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Abstract
Axonal transport disruption is a major part of the mechanism of neuropathic pain.
Following traumatic nerve injury there is complete cessation of axonal transport.
When intact axons are inflamed, axonal transport is also disrupted. The main aim of
the present study was to determine the role of axonal transport disruption along
intact axons in the mechanisms of neuropathic pain. Low doses of vinblastine were
applied to the rat sciatic nerve in order to disrupt axonal transport in the absence of
axonal degeneration or inflammation. Comparisons were made to a model of local
nerve inflammation (neuritis). An examination of evoked neuropathic pain
behaviours revealed reversible signs of mechanical and cold allodynia following
both vinblastine treatment and neuritis. Burrowing behaviour also showed signs of
reduction in both models. In vivo electrophysiological recordings were performed to
look for peripheral ongoing activity, which is reputed to drive central mechanisms
that lead to neuropathic pain behaviours. Whereas ongoing activity developed in
25% of C-fibre neurons in the neuritis model, ongoing activity did not increase
following vinblastine treatment. An electrophysiological examination of the spinal
cord following neuritis revealed an increase in wind-up response in wide dynamic
range neurons within deep laminae. Following vinblastine treatment, there was a
reduction in mechanical responses of such neurons. Both vinblastine treatment and
neuritis caused an increase in activity-dependent c-fos expression within superficial
laminae, which indicates a central neuropathic pain mechanism in both models.
Following vinblastine treatment, substance P expression was decreased in the dorsal
horn, suggestive of altered nociceptor transmission into the spinal cord. Taken
together, these findings infer a role for axonal transport disruption along intact axons
in the development of neuropathic pain. The lack of increased ongoing activity
i

following vinblastine treatment suggests that central mechanisms may be maintained
by an alternative signal. Finally, vinblastine treated animals do not show any adverse
effects, and therefore in terms of the 3Rs, this model provides an alternative less
severe model to assess the mechanisms of neuropathic pain.
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CHAPTER 1:
Introduction
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1.1 Neuropathic pain
Pain, “an unpleasant sensory and emotional experience associated with actual or
potential tissue damage or described in terms of such damage” (IASP), has a
biologically important protective function. The complexity of pain, and diverse
symptomology, means that it is difficult to classify. Although there are various
classification systems, it is generally accepted that pain can be nociceptive,
inflammatory and neuropathic. Pain can also be divided into 1) acute pain, which is
sharp and short-lived (< 12 weeks), and 2) chronic pain, which is pain lasting for
more than 12 weeks. Neuropathic pain, which has a negative impact on up to 10% of
the general population (van Hecke et al., 2014), is currently defined as “pain caused
by a lesion or disease of the somatosensory system” (IASP) (Jensen et al., 2011).

1.1.1 Signs and symptoms
To understand the impact of neuropathic pain on the wellbeing of an individual and
to therefore appreciate the problems faced by pain researchers, it is important to be
aware of the common signs and symptoms. Generally, neuropathic pain symptoms
often have no definite cause and can be broadly grouped into those that are
spontaneous and those that are evoked. Patients may experience paraesthesias and/or
dysesthesias (Table 1.1), which include deep aching, burning, itching or electric
shock-like sensations (Boureau et al., 1990, Backonja and Stacey, 2004, Bennett,
2001, Baron et al., 2017, Rasmussen et al., 2004). Additionally, they may report
allodynia, when a normally unpainful stimulus becomes painful, or hyperalgesia,
when a normally painful stimulus leads to exaggerated painful response (Jensen and
Finnerup, 2014). Although patients can avoid stimuli that evoke hyperalgesic
responses, allodynia can be prompted by the simplest every day’s tasks such as
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dressing oneself. Pain can be also experienced during limb movements that
mechanically stimulate nerve trunks. For example, clinical tests that stretch
peripheral nerves or apply digital pressure over nerve trunks can cause an
exacerbation of pain. Interestingly, for patients, neuropathic pain does not only
associate with painful sensations (i.e. positive symptoms) but it can also cause
negative symptoms such as partial or full loss of sensation or a reduction in painful
response to noxious stimulus. Moreover, neuropathic pain usually results in changes
in mood, development of anxiety, depression and sleep disorders that have a negative
impact on the general pain experience (Meyer-Rosberg et al., 2001).

3

Terms

IASP definitions

Allodynia

Pain due to a stimulus that does not normally provoke pain.

Dysesthesia

An unpleasant abnormal sensation, whether spontaneous or evoked.

Hyperalgesia

Increased pain from a stimulus that normally provokes pain.

Hyperesthesia

Increased sensitivity to stimulation, excluding the special senses.

Hypoalgesia

Diminished pain in response to a normally painful stimulus.

Hypoesthesia

Decreased sensitivity to stimulation, excluding the special senses.

Paraesthesia

An abnormal sensation, whether spontaneous or evoked.

Table 1.1 IASP definitions of neuropathic pain signs and symptoms.
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1.1.2 Current treatments
The complexity of patient symptoms, and the mechanisms that lead to these, have
resulted in limited treatment success with less than half of patients who receive
medical treatment reporting improved pain state (Dworkin et al., 2003, Finnerup et
al., 2005). Patients with neuropathic pain require multidisciplinary management
including physiotherapy, psychological therapy and occasionally palliative care
(NICE). In cases that are refractory to pharmacotherapy or those with significant side
effects, neuropathic pain may be managed by neurostimulation therapies, such as
spinal cord stimulation (Verrills et al., 2016). Currently, the classes of drugs that are
used to treat patients include antidepressants, psychotropic drugs, anticonvulsants,
opioids and antiarrhythmics (Table 1.2). The National Institute for Health and
Clinical Excellence (NICE) guidelines recommend prescribing oral amitriptyline,
duloxetine, gabapentin, pregabalin, imipramine or nortriptyline as a first-line
treatment. If the first-line treatment is unsuccessful, patients are usually offered
treatment with another drug (mentioned above) instead or in combination with the
original drug. In a case of second-line treatment failure, a patient can be prescribed
oral tramadol instead or in combination with the second-line treatment. Additionally,
a topical lidocaine patch can be offered. In cases where pain is localized and oral
treatment is not possible, 0.075% capsaicin cream is suggested.
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Drug

Class

Known mechanism of action

Amitriptyline

Antidepressant: TCA

Monoamine reuptake inhibitor

Duloxetine

Antidepressant: SNRI

Serotonin-noradrenaline reuptake inhibitor

Gabapentin

Anticonvulsant

Interacts with presynaptic voltage-gated
calcium channels (binds to the α2δ subunit)

Pregabalin

Anticonvulsant: indicated

Interacts with presynaptic voltage-gated

for fibromyalgia and

calcium channels (binds to the α2δ subunit)

neuropathic pain
specifically
Imipramine

Antidepressant: TCA

Monoamine reuptake inhibitor

Nortriptyline

Antidepressant: TCA

Monoamine reuptake inhibitor

Tramadol

Opiate analgesic

μ-opioid-receptor

agonist,

monoamine

reuptake inhibitor
Lidocaine patch

Antiarrhythmic

Blocks peripheral sodium channels and in
turn ectopic discharges.

Capsaicin cream Topical analgesic

TRPV1 agonist; depolarizes cell membrane,
initially

stimulates

skin

nerve

fibres

(causing pain) then blocks them (causing
pain relief).
TCA, tricyclic antidepressant; SNRI, serotonin-noradrenaline reuptake inhibitor; TRPV1,
transient receptor potential cation channel subfamily V member 1.

Table 1.2 The mechanisms of action of drugs recommended for the treatment of
neuropathic pain (NICE).
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1.1.3 Causes
As previously stated, neuropathic pain is defined as a consequence of a lesion or a
disease of the somatosensory nervous system. There is no single cause for
neuropathic pain. The aetiology is often complex, and for many patients it can be
difficult to identify any preceding event that has led to the initiation of symptoms. It
is associated with a multitude of different possible causes, which include surgery,
disease (diabetes, kidney or liver disease), infection (herpes zoster virus, human
immunodeficiency virus), tumours, chemicals (chemotherapy agents, antiretroviral
treatment), toxins or hereditary diseases (e.g. paroxysmal extreme pain disorder).
Commonly patients that experience neuropathic pain symptoms have a partial nerve
injury (e.g. nerve compression, sever or increased traction) that can lead to both pain
as well as loss of sensory innervation, which underlies negative symptoms. In
neuropathic pain syndromes, inflammation undoubtedly plays a role and may
contribute to the symptomology discussed in section 1.1.1. Significant examples of
inflammation-driven neuropathic pain include painful peripheral neuropathies such
as herpetic neuralgia, HIV neuropathy and Guillain Barré syndrome. These
conditions are frequently preceded by a viral or bacterial infection and are mainly
characterised by axonal degeneration and/or demyelination (Watson et al., 1991,
Martin et al., 2003, Polydefkis et al., 2002, Asbury et al., 1969, Pritchard and
Hughes, 2004, Jones et al., 2005, Wallace et al., 2007). There are many other factors
that are considered to increase the risk of developing neuropathic pain. Gender
undoubtedly plays a role, since neuropathic pain is more prevalent in women
compared to men. A study has shown that 8% of women suffer from neuropathic
pain compared to 5.7% of men (Bouhassira et al., 2008). Furthermore, age is also
considered a risk factor, with neuropathic pain being more prevalent in those at least
7

50 years old (Dieleman et al., 2008, Bouhassira et al., 2008). More recently, genetic
risk factors have been also identified. For example, mutations in genes coding for ion
channels (e.g.Nav1.7) are linked with rare neuropathic pain conditions, such as
erythromelalgia (Veluchamy et al., 2018, reviewed in Zorina-Lichtenwalter et al.,
2018).

1.1.4 Neuropathic pain in the absence of a traumatic nerve injury
Of particular interest to this study are patients with neuropathic pain who do not have
a clear gross neuropathology on routine clinical testing and thus are difficult to
diagnose. Pain in these patients is often diffuse and does not follow specific
dermatomes. Unlike the previous inflammatory conditions, the symptoms in these
patients cannot usually be attributed to a viral or bacterial infection. This group
forms a large number of the patients seen in clinics and they are often diagnosed
with a number of different syndromes, which are reviewed below.
Non-specific arm pain
Non-specific arm pain (NSAP), also known as a repetitive strain injury or
cumulative trauma disorder, is associated with repetitive activity such as office work
(Macfarlane et al., 2000, Fogleman and Brogmus, 1995). Together with common
neuropathic pain symptoms, patients also present with tenderness of deep muscles,
pain with arm movements, muscle weakness and difficulty in coordination of fine
finger movement (Dilley and Greening, 2012). Current evidence indicates
involvement of peripheral nerves and inflammation, since changes in the function of
unmyelinated and myelinated nerve fibres (Greening et al., 2003) as well as
increased serum levels of C-reactive protein and inflammatory mediators (i.e. IL-1β,
TNF-α, and IL-6) have been reported in patients (Carp et al., 2007). Additionally,
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signal intensity changes during magnetic resonance imaging and raised vibration
thresholds in these patients are also indicative of neuropathology of the peripheral
nervous system (Dilley et al., 2011, Greening and Lynn, 1998).
Whiplash-associated disorder
Following a whiplash injury, approximately half of patients suffer from persistent
pain, known as whiplash-associated disorder (WAD). The main cause of whiplash is
a hyperextension injury following a rear impact (Lovell and Galasko, 2002), such as
during automobile collisions, sports activities, falls and slips. Among common
neuropathic pain symptoms, patients also present with neck pain and stiffness,
headaches and pain in the shoulders and arms (Sterling et al., 2003, Sterling and
Kenardy, 2006). Inflammation is thought to play an important role in WAD, since it
is indicated following positron emission tomography scans (Linnman et al., 2011),
magnetic resonance imaging scans (Greening et al., 2018) and upregulation in
inflammatory cytokines, such as IL-6, has been reported (Gerdle et al., 2008).
Complex regional pain syndrome type 1
Complex regional pain syndrome type 1 (CRPS1), also known as a reflex
sympathetic dystrophy, is a neuropathic pain disorder affecting one or more distal
extremities. In most cases it is triggered by tissue injuries (e.g. post-surgical
conditions, strains, contusions and fractures) and manifests with disproportionally
severe neuropathic pain signs and symptoms. Additionally, patients experience
motor dysfunction, swelling and changes in skin colour (white, red, blue) as well as
temperature of the affected extremity (Galer et al., 2000). Increased levels of
cytokines (e.g. IL-6, IL-1β, TNF-α), activated macrophages, activated monocytes
and peptides (e.g. calcitonin gene-related protein, substance P, bradykinin), have all
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been reported (Huygen et al., 2002, Heijmans-Antonissen et al., 2006, Alexander et
al., 2005, Uceyler et al., 2007, Schinkel et al., 2006, Birklein et al., 2001, Blair et
al., 1998, Birklein et al., 2014).
Fibromyalgia
Fibromyalgia is a condition of widespread pain that affects no less than seven areas
of the body (Wolfe et al., 1995, Wolfe et al., 2011). It is suggested that abnormalities
within the central nervous system and peripheral nervous system play a role (Staud
et al., 2008, Uceyler et al., 2013). Altered expression of neurochemicals, including
substance P, nerve growth factor and glutamate (Russell, 1998, Harris et al., 2009,
Russell et al., 1992), as well as changes in small nerve fibre properties, such as
reduced intraepidermal innervation, regeneration of unmyelinated fibres and changes
in cold and warm detection thresholds, have been reported (Uceyler et al., 2013).
Evidence is also present for nerve inflammation (Dilley et al., 2011).

1.1.5 Chemotherapy-induced peripheral neuropathy
Of particular interest to this study is chemotherapy-induced peripheral neuropathy
(CIPN), which, as the name suggests, can affect patients following chemotherapy
treatment. CIPN can occur following treatment with a number of different
chemotherapy agents, which includes vinca alkaloids such as vinblastine (reviewed
in Miltenburg and Boogerd, 2014). Vinca alkaloids are currently used for the
treatment of haematologic and lymphatic malignancies as well as breast, ovarian,
testicular, brain and non-small cell lung tumours and sarcomas and are known as
microtubule destabilizing agents. CIPN often manifests with symmetric neuropathic
pain symptoms, where numbness of distal extremities, tingling or burning sensations
are frequent features. Loss of sensation in the feet commonly impairs the gait of
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patients, while that in the hands leads to difficulties in fine hand movements
(Boyette-Davis et al., 2013, Verstappen et al., 2005, Postma et al., 1993). In
addition, treatment with vinca alkaloids can impair the function of motor neurons,
leaving patients with distal muscle weakness and cramps as well as lessened motor
reflexes (Haim et al., 1994). If autonomic nervous system is also affected, orthostatic
hypotension, bladder or bowel disorders, ocular palsies as well as heart rate
abnormalities may accompany sensory symptoms (Hirvonen et al., 1989, Hancock
and Naysmith, 1975). Various pathophysiological changes have been indicated in
CIPN patients and include altered function of ion channels (e.g. sodium channels)
subsequently leading to changes in neuronal excitability (Park et al., 2009a, Park et
al., 2009b). Evidence is also present for mitochondria dysfunction, whereby swollen,
vacuolated mitochondria are observed in sensory neurons (Sahenk et al., 1994, Fazio
et al., 1999, reviewed in Flatters et al., 2017). In the areas of skin with most severe
symptoms, a loss of small and large diameter peripheral sensory nerve fibres as well
as Meissner’s corpuscles is present (Kroigard et al., 2014, Sahenk et al., 1994,
Boyette-Davis et al., 2013).

1.2 Introduction to primary sensory neurons: fibre types
Many of the signs and symptoms of neuropathic pain can be attributed to alterations
in the electrophysiological properties of primary sensory neurons. Based on anatomy
and function, this group of neurons can be categorized into different classes and
subclasses. In this section, an overview of the different primary sensory nerve fibre
neurons has been provided (Table 1.3; note that neurons with B-fibres are not
discussed here).
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1.2.1 Aβ-fibre neurons
In the rat, heavily myelinated Aβ-fibre neurons have a diameter ranging between
1.5-12.5 μm. Such neurons have fast conduction velocities (14-30 m/s) and short
duration of action potentials (0.6 - 2.9 ms) (Lynn and Carpenter, 1982, Harper and
Lawson, 1985, Vejsada et al., 1985). These low threshold nerve fibres are the most
common and detect innocuous stimuli applied to the skin (Bai et al., 2015).
However, a small population of Aβ-fibre neurons in mammals such as rodents, cats
and primates are nociceptive and respond to high threshold stimuli (Lynn and
Carpenter, 1982, Fang et al., 2002, reviewed in Djouhri and Lawson, 2004). Aβ-fibre
neurons, based on their responses to continuous mechanical stimulation, are
subdivided into two groups (reviewed in Zimmerman et al., 2014):
1) Slowly adapting Aβ-fibre neurons
This group of low threshold mechanoreceptors (LTMRs) is characterized by slow
adaptation (Perl, 1968). They tend to have static or phasic firing patterns and are
important in perceiving information about displacement of the skin. Studies in
mammals have identified two types of slowly adapting Aβ-LTMRs. One group
includes those with irregular firing pattern and nerve terminals associated with
Merkel cells in the glabrous skin (Iggo and Muir, 1969, Iggo, 1977, Woodbury and
Koerber, 2007). In mice, these nerve fibres have also been demonstrated to associate
with follicles of straight long hair, known as guard hair (Li et al., 2011). Another
group of slowly adapting Aβ-LTMRs includes those with regular firing pattern in
response to skin stretching or pressure and nerve terminals associated with Ruffini
endings in both hairy and glabrous skin (Iggo, 1977).
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2) Rapidly adapting Aβ-fibre neurons
This group of Aβ-LTMRs is characterized by rapid adaptation. In other words, they
only fire in response to application or removal of the stimulus and detect changes in
intensity of the stimulus and movement of the skin (e.g. vibration, walking). These
sensory nerve fibres are mainly found in glabrous skin and are associated with
Meissner’s corpuscles and Pacinian corpuscles, which are located within the dermis.
Studies in humans and primates revealed that Meissner’s corpuscles have small
receptive fields and respond to mechanical stimuli and low frequency vibrations
(Cauna and Ross, 1960, Lindblom, 1965, Talbot et al., 1968, Cauna, 1956). In
contrast, Pacinian corpuscles have been shown to have large receptive fields and
respond to mechanical stimuli and high frequencies (150-400 Hz) in the cat
(Hubbard, 1958, Lynn, 1971, Gray and Matthews, 1951). Some of these nerve fibres
also innervate follicles and are activated by hair movement (Sinclair, 1981). For
example, in mice rapidly adapting Aβ-LTMRs wrap around the base of guard hair
and medium length Awl/auchene hair (Li et al., 2011).

1.2.2 Muscle spindles and Golgi tendon organs
Muscle spindles and Golgi tendon organs are large diameter myelinated nerve fibres
that provide proprioceptive feedback to the central nervous system and are involved
in reflex responses. They fire in response to muscle movement and have a role in
prevention of muscle injury (Houk and Simon, 1967, Matthews, 1933, Hunt and
Kuffler, 1951). Muscle spindles are composed of Aα- (Group Ia) and Aβ-fibre
neurons (Group II) with phasic and static firing patterns respectively. In contrary,
Golgi tendon organs are composed of Aα-fibres (Group Ib) only. While muscle
spindles respond to muscle lengthening and prevent muscle overstretching, Golgi
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tendon organs respond to changes in muscle tension and prevent high tension buildup in muscle tendons, which is a potential injury source (Houk and Simon, 1967).

1.2.3 Aδ-fibre neurons
Medium diameter Aδ-fibre neurons are thinly myelinated. In the rat, their conduction
velocities range between 2.2-8 m/s and they have short duration of action potentials
(0.5-1.7 ms) (Harper and Lawson, 1985). Studies in the rat have shown that Aδ-fibre
neurons have free nerve endings and the majority respond to noxious heat, chemical
and mechanical stimuli. This population of nociceptors mediates the first pain
response (i.e. acute/sharp pain). Based on their receptive characteristics, they are
further divided into two types: 1) Type I nerve fibres are high-threshold
mechanoreceptors, which respond to chemical and mechanical stimuli and have a
very high threshold to heat stimuli (> 50oC) (Lynn and Carpenter, 1982, Lynn and
Shakhanbeh, 1988, Nagy and Rang, 1999); 2) Type II nerve fibres are high threshold
mechanoreceptors that have a relatively low heat threshold (~43oC) (Nagy and Rang,
1999). Aδ-fibre neurons that are responsive to noxious cold (Simone and Kajander,
1997) or convey itch sensation (Ringkamp et al., 2011) have been also identified in
the rat and human/primate respectively. In contrast, a population of Aδ-fibre neurons
that carry innocuous information and act as rapidly adapting mechanoreceptors that
innervate hair follicles, including zigzag hairs (also known as down or D-hairs) (Li et
al., 2011), and respond to hair movement (Adriaensen et al., 1983, Brown and Iggo,
1967) has been reported.

1.2.4 C-fibre neurons
Thin unmyelinated C-fibre neurons represent most (~80%) of the cutaneous nerve
fibres in the rat (Lynn, 1984). They have a diameter ranging between 0.1-0.83 μm,
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slow conduction velocities (< 1.4 m/s) and broad action potentials (0.6-7.4 ms), and
form free nerve endings (Harper and Lawson, 1985, Vejsada et al., 1985). The
majority of C-fibre neurons are considered to be polymodal and respond to noxious
thermal, mechanical and chemical stimuli (Lynn and Carpenter, 1982, Dray, 1992b,
Dray, 1992a, Fang et al., 2005). These nociceptors mediate the second pain response
(i.e. dull/ burning/aching) and can be divided into two groups depending on their
expression profile of neuropeptides and receptors: 1) Peptidergic C-fibre neurons
express substance P, calcitonin gene-related peptide and tropomyosin receptor
kinase, a receptor for nerve growth factor. This population of neurons represents
around 40-45% of dorsal root ganglion (DRG) population in adult rodents (Molliver
et al., 1997, Snider and McMahon, 1998); 2) Non-peptidergic C-fibre neurons
express c-Ret neurotrophin receptor, which is activated by glial-derived neurotrophic
factor, neurturin and artemin. Additionally, a proportion of these neurons express
isolectin B4 as well G-protein-coupled and purinergic receptors (Dong et al., 2001).
Non-peptidergic C-fibre neurons are found to represent around 30% of DRG neurons
in adult rodents (Snider and McMahon, 1998). Although polymodal C-fibre neurons
are considered to represent the majority of nociceptive non-myelinated neurons in
rodents, newly emerging techniques, such as in vivo GCaMP optical imaging
suggests that in healthy mice >85% of C-fibre neurons are modality specific (Emery
et al., 2016).
A subgroup of C-fibre neurons, known as silent nociceptors, responds to mechanical
and heat stimuli only when they are sensitized (Schmidt et al., 1995, Emery et al.,
2016). Moreover, distinctive types of nociceptive neurons (both C- and Aδ-fibre
neurons) that covey itch sensation have also been identified (Davidson and Giesler,
2010, Usoskin et al., 2015, Green and Dong, 2016, Ringkamp et al., 2011).
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Further studies in rodents, primates and humans have identified a population of Cfibre neurons, which are LTMRs (also known as C-tactile afferents). C-LTMRs
respond to innocuous mechanical stimulation, such as light stroking of the skin
(Leem et al., 1993, Iggo, 1969, Olausson et al., 2008, Loken et al., 2009, reviewed
in Liljencrantz and Olausson, 2014) as well as innocuous cooling (Seal et al., 2009,
Li et al., 2011). These nerve fibres are thought to be responsible for a pleasant
sensation associated with a gentle touch.
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Fibre
type

Myelination
state

Diameter

CV

Subtype

Stimuli

Sensation

(μm; rat)

(m/s; rat)

Aα/β

Myelinated

> 1.5

> 14

Muscle spindle; Golgi tendon organ

Mechanical

Proprioception

Aβ

Myelinated

1.5-12.5

14-30

High threshold mechanoreceptor

Mechanical; Thermal

Temperature,
Pain

(Noxious)
Low threshold SA mechanoreceptor
(Merkel cell; Ruffini ending)
Low threshold RA mechanoreceptor
(Meissner corpuscle; Pacinian corpuscle;
neuron innervating hair follicles)
Aδ

Thinly
myelinated

0.1-1.5

2.2-8

Type I

Movement of hair, touch to the
skin, vibration

Touch

Movement of hair (guard and
Awl/auchene hair), touch to the
skin vibration

Touch

Mechanical, high heat

Pain

Heat, high mechanical

Temperature,
pain

(Noxious)
Type II
(Noxious)
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Fibre
Aδ

Myelination
state

Diameter

CV

(μm; rat)

(m/s; rat)

Thinly
myelinated

0.1-1.5

2.2-8

Subtype

Stimuli

Sensation

Cold sensitive

Cold

Temperature,
pain

Pressure

Pain

Low threshold mechanoreceptor

Awl/auchene and zigzag hair
movement

Touch

High threshold mechanoreceptor;

Noxious thermal, mechanical and
chemical stimuli

Pain, heat, cold

Pressure

Pain

Mechano-insensitive (Noxious)

Histamine application to the skin

Itch

Low threshold mechanoreceptor

Stroking of skin; Awl/auchene
and zigzag hair movement

Pleasant touch
sensation

Low threshold cooling

Cooling

Cool

(Noxious)
Mechanoreceptor
(Noxious)

C

Nonmyelinated

0.1- 0.83

< 1.4

Mechano-heat and -cold receptor
(Noxious)
Mechanoreceptor
(Noxious)

CV, conduction velocity; RA, rapidly adapting; SA, slowly adapting. Note that diameter and CV parameters are those of the rat species.
Table 1.3 Classification of primary sensory neurons based on rodent, cat, primate and human nerve fibre characteristics.
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1.2.5 Deep afferents innervating muscles, joints and tendons
A population of Aδ- and C-fibre neurons, known as Group IV afferents, innervate
deeper structures, such as muscles and joints (Iggo, 1961, Mense et al., 1985, Mense
and Stahnke, 1983). These neurons respond to pressure changes that are associated
with muscle contractions. Nociceptive fibres found in deep tissues express a variety
of neuropeptides and receptors, including substance P, calcitonin gene-related
protein and somatostatin (Molander et al., 1987).

1.3 Ion channels
Ion channels are a major component of excitable cells, such as neurons. In addition
to their role of transmitting action potentials, ion channels also act as transducers,
converting tactile, thermal or chemical stimuli into an electrical potential. Notable
examples of such channels are detailed in this section.

1.3.1 Propagation of action potentials
Voltage-gated sodium channels (Nav)
Underlying the propagation of an action potential are voltage-gated sodium channels.
These ion channels are heteromeric and are composed of α and β subunits (reviewed
in Catterall, 2000). Their main role is the initiation and transmission of action
potentials and regulation of excitability by enabling a rapid influx of sodium ions
into neuronal cells. Since mutations in genes coding for Nav1.7, Nav1.8 and Nav1.9
have been linked with several pain conditions in humans, they have been of specific
interest in the pain field. In normal conditions, Nav1.7 and Nav1.9 channels are
expressed in small diameter nociceptive DRG neurons (Sangameswaran et al., 1997,
Djouhri et al., 2003, Dib-Hajj et al., 1998, Dib-Hajj et al., 1999, Fang et al., 2002),
while Nav1.8 channels are expressed in small/medium nociceptive DRG neurons and
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their terminals as well as large diameter neurons (Djouhri et al., 2003, Fjell et al.,
2000, Akopian et al., 1996, Belkouch et al., 2014). The three channels are indicated
to play a role in pain mechanisms, since, in pathological conditions, their
upregulation in DRGs (Black et al., 2004, Belkouch et al., 2014, Black et al., 1997,
Tanaka et al., 1998), redistribution at injury/inflammatory sites (Belkouch et al.,
2014, Gold et al., 2003, Novakovic et al., 1998) and involvement in pain behaviours
(Amaya et al., 2006, Lai et al., 2002, Dong et al., 2007, Joshi et al., 2006, Bulaj et
al., 2006, Gaida et al., 2005, Jarvis et al., 2007, Payne et al., 2015) have all been
reported. Different subtypes of voltage-gated sodium channels and their association
with human disorders are reviewed in table 1.4.
Voltage-gated potassium channels (Kv)
The role of the voltage-gated potassium channels is to enable repolarization of the
cell membrane. By allowing efflux of potassium ions into neuronal cells, such
channels also regulate firing frequency and duration of action potentials. Sensory
neurons express a variety of Kv channels, which can be homomeric and heteromeric
and are formed of α and β subunits (reviewed in Gutman et al., 2005). Their
expression patterns are summarized in table 1.5. Following nerve injury, expression
of these channels is mainly reduced leading to membrane hyperexcitability and in
turn neuropathic pain behaviours (Clark and Tempel, 1998, Chi and Nicol, 2007,
Tsantoulas et al., 2014, Ishikawa et al., 1999, Chien et al., 2007, Zheng et al., 2013,
Passmore et al., 2003, Rose et al., 2011, Hao et al., 2013). This is also observed in
patients with autoantibodies against Kv channels who develop thermal hyperalgesia
(Klein et al., 2012).
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Nav type

Location

Associated disorders

References

Nav1.1

CNS neurons

Epilepsy

(Catterall, 2012)

DRG neurons

Familial hemiplegic migraine

(Dichgans et al., 2005)

CNS neurons

Epilepsy

(Catterall, 2012)

N/A

N/A

Nav1.2

DRG neurons
Nav1.3

CNS
Immature DRG neurons (can be upregulated
under specific conditions in adult neurons)

Nav1.4

Skeletal muscle

N/A

N/A

Nav1.5

Mostly in cardiac muscle

N/A

N/A

Epileptic disorders

(Veeramah et al., 2012)

Observed in DRG neurons in small amounts
Nav1.6

CNS neurons
DRG sensory neurons
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Nav type

Location

Associated disorders

References

Nav1.7

DRG sensory neurons

Insensitivity to pain

(Goldberg et al., 2007, Cox et al., 2006)

Familial erythromelalgia

(Yang et al., 2004, Dib-Hajj et al., 2005,
Cummins et al., 2007, Sheets et al., 2007)

Paroxysmal extreme pain disorder
Nav1.8

DRG sensory neurons

(Fertleman et al., 2006)

Associated with painful small-fibre peripheral (Faber et al., 2012)
neuropathy

Nav1.9

DRG sensory neurons

Familial episodic pain

(Zhang et al., 2013)

Painful peripheral neuropathy

(Han et al., 2015, Huang et al., 2014)

Insensitivity to pain

(Leipold et al., 2013)

CNS, central nervous system; DRG, dorsal root ganglion.

