelling
in the ligated portion of the nerve compared to that of saline treatment (mean ratio
= 1.72, SEM +/- 0.37, n = 3; p = 0.21, Dunnett’s post hoc test; Figure 5.2 A & B).
Acid sensing ion channel 3
Following saline treatment, there was a small increase in the intensity of anti-ASIC3
labelling proximal to where the nerve had been ligated (mean ratio of the ligated vs
the unligated portion was 1.58, SEM +/- 0.18, n = 3; Figure 5.3 A). Following
vinblastine treatment, there was a reduction in anti-ASIC3 labelling in the ligated
portion of the nerve compared to that of saline treatment (mean ratio = 1.32, SEM
+/- 0.01, n = 3; Figure 5.3 A & B; main effect p = 0.36, one-way ANOVA). Following
neuritis, there was a slight reduction in anti-ASIC3 labelling in the ligated portion of
the nerve compared to that of saline treatment (mean ratio = 1.40, SEM +/- 0.09, n =
3; Figure 5.3 A & B).
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Figure 5.2 The effect of vinblastine treatment and neuritis on the anterograde
transport of TRPA1 along the sciatic nerve. A) Example photographs of longitudinal
sections of partially ligated nerves 4 days post-surgery treated proximally with either saline,
vinblastine or CFA (neuritis). P = proximal, D = distal, L = ligated portion of the nerve, UL =
unligated portion of the nerve. Taken at 10x magnification. B) Mean ratio of the intensities
of anti-TRPA1 labelling in the ligated vs unligated portion of the nerve in animals following
saline (n = 4), vinblastine (n = 4) or CFA (n = 4) treatment proximal to the ligation site. For
each animal between 2-10 sections were analysed. Following vinblastine treatment, there
was a significant reduction in the ratio of the intensity of anti-TRPA1 labelling in (*p <0.05;
Dunnett’s post hoc comparison to saline). Error bars represent SEM.
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Figure 5.3 The effect of vinblastine treatment and neuritis on the anterograde
transport of ASIC3 along the sciatic nerve. A) Example photographs of longitudinal
sections of partially ligated nerves 4 days post lesion treated proximally with either saline,
vinblastine or CFA (neuritis). P = proximal, D = distal, L = ligated portion of the nerve, UL =
unligated portion of the nerve. Taken at 10x magnification. B) Mean ratio of the intensities
of anti-ASIC3 labelling in the ligated vs unligated portion of the nerve in animals following
saline (n = 3), vinblastine (n = 3) or CFA (n = 3) proximal to the ligation site. For each animal
between 4-13 sections were analysed. Error bars represent SEM.
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5.2.1 Changes to the distribution of sensory ion channels in the sciatic nerve
Effect of surgery
All of the animals that were only treated with saline, vinblastine or CFA made a
recovery from their surgical procedures (no adverse effects were present in days
following surgery).
Transient receptor potential vanilloid-1
The anti-TRPV1 antibody labelled structures that resembled the walls of endoneurial
blood vessels (See arrow heads in Figure 5.4 A). Following saline and vinblastine
treatment, low levels of anti-TRPV1 labelling were found at the approximate location
of the treatment site in the sciatic nerve (Figure 5.4 A). Saline and vinblastine
treatment of the nerve had no effect on the distribution of TRPV1 labelling. Following
saline treatment, the mean ratio of the treatment site vs proximal anti-TRPV1
labelling intensity was 1.11 (SEM +/- 0.06, n = 3), which was not significantly different
to the ratio following vinblastine treatment (mean ratio 1.11, SEM +/- 0.06, n = 3;
main effect p <0.05 one-way ANOVA; p = 0.99, Dunnett’s post hoc test; Figure 5.4 B).
Following neuritis, there was an increase in anti-TRPV1 labelling at the treatment site
in comparison to that of the proximal region of nerve (Figure 5.4 A). The mean ratio
of labelling at the treatment site vs proximal region was 1.32 (SEM +/- 0.03, n = 3),
which was significantly greater than that of the ratio following saline treatment (p <
0.05, Dunnett’s post hoc test; Figure 5.4 B).
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Figure 5.4 Distribution of anti-TRPV1 labelling in the sciatic nerve
A) Example photographs of longitudinal sciatic nerve sections at the approximate location of
the treatment site and a region 3-5mm proximal to this region. There was an increase in antiTRPV1 labelling at the treatment site following neuritis (highlighted in white box). Arrows
indicate anti-TRPV1 labelling of blood vessel walls. Taken at 10x magnification B) Mean ratios
of anti-TRPV1 labelling intensity at the treatment site vs the proximal region of nerve in
saline, vinblastine and neuritis groups (all groups n = 3 animals, 2-3 sections per animal).
There was a significant increase in the ratio of the intensity of anti-TRPV1 labelling in neuritis
nerves (*p <0.05, Dunnett’s post hoc comparison to saline). Error bars represent SEM.
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Transient receptor potential ankyrin-1
The anti-TRPA1 antibody labelled structures that resembled the walls of endoneurial
blood vessels (See arrow heads in Figure 5.5 A). Following saline treatment,
vinblastine treatment and neuritis, low levels of anti-TRPA1 labelling were found at
the approximate location of the treatment site. The distribution of anti-TRPA1
labelling was found to be similar in all groups (Figure 5.5 A). Following saline
treatment, the mean ratio of the treatment site vs proximal anti-TRPA1 labelling
intensity was 0.98 (SEM +/- 0.11, n = 3). Following vinblastine treatment, there was
a slight increase in the ratio of labelling at the treatment site vs proximal region
compared to saline, 1.22 (SEM +/- 0.19, n = 3 Figure 5.5 B). Following neuritis, the
mean ratio of labelling at the treatment site vs proximal region was similar to that of
saline, 1.08 (SEM +/- 0.09, n = 3; Figure 5.5 B). There were no significant differences
between the treatment groups (main effect p = 0.52, one-way ANOVA).
Acid sensing ion channel 3
The anti-ASIC3 antibody labelled structures that resembled the wall of endoneurial
blood vessels (See arrow heads in Figure 5.6 A). Following saline and vinblastine
treatment, low levels of anti-ASIC3 labelling were found at the approximate location
of the treatment site and the distribution of anti-ASIC3 labelling was similar in both
of these treatment groups (Figure 5.6 A). Following saline treatment, the mean ratio
of the treatment site vs proximal anti-ASIC3 labelling intensity was 0.96 (SEM +/0.05, n = 3), which wasn’t significantly different to the ratio following vinblastine
treatment (mean ratio 1.12, SEM +/- 0.06, n = 3; main effect p< 0.05, 1-way ANOVA;
p = 0.14, Dunnett’s post hoc test; Figure 5.6 B). Following neuritis, there appeared to
be an increase in anti-ASIC3 labelling at the treatment site, compared to that of the
region proximal to the treatment site (Figure 5.6 A). The mean ratio of labelling at
the treatment site vs proximal region was 1.23 (SEM +/- 0.05, n = 3), which was
significantly greater than the ratio of labelling following saline treatment (p < 0.05,
Dunnett’s post hoc test; Figure 5.6 B).
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Figure 5.5 Distribution of anti-TRPA1 labelling in the sciatic nerve.
A) Example photographs of longitudinal sciatic nerve sections at the approximate location of
the treatment site and a region 3-5mm proximal to this region. Arrows indicate labelling of
anti-TRPA1 in what appeared to be blood vessel walls. Taken at 10x magnification. B) Mean
ratios of the labelling intensity of anti-TRPA1 at the treatment site vs the proximal section of
nerve in saline, vinblastine and neuritis groups (all groups n = 3 animals, 2-3 sections per
animal). Error bars represent SEM.
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Figure 5.6 Distribution of anti-ASIC3 labelling in the sciatic nerve.
A) Example photographs of longitudinal sciatic nerve sections at the approximate location of
the treatment site and a region 3-5mm proximal to this region. Following neuritis, there was
an increase in anti-ASIC3 labelling at the treatment site (white box). Arrows indicate labelling
of anti-ASIC3 in what appeared to be blood vessel walls. Taken at 10x magnification B) Mean
ratios of the labelling intensity of anti-ASIC3 at the treatment site vs the proximal section of
nerve in saline, vinblastine and neuritis groups (all groups n = 3 animals, 2-3 sections per
animal). There was a significant increase in the ratio of the intensity of anti-ASIC3 labelling in
neuritis nerves (*p <0.05; Dunnett’s post hoc comparison to saline). Error bars represent
SEM.