Table 1.4 Subtypes of Nav channels and associated disorders observed in humans (reviewed in Cummins et al., 2007).
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Kv type Kv subtype

Location

References

Kv1.1; Kv1.2

Large diameter neurons

(Rasband et al., 2001, Hao et al., 2013)

Kv1.4

Small diameter neurons

(Rasband et al., 2001)

Kv2

Kv2.1; Kv2.2

Large and small diameter neurons

(Tsantoulas et al., 2014)

Kv3

Kv3.4

Small diameter neurons

(Chien et al., 2007)

Kv4

Kv4.3

Cell bodies of non-peptidergic small diameter neurons (Chien et al., 2007)

Kv4.2

Very low levels

Kv1

Kv7

Kv9

(Phuket and Covarrubias, 2009)

Kv7.2; Kv7.3; Kv7.5 Large and small diameter neurons

(Passmore et al., 2003, King and Scherer, 2012)

Kv7.2

Nodes of Ranvier in large diameter neurons

(Devaux et al., 2004)

Kv9.1

Large diameter neurons

(Tsantoulas, 2012)

Table 1.5 Subtypes of Kv channels and their expression patterns in rodents.
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Hyperpolarization-activated cyclic nucleotide-modulated (HCN) channels
A group of ion channels known as HCN channels play a significant role in
modulating the firing frequency of action potentials. These channels are activated by
hyperpolarization of the membrane (Pape, 1996; reviewed in Wahl-Schott and Biel,
2009), and their activity can be enhanced following an increase in intracellular cyclic
adenosine monophosphate levels (e.g. following inflammation) (Luthi and
McCormick, 1999a, Luthi and McCormick, 1999b, Wainger et al., 2001). There are
four members of the HCN family. HCN1 channels are widely expressed in DRGs
and large diameter neurons as well as a small proportion of small diameter cold
sensing neurons (Chaplan et al., 2003, Jiang et al., 2008, Tu et al., 2004). Following
nerve injury, expression of these channels is reduced in DRGs and accumulation at
the injury site is observed (Chaplan et al., 2003, Jiang et al., 2008). HCN2 channels
can be found on the membrane of large sensory neurons as well as in the cytoplasm
of small diameter DRG neurons (Jiang et al., 2008, Wainger et al., 2001, Tu et al.,
2004). Both HCN1 and HCN2 channels have a potential role in the maintenance of
neuropathic pain behaviours (Schnorr et al., 2014, Chaplan et al., 2003, Jiang et al.,
2008, Momin et al., 2008, Emery et al., 2011, Young et al., 2014). In contrary,
HCN3 and HCN4 channels can be found in DRG neurons only at low levels
(Chaplan et al., 2003, Tu et al., 2004).

1.3.2 Transducers: TRP channels
A major family of ion channels that act as transducers are the transient receptor
potential (TRP) channels. TRP channels are homo- or hetero-tetrameric nonselective cation channels permeable to sodium, calcium and magnesium with each
tetramer formed of six transmembrane domains (reviewed in Pedersen et al., 2005).
TRP channels are expressed in a variety of mammalian tissues, including primary
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sensory neuron terminals where they are activated by sensory stimuli. Herein, TRP
channel subtypes TRPV1, TRPM8 and TRPA1 are briefly reviewed.
TRPV1
TRPV1 channels are activated by capsaicin, other vanilloids and noxious heat
(threshold of 43oC) and are found in C- and some Aδ- sensory nerve fibres (30-50%
of all somatosensory neurons in rodents) (Kirschstein et al., 1999, Nagy and Rang,
1999, Kobayashi et al., 2005). This group of TRP channels play a role in
inflammatory pain transmission including heat hyperalgesia as well as cold allodynia
(Bolcskei et al., 2005, McGaraughty et al., 2006, Honore et al., 2005, Cobos et al.,
2018).
TRPM8
TRPM8 channels are activated by cooling agents, such as menthol or thermal cold
stimuli (threshold of ~26oC), and are found in around 15% of sensory nerve fibres
(mostly C-fibre neurons), with up to 30% of them expressing TRPV1 channels
(Bautista et al., 2007, Colburn et al., 2007). Modulation of TRM8 channel activity
can result in either analgesic or painful responses (Premkumar et al., 2005, Pan et
al., 2012, Knowlton et al., 2013, Descoeur et al., 2011).
TRPA1
TRPA1 channels mediate chemonociception by detecting various chemicals that can
cause both acute and inflammatory pain and are activated by air pollutants (e.g.
formalin), oxidative/nitrative stress by-products as well as inflammatory mediators
(Andersson et al., 2008, Bandell et al., 2004, McNamara et al., 2007, Bautista et al.,
2006). Moreover, these channels play a role in cold detection, since they can be
activated at temperatures below 17˚C (Story et al., 2003). TRPA1 channels are
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mostly located in peptidergic C-fibre neurons, which also express TRPV1 channels,
and are thought to amplify TRPV1 responses (Salas et al., 2009). Supporting a role
of TRPA1 channels in neuropathic pain, a recent study reported that TRPA1
activation by chemotherapeutic agents (i.e. vinca alkaloids) may underlie enhanced
neuronal excitability in CINP (Boiko et al., 2017).

1.3.3 Transducers: ASIC channels
Acid sensing ion channels (ASIC) are involved in neuronal responses to changes in
extracellular pH, which follows tissue injury, inflammation or ischemia. Some recent
studies also suggest that ASIC channels also play a role mechanosensation, such as
sensation of light touch (Price et al., 2000). These voltage insensitive, ligand-gated
ion channels are mainly activated by protons (acidosis), although several studies
have reported activation by non-proton ligands (Yu et al., 2010, Li et al., 2010), and
are mainly permeable to sodium ions (Waldmann et al., 1997). Three homomeric or
heteromeric subunits (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 or ASIC4) form a
functional channel in mammals (Deval et al., 2010, Grunder and Pusch, 2015,
Wemmie et al., 2013). Generally, ASIC subunits are expressed in both peripheral and
central nervous system, with ASIC1b and ASIC3 being predominantly found in the
peripheral (i.e. DRGs and peripheral terminals). Activation of ASIC1, ASIC2 and
ASIC3 channels leads to development of neuropathic pain behaviours (Bohlen et al.,
2011, Yu et al., 2010, Diochot et al., 2016). Further supporting the role for ASIC
channels in pain mechanisms, inhibition of ASIC 1 homomers as well as ASIC1 and
ASIC2 heterodimers in both peripheral and central nervous system leads to reduced
inflammatory pain (Diochot et al., 2012). While activation of ASIC1, ASIC2 and
ASIC3 channels is directly linked with pain modulation, association of ASIC4 with
other ASIC channels plays a role in regulating their function (Donier et al., 2008).
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1.3.4 Mechanoreceptors: Piezo channels
A recently discovered group of channels that act as mechanical transducers are Piezo
channels (Syeda et al., 2016) that are involved in responses to light touch,
proprioception, and vascular blood flow. Large Piezo proteins are predicted to have
more than 14 transmembrane domains and form a pore, which when opened allows
influx of positively charged ions (e.g. calcium ions) into the cell (Coste et al., 2012,
Coste et al., 2010). Two channel isoforms, Piezo 1 and Piezo 2, are found in
vertebrate organisms and their expression is essential for survival (Ranade et al.,
2014a, Ranade et al., 2014b). While, Piezo 1 is mainly expressed in non-sensory
tissues (e.g. kidneys, lungs, bladder, etc.), Piezo 2 is expressed in sensory tissues,
such as dorsal root ganglion, Merkel cells and sensory neurons (reviewed in Wu et
al., 2017). Piezo 2 is responsible for light but not harsh touch sensation (Woo et al.,
2014, Maksimovic et al., 2014) as well as proprioception (Woo et al., 2015, FlorezPaz et al., 2016). Among other abnormalities, mutations in Piezo 2 are linked with
defects in proprioception and sensory ataxia (Haliloglu et al., 2017).

1.4 Axonal transport
Ion channel components that are required for neurons to function are transported by
a process of axonal transport from the cell bodies towards the peripheral terminals.
Such process can be disrupted along primary sensory neurons following a traumatic
nerve injury, nerve inflammation or its exposure to chemical agents, which are the
common methods used to induce animal models of neuropathic pain. Importantly,
disruption of such process can occur along intact axons, which may underlie some of
the symptomology in patients without an obvious nerve injury. Undoubtedly, axonal
transport disruption plays a role in neuropathic pain mechanisms and therefore is a
major focus of this study.
27

Axonal transport is also responsible for the removal of damaged or misfolded
proteins as well as transmission of chemical signals from the periphery to the cell
body. The role of axonal transport is to maintain long-distance signalling throughout
the lifetime of the neuron ensuring its survival (Figure 1.1). Axonal transport of
macromolecules depends on microtubules (Kreutzberg, 1969), the main component
of the cytoskeleton of the cell. Microtubules are composed of α- and β-tubulin
heterodimers, with the slow growing minus end facing the cell body and the fast
growing plus end facing the axon tips (Burton and Paige, 1981). Stabilized by
microtubule-associated proteins (e.g. tau), microtubules form tracks along the axon
that motor proteins travel along carrying various cargoes. This process involves fast
movements, pauses and directional changes affecting the speed of the cargo
transported (Lasek et al., 1984, Roy et al., 2000, Wang et al., 2000).
Axonal transport is mediated by motor proteins and occurs in both retrograde and
anterograde directions (Allen et al., 1982, Brady et al., 1982). That is, from the cell
body to the tip of the axon and vice versa respectively. Kinesins are the main motor
proteins in the anterograde direction (Vale et al., 1985, Hirokawa et al., 1991). Once
cargoes are attached to the kinesin tail and adenosine triphosphate is hydrolysed,
motor domains start ‘walking’ along the microtubule towards the plus end,
transporting newly synthesized proteins, lipids and mitochondria to the distal part of
the axon. Dyneins are the main motor proteins in the retrograde direction (Paschal et
al., 1987, Hirokawa et al., 1990) and like kinesins use their motor domains and
adenosine triphosphate to ‘walk’ along the microtubule towards the minus end.
Retrograde transport maintains cellular homeostasis by clearing misfolded and
aggregated proteins from the axon (Komatsu et al., 2006), as well as ensures
neuronal viability by transporting distal trophic signals to the nerve body where they
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can alter gene expression (reviewed in Chowdary et al., 2012). Cargo-bound motors
are continuously regulated by scaffolding and adaptor proteins, which avoids the
accumulation or depletion of transported cellular components. The importance of
axonal transport is reflected by impairments in microtubule mechanisms that induce
or contribute to various neurodegenerative diseases, such as Alzheimer's,
Huntington's and Parkinson's disease (reviewed in Perlson et al., 2010).

1.4.1 Fast axonal transport
Fast axonal transport moves membrane-bound organelles at a speed of around 1
μm/sec (Kaether et al., 2000). Fast anterograde axonal transport ensures rapid
delivery of newly synthesized axonal proteins (Kaether et al., 2000) as well as
synaptic components to the distal end of the axon (Yonekawa et al., 1998), while fast
retrograde axonal transport is vital for transporting trophic signals (Heerssen et al.,
2004) and autophagosomes (Maday et al., 2012) to the cell body. Mitochondrion are
moved bidirectionally along the axon by fast axonal transport and positioned at the
sites with energy needs (reviewed in Saxton and Hollenbeck, 2012). Following nerve
injury, fast retrograde axonal transport is responsible for a rapid delivery of
transcription factors to the nucleus (Hanz et al., 2003, Perry et al., 2012).

1.4.2 Slow axonal transport
Slow axonal transport moves cytoplasmic and cytoskeletal proteins at a speed of 0.210 mm/day (Lasek et al., 1984). Slow anterograde axonal transport is responsible for
transporting neurofilaments (Wang and Brown, 2001), actin (Flynn et al., 2009),
tubulin (Wang and Brown, 2002) as well as cytosolic proteins (reviewed in Roy,
2014).
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Figure 1.1 Axonal transport mechanisms. Motor proteins kinesin and dynein drive the
movement of cargoes along polarized microtubules. Kinesin-driven fast and slow
anterograde axonal transport towards periphery enables supply of newly synthesized
proteins and synaptic components to the axon terminals. Dynein-driven fast retrograde
axonal transport towards the cell body enables survival signalling and degradative
trafficking.
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1.5 Introduction to the dorsal horn
The dorsal horn is the primary entry point for primary afferent axons to the spinal
cord enabling transmission of pain, itch and touch (Braz et al., 2014, Abraira and
Ginty, 2013, Todd, 2017). Based on the size of neurons and their density, the grey
matter of the spinal cord can be divided into ten parallel laminae (Rexed, 1952,
Molander et al., 1984) with laminae I-V located within the dorsal horn (Figure1.2).
Primary afferent axons enter the spinal cord via dorsal roots and terminate within
these laminae to form synapses with dorsal horn neurons that based on their function
can be divided into interneurons, which have axons that remain within the spinal
cord, and projection neurons with their axons projecting to the brain. Most projection
neurons involved in pain and itch pathways ascend the spinothalamic tract and
project to several brain areas, which include the thalamus, periaqueductal grey
matter, nucleus of the solitary tract, lateral parabrachial area, as well as caudal
ventral medulla (Al-Khater and Todd, 2009, Spike et al., 2003, Todd et al., 2000,
Al-Khater et al., 2008, Polgár et al., 2010).

1.5.1 Dorsal horn circuitry
Nociceptive Aδ- and C-fibre neurons terminate within the laminae I-II region (Light
and Perl, 1979), which is also known as the superficial dorsal horn. Interestingly,
termination patterns of peptidergic and non-peptidergic C-fibres are slightly
different: while peptidergic axons terminate in both lamina I and the outer part of
lamina II, non-peptidergic axons synapse in the central area of lamina II (Lorenzo et
al., 2008). Generally, the inner part of lamina II receives inputs from nonnociceptive Aδ- and C-fibre LTMRs (Abraira and Ginty, 2013, Abraira et al., 2017,
Seal et al., 2009). Afferent nerve fibres that terminate within the superficial laminae
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form synapses with a diverse population of interneurons, which can be broadly
grouped into two categories based on their function: excitatory and inhibitory
interneurons. Excitatory (glutamatergic) interneurons enable the transmission of
somatosensory signals between different laminae (Yasaka et al., 2014, Grudt and
Perl, 2002), while inhibitory (GABAergic/glycinergic) interneurons inhibit this
activity by acting on either excitatory interneurons or projection cells.
Based on their morphology, interneurons in lamina II can be classified into islet,
central, vertical and radial cells (Grudt and Perl, 2002). Studies in rodents have
demonstrated that islet, vertical, radial and a large proportion of central interneurons
are innervated by C-fibres, whereas Aδ-fibre neurons innervate only vertical and
radial cells (Grudt and Perl, 2002, Lu and Perl, 2005). Interneurons in lamina II can
also be classified based on their neurochemical properties (reviewed in Todd, 2017;
Table 1.6). Based on neurochemical properties, four distinct non-overlapping
populations of inhibitory interneurons have been recently identified in the superficial
dorsal horn of the rat (Polgar et al., 2013, Petitjean et al., 2015), which include those
that express either galanin, neuropeptide Y, neuronal nitric oxide synthase or
parvalbumin (Tiong et al., 2011). Specifically, parvalbumin and neuropeptide Y
expressing interneurons have been demonstrated to form inhibitory synapses with
excitatory neurons of the more superficial laminae (Lu et al., 2013, Polgar et al.,
2011, Polgar et al., 1999). Several other studies have demonstrated distinct laminar
distribution of excitatory interneurons expressing substance P, gastrin-releasing
peptide, neurotensin and neurokinin B, which represents separate neuronal
populations in mice (Gutierrez-Mecinas et al., 2016, Gutierrez-Mecinas et al., 2017).
Afferent nerve fibres that terminate in lamina I also form synapses with projection
neurons. These cells are mainly glutamatergic and can also be found in laminae III-V
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in a rat. Similar to interneurons, projection neurons can be classified based on their
morphology and neurochemical properties. Based on morphology (shape of cell
body and branching pattern of dendrites) projection neurons of lamina I can be
divided into fusiform, pyramidal and multipolar cells (Spike et al., 2003, Zhang et
al., 1996, Han et al., 1998, Lima and Coimbra, 1986). Furthermore, projection
neurons can be classified based on expression patterns of the neurokinin-1 receptor
(NK-1R). More than half of these neurons in lamina I and around one-third of those
in laminae III-IV express NK-1R (Nakaya et al., 1994, Todd et al., 1998, Marshall et
al., 1996, Ding et al., 1995, Naim et al., 1997, Al Ghamdi et al., 2009). Such
receptor is the main receptor for substance P, which is released by innervating
peptidergic primary sensory neurons (Todd et al., 2002) and local interneurons
(Gutierrez-Mecinas et al., 2017, Ljungdahl et al., 1978). In addition to direct
activation by afferent nerve fibres, lamina I NK-1R positive projection neurons
receive peripheral sensory inputs via polysynaptic connections mediated by lamina II
interneurons (Lu and Perl, 2005). Projection neurons that are NK-1R negative, such
as giant projection neurons, are also present in lamina I. The activity of giant
projection neurons is regulated by inhibitory as well as excitatory interneurons
(Puskar et al., 2001, Todd et al., 2003, Polgar et al., 2008) without an apparent input
from the primary afferent neurons. The remaining NK-1R negative projection
neurons have been demonstrated to receive inputs from mainly Aδ-fibre afferents
(Baseer et al., 2014).
The area extending from lamina II to V forms the LTMR recipient zone, which
receives inputs form LTMRs (Abraira and Ginty, 2013, Abraira et al., 2017, Seal et
al., 2009). Within this zone, 11 subtypes of interneurons (7 excitatory and 4
inhibitory) have been recently identified in mice by Abraira and colleagues (2017).
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These interneurons receive inputs not only from Aβ, Aδ- or C-fibre LTMRs but also
from other spinal cord interneurons and corticospinal projection neurons. Their
formed connections mainly remain within the deep dorsal horn. Another population
of deep dorsal horn neurons, tyrosine kinase Ret expressing interneurons, was
identified in neonatal mice (Cui et al., 2016). In addition to direct excitatory inputs
from Aβ-fibre neurons and in some cases C-fibre afferents, Ret positive interneurons
receive polysynaptic and direct inhibitory inputs from primary sensory nerve fibres
and other Ret positive interneurons. Interestingly, this group of neuronal cells not
only inhibits activity of excitatory interneurons but also forms presynaptic inhibitory
synapses onto primary afferent terminals.

34

Figure 1.2 Laminar organization of the dorsal horn based on the Rexed system
(adapted from Todd, 2010 and Abraira and Ginty, 2013). A transverse section of the L5
spinal cord is represented. Dashed lines represent boundaries of different laminae. Direct
afferent inputs are represented. LTMRs, low threshold mechanoreceptors.
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Type of interneuron

Neuropeptides

Inhibitory

Excitatory

Neuropeptide Y

Somatostatin

Galanin

Neurotensin

Enkephalin

Neurokinin B

Dynorphin

Substance P
Enkephalin
Dynorphin

Receptors

Sst2A

NK-1

NK3

NK-3
MOR-1
Neuropeptide Y Y1

NK-1, neurokinin-1; MOR-1, μ-opioid receptor 1; sst2A, somatostatin receptor subtype.

Table 1.6 Neurochemical markers present in interneurons in laminae I-III of the dorsal
horn (reviewed in Todd, 2010, Todd and Spike, 1993).
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1.5.2 Wide dynamic range neurons
Wide dynamic range (WDR) neurons are polysynaptic interneurons and projection
cells (Willis and Coggeshall, 1991) that receive multiple inputs from Aβ-, Aδ- and
C- fibre neurons (Mendell, 1966, Wagman and Price, 1969) as well as internal
organs, muscles and joints. WDR neurons are located in both superficial and deep
layers of the dorsal horn, with a greater population found in the latter (i.e. lamina V
region). Due to their responsiveness to innocuous and noxious stimuli (Wagman and
Price, 1969, Mendell, 1966, Willis and Coggeshall, 1991) and importantly wind-up
(Mendell, 1966, Mendell and Wall, 1965), which is a frequency-dependent
progressive increase in dorsal horn responses to repetitive electrical stimulation of Cfibres, WDR neurons have received a specific interest within pain field. Such
increase in post-synaptic responses is short-lived and requires low frequency
stimulation. Although the mechanism that underlies wind-up is not entirely clear, it
shares similarities with that of central sensitization (for comparison of wind-up and
central sensitisation please refer to Section 1.7.2; Figure 1.4). Consistent with such
processes, increases in wind-up have been reported in models of chronic hind paw
and joint inflammation (Traub, 1997, Herrero and Cervero, 1996, Stanfa et al.,
1992). Wind-up is a result of glutamate, substance P and calcitonin gene-related
protein release from nociceptive nerve fibres (Sivilotti et al., 1993) following
repetitive noxious stimulation. This leads to a cumulative membrane depolarization,
which activates N-Methyl-D-aspartic acid (NMDA) receptors by removing the Mg++
block (Davies and Lodge, 1987, Dickenson and Sullivan, 1987, Fossat et al., 2007).
Consequently, an influx of calcium ions causes an increase in responses to
nociceptive stimuli in a nonlinear fashion (reviewed in Latremoliere and Woolf,
2009).
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1.6 Animal models of neuropathic pain
Due to the complexity of neuropathic pain, research into the underlying mechanisms
requires the use of experimental animal models. Although various neuropathic pain
syndromes have been modelled in animals, those requiring a direct nerve injury (i.e.
nerve ligation, cut or constriction) are the most commonly used. In such models,
physical injury of the peripheral nerve leads to inflammation as well as axonal
transport disruption. As such, axonal transport is likely to play a significant role in
neuropathic pain mechanisms. Axonal transport can also be impaired along intact
axons following neuritis or exposure to chemical agents, such as vinca alkaloids,
which can avoid inflammatory processes. In this section, animal models induced by
traumatic nerve injury, neuritis and vinca alkaloids are discussed. For each model, a
description of the histology, pattern of pain

behaviours and

principal

electrophysiological changes is given (Figure 1.3; Tables 1.7 and 1.8).

1.6.1 Traumatic nerve injury
Traumatic peripheral nerve injuries are commonly induced by nerve ligation,
severance or constriction and frequently result in axonal transport disruption,
Wallerian degeneration and endoneural inflammation. The most commonly used
models that involve traumatic nerve injury include:

Neuroma
Neuroma is induced by tightly ligating the sciatic nerve at the level of the mid-thigh
and cutting the nerve distal to the ligature (complete axotomy) or by crushing the
nerve with a pair of forceps (Devor et al., 1979, Wall et al., 1979).
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Histology
Following surgery, Wallerian degeneration occurs distal to the neuroma and at the
injury site in both A- and C-fibre neurons (Devor et al., 1979). Proximal to the
suture, a bulbous neuroma forms and contains a tangled mass of regenerating small
diameter axonal sprouts (Wall et al., 1979, Fried and Devor, 1988, Devor and Wall,
1976). Additionally, a decrease in nerve fibre diameter has been reported proximal to
the neuroma (Cragg and Thomas, 1961). At around one-week post-surgery, there is
an increase in macrophage infiltration followed by expression of inflammatory
mediators (Il-6, TNF-a) and neurotrophins (brain derived neurotrophic factor and
nerve growth factor (NGF)) in the DRG (Kwon et al., 2013).
Behaviour
Following complete axotomy, autotomy of the affected limb is very common 3-9
weeks post-surgery (around 82% of rats) (Wall et al., 1979). Following a nerve
crush, levels of autotomy are much lower (Devor et al., 1979), and mechanical and
cold allodynia develop. Mechanical and cold allodynia are observed at three and 14
weeks post-surgery respectively and persist for approximately 52 weeks (Bester et
al., 2000).
Electrophysiology
Ongoing activity develops in A-fibre neurons at around three days post-surgery and
persists for seven weeks (Scadding, 1981, Devor, 1983, Blumberg and Janig, 1984),
with around 17% of myelinated fibres firing in a rhythmic pattern (Devor and
Govrin-Lippmann, 1983, Devor, 1983). Around 6% of C-fibre neurons are ongoing
at 2-3 weeks post-axotomy (Welk et al., 1990). Mechanical sensitivity develops in
around 40-66% of A-fibre neurons with ongoing activity (Chen and Devor, 1998,
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Wall and Devor, 1983). In C-fibre neurons, only 13% of axons become mechanically
sensitive, which peaks at three weeks (Welk et al., 1990). A slowing of conduction
velocities proximal to the injury site is present at around one month and persists for
at least 5 months (Cragg and Thomas, 1961, Devor and Govrin-Lippmann, 1986).
Furthermore, chemosensitivity has been reported at the neuroma site in both A- and
C- fibre neurons (Welk et al., 1990, Devor and Govrin-Lippmann, 1983).
Within the superficial dorsal horn, the majority of dorsal horn neurons have no
receptive fields, while neurons with receptive fields show altered responses to
mechanical stimulation (irregular and bursting patterns) (Hylden et al., 1987).

Chronic Constriction Injury (CCI)
The CCI model was originally reported by Bennet and Xie in 1988 and was used to
study pain in compressive neuropathies. Four 4-0 chromic gut sutures are loosely
placed around the sciatic nerve proximal to the sciatic nerve trifurcation (mid-thigh
level), leading to nerve constriction (Bennett and Xie, 1988).
Histology
CCI leads to a reduction in blood flow through the nerve’s vasculature, causing
swelling and strangulation of the nerve, Wallerian degeneration as well as nerve
inflammation (Maves et al., 1993, Bennett and Xie, 1988, Coggeshall et al., 1993).
Constriction of the nerve by ligature reduces the nerve diameter by 25-75%. This
leads to a significant decrease in the number of large-diameter myelinated and smalldiameter unmyelinated axons where a preferential loss of large fibres is observed
(i.e. Aβ-fibre neurons) (Kajander and Bennett, 1992). An increase in mRNA of proinflammatory cytokines in the sciatic nerve of the rat is present at weeks 1 and 2
post-surgery, which include IL-1β, IL-6 (week 1) and TNF (week 2). Additionally,
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elevation in anti-inflammatory cytokine IL-10 is reported at week 6 post-surgery
(Okamoto et al., 2001).
Behaviour
Animals that undergo CCI develop neuropathic pain behaviours as early as one day
post-surgery, which peak at around 1-2 weeks post-surgery and last for up to two
months. These include mechanical and cold allodynia, heat and mechanical
hyperalgesia as well as chemogenic pain (Bennett and Xie, 1988, Maves et al., 1993,
Kim et al., 1997, Coggeshall et al., 1993, Dowdall et al., 2005). Commonly, mild to
moderate autotomy, gate and posture changes, overgrown claws, guarding, licking
and spontaneous lifting of ipsilateral hind paw as well as reduced rate of body weight
gain are reported, which are consistent with spontaneous pain (Bennett and Xie,
1988).
Electrophysiology
Increased levels of ongoing activity have been reported in both Aβ- and Aδ-nerve
fibre neurons as early as one day post-surgery (35% and 15% respectively), which
corresponds to the time of onset of neuropathic pain behaviours. Such activity occurs
in ongoing (tonic), bursting as well as irregular patterns and originates from the site
of injury (Tal and Eliav, 1996, Kajander and Bennett, 1992). Increased levels of
ongoing activity in C-fibre neurons develop at later stages (several weeks postoperative) (Xie and Xiao, 1990, Chen and Devor, 1998). Both types of axons (those
with and without increased levels of ongoing activity), as well as neuronal sprouts,
develop axonal mechanical sensitivity (Tal and Eliav, 1996, Chen and Devor, 1998).
Additionally, the number of A-fibre neurons conducting though the treatment site is
substantially reduced (55-85%), and the remaining myelinated axons are slowed
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(Kajander and Bennett, 1992, Gabay and Tal, 2004). In contrast, far fewer C-fibre
neurons are lost (9-32%).
Following CCI, dorsal horn neurons show abnormal characteristics, which include
increased levels of ongoing activity, increased responses to mechanical stimulation
of the injury site, absence of peripheral fields, reduced responsiveness to low
intensity mechanical stimulation of the receptive field and prolonged after-discharge
(Laird and Bennett, 1993, Sotgiu and Biella, 2000).

Partial Sciatic Nerve Ligation (PSL)
The PSL model was developed by Seltzer and colleagues (1990). In this model,
dorsal 30-50% of the sciatic nerve thickness is tightly ligated using 8-0 silk sutures
(Seltzer et al., 1990).
Histology
Wallerian degeneration and demyelination are the features of the PSL model
(Yagasaki et al., 2013). At one week post-surgery, myelinated fibre density is
reduced and myelin loss is present. At three weeks, the processes of remyelination
and regeneration of small myelinated fibre neurons occurs. In mice, neutrophils and
macrophages infiltrate the sciatic nerve following nerve injury (Liou et al., 2011).
Additionally, mRNA of pro-inflammatory cytokines such as IL-1β and TNF is
rapidly upregulated (1-3 days post-surgery) in the distal stump of the sciatic nerve
(Nadeau et al., 2011).
Behaviour
Stimulus evoked pain behaviours, which include cold and mechanical allodynia as
well as heat and mechanical hyperalgesia, develop at around one hour post-surgery
and last for at least seven months (Seltzer et al., 1990, Kim et al., 1997). Animals
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develop spontaneous pain behaviours a few hours after the surgery, which include
altered gait and posture, licking, gentle biting of the skin and pulling on the nails of
the affected limb (Seltzer et al., 1990). Some of these behavioural changes are
present at mirror image sites on the contralateral limb and last for several months.
Electrophysiology
Spontaneous ongoing activity with a phasic firing pattern is a feature of this model
and occurs in Aβ-, Aδ- and C-fibre neurons (Pan et al., 1999, Chen et al., 2002).
Extracellular recordings from the spinal cord showed increased receptive field size
of spinal neurons (Takaishi et al., 1996, Behbehani and Dollberg-Stolik, 1994).

Spinal Nerve Ligation (SNL)
The SNL model developed by Kim and Chung (1992) involves ligating the L5
and/or L6 spinal nerves with a 6-0 silk thread, which leaves the saphenous nerve (L3
root) and the L4 component of the sciatic nerve undamaged (Wu et al., 2001,
Djouhri et al., 2006, Sapunar et al., 2005).
Histology
One of the main features of the SNL model is the comingling of intact L4 afferents
with injured L5 axons within the sciatic nerve. It is mainly axons of A-fibre neurons
that undergo Wallerian degeneration (Vestergaard et al., 1997, Sapunar et al., 2005,
Roytta et al., 1999). An influx of inflammatory cells (e.g. activated macrophages)
into neurons leads to endoneural inflammation (Hu and McLachlan, 2002, Roytta et
al., 1999). Moreover, axonal sprouting has been reported distal to the ligation site, in
the dorsal roots and in the sciatic nerve (low number of sprouts) (Roytta et al.,
1999).
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Behaviour
SNL induces evoked pain behaviours that begin one day post-surgery, peak at
around one week post-surgery and persist for several months (Kim et al., 1997, Choi
et al., 1994, Kim and Chung, 1992). These pain behaviours include mechanical and
cold allodynia as well as heat and mechanical hyperalgesia. Additionally, deformities
of the foot and associated limping are present. Spontaneous pain behaviours develop
immediately after surgery and last for up to six weeks, which include overgrowth of
nails, licking and guarding of the affected paw as well as pulling on the nails (Kim
and Chung, 1992).
Electrophysiology
Transection of the L5 spinal nerve causes an increase in ongoing activity in 33% of
A-fibre neurons 1-3 days post-surgery. By around day 21 post-surgery, the levels of
ongoing activity decrease to 14% (Liu et al., 2000a, Liu et al., 2000b). Almost half
of uninjured C-fibre neurons in the uninjured L4 spinal nerve develop ongoing
activity within the first day of the lesion and persist for at least a week (Djouhri et
al., 2006, Wu et al., 2001, Djouhri et al., 2012, Boucher et al., 2000). Intact L4 Cfibre neuros also display activity-dependent conduction velocity slowing (Shim et
al., 2007). Axonal mechanical sensitivity develops at the injury site (Liu et al.,
2000a).
In the spinal cord, increased ongoing activity levels are observed in WDR neurons
between 1-2 weeks post-surgery. Responses to brush are increased during the first
week post-surgery but decreased the following week. Wind-up in these animals is
not changed (Chapman et al., 1998, Suzuki et al., 2001).
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1.6.4 Spared Nerve Injury (SNI)
The SNI model involves transection of the tibial and common peroneal branches of
the sciatic nerve distal to the sciatic trifurcation but sparing the sural branch
(Decosterd and Woolf, 2000).
Histology
The comingling of healthy neurons from the sural nerve with injured neurons from
the tibial and peroneal nerves is present in the DRG (Decosterd and Woolf, 2000).
Nerve fibre sprouting occurs, where uninjured nerve fibres sprout into denervated
skin territories (Decosterd and Woolf, 2000, Gong et al., 2017, McKelvey et al.,
2015, Vega-Avelaira et al., 2012, Cobos et al., 2018).
Behaviour
Mechanical and cold allodynia, mechanical hyperalgesia as well as signs of heat
hyperalgesia occur within the sural innervation area by 24 hours post-surgery and
continue for more than six months (Decosterd and Woolf, 2000, Howard et al., 2005,
Cobos et al., 2018).
Electrophysiology
Primary afferent fibres (Aδ- and C-fibre neurons) from SNI mice become
mechanically sensitive and fire around 22% and 24% more action potentials in
response to mechanical stimulation respectively when compared to control animals
(Smith et al., 2013). In rats, ongoing activity from A-fibre neurons is indicated
(Suter et al., 2009).
In the spinal cord, WDR neurons develop ongoing activity and are more responsive
to cold stimulation of the receptive field one-week post-surgery (McKelvey et al.,
2015).
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Figure 1.3 Schematic representation of the common traumatic nerve injury models
used in neuropathic pain research (adapted from Suter et al., 2011). Spinal nerve
ligation (SNL) consists of tight L5 and/or L6 spinal nerve ligation; partial sciatic nerve
ligation (PSL) is induced by a ligation of a part of the sciatic nerve; chronic constriction
injury (CCI) consists of loose ligation of the sciatic nerve using chromic gut sutures; spared
nerve injury (SNI) includes transection of the tibial and the peroneal branches; axotomy
(neuroma) is induced by cutting or crushing the sciatic nerve.
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1.6.2 Neuritis
Animal models that involve a traumatic nerve injury do not represent clinical cases
where such nerve damage is not apparent during routine clinical examination (e.g.
non-specific arm pain). In these patients, nerve inflammation in the absence of
axonal degeneration may play a significant role. To examine the potential
mechanisms in such patients, neuritis model may prove to be beneficial (Dilley et al.,
2011, Eliav et al., 1999).

Neuritis induced by complete Freund’s adjuvant
The neuritis model is induced by applying an immune stimulant composed of
inactivated and dried mycobacteria, complete Freund’s adjuvant (CFA), to the sciatic
nerve. This is performed by saturating oxidised cellulose in CFA and wrapping it
loosely around the exposed sciatic nerve in the mid-thigh level (Eliav et al., 1999,
Dilley et al., 2005, Bove et al., 2003).
Histology
Immune cells, which include macrophages, T-lymphocytes and granulocytes,
infiltrate the epineurium within two days post-surgery, with concentrations peaking
at around four weeks post-surgery (Eliav et al., 1999, Bove et al., 2003, Bove et al.,
2009). Additionally, raised TNF-α and chemokine (C-C motif) ligand 2 mRNA are
present at the treatment site on day 1 post-surgery (Pulman et al., 2013). By the first
week, perineurium shows signs of oedema, which is followed by thickening and the
presence of more dense fibrous tissue at later stages (Bove et al., 2009). None of the
immune cells penetrate the endoneurium. The epineural inflammation is sustained
for up to 12 weeks post-surgery with a minimal structural damage to the axons or
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glia (Eliav et al., 1999, Bove, 2009). Additionally, anterograde axonal transport
disruption is a feature of this model (Dilley et al., 2013).
Behaviour
The time course of neuropathic pain behaviours is short-lived (Bennett, 1999).
Mechanical and cold allodynia as well as mechanical and heat hyperalgesia of the
ipsilateral hind paw develop between 2-3 days and peak between 3-5 days postsurgery (Eliav et al., 1999, Bennett, 2000, Bove et al., 2003, Pulman et al., 2013,
Bennett, 1999). Recovery is observed 1-2 weeks post-surgery.
Electrophysiology
Nerve trunk inflammation induces ongoing activity and axonal mechanical
sensitivity in functionally intact A- and C-fibre neurons, which peaks at day 4-5
post-surgery (Bove et al., 2003, Dilley et al., 2005, Bove and Dilley, 2010, Richards
et al., 2011). Axonal mechanical sensitivity develops at the site of inflammation
mainly in nociceptive C- and Aδ-nerve fibres that innervate deep structures (Bove et
al., 2003, Dilley and Bove, 2008b, Eliav et al., 2001). These mechanically sensitive
axons respond to both direct pressure and stretch (Dilley et al., 2005). In the most
sensitive nerve fibres, 3% stretch is sufficient to trigger neuronal firing (Dilley et al.,
2005). Axonal mechanical sensitivity peaks during the first week and recovers at two
months post-surgery (Dilley and Bove, 2008a, Bove, 2009). Neuritis also causes a
decrease in the conduction velocity of C-fibre neurons along the L5 dorsal root by
week one, which peaks at four weeks and returns to the normal range by two months.
Around 80% of axons treated with CFA develop axonal chemical sensitivity to
inflammatory chemicals 6-7 days post-surgery (Govea et al., 2017).
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Neuritis induced by zymosan
A neuritis model can also be induced using an immune activator, zymosan, which is
prepared from yeast cell wall. A strip of sterile Gelfoam is loosely wrapped around
the sciatic nerve and a peri-sciatic catheter is implanted. Several days later, the
Gelfoam is injected with zymosan through the catheter (Chacur et al., 2001, Twining
et al., 2004, Gazda et al., 2001).
Histology
In this model, mild to moderate subepineural oedema as well as minor Schwan cell
activation occurs. Immune cells (e.g. activated macrophages and neutrophils) invade
the Gelfoam and epineurium, which release IL-1β, TNF-α and reactive oxygen
species (Gazda et al., 2001). Raised levels of other cytokines (e.g. IL-6, IL-1) have
also been reported in the sciatic nerve (Twining et al., 2004).
Behaviour
Dose-dependent mechanical allodynia develops three hours following zymosan
administration and is still present at 24 hours (Gazda et al., 2001, Chacur et al.,
2001). No changes in response to thermal stimulation are present (Gazda et al.,
2001).

1.6.3 Vinblastine-induced axonal transport disruption
Experimentally, application of chemotherapy agents, such as vinblastine, to the
sciatic nerve of the rat allows examination of the direct effects chemotherapy agents
may have on neuronal tissues. Vinblastine is commonly used for the treatment of
neoplastic diseases, which include lymphoblastic leukaemia, Hodgkin’s and nonHodgkin’s lymphoma (Duflos et al., 2002). Local application of vinblastine in low
doses (e.g. 0.1 mM) for a short duration (e.g. 15 min) can disrupt axonal transport
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along a peripheral nerve without causing inflammation or axonal degeneration
(Fitzgerald et al., 1984, Katoh et al., 1992, Dilley and Bove, 2008a, Zhuo et al.,
1995, Kashiba et al., 1992). This approach can be used to examine the role of axonal
transport disruption along intact axons in neuropathic pain.
Histology
Following the local application of low doses of vinblastine (i.e. 0.1-0.15 mM), axons
remain intact and there are no signs of Wallerian degeneration, axonal demyelination
or nerve inflammation (Fitzgerald et al., 1984, Kashiba et al., 1992). At a dose of
0.15 mM, the number of myelinated and unmyelinated axons is decreased by 20%,
which has been linked with increased endoneurial fluid (Fitzgerald et al., 1984,
Kashiba et al., 1992). An examination of protein accumulation proximal to the
treatment site (e.g. fluoride-resistant acid phosphatase, acetylcholinesterase and
kinesin) has confirmed the disruption of anterograde axonal transport by day two
post-surgery, with signs of recovery at day six (Dilley et al., 2013, Fitzgerald et al.,
1984). Following the application of higher doses of vinblastine (≥ 0.25 mM),
significant demyelination and degeneration of both myelinated and unmyelinated
nerve fibres have been reported (Fitzgerald et al., 1984, Kashiba et al., 1992).
Additionally, abnormal Schwann cells, axonal debris and macrophages are present.
Behaviour
At low dose (0.1 mM), neuropathic pain behaviours occur within 24 hours postsurgery. Mechanical allodynia peaks at around day four, and recovery is observed
from day seven post-surgery. By day 11, almost full recovery is evident (Dilley et
al., 2013). Heat and mechanical hyperalgesia does not develop (Dilley et al., 2013,
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Fitzgerald et al., 1984). At higher doses (0.25mM, 0.5 mM), animals develop
insensitivity to mechanical and heat hyperalgesia (Fitzgerald et al., 1984).
Electrophysiology
At low dose (0.1 mM), vinblastine does not cause an increase in ongoing activity
from A- or C-fibre neurons at 4-7 days post-surgery (Dilley et al., 2013, Govea et
al., 2017). There is slowing in conduction velocities in C-fibre neurons proximal to
the treatment site (Dilley et al., 2013, Fitzgerald et al., 1984) as well as in both Aand C- fibres through the treatment site (Dilley and Bove, 2008a). A rapid
development of axonal mechanical sensitivity has been reported. Around 33.3% of
C-fibre neurons develop axonal mechanical sensitivity peaking on days 4-5 postsurgery (Dilley and Bove, 2008a). Additionally, around 38% of axons develop
axonal chemical sensitivity to inflammatory chemicals 3-4 days post-surgery (Govea
et al., 2017). Local vinblastine application proximal to a nerve injury has been used
to determine the role of axonal transport in the development of axonal mechanical
sensitivity (Dilley and Bove, 2008a), ongoing activity (Devor and Govrin-Lippmann,
1983) and heat hypersensitivity (Yamamoto and Yaksh, 1993).

1.6.4 Chemotherapy-induced peripheral neuropathy
As mentioned in the previous section (section 1.6.3), vinca alkaloids disrupt axonal
transport and can be used to examine such mechanisms along intact peripheral
nerves. Typically, vinca alkaloids are systemically injected into animals when
modelling CIPN. Currently, one of the most commonly used vinca alkaloids for such
purposes is vincristine (Siau and Bennett, 2006, Schappacher et al., 2017, Aley et
al., 1996, Authier et al., 2003). Below, vincristine-induced peripheral neuropathy
animal model is reviewed.
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Histology
Vincristine treatment leads to alterations in axonal microtubule cytoskeleton and
impaired anterograde axonal transport (Tanner et al., 1998a, Topp et al., 2000). As a
result, swelling of non-myelinated and myelinated nerve fibres is common in
vincristine-induced peripheral neuropathy (VIPN) models (Tanner et al., 1998a,
Topp et al., 2000, Authier et al., 2003, Boehmerle et al., 2014). VIPN is associated
with axonal degeneration of the intraepidermal nerve fibres (Siau et al., 2006,
Schappacher et al., 2017, axonal degeneration mechanisms reviewed by Fukuda et
al., 2017) as well as fragmentation of mitochondria (Berbusse et al., 2016).
Furthermore, increase in active Langerhans cells in the skin is indicative of
inflammatory processes.
Behaviour
Although VIPN induction protocols vary, vincristine treatment is associated with a
rapid development of cold and mechanical allodynia as well as heat and mechanical
hyperalgesia in adult rats (Aley et al., 1996, Authier et al., 2003, Hu et al., 2017).
The time course of such behaviours fluctuates depending on the model used, but they
tend to reverse 2-4 weeks following discontinuation of treatment in adult animals.
Electrophysiology
An increase in the levels of ongoing activity have been reported in both A- and Cfibre neurons, with 10% and 36% firing spontaneously respectively at the peak of
neuropathic pain behaviours (Xiao and Bennett, 2008). Such ongoing activity occurs
in continuous or bursting irregular firing patterns. Both non-myelinated and
myelinated nerve fibres are slowed (Xiao and Bennett, 2008, Authier et al., 2003,
Tanner et al., 1998b).
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In the spinal cord, WDR neurons display increased levels of ongoing activity and
respond to mechanical stimulation of the receptive filed with augmented
afterdischarge (Weng et al., 2003). Additionally, an increase in wind-up response is
present when nerve is stimulated at 0.1 Hz frequency (Weng et al., 2003). At higher
stimulation frequencies (i.e. 0.3 and 1.0 Hz), WDR cells demonstrate wind-down
following the first eight electrical stimuli.
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Neuropathic pain behaviours (present at days/weeks PO)
Mechanical
allodynia

Cold allodynia

Mechanical
hyperalgesia

Heat hyperalgesia

References

Neuroma

3-55 weeks

14-66 weeks

N/A

N/A

(Bester et al., 2000, Devor et al., 1979, Wall et al., 1979)

CCI

1-8 weeks

1-8 weeks

1-8 weeks

1-8 weeks

(Bennett and Xie, 1988, Maves et al., 1993, Kim et al.,
1997, Coggeshall et al., 1993, Dowdall et al., 2005)

PSL

1->28 weeks

1->28 weeks

1->28 weeks

1->28 weeks

(Seltzer et al., 1990, Kim et al., 1997)

SNL

1->8 weeks

1->8 weeks

1->8 weeks

1->8 weeks

(Kim et al., 1997, Choi et al., 1994, Kim and Chung,
1992)

SNI

1->24 weeks

1->24 weeks

1- >24 weeks

1- >24 weeks

(Decosterd and Woolf, 2000, Howard et al., 2005, Cobos
et al., 2018)

Neuritis (CFA)

1-7 days

2-7 days

1-7 days

1-7 days

(Eliav et al., 1999, Bennett, 2000, Bove et al., 2003,
Pulman et al., 2013, Bennett, 1999)

Vinblastine

1-11 days

N/A

Absent

Absent

(Dilley et al., 2013, Fitzgerald et al., 1984)

VIPN

2-4 weeks (posttreatment)

2-4 weeks (posttreatment)

2-4 weeks (posttreatment)

2-4 weeks (posttreatment)

(Aley et al., 1996, Authier et al., 2003, Hu et al., 2017)

PO, post-operative; CCI, chronic constriction injury; PSL, partial sciatic nerve ligation; SNL, spinal nerve ligation; SNI, spared nerve injury; CFA, complete
Freund’s adjuvant; VIPN, vincristine-induced peripheral neuropathy; N/A, no reported studies

Table 1.7. A summary table of neuropathic pain behaviours in rat models of neuropathic pain.
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Electrophysiology of peripheral nerves
↑OA

AMS

CV

References

Neuroma

A- and C-fibre neurons

A- and C-fibre neurons

Slowed (nerve fibre
type not indicated)

(Devor and Govrin-Lippmann, 1983, Devor, 1983,
Scadding, 1981, Blumberg and Janig, 1984, Welk et al.,
1990, Chen and Devor, 1998, Wall and Devor, 1983,
Cragg and Thomas, 1961, Devor and Govrin-Lippmann,
1986)

CCI

A- and C-fibre neurons

A- and C-fibre neurons

Aβ-fibre neurons slowed

(Tal and Eliav, 1996, Kajander and Bennett, 1992, Xie
and Xiao, 1990, Chen and Devor, 1998, Gabay and Tal,
2004)

PSL

A- and C-fibre neurons

N/A

N/A

(Pan et al., 1999, Chen et al., 2002)

SNL

Injured A-fibre neurons;

Present at the treatment
site

Activity-dependent
slowing in intact C-fibre
neurons (L4)

(Liu et al., 2000a, Liu et al., 2000b, Djouhri et al., 2006,
Wu et al., 2001, Djouhri et al., 2012, Boucher et al.,
2000, Shim et al., 2007)

Intact C-fibre neurons (L4)
SNI

A-fibre neurons

A- and C-fibre neurons*

Unchanged*

(Smith et al., 2013, Suter et al., 2009)

Neuritis (CFA)

Aδ- and C-fibre neurons

Aδ- and C-fibre neurons

C-fibre neurons slowed

(Richards et al., 2011, Bove et al., 2003, Bove and
Dilley, 2010, Dilley and Bove, 2008a)

Vinblastine

Absent

C-fibre neurons

A- and C-fibre neurons
slowed

(Dilley et al., 2013, Govea et al., 2017, Fitzgerald et al.,
1984, Dilley and Bove, 2008a)

VIPN

A- and C-fibre neurons

N/A

A- and C-fibre neurons
slowed

(Xiao and Bennett, 2008, Authier et al., 2003, Tanner et
al., 1998b)

↑, increase; PO, post-operative; OA, ongoing activity; AMS, axonal mechanical sensitivity; CV, conduction velocity; CCI, chronic constriction injury; PSL,
partial sciatic nerve ligation; SNL, spinal nerve ligation; SNI, spared nerve injury; CFA, complete Freund’s adjuvant; VIPN, vincristine-induced peripheral
neuropathy; N/A, no reported studies. * in mice
Table 1.8. A summary table of peripheral electrophysiological changes in rat models of neuropathic pain.
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1.7 Current understanding of the mechanisms of neuropathic
pain
Neuropathic pain is a result of a complex interplay between peripheral nervous
system, central nervous system and immune system (reviewed in Ji et al., 2016,
Latremoliere and Woolf, 2009, Campbell and Meyer, 2006). Historically, the
multifactorial nature of neuropathic pain has led to multiple challenges when trying
to identify and understand the underlying neuropathic pain mechanisms. Fortunately,
the development of animal models together with continuously progressing research
techniques facilitates deeper understanding of such pathophysiology. In this section,
current peripheral and central mechanisms of neuropathic pain are reviewed.

1.7.1 Peripheral mechanisms
Following a traumatic nerve injury, axonal transport is ceased at the injury site,
which leads to degeneration of distal tissues, and immediate immune response is
initiated. In attempt to re-innervate denervated tissues, axonal sprouts develop from
the proximal stump of the injured nerve, which forms a neuroma (Devor and Wall,
1976). At this site, ion channels (e.g. Nav channels) accumulate, which results in a
‘hot spot’ of excitability characterized by ongoing activity, axonal mechanical
sensitivity as well as chemical sensitivity (Scadding, 1981, Matzner and Devor,
1994, Michaelis et al., 1995, Tal and Eliav, 1996, Chen and Devor, 1998, Djouhri et
al., 2006, Wu et al., 2001). Such alterations in neuronal excitability are associated
with the symptoms of spontaneous pain (i.e. ongoing activity) as well as movementevoked radiating pain (i.e. axonal mechanical sensitivity) commonly reported by
patients (Greening et al., 2005). In addition to its role in spontaneous pain, ongoing
activity is considered to drive central mechanisms (Section 1.7.2) that are implicated
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in the development and maintenance of neuropathic pain behaviours (Campbell and
Meyer, 2006, Woolf, 2011, Xie et al., 2005, Ji et al., 2003). Although following a
traumatic nerve injury ongoing activity firstly develops in myelinated axons, it is
ongoing activity from C-fibre neurons that is considered to drive central changes (Ji
and Woolf, 2001).
Ongoing activity not only develops in injured axons, but also in neighbouring intact
afferents, specifically C-fibre neurons (Shim et al., 2005, Wu et al., 2001, Djouhri et
al., 2006). The role of intact afferents (those that are non-ligated, non-constricted,
non-severed and through conducting) in neuropathic pain mechanisms is further
supported by the neuritis model (Dilley et al., 2013, Bove et al., 2003). When nerves
are inflamed, axonal transport is locally disrupted (Dilley and Bove, 2008a, Dilley et
al., 2013). Such disruption may lead to ion channel accumulation and a formation of
a ‘hot spot’ of excitability along otherwise uninjured axons, which leads to the
development of ongoing activity and mechanical sensitivity (Dilley et al., 2013,
Dilley and Bove, 2008a, Bove et al., 2003, Govea et al., 2017, Eliav et al., 2001,
Dilley et al., 2005, Dilley and Bove, 2008b). Generally, sensitization of afferent
nerve fibres highly depends on a decrease in the threshold for sodium channel
activation (Devor, 2006) and altered expression/excitatory properties of other ion
channels (refer to Section 1.3). In contrary, modulation of ion channel expression or
function (e.g. a slowing of sodium channel kinetics or a decrease in channel density)
may underlie conduction velocity slowing, which occurs not only along injured
axons (Gallego and Adrover, 1990) but is also observed along intact nociceptors
(Dilley et al., 2005, Shim et al., 2007, Dilley and Bove, 2008b).
In addition to changes in neuronal excitability, several studies have suggested a role
for a phenotypic switch of nerve fibres, whereby Aβ-fibre neurons start to express
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and release neuropeptides such as brain-derived neurotrophic factor or substance P
(Fukuoka et al., 2012, Noguchi et al., 1995). In normal conditions, these are
expressed by nociceptive neurons. Phenotypic switch theory is in agreement with an
increase in ongoing activity from large myelinated fibres following nerve injury
(Boucher et al., 2000), which could potentially lead to central sensitization, since
such fibres now act as nociceptors.
Peripheral nerve damage leads to an immediate cascade of immune responses.
Inflammatory mediators, such as substance P and calcitonin gene-related protein, are
released from nociceptive terminals leading to increased vascular permeability and
formation of oedema. As a result, endogenous factors released by non-neuronal cells
(e.g. bradykinin, NGF, cytokines, chemokines, proteins and lipids) accumulate and
sensitise nociceptors (reviewed in McMahon et al., 2005, Julius and Basbaum, 2001,
Ji et al., 2016). One of the earliest non-neuronal cells to respond to nerve injury are
mast cells, which release neuronal mediators, such as histamine and TNF-α, at the
lesion site (Olsson, 1967). These mediators act directly on nerve fibres, which
enhance their activity, and also recruit more immune cells (e.g. neutrophils and
macrophages) (Zuo et al., 2003). Similarly, recruited cells release cytokines (e.g.
TNF-α, IL-1β) that contribute to neuropathic pain behaviours via modulation of ion
channel activity (DeFrancesco-Lisowitz et al., 2015, Schuh et al., 2014, Zelenka et
al., 2005). Peripheral nerve injury not only initiates the innate immune response, but
also activates cells of the adaptive immune system (reviewed in Austin and MoalemTaylor, 2010). An example of such activation is infiltration of T-cells into the injured
peripheral nerves (Moalem et al., 2004) and the soma of dorsal root ganglion
neurons (Vicuna et al., 2015).
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Another type of immune cells that play a role in neuropathic pain mechanisms is
glial cells. In the periphery these include Schwann and satellite cells (reviewed in Ji
et al., 2013). For example, Schwann cells stimulate immune cell infiltration into
injured nerves and release pro-inflammatory mediators, while satellite glial cells
produce cytokines at the soma of dorsal root ganglion neurons (Zhang et al., 2007).
In fact, a recent study by Lim and colleagues (2017) has demonstrated that peripheral
nerve injury induced satellite cell activation leads to production of colony
stimulating factor 1 in the dorsal root ganglion of the mouse, subsequently activating
microglia in the spinal cord.
In agreement with previous reports, a role for immune system in peripheral
mechanisms of neuropathic pain has been elegantly demonstrated in mice (Cobos et
al., 2018). Following a peripheral nerve injury, animals lacking T-cells or
macrophages did not develop mechanical allodynia. Such effect was independent of
TRPV1-expressing nociceptors, which is indicative of large-diameter primary
afferent fibre involvement in the underlying mechanisms (Xu et al., 2015), whereby
they may be sensitized by the immune system.

1.7.2 Central mechanisms
As mentioned in a previous section (Section 1.7.1), peripheral nerve injury leads to
the hyperexcitability of primary sensory neurons as well as immune cell activation.
Such processes are considered to drive alterations within the central nervous system
that underlie neuropathic pain. The principal spinal cord mechanism is central
sensitisation, which is defined as an increase in the excitability of dorsal horn
neurons (Woolf, 2011, Woolf, 2014).
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Intracellular changes
The underlying mechanisms of increased dorsal horn excitability involve a process
similar to that of long term potentiation (Figure 1.4) (Randic et al., 1993, Woolf,
2011). Repetitive nociceptive peripheral input activates NMDA (Woolf and
Thompson, 1991) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (Gu et al., 1996). The resulting temporal summation of
postsynaptic depolarization can relieve the Mg++ block of NMDA channels and in
turn allow influx of calcium ions. Such increase in intracellular calcium levels
promotes activation of calcium dependent kinases that phosphorylate receptors and
ion channels (Esteban et al., 2003, Chen and Huang, 1992) as well as activate
signalling pathways (e.g. extracellular-signal-regulated kinase pathway) (Kawasaki
et al., 2004, Hu et al., 2007). In turn, the distribution and function of ion channels is
affected so that cell excitability is enhanced. This means that low level C-fibre
neuron input, which is not sufficient to activate dorsal horn neurons in normal
conditions, can now cause their depolarization as a result of an increase in synaptic
efficacy.
Similar mechanisms that lead to intracellular calcium increase are also implied in the
wind-up response of WDR neurons (section 1.5.2) (Woolf, 1996). Although wind-up
has many similarities with central sensitisation, such as expanded receptive fields
and increased responsiveness to C-fibre stimulation, the two phenomena are not the
same. While central sensitization persists after the conditioning stimuli, wind-up
only manifests during such stimulation. Furthermore, central sensitization represents
a form of heterosynaptic potentiation leading to amplification of responses of nonconditioned nerve fibres (Latremoliere and Woolf, 2009). This is remarkably
different from wind-up, which is an example of homosynaptic potentiation, whereby
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amplified responses are observed only in conditioned nerve fibres. Therefore, it is
important to highlight that central sensitisation is distinct from wind-up and the latter
is instead thought to represent a short-lasting activity-dependent synaptic plasticity
(Woolf, 1996, Li et al., 1999, Ji et al., 2003). Wind-up can precede central
sensitisation but is not required for the latter process to occur (Woolf, 1996).
Alterations within neuronal circuits
In addition to intracellular changes, neuronal circuits within the dorsal horn are also
affected (Figure 1.5). Early studies into neuronal connections within the dorsal horn
indicated formation of additional Aβ-fibre sprouts that synapse onto neurons in the
superficial laminae (Woolf et al., 1992, Lekan et al., 1996, Shortland et al., 1997).
Historically, such theory received a lot of interest. However, this mechanism has
been refuted (Hughes et al., 2003), since the presence of such arborisations in the
superficial lamina of healthy adult mice has been demonstrated (Woodbury et al.,
2008). A theory of Aβ-fibre sprouting is currently outweighed by the evidence for
Aβ-fibre gating of nociceptive circuits, which was first proposed by the Gate Control
Theory of Pain (Melzack and Wall, 1965). This theory was revisited in recent years
and suggests that projection cells receive inputs not only from nociceptors but also
LTMRs, which in normal conditions are gated via feedforward activation of
inhibitory interneurons (Duan et al., 2014, Christensen et al., 2016, Cheng et al.,
2017, reviewed in Duan et al., 2018). There are several inhibitory interneurons
identified, mainly in laminae II and III, which gate the polysynaptic Aβ-fibre
pathways. These include cells expressing parvalbumin, receptor tyrosine kinase,
dynorphin as well as glycinergic interneurons (Foster et al., 2015, Petitjean et al.,
2015, Cui et al., 2016, Duan et al., 2014). In neuropathic pain states, disinhibition of
such circuits occurs via a variety of different mechanisms allowing Aβ-fibre
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mediated activation of nociceptive inputs (Takazawa and MacDermott, 2010,
Petitjean et al., 2015). Disinhibition can occur as a result of: a decrease in the
synthesis and release of inhibitory neurotransmitters (Moore et al., 2002, Scholz et
al., 2005, Ibuki et al., 1997); desensitization of GABA and glycine receptors (Lin et
al., 1996); reduction in the number of inhibitory synapses on to excitatory cells
(Petitjean et al., 2015); lowered expression of the potassium-chloride exporter
KCC2, which leads to an increase in intracellular Cl- concentration leading to
impaired GABAergic/glycinergic transmission (Zhang et al., 2008). A loss of
inhibitory interneurons within the dorsal horn has also been previously suggested
(Scholz et al., 2005) however it is still debatable whether physical neuronal loss
actually occurs.
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Figure 1.4 Key intracellular mechanisms that play a role in central sensitization
(adapted from Latremoliere and Woolf, 2009).