152

5.2.3 Changes in ion channel expression in the dorsal root ganglion
Transient receptor potential vanilloid 1
Anti-TRPV1 labelling was apparent within the cytosol of a proportion of small to
medium diameter L5 DRG cell bodies in all treatment groups (Figure 5.7). Following
saline treatment, the median intensity ratio of anti-TRPV1 labelling in small and
medium sized diameter cell bodies was 1.57 (IQR +/- 0.73; n = 238). This was not
significantly different (main effect p = 0.07; Kruskal-Wallis test) to the median
intensity ratio following vinblastine treatment (1.44; IQR +/- 0.70, n = 240) or neuritis
(1.57; IQR +/- 0.91, n = 240; Figure 5.8)
Transient receptor potential ankyrin 1
Anti-TRPA1 labelling was apparent within the cytosol of a proportion of the small to
medium diameter L5 DRG cell bodies in all treatment groups and was also present in
what appeared to be satellite cells (Figure 5.9). Following saline treatment, the
median intensity ratio of anti-TRPA1 labelling in small and medium sized diameter
cell bodies was 1.58 (IQR +/- 0.97, n = 240), which was not significantly different
compared to vinblastine treatment (ratio = 1.59; IQR +/- 0.95, n = 232; main effect p
= 0.05, Kruskal-Wallis test; p = 0.60, Dunn’s post hoc test). However, following
neuritis, there was a small but significant increase in the median intensity ratio (1.69;
IQR +/- 0.96, n = 239) compared to saline treatment (p < 0.05, Dunn’s post hoc test;
Figure 5.10)
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Figure 5.7 Anti-TRPV1 labelling in the L5 DRG. Anti-TRPV1 labelling in cell bodies of the
L5 DRG following A) saline treatment, B) vinblastine treatment and C) neuritis. Anti-TRPV1
labelling was confined to the cytosol of a proportion of small and medium diameter cell
bodies in all treatment groups. DRGs were extracted and frozen on four days post-surgery.
Photographs were taken at 20x magnification
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Figure 5.8 Anti-TRPV1 labelling in small and medium diameter cell bodies
Normalised intensity of anti-TRPV1 labelling in the small and medium diameter cell bodies
following saline treatment, vinblastine treatment and neuritis. See Methods 2.6.3 for
normalisation calculation. Data presented as medians, error bars represent IQR. Each group
has an n = 238-240 cell bodies evenly selected from four animals.
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Figure 5.9 Anti-TRPA1 labelling in the L5 dorsal DRG. Anti-TRPA1 labelling in cell bodies
of the L5 DRG following A) saline treatment, B) vinblastine treatment and C) neuritis. AntiTRPA1 labelling was confined to the cytosol of a proportion of small and medium diameter
cell bodies in all treatment groups. There was also intense anti-TRPA1 labelling in what
appeared to be satellite cells (see arrow heads for examples). Following (C) neuritis there
was an increase in labelling intensity of anti-TRPA1 within small and medium diameter cell
bodies compared to that of the (A) saline treated group. DRGs were extracted on four days
post-surgery. Photographs were taken at 20x magnification
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Figure 5.10 Anti-TRPA1 labelling in small and medium diameter cell bodies
Normalised intensity of anti-TRPA1 labelling in the small and medium diameter cell bodies
following saline treatment, vinblastine treatment and neuritis. See Methods 2.6.3 for
normalisation calculation. Data presented as medians, error bars represent IQR. Each group
has an n = 232-242 cell bodies evenly selected from four animals. * P <0.05 Dunn’s post hoc
comparison to saline.
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Acid sensing ion channel 3
Anti-ASIC3 labelling was apparent within the cytosol of a proportion of the small,
medium and large diameter L5 DRG cell bodies in all treatment groups (Figure 5.11).
Following saline treatment, the median intensity ratio of anti-ASIC3 labelling in small
and medium sized diameter cell bodies was 1.82 (IQR +/- 0.88, n = 240). Following
vinblastine treatment (intensity ratio = 2.0; IQR +/- 1.12, n = 237) and neuritis
(intensity ratio = 1.90; IQR +/- 1.09, n = 236), the median intensity ratios were both
significantly greater than that of the saline group (main effect p < 0.01, Kruskal-Wallis
test; both p <0.01, Dunn’s post hoc comparisons to saline; Figure 5.12).
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Figure 5.11 Anti-ASIC3 labelling in the L5 DRG. Anti-ASIC3 labelling in cell bodies of the
L5 DRG following A) saline treatment, B) vinblastine treatment and C) neuritis. Anti-ASIC3
labelling was present in the cytosol in a proportion of all sized cell bodies in all treatment
groups. Following B) vinblastine treatment and C) neuritis, there was an increase in antiASIC3 labelling intensity within small and medium diameter cell bodies. Arrowhead
represents anti-ASIC3 blood vessel labelling. DRGs were extracted on four days post-surgery.
Photographs were taken at 20x magnification.
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Figure 5.12 Anti-ASIC3 labelling in small and medium diameter cell bodies.
Normalised intensity of anti-ASIC3 labelling in the small and medium diameter cell bodies
See Methods 2.6.3 for normalisation calculation. Data presented as medians, error bars
represent IQR. Each group has an n = 236-240 cell bodies evenly selected from four animals.
** p <0.01 Dunn’s post hoc comparison to saline.
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5.3 Main findings
•

Partially ligating a nerve caused an increase in the labelling intensity of the antiTRPV1, anti-TRPA1 and anti-ASIC3 antibodies proximal to the ligation site (1.7,
2.4 and 1.6 fold increase respectively).

•

At day four following vinblastine treatment, the transport of TRPV1 and TRPA1
was clearly disrupted. Following vinblastine treatment proximal to the partial
ligation, there was a reduction in the ratio of antibody labelling in the ligated
vs unligated nerve portion (TRPV1 ratio 1.7 in control, 1.2 following vinblastine;
TRPA1 ratio of 2.4 in control, 1.2 following vinblastine).

•

At day four following vinblastine treatment, the transport of ASIC3 was
disrupted. There was a reduction in the intensity ratio of anti-ASIC3 labelling in
the ligated vs unligated nerve portion (1.6 in control, 1.3 following vinblastine)

•

At day four following neuritis, the transport of TRPV1 and TRPA1 was disrupted.
Following neuritis proximal to the partial ligation, there was a reduction in the
intensity ratio of antibody labelling in the ligated vs unligated nerve portion
(TRPV1 ratio 1.7 in control, 1.4 following neuritis; TRPA1 ratio of 2.4 in control,
1.7 following neuritis).

•

At day four following neuritis, the transport of ASIC3 was disrupted. Following
neuritis proximal to the partial ligation, there was a slight reduction in the
intensity ratio of anti-ASIC3 labelling in the ligated vs unligated nerve portion
(1.6 in control, 1.4 following neuritis).