63

Immune responses
The key non-neuronal spinal cord cells that are responsible for the pathogenesis of
neuropathic pain are microglia, astrocytes and oligodendrocytes. Microglia cells are
activated following both peripheral nerve injury and inflammation (reviewed in
Inoue and Tsuda, 2018). Once activated, they release pro-inflammatory mediators
(e.g. TNF-α, IL-1β, IL-18, brain-derived neurotrophic factor) that can enhance
nociceptive transmission via effects on neuronal circuits. For example, an increase in
brain-derived neurotrophic factor levels leads to inactivation of inhibitory
GABAergic neurons (Coull et al., 2005, Coull et al., 2003), while TNF-α or IL-1β
can enhance excitatory synaptic transmission (Kawasaki et al., 2008). Such

Figure 1.4 Key intracellular mechanisms that play a role in central sensitization
(adapted from Latremoliere and Woolf, 2009). When nociceptive neurons fire,
neurotransmitters such as glutamate, substance P, CGRP and BDNF are released from presynaptic terminals to act on postsynaptic receptors. Following continuous nociceptive input
the consequent membrane depolarization relieves magnesium block from NMDARs. These
receptors are then activated by glutamate allowing influx of calcium ions. Calcium is also
released from endoplasmic reticulum (ER) following activation of mGluRs, which are
coupled to ER calcium channels. An increase in intracellular calcium leads to activation of
various kinases and intracellular signalling pathways (i.e. PKC; PKA; CaMKII; ERK;
indicated by black dotted arrows). As a result, phosphorylation-induced changes occur in the
threshold and activation kinetics of NMDAR and AMPAR contributing to increased
synaptic efficacy. Other changes include: 1) ERK-reduced potassium currents and increased
membrane excitability; 2) PKA, CaMKII and ERK-induced recruitment of AMPAR to the
membrane (indicated by brown dashed arrow); and 3) CREB and TF initiated expression of
various genes needed for synapse strengthening. AMPA, α-amino-3-hydroxy-5-methyl-4isoxazolepropionic

acid;

BDNF,

brain

derived

neurotrophic

factor;

CaMKII,

calcium/calmodulin-dependent protein kinase type II; CGRP, calcitonin gene related
peptide; CREB, cyclic adenosine monophosphate response element-binding protein ERK,
extracellular signal-regulated kinases; NMDAR, N-Methyl-D-aspartic acid receptor; PKA,
protein kinase A; PKC, protein kinase C; VDKK, voltage-dependent calcium channels.
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modulation of dorsal horn excitability has been demonstrated to be sex dependent,
whereby the severity of mechanical allodynia can be modulated by manipulating the
activity of microglia in male but not female mice (Sorge et al., 2015, Sorge et al.,
2011). It has been suggested that in female mice adaptive immune system is
responsible for neuropathic pain (Sorge et al., 2015, Sorge et al., 2011). Such
argument is in agreement with higher expression of T-cells in the periphery of
female mice (Scotland et al., 2011) as well as T-cell infiltration into the female rat’s
dorsal horn following nerve injury (Costigan et al., 2009). Similarly to glial cells,
astrocytes enhance neuropathic pain transmission within the spinal cord (Sant'Anna
et al., 2016). Following peripheral nerve injury, these cells start to proliferate (Tsuda
et al., 2011) and express pro-inflammatory cytokines (e.g. IL-1β) as well as
chemokines (reviewed in Ji et al., 2014). A study by Chen and colleagues (2014) has
demonstrated that levels of connexin 43, which in normal concentrations facilitates
gap junction intracellular communication, are elevated in injured mice. Such
increases in concentration of connexin 43 were shown to maintain neuropathic pain
behaviours via the release of glutamate, adenosine triphosphate and chemokines.
Although microglia and astrocytes have an established role in neuropathic pain, the
role for oligodendrocytes is just emerging. For example, it was recently
demonstrated that following peripheral nerve injury in mice, oligodendrocytes
overexpress IL-33 leading to an increase in pro-inflammatory cytokines (i.e. TNF-α
and IL-1β) and development of mechanical hyperalgesia (Zarpelon et al., 2016).
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Figure 1.5 Changes within the dorsal horn in neuropathic pain conditions (adapted
from Latremoliere and Woolf, 2009). A schematic representation of the dorsal horn: A) In
normal conditions, nociceptive peptidergic and non-peptidergic fibres terminate in laminae
I-II and contact excitatory interneurons. Non-nociceptive fibres terminate in laminae II-V
and contact inhibitory interneurons. B) In neuropathic pain conditions, a number of
alterations occur within the dorsal horn that lead to central sensitization. These include
increased synaptic efficacy between primary sensory afferents and dorsal horn neurons,
altered gating mechanisms, which enable Aβ-fibre driven activation of superficial dorsal
horn neurons, and activation of microglial cells. Historically, it has been also suggested that
non-nociceptive large diameter fibres develop sprouts to the superficial laminae and that
there is a loss of inhibitory interneurons. Such theories remain controversial.
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1.8 The 3Rs and neuropathic pain research
Due to the complex nature of neuropathic pain, research in the context of the whole
nervous system is essential, and the use of live animals is hard to avoid. The most
commonly used animal models in the pain field are rodent traumatic nerve injury
models (Bennett and Xie, 1988, Seltzer et al., 1990, Kim and Chung, 1992,
Decosterd and Woolf, 2000). Induction of these models requires surgery, which in
some cases can be extensive and involve removal of substantial muscle or bone (Kim
and Chung, 1992). In addition, the sciatic nerve, sciatic nerve branches or spinal
nerves are often crushed, ligated or cut, which leads to significant axonal
degeneration and demyelination. Animals undergoing such surgeries develop not
only neuropathic pain behaviours, but also display signs of adverse effects, which are
long lasting and barely reversible. These include muscle weakness, paralysis, altered
gait (Bennett and Xie, 1988, Seltzer et al., 1990, Kim and Chung, 1992) and
autotomy (Bennett and Xie, 1988, Zeltser et al., 2000). In addition, porphyrin
staining (Bennett and Xie, 1988), weight loss (Bennett and Xie, 1988), and changes
in grooming activities (Bennett and Xie, 1988, Kim and Chung, 1992, Seltzer et al.,
1990) are commonly observed. Although evoked pain is less frequent in patients,
and the most common feature is spontaneous pain (Maier et al., 2010, Backonja and
Stacey, 2004), the majority of neuropathic pain studies that use rodents focus on
measuring withdrawal reflexes to sensory stimuli (Mogil and Crager, 2004) and not
complex ethologically relevant behaviours.
Translation from animal models to patients is relatively poor in the pain field and in
part reflects a lack of understanding of the underlying mechanisms (Percie du Sert
and Rice, 2014, Mao, 2012). Traumatic nerve injuries used to induce neuropathic
pain models in rodents are not commonly observed in the clinic, and intact sensory
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neurons may play an important role (Dilley and Greening, 2012). Therefore, there is
a need for better refined and less severe animal models as well as measure outcomes
that are clinically relevant.

1.9 Aims of the project
Axonal transport disruption following a traumatic nerve injury or chemotherapy
treatment is unavoidable. Additionally, evidence suggests that local axonal transport
disruption along intact, through conducting, inflamed axons may contribute to the
development of neuropathic pain in those patients who do not have signs of a nerve
injury on clinical examination. This has led to the main aim of this project, which is
to investigate the role of axonal transport disruption along intact axons in both
peripheral and central mechanisms of neuropathic pain. To achieve this, the
following hypotheses are proposed:
1) It is hypothesised that local axonal transport disruption in rats will lead to the
development of short-lived neuropathic pain behaviours, similarly to the neuritis
model.
-

It has already been reported that vinblastine-induced axonal transport
disruption in rats causes the development of short-lived mechanical
allodynia, which is comparable to that observed following neuritis. However,
currently there is negligible evidence for the presence of other neuropathic
pain behaviours in this model. Therefore, to gain a better idea of the extent of
neuropathic pain behaviours, the development of both stimulus-evoked and
ethologically relevant behaviours will be assessed following vinblastineinduced axonal transport disruption and compared to the neuritis model.
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2) It is hypothesised that inflammation is necessary for the development of ongoing
activity, and that it is not a feature of vinblastine-induced axonal transport
disruption.
-

It has been shown that neuritis leads to an increase in ongoing activity of Cfibre neurons at the peak of pain behaviours (days 4-5 post-surgery).
However, a similar increase seems to be absent following vinblastine
treatment. Currently, it is not known whether ongoing activity is elevated at
other time points post-vinblastine treatment. Therefore, as part of this study,
ongoing activity from A- and C-fibre neurons will be assessed from 3-4
hours to 15 days following vinblastine-induced axonal transport disruption
and compared to neuritis.

3) It is hypothesised that local axonal transport disruption and neuritis will lead to
an increase in ongoing activity and wind-up in deep WDR neurons, as well as an
augmented responsiveness to mechanical stimulation.
-

The role of WDR neurons in neuropathic pain is not yet entirely clear.
Previous studies have shown changes in the excitability of these neurons
following nerve injury and chronic hind paw inflammation, which are
consistent with the development of central sensitisation. Therefore, to
determine whether similar signs of increased excitability occur following
vinblastine treatment and neuritis, recordings will be made from WDR
neurons in deep laminae at the peak of neuropathic pain behaviours (i.e. 3-6
days post-surgery). Ongoing activity levels, wind-up responses and responses
to a range of mechanical stimuli will be assessed as measures of altered
excitability.
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4) It is hypothesised that local axonal transport disruption as well as neuritis will
lead to increased activity of superficial dorsal horn neurons.
-

Following activation of nociceptive nerve fibres, dorsal horn neurons within
superficial laminae express c-fos. In models of neuropathic pain, this
expression is further increased, and as such c-fos is considered an indirect
measure of sensitisation. Therefore, to determine whether there are signs of
increased excitability within the superficial dorsal horn in vinblastine treated
and neuritis animals, c-fos immunolabelling will be performed following
electrical stimulation of the sciatic nerve at an intensity that activates
nociceptors.

5) It is hypothesised that following local axonal transport disruption, and neuritis,
peptidergic nociceptor transmission will be altered.
-

Following activation of primary peptidergic nerve fibres, there is a release
substance P from their central terminals, and this release is altered in models
of nerve injury and chronic hind paw inflammation. Therefore, to assess
whether nociceptor transmission within the dorsal horn is also altered
following vinblastine treatment and neuritis, substance P immunolabelling of
the superficial dorsal horn will be performed at the peak of neuropathic pain
behaviours (i.e. 4-5 days post-surgery).
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CHAPTER 2:
Materials and Methods
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Experiments were carried out in a strict accordance with the UK Animals (Scientific
Procedures) Act (1986) and Home Office guidelines. Adult male Sprague Dawley
rats (n = 213; 175-500g; Charles River Laboratories, Kent, UK) were used in this
study, which avoids the possible quagmire associated with the oestrus cycle in
female rodents. 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 were given
ad libitum access to food and water.

2.1 Surgery
Surgeries were performed under aseptic conditions using isoflurane anaesthesia.
Anaesthesia was induced with 3.5% isoflurane in 3 l O2 and maintained at 2%
isoflurane in 2 l O2, and the animal was kept on a heat mat throughout the surgery.
During this project, preliminary studies were carried out to examine the use of
ultrasound to accurately deliver substances around the sciatic nerve without the need
for surgery (Appendix 1). However, due to variability that occurred with agent
delivery, a surgical approach was utilized throughout the study.

2.1.1 Vinblastine surgery
Vinblastine was applied to the sciatic nerve of adult Sprague Dawley rats (n = 56) as
previously described (Dilley and Bove, 2008a) (Figure 2.1). Under general
anaesthesia, the left thigh was shaved and cleaned with 70% ethanol, and the
exposed skin was disinfected with Videne antiseptic aqueous solution (Williams
Medical Supplies, Rhymney, UK). The area was draped with sterile drapes, and a
small incision through the skin was made posterior to the femur. By blunt dissection,
the biceps femoris and the vastus lateralis muscles were separated exposing the
sciatic nerve. An 8 mm length was cleared from its connective tissue, which allowed
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a short length of sterile parafilm (6 x 20 mm; Sigma Aldrich, Dorset, UK) to be
positioned under the nerve using curved forceps to prevent leakage of vinblastine
onto the surrounding tissue. The sciatic nerve was loosely wrapped with a strip of
sterile Gelfoam (5 x 2 x 10 mm; SpongostanTM; Ferrosan, Denmark) saturated in
approximately 150 µl of 0.1 mM vinblastine (Sigma Aldrich, Dorset, UK; diluted in
0.9% w/v sterile saline). Both the Gelfoam and parafilm were carefully removed
after 15 minutes. The nerve was thoroughly rinsed with sterile saline, and the muscle
and skin were closed using 4-0 monofilament sutures (Vicryl; Ethicon, West
London, United Kingdom). The wound was cleaned with sterile saline and sprayed
with antiseptic betadine topical spray (Williams Medical Supplies, Rhymney, UK).
The animal was allowed to recover on a heat mat and was transferred to a clean cage.
An additional group of animals (n = 39) underwent an identical surgery, except that
the Gelfoam was saturated in 0.09% w/v sterile saline.
Animals were monitored immediately after the surgery, at four hours and daily for
adverse effects. Appearance of the nest, grooming behaviours and interactions with
cage-mates were inspected. Additionally, animals were placed on a flat surface to
observe their gait and to look for signs of side effects, such as paralysis, foot
guarding or indicators of stress (porphyrin staining around the eyes and nose,
piloerection, weight loss).

2.1.2 Neuritis surgery
Neuritis was induced as previously described (n = 57; Figure 2.1) (Dilley and Bove,
2008b). Under general anaesthesia, the left thigh was shaved and cleaned with 70%
ethanol. The exposed skin was disinfected with Videne antiseptic aqueous solution
(Williams Medical Supplies, Rhymney, UK), and the area was draped with sterile
drapes. A small incision through the skin was made posterior to the femur. The
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biceps femoris and vastus lateralis muscles were then separated by blunt dissection,
exposing the sciatic nerve. An 8 mm length was cleared from the surrounding
connective tissue. A sterile strip of Gelfoam (5 x 2 x 10 mm) saturated in
approximately 150 µl of 50% CFA (diluted in 0.9% w/v sterile saline) was loosely
wrapped around the nerve using curved forceps (Figure 2.1). The muscle and skin
were closed using 4-0 monofilament sutures, and the wound was cleaned with sterile
saline and sprayed with antiseptic betadine topical spray (Williams Medical
Supplies, Rhymney, UK). The animal was allowed to recover on a heat mat and was
transferred to a clean cage. Monitoring of adverse effects and signs of stress was
performed as described above (see section 2.1.1).
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F.

Figure 2.1 Surgery techniques.
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2.1.3 Intraperitoneal injections
Unanesthetised animals were injected i.p. with 150 µl of 0.1 ml 0.1 mM vinblastine
(n = 6) or 0.9%w/v saline (n = 6) using a 25G sterile hypodermic needle, which was
equivalent to the volume of each agent applied to the Gelfoam during the surgery
(described above).

Figure 2.1 Surgery techniques. A. A strip of sterile parafilm is placed under the sciatic
nerve that is cleared of its connective tissue; B-D. Sterile Gelfoam saturated in 0.1 mM
vinblastine or 0.9% w/v sterile saline is placed above parafilm and is loosely wrapped
around the sciatic nerve; E. Parafilm is wrapped around the Gelfoam. Both the Gelfoam and
parafilm are removed after 15 minutes and the nerve is rinsed with sterile saline. The wound
is then closed, and the animal is allowed to recover. F. Image of the neuritis surgery site (A.
Dilley). Neuritis surgery is performed by carefully wrapping sterile Gelfoam saturated in
compete Freund’s adjuvant around the nerve. The wound is then closed, and the animal is
allowed to recover.
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2.2 Behavioural testing
Behavioural testing was always performed at the same time on each day during the
light period of the circadian cycle.

2.2.1 Stimulus-evoked measures
Mechanical and cold allodynia as well as mechanical and heat hyperalgesia were
tested in animals. Testing of allodynia involved the application of stimuli to the
plantar surface of the foot that were not considered to be noxious in non-lesioned
animals (i.e. von Frey monofilaments and acetone), whereas testing of hyperalgesia
involved the application of stimuli that could be perceived as painful (i.e. noxious
heat and punctate stimuli). Each animal (n = 36) was habituated to the test apparatus
(i.e. acrylic glass enclosures raised on a metal perforated floor and those raised on
clear glass flooring) for one hour on three consecutive days before the start of the
testing period. On the day of testing, animals were acclimatized for 15 minutes to
allow exploration and major grooming activities to cease. For each behaviour both
hind paws were tested with a five minute rest period between sides. The side to be
tested first was randomized, except for heat hyperalgesia, where the ipsilateral side
was initially examined, since in previous studies the second foot to be tested tended
to respond faster than the first (Pulman et al., 2013). Six animals were examined in
each treatment group. Cold allodynia, heat hyperalgesia and mechanical hyperalgesia
were tested on the same animals with a 60 minute rest period between each test.
Following i.p. injection of vinblastine or saline, the same animals were tested for
mechanical and cold allodynia. Baseline values were obtained on three separate days
prior to surgery or injection. All behaviours were tested up to three weeks post-
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surgery or post-i.p. injection (see Figure 2.2 for timelines of experimental
procedures).
2.2.1.1 Mechanical allodynia
Mechanical allodynia was assessed using calibrated von Frey monofilaments of
increasing stiffness (0.4, 0.7, 1.2, 2, 4, 6, 9, 15 g; Ugo Basile, Varese, Italy) on day
1, 4, 5, 6, 7, 8 and 11 post-surgery. Animals that were injected i.p. with either
vinblastine or saline were examined on day 1, 2, 4, 9, 14 and 21 post-injection.
Animals were placed into individual acrylic glass enclosures raised on a metal
perforated floor. Von Frey monofilaments were applied perpendicular to the plantar
surface of the glabrous foot and held for five seconds. A positive response was
recorded if the paw was sharply withdrawn, held or licked. Paw movements due to
postural changes were not considered to be positive responses. The 50% paw
withdrawal threshold was determined using the up-down method (Chaplan et al.,
1994, Dixon, 1980). Testing commenced with the 2.0 g monofilament. If no
response was initiated, von Frey monofilaments of increasing stiffness were
presented. A negative response followed by the first positive response was
considered the response threshold. At the response threshold, hairs of decreasing
stiffness were applied to the point where there was no positive response. At this
point, von Frey monofilaments of increasing stiffness were applied until the next
positive response was recorded. This pattern was repeated moving up and down von
Frey monofilaments until a maximum of four stimuli had been applied after the
response threshold. If all responses were only negative or positive, values of 15.0 g
or 0.4 g were assigned respectively. The following formula was used to determine
the 50% paw withdrawal threshold: 50% g threshold = (10[Xf+kδ])/10,000; where Xf =
value of the final von Frey monofilament used (in log units); k = tabular value for
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the pattern of positive/negative responses (Chaplan et al., 1994); δ = mean difference
in log units between stimuli (here, 0.224). There was a one minute interval between
each von Frey monofilament application.
2.2.1.2 Cold allodynia
Cold allodynia was tested on day 1, 2, 3, 4, 8, 14 and 21 post-surgery using the
acetone test as previously described (Choi et al., 1994). Regarding animals that were
injected i.p. with either vinblastine or saline, cold allodynia was examined on day 1,
2, 4, 9, 14 and 21 post-injection. An acetone bubble (approx. 10 µl) was formed at
the end of a polyethylene tube that was connected to a syringe. With the animals in
individual acrylic glass enclosures, the bubble was carefully applied to the plantar
surface of the foot through the perforated floor. It was important to ensure that the
tubing did not touch the skin. A brisk foot withdrawal was considered a positive
response. Acetone was applied five times to each paw at 2.5 minute intervals. The
percent paw withdrawal frequency was calculated.
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Figure 2.2 Experimental timelines of behavioural testing procedures:

(A) cold

allodynia, mechanical and heat hyperalgesia following standard surgery procedure; (B)
mechanical allodynia following standard surgery procedure; (C) mechanical and cold
allodynia following i.p. injections of substances (saline or vinblastine). Please note that the
red arrow indicates the day of surgery (or injection) following B3 testing. H, habituation; B,
baseline testing; PO, post-operative (post-i.p. injection).
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2.2.1.3 Mechanical hyperalgesia
Mechanical hyperalgesia was assessed using a modified pin-prick test (Tal and
Bennett, 1994). With the animals in the acrylic glass enclosures, an insect pin that
was attached to a 4.0 g von Frey monofilament was applied to the mid-plantar
surface of the foot through the perforated floor. The pin was applied against the skin
with an intensity that was sufficient to indent but not penetrate the skin. The stimulus
was repeated only once to each foot at an interval of five minutes. The duration of
paw withdrawal was measured. A normal response consisted of a relatively small
amplitude brisk reflex that was arbitrarily assigned 0.5 sec. A measurement cut-off
of 15 seconds was applied to long-duration withdrawals.
2.2.1.4 Heat hyperalgesia
Heat hyperalgesia was tested using the Hargreaves method (Hargreaves et al., 1988).
Animals were placed into acrylic glass enclosures that were raised on a clear glass
flooring (Ugo Basile, Italy). A calibrated movable radiant heat source below the
floor was positioned directly under the glabrous skin of the mid-plantar hind paw.
Onset of the stimulus activated a timer that automatically stopped when the animal
responded. A sharp paw withdrawal with or without licking was considered to be a
positive response. If the animal moved off the heat source, 10 minutes were allowed
before retesting. Additionally, if the animal urinated, the surface of the enclosure
was cleaned and dried, and 10 minutes were allowed before testing. The intensity of
the heat source was set to produce latencies of approximately 10-15 seconds. In
order to avoid the sensitization effect, only one test was performed on each side at an
interval of 10 minutes (Pulman et al., 2013).
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2.2.2 Burrowing behaviour assessment
Burrowing behaviour was assessed as previously described (Deacon, 2009). A
burrow constructed of a non-transparent (brown) plastic tube (320 mm long by 100
mm diameter), raised at one end (60 mm) and closed at the other, was positioned in
each animal cage (26 x 35 x 50 cm; Figure 2.3). The burrow was filled with 2 Kg of
10 mm gravel (Wickes, United Kingdom). Animals (n = 18) were habituated to the
testing apparatus for two hours on four consecutive days prior to testing. During the
first day of habituation, animals were placed into the test cage in pairs, allowing
them to explore the new environment together. On the following three habituation
days, animals were habituated individually. During testing, animals were allowed to
burrow individually in the test cage for two hours. The amount of gravel remaining
in the burrow was weighed and used as a measure of burrowing. Three pre-surgery
baseline values were obtained. Testing was performed on day 1, 4 and 5 post-surgery
(see Figure 2.4 for timelines of experimental procedures). One animal failed to
burrow during the three pre-surgery test days and was therefore removed from the
study.
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Figure 2.3 Schematic diagram of a burrow used for the assessment of burrowing
behaviour in rats. A burrow was constructed of a non-transparent (brown) plastic tube with
one closed end and filled with 2 Kg of gravel.
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Figure 2.4 Experimental timeline of burrowing behaviour testing. Please note that the
red arrow indicates the day of surgery following B3 testing. H, habituation; B, baseline
testing; PO, post-operative.
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2.3 Single-unit extracellular electrophysiological recordings
Single-unit extracellular electrophysiological recordings were made from A- and Cfibre axons in the L5 dorsal root as previously described (Dilley et al., 2013). The L5
dorsal root innervates much of the plantar surface of the foot (Dilley et al., 2013)
that was examined during behavioural testing (i.e. 94% of neurons in the L5 dorsal
root pass through the sciatic nerve in the thigh). Experiments were carried out at two
hours to 15 days following vinblastine treatment (n = 14), neuritis (n = 13) and saline
treatment (n = 9). A group of untreated animals (n = 3) was also examined using the
same protocol. Animals were deeply anesthetized (1.5g/kg 25%w/v urethane i.p.)
and smaller doses of anaesthetic were administered as necessary in order to maintain
the absence of pinch withdrawal and corneal reflexes. The body temperature was
maintained at 37°C using a rectal thermistor probe attached to a feedback controlled
heat mat (Harvard Apparatus, Kent, UK). A mid-sagittal skin incision was made in
the lumbar region of the back, and a laminectomy was performed from the L2 to L5
vertebrae. The body of the rat was secured by hip pins and the skin flaps were
sutured to a metal ring to form a pool. The dura mater was cut to expose the caudal
end of the spinal cord and cauda equina, and the pool was filled with mineral oil
warmed to 37°C to prevent drying. The ipsilateral L5 dorsal root was identified and
cut just before it enters the spinal cord and loosely placed onto a black glass platform
(9 x 5 mm). Individual fine filaments were teased from the cut end of the nerve with
finely sharpened forceps and carefully positioned on to the recording electrodes that
were made from fine gold wires. Receptive fields were not searched, since noxious
mechanical stimulation that is necessary to activate the terminals of nociceptors can
cause ongoing activity (Bove and Dilley, 2010, Richards et al., 2011).
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In the mid-thigh, the sciatic nerve was exposed and cleared from its connective
tissue. In a case of a neuritis animal, the sciatic nerve was carefully cleared from the
Gelfoam soaked in CFA. The surrounding skin flaps were stitched to a metal ring to
form a second mineral oil pool. A small strip of plastic (6 x 25 mm) was placed
under the cleared sciatic nerve in order to prevent stimulating electrodes from
touching the surrounding tissues. Platinum bipolar stimulating electrodes were
positioned under the nerve immediately distal to the treatment site or equivalent
nerve segment (Figure 2.5). A-fibre neurons were identified by electrical stimulation
(square wave pulses; 0.05 ms duration, 3-10 V amplitude) at this site using an
isolated-voltage stimulator (Digitimer, Hertfordshire, United Kingdom). During
stimulation, the limb was held in place by a noose around the foot. Note that
muscular contractions of the foot during electrical stimulation at A-fibre strength
were only small. The long conduction distance (range: 61-88 mm) allowed
identification of individual A-fibre neurons.
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Figure 2.5 Schematic diagram of the experimental set up for performing single-unit
extracellular electrophysiological recordings.
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Bipolar stimulating electrodes were also positioned under the L5 dorsal root (Figure
2.5). C-fibre neurons were identified by electrical stimulation (square wave pulses;
0.5 ms duration, 30-50 V amplitude) at this site using an isolated-voltage stimulator
(Digitimer, Hertfordshire, United Kingdom), which avoided electrically evoked leg
movements that are observed in response to sciatic nerve stimulation in the C-fibre
range. The longer conduction latencies of C-fibre neurons allowed identification of
individual waveforms in response to dorsal root stimulation.

Figure 2.5 Schematic diagram of the experimental set up for performing single-unit
extracellular electrophysiological recordings. The body of a rat is secured with hip pins
and the skin flaps are sutured to a metal ring forming a pool that is filled up with mineral oil.
Laminectomy is performed, and the L5 dorsal root is cut just before it enters the spinal cord.
The cut end is placed on a glass platform. The sciatic nerve is exposed (Gelfoam is removed
in neuritis animals) and a mineral oil pool is formed as described above. Fine filaments are
teased from the cut end of the root and placed over gold bipolar recording electrodes. For
sciatic nerve stimulation, platinum bipolar stimulating electrodes (A) are placed under the
sciatic nerve. For dorsal root stimulation, platinum bipolar stimulating electrodes (B) are
placed under the dorsal root.
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Action potentials were amplified (1-2 K), band-pass filtered (10-5000 Hz) and
monitored with an oscilloscope. Neuronal activity was digitized and recorded with
Spike 2 software (Cambridge Electronic Designs, Cambridge, UK) for off-line
analysis. Only fine filaments with clearly identifiable waveforms (1-7 neurons) were
examined. To assess for the presence of ongoing activity, neurons were recorded for
three minutes. Neurons with less than one action potential per minute were excluded
from the data analysis (Bove and Dilley, 2010). Muscle spindles were also excluded,
which were characterized by moving the limb. Neurons that altered their firing
pattern in response to muscle stretch were considered muscle spindles. Neurons with
ongoing activity were identified as either A- or C-fibre neurons by spike shape. Cfibre neurons typically had a longer duration and were often biphasic compared with
A-fibre neurons, which were monophasic (Dilley et al., 2005). At the end of each
experiment, the sciatic nerve and L5 dorsal root were removed and the conduction
distance was measured. Conduction velocities of each neuron were calculated
(conduction velocity = conduction distance / latency of the unit).

2.4 Spinal cord recordings
Spinal cord recordings from the L5 spinal segment were made as previously
described (Urch and Dickenson, 2003, Dickenson and Sullivan, 1990, Chapman et
al., 1998) following vinblastine treatment (n = 9), neuritis (n = 11), saline treatment
(n = 9) and a group of untreated animals (n = 13). Experiments were carried out
between post-operative days 3-6. Animals were deeply anesthetized (1.5g/kg
25%w/v urethane i.p.) and smaller doses of anaesthetic were administered as
necessary in order to maintain absence of pinch withdrawal and corneal reflexes. The
body temperature was maintained at 37°C using a rectal thermistor probe attached to
a feedback controlled heat mat (Harvard Apparatus, Kent, UK). A mid-sagittal skin
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incision was made in the lumbar region of the back and a short laminectomy was
performed at vertebrae levels L1-L3 to expose the spinal cord at L4-L5 spinal
segments (i.e. lumbosacral enlargement). In addition, at the end of experiment the L5
dorsal root was identified and traced back to the spinal cord to confirm the location.
The body of the rat was secured by hip pins, and the skin flaps were sutured to a
metal ring to form a pool. The dura mater was cut to expose the caudal end of the
spinal cord and cauda equina, and the pool was filled with mineral oil warmed to
37°C to prevent drying. The spinous processes were clamped rostral and caudal to
the exposed spinal cord. A reference electrode was attached to the metal O-ring with
a crocodile clip. An insulated tungsten electrode (76 mm, 2.0 MOhm, 1 µm tip,
0.127 mm shaft diameter; World Precision Instruments, Inc., USA) was lowered
using a micromanipulator onto the pia surface of the ipsilateral side of the spinal
cord immediately lateral to the posterior spinal artery (Figure 2.6).
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Figure 2.6 Schematic diagram of the experimental set up for performing spinal cord
electrophysiological recordings.
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The electrode was lowered into the spinal cord in 10-50 μm steps, while the plantar
surface of the foot was being gently stroked/tapped until a response was observed
(depth range 200-900 µm from the surface of the dorsal horn). Then the size and
centre of the receptive field was identified using a fine von Frey hair (0.25g), and the
unit was recorded for three minutes to assess ongoing activity levels. Neurons that
fired more than once per minute were considered to be ongoing. These neurons were
included in further analysis of ongoing activity levels and rates. The neuron was then
characterized by assessing its responses to a range of mechanical stimuli applied to
the receptive field (Figure 2.7), since such stimulation represents a range of
innocuous as well as noxious stimuli. Initially, a painter’s brush was used to lightly
brush the centre of the receptive field representing innocuous stimulation. This was
followed by the application of ascending series of von Frey monofilaments (1, 4, 8,
15, 26, 60 g), after which curved forceps were used to squeeze the receptive field.
Each stimulus was applied for 10 seconds with 10 second intervals. If a clear graded
response to the applied stimuli was observed, assessment of wind-up commenced.
Two needle electrodes were inserted into the receptive field (transcutaneously), and
the threshold required to initiate a C-fibre-evoked response was identified (three
consecutive single pulses separated by a minimum of 20 s; 0.75-5 V) using an

Figure 2.6 Schematic diagram of the experimental set up for performing spinal cord
electrophysiological recordings. The body of a rat is secured with hip pins and the skin
flaps are sutured to a metal ring forming a pool that is filled up with mineral oil.
Laminectomy is performed and the spine is fixed with spinal clamps. An electrode is
inserted into the ipsilateral side of the spinal cord immediately lateral to the posterior spinal
artery. The electrode is lowered into the spinal cord in 10-50 μm steps, and neurons are
identified by their responses to natural stimuli. To assess wind-up, transcutaneous electrical
stimulation of the receptive field in the hind foot is used.
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isolated-voltage stimulator (Digitimer, Hertfordshire, United Kingdom). To assess
wind-up, 16 consecutive stimuli (0.5 Hz) at three times C-fibre threshold were
applied to the receptive field (2 ms wide pulses, 0.5 Hz). The responses evoked by
Aβ-, Aδ- and C- fibre neurons were separated and analysed based on their latencies.
In the preliminary studies, clustering of waveforms with conduction velocities of 020 ms, 20-90 ms, 90-350 ms and 350-800 ms could be observed and is consistent
with responses to Aβ-, Aδ- and C-fibre activation and after-discharge respectively in
agreement with the recent studies (Patel et al., 2015a, Patel et al., 2014, Patel et al.,
2015b)(Figure 5.5). Wind-up was calculated as the sum of action potentials between
90 and 800 ms (C-fibre responses and after-discharge) evoked by the first 16
consecutive stimuli minus the input. Input was calculated from the sum of the Cfibre-evoked responses after the first stimulus multiplied by 16. WDR neurons were
grouped based on the mean depth from the dorsal surface of the spinal cord (those <
550 μm and those ≥ 550 μm from the dorsal surface of the spinal cord). At the end of
the experiment, approximate conduction distance was measured by dissecting out the
sciatic nerve and L5 dorsal root.
Action potentials were amplified (1 K), band-pass filtered (10-5000 Hz) and
monitored with an oscilloscope. Neuronal activity was digitized and recorded with
Spike 2 software (Cambridge Electronic Designs, Cambridge, UK) for off-line
analysis. Exclusion criteria were as follows: 1) units that developed ongoing activity,
which did not stop for 15 minutes after the insertion of stimulating electrodes, (n =
8), were excluded due to mechanical damage to the peripheral terminals; 2) units that
disappeared during the recording (n = 21) were excluded due to possible shift in the
electrode position; 3) units with no identifiable C-fibre-evoked response (n = 39)
were excluded, due to the lack of C-fibre input; 4) units that did not show graded
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responses to increasing von Frey stimuli (n = 7) or those that did not respond to
touch (n = 3) were excluded due to the lack of WDR properties; 6) recordings with a
defined breathing artefact (n = 7 units) were also excluded due to unstable recording
baseline, which disabled off-line analysis. Number of neurons recorder per animal
ranged from 1 to 7. To avoid injury-induced receptive field sensitization, only
neurons with non-overlapping receptive fields were examined in the same animals.
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Figure 2.7 Flow chart of a typical spinal cord electrophysiological recording. Please
note the identification of a wide dynamic range (WDR) neuron and examination of wind-up
parts.
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2.5 Imaging of the spinal cord
The expression of c-fos and substance P in the spinal cord was examined by
immunohistochemistry. All animals were examined on day 4-5 post-surgery (i.e. at
the peak of mechanical allodynia). Moreover, several L5 spinal cord sections were
stained with the Nissl stain in order to determine the depth of superficial and deep
dorsal horn laminae.

2.5.1 Electrical stimulation-induced c-fos expression in the dorsal
horn
For the examination of activity-dependent c-fos expression, a group of vinblastinetreated (n = 12), neuritis (n = 12) and untreated (n = 12) animals were anaesthetized
with pentobarbital (50mg/kg, i.p.), and the ipsilateral sciatic nerve was either
electrically stimulated for 5 min at A- (3V, 0.05 ms, 5 Hz; n = 4 per group) or Cfibre strength (30V, 0.5 ms, 5 Hz; n = 4 per group; protocol modified from Molander
et al., 1994), or it received no electrical stimulation (n = 4 per group). After one
hour, animals were deeply anesthetized and transcardially perfused with ice-cold 0.1
M phosphate-buffered saline (PBS) followed by ice-cold 4% paraformaldehyde (in
0.1 M PBS, pH 7.4). L5 spinal cord segments were then removed from all animals.
The segment of the spinal cord to be extracted was chosen by tracking back the L5
dorsal root to its spinal cord entry point. Then the spinal cord was cut approximately
2-3 mm away from the spinal cord entry point at both sides and a spinal cord
segment was extracted (around 4-6 mm in length). Spinal cords were snap frozen in
isopentane on dry ice, post-fixed in 4% paraformaldehyde for 60 minutes and then
transferred to 30% sucrose (in 0.1 M PBS) overnight at 4oC for tissue cryoprotection.
Transverse sections were cut at 20 µm using a cryostat (Leica Microsystems,
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Wetzlar, Germany). The first 5 spinal cord sections were discarded in order to
prevent imaging damaged tissue as well as tissue from the subsequent lamina. Three
sections from approximately the middle of the L5 segment of spinal cord from
vinblastine-treated, neuritis and untreated animals that underwent similar electrical
stimulation were thaw-mounted on the same gelatin-coated slides. Sections from the
same animal were mounted on two slides each. Only those mounted spinal cord
sections that were complete (i.e. not folded or torn) were included for analysis.
Sections were blocked in 3% normal goat serum (Vector Laboratories, Burlingame,
USA) in 0.2% Triton X-100 for one hour at room temperature and incubated
overnight at 4oC with c-fos polyclonal rabbit (1:1000; sc-52; Santa Cruz
Biotechnology, Dallas, Texas, USA) primary antibody. The sections were then
incubated for one hour at room temperature with Alexa Fluor 488 goat anti-rabbit
(1:200; Thermo Fisher Scientific, Paisley, UK) conjugated secondary antibody.
Sections were also labelled with DAPI (4’,6-diamino-2-phenylindole; 1:2500;
Thermo Fisher Scientific, Paisley, UK) and coverslipped using glycerol/PBS
mounting medium (Citiflour, London, UK). All antibodies were diluted in 3%
normal goat serum and 0.2% Triton X-100. Between each step, slides were washed
in PBS (3 x 5 min). For double labelling experiments, c-fos anti-rabbit (1:1000) and
NeuN monoclonal mouse (1:100; MAB377; Millipore Corporation, Bedford, MA,
USA) primary antibodies were incubated together, followed by Alexa Fluor 488 goat
anti-rabbit (1:200; Thermo Fisher Scientific, Paisley, UK) and Alexa Fluor 546 goat
anti-mouse (1:200; Thermo Fisher Scientific, Paisley, UK) conjugated secondary
antibodies using the same protocols.
Slides were viewed under a fluorescence microscope (Leica Microsystems) at 488
and 350 nm excitation and photographed at 100x at each wavelength using the same
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settings. In addition, double labelled sections were viewed under a confocal
microscope (Leica Microsystems SP8) at 488 and 546 nm excitation and
photographed at 200x at each wavelength. Non-specific staining with secondary
antibody was not found in the absence of primary antibody in any case.
2.5.1.1 Repeated electrical stimulation of the sciatic nerve
As part of the examination of activity depend c-fos expression in the dorsal horn, an
additional series of experiments were conducted to check whether repeated electrical
stimulation of the sciatic nerve at C-fibre strength blocks conduction in A-fibre
neurons (n = 3 animals). In these experiments, the left sciatic nerve was stimulated
for five minutes at 30 V (0.5 ms duration, 5 Hz frequency), and compound
amplitudes as well as area under the curve in response to supramaximal electrical
stimulation (2x maximal) of the sciatic nerve in the A-fibre range (0.05 ms duration,
3-10 V amplitude) were assessed before and immediately after stimulation.

2.5.2 Substance P expression in the dorsal horn
Animals from vinblastine-treated (n = 3), neuritis (n = 3) and saline-treated (n = 3)
groups were transcardially perfused with ice-cold 0.1 M PBS followed by ice-cold
4% paraformaldehyde (in 0.1 M PBS, pH 7.4). L5 spinal cord segments were then
removed from all animals. The segment of the spinal cord to be extracted was chosen
by tracking back the L5 dorsal root to its spinal cord entry point. Then the spinal
cord was cut approximately 2-3 mm away from the spinal cord entry point at both
sides and a spinal cord segment was extracted (around 4-6 mm in length). Spinal
cords were snap frozen in isopentane on dry ice, post-fixed in 4% paraformaldehyde
for 60 minutes and then transferred to 30% sucrose (in 0.1 M PBS) overnight at 4oC
for tissue cryoprotection. Transverse sections were cut at 20 µm using a cryostat

98

(Leica Microsystems, Wetzlar, Germany). The first 5 spinal cord sections were
discarded in order to prevent imaging damaged tissue as well as tissue from the
subsequent lamina. Three sections from approximately the middle of the L5 segment
of spinal cord from vinblastine-treated, neuritis and saline-treated animals were
thaw-mounted on the same gelatin-coated slides. Sections from the same animal
were mounted on two slides each. Only those mounted spinal cord sections that were
complete (i.e. not folded or torn) were included for analysis.
Sections were blocked in 3% normal goat serum (Vector Laboratories, Burlingame,
USA) in 0.2% Triton X-100 for one hour at room temperature and incubated
overnight at 4oC with monoclonal mouse (1:1000; ab14184; Abcam, Cambridge,
UK) primary antibody. The sections were then incubated for one hour at room
temperature with Alexa Fluor 546 goat anti-mouse (1:500; Thermo Fisher Scientific,
Paisley, UK) conjugated secondary antibody. Sections were also labelled with DAPI
(Thermo Fisher Scientific, Paisley, UK) and coverslipped using glycerol/PBS
mounting medium (Citiflour, London, UK). All antibodies were diluted in 3%
normal goat serum and 0.2% Triton X-100. Between each step, slides were washed
in PBS (3 x 5 min).
Slides were viewed under a fluorescence microscope (Leica Microsystems) at 546
and 350 nm excitation and photographed at 100x at each wavelength using the same
settings. Non-specific staining with secondary antibody was not found in the absence
of primary antibody in any case.

2.5.3 Nissl staining of the L5 dorsal horn
Transverse L5 spinal cord sections of an untreated A-fibre strength stimulated
animal (which was initially used for the c-fos study) were cut at 20 µm using a
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cryostat (Leica Microsystems, Wetzlar, Germany). Approximately ten sections were
thaw-mounted on gelatin-coated glass slides. Slides were washed in 0.01mM PBS (2
x 5 min), rinsed in double-distilled water (1 min) and stained with cresyl violate
acetate (Sigma Aldrich, Dorset, UK) for 20 minutes. After a rinse with doubledistilled water (2 x 5 min), three different concentrations of ethanol were used to
dehydrate the slides (3 min 90% ethanol; 3 min 95% ethanol; 2 x 3 min 100%
ethanol). Then, they were rinsed in 100 % histoclear (National diagnostics, Fisher
Scientific, Leicestershire, UK; 3 x 3 min) and coverslipped with histomount
mounting medium (National diagnostics, Fisher Scientific, Leicestershire, UK).
Slides were viewed under a fluorescent microscope (Leica Microsystems) and
photographed at 100x and 200x using the same settings. Minor contrast and
brightness adjustments as well as production of image collages were made with
Adobe Photoshop CC2015 (Adobe Systems) for figure production.

2.6 Data analysis
Shapiro-Wilk tests were used to test all data for normality. Statistical analysis was
carried out using SPSS Statistics V24 (SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism V7.03 (GraphPad Software Inc., San Diego, California) software. All data
were considered statistically significant when p values were below 0.05 (i.e. there
was a 95% probability that the effect was not due to chance).
Behavioural data
Stimulus-evoked behavioural data are expressed as mean ± standard error of the
mean (SEM). Comparisons between groups at each time point were performed using
two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc tests.
Burrowing behaviour data is expressed as median (interquartile range (IQR)) and the
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comparisons between groups at each time point were made using Kruskal-Wallis
tests.
Electrophysiology data
Conduction velocities of A- and C-fibre neurons and rates of ongoing activity from
C-fibre neurons were compared between time points and to saline treatment using
Kruskal-Wallis tests followed by Dunn’s post hoc tests. Due to the small number of
A-fibre neurons with ongoing activity, rates could not be statistically compared. The
conduction velocity and ongoing activity rate data are presented as median (IQR).
Comparisons between the proportions of neurons with ongoing activity were made
using Fisher’s exact tests.
Regarding the spinal cord data, data are presented as mean ± SEM, except for the
rates of ongoing activity that are expressed as median (IQR). Comparisons between
groups were performed using one-way (brushing receptive field, pinching receptive
field, electrical stimulation of receptive field and wind-up responses) or two way
ANOVAs (von Frey monofilament responses) followed by Bonferroni post hoc tests.
Proportion of ongoing activity was compared using Fisher Exact tests, and rates were
compared using Kruskal Wallis tests. Animal weights were compared using
Student’s t-tests.
Immunohistochemistry data
For analysis of c-fos immunolabelling, images of the dorsal horn were converted to
greyscale using Image J software (U. S. National Institutes of Health, Bethesda,
Maryland, USA). A region of interest was drawn around the superficial dorsal horn
as follows: a line was drawn from medial to lateral following the posterior surface of
the dorsal horn. At the lateral margin, the line was extended anteriorly around the
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curve of the dorsal horn, and a straight line was drawn parallel to the posterior
surface, medially, to reach the dorsal column. This line was then extended to the
posterior surface and the area of the region of interest was measured (Figure 2.8).
The threshold was set so that individual cells could be identified. From the resulting
binary image, the number of positively labelled cells within the marked area was
determined using the ‘analyze particles’ function within Image J. To allow for
variations in the size of the region of interest, the number of positive cells per 0.1
mm2 was calculated for each section, and estimates from multiple sections of the
same dorsal horn (n = 3 sections from each animal) were averaged. C-fos data are
presented as mean ± SEM. The numbers of positive cells per 0.1 mm2 were
compared between treatment groups and sides using two-way ANOVAs followed by
Bonferroni’s post hoc tests.
Following experiments on whether repeated electrical stimulation of the sciatic nerve
at C-fibre strength blocks conduction in A-fibre neurons, the differences between
compound amplitude and area under the curve (AUC) pre- and post-electrical
stimulation were compare using pared Student’s t-tests. Such data is expressed as
mean (standard deviation (SD)).
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Figure 2.8 ImageJ analysis of c-fos immunolabelling in the superficial dorsal horn. (A)
A schematic diagram indicating the marked superficial area (mainly laminae I, II and III).
(B) The superficial area is marked and measured on the greyscale (16-bit) image. (C) The
image after thresholding and removal of noise and outliers is used to count cell number
within the marked dorsal horn area (‘analyze particles’ function). Note some labelling in the
posterior column–medial lemniscus pathway, lateral spinal nucleus and deeper laminae.
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For analysis of substance P labelling, images of the dorsal horn were converted to
greyscale using Image J software (Figure 2.9). For each image, a greyscale value that
was two standard deviations above the mean was determined from an area of
approximately 140 x 75 pixels at the base of the dorsal horn. This value was used for
thresholding the image. A region of interest was drawn around the superficial dorsal
horn as follows: a line was drawn from medial to lateral following the posterior
surface of the dorsal horn. At the lateral margin, the line was extended anteriorly
around the curve of the dorsal horn, and a straight line was drawn parallel to the
posterior surface, medially, to reach the dorsal column. This line was then extended
to the posterior surface (Figure 2.9). The area of positive labelling (i.e. above the
threshold) within the superficial laminae was measured. A ratio of the difference in
the size of the area expressing substance P on the ipsilateral compared to
contralateral side was calculated to look for difference between sides. A value of < 1
indicated the area with positive labelling was less on the ipsilateral compared to
contralateral side; a value > 1 indicated the area with positive labelling was greater
on the ipsilateral compared to contralateral side. Approximately 3 sections per
animal were averaged. Substance P data are presented as mean ratio [ipsilateral
area/contralateral area] ± SEM. Mean area ratios were compared using a one-way
ANOVA followed by a Bonferroni post hoc test.
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Figure 2.9 ImageJ analysis of substance P immunolabelling in the superficial dorsal
horn. (A) A schematic diagram indicating the marked superficial area (mainly laminae I, II
and III). (B) On the greyscale (16-bit) image, area is marked at the base of the dorsal horn
and a greyscale value that is two standard deviations above the mean is determined
for thresholding of the image (see green square). The area of the superficial dorsal horn is
also marked. (C) The image after thresholding is used to measure the area of positive
labelling within the marked dorsal horn area.
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2.7 Avoiding bias
Every effort was made to minimise bias. During the surgery and for behavioural
testing, the experimenter was blinded to vinblastine and saline treatments. Blinding
to CFA could not be performed, since it forms an emulsion with saline, which is
cloudy in appearance. However, following surgery, all animals were coded (by
marking the tail) to avoid identification of group. Decoding was carried out after
behavioural testing. Due to the nature of electrophysiological experiments, it was not
possible for the experimenter to be blinded to the tested group. However, analysis of
the data was partially automated to avoid bias. Spike 2 software was used to identify
and count the spikes. Similarly, for the analysis of immunohistochemical data Image
J software was used. The ‘analyze particles’ function was used to count the number
of c-fos positive cells, while a threshold value of two standard deviations above the
mean was determined from an area (around 140 x 75 pixels) at the base of the dorsal
horn before measuring the area positively labelled for substance P (above the
threshold).
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CHAPTER 3:
Development of neuropathic pain
behaviours
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3.1 Introduction
Reflex paw withdrawal in response to various stimuli applied to the hind paw is
commonly assessed in animal models of neuropathic pain. For example, following
traumatic nerve injuries (e.g. CCI, SNL, PSL, SNI), mechanical and cold allodynia
as well as mechanical and heat hyperalgesia develop (Bennett and Xie, 1988, Maves
et al., 1993, Seltzer et al., 1990, Kim and Chung, 1992, Decosterd and Woolf, 2000).
These behaviours persist for a long period of time and show no signs of recovery.
Changes in evoked reflex responses are also observed following neuritis, although
the behaviours are short-lived, with full recovery times ranging from one day to one
week post-surgery (Chacur et al., 2001, Gazda et al., 2001, Eliav et al., 1999, Bove
et al., 2003). The ability to test such behaviours enables the investigation of the
mechanisms that underlie most common symptoms observed in neuropathic pain
patients (see section 1.1.1). In contrary, mimicking clinical features of neuropathic
pain in rodents by performing reflex-withdrawal-based tests does not reflect the
global impact of pain. In patients, neuropathic pain commonly has a pronounced
negative effect on their wellbeing, which can present as lack of motivation to
perform daily tasks. In laboratory animals, ethologically relevant measures of pain,
such as burrowing behaviour, enable evaluation of such processes. For example, a
reduction in the latter behaviour is observed after physical nerve injury or chronic
inflammation of the paw in the rat (Andrews et al., 2012, Rutten et al., 2014,
Muralidharan et al., 2016) and is indicative of reduced wellbeing and possibly pain.
Behavioural investigations following low-dose vinblastine-induced axonal transport
disruption are limited. The development of short-lived mechanical allodynia has
been reported (Dilley et al., 2013), which is comparable to that observed following
neuritis. However, previous studies indicate that heat and mechanical hyperalgesia is
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not a feature of this model (Dilley et al., 2013, Fitzgerald et al., 1984). Ethologically
relevant pain behaviours, such as burrowing, have not been assessed following
neuritis or vinblastine. Here, it is hypothesised that local axonal transport disruption
in rats will lead to the development of short-lived neuropathic pain behaviours,
which include mechanical and cold allodynia, similarly to the neuritis model, but not
heat or mechanical hyperalgesia. It is also proposed that a reduction in burrowing
behaviour will be present following neuritis and vinblastine treatment.
Aims


To investigate whether stimulus-evoked neuropathic pain behaviours,
including mechanical and cold allodynia as well as mechanical and heat
hyperalgesia, develop in the rat as a result of vinblastine-induced axonal
transport disruption and to make comparisons with those behaviours induced
by neuritis.



To investigate the effect of local axonal transport disruption and neuritis on
rat’s burrowing behaviour.

3.2 Results
3.2.1 Stimulus-evoked neuropathic pain behaviours
Mechanical allodynia
The mean baseline 50% paw withdrawal threshold was 14.1 ± 0.79 g (n = 6), 15.0 g
(n = 6), and 14.48 ± 0.74 g (n = 6) in vinblastine-treated, neuritis and saline-treated
groups respectively. On the ipsilateral side, there was a significant interaction
between treatment groups and von Frey threshold at each time point (p < 0.01, twoway ANOVA; Figure 3.1A). Signs of mechanical allodynia were clearly observed on
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the ipsilateral plantar foot as early as day one post-surgery in the vinblastine-treated
group. For both treatments, the 50% withdrawal threshold reached a maximum
reduction on days 5-6 post-surgery (mean = 5.68 ± 1.92 g following vinblastine
treatment on day five post-surgery and mean = 8.25 ± 1.49 g following neuritis on
day six post-surgery; p < 0.01 compared to saline treatment, Bonferroni post hoc
test). The mean percent decrease was 59.7 ± 13.6 % in the vinblastine-treated group
on day five post-surgery and 45.01 ± 9.9 % in the neuritis group on day six postsurgery. A reversal was observed by day 11 post-surgery in both groups (Figure
3.1A). On the contralateral side, there was no significant interaction (p = 0.28).
However, significant main effect for group was present (p < 0.001, two-way
ANOVA) with signs of mechanical allodynia following vinblastine treatment (Figure
3.1A). In this group, the mean baseline 50% withdrawal threshold on the
contralateral side was 12.51 ± 1.3 g, which reduced to 8.1 ± 2.5 g on day five postsurgery.
Following systemic i.p. administration of vinblastine (100 μl, 0.1 M) or saline (100
μl), there was no significant interaction between treatment groups and von Frey
threshold (p > 0.18), or main effect for group (p > 0.23; two-way ANOVA) on both
ipsilateral and contralateral sides. The mean baseline 50% paw withdrawal threshold
on the left side was 14.94 ± 0.06 g (n = 6) and 15 g (n = 6) in vinblastine- and salinetreated groups respectively (Figure 3.2A). On day four of testing, the 50%
withdrawal threshold was 15 g in both vinblastine- and saline-treated groups (Figure
3.2A). No signs of mechanical allodynia were present on the contralateral side
(Figure 3.2A).
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Cold allodynia
The mean baseline percent paw withdrawal frequency was 5.56 ± 3.18% (n = 6),
1.11 ± 1.11% (n = 6) and 6.67 ± 3.44% (n = 6) in vinblastine-treated, neuritis and
saline-treated groups respectively. On the ipsilateral side, there was a significant
interaction between treatment groups and paw withdrawal frequency at each time
point (p < 0.01, two-way ANOVA; Figure 3.1B). Following vinblastine treatment,
an increase in paw withdrawal frequency was observed as early as day 1
postoperative. A maximum paw withdrawal frequency was observed on day 3-4 in
both neuritis and vinblastine-treated groups (p < 0.05 compared to saline treatment,
Bonferroni post hoc test) and the mean values in the vinblastine-treated and neuritis
groups were 36.67 ± 9.55% and 53.33 ± 9.89% respectively. Cold allodynia reversed
by day 14 post-surgery in the vinblastine-treated group and by day 21 post-surgery in
the neuritis group. On the contralateral side, there was also a significant interaction
(p < 0.05, two-way ANOVA) with signs of cold hypersensitivity in the neuritis
group (Figure 3.1B). In this group, the mean percent paw withdrawal frequency on
the contralateral side increased to 30 ± 10 % on day 14 post-surgery.
Following systemic i.p. administration of vinblastine (100 μl, 0.1 M) or saline (100
μl), there was no significant interaction between treatment groups and paw
withdrawal frequency (p > 0.05), or main effect for group (p > 0.38; two-way
ANOVA) on both ipsilateral and contralateral sides. The mean baseline percent
withdrawal frequency on the left side was 2.2 ± 1.41% (n = 12) and 5.6 ± 2.68% (n =
6) in vinblastine- and saline-treated groups respectively (Figure 3.2B). On day four
post-surgery, the mean percent withdrawal frequency was 10 ± 6.83% in vinblastine
and 6.7 ± 6.67% in saline-treated groups. No signs of cold allodynia were present on
the contralateral side (Figure 3.2B).
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B

Figure 3.1 Development of mechanical (A) and cold (B) allodynia. Signs of evoked pain
behaviours were examined in vinblastine-treated, neuritis and saline-treated animals.
Ipsilateral (left) and contralateral (right) data are shown for each test. Each data point
represents the mean of six animals. * p < 0.05, ** p < 0.01, *** p < 0.001 comparing
neuritis to saline-treated group; † p<0.05, †† p<0.01 comparing vinblastine-treated to salinetreated group; # p<0.05, ## p<0.01 comparing neuritis to vinblastine-treated group (two-way
ANOVA followed by Bonferroni’s post hoc tests at each time point). Error bars = SEM.
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Figure 3.2 Development of neuropathic pain behaviours following systemic i.p.
administration of vinblastine (100 μl, 0.1 M) or saline (100 μl). Signs of (A) mechanical
allodynia (von Frey) and (B) cold allodynia were examined in vinblastine- and saline salinetreated animals. Ipsilateral (left) and contralateral (right) data are shown for each test. Each
data point represents the mean of six animals.
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Heat hyperalgesia
The mean baseline withdrawal latency was 17.7 ± 0.49 s (n = 6), 17.9 ± 0.49 s (n =
6) and 17.4 ± 1.26 s (n = 6) in vinblastine-treated, neuritis and saline-treated groups
respectively. On the ipsilateral side, there was no significant interaction between
treatment groups and withdrawal latency (p = 0.07 two-way ANOVA; Figure 3.3A).
However, signs of heat hyperalgesia were present in both vinblastine-treated and
neuritis groups on day two post-surgery (mean = 10.8 ± 1.69 s and 8.7 ± 1.28 s
following vinblastine treatment and neuritis respectively). The effect was short-lived,
with signs of a reversal by day three post-surgery. On the contralateral side, there
was also no significant interaction between treatment groups and withdrawal latency
(p = 0.41 two-way ANOVA; Figure 3.3A).
Mechanical hyperalgesia
The mean baseline withdrawal duration was 0.5 s (n = 6), 0.6 ± 0.08 s (n = 6) and 0.5
s (n = 6) in vinblastine-treated, neuritis and saline-treated groups respectively. On
the ipsilateral side, there was a significant interaction between treatment groups and
withdrawal duration (p < 0.05, two-way ANOVA; Figure 3.3B). Signs of mechanical
hyperalgesia were present following neuritis and reached a maximum withdrawal
duration on day four post-surgery (mean = 3.8 ± 2.3 s; p < 0.05 compared to saline
and vinblastine treatments, Bonferroni post hoc test). Vinblastine treatment also
induced signs of mechanical hyperalgesia (mean = 3.55 ± 2.4 s g on day eight postsurgery; p < 0.05 compared to saline treatment, Bonferroni post hoc test). On the
contralateral side, there was no significant interaction (p = 0.08; two-way ANOVA;
Figure 3.3B).

114

*
#

†

Figure 3.3 Development of heat (A) and mechanical (B) hyperalgesia. Signs of evoked
pain behaviours were examined in vinblastine-treated, neuritis and saline-treated animals.
Ipsilateral (left) and contralateral (right) data are shown for each test. Each data point
represents the mean of 6 animals. * p < 0.05 comparing neuritis to saline-treated group; †
p<0.05 comparing vinblastine-treated to saline-treated group; # p<0.05 comparing neuritis to
vinblastine-treated group (two-way ANOVA followed by Bonferroni’s post hoc tests at each
time point). Error bars = SEM.

115

3.2.2 Ethologically relevant outcome measures: Burrowing behaviour
The results for burrowing are summarized in figure 3.4. The median baseline gravel
displacement values were 98.17 g (IQR = 520.42; n = 6), 325.67 g (IQR = 719.67; n
= 6) and 281.67 g (IQR = 453; n = 5) in vinblastine-treated, neuritis and salinetreated groups respectively. On day one post-surgery, a sharp decrease in burrowing
behaviour was observed in neuritis and vinblastine-treated animals with 0 g and 4.5 g
(IQR = 111) of gravel removed respectively, while saline-treated animals removed
64 g (IQR = 1461) of gravel. Although not significant, there was an increase in
burrowing behaviour in the saline-treated group on day five post-surgery (mean
gravel displaced on day five = 1263 g (IQR = 79); p = 0.16 Kruskal-Wallis
compared with vinblastine treatment and neuritis).
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Figure 3.4 Box-plot diagram showing the amount of gravel removed by rats in
vinblastine-treated, neuritis and saline-treated groups. The median values of removed
gravel together with the range and outliers are represented (n = 6 in each group, except for
the saline-treated group, where n = 5).
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3.3 Summary of findings


Signs of mechanical allodynia developed on the ipsilateral side following
both vinblastine treatment and neuritis, peaking on days 5-6 post-surgery (p <
0.01 compared to saline treatment) and reversed within one week.



Signs of mechanical allodynia developed on the contralateral side following
vinblastine treatment on days 5 and 7 post-surgery (p < 0.01 compared to
saline treatment).



Signs of cold allodynia developed on the ipsilateral side following both
vinblastine treatment and neuritis, peaking on days 3-4 post-surgery (p < 0.01
compared to saline treatment) and reversed by day 14 and 21 post-surgery in
the vinblastine-treated and neuritis groups respectively.



Signs of cold allodynia developed on the contralateral side following neuritis
on day 14 post-surgery (p < 0.01 compared to saline treatment).



No signs of mechanical or cold allodynia were present following i.p.
injection of vinblastine or saline.



Signs of mechanical hyperalgesia developed on the ipsilateral side following
neuritis and vinblastine treatment on day four and eight post-surgery
respectively (p < 0.05 compared to saline treatment).



No signs of heat hyperalgesia developed on the contralateral side following
neuritis or vinblastine treatment.