•

At day four following neuritis, there was an increase in the labelling of antiTRPV1 and anti-ASIC3 at the treatment site compared to a region 3-5 mm
proximal (1.3 and 1.2 fold increases respectively).
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5.4 Discussion
Data from this study suggests that the accumulation of mechanically sensitive ion
channels at the site of axonal transport disruption is responsible for AMS. Although
there are a considerable number of possible channels that may play a role, three
possible candidates are of particular interest; namely TRPA1, TRPV1 and ASIC3. As
previously stated, these channels are involved in noxious mechanical transduction
and inflammatory-induced mechanical sensitivity. Therefore, as part of this study,
the transport and possible accumulation of these channels at the neuritis and
vinblastine treatment site was examined. As evidence of altered transcription of
these channels, their protein levels have been examined in the cell bodies of sensory
neurons.
5.4.1 The anterograde transport of TRPV1, TRPA1 and ASIC3 was disrupted
In the present study, nerves were partially ligated to assess the transport of sensory
ion channels. This method has been successfully used to show that kinesin is
disrupted following vinblastine treatment and neuritis (Dilley et al., 2013).
The increased level of immunolabeling for all three channels immediately proximal
to the ligation site in saline-treated animals is consistent with the complete cessation
of axonal transport at the ligation, and is consistent with the anterogradely transport
of these channels. The reduction in immunolabeling of all three channels at the
ligation site in vinblastine-treated and neuritis animals suggests that the transport of
these channels is disrupted at a more proximal location.
The transport of these channels was examined on day four. Previous data has shown
that the time courses of axonal transport disruption are different between
vinblastine treatment and neuritis (Dilley et al., 2013). Following vinblastine
treatment, axonal transport is clearly disrupted on day two and has resolved by day
six. Whereas following neuritis, axonal transport is not clearly disrupted until day six.
Therefore, it is likely that on day four axonal transport disruption may have begun to
reverse following vinblastine treatment, but is beginning to be disrupted following
neuritis.
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The disruption to ASIC3 following vinblastine treatment and neuritis was less clear
compared to that of TRPV1 and TRPA1. This may have been due to the different fibre
types that the ion channels are expressed in. In comparison to TRPV1 and TRPA1,
ASIC3 is expressed in both unmyelinated and myelinated fibre types (Molliver et al.,
2005). The latter of which are less susceptible to the effects of anti-mitotic agents
(Kingery et al., 1998) and thus axonal transport may not be disrupted in these fibres.
It is unknown whether myelinated fibres are less susceptible to inflammatoryinduced axonal transport disruption. However, this susceptibility seems plausible
because AMS is less common in large diameter myelinated fibres following neuritis
(Bove et al., 2003).
5.4.2 Evidence for TRPV1, TRPA1 and ASIC3 accumulation at the treatment site
In addition to the accumulation of TRPV1, TRPA1 and ASIC3 at the ligation site, the
levels of ion channels were also examined at the treatment site and compared to a
proximal section of nerve. Low levels of TRPV1 and ASIC3 were found in the sciatic
nerve of saline treated animals, which is consistent with the previously reported
localisation of these channels to the sciatic nerve (Alvarez de la Rosa et al., 2002;
Tominaga et al., 1998). Similarly, low levels of TRPA1 were also identified in the sciatic
nerve of saline treated animals.
Although the transport of ion channels appeared to be disrupted following
vinblastine treatment, there was no evidence of their accumulation at the treatment
site. Since the treatment site was compared to a more proximal area of nerve, this
finding may indicate a more widespread accumulation following vinblastine
treatment, which would be consistent with the nerve ligation data. The focal
increases in ion channel levels at the neuritis site, but not proximally, might be why
AMS is typically localised to this site. Whereas following vinblastine treatment, AMS
hotspots were located both proximal to, and at the treatment site, which is
consistent with a more widespread accumulation of ion channels.
Following neuritis, there was an increase in the levels of TRPV1 at the treatment site
compared to a more proximal location, suggesting that axonal transport disruption
was localised to the neuritis site. Alternatively, the focal increases in the levels of
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TRPV1 following neuritis might suggest that the presence of inflammatory mediators
at the neuritis site, such as TNF and NGF (Obata et al., 2002; Pulman et al., 2013), aid
the trafficking and insertion of accumulated channels into the membrane. For
example, TNF and NGF are reported to cause increased insertion of TRPV1 into the
membrane of neurons (Camprubi-Robles et al., 2009; Meng et al., 2016; Stein et al.,
2006; Zhang et al., 2005). Based upon the nerve ligation data, it was surprising that
the levels of ASIC appeared to increase at the treatment site following neuritis. This
suggests that there might be an alternative mechanism that causes the levels of ion
channels to increase at the neuritis site (e.g. inflammatory-induced local
upregulation – see Discussion 7.1). In contrast to TRPV1 and ASIC3, there was no
increase in TRPA1 labelling at the neuritis treatment site. As TNF is reported to cause
co-trafficking of vesicles containing TRPV1 and TRPA1 to the membrane (Meng et al.,
2016), it was anticipated that, similar to TRPV1, TRPA1 labelling might have increased
following neuritis.
5.4.3 Altered expression of TRPV1, TRPA1 and ASIC3 in the DRG
Previous studies have reported that neuritis induces an increase in the expression of
activating transcription factor-3 and the ion channel, HCN2, in the DRG (Dilley et al.,
2005; Richards et al., 2011). HCN2 channels are considered to contribute towards
ongoing activity following neuritis (Richards and Dilley, 2015). In this study, the
increased immunolabeling of anti-ASIC3 and anti-TRPA1 in the DRG following neuritis
may indicate that the expression of these ion channels increased, which provides
further evidence that neuritis induces phenotypical changes in sensory neurons.
These findings are consistent with reports of increased TRPA1 expression in the DRG
following inflammation of the joints (Dunham et al., 2008) and hind paw (da Costa et
al., 2010; Obata et al., 2005), and ASIC3 mRNA expression following inflammation of
joints (Ikeuchi et al., 2009), muscle (Walder et al., 2010) and hind paw (Nagae et al.,
2006; Voilley et al., 2001). In contrast to TRPA1 and ASIC3, there was a lack of an
increase in anti-TRPV1 immunolabeling indicating that the expression of TRPV1 did
not increase, which was unexpected based on reports that the expression of TRPV1
increases in the DRG following hind paw inflammation (Amaya et al., 2003; Ji et al.,
2002). The increase in anti-ASIC3 labelling within the DRG that followed vinblastine
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treatment indicates that ASIC3 levels increased, which provides evidence that axonal
transport disruption leads to phenotypical changes within neurons.
Although the mechanisms that cause the changes in expression were not explored in
this study, it is likely that they involved retrograde signalling pathways. For example,
following neuritis, NGF is produced in the inflamed nerve (Obata et al., 2002) and
might be retrogradely transported to the DRG. The increased retrograde transport of
NGF may result in the activation of signalling pathways, which in turn lead to the
increase in the expression of ion channels (Obata et al., 2004). In both models it is
possible that there is an injury-induced upregulation of importin ß1 at the treatment
site, which mediates the transport of retrograde signals to the cell body (Perry et al.,
2012).
5.4.4 Summary
From the present data it was clear that vinblastine treatment and neuritis disrupted
the anterograde transport of TRPV1, TRPA1 and ASIC3 along axons. Whereas neuritis
caused a focal increase in channel expression at the treatment site, the accumulation
following vinblastine might have been more widespread. The levels of ion channels
were altered in the cell bodies, suggesting that vinblastine treatment and neuritis
may induce phenotypical changes within neurons.
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Chapter 6
Electrophysiological evidence for
the presence of TRPV1 and TRPA1
in mechanically sensitive axons
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6.1 Introduction
The immunohistochemical results suggest that the transport of TRPV1, TRPA1 and
ASIC3 is disrupted following vinblastine treatment and neuritis, and that TRPV1 and
ASIC3 may have accumulated at the neuritis site. Thus, these ion channels may be
involved in the development of AMS. To investigate the possibility that TRPV1 and
TRPA1 ion channels have accumulated in neurons with AMS, pharmacological agents
will be applied to nerves in an in vivo set up (not carried out ex vivo due to technical
difficulties - see limitations 7.3.1). The accumulation of ASIC3 was not investigated
because previous studies have reported that ruthenium red and FM1-43, which both
attenuated AMS (See Chapter 4), do not block ASIC channels (Alvarez de la Rosa et
al., 2002; Drew and Wood, 2007).
The aim of these experiments was to examine whether TRPV1 and TRPA1 ion
channels are present and functional in mechanically sensitive axons at the vinblastine
and neuritis treatment sites. Therefore, N-oleoyl-dopamine (OLDA) and
cinnamaldehyde, respective agonists of the TRPV1 and TRPA1 ion channels, were
applied to hotspots to determine if they excited neurons with AMS. The
concentrations of cinnamaldehyde and OLDA tested were selected based upon
previous studies. The TRPV1 agonist OLDA activates channels at doses in the low
micromolar range (EC50 5-15μM in vitro) and causes thermal hyperalgesia at a
concentration of 48 μM when injected subcutaneously into the rat hind paw (Chu et
al., 2003; Gavva et al., 2004). The TRPA1 agonist cinnamaldehyde also activates
TRPA1 channels in the low micromolar range (EC50 60μM in vitro) and has shown to
cause significant activity when a concentration of 300 μM was applied to the terminal
of vagal nerve afferents in an ex-vivo lung prep (Bandell et al., 2004; Nassenstein et
al., 2008). Agonists were directly applied to AMS hotspots by: (1) wrapping gelfoam
saturated in the drug around the nerve at the treatment site and (2) injecting directly
into the endoneurium.
The primary objective was:
1. To determine whether C-fibre neurons with AMS responded to application of OLDA
or cinnamaldehyde.
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6.2 Results
All animals recovered from vinblastine and neuritis surgeries without adverse effects.
6.2.1 Properties of neurons with identified receptive fields
In the untreated group (n = 13 neurons), the median conduction velocity of the
characterised C-fibre neurons was 0.60 m/s (IQR = 0.30). Ninety two percent of the
neurons had receptive fields that had deep locations. None of these neurons had
AMS. Following vinblastine treatment (n = 13 neurons), the median conduction
velocity of the characterised C-fibre neurons with AMS was 0.50 m/s (IQR = 0.17),
which was significantly slower than that of untreated neurons (main effect p < 0.05,
Kruskal Wallis test; p < 0.05, Dunn’s post hoc test; Figure 6.1). All of the neurons had
deep receptive fields that were located in the gastrocnemius muscle or the ankle
joint. Following neuritis (n = 19 neurons), the median conduction velocity of neurons
with AMS was 0.59 m/s (IQR = 0.22), which was not significantly different to
untreated (p = 0.74, Dunn’s post hoc test). All of the neurons had deep receptive
fields that were located in the gastrocnemius muscle or the ankle joint. In all of the
groups, all of the mechanical receptive fields identified were deemed to be
nociceptive as they were activated by strong pressure, either by squeezing the skin
with forceps (cutaneous), or squeezing the muscle between the thumb and the
forefinger (deep). Axonal mechanical sensitive hotspots were always located
proximal to, or at the treatment site.
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Figure 6.1 Conduction velocities of characterised C-fibre neurons.
Following vinblastine treatment, C-fibre neurons with AMS had significantly slower
conduction velocities than that of untreated *P < 0.05 Dunn’s post hoc test. Data presented
as medians. Error bars = IQR. Untreated = 13 neurons (12 animals), vinblastine = 13 neurons
(13 animals), neuritis n = 19 neurons (15 animals)
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6.2.2 Perineural application of agonists to the nerve
N-oleoyl-dopamine application
In the untreated group (n = 12 animals), 31% (4/13) of C-fibre neurons with
characterised receptive fields had ongoing activity at baseline (vehicle application).
The baseline rates of activity in all neurons (n = 13) were low (median rate = 0.01 Hz).
Perineural application of each concentration of OLDA had negligible effect on activity
(p = 0.99, Kruskal-Wallis test; Table 6.1). Eight percent of C-fibre neurons (1/13)
responded to OLDA at a concentration of 50 μM.
Following vinblastine treatment (n = 9 animals), 66% (6/9) of C-fibre neurons with
AMS had ongoing activity at baseline (vehicle application). The baseline rates of
activity in all neurons (n = 9) were low (median rate = 0.03 Hz). Perineural application
of each concentration of OLDA had negligible effect on activity (p = 0.84, KruskalWallis test; Table 6.1). Thirteen percent (1/9) of AMS neurons responded to OLDA
at a concentration of 200 μM.
Following neuritis (n = 11 animals), 61% (8/13) of C-fibre neurons with AMS had
ongoing activity at baseline (vehicle application). The baseline rates of activity in all
neurons (n = 13) were low (median rate = 0.02 Hz). Perineural application of each
concentration of OLDA had negligible effect on activity (p = 0.88, Kruskal-Wallis test;
Table 6.1). At concentrations of 10 and 50 μM, eight percent (1/13) of neurons
responded to OLDA.
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Cinnamaldehyde application
In the untreated group (n = 12 animals), 38% (5/13) of C-fibre neurons with
characterised receptive fields had ongoing activity at baseline (vehicle application).
The baseline rates of activity in all neurons (n = 13) were low (median rate = 0.012
Hz). Perineural application of each concentration of cinnamaldehyde had negligible
effect on activity (p = 0.80, Kruskal-Wallis test; Table 6.2). Fifteen percent (2/13) and
8% (1/13) of C-fibre neurons were found to respond to cinnamaldehyde at
concentrations of 250 and 500 μM respectively.
Following vinblastine treatment, (n = 9 animals), 55% (5/9) of C-fibre neurons with
AMS had ongoing activity at baseline (vehicle application). The baseline rates of
activity in all neurons (n = 9) were low (median rate = 0.022 Hz). Perineural
application of each concentration of cinnamaldehyde had negligible effect on activity
(p = 0.96, Kruskal-Wallis test; Table 6.2). Twenty-two percent (2/9) of AMS neurons
responded to cinnamaldehyde at a concentration of 500 μM.
Following neuritis, (n = 11 animals), 54% (7/13) of C-fibre neurons with AMS had
ongoing activity at baseline (vehicle application). The baseline rates of activity in
neurons with AMS (n = 13) were low (median rate = 0.023 Hz). Perineural application
of each concentration of cinnamaldehyde had negligible effect on activity (p = 0.71,
Kruskal-Wallis test; Table 6.2). There were no responders to any of the
concentrations of cinnamaldehyde applied.
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OLDA, median rate/Hz (IQR)
Treatment