Although not significant, the amount of gravel removed in the vinblastinetreated and neuritis groups was reduced on days 4-5 post surgery.
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CHAPTER 4:
Electrophysiology of peripheral nerves
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4.1 Introduction
Ongoing activity from axons of primary sensory neurons is reputed to drive central
mechanisms that underlie neuropathic pain behaviours (Campbell and Meyer, 2006,
Woolf, 2011, Xie et al., 2005, Ji et al., 2003). In neuropathic pain models that
require a significant injury (e.g. constriction, ligation, crush) ongoing activity occurs
in both myelinated and unmyelinated nerve fibres within a day and persists for
several weeks post-surgery (Kajander et al., 1992, Amir and Devor, 1993, Tal and
Eliav, 1996, Xie and Xiao, 1990, Liu et al., 2000a, Liu et al., 2000b, Djouhri et al.,
2006). Such activity originates from the peripheral terminals, injury site (Tal and
Eliav, 1996) or DRGs (Wall and Devor, 1983) in the absence of peripheral sensory
stimulus. In contrast, following neuritis, ongoing activity occurs within the first
week in the absence of axonal degeneration, demyelination or neuroma formation
(Bove et al., 2003, Bove and Dilley, 2010). Although axonal transport is disrupted
following neuritis, in the absence of inflammation, axonal transport disruption
(induced by vinblastine) does not cause an increase in ongoing activity at the peak of
neuropathic pain behaviours (Dilley et al., 2013). Interestingly, in both models the
conduction velocities of C-fibre neurons are slowed (Dilley et al., 2013, Fitzgerald et
al., 1984, Dilley and Bove, 2008b, Dilley et al., 2005). Similarly, a recent study
reported activity-dependent slowing of C-fibre conduction velocities following
repetitive electrical stimulation in paw inflammation model (Dickie et al., 2017).
In this study, it is hypothesised that inflammation is necessary for the development
of ongoing activity and that it is not a feature of vinblastine-induced axonal transport
disruption. Currently there have been no systematic studies on ongoing activity or
conduction velocities during neuritis or vinblastine-induced axonal transport
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disruption, in particular, whether ongoing activity occurs at different time points
following vinblastine-treatment.
Aims


To examine ongoing activity levels of peripheral nerves from early (3-4 hrs)
to late (15 days) time points following vinblastine treatment and to make
comparisons to that of neuritis.



To examine changes in conduction velocities from early (3-4 hrs) to late (15
days) time points following vinblastine treatment and neuritis.

4.2 Results
4.2.1 Conduction velocities
The conduction velocity data is summarized in figure 4.1 and table 4.1. Recordings
were made from a total of 1976 neurons in the L5 dorsal root following vinblastine
and saline treatments, neuritis and in untreated animals. Figure 4.1A represents
histograms of the conduction velocities of the untreated group and of the treatment
groups on day 4-5 post-surgery (i.e. at the peak of mechanical allodynia). Two
distinct populations of neurons could be identified: those that corresponded to Aα/β(myelinated; > 10 m/s; n = 909) and C/slow Aδ-fibre neurons (unmyelinated/thinly
myelinated; 0.2-2.1 m/s; n = 1067) (Waddell et al., 1989). Neurons with conduction
velocities between 2.2 and 10 m/s were absent in these electrophysiological
experiments.
In the untreated group (n = 76 neurons), the median conduction velocity of the
C/slow Aδ-fibre neurons was 0.63 m/s (IQR = 0.33; Figure 4.1B; Table 4.1).
Following vinblastine treatment (n = 387 neurons), saline treatment (n = 179
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neurons) and neuritis (n = 425 neurons), there was a significant slowing of
conduction at each time point when compared to the untreated group (p < 0.0001,
Kruskal-Wallis test; p < 0.001, Dunn’s post hoc tests; Figure 4.1B; Table 4.1). The
most pronounced slowing was seen in the neuritis group at 3-4 hours (median = 0.34
m/s, IQR = 0.21) and at 12-15 days post-surgery (median = 0.37 m/s, IQR = 0.19).
moreover, differences were observed between the neuritis and saline-treated groups
(p < 0.0001, Kruskal-Wallis test; p < 0.001, Dunn’s post hoc test; Figure 4.1B; Table
4.1) as well as neuritis and vinblastine-treated groups (p < 0.0001, Kruskal-Wallis
test; p < 0.0001, Dunn’s post hoc test; Figure 4.1B; Table 4.1) at 3-4 hours postsurgery, with conduction velocities in the neuritis group being significantly slower.
In the untreated group (n = 78 neurons), the median conduction velocity of the Aα/βfibre neurons was 33.01 m/s (IQR = 12.78; Figure 4.1C). Following vinblastine (n =
334 neurons) and saline treatment (n = 160 neurons), the conduction velocities of
Aα/β-fibre neurons were comparable to the untreated group at the time points
examined (p > 0.03, Kruskal-Wallis test; Figure 4.1C; Table 4.1). In the neuritis
group (n = 337 neurons), conduction velocities were significantly reduced at 3-4
hours (median = 26.06 m/s, IQR = 8.55) and 1-2 (median = 28.85 m/s, IQR = 8.19)
days post-surgery (Figure 4.1C; Table 4.1). Moreover, differences were observed
between the neuritis and saline-treated groups (p < 0.0001, Kruskal-Wallis test; P <
0.0001, Dunn’s post hoc test; Figure 4.1C; Table 4.1) as well as neuritis and
vinblastine-treated groups (p < 0.0001, Kruskal-Wallis test; P < 0.0001, Dunn’s post
hoc test; Figure 4.1C; Table 4.1) at 3-4 hours post-surgery, with conduction
velocities in the neuritis group being significantly slower.
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Figure 4.1 Conduction velocities of C/slow Aδ- and Aα/β-fibre neurons. (A) A histogram
of the conduction velocities in the untreated group (n = 154 neurons) and on day 4-5 postsurgery following neuritis (n = 160 neurons), vinblastine (n = 199 neurons) and saline (n =
177 neurons) treatments. C/slow Aδ-fibre neurons were characterized by electrical
stimulation of the L5 dorsal root, whereas Aα/β-fibre neurons were characterized by
electrical stimulation of the sciatic nerve. The median conduction velocities for C/slow Aδfibre (B) and Aα/β-fibre (C) neurons are shown at different time points post-surgery. Salinetreated animals were only examined at 3-4 hours post-surgery and on days 4-5. **p < 0.01;
***p < 0.001; ****p < 0.0001 compared with untreated. †††p < 0.001; ††††p < 0.0001
compared with saline treatment (Kruskal-Wallis test followed by Dunn’s post hoc test).
Error bars are interquartile range (IQR).
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Treatment

Time PS

Min value

1st QR

Median

3rd QR

Max value

n

C/slow Aδ -fibre neurons
Untreated

0

0.29

0.48

0.63

0.81

1.64

76

Vinblastine

3-4hr

0.31

0.42

0.47

0.57

0.90

74

1-2d

0.27

0.40

0.52

0.66

1.52

100

4-5d

0.26

0.39

0.51

0.65

1.22

118

12-15d

0.24

0.38

0.49

0.63

1.18

95

3-4hr

0.20

0.26

0.34

0.47

1.41

101

1-2d

0.21

0.40

0.50

0.61

1.07

131

4-5d

0.25

0.39

0.54

0.63

2.05

88

12-15d

0.23

0.31

0.37

0.51

1.44

105

3-4hr

0.27

0.37

0.44

0.54

1.92

83

4-5d

0.24

0.43

0.52

0.68

1.61

96

Neuritis

Saline

Aα/β-fibre neurons
Untreated

0

16.89

27.50

33.01

40.28

58.67

78

Vinblastine

3-4hr

13.68

31.54

33.64

38.79

51.35

75

1-2d

10.03

27.80

32.38

37.50

48.21

88

4-5d

13.02

28.02

32.03

35.96

44.89

81

12-15d

13.93

27.08

35.78

44.89

60.77

90

3-4hr

9.91

21.94

26.06

30.49

50.00

81

1-2d

12.23

25.30

28.85

33.48

52.67
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4-5d

10.00

21.96

29.90

36.61

51.90

72

12-15d

9.67

28.99

34.52

38.71

47.28

76

3-4hr

13.04

28.24

31.86

33.93

48.65

79

4-5d

13.65

26.67

31.25

36.36

50.00

81

Neuritis

Saline

PS, post-surgery; QR, quartile; hr, hour; d, day.

Table 4.1 Conduction velocities of C/slow Aδ- and Aα/β- fibre neurons. Note that n
represents the number of units.
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4.2.2 Ongoing activity
The ongoing activity data is summarized in figures 4.2 (C/slow Aδ-fibre neurons)
and 4.3 (Aα/β-fibre neurons) and table 4.2. Ongoing activity developed in 5.26% of
neurons in the untreated group with a median firing rate of 0.6 Hz. In the vinblastinetreated group, the proportion of C/slow Aδ-fibre neurons with ongoing activity
ranged from 6.00% to 10.81% at the time points examined (3-4 hrs, 1-2, 4-5, 12-15
days). In this group, ongoing activity levels were not significantly different from the
untreated group (p > 0.24, comparing individual time points to untreated) or
following saline treatment (p > 0.12 at 3-4 hours and 4-5 days postoperative, Fisher’s
exact tests). The median rate of ongoing activity in vinblastine treated neurons
ranged from 0.08 to 0.35 Hz, which was comparable between time points (p = 0.21,
Kruskal-Wallis test; Table 4.2). Different from vinblastine treatment, in the neuritis
group, a significant increase in the proportion of ongoing units was present on days
4-5 post-surgery with 23.86% (21/88) of neurons firing spontaneously (p < 0.05
Fisher’s exact test, compared to untreated and saline-treated). Their median firing
rates ranged from 0.11 to 1.27 Hz with a significant increase on days 1-2 postsurgery compared to 3-4 hours and 12-15 days postoperative (Table 4.2; p < 0.05,
Kruskal-Wallis test; p <0.05, Dunn’s post hoc tests). The firing patterns of C-fibre
neurons tested were all irregular (Figure 4.2B).
Ongoing activity was present in only 1.27% (1/79) of Aα/β-fibre neurons in the
untreated group with an irregular slow (0.02 Hz) firing pattern (Figure 4.3; Table
4.2). In the vinblastine treated group, the proportion of Aα/β-fibre neurons with
ongoing activity ranged from 1.12% to 5.26% at the time points examined, which
was not significantly different from the untreated group (p > 0.20 comparing
individual time points to untreated) or from saline treatment (p > 0.68 at 3-4 hours
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and 4-5 days postoperative, Fisher’s exact tests). Similarly, in the neuritis group,
ongoing activity was present in 1.31% to 6.48% of Aα/β-fibre neurons, which was
also not significantly different from the untreated group (p

> 0.14 comparing

individual time points to untreated) or from saline treatment (p > 0.44 at 3-4 hours
and 4-5 days postoperative, Fisher’s exact tests). Median rates of ongoing activity in
all Aα/β-fibre neurons tested ranged from 0.02 to 0.24 Hz (Table 4.2), and the firing
patterns were irregular (Figure 4.3B).
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C/slow Aδ-fibre neurons

Aα/β-fibre neurons

Treatment

Time PS

Median

IQR

N

Median

IQR

N

Untreated

0

0.60

1.03

4

0.02

0.00

1

0.35

0.62

8

0.14

0.28

4

1-2d

0.17

0.28

6

0.11

0.00

1

4-5d

0.26

0.48

12

0.04

0.08

4

12-15d

0.08

0.54

9

0.24

0.03

2

3-4hr

0.11

0.19

10

0.04

0.01

2

1-2d

1.27*

1.31

15

0.09

0.15

7

4-5d

0.55†#

1.30

22

0.11

0.09

2

12-15d

0.10

0.13

5

0.02

0.00

1

3-4hr

0.14

0.10

7

0.03

0.15

4

4-5d

0.47

0.56

4

0.21

0.20

2

Vinblastine 3-4hr

Neuritis

Saline

* p< 0.05 compared to 3-4 hours and 12-15 days postoperative ; † p< 0.05 compared to 3-4
hours postoperative (Kruskal-Wallis test followed by Dunn’s post hoc tests). # Based on 20
neurons (Rate could not accurately be determined for one neuron). PO postoperative, hr =
hour, d = day.

Table 4.2 Rates (Hz) of ongoing C/slow Aδ- and Aα/β- fibre neurons.

127

A

B

Figure 4.2 Development of ongoing activity in C/slow Aδ-fibre neurons.

(A) The

percentage of ongoing activity is shown for the untreated group and the neuritis, vinblastine
and saline-treated groups at different time points post-surgery. Note the significant increase
in ongoing activity in the neuritis group at day 4-5 post-surgery. Numbers of ongoing
neurons are shown. Ongoing activity levels in each animal are indicated by orange circles (n
= 3-4 animals in each group [day 1-2 vinblastine: 2 animals with 0% ongoing activity]; 1653 fibres per rat). (B) Typical patterns of ongoing activity are also shown for each group.
Inserts: expanded waveforms. *** p < 0.001 (Fisher’s exact test)
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A

B

Figure 4.3 Development of ongoing activity in Aα/β-fibre neurons. (A) The percentage
of ongoing activity is shown for the untreated group and the neuritis, vinblastine and salinetreated groups at different time points post-surgery. Numbers of ongoing neurons are shown.
Ongoing activity levels in each animal are indicated by orange circles (n = 3-4 animals in
each group [day 1-2 vinblastine: 3 animals with 0% ongoing activity; day 12-15 vinblastine:
2 animals with 0% ongoing activity; 3-4 hours neuritis: 2 animals with 0% ongoing activity;
day 12-15 neuritis: 2 animals with 0% ongoing activity; day 4-5 saline: 2 animals with 0%
ongoing activity; untreated: 2 animals with 0% ongoing activity]; 7-37 fibres per rat). (B)
Typical patterns of ongoing activity are also shown for each group. Ongoing spindles are
also present in the untreated and neuritis traces (smaller units). Inserts: expanded
waveforms.
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4.3 Summary of findings


Conduction velocity slowing was present in C/slow Aδ-fibre neurons
following vinblastine and saline treatments and neuritis at 3-4 hours, 1-2, 4-5
and 12-15 days post-surgery (p < 0.05 compared to pre-surgery).



Conduction velocity slowing was present in Aα/β-fibre neurons at 3-4 hours
and 1-2 days post-surgery following neuritis only (p < 0.05 compared to
untreated).



C/slow Aδ-fibre ongoing activity levels peaked on day 4-5 following neuritis
with 23.86% of neurons firing spontaneously (p < 0.05 compared to
untreated).



C/slow Aδ-fibre ongoing activity levels following vinblastine (10.81%) and
saline (8.43%) treatments were comparable to those in the untreated group
(5.26%; p > 0.19).



A significant increase in C/slow Aδ-fibre firing rates was observed only on
day 1-2 following neuritis (p < 0.05 compared to 3-4 hours and 12-15 days
postoperative).



Aα/β-fibre ongoing activity levels following vinblastine (< 5.26%) and saline
(< 5.12%) treatments as well as neuritis (< 6.48%) were comparable to that of
untreated group (< 7%) at 3-4 hours, 1-2, 4-5 and 12-15 days post-surgery (p
> 0.1).
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CHAPTER 5:
Electrophysiology of the spinal cord
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5.1 Introduction
Electrophysiological properties of spinal cord neurons following peripheral nerve
injury and chronic hind paw inflammation have been extensively studied in order to
identify central mechanisms underlying neuropathic pain behaviours. The common
changes in dorsal horn neurons include increased ongoing activity levels, size of
receptive fields, responses to peripheral stimulation and after-discharge (Laird and
Bennett, 1993, Chapman et al., 1998, Behbehani and Dollberg-Stolik, 1994, Takaishi
et al., 1996, Hylden et al., 1989, Sotgiu and Biella, 2000, Suzuki et al., 2001), which
are in agreement with central involvement. Examination of a subpopulation of dorsal
horn neurons known as WDR neurons has revealed increases in excitability to
repetitive noxious input, wind-up, following chronic inflammation (Traub, 1997,
Herrero and Cervero, 1996, Stanfa et al., 1992), but not following a traumatic nerve
injury (Chapman et al., 1998). Although wind-up, a short form of synaptic plasticity
in WDR neurons, is not the same as central sensitization, they share common
mechanisms (Li et al., 1999, Woolf, 1996) that have led to a high interest in this
population of dorsal horn neurons among the scientific community. Unfortunately,
information on electrophysiological properties of WDR dorsal horn neurons
following neuritis or vinblastine-induced axonal transport disruption is absent. Since
both neuritis and vinblastine-treatment cause the development of neuropathic pain
behaviours (e.g. mechanical allodynia) and since much of the evidence supports a
central mechanism for such behaviours, in this study it is hypothesised that
vinblastine treatment as well as neuritis will lead to alterations in properties of deep
WDR neurons.
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Aims


To examine ongoing activity levels of WDR neurons following vinblastine
treatment and neuritis.



To examine if there are any changes in responses of WDR neurons to
mechanical stimulation of the receptive field following vinblastine treatment
and neuritis.



To examine if neuronal depth within the dorsal horn determines the response
of the receptive field to mechanical stimulation.



To examine wind-up responses of WDR neurons following vinblastine
treatment and neuritis.

5.2 Results
5.2.1 Characterisation of a WDR neuron
Recordings were made from a total of 70 dorsal horn WDR neurons (L5 segment)
that responded to both light innocuous touch (brushing) and noxious pinch (untreated
group, n = 19; saline group, n = 18; neuritis group, n = 20; vinblastine group, n =
13). All cells had receptive fields on the ipsilateral hindpaw. Most of the neurons
recorded were deep dorsal horn neurons located in approximately the lamina V
region (mean depth from the surface of the spinal cord = 551.43 ± 142.69 µm; range:
200 – 900 µm; Figure 5.1).

133

Figure 5.1 A transverse section of the rat L5 spinal cord stained with a Nissl stain.
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5.2.2 WDR neuronal ongoing activity levels
Following isolation of a WDR neuron, background ongoing activity was recorded
for three minutes. The proportion of neurons with ongoing activity was similar
between the four groups with > 75.0% of neurons firing spontaneously (i.e. > 0.017
Hz; p > 0.18, Fisher’s exact tests; Table 5.1). There were no differences in ongoing
activity rates between the treatments (p = 0.32 Kruskal-Wallis test). The median
rates of ongoing activity were slow, ranging from 0.06-0.24 Hz. The firing pattern
was irregular (Figure 5.2).

Figure 5.1 A transverse section of the rat L5 spinal cord stained with a Nissl stain.
The top image collage was produced using 100X magnification photographs. The insert
represents the left dorsal horn imaged at 200X. Here, the Rexed laminar boundaries are
marked by the dashed lines (based on Kayalioglu and Heise, 2009). Nissl staining
confirmed that the majority of WDR neurons were located in the deep dorsal horn with
the mean depth of 551.43 ± 142.69 µm from the surface of the spinal cord (approximately
the lamina V region). LDH, left dorsal horn; RDH, right dorsal horn.
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Treatment

Number of

%OA

Rate, Median

WDR neurons

(IQR)

Untreated

19

89.5

0.12 (0.13)

Saline

18

94.4

0.13 (0.19)

Neuritis

20

75.0

0.06 (0.20)

Vinblastine

13

76.9

0.24 (0.08)

WDR, wide dynamic range; OA, ongoing activity;
IQR, interquartile range

Table 5.1 Levels (%) and rates (Hz) of ongoing wide dynamic range neurons.
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Figure 5.2 Ongoing activity levels in wide dynamic range neurons. Example traces of
ongoing activity levels in the untreated, saline- and vinblastine-treated and neuritis groups.
Inserts: expanded waveforms.
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5.2.3 Responses to natural stimuli
For all WDR neurons, action potentials were evoked in response to both innocuous
and noxious mechanical stimulation of the ipsilateral distal hind paw (Figure 5.3).
The number of action potentials evoked by brushing the centre of each receptive
field was comparable between groups (p = 0.47, one-way ANOVA). A significant
interaction was present between the treatment group and von Frey monofilaments of
increasing stiffness (p < 0.05 two-way ANOVA). In the untreated, saline-treated and
neuritis groups, WDR neurons responded to von Frey monofilaments in a
progressive manner, with higher number of spikes evoked by increasing force. In the
vinblastine-treated

group,

the

response

plateaued

with

stiffer

von

Frey

monofilaments (26-60 g). In fact, the number of action potentials evoked by 60 g von
Frey monofilament was significantly lower in the vinblastine-treated group when
compared to the untreated (p < 0.001) and neuritis groups (p < 0.05, Bonferroni’s
post hoc tests). The number of evoked average number of spikes in response to 10 s
pinching was comparable between the four treatment groups (p = 0.14 one-way
ANOVA).
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A

B

Figure 5.3 Responses of wide dynamic range neurons to mechanical stimulation of the
peripheral receptive field (10 seconds from the stimulus onset). (A) A typical wide
dynamic range neuron response (from a saline-treated animal) to lightly brushing the
receptive field, applying von Frey hairs of ascending stiffness and pinching the skin with
curved forceps. Insert: expanded waveform. (B) The mean number of action potentials
elicited by brushing, von Frey monofilaments and pinching the skin in untreated, salinetreated, neuritis and vinblastine-treated animals (n = 19, 18, 20 and 13 wide dynamic range
neurons in the untreated, saline-treated, neuritis and vinblastine treated group respectively).
Note the decreased response to stiffer von Frey monofilaments in the vinblastine-treated
group. * p < 0.05, *** p < 0.001 Two-way ANOVA followed by Bonferroni’s post hoc test.
Error bars = SEM.
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5.2.4 Neuronal depth analysis
For analysis of neuronal depth on the response to mechanical stimulation of the
receptive fields, WDR neurons were grouped into neurons < 550 µm (range: 200550 µm) and neurons ≥ 550 µm (range: 550-900 µm; Figure 5.4) from the dorsal
surface of the spinal cord. The cut off value was chosen based on the mean depth of
all WDR neurons from the dorsal surface of the spinal cord (mean = 551.43 ± 142.69
µm).
In the untreated and saline-treated groups, there was no significant interaction
between responses evoked by each von Frey monofilament and neuronal depth (p >
0.06) or main effect for depth (p > 0.39, two-way ANOVA). In both neuritis and
vinblastine-treated groups, WDR neurons ≥ 550 µm from the dorsal surface of the
spinal cord were less responsive to thinner von Frey monofilaments (1-15 g) than
those < 550 µm from the dorsal surface of the spinal cord. In the neuritis group, there
was no significant interaction between neuronal depth and von Frey monofilament
stiffness (p = 0.66) or main effect for depth (p = 0.13, two-way ANOVA). In
contrast, following vinblastine treatment, a significant interaction between neuronal
depth and von Frey monofilament stiffness was present (p < 0.001, two-way
ANOVA). In this group, WDR neurons < 550 µm from the dorsal surface of the
spinal cord reached a plateau in responses to 8-60g von Frey monofilaments (Figure
5.4 interactions). Such reduction in responses was not observed with WDR neurons
≥ 550 µm from the dorsal surface of the spinal cord. In order to rule out the effects of
animal size on neuronal depth, animal weights were compared between experiments
that examined WDR neurons < 500 µm and ≥ 550 µm from the dorsal surface of the
spinal cord. No significant differences were found between animal weights in the
saline-treated, neuritis or vinblastine-treated groups. There was however a significant
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difference observed in the untreated group (mean weight; neurons < 500 µm: 292 ±
18 g; neurons ≥ 550 µm: 373 ± 20 g; p < 0.05 Student’s t-test).
No differences in ongoing activity rates were observed between WDR neurons
located < 500 µm and ≥ 550 µm from the dorsal surface of the spinal cord in each
treatment group (p > 0.15 Mann-Whitney U test) or between treatment groups in
populations of WDR neurons located < 500 µm and ≥ 550 µm from the dorsal
surface of the spinal cord (p > 0.195 Kruskal-Wallis test).
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Figure 5.4 Mechanical responses of wide dynamic range neurons based on neuronal
depth within the dorsal horn. Neurons were grouped into those with depths < 550 µm from
the dorsal surface of the spinal cord (7, 8, 9 and 7 WDR neurons in the untreated, salinetreated, neuritis and vinblastine-treated groups respectively) and those with depths ≥ 550 µm
from the dorsal surface (12, 10, 11 and 6 WDR neurons in the untreated, saline-treated,
neuritis and vinblastine-treated groups respectively). *p < 0.05 Two-way ANOVA followed
by Bonferroni’s post hoc tests.
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5.2.5 Wind-up
Forty-two of the characterized WDR neurons showed signs of wind-up in response
to repeated electrical stimulation (x16) of the receptive field (untreated group, n =
10; saline group, n = 11; neuritis group, n = 10; vinblastine group, n = 10; e.g. Figure
5.5). The total number of Aβ-, Aδ- and C-fibre evoked responses, input (i.e. number
of action potentials evoked by first pulse x total number of pulses) and afterdischarge of the neurons that showed signs of wind-up is summarised table 5.2.
There were no significant differences between groups in the number of action
potentials evoked by Aβ-fibre neurons (p = 0.47, one-way ANOVA). Although not
quite significant, there was a notable reduction in the number of action potentials
evoked by Aδ- and C-fibre neurons in the vinblastine-treated group compared to
neuritis (p < 0.05, one-way ANOVA; p = 0.06 and 0.07 respectively, Bonferroni
post-hoc tests). Input and after discharge were comparable between groups (p = 0.17
and 0.11 respectively, one-way ANOVA).
The untreated, saline- and vinblastine-treated groups showed similar wind-up
responses (mean wind-up (action potentials): untreated, 50.70 ± 9.07; saline, 56.73 ±
13.89; vinblastine, 43.70 ± 10.05; Figure 5.6). In contrast, there was a significant
increase in wind-up response following neuritis with a mean number of 115.80 ±
21.67 spikes (p < 0.05 one-way ANOVA; p < 0.05 compared to untreated and salinetreated groups and p < 0.01 compared to vinblastine-treated group, Bonferroni post
hoc test; Figure 5.7).
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Figure 5.5 A typical wind-up response. (A) A typical wind-up response from a neuritis
animal. The centre of the receptive field was electrically stimulated 16 times at 3x C-fibre
threshold (arrows). Insert: expanded waveform; (B) Expanded section of trace (* on part A),
showing action potentials evoked by electrical stimulation. Responses were analysed based
on the latency of each spike. Please note that shading represents clusters of Aβ- (0-20 ms),
Aδ- (20-90 ms), C-fibre (90-350 ms) responses as well as after-discharge (350-800 ms).
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Treatment group
Untreated

Saline

Neuritis

Vinblastine

Aβ-fibre

7.90±3.57

16.64±8.09

12.30±6.47

4.60±2.00

Aδ-fibre

29.10±6.92

46.09±11.84

50.00±8.88

15.60±5.87

C-fibre

209.90±27.68

158.36±20.52

229.70±35.27

129.40±21.18

Input

233.60±31.21

162.91±31.47

224.00±46.86

132.80±33.23

After-discharge

74.40±12.85

61.27±16.98

110.10±24.47

47.10±15.31

Table 5.2 A comparison of the mean total electrically-evoked responses of wide
dynamic range neurons in the untreated, saline, neuritis and vinblastine treatment
groups. Data is expressed as mean total number of spikes per group ± SEM. The responses
evoked by Aβ-, Aδ- and C- fibre neurons are separated and analysed based on their latencies
(0-20 ms, 20-90 ms and 90-350 ms respectively). Input is calculated as the sum of the Cfibre-evoked responses after the first stimulus multiplied by 16. After-discharge represents
responses at latencies between 350 and 800 ms (note that wind-up can be calculated from
these values by subtracting the input from the sum of action potentials between 90 and 800
ms (C-fibre responses and after-discharge) that are evoked by the first 16 consecutive
stimuli).
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Figure 5.6 The mean total number of spikes in wide dynamic range neurons in (A)
untreated, (B) saline-treated, (C) neuritis and (D) vinblastine-treated groups evoked
per stimulus of the electrical train used to induce wind-up. An increase in the mean
number of spikes evoked by each stimulus (up until the 8th stimulus, after which the number
of spikes tends to plateau) can be observed in all four groups. However, it is more
pronounced in the neuritis group. Error bars = SEM.
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Figure 5.7 Comparison of the mean wind-up responses of wide dynamic range neurons
in untreated, saline-treated, neuritis and vinblastine-treated groups. Wind-up was
calculated as the sum of action potentials between 90 and 800 ms (C-fibre responses)
produced by 16 consecutive stimuli minus C-fibre responses evoked by the first stimulus
multiplied by the total number of stimuli (16; input). Number of neurons: 10 in untreated
group (from 6 animals), 11 in saline-treated group (from 7 animals), 10 in neuritis group
(from 5 animals) and 10 in vinblastine-treated group (from 6 animals). *p < 0.05 and **p <
0.01 (one-way ANOVA followed by a Bonferroni post-hoc test). Error bars = SEM.
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5.3 Summary of findings


Similar levels of WDR neuronal ongoing activity were found between the
untreated, saline-treated, vinblastine-treated and neuritis groups (> 75.0% of
neurons firing spontaneously; p = 0.32).



Progressive responses to von Frey monofilaments of increasing stiffness were
present in untreated, saline-treated and neuritis groups (p < 0.05).



In the vinblastine-treated group, the response plateaued with stiffer von Frey
monofilaments with the number of action potentials evoked by 60 g von Frey
monofilament being less than that in the untreated (p < 0.001) and neuritis
groups (p < 0.05).



WDR neurons located ≥ 550 µm from the dorsal surface of the spinal cord
were less responsive to thinner von Frey monofilaments (1-15 g) than those
WDR neurons located < 550 µm from the dorsal surface of the dorsal horn
following both vinblastine treatment and neuritis.



WDR neurons located < 550 µm from the dorsal surface of the dorsal horn
reached a plateau in responses to 8-60g von Frey monofilaments.



Wind-up response was increased in the neuritis group only (p < 0.05
compared to untreated and saline-treated groups and p < 0.01 compared to
vinblastine-treated group).
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CHAPTER 6:
Immunohistochemistry of the spinal
cord

149

6.1 Introduction
C-fos, the nuclear protein of the proto-oncogene c-fos, is rapidly expressed in the
laminae I, II, V and VI of dorsal horn after noxious stimulation (e.g. electrical
stimulation) (Hunt et al., 1987, Coggeshall, 2005, Gao and Ji, 2009, Molander et al.,
1994). C-fos expression is induced following an increase in cellular calcium, and
may be dependent on activation of cyclic adenosine monophosphate response
element-binding protein (Morgan and Curran, 1986, Latremoliere and Woolf, 2009).
Together with c-jun, c-fos forms a heterodimer that is capable of binding to
deoxyribonucleic acid, leading to the transcription of various genes, such as those
coding for neuropeptides and dynorphin. In turn, the newly synthesised proteins may
act on excitatory circuits to cause neuronal hyperexcitability (Ji et al., 2003).
Although the exact role of c-fos in pain perception is not well understood, since c-fos
plays a role in signalling pathways involved in modulation of spinal nociceptive
mechanisms (Hunt et al., 1987, Kajander et al., 1996), it is considered to be a marker
of injury-induced neuronal activation, as well as an indirect indicator of central
sensitization. Under normal conditions, basal c-fos expression in the spinal cord is
minimal, and innocuous stimulation does not induce its expression. In contrast,
following nerve injury, c-Fos expression in the superficial dorsal horn neurons is
increased (Molander et al., 1994, Molander et al., 1998, Catheline et al., 1999).
Currently, there are no studies that examined c-fos expression in the superficial
dorsal horn, which is the area of termination for nociceptors, following neuritis or
vinblastine-treatment.