n

Untreated

12

Vinblastine

9

Neuritis

13

Pre-drug

10 μM

50 μM

200 μM

0.01

0.01

0.01

0.01

(0.03)

(0.03)

(0.03)

(0.03)

0.03

0.02

0.01

0.02

(0.06)

(0.03)

(0.05)

(0.04)

0.02

0.02

0.02

0.02

(0.04)

(0.03)

(0.04)

(0.03)

p value*
0.99

0.84

0.88

Table 6.1. Activity rates of neurons with AMS at baseline (vehicle) and following
perineural application of OLDA. Each concentration was topically applied to the nerve for
10 min. *Kruskal-Wallis test compared to pre-drug value

Cinnamaldehyde, median rate/Hz (IQR)
Treatment

n

Untreated

12

Vinblastine

9

Neuritis

13

Pre-drug

100 μM

250 μM

500 μM

0.01

0.01

0.00

0.00

(0.02)

(0.02)

(0.01)

(0.04)

0.02

0.02

0.04

0.01

(0.06)

(0.04)

(0.04)

(0.13)

0.02

0.02

0.01

0.01

(0.04)

(0.04)

(0.04)

(0.05)

p value*
0.80

0.96

0.71

Table 6.2. Activity rates of neurons with AMS at baseline (vehicle) and following
perineural application of cinnamaldehyde. Each concentration was topically applied to
the nerve for 10 min. *Kruskal-Wallis test compared to pre-drug value
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6.2.3 Intraneural injection of agonists
As perineural application of agonists only initiated responses in a negligible number
of neurons with AMS, agonists were intraneurally injected. In the majority of these
experiments, an intraneural injection was made following the gelfoam application of
each drug. An intraneural injection of 100 μL of solution into the sciatic nerve caused
a brief increase in intraneural pressure at the location of the hotspot, this was
normally enough to activate hotspots (see arrowheads in Figure 6.5 B & C for
examples).
Vehicle injection
AMS and untreated neurons (with characterised receptive fields)
Following vinblastine treatment, all of C-fibre neurons with AMS (n = 3) were
considered to be ongoing prior to intraneural injection of vehicle. The rates of
ongoing activity ranged between 0.02 – 0.03 Hz at baseline. None (0/3) of the
neurons with AMS responded to an intraneural injection of vehicle (Figures 6.2 A &
6.3 A).
Following neuritis, 66% (4/6) of C-fibre neurons with AMS were considered to be
ongoing prior to injection of vehicle. The rates of ongoing activity ranged between
0.03 – 0.14 Hz at baseline. None (0/6) of the neurons with AMS responded to an
intraneural injection of vehicle (Figures 6.2 B & 6.3 B)
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Figure 6.2 Example individual spike traces of mechanically sensitive C-fibre neurons
after an intraneural injection of vehicle. Example traces show typical responses of
individual C-fibre neurons to the intraneural injection of 100 μL of vehicle into the sciatic
nerve in A) a vinblastine-treated and B) neuritis animal. Arrowheads correspond to time of
intraneural injection. Horizontal bars represent AMS (*) and receptive field testing.
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Figure 6.3 Activity rates of mechanically sensitive C-fibre neurons following the
intraneural injection of vehicle. In these experiments, agonists were applied using
gelfoam prior to intraneural injection. Only the intraneural injection data is presented. Each
line represents the activity of an individual C-fibre neuron prior to and following intraneural
injection of 100 μL of vehicle. Vehicle injection onto mechanically sensitive hotspots did not
cause any activity in C-fibre neurons following A) vinblastine treatment (n = 3 neurons) and
B) neuritis (n = 6 neurons). Key represents experimental protocol. G = Gelfoam, I.N =
Intraneural.
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Non-AMS neurons (receptive fields not identified)
Following vinblastine treatment, there were no C-fibre neurons with ongoing activity
prior to intraneural injection of vehicle. None of the non-ongoing neurons (0/20)
responded to injection of vehicle.
Following neuritis, 7% (2/27) of C-fibre neurons with unidentified receptive fields had
ongoing activity prior to intraneural injection. The rates of ongoing activity were 0.02
and 0.05 Hz at baseline. None (0/27) of the neurons with unidentified receptive fields
responded to injection of vehicle. Figure 6.4 shows the effects of vehicle on neurons
that had ongoing activity at baseline.
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Figure 6.4 Activity rates of ongoing C-fibre neurons following the intraneural
injection of vehicle. In these experiments, agonists were applied using gelfoam prior to
intraneural injection. Only the intraneural injection data is presented. A) Example response
of an ongoing unit after injection of 100μL of vehicle into the sciatic nerve following neuritis.
Arrowhead represents time of injection. B) Each line represents the activity of an individual
ongoing C-fibre neuron prior to and following intraneural injection of 100 μL of vehicle into
a neuritis nerve (n = 2 neurons). Note that receptive fields were not identified in these
neurons. Key represents experimental protocol. G = Gelfoam, I.N = Intraneural.

177

N-oleoyl-dopamine injection
AMS and untreated neurons (with characterised receptive fields)
In the untreated group, 33% (2/6) of C-fibre neurons were considered to be ongoing
prior to intraneural injection of OLDA. The rates of ongoing activity were 0.02 and
0.44 Hz at baseline. No neurons (0/6) from untreated animals responded to
intraneural injection of OLDA (Figures 6.5 A & 6.6 A).
Following vinblastine treatment, 40% (2/5) of C-fibre neurons with AMS were
considered to be ongoing prior to intraneural injection of OLDA. The rates of ongoing
activity were 0.05 and 0.49 Hz at baseline. Injection of OLDA onto caused a response
in 20% (1/5) of neurons with AMS. However, most of the neurons with AMS didn’t
respond (Figures 6.5 B & 6.6 B). The neuron that responded was identified on day
two following vinblastine-treatment.
Following neuritis, 80% (4/5) of C-fibre neurons with AMS were considered to be
ongoing prior to intraneural injection of OLDA. The rates of ongoing activity were low
and ranged between 0.02 – 0.06 Hz at baseline. Injection of OLDA caused a response
in 60% (3/5) of neurons with AMS (an example response of a responder is shown in
Figures 6.5 C). Two out of the three responders had maximal responses between four
to six minutes post-injection and one neuron had a maximal response within the first
two minutes after injection (Figures 6.6 C). Two out of the three responders were
ongoing prior to injection. Neurons that responded were identified between 7 - 8
days following neuritis.
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Figure 6.5 Example individual spike traces of C-fibre neurons after an intraneural
injection of OLDA. Example traces show the typical responses of individual C-fibre neurons
to the intraneural injection of 100 μL of 50 μM OLDA into the sciatic nerve in A) an untreated,
B) vinblastine-treated and C) neuritis animal. Note that following B) vinblastine treatment
and C) neuritis, neurons had AMS. Arrowheads correspond to time of intraneural injection.
Horizontal bars represent AMS (*) and receptive field testing.
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Figure 6.6 Activity rates of C-fibre neurons following the intraneural injection of
OLDA. In these experiments, agonists were applied using gelfoam prior to intraneural
injection. Only the intraneural injection data is presented. Each line represents the activity
of an individual C-fibre neuron prior to and following intraneural injection of 100 μL of 50
μM OLDA in A) untreated (n = 6 neurons), B) vinblastine-treated (n = 5 neurons) and C)
neuritis (n = 5 neurons) animals. In C) 3/5 neurons responded. Note that following B)
vinblastine treatment and C) neuritis, neurons had AMS. Key represents experimental
protocol. G = Gelfoam, I.N = Intraneural.
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Non-AMS neurons (receptive fields not identified)
In the untreated group, 3% (1/20) of C-fibre neurons with unidentified receptive
fields were ongoing prior to intraneural injection of OLDA. This neuron had a baseline
firing rate of 0.22 Hz. None of the neurons (0/20) respond to an intraneural injection
of OLDA. Figures 6.7 A & 6.8 A show the effects of OLDA on neurons that had ongoing
activity at baseline.
Following vinblastine treatment, 9% (2/22) of C-fibre neurons with unidentified
receptive fields had ongoing activity prior to intraneural injection of OLDA. The rates
of activity were 0.04 and 0.08 Hz at baseline. None of the neurons (0/22) respond to
an intraneural injection of OLDA. Figures 6.7 B & 6.8 B show effects of OLDA on
neurons that had ongoing activity at baseline.
Following neuritis, 21% (3/14) of C-fibre neurons with unidentified receptive fields
had ongoing activity prior to intraneural injection of OLDA. The rates of ongoing
activity ranged between 0.06 and 0.24 Hz at baseline. None of the neurons (0/14)
respond to an intraneural injection of OLDA. Figures 6.7 C & 6.8 C show the effects
of OLDA on neurons that had ongoing activity at baseline.
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Figure 6.7 Example individual spike traces of ongoing C-fibre neurons after an
intraneural injection of OLDA. Example traces show the responses of individual C-fibre
neurons with ongoing activity to the intraneural injection of 100 μL of 50 μM OLDA into the
sciatic nerve in A) an untreated, B) vinblastine-treated and C) neuritis animal. Note that
receptive fields were not identified in these neurons. Arrowheads correspond to time of
intraneural injection.
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Figure 6.8 Activity rates of ongoing C-fibre neurons following the intraneural
injection of OLDA. In these experiments, agonists were applied using gelfoam prior to
intraneural injection. Only the intraneural injection data is presented. Each line represents
the activity of an individual ongoing C-fibre neuron prior to and following intraneural
injection of 100 μL of 50 μM OLDA in A) untreated (n = 1 neuron), B) vinblastine-treated (n =
2 neurons) and C) neuritis (n = 3 neurons) animals. Note that receptive fields were not
identified in these neurons. Key represents experimental protocol. G = Gelfoam, I.N =
Intraneural.
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Cinnamaldehyde injection
AMS and untreated neurons (with characterised receptive fields)
In the untreated group, 20% (1/5) of C-fibre neurons was considered to be ongoing
prior to intraneural injection of cinnamaldehyde. The rate of ongoing activity in this
neuron was 0.09 Hz at baseline. None (0/5) of the neurons with AMS responded to
an intraneural injection of cinnamaldehyde (Figures 6.9 A & 6.10 A).
Following vinblastine treatment, 25% (1/4) of C-fibre neurons with AMS was
considered to be ongoing prior to intraneural injection of cinnamaldehyde. The rate
of ongoing activity in this neuron was 0.03 Hz at baseline. None (0/4) of the neurons
with AMS responded to an intraneural injection of cinnamaldehyde (Figures 6.9 B &
6.10 B).
Following neuritis, 50% (3/6) of C-fibre neurons with AMS were considered to be
ongoing prior to intraneural injection of cinnamaldehyde. The rates of ongoing
activity ranged between 0.04 – 0.25 Hz at baseline. Fifty percent (3/6) of C-fibre
neurons with AMS responded to an intraneural injection of cinnamaldehyde (An
example response of a responder is shown in Figure 6.9 C) and all responses peaked
between zero to two minutes post-injection (Figure 6.10 C). The C-fibre neurons that
responded were identified between 5-7 days following neuritis and were all ongoing
prior to intraneural injection
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Figure 6.9 Example individual spike traces of C-fibre neurons after an intraneural
injection of cinnamaldehyde. Example traces show the typical responses of individual Cfibre neurons to the intraneural injection of 100 μL of 500 μM cinnamaldehyde into the
sciatic nerve in A) an untreated, B) vinblastine-treated and C) neuritis animal. Note that
following B) vinblastine treatment and C) neuritis, neurons had AMS. Arrowheads
correspond to time of intraneural injection Horizontal bars represent AMS (*) and receptive
field testing.
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Figure 6.10 Activity rates of C-fibre neurons following the intraneural injection of
cinnamaldehyde. In untreated animals, agonists were applied using gelfoam prior to
intraneural injection. Only the intraneural injection data is presented. Each line represents
the activity of an individual C-fibre neuron prior to and following intraneural injection of 100
μL of 500 μM cinnamaldehyde in A) untreated (n = 5 neurons), B) vinblastine-treated (n = 4
neurons) and C) neuritis (n = 6 neurons) animals. In C) 3/6 neurons responded. Note that
following B) vinblastine treatment and C) neuritis, neurons had AMS. Key represents
experimental protocol. G = Gelfoam, I.N = Intraneural.
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Non-AMS neurons (receptive fields not identified)
In the untreated group, 4% (1/24) of C-fibre neurons with unidentified receptive
fields were ongoing prior to the intraneural injection of cinnamaldehyde. This
ongoing neuron had a baseline firing rate of 0.22 Hz. None of the neurons (0/24)
respond to an intraneural injection of cinnamaldehyde. Figures 6.11 A & 6.12 A show
effects of cinnamaldehyde on the neuron that had ongoing activity at baseline.
Following vinblastine treatment, 16% (4/25) of C-fibre neurons with unidentified
receptive fields were ongoing prior to the intraneural injection of cinnamaldehyde.
Ongoing neurons had baseline firing rates that ranged between 0.17 - 0.43 Hz. An
intraneural injection of cinnamaldehyde caused a response in 4% (1/25) of neurons.
The responder was ongoing at baseline. Figures 6.11 B & 6.12 B show effects of
cinnamaldehyde on the neurons that had ongoing activity.
Following neuritis, 20% (6/30) of C-fibre neurons with unidentified receptive fields
were ongoing prior to the intraneural injection of cinnamaldehyde. The majority of
ongoing neurons had baseline firing rates that were high (>0.19 Hz). An intraneural
injection of cinnamaldehyde caused a response in 4% (3/30) neurons. All of the
responders were ongoing at baseline (Figures 6.11 C & 6.12 C). One neuron increased
its firing rate above the response threshold in every two minute bin, reaching a peak
at 6-8 minutes post-injection. Of the other two neurons, one responded between the
2-4 minutes post-injection and the other responded between 0-2 and 2-4 minutes
post-injection.

For each treatment group, a summary of the responses of C-fibre neurons to the
intraneural injection of vehicle, OLDA and cinnamaldehyde is shown in Table 6.3.

187

Figure 6.11 Example individual spike traces of ongoing C-fibre neurons after an
intraneural injection of cinnamaldehyde. Example traces show the typical responses of
individual C-fibre neurons to the intraneural injection of 100 μL of 500 μM cinnamaldehyde
into the sciatic nerve in A) an untreated, B) vinblastine-treated and C) neuritis animal. Note
that receptive fields were not identified in these neurons. Arrowheads correspond to time
of intraneural injection.
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Figure 6.12 Activity rates of ongoing C-fibre neurons following the intraneural
injection of cinnamaldehyde. In untreated animals, agonists were applied using gelfoam
prior to intraneural injection. Only the intraneural injection data is presented. Each line
represents the activity of an individual C-fibre neuron prior to and following intraneural
injection of 100 μL of 500 μM cinnamaldehyde in A) untreated (n = 1), B) vinblastine-treated
(n = 4 neurons) and C) neuritis (n = 6 neurons) animals. Note in B) 1/4 neurons responded
and in C) 3/6 neurons responded. Receptive fields were not identified in these neurons. Key
represents experimental protocol. G = Gelfoam, I.N = Intraneural.
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Vehicle

50 μM N-oleoyldopamine

500 μM
Cinnamaldehyde

RF

-

0% (0/5)

0% (0/5)

RF not identified

-

0% (0/21)

0% (0/24)

AMS

0% (0/3)

20% (1/5)

0% (0/4)

RF not identified

0% (0/20)

0% (0/22)

4% (0/25)

AMS

0% (0/6)

60% (3/5)

50% (3/6)

RF not identified

0% (0/27)

0% (0/14)

10% (3/30)

Untreated

Vinblastine

Neuritis

Table 6.3. A summary of the responses of C-fibre neurons to the intraneural
injection of N-oleoyl-dopamine (OLDA) and cinnamaldehyde in untreated,
vinblastine and neuritis groups. A neuron was considered to have responded if it
increased its firing rate above threshold within any 2 minute period in the 10 minutes postinjection. RF – receptive field.
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6.3 Main findings
•

In untreated, vinblastine-treated and neuritis groups, a low proportion of C-fibre
neurons responded to gelfoam application of 10 – 200 μM OLDA (0 - 13%) and
cinnamaldehyde (0 - 22%).