In

this

study,

these

neurons

were

not

examined

electrophysiologically. Therefore, c-fos expression in the superficial dorsal horn in
response to electrical stimulation of the sciatic nerve was assessed. It was
hypothesised that since neuropathic pain behaviours develop in both models, they
150

both will show an increase in c-fos expression in the superficial laminae, indicative
of increased neuronal excitability. It is also hypothesised that such increase will be
more pronounced following neuritis due to the presence of ongoing activity from
primary sensory neurons.
Substance P is an excitatory neurotransmitter (von Euler and Gaddum, 1931) found
in peripheral and central terminals of nociceptive afferent fibre neurons (Nilsson et
al., 1974, Ljungdahl et al., 1978, McCarthy and Lawson, 1989, Otsuka and Konishi,
1976, White, 1997). It is transported in storage vesicles from the cell body towards
the terminals by axonal transport (Brimijoin et al., 1980) and accumulates in the
central terminals that are located in the superficial layer of the dorsal horn
(Ljungdahl et al., 1978). Once released, it binds to NK-1Rs expressed by projection
cells or interneurons, which play a role in nociception (Todd et al., 1998, Al Ghamdi
et al., 2009). The role for substance P in neuropathic pain mechanisms is reflected by
changes in its spinal cord levels following nerve injury (Barbut et al., 1981,
Fitzgerald et al., 1985, Garrison et al., 1993, Villar et al., 1991) or chronic hindpaw
inflammation (Galeazza et al., 1995, Abbadie et al., 1996). As both neuritis and
vinblastine-treatment disrupt axonal transport and lead to the development of
neuropathic pain behaviours, here it is hypothesised that substance P levels will be
altered in the superficial dorsal horn as an indication of altered peptidergic
nociceptor transmission.
Aims


To investigate activity-dependent c-fos expression in the superficial dorsal
horn following vinblastine-treatment and neuritis.
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To examine substance P expression in the superficial dorsal horn following
vinblastine-treatment and neuritis.

6.2 Results
6.2.1 Electrical stimulation-induced c-fos expression
C-fos expression in the superficial dorsal horn is summarized in figure 6.1. C-fos
immunofluorescence was present within the superficial dorsal horn in all groups
(depth of staining: < 300 µm from the dorsal surface of spinal cord; Figure 6.1 A, n
= 4 animals in each group). Double-labelling with neuronal marker NeuN confirmed
that the majority of c-fos labelled cells were neurons (Figure 6.1 B).
In the unstimulated groups, there was no significant interaction between treatment
and side for the numbers of c-fos positive cells (p = 0.08) or main effect (p > 0.23,
two-way ANOVA; Figure 6.1 C). Repeated electrical stimulation of the sciatic nerve
at C- and A-fibre strength led to an increase in c-fos expression in all treatment
groups. In the groups stimulated at C-fibre strength, there was no significant
interaction between treatment and side (p = 0.27). However, there were significant
main effects for treatment (p < 0.05) and side (p < 0.01, two-way ANOVA), with
increased c-Fos expression on the ipsilateral side in the neuritis and vinblastinetreated groups compared to the untreated group (p < 0.05, Bonferroni’s post hoc
tests) and contralateral sides (p < 0.05, Bonferroni’s post hoc tests). In the groups
stimulated at A-fibre strength, there was no significant interaction between treatment
and side (p = 0.33) or main effect (p > 0.06, two-way ANOVA).
To evaluate whether repeated electrical stimulation had any effects on conduction of
A-fibre neurons, nine compound action potentials in the A-fibre neuron conduction
velocity range (mean range 14.48-51.43 m/s; n = 3 animals) were recorded before
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and after five minutes of C-fibre electrical stimulation. There was no significant
difference between the peak of the compound amplitudes before (mean = 0.26 mV,
SD = 0.2) and after stimulation (mean = 0.27 mV, SD = 0.2; p = 0.47 paired
Student’s t-test). Similarly, no significant difference was present between area under
the curve before (mean = 0.56, SD = 0.14) and after stimulation (mean = 0.59, SD =
0.14; p = 0.34 paired Student’s t-test). The mean percent change in amplitude and
area under the curve was 7.6% and 6.04% respectively, indicating that repeated
electrical stimulation did not block A-fibre neurons (Figure 6.2).
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A

B

C

Figure 6.1 Electrical stimulation-induced c-fos expression in the L5 dorsal horn.
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Figure 6.2 (A) Peak compound amplitude (CAP; mV) and (B) area under the curve
(AUC) of A-fibre neurons before and after repeated five minute stimulation at C-fibre
strength. (C) Examples of A-fibre compound action potential pre- and post-stimulation.
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6.2.2 Substance P expression

Substance P labelling was present in the superficial lamina of the dorsal horn in the
neuritis, vinblastine- and saline-treated groups (n = 3 animals in each group; Figure
6.3A). The size of the area with positive substance P labelling was comparable
between ipsilateral and contralateral sides in the untreated (mean ratio [ipsilateral
area/contralateral area] = 1.05 ± 0.10) and neuritis groups (mean ratio = 0.97 ± 0.07).
Following vinblastine treatment there was a significant decrease in the size of the
area positive for substance P on the ipsilateral compared to contralateral side (mean
ratio = 0.71 ± 0.09; p < 0.05 one-way ANOVA; p < 0.05 Bonferroni post hoc test;
Figure 6.3 B).

Figure 6.1 Electrical stimulation-induced c-fos expression in the L5 dorsal horn. (A)
Example images of c-fos expression (green staining) in the ipsilateral dorsal horn following
vinblastine treatment and neuritis. Prior to removal of the tissue, animals received either 5
min repeated stimulation of the sciatic nerve at C- (middle) or A-fibre strength (right), or no
stimulation (left). The majority of c-fos positive cells were located in the superficial laminae.
Note inserts that represent respective image thresholding used for ImageJ analysis. (B) Colocalization of c-fos (green) with NeuN (red). (C) Mean number of c-fos positive cells per
0.1 mm2 in each group (n = 4 animals in each group; 1-8 sections per animal). † p < 0.05
comparing between treatments; * p < 0.05, ** p < 0.01 comparing between sides (two-way
ANOVA followed by Bonferroni’s post hoc tests). IF, Immunofluorescent. Error bars =
SEM.
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Figure 6.3 Substance P expression in the dorsal horn. (A) Typical example images of
substance P immunolabelling in the L5 dorsal horn in the saline-treated, neuritis and
vinblastine-treated groups. The majority of substance P expression is observed within the
superficial lamina (red staining). (B) Mean ratios of the dorsal horn area with positive
substance P labelling. Calculation was made by dividing the ipsilateral area by the
contralateral area (n = 3 animals in each group; 2-5 sections per animal). *p<0.05 (one-way
ANOVA followed by a Bonferroni post-hoc test). Error bars = SEM.
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6.3 Summary of findings


In the absence of electrical stimulation, no significant difference in the
numbers of c-fos positive cells was found between untreated, vinblastinetreated and neuritis groups (p > 0.23).



Repeated electrical stimulation of the sciatic nerve at C- fibre strength led to
increased c-fos expression on the ipsilateral side in the neuritis and
vinblastine-treated groups compared to the untreated group (p < 0.05) and
contralateral sides (p < 0.05).



Following repeated electrical stimulation of the sciatic nerve at A-fibre
strength, the number of c-fos positive cells was comparable between
untreated, vinblastine-treated and neuritis groups (p > 0.06).



A significant decrease in the area with positive substance P immunolabelling
was present in the ipsilateral superficial dorsal horn following vinblastine
treatment (p < 0.05 compared to saline treatment).



In saline-treated and neuritis groups, there were no differences in the area
with positive substance P immunolabelling between the ipsilateral and
contralateral superficial dorsal horns.
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CHAPTER 7:
Discussion
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7.1 Rationale and overview
Widely used animal models in neuropathic pain research are induced by nerve
ligation, crush, or compression (Bennett and Xie, 1988, Seltzer et al., 1990, Kim and
Chung, 1992, Decosterd and Woolf, 2000). However, such nerve injuries are
uncommon in clinical practice (Percie du Sert and Rice, 2014, Rice et al., 2008) and
many patients present without an obvious nerve injury upon clinical examination. It
has been suggested that in such cases, healthy-appearing axons might be inflamed
(Djouhri et al., 2012, Bove, 2009, Bove et al., 2003, Dilley et al., 2005, Eliav et al.,
1999). Consistent with this, inducing a local neuritis in rats leads to the development
of pain behaviours that are typically neuropathic (Bove et al., 2003, Pulman et al.,
2013). Since nerve inflammation results in axonal transport disruption along intact
through conducting nerve fibres (Dilley et al., 2013), it has been hypothesised that
such process may play a significant role in the underlying mechanisms.
To examine the role of axonal transport disruption in neuropathic pain, the
chemotherapeutic agent vinblastine was locally applied to the rat sciatic nerve.
Stimulus-evoked pain behaviours as well as burrowing activity were assessed in this
model to determine the extent of neuropathic pain behaviours that are associated
with axonal transport disruption. Single-unit extracellular recordings were also
performed from the L5 dorsal root to look for ongoing activity in peripheral nerves,
since such activity is reputed to drive central mechanisms that lead to neuropathic
pain behaviours. Within the dorsal horn, intracellular recordings were performed
from deep WDR neurons to look for signs of increased dorsal horn excitability. In
the superficial laminae, c-fos was examined as an indicator of altered neuronal
function since these neurons were not examined electrophysiologically, while

160

substance P levels were assessed as a measure of altered nociceptor transmission into
the spinal cord. Throughout the study, comparisons were made to the neuritis model.
Vinblastine treatment led to the development of short-lived mechanical and cold
allodynia as well as signs of reduced burrowing behaviour in the absence of an
increase in A- or C-fibre ongoing activity. Similarly, wind-up in deep dorsal horn
WDR neurons was not altered. Despite the development of mechanical allodynia,
vinblastine-induced axonal transport disruption led to a reduction in WDR neuronal
responses to mechanical stimulation of the receptive field. Within the superficial
dorsal horn, there was an upregulation in c-fos expression together with reduced
substance P immunolabelling. Although similar neuropathic pain behaviours and an
increase in c-fos expression were observed following neuritis, C-fibre ongoing
activity levels and wind-up in WDR neurons were increased in this model.
The development of transient neuropathic pain behaviours following vinblastine
treatment and neuritis contrasts from traumatic nerve injury models where such
behaviours persist (Bennett and Xie, 1988, Kim and Chung, 1992, Decosterd and
Woolf, 2000, Seltzer et al., 1990). While an increase in peripheral ongoing activity is
a significant feature of the latter models (Kajander et al., 1992, Amir and Devor,
1993, Tal and Eliav, 1996, Xie and Xiao, 1990, Liu et al., 2000a, Liu et al., 2000b,
Djouhri et al., 2006, Xiao and Bennett, 2008), it is absent following vinblastineinduced axonal transport disruption. Within the dorsal horn, the absence of an
increase in deep WDR neuron excitability differs from inflammatory neuropathic
pain models (Traub, 1997, Herrero and Cervero, 1996, Stanfa et al., 1992), including
neuritis. However, the upregulation of activity-dependent c-fos expression in the
superficial laminae following both vinblastine treatment and neuritis is consistent
with findings from traumatic nerve injury models (Molander et al., 1994, Molander
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et al., 1998, Catheline et al., 1999). Finally, a reduction in substance P levels as a
result of vinblastine-induced axonal transport disruption is consistent with that
following a traumatic nerve injury (Villar et al., 1991, Fitzgerald et al., 1985).
In summary, a relatively minor nerve insult, such as local vinblastine-induced axonal
transport disruption or neuritis, can lead to the development of neuropathic pain
behaviours. Such findings are consistent with patients who have symptoms of
neuropathic pain but have no evidence of a nerve injury during routine clinical
examination. Although neuritis disrupts axonal transport, the lack of an increase in
peripheral ongoing activity following vinblastine treatment suggests that
inflammation is required for its development. Furthermore, these observations
suggest that ongoing activity from peripheral sensory axons is not critical for the
development of neuropathic pain behaviours and are indicative of an alternative
peripheral signal. Mechanistic differences between both models are further outlined
by the lack of increased excitability in deep WDR dorsal horn neurons following
vinblastine treatment when compared to neuritis. Finally, evidence for an increase in
c-fos expression in superficial dorsal horn neurons is consistent with a central
neuropathic pain mechanism.

7.2 Animal models used in the study
Clinical trial data from a decade ago revealed that only 9% of trials included patients
who presented with a traumatic peripheral nerve injury (Rice et al., 2008). Contrary
to this, neuropathic pain research remains mainly focused on traumatic nerve injury
models, where peripheral nerves are cut, ligated, or constricted (e.g. spinal nerve
ligation or chronic constriction injury models) (Berge, 2011). As such, the use of
traumatic nerve injury models in preclinical research does not reflect the clinical
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picture (Baron et al., 2010). In turn, the translation of scientific data into the
development of effective new medications has been very poor (Kissin, 2010, Mogil,
2009). Recently, preclinical rodent models that more closely reflect the
pathophysiology of human conditions have been developed. Several examples of
these disease-specific models include chemotherapy-induced neuropathy (Hu et al.,
2017), diabetic neuropathy (D'Almeida et al., 1999), HIV-associated peripheral
neuropathy (Cao et al., 2012), varicella zoster infection (Garry et al., 2005) and antiretroviral therapy models (Huang et al., 2013). The use of such models in
neuropathic pain research has provided novel therapeutic targets, such as oxidative
stress, mitochondria dysfunction (Flatters et al., 2017) and loss of distal innervation
(Boyette-Davis et al., 2011), which has led to the initiation of new clinical trials (e.g.
NCT01906008).
Currently, there is evidence to suggest that nerve inflammation is an important part
of the neuropathology of patients who present with neuropathic pain but have no
signs of nerve injury upon routine clinical examination (Greening et al., 2018, Dilley
et al., 2011, Linnman et al., 2011). It has been demonstrated that local neuritis leads
to axonal transport disruption (Dilley et al., 2013) and therefore, transient treatment
of peripheral nerves with vinblastine may provide a novel model for examining the
role of such processes in these patients. In comparison to traumatic nerve injury
models (Bennett and Xie, 1988, Seltzer et al., 1990, Kim and Chung, 1992,
Decosterd and Woolf, 2000) that feature a complete cessation of axonal transport,
vinblastine treatment provides a less severe approach to examining the role of axonal
transport disruption in neuropathic pain. Importantly, treating nerves with vinblastine
avoids gross surgery and allows the exploration of axonal transport disruption along
intact axons.
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Although vinblastine-induced axonal transport disruption and neuritis models are
relevant to patients without a traumatic nerve injury or history of infectious disease,
it must be taken into consideration that there are obvious species differences between
humans and rodents. This means that data presented in this study is only predictive
of the potential mechanisms that may underlie neuropathic pain in patients. It must
be noted that the short duration (i.e. several weeks) of neuropathic pain behaviours in
both models contrasts clinical cases where symptoms persist for many years (Daniel
et al., 2008). Furthermore, in the present study, male rats were chosen to avoid the
possible quagmire associated with the oestrus cycle in female rats. However, in
humans, neuropathic pain is more common in women (Bouhassira et al., 2008,
reviewed in Palmeira et al., 2011). In agreement, differences in the severity of
neuropathic pain behaviours and mechanisms have been observed between male and
female rodents (Tall and Crisp, 2004, Tall et al., 2001, Sorge et al., 2015, Lopes et
al., 2017).

7.3 Local axonal transport disruption leads to short-lived
neuropathic pain behaviours
The extent of neuropathic pain behaviours that are associated with localised axonal
transport disruption have not been explored in detail. Therefore, this study examined
both stimulus-evoked and ethologically relevant behavioural measures to determine
whether such minor injury contributes to behavioural changes that are frequently
associated with traumatic nerve injury models. While pain cannot be directly
measured in animals, it can be inferred from the assessment of stimulus-evoked pain
behaviours, which is considered the ‘gold standard’ within the pain field. In the
present study, behavioural tests to assess mechanical and cold allodynia as well as
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mechanical and heat hyperalgesia were performed. Since these are common tests,
they enable easy comparison of our obtained results to previously studied animal
models. In addition to these measures, burrowing activity, which is considered an
ethologically relevant behaviour in rodents (Deacon, 2006), was also assessed. The
main advantages of burrowing assessment are that it is objective and requires
minimal input from the investigator. Furthermore, it takes into account the effects of
spontaneous pain and provides a measure of the general effect of pain on the whole
organism, including the brain. A reduction in burrowing behaviour indicates reduced
wellbeing of the rats, which might be comparable to a reduction in activities of daily
living and general wellbeing in patients with neuropathic pain (Andrews et al., 2012,
Andrews et al., 2011).
Several limitations associated with the techniques used in this study must be
considered. Firstly, cutaneous hypersensitivity to applied stimuli only reflects one of
the many features of neuropathic pain (Rice et al., 2008, Maier et al., 2010).
Secondly, while neuropathic pain has a significant effect on the general wellbeing of
patients (Meyer-Rosberg et al., 2001), stimulus-evoked pain measures are reflexive
and do not take higher pain centres into account. With regards to burrowing
behaviour assessment, inter-rat variability is a significant issue, which other studies
have tackled by using a selective training period prior to testing (Muralidharan et al.,
2016, Wodarski et al., 2016). For example, a previous cross-centre study reported
that animals with poor burrowing performance were paired with those who were
considered ‘good burrowers’ in order to initiate burrowing (Wodarski et al., 2016).
In the present study, animal pairing based on burrowing ability was not carried out.
Additionally, there is a lack of understanding as to whether reduced burrowing is a
result of lower motivational status inflicted by painful sensations (either limb
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movement-evoked or spontaneous) or due to the individual characteristics of the rat
(e.g. easily loses interest).
Although it has been previously reported that transient mechanical allodynia
develops following vinblastine treatment (Dilley et al., 2013), to our knowledge, this
is the first study to demonstrate that cold allodynia is also a feature of this model.
The absence of neuropathic pain behaviours following systemic vinblastine injection
suggests that the observed behavioural effects following transient vinblastine
application to the sciatic nerve are likely caused by local axonal transport disruption.
A similar pattern of neuropathic pain behaviours was also observed in the neuritis
model, which was consistent with previously published data (Dilley et al., 2013,
Eliav et al., 1999, Bove et al., 2003, Pulman et al., 2013). However, the onset of
these behaviours was slightly later than that following vinblastine treatment. In line
with the current findings, stimulus-evoked pain behaviours are frequently reported
following a traumatic nerve injury (Bennett and Xie, 1988, Kim and Chung, 1992,
Decosterd and Woolf, 2000, Seltzer et al., 1990) as well as chemotherapy treatment
(Aley et al., 1996, Authier et al., 2003, Hu et al., 2017). However, both vinblastineinduced axonal transport disruption and neuritis contrast significantly from traumatic
nerve injury models with regard to the severity of evoked pain behaviours. In the
latter models, pain behaviours tend to persist for no less than two months, together
with additional adverse effects, such as motor dysfunction, autotomy and signs of
stress (e.g. porphyrin staining, weight loss and changes in grooming activities)
(Bennett and Xie, 1988, Kim and Chung, 1992, Decosterd and Woolf, 2000, Seltzer
et al., 1990). Contrastingly, following vinblastine treatment and neuritis, there were
no obvious signs of such adverse effects and neuropathic pain behaviours reversed
within several weeks. Despite the transient development of allodynia, there were no
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significant signs of heat hyperalgesia in vinblastine-induced axonal transport and
neuritis models, which is in agreement with previous observations following
vinblastine treatment (Dilley et al., 2013, Fitzgerald et al., 1984), but not neuritis
(Dilley et al., 2013, Eliav et al., 1999, Pulman et al., 2013). Though previous reports
have found that mechanical hyperalgesia develops following neuritis (Eliav et al.,
1999), we were unable to come to the same conclusion; due to the considerable
variability of responses to noxious mechanical stimuli observed in this study, the
development of mechanical hyperalgesia following both neuritis and vinblastine
remains uncertain.
In addition to the ipsilateral development of neuropathic pain behaviours, brief signs
of contralateral mechanical and cold allodynia were also observed following
vinblastine treatment and neuritis respectively, which is consistent with less
pronounced and shorter-lived contralateral neuropathic pain behaviours in traumatic
nerve injury (Seltzer et al., 1990, Kim and Chung, 1992, Tabo et al., 1999, Arguis et
al., 2008, Takaishi et al., 1996) and chronic hind limb inflammation (Radhakrishnan
et al., 2003, Gao et al., 2010) models.
With regard to the ethologically relevant behaviours, our finding of reduced
burrowing behaviour in both models is consistent with the findings from traumatic
nerve injury and chronic inflammation models (Andrews et al., 2012, Rutten et al.,
2014, Muralidharan et al., 2016). However, it contrasts from a recent study where no
such changes were found following bortezomib treatment (Duggett and Flatters,
2017), which leads to altered axonal transport (Staff et al., 2013), similar to
vinblastine treatment.
Similarities in the pattern of neuropathic pain behaviours following vinblastine
treatment and neuritis may indicate common mechanisms. Since inflammation is not
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present following vinblastine treatment, the common mechanistic feature is likely to
be axonal transport disruption. As such, the subtle difference in the onset of
mechanical and cold allodynia between vinblastine treatment and neuritis is
consistent with earlier axonal transport disruption following vinblastine treatment
(Dilley et al., 2013). In both models, neuropathic pain behaviours were less severe
than those observed following a traumatic nerve injury. This, in fact, may reflect the
differences in the extent of tissue damage. Wallerian degeneration and demyelination
are features of traumatic nerve injury models (Roytta et al., 1999, Fried and Devor,
1988, Coggeshall et al., 1993) and therefore, the lack of full recovery of neuropathic
pain behaviours is likely due to incomplete axonal regeneration and the slow process
of re-myelination. Following vinblastine treatment (Fitzgerald et al., 1984, Kashiba
et al., 1992) and neuritis (Eliav et al., 1999), such gross neuropathology is absent,
enabling recovery of neuropathic pain behaviours within a few weeks. This is also in
agreement with the reversal of axonal transport disruption, which is observed at day
six following vinblastine treatment (Dilley et al., 2013). In fact, the transient nature
of neuropathic pain behaviours observed in this study is comparable to models of
chemotherapy-induced neuropathy, where neuropathic pain behaviours return to
baseline values several weeks following discontinuation of the treatment (Aley et al.,
1996, Authier et al., 2003, Hu et al., 2017). Together, these findings suggest that the
processes which disrupt axonal transport must persist to maintain the symptoms. For
example, in patients, this process could be the ongoing inflammation of tissue
surrounding the nerve. The observed development of allodynia in the contralateral
limb is suggestive of central involvement and may be driven by the activation of
commissural interneurons within the dorsal horn. These interneurons have axons
which extend from one dorsal horn to the other, enabling chemical and/or electrical
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signals to reach neurons located on the contralateral side (reviewed in Koltzenburg et
al., 1999).
The reduced burrowing behaviour observed following vinblastine treatment and
neuritis is indicative of reduced animal wellbeing. Furthermore, it may reflect
impaired learning processes. In healthy adult male Sprague Dawley rats, the range of
gravel removed from the burrow is reported to be between 1400-1700 g (one hour
period) (Muralidharan et al., 2016). In the present study, a similar amount of gravel
(~1200g) was displaced on day five following saline treatment only. In agreement,
previously reported studies indicate that burrowing performance in rodents improves
with practice (Deacon, 2006), however, this did not manifest in vinblastine-treated or
neuritis animals. The observed difference between the results of this study and the
reported unchanged burrowing behaviour following bortezomib treatment (Duggett
and Flatters, 2017) suggests that different animal models may have distinct effects
on this ethologically relevant behaviour.

7.4 Local axonal transport disruption does not increase
peripheral ongoing activity
It is widely accepted that peripheral ongoing activity is necessary to drive central
mechanisms that lead to neuropathic pain behaviours (Campbell and Meyer, 2006,
Gracely et al., 1992, Woolf, 2011, Xie et al., 2005). Therefore, as part of this study,
ongoing activity levels were assessed following vinblastine-treatment and
comparisons were made to the neuritis model. In vivo single-unit extracellular
recordings were performed from the L5 dorsal root to measure the levels of such
activity in individual neurons. Such techniques are highly advantageous over tissue
culture, since it allows examination of intact neurons without removing them from
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their natural environment (e.g. presence of blood supply and immune system). It also
enables recordings from the same population of neurons that are tested during
behavioural studies (i.e. neurons that innervate the plantar surface of the hind paw).
An additional advantage of single-unit electrophysiological recordings is that the
properties of specific nerve fibre types can easily be explored, which include
conduction velocity, receptive field characteristics and levels of ongoing activity,
and origin of such activity (i.e. peripheral terminals, nerve trunk, or DRG).
Nevertheless, several limitations are associated with such recording techniques. The
method is technically challenging and therefore, significant tissue injury during the
experimental set up could cause ongoing activity. Tissue longevity is another
associated limitation, since the cut dorsal root, which is extremely fine (6-10 µm),
can dry out during the recording.
The lack of an increase in ongoing activity levels at any of the examined time points
following vinblastine treatment is consistent with a previous investigation of
ongoing activity levels in A- and C-fibre neurons at the peak of mechanical allodynia
(Dilley et al., 2013). Because recordings were made from the L5 dorsal root,
ongoing activity from the peripheral terminals, treatment site and the DRG were
ruled out. Such observations contrast from the reported increase in ongoing activity
levels in both intact (Djouhri et al., 2006, Djouhri et al., 2012, Wu et al., 2001) and
cut/ligated axons following a traumatic nerve injury (Tal and Eliav, 1996, Kajander
et al., 1992, Chen and Devor, 1998, Pan et al., 1999, Matzner and Devor, 1994).
Similarly, elevated levels of peripheral ongoing activity are featured in
chemotherapy-induced peripheral neuropathy models (Xiao and Bennett, 2008),
which again differs from the vinblastine-induced axonal transport disruption model.
While behavioural changes were comparable between vinblastine-treated and
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neuritis groups, there was a striking difference between the levels of ongoing activity
in C/slow Aδ-fibre neurons, which is indicative of mechanistic differences between
the models. Consistent with previous reports, ongoing activity levels were increased
in nociceptive neurons at the peak of mechanical and cold allodynia following
neuritis (Bove et al., 2003, Dilley et al., 2005). The observed electrophysiological
changes were rapid, with increased firing rates on days 1-2 post-surgery. In contrast,
no such increase was present in Aα/β-fibre neurons. The development of ongoing
activity in C/slow Aδ-fibre neurons following neuritis is partially consistent with
previous studies on traumatic nerve injury models, where ongoing activity in Aβfibre neurons is the predominant feature (Boucher et al., 2000, Kajander et al., 1992,
Liu et al., 2000b, Xiao and Bennett, 2007). Such findings are also in line with
reports of increased afferent ongoing activity in other inflammatory models (Xiao
and Bennett, 2007, Kelly et al., 2012) and are suggestive of a role for inflammation.
An observed slowing of C/slow Aδ-fibre conduction velocities in the L5 dorsal root
following both vinblastine treatment and neuritis is in agreement with previous
studies, where a reduction in conduction velocity was reported during the first week
post-surgery (Dilley et al., 2013, Dilley and Bove, 2008b, Dilley et al., 2005).
Moreover, this is comparable to conduction velocity slowing along intact nociceptive
nerve fibres following spinal nerve ligation (Shim et al., 2007). In contrast,
conduction velocity slowing along Aα/β-fibre neurons was absent following
vinblastine treatment, and such alterations were observed only a few hours after
neuritis surgery, which differs from traumatic nerve injury models (Kajander and
Bennett, 1992, Gabay and Tal, 2004).
While vinblastine treatment does not evoke a significant increase in ongoing activity
in nociceptor axons, the presence of such activity following neuritis is consistent
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with the ‘peripheral generator’ theorem, whereby peripheral ongoing activity drives
spinal changes responsible for neuropathic pain symptoms. These observations are
suggestive of mechanistic differences between both models. Vinblastine is in fact
anti-inflammatory by virtue of its anti-mitotic properties (Norris et al., 1977), and
the lack of an increase in ongoing activity in A- or C-fibre neurons following
vinblastine-induced axonal transport disruption is consistent with the necessity for
inflammation to activate such aberrant activity. While increase in peripheral ongoing
activity may underlie the symptoms of spontaneous pain, which are frequently
reported in the clinic (e.g. Bove et al., 2005), the lack of such activity following
vinblastine treatment suggests that spontaneous pain may not be a feature of this
model.
We hypothesised that following neuritis, axonal transport disruption leads to an
accumulation of anterogradely transported channels that are otherwise destined for
the peripheral terminals. Examples of such channels may include HCN, Nav1.8 and
TRP channels (Emery et al., 2011, Richards and Dilley, 2015, Belkouch et al., 2014,
Jung et al., 2008). Since ongoing activity is not increased following vinblastine
treatment, it is likely that following neuritis, the accumulated channels are sensitised
by the inflammatory response. Consistent with this hypothesis, a recent study has
demonstrated that the application of an inflammatory soup to the site of axonal
transport disruption following vinblastine treatment causes nociceptive neurons to
become ongoing (Govea et al., 2017). As such, the present data also supports that if
undamaged peripheral nociceptors exhibit ongoing activity, there must be a source of
inflammation. The observed lack of altered activity in Aα/β-fibre neurons may in
fact reflect the minor nature of nerve insult following vinblastine treatment and
neuritis.
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In both models, conduction velocity slowing in nociceptive nerve fibres is consistent
with the widespread effects of a relatively minor nerve injury. However, the cause of
such changes remains unclear. It may involve the generation of a chemical or
electrical retrograde signal from the treatment site, leading to altered kinetics or
expression of ion channels along proximal nerve segments (Gould et al., 2000, Black
et al., 2004, Tanaka et al., 1998). Alternatively, changes in axon morphology, such
as reduced diameter, could also lead to a reduction in conduction velocities, which
has previously been observed in patients with diabetic neuropathy (Malik et al.,
2001).