•

In untreated animals, an intraneural injection of 50 μM OLDA did not cause
responses in C-fibre neurons with identified receptive fields (0/5) or those with
unidentified receptive fields (0/21).

•

Following vinblastine treatment, an intraneural injection of 50 μM OLDA caused
a response in 20% (1/5) of C-fibre neurons with AMS, but did not cause responses
in C-fibre neurons without AMS that had unidentified receptive fields (0/22).

•

Following neuritis, intraneural injection of 50 μM OLDA caused a response in 60%
(3/5) of C-fibre neurons with AMS, but did not cause responses in C-fibre neurons
without AMS that had unidentified receptive fields (0/14).

•

In the untreated group, an intraneural injection of 500 μM cinnamaldehyde did
not cause responses in C-fibre neurons with identified receptive fields (0/5) or
those with unidentified receptive fields (0/22).

•

Following vinblastine treatment, an intraneural injection of 500 μM
cinnamaldehyde did not cause responses in C-fibre neurons with AMS (0/4), but
caused a response in 4% (1/25) of neurons without AMS that had unidentified
receptive fields

•

Following neuritis, intraneural injection of 500 μM caused a response in 50% (3/6)
of C-fibre neurons with AMS, but only caused a response in 10% (3/30) of C-fibre
neurons without AMS that had unidentified receptive fields.
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6.4 Discussion
Since both TRPV1 and TRPA1 are reported to be involved in mechanical nociception
(Brierley et al., 2009; Jones et al., 2005b; Kerstein et al., 2009; Rong et al., 2004;
Vilceanu and Stucky, 2010), and the transport of each channel is disrupted, it is
plausible that these channels contribute to AMS. As confirmation that levels of TRPV1
and TRPA1 are increased within nociceptors, and functional, agonists were applied
to mechanically sensitive hotspots. In the majority of experiments, agonists were
injected intraneurally following gelfoam application to ensure that the test agent
crossed the epi-perineurium.
6.4.1 Perineural application of agonists had negligible effect on the excitability of
C-fibre neurons
In this study, agonists were initially applied around the nerve using gelfoam, which
had negligible effect on the excitability of C-fibre neurons following vinblastine
treatment, neuritis and in untreated animals. It was likely that this was due to poor
penetration of the agonists across the perineurium, as injection of each agonist
caused responses in neurons following vinblastine treatment and neuritis. Poor
penetration could have been due to the diffusion barrier of the perineurium and the
positive intrafasciular pressure.
6.4.2 Intraneural injection of agonists did not initiate responses in C-fibre neurons
of untreated or vinblastine-treated animals
Intraneural injection of OLDA or cinnamaldehyde did not cause responses in C-fibre
neurons of untreated animals. The lack of responses indicates that, although
functional TRPV1 and TRPA1 channels may be present along axons (Bernardini et al.,
2004; Docherty et al., 2013), their levels are too low to initiate responses.
Following vinblastine treatment, the majority of C-fibre neurons, with and without
AMS, did not respond to OLDA or cinnamaldehyde injection, suggesting that the
levels of functional TRPV1 and TRPA1 are not significantly increased within these
neurons. Although receptive fields of the neurons without AMS were not identified,
94% of C-fibre neurons from the L5 DRG are reported to pass through the sciatic
nerve and therefore it was likely that they were exposed to agonists (Dilley et al.,
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2013). Although TRPV1 and TRPA1 channels may have accumulated following axonal
transport disruption, the lack of responses indicate that there is no increase in the
number of functional channels in the axonal membrane. This finding suggests that
other ion channels are likely to be involved in the development of AMS following
vinblastine treatment, such as TRPV4, TRPC3, TRPC6, PIEZO2 and tentonin3 (see
4.4.3).
6.4.3 OLDA and cinnamaldehyde initiated responses in a proportion of neurons
with AMS following neuritis
While the majority of C-fibre neurons without AMS did not respond to an intraneural
injection of OLDA following neuritis, a proportion of C-fibre neurons with AMS
responded. This finding suggests that there is an increase in the levels of functional
TRPV1 channels in a proportion of neurons with AMS. It is unclear why only AMS
neurons were affected, but as AMS neurons typically innervate deep structures,
physiological differences between muscle and cutaneous afferents might be
involved.

For example, TRPV1 is expressed in a greater number of afferents

innervating the muscle and joints compared to the skin (Cho and Valtschanoff, 2008;
Christianson et al., 2006; Hu-Tsai et al., 1992). Furthermore, as muscle afferents are
reported to become more excitable than cutaneous afferents following nerve injury
(Kirillova et al., 2011; Michaelis et al., 2000; Xu et al., 2010), the neurons with AMS
might have been more responsive to agonists.
Similar to OLDA, injections of cinnamaldehyde also initiated responses that were
generally restricted to a proportion of neurons with AMS, which suggests that there
are increased levels of functional TRPA1 ion channels within these neurons. It is
difficult to ascertain why levels of functional TRPA1 only appeared to increase in a
proportion of neurons with AMS. As previously discussed, it is likely to reflect
physiological differences between subpopulations of neurons.
Since both TRPV1 and TRPA1 are reported to be involved in mechanical nociception
and the inflammatory-induced increase of mechanical sensitivity, the present data
suggests that these channels might contribute towards the development of AMS
following neuritis. In somatosensory neurons, TRPA1 does appear to play a role in
193

noxious mechanosensation under normal conditions (Brierley et al., 2011; Kerstein
et al., 2009; Vilceanu and Stucky, 2010) and both TRPA1 and TRPV1 may contribute
to mechanosensation under inflammatory conditions (Brederson et al., 2012; Kelly
et al., 2015; Lennertz et al., 2012). However, until it has been demonstrated that
these channels are mechanically gated, it not known whether they directly respond
to mechanical stimulation in axons. As only a proportion of neurons with AMS
appeared to have increased functional levels of TRPV1 and TRPA1, it seems likely that
other ion channels, including those previously discussed, may contribute towards the
development of AMS following neuritis.
In this study, neurons with ongoing activity following vinblastine treatment and
neuritis were also examined to determine whether the levels of TRPV1 or TRPA1 had
increased within these neurons. However, caution must be taken when interpreting
this data. This is because noxious mechanical receptive field testing was likely to
cause the development of ongoing activity from the terminals (Bove and Dilley,
2010), making it unclear whether ongoing activity originated at the treatment site
(see limitations - 7.3.2). In contrast to OLDA, cinnamaldehyde initiated responses in
neurons that only had ongoing activity following neuritis. Additionally, all of the
neurons with AMS that responded to cinnamaldehyde were ongoing at baseline.
Therefore, it appears that TRPA1 levels may have increased in a proportion of
neurons with ongoing activity and thus are not specific to neurons with AMS. It seems
likely that increased levels of TRPA1 may in part contribute towards increased
excitability in these neurons following neuritis, because the inflammatory mediator
bradykinin is known to activate TRPA1 channels (Bandell et al., 2004).
6.4.4 Summary
Whereas the topical application of agonists had negligible effects on the activity of
C-fibre neurons, intraneural injections initiated responses in a proportion of neurons
following vinblastine treatment and neuritis. Following neuritis, a proportion of Cfibre neurons with AMS responded to OLDA and cinnamaldehyde, indicating that
there are increased levels of functional TRPV1 and TRPA1 channels in these neurons.
The increased presence of these ion channels suggests that they might be involved
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in the development of AMS. In contrast, a low proportion of neurons with AMS
responded to OLDA and cinnamaldehyde following vinblastine treatment, suggesting
that there are not increased levels of functional TRPV1 and TRPA1 channels in these
neurons. Therefore, TRPV1 and TRPA1 do not appear to be involved in AMS following
vinblastine treatment. It is possible that there are lots of different mechanically
sensitive ion channels that contribute to AMS following vinblastine treatment and
neuritis, some of which may not have been identified.
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Chapter 7
Discussion
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7.1 Potential mechanisms of AMS
The current study has explored the relationship between axonal transport disruption
and AMS in intact C-fibre neurons and has investigated the properties of
mechanically sensitive hotspots following vinblastine treatment and neuritis.
Additionally, it has begun to elucidate the ion channels responsible for the
development of AMS. Table 7.1 shows a summary of the characteristics of AMS that
develops following vinblastine treatment and neuritis.
The main findings from this study indicate that axonal transport disruption plays an
important role in the development of AMS. The transient development of AMS
following vinblastine treatment is consistent with the short-lived time course of
axonal transport disruption (Dilley et al., 2013). Although the development of AMS
following neuritis is also reported to be transient, it is sustained for a longer period
(Dilley and Bove, 2008b), which might be a consequence of a longer lasting disruption
to axonal transport. Mechanistically, vinblastine disrupts axonal transport by
inhibiting the growth of microtubules in addition to promoting their disassembly
(Jordan and Wilson, 1990; Panda et al., 1996), which breaks down the microtubule
tracks that kinesin uses to transport substances. However, the mechanisms by which
inflammation disrupts kinesin-based transport are not known. It is likely that
inflammatory mediators (Amano et al., 2001) and reactive oxygen species (Fang et
al., 2012) are involved. Inflammatory mediators may interact with microtubuleassociated proteins, such as tau, which leads to alterations in the mechanisms of
motor protein interaction with microtubules (Dixit et al., 2008; Stroissnigg et al.,
2007).
The outcome of these changes to kinesin-based transport leads to the disruption of
anterogradely transported substances. Accordingly, the transport of TRPV1, TRPA1
and ASIC3 were clearly disrupted on day 4 following vinblastine treatment, which
coincided with the time point when the levels of AMS reached a peak. Although the
transport of TRPV1, TRPA1 and ASIC3 were not as clearly disrupted at this time point
following neuritis, it is likely that this reflects the slower kinetics of inflammatoryinduced axonal transport disruption (Dilley et al., 2013). It is proposed that
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anterogradely transported ion channels subsequently accumulate and are locally
inserted into the membrane, thereby causing axons to become mechanically
sensitive (Figure 7.1). It seems possible that inflammatory mediator-induced
activation of intracellular signalling cascades (e.g. PKC) might aid the insertion of
mechanically sensitive ion channels into the membrane (Di Castro et al., 2006).
Additionally, an inflammatory-induced upregulation of ion channels may contribute
to the development of AMS. For example, hind paw inflammation is reported to
increase the transport of TRPV1 mRNA to the terminals where it is locally translated,
resulting in an increase in protein expression (Tohda et al., 2001).
Mechanically sensitive ion channels are shown to contribute towards AMS following
vinblastine treatment and neuritis. Interestingly, the presence of mechanically
sensitive ion channels enabled the axon to behave in a similar way to the terminal of
a mechanosensitive nociceptor. Similarities between the properties of mechanically
sensitive hotspots induced by vinblastine treatment and neuritis suggest that the
mechanisms of mechanotransduction are comparable. Following neuritis, the
increased levels of TRPV1 and TRPA1 in a proportion of AMS neurons indicate that
these channels may contribute towards the development of AMS. However, this
study has not provided evidence that TRPV1 and TRPA1 are directly involved in the
mechanotransduction process. Thus, as it is still not known whether these channels
can be directly gated by mechanical stimuli, other ion channels may be responsible
for AMS following neuritis. In contrast to neuritis, the levels of TRPV1 and TRPA1 are
not increased in neurons with AMS following vinblastine treatment, which suggests
that other ion channels are involved in the development of AMS. It seems that
vinblastine- and inflammation-induced axonal transport disruption will impede many
of the mechanically sensitive ion channels that are transported towards the
periphery. Therefore, it is possible that numerous channels expressed in C-fibre
neurons will accumulate at the site of axonal transport disruption and thereby
contribute towards AMS. Examples of such channels include TRPV4, TRPC3, TRPC6,
PIEZO2 and tentonin3 (Alessandri-Haber et al., 2003, Coste et al., 2010; Elg et al.,
2007; Hong et al., 2016).
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As NGF is reported to be present at a neuritis (Obata et al., 2002) and is involved in
the generation of mechanosensitivity in nociceptors (Hirth et al., 2013; Prato et al.,
2017), it may also contribute towards the development of AMS. Upon NGF
application, there is evidence that ‘silent’ nociceptors develop a novel form of
mechanosensitivity, which is mediated by PIEZO 2 (Prato et al., 2017). Given that AMS
typically develops in nociceptors innervating deep tissues (Bove et al., 2003), where
‘silent’ nociceptors are confined to (Prato et al., 2017), it is plausible that this novel
form of NGF-mediated mechanosensitivity contributes towards AMS.
Another mechanism that was not investigated in this study is the potential role of
axonal sprouting in the development of AMS. It has previously been reported that
axonal transport disruption can lead to the formation of collateral sprouts (Gallo and
Letourneau, 1999), which has been demonstrated in motor axons (Riley and
Fahlman, 1985) and in larger diameter sensory axons (Guth et al., 1980) following
perineural exposure of a low dose of colchicine. Such collateral sprouts may respond
similar to the sprouts that form following a neuroma (Devor and Wall, 1976; Kwon et
al., 2000), which are mechanically sensitive (Michaelis et al., 1995; Scadding, 1981;
Welk et al., 1990).
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Vinblastine

Neuritis
Rapid induction, reaches
peak at similar time point
to peak of behavioural
changes, persists for 4
weeks (Dilley and Bove,
2008b)
Majority at the neuritis
site, some located
proximally (Bove et al.,
2003)

Time course of AMS

Rapid induction, reaches
peak at similar time point to
the peak of behavioural
changes, resolves by 2
weeks

Location of hotspots

Proximal to or at the
treatment site (Dilley and
Bove, 2008a)

Properties of hotspots

Exhibit graded responses to
changes in force, low firing
thresholds

Exhibit graded responses
to changes in force, low
firing thresholds

Potential ion channels
involved in the
development of AMS

?

TRPA1, TRPV1

Table 7.1. Summary of the characteristics of AMS that develops in C-fibre neurons
following vinblastine treatment and neuritis. Cells highlighted in dark grey - novel
findings from this study. Cells highlighted in light grey – confirmation of previous findings.
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Figure 7.1 Potential mechanisms of AMS following vinblastine treatment and
neuritis. Under normal conditions, sensory ion channels are transported from the dorsal
root ganglion (DRG) to the periphery, where they are locally inserted into the membrane.
Following neuritis, A) inflammatory mediators/growth factors may bind to ion channels and
G-protein receptors causing the activation of B) intracellular signalling pathways, which
results in kinase activation. C) Inflammatory mediators cause the disruption of axonal
transport through an unknown mechanism. D) Vinblastine depolymerises microtubules
disrupting the tracks that kinesin motor proteins use for transport. E) Axonal transport
disruption leads to the accumulation of mechanically sensitive ion channels that are locally
inserted into the membrane. F) Due to the increased volume of ion channels, the axon
becomes mechanically sensitive. G) Inflammatory mediator induced activation of kinases
may increase the trafficking of channels to the membrane and cause sensitisation of inserted
channels and/or existing channels, which also may contribute towards AMS.

201

7.2 Clinical implications
Chronic widespread pain is extremely debilitating to an individual and is a major
healthcare issue in the western world (Morales-Espinoza et al., 2016; Schaefer et al.,
2016). Therefore, it is paramount that research into the underlying mechanisms that
cause pain in these conditions continues. Patients with chronic widespread pain
include those diagnosed with NSAP, fibromyalgia, CRPS-1 and WAD. Although many
of these patients do not show signs of frank nerve injury on routine clinical
examination, some may have inflamed nerves (Dilley et al., 2011; Greening et al.,
2017). In these patients, it is hypothesised that inflammation-induced axonal
transport disruption may play an important role in the development of painful
symptoms (Figure 7.2).
The current study has emphasised that axonal transport disruption can cause
physiological changes in nociceptive neurons. Specifically, it has focused on the
development of AMS, which is likely to be the cause of nerve trunk mechanical
sensitivity in patients. Inflamed nociceptors that develop AMS respond to
approximately 3% stretch (Dilley et al., 2005), which may be generated in humans
upon normal limb movements (Dilley et al., 2003). This suggests that daily activities,
such as getting dressed, may cause activation of mechanically sensitive nociceptors,
thereby causing pain. Additionally, since it is widely accepted that central
mechanisms of neuropathic pain require an afferent barrage, (Campbell and Meyer,
2006; Gracely et al., 1992; Woolf, 2011; Xie et al., 2005), it is possible that activation
of nociceptors with AMS may contribute to such barrage. Therefore, it is essential to
understand how mechanical sensitivity arises and to elucidate the mechanically
sensitive ion channels that are likely to be involved in its development. Mechanicallyevoked pain is also a major impairment to patients suffering from chronic
inflammatory diseases affecting the joints, such as osteoarthritis (Neogi and Zhang,
2013). Interestingly, it seems that mechanically sensitive channels are also involved
in the development of mechanically-evoked pain (He et al., 2017). Hence,
identification of mechanically sensitive ion channels may provide an attractive
therapeutic target for the treatment of both chronic neuropathic and inflammatory
pain conditions.
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Figure 7.2 Overview of the proposed mechanisms that underlie the development
of pain symptoms in patients with neuritis. Briefly, nerve inflammation induces axonal
transport disruption, which in itself, and in addition to the effects of inflammatory mediators,
increases the axonal density of ion channels. This leads to axons becoming mechanically and
chemically sensitive and causes the generation of ongoing activity (when in the presence of
inflammatory mediators). These factors may contribute to pain symptoms alone (e.g. Tinel’s
sign arising from mechanical sensitivity), or together to drive central sensitisation that leads
neuropathic pain symptoms. Hashed line - only thought to develop in the presence of
inflammatory mediators. Boxes highlighted in red - focus of this study.
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7.3 Limitations
7.3.1 Ex-vivo recordings
It was not possible to generate force-discharge relationships and/or apply blockers
to every mechanically sensitive hotspot identified. This was due to the fact that it
was hard to pinpoint some hotspots, because they would sometimes be located on
the side/ underside of the nerve. Although the stimulator was carefully positioned
over the hotspot with a micromanipulator, the stimulator would sometimes slip away
from the nerve, making it difficult to obtain consistent force discharge relationships.
7.3.2 In-vivo recordings
It was not possible to use the force-feedback controlled stimulator in an in vivo setup due to technical issues (e.g. positioning of the mechanical stimulator on the
nerve). For this reason, it was decided that specific channel blockers would not be
tested in these experiments, as quantification of the extent of channel block was not
possible. Therefore, agonists were applied to AMS hotspots.
Receptive fields were characterised in agonist experiments to ensure that a similar
proportion of deep neurons were sampled from untreated animals, as neurons with
AMS typically innervate deep structures. However, searching for noxious mechanical
receptive fields causes inflammation that resulted in ongoing activity in C-fibre
neurons (Bove and Dilley, 2010), which was reported to cause axonal sensitivity to
inflammatory mediators in a previous study (Richards et al., 2011). As a consequence
of this sensitisation, ongoing neurons may have been more likely to respond to
agonists.
7.3.3 Immunolabeling
Antibodies were not characterised using immunoblotting in this study because this
has already been performed in previous studies (See Table 2.1). Although labelling
patterns of each antibody were consistent with previously reported expression
patterns for each protein (see Appendix 2), the antibodies used in this study were
polyclonal. Thus, there may had been an increased possibility of non-specific binding.
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A more appropriate method of determining the specificity each antibody would
involve a knockdown of the protein of interest in rats or mice. However, access to
such knockouts was not possible in this study.
7.4 Future directions
There is unpublished evidence (communication from Geoffrey Bove) that mice
nerves are better suited for ex-vivo electrophysiological recordings. Therefore, the
combination of the use of ex-vivo electrophysiology with knockout mice would help
to further characterise the role of TRPV1 and TRPA1 in the development of AMS.
Transient receptor potential receptor ankyrin 1 knockout mice have previously been
used to demonstrate that TRPA1 contributes to mechanical sensitivity in a subpopulation of C-fibre neurons (Vilceanu and Stucky, 2010). Additionally, specific
antagonists of the TRPV1 and TRPA1 ion channels could be employed to determine
the precise role of these channels in AMS. However, due to differences in the
patterns of protein expression in neurons of rats and mice (Price and Flores, 2007),
caution must be taken when modelling neuritis in a different species. Hence, a series
of studies validating the use of each model in-vivo and ex-vivo would need to be
carried out prior to the use of mice.
Similarities between the pattern of pain behaviours and AMS might indicate that
AMS is somehow involved in the development of pain behaviours. Activation of
mechanically sensitive nociceptors may contribute to the afferent barrage required
for the development of central changes, which may lead to the development of pain
behaviours (Campbell and Meyer, 2006; Gracely et al., 1992; Woolf, 2011; Xie et al.,
2005). To investigate this possibility, an implantable peristaltic mini-pump could be
used to deliver agents to the treatment site (Speed and Hyndman, 2016). Following
vinblastine treatment and neuritis, mechanically sensitive ion channel blockers could
be delivered to the treatment site via the pump to test the hypothesis that this might
reverse pain behaviours.
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Concluding remarks
This study has furthered our understanding of the mechanisms that lead to the
development of AMS. As AMS is likely to represent nerve trunk mechanical sensitivity
in patients suffering from chronic widespread pain conditions, such as NSAP WAD
and CRPS-1, it is crucial that we elucidate the ion channels involved in the
development of mechanical sensitivity. Identification of such channels may facilitate
the development of novel drugs to treat movement-evoked pain, ensuring that
patients can perform normal day-to-day tasks in the absence of pain. Not only will
this improve the patient’s quality of life, but it will also reduce the socio-economic
costs associated with healthcare and lost work days.
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Appendix I: Normalisation of antibody labelling in the dorsal root ganglion
For the TRPV1, TRPA1 and ASIC3 antibodies, it was noticed that there were
observable differences in the labelling intensities of large diameter cell bodies
between the treatment groups, which were not thought to be a result of treatment.
This was due to the order the tissue was cut. DRG sections were always cut and
mounted in the same order (saline > vinblastine > neuritis); reversing the cutting
order resulted in the intensity of large diameter cell bodies in the saline group being
greater than that of the other two groups, indicating that the later cuts sections had
higher levels of background staining. As confirmation of this artefact, a series of
additional experiments were performed on the L5 DRG from untreated animals (n =
3). Sections were cut and mounted on slides, which were left at room temperature.
After 45 minutes, a second series of sections were cut and mounted on the same
slides. The immunohistochemistry procedure (described in methods) was performed
with the TRPV1 antibody. Median intensities of TRPV1 cell body labelling were
increased in both small to medium and large diameter cell bodies in the later
compared to the earlier cut sections (Figures 8.1 & 8.2). This confirmed that the
artefact affected cell bodies of all diameter for the TRPV1 antibody. It was assumed
that similar artefacts occurred with the other two antibodies.
Since it is the small to medium diameter cell bodies that are of interest, the intensity
data from this population has been normalised to the large diameter population. It
was deemed suitable to do this because there is minimal expression of the TRPV1
and TRPA1 in large diameter cell bodies under normal conditions (Amaya et al., 2003;
Barabas et al., 2012; Caterina et al., 1997; Nagata et al., 2005; Story et al., 2003; Yu
et al., 2008), and both vinblastine-treatment and neuritis did not effect the level of
ion channel expression, as antibody labelling was always confined to single
population (one cluster) of cells. It was not possible to follow this same method of
normalisation for ASIC3 as there were a proportion of large diameter cell bodies
which clearly had positive labelling of the ion channel, in agreement with previous
findings (Molliver et al., 2005). The two populations (deemed ASIC3 positive and
ASIC3 negative) of large diameter cell body cells were separated by the median of
the entire population. A median of the larger diameter cell bodies that were not
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deemed to express ASIC3 (< median of the entire population) was calculated, and
used to normalise the intensity of small and medium diameter cell bodies.
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Figure 8.1 Differences in the labelling of TRPV1 in the untreated dorsal route
ganglion (DRG) of an untreated animal. TRPV1 labelling in the DRG of an untreated
animal cut first (A) and that of the same DRG (B) which was cut 45 minutes later. The amount
of time in which a section is sat unfixed upon a slide affects the amount of non-specific
labelling of TRPV1.
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Figure 8.2 Effect of the cutting order on the labelling of TRPV1 in cell bodies of the
dorsal route ganglion (DRG). There was a significant increase in the intensity of TRPV1
labelling in small to medium and large diameter cell bodies (**** p <0.0001; Mann Whitney
test)
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Appendix II: Antibody labelling profiles
The anti-TRPV1 antibody used in this study labelled small to medium diameter
neuronal cell bodies in the L5 DRG, axons in the sciatic nerve and the walls of blood
vessels, which is consistent with the localisation of TRPV1 (Bernardini et al., 2004;
Caterina et al., 1997; Cavanaugh et al., 2011; Guo et al., 1999; Kark et al., 2008;
Lizanecz et al., 2006; Tominaga et al., 1998; Yu et al., 2008).
The anti-TRPA1 antibody used in this study labelled small to medium diameter
neuronal cell bodies in the L5 DRG and the walls of blood vessels, which is consistent
with the localisation of TRPA1 (Aubdool et al., 2014; Bautista et al., 2006; Earley et
al., 2009; Story et al., 2003). TRPA1 labelling was also found to be present in what
appeared to be satellite cells in the DRG, which was an unexpected finding. In
previous studies, TRPA1 does not appear to label satellite cells (Bautista et al., 2005;
Story et al., 2003).
The anti-ASIC3 antibody used in this study labelled small, medium and large diameter
neuronal cell bodies in the L5 DRG, the sciatic nerve and the walls of blood vessels,
which is consistent with the localisation of ASIC3. (Alvarez de la Rosa et al., 2002;
Molliver et al., 2005; Price et al., 2001; Ugawa et al., 2005; Yen et al., 2009).
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Appendix III: Publications
Paper published in Journal of Neurophysiology, 2018.
Satkeviciute I, Goodwin G, Bove GM and Dilley A (2018) The time course of ongoing
activity during neuritis and following axonal transport disruption. Journal of
neurophysiology.
Local nerve inflammation (neuritis) leads to ongoing activity and axonal mechanical
sensitivity (AMS) along intact nociceptor axons, and disrupts axonal transport. This
phenomenon forms the most feasible cause of radiating pain, such as sciatica. We
have previously shown that axonal transport disruption without inflammation or
degeneration also leads to AMS, but does not cause ongoing activity at the time point
when AMS occurs, despite causing cutaneous hypersensitivity. However, there have
been no systematic studies of ongoing activity during neuritis or non-inflammatory
axonal transport disruption. In this study, we present the time course of ongoing
activity from primary sensory neurons following neuritis and vinblastine-induced
axonal transport disruption. Whereas 24% of C/slow Aδ-fiber neurons had ongoing
activity during neuritis, few (<10%) A- and C-fiber neurons showed ongoing activity
1-15 days following vinblastine treatment. In contrast, AMS increased transiently at
the vinblastine treatment site, peaking on day 4-5 (28% of C/slow Aδ-fiber neurons)
and resolved by day 15. Conduction velocities were slowed in all groups. In summary,
the disruption of axonal transport without inflammation does not lead to ongoing
activity in sensory neurons, including nociceptors, but does cause a rapid and
transient development of AMS. Since it is proposed that AMS underlies mechanicallyinduced radiating pain, and a transient disruption of axonal transport (as previously
reported) leads to transient AMS, it follows that processes that disrupt axonal
transport, such as neuritis, must persist to maintain AMS and the associated
symptoms.
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