7.5 Local axonal transport disruption induces spinal cord
changes
To determine whether there were signs of increased excitability in the spinal cord
that may underlie neuropathic pain behaviours following vinblastine treatment and
neuritis, in vivo single-cell spinal cord recordings were employed. The main focus
was on WDR neurons, since they display a frequency-dependent increase in
excitability to repetitive noxious input, known as wind-up, which shows similarities
to central sensitization (Li et al., 1999). As such, changes in wind-up may indicate an
increase in dorsal horn excitability, which may underlie neuropathic pain
development. In addition, ongoing activity and mechanical thresholds of WDR
neurons were also examined, since alterations in these properties could also indicate
excitability changes. Similarly to L5 dorsal root recordings, single-cell spinal cord
recordings allow the examination of intact neurons in situ. Furthermore, since
neuronal circuits remain intact, the identification of the receptive field can be used to
confirm that recordings are made from a population of neurons that correspond to the
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area of the hind paw tested during behavioural studies. The main limitations
associated with single-cell spinal cord recordings include a technically challenging
set up and the inability to distinguish which neuron in the spinal cord circuitry (i.e.
excitatory vs. inhibitory, interneuron vs. projection neuron) recordings are made
from. Additionally, in this study, experiments were conducted on non-decerebrate
animals; therefore, activity of recorded WDR neurons may have been influenced by
descending inputs.
None of the neurons recorded during electrophysiological experiments were in the
superficial laminae, which receives nociceptive input and therefore, an alternative
approach was used to examine these neurons. To look for signs of increased
excitability within the superficial dorsal horn, c-fos expression following electrical
stimulation of the sciatic nerve was examined immunohistochemically. C-fos is a
recognized marker of injury-induced neuronal activation (Hunt et al., 1987),
although its precise role in pain pathways is not well understood. Additionally, c-fos
is an indirect indicator of central sensitization, since its expression is driven by the
activation of CREB, which mediates transcriptional changes that are associated with
such mechanisms (reviewed in Latremoliere and Woolf, 2009). As part of this study,
substance P levels were also assessed in the superficial laminae of the dorsal horn as
an

indicator

of

increased

spinal

activation

by

nociceptive

neurons.

Immunohistochemistry is a relatively simple technique with well-defined protocols,
which allows easy visualisation of specific antigens in a large number of samples.
Such technique also facilitates a direct comparison between samples from different
models, since different tissues can be mounted on the same slide. Although a popular
technique, immunohistochemistry is also associated with several drawbacks. These
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include non-specific labelling, a large window for human error due to a multi-step
process and difficulties with accurately quantifying the protein of interest.
The lack of an increase in wind-up following vinblastine treatment is in line with
findings in models of neuropathic pain that involve cutting or constricting nerves
(Chapman et al., 1998, Suzuki et al., 2001, Xu et al., 1995, Laird and Bennett, 1993,
Patel et al., 2015b). In contrast, an increase in wind-up following neuritis is
consistent with changes in chronic inflammation models (e.g. injection of CFA or
carrageenan into the hind paw or joints) (Traub, 1997, Herrero and Cervero, 1996,
Stanfa et al., 1992). Unchanged ongoing activity levels from tested WDR neurons
following vinblastine treatment and neuritis contrasts from findings following
traumatic nerve injury (Chapman et al., 1998, Laird and Bennett, 1993), chronic hind
paw inflammation (Kitagawa et al., 2005) and vincristine-induced peripheral
neuropathy (Weng et al., 2003). It was expected that at the peak of mechanical
allodynia, responses to direct mechanical stimulation of the receptive field would be
increased following vinblastine treatment and neuritis. However, there was no such
change. In fact, there was a significant decrease in the responsiveness of WDR
neurons to noxious cutaneous mechanical stimulation (i.e. 60 g von Frey
monofilament) following vinblastine treatment. Interestingly, the present data
revealed differences in mechanical responses between those WDR neurons at depths
of ≥ 550 µm from the surface of the dorsal horn compared to those < 550 µm
(deeper neurons were less responsive to mechanical stimuli), a finding that has not
been previously reported.
The increase in C-fibre stimulated c-fos expression in the superficial dorsal horn
following both vinblastine treatment and neuritis was comparable to findings in
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models of traumatic nerve injury (Catheline et al., 1999, Molander et al., 1994,
Molander et al., 1998, Ro et al., 2004). Similarly, the increase in c-fos expression
observed following A-fibre stimulation, though not significant, is in line with reports
using models of traumatic nerve injury (Bester et al., 2000, Kosai et al., 2001,
Molander et al., 1994) and vincristine-induced neuropathy (Thibault et al., 2013).
Furthermore, the decrease in the superficial dorsal horn area positively labelled for
substance P following vinblastine treatment is consistent with traumatic nerve injury
(Fitzgerald et al., 1985, Garrison et al., 1993, Villar et al., 1991, Barbut et al., 1981)
and inflammatory models (Marlier et al., 1991, Galeazza et al., 1995). Following
neuritis, no alterations in substance P labelling were found. However, findings in
other inflammatory models are varied and report an initial increase in substance P
labelling followed by a decrease (Marlier et al., 1991, Honore et al., 2000).
While the increase in wind-up response from deep WDR neurons following neuritis
suggests that this neuronal population is sensitized, the absence of such change
following vinblastine treatment questions the importance of wind-up in the
development/maintenance of neuropathic pain, especially since the pattern of pain
behaviours was similar between both models. This is further supported by the
observed differences in wind-up response between traumatic nerve injury (Chapman
et al., 1998, Suzuki et al., 2001, Xu et al., 1995, Laird and Bennett, 1993) and
inflammatory (Traub, 1997, Herrero and Cervero, 1996, Stanfa et al., 1992) models.
These discrepancies may reflect differences in the inflammatory response between
models, as well as the pattern of peripheral ongoing activity. For example, while
ongoing activity from nociceptors (i.e. C/slow Aδ-fibre neurons) is present in
neuritis (Bove and Dilley, 2010, Richards and Dilley, 2015, Bove et al., 2003) and
chronic inflammatory models (Djouhri et al., 2006, Kocher et al., 1987, Kelly et al.,
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2012, Xiao and Bennett, 2007), following traumatic nerve injury, such ongoing
activity is rarely observed (Boucher et al., 2000, Liu et al., 2000b) and when present,
rates are extremely low (Wu et al., 2001, Djouhri et al., 2006). Therefore, it is
plausible that activity from peripheral nociceptor axons may be responsible for the
neuronal changes necessary to increase wind-up response. In agreement, vincristineinduced peripheral neuropathy, which is associated with significant ongoing activity
in C-fibre neurons (Xiao and Bennett, 2008), also leads to signs of increased windup (Weng et al., 2003). Therefore, ongoing activity from nociceptive neurons may
indirectly contribute to the increase in wind-up despite the fact that their input to the
deep dorsal horn is mediated via polysynaptic pathways (reviewed in Herrero et al.,
2000). In contrast, ongoing activity in WDR neurons is reported to be directly driven
by injury-induced activity from primary sensory neurons (Pitcher and Henry, 2008).
As such, unaltered ongoing activity levels from deep WDR neurons following
vinblastine treatment and neuritis may reflect the absence of injury-induced
discharge from Aβ-fibre neurons (Bove et al., 2003, Bove and Dilley, 2010, Dilley et
al., 2013), which mainly synapse in the region of lamina V where the examined
WDR neurons are located (Todd, 2010).
The observed reduction in responsiveness of deep WDR neurons to noxious
mechanical stimuli following vinblastine treatment suggests altered neuronal
connectivity, or inhibition, within the dorsal horn, which may dampen the
nociceptive input. For example, activation of descending inhibitory pathways that act
on dorsal horn neurons has been demonstrated following chronic inflammation of the
hind paw (Green et al., 1998). A similar central mechanism might also underlie the
reduction in the responses to innocuous mechanical stimulation of the receptive
fields of WDR neurons at depths ≥ 550 µm compared to those < 550 µm.
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Furthermore, it suggests that there may be sub-populations of WDR neurons that
respond differently to the treatment. Since the mechanistic features of such changes
are still unclear, a peripheral mechanism, such as a decrease in the mechanical
sensitivity of the nociceptor peripheral terminals, cannot be ruled out. Mechanically
sensitive ion channel components are transported to the peripheral terminals by fast
axonal transport (Koschorke et al., 1994) and therefore, if transport is impeded, it
may impact the mechanical sensitivity of nociceptors. In the neuritis model, axonal
transport disruption occurs at a later time point compared to vinblastine treatment
(Dilley et al., 2013), which might explain why a similar decrease in noxious
mechanical sensitivity was not observed. The decrease in mechanical responses from
deep WDR neurons following vinblastine treatment despite the development of
mechanical allodynia suggests that these neurons may not be part of the mechanism
leading to neuropathic pain behaviours in this model. Other mechanisms, such as
increased activity of the superficial dorsal horn neurons, may play an important role.
Upregulation of c-fos expression may indirectly indicate central sensitization.
Therefore, it is likely that neurons expressing c-fos as a result of electrical
stimulation were sensitized following vinblastine treatment and neuritis. Since
repeated C-fibre stimulation did not block A-fibre neurons, potential contribution of
A-fibre nociceptors to the increase in c-fos expression when stimulating at C-fibre
strength cannot be ruled out. Furthermore, the observed increase in A-fibre induced
c-fos expression is most likely due to the activation of Aβ- and Aδ-fibre nociceptors.
The decrease in substance P levels suggests that nociceptor transmission is altered. It
is possible that such alteration may be caused by the repeated activation of
nociceptors, which may cause the depletion of neuropeptides from central terminals
(Klein et al., 1990). Although ongoing activity is lacking following vinblastine
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treatment, the development of axonal mechanical sensitivity has been reported,
similar to neuritis (Dilley and Bove, 2008a, Dilley et al., 2013, Bove et al., 2003,
Dilley and Bove, 2008b). As such, mechanically sensitive nociceptive axons could
be repetitively activated at the treatment site during limb movements (Dilley et al.,
2005, Boyd et al., 2005). Alternatively, the disruption of axonal transport following
vinblastine treatment may be sufficient to affect the retrograde transport of trophic
factors, such as NGF, from the peripheral terminals to the cell bodies. Since NGF is
considered to modulate substance P production (Nielsch et al., 1987, Fitzgerald et
al., 1985, Goedert et al., 1981), a decrease in NGF may impact substance P levels in
the central terminals of primary sensory neurons. The lack of a similar loss of
substance P following neuritis might reflect the slower time course of axonal
transport disruption.

7.6 Conclusions
The main aim of the present study was to determine if axonal transport disruption
along otherwise healthy axons is a potential cause of painful symptoms in patients
who have signs and symptoms of neuropathic pain, but no overt nerve damage.
Specifically, it was aimed to determine the contribution of peripheral and central
neuronal excitability as well as the role of nerve inflammation in the development of
neuropathic pain behaviours following axonal transport disruption. It was
hypothesized that localised axonal transport disruption will lead to the development
of neuropathic pain behaviours and that such behavioural changes will occur in the
absence of increased peripheral ongoing activity. It was also hypothesized that
axonal transport disruption will cause an increase in neuronal excitability within the
dorsal horn as well as alterations in peptidergic nociceptive transmission. This study
demonstrated that localised axonal transport disruption leads to the development of
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transient neuropathic pain behaviours in the absence of increased peripheral ongoing
activity. Consistent with the development of such behaviours, aberrant axonal
transport caused changes within the superficial dorsal horn that are typically
associated with central sensitization, but surprisingly, deep WDR neurons showed
signs of decreased excitability. In contrast, following neuritis, ongoing activity from
nociceptors was increased and there were signs of increased excitability in deep
WDR neurons, which is more in line with our current understanding of neuropathic
pain mechanisms.
Localised axonal transport disruption along intact axons drives transient cutaneous
hypersensitivities associated with both tactile and thermal stimuli (Section 7.3).
These findings further emphasise the importance of through-conducting axons in the
mechanisms of neuropathic pain, which may be relevant to those patients who lack
signs of a traumatic nerve injury upon clinical examination. In these patients, axonal
transport disruption may be driven by nerve inflammation (i.e. neuritis) (Dilley et al.,
2013). Supporting this proposal, magnetic resonance imaging studies in these
patients have identified increases in T2-weighted signal intensity along nerve trunks
that are consistent with neuritis (Dilley et al., 2011, Greening et al., 2018). This is
further supported by the persistent painful symptoms in a rat model of repetitive
motion disorders, where neuritis is a prominent feature (Barbe et al. 2013). The
potential mechanisms underlying neuropathic pain as a result of nerve inflammation
and subsequently axonal transport disruption are discussed below and are
summarised in Figure 7.1.
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Figure 7.1 Potential mechanisms underlying the development of neuropathic pain
behaviours following nerve inflammation and subsequently axonal transport
disruption.
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Localised axonal transport disruption leads to the accumulation of anterogradely
transported ion channels, which drives changes in axonal excitability (Section 7.4).
Interestingly, this accumulation itself is not sufficient to drive an increase in ongoing
activity levels, indicating that an alternative mechanism may underlie changes in
central neuropathic pain mechanisms responsible for allodynia. For example, at the
site of axonal transport disruption, proteins may be produced and retrogradely
transported to the cell bodies, where phenotypic/transcriptional changes are initiated.
In agreement with a retrograde chemical signal, an increase in activating

Figure 7.1 Potential mechanisms underlying the development of neuropathic pain
behaviours following localised axonal transport disruption and nerve inflammation. In
brief, local nerve inflammation (neuritis) leads to axonal transport disruption. Axonal
transport disruption in isolation leads to the accumulation of ion channels at the treatment
site, which become mechanically sensitive. The development of axonal mechanical
sensitivity may in fact underlie movement-evoked radiating pain and may also lead to
sensitisation of superficial dorsal horn neurons. At the treatment site, proteins are produced
that are retrogradely transported to the cell bodies (“injury signal”), where
phenotypic/transcriptional changes are initiated and may also partially mediate excitability
of the superficial dorsal horn. Such excitatory changes underlie the development of
stimulus-evoked neuropathic pain behaviours (i.e. allodynia). A decrease in deep dorsal
horn responses to mechanical stimulation observed following local axonal transport
disruption may be due to the lack of newly synthesized ion channels, or their components,
reaching peripheral terminals as a result of aberrant anterograde transport. Alternatively,
altered neuronal connectivity, or inhibition, within the dorsal horn may play a role. The
observed reduction in mechanical sensitivity of deep dorsal horn neurons may be partially
responsible for hypoalgesia observed in patients. In the presence of local inflammation,
inflammatory mediators sensitise ion channels that have accumulated at the treatment site
and lead to the development of ongoing activity in nociceptive nerve fibres. Such increase
in ongoing activity may underlie spontaneous pain and may drive excitability of the
superficial and deep dorsal horn. Together, spontaneous pain, allodynia, and movementevoked radiating pain are responsible for reduced general well-being, which in the rat is
reflected by reduced burrowing behaviour.
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transcription factor-3 in the nuclei of primary sensory neurons has been reported
following neuritis (Dilley et al., 2005). As previously discussed (Section 7.5),
localised axonal transport disruption is also likely to cause a reduction in the
transport of trophic factors, such as NGF, through the treatment site. As such, trophic
factors required for survival of adult sensory neurons as well as their phenotype
maintenance (Verge et al., 1996) may not be sufficiently transported to the cell
bodies, thus affecting the pattern of neurotransmitter release at the central terminals.
Therefore, instead of peripheral ongoing activity, alterations in retrograde chemical
signalling may lead to sensitisation of the dorsal horn. As proposed in Section 7.4,
increased peripheral ongoing activity is likely dependent on neuro-immune
interactions, which leads to sensitisation of accumulated ion channels. Such activity
undoubtedly contributes to central neuropathic pain mechanisms following neuritis
and may underlie spontaneous pain frequently reported by patients. Although
localised axonal transport disruption alone is not sufficient to drive an increase in
peripheral ongoing activity, it does lead to the development of axonal mechanical
sensitivity (discussed Section 7.5), which may be responsible for movement-evoked
pain and may also contribute to sensitisation of the dorsal horn. Such findings may
be directly applicable to patients with persistent radiating pain, as this could be due
to focal inflammation anywhere along the clinically implicated peripheral nerve.
Functional changes observed in dorsal horn neurons following localised axonal
transport disruption and neuritis are consistent with central neuropathic pain
mechanisms. These changes are driven by a peripheral signal, such as axonal
mechanical sensitivity, chemical retrograde signal, or in the presence of
inflammation, peripheral ongoing activity. Importantly, the likely sensitisation of the
superficial dorsal horn, which was indicated by an increase in c-fos
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immunolabelling, provides evidence that an increase in dorsal horn neuronal
excitability can be driven by localised axonal transport disruption alone. Based on
the ‘peripheral generator’ theorem (Campbell and Meyer, 2006, Gracely et al., 1992,
Woolf, 2011, Xie et al., 2005), the transient development of neuropathic pain
behaviours and increased c-fos expression in superficial laminae following axonal
transport disruption seems incongruous with the lack of increased peripheral ongoing
activity. However, the decrease in substance P levels in the dorsal horn suggests that
nociceptor transmission is altered in the absence of inflammation. Such observations
further support the role for a retrograde chemical signal in the initiation/maintenance
of central neuropathic pain mechanisms.
The presence of inflammation initiates distinct changes within the deep dorsal horn.
Specifically, increased excitability of deep WDR dorsal horn neurons is likely
dependent on inflammation-induced increases in peripheral ongoing activity from
nociceptors (Section 7.5). It is unclear whether deep WDR neurons are responsible
for the development of allodynia, however, their involvement in such mechanisms
following neuritis cannot be ruled out. In contrast, the reduction in mechanical
responses of deep WDR following localised axonal transport disruption suggests that
these neurons may not be implicated in mechanical allodynia in the absence of
inflammation. In fact, such reduction in mechanical responses suggests that a central
mechanism may underlie the decrease in cutaneous sensitivity observed in some
patients. Alternatively, this could be driven by decreased mechanical sensitivity of
the nociceptor peripheral terminals.
Taken together, localised axonal transport disruption along intact axons can induce
short-lived neuropathic pain behaviours, similar to neuritis. Despite similarities in
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the evoked behaviours, distinct mechanistic differences exist between the neuritis
and vinblastine models. The lack of increased peripheral ongoing activity following
localised axonal transport disruption contrasts from the widely accepted ‘peripheral
generator’ theorem, in which peripheral ongoing activity is thought to drive central
neuropathic pain mechanisms. Importantly, localized axonal transport disruption is
sufficient to induce excitatory changes within the superficial dorsal horn, which is
consistent with central sensitization. Such findings indicate that dorsal horn plasticity
can be initiated via alternative peripheral pathways. In fact, the development of
ongoing activity is likely to be inflammation-dependent and undoubtedly contributes
to the increased excitability of the superficial and deep dorsal horn following
neuritis.
Our findings confirm that axonal degeneration is not required for pain development
and that a relatively minor insult to the nerve is sufficient to lead to the peripheral
and central alterations that are implicated in neuropathic pain. These findings are
consistent with observations of neuropathic pain patients with no signs of frank
nerve injury and include those with non-specific arm and lower back pain,
fibromyalgia, complex regional pain syndrome 1 and whiplash-associated disorder.
Our findings provide further evidence for the role of inflammation in such patients
and suggest that aberrant axonal transport may underlie some of the symptoms.
Consistent with our findings, several studies have suggested a role for the disruption
of axonal transport of vital cellular components in chemotherapy-induced peripheral
neuropathy. Specifically, vinca alkaloids bind to β-tubulin and interfere with tubulin
assembly, thus inhibiting its polymerization (Gigant et al., 2005, Lobert et al., 1996)
and impeding anterograde and retrograde axonal transport (LaPointe et al., 2013). In
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agreement with such disruption, it has been demonstrated that there is a reduction in
the levels of axonal mRNA in the distal nerves following paclitaxel treatment
(Bobylev et al., 2015), which also disrupts axonal transport. Based on the current
data, it is likely that axonal transport disruption in sensory neurons may be at least
partially responsible for the development of painful symptoms in patients
undergoing vinca alkaloid treatment. Therefore, the development of therapies that
aim to repair dysfunctional axonal transport might be of specific importance to
patients with vinca alkaloid-induced peripheral neuropathy.
Future directions
In the present study, we demonstrated that a chemical signal may drive central
changes and the development of painful behaviours following vinblastine treatment.
Therefore, extensive investigation of retrograde axonal transport both distal and
proximal to the treatment site would be beneficial. Investigations could be carried
out using retrograde axonal transport tracing techniques (e.g. fluoro-gold) and by
looking at the accumulation of proteins, such as ion channels, within the proximity
of the treatment site. In addition, since decreased mechanosensitivity of the
peripheral terminals may play a role following vinblastine-induced axonal transport
disruption, there is a possibility that a small number of nociceptive nerve fibres are
dying back in the dermis (Siau et al., 2006). To examine this hypothesis, receptive
fields should be characterised and an assessment of PGP 9.5 expression, a marker of
intraepidermal nerve fibres, should be performed.
The role of the dorsal horn in the underlying mechanisms of neuropathic pain
requires further investigation. Other spinal cord activation markers could be
examined, such as extracellular-signal-regulated kinase, which may be a better
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marker of central sensitisation than c-fos (Ji et al., 1999). In addition, the
physiological properties of WDR neurons should be assessed at earlier and later time
points. In particular, studies should focus on WDR neurons within the superficial
laminae. Additionally, the role of ongoing activity in the development of increased
excitability in the dorsal horn in the neuritis model requires further investigation. In
these experiments, conduction along small-diameter neurons could be blocked (e.g.
using resiniferatoxin) prior to dorsal horn neuronal assessment. A role for microglia
in the spinal cord following neuritis and vinblastine treatment has not been
previously addressed. Activation of microglia is linked to the maintenance of pain
behaviours. A microglia marker (e.g. OX-42) or microglial activation marker (e.g.
phosphorylated p38) could be used for such a study (Jin et al., 2003, Hains and
Waxman, 2006).
The current study revealed a negative effect of vinblastine and neuritis treatments on
the general well-being of the animals as assessed by burrowing activity. In order to
further examine the extent of pain effects, additional ethologically relevant
behavioural tests could be used. These include: 1) the grimace scale, a method of
assessing the presence of pain based on facial expressions (Langford et al., 2010,
Sotocinal et al., 2011); 2) thigmotaxis, a predator avoidance measure (Wallace et al.,
2007, Hasnie et al., 2007); and 3) ultrasonic vocalizations, which are produced by
rodents in stressful situations in order to communicate with members of their social
group (Calvino et al., 1996, Han et al., 2005).
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The findings of the current study, together with the future studies proposed here,
could reveal a novel mechanism of neuropathic pain driven by axonal transport
disruption along intact axons. Understanding such a mechanism would be of
significant clinical importance, as it could provide us with greater knowledge about
the pathophysiology of neuropathic pain symptoms in patients who present without a
traumatic nerve injury and who represent a majority of clinical cases. Such cases are
among the hardest to treat and clinical outcomes are not satisfactory for the patients,
since current treatments are aimed at masking painful symptoms rather than targeting
their aetiology. This research would additionally advance our understanding of the
mechanisms underlying vinca alkaloid-induced peripheral neuropathy. The study
presented here marks just the beginning of an exciting and promising research topic.
Future research on axonal transport disruption may initiate new clinical trials,
leading to the development of novel therapies for the treatment of neuropathic pain,
which currently represents an unmet need in the pain field.
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Publications
1) Satkeviciute I, Goodwin G, Bove GM, & Dilley A (2018). Time course of
ongoing activity during neuritis and following axonal transport disruption. J
Neurophysiol 119: 1993-2000.
Abstract
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 noninflammatory
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 days 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. Because it is proposed that AMS underlies
mechanically induced 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. New & Noteworthy: Many patients with radiating pain lack signs of
nerve injury on clinical examination but may have neuritis, which disrupts axonal
transport. We have shown that axonal transport disruption does not induce ongoing
activity in primary sensory neurons but does cause transient axonal mechanical
sensitivity. The present data complete a profile of key axonal sensitivities following
axonal transport disruption. Collectively, this profile supports that an active
peripheral process is necessary for maintained axonal sensitivities.
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2) Satkeviciute I, Dilley A. [EXPRESS] Neuritis and vinblastine-induced axonal
transport disruption lead to signs of altered dorsal horn excitability. Mol Pain
2018:1744806918799581
Abstract
Background: Many patients with neuropathic pain present without signs of nerve
injury on routine clinical examination. Some of these patients may have inflamed
peripheral nerves (neuritis). In this study, we have examined whether neuritis causes
changes within the dorsal horn that may contribute to a central pain mechanism.
Comparisons have been made to a model of axonal transport disruption induced
using vinblastine, since neuritis disrupts such processes.
Results: At the peak of cutaneous hypersensitivities, recordings from deep wide
dynamic range (WDR) neurons revealed increases in wind-up following neuritis but
not vinblastine treatment. Ongoing activity from these neurons was unchanged.
Vinblastine treatment caused a reduction in the responses of WDR neurons to
noxious mechanical stimulation of the receptive field. The response of neurons to
innocuous mechanical stimulation was also reduced in WDR neurons that were at a
depth ≥550 µm following vinblastine treatment. An examination of the superficial
dorsal horn revealed an increase in c-Fos-positive neurons in both groups following
electrical stimulation of the sciatic nerve. The area of dorsal horn expressing
substance P was also decreased following vinblastine treatment.
Conclusion: These findings indicate that a minor nerve insult, such as neuritis, can
lead to changes within the dorsal horn that are consistent with a central neuropathic
pain mechanism.
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Appendix:
Ultrasound-guided injections
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Introduction
The majority of rat and mouse models of neuropathic pain are surgically induced,
which is necessary to expose peripheral nerves that are then cut or ligated. This leads
to extensive axonal degeneration. The most commonly used surgical models are the
spinal nerve ligation (Kim and Chung, 1992), spared nerve injury (Decosterd and
Woolf, 2000) and chronic constriction injury models (Bennett and Xie, 1988). The
surgery required to induce these models can be extensive. For example, induction of
the spinal nerve ligation model involves removing part of the back muscles and
vertebrae. These models have significant adverse effects on the welfare of the
animals. In addition to pain, animals may suffer weakness, paralysis and weight loss
(Kim and Chung, 1992, Decosterd and Woolf, 2000). Foot deformities frequently
occur and animals can develop abnormal postures and gait (Kim and Chung, 1992,
Attal et al., 1990). Grooming behaviour can also be affected (Vos et al., 1994), and
animals can show signs of autotomy (Zeltser et al., 2000). Postoperative pain is a
significant issue in nerve injury models, and many of the adverse effects associated
with extensive tissue damage are not reversible. As such, there is a need for
techniques that could be used to induce animal models of neuropathic pain without
the need for extensive tissue damage. Potentially, chemicals could be delivered
around peripheral nerves using direct injections.
Direct injections of local anaesthetics are routinely applied around the sciatic nerve
of an animal without physical exposure. During such experiments, laboratory
animals are commonly under inhalation aesthesia when a drug (~ 100 – 300 µl) is
injected using a 23-30 gauge needle. Injections can be performed at the sciatic notch
of the hind limb (Gerner et al., 2008, Kohane et al., 1998, Walker et al., 2009) or at a
point between the greater trochanter and the knee just posterior to the femur (Hu et
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al., 1997). The effectiveness of nerve block is commonly assessed by ipsilateral
motor block and loss of withdrawal reflex response. However, if substances that do
not have such effect on neurons were to be delivered, the effectiveness of delivery
could not be easily assessed. In such cases, the ability to visualise agent delivery may
be useful. One method that can visually confirm agent delivery to the nerve is
injection of an agent in combination with a dye (e.g. methyl blue). As such, the nerve
tissue exposed to the delivered agent changes colour confirming successful delivery
(Raykova et al., 2015). The downfall of such procedure is the need of an open
surgery and use of different equipment (e.g. microscopes). Delivery of an agent-dye
mixture to the nerve can also be confirmed following a gross nerve dissection
(Campoy et al., 2008). However, this requires a terminal procedure and is not
indicative of a successful agent delivery at the time of initial procedure. Currently,
ultrasound-guided injections are widely used by anaesthesiologists to induce nerve
block (regional anaesthesia) in humans (reviewed in Murray et al., 2010). Although
such injections of substances around the nerve have not been reported in rodents, this
technique has been successfully used for other experimental procedures such as
cancer induction (Tumati et al., 2013), intramyocardial delivery of substances
(Prendiville et al., 2014) and transfer of genes in utero (Henriques-Coelho et al.,
2007). Furthermore, ultrasound-guided sciatic nerve block in dogs has been
successfully performed (Echeverry et al., 2010). In this study, medical ultrasound
has been used as a tool to guide injection of CFA and vinblastine around rat nerves
as a method for inducing models of neuropathic pain. In line with the 3Rs, this
approach provides a refined alternative to surgery and will avoid the need to cut
nerves.
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Aims


To investigate whether ultrasound-guided injections of vinblastine or CFA
around the sciatic nerve induce mechanical and cold allodynia in rats.

Methods
In a group of animals (n = 19), ultrasound-guided injections of vinblastine (5.5 mM,
11 mM, 100 mM, 120 mM, 150 mM; n = 9), CFA (n = 7) and 0.9% w/v saline (n =
2) were made around the left sciatic nerve (Appendix Figure 1). Under general
isoflurane anaesthesia, the sciatic nerve in the thigh was imaged using a SonoSite MTurbo ultrasound unit (SonoSite, Lonodn, UK) with a 15 MHz linear array
transducer. When a clear view of the sciatic nerve was achieved under ultrasound
guidance, a hypodermic needle (19-30G; 19G: CFA; 23G: vinblastine; 25-30G:
initial studies on vinblastine) fitted with a 1 ml syringe was inserted into the thigh
between the myofascial planes of the hamstring muscles. Once the tip could be
visualized approaching the nerve trunk, a 150 µl bolus of agent (vinblastine or CFA)
was slowly injected around the nerve. The animal was allowed to recover on a heat
mat and was transferred to a clean cage. Monitoring of adverse effects and signs of
stress was performed as described earlier (see section 2.1.1).
Animals were tested for signs of neuropathic pain behaviours including mechanical
and cold allodynia. For detailed information regarding the methods used to test such
behaviours please refer to section 2.2. For experimental timeline see Appendix
Figure 2. Briefly, baseline behavioural values were obtained on three separate days
prior to ultrasound-guided injection and further behavioural testing was performed
for up to six days post-ultrasound-guided injection. Note that animals were not tested
at exactly same days post-injection. This varied between experiments. In six animals

257

(three in each vinblastine and CFA groups), the delivery of the agent to the nerve
failed. Such animals were removed from analysis.

Results
Mechanical allodynia
The mean baseline 50% paw withdrawal threshold was 14.55 ± 0.45 g in the
vinblastine-treated group (n = 4), which remained unchanged following ultrasoundguided injection (Appendix Figure 3A). In the neuritis group, the mean baseline 50%
paw withdrawal threshold was 15 g (n = 5), which reached a maximum reduction on
day one post-injection (mean 8.88 ± 1.15 g; Appendix Figure 3B). In case of salinetreated animal, the baseline value was 15 g (n = 1) and no signs of mechanical
allodynia were observed (Appendix Figure 3C).
Cold allodynia
The mean baseline percent paw withdrawal frequency was 1.67 ± 1.67% in the
vinblastine-treated group (n = 6), with the peak of behaviours observed on day two
post-injection (mean 33.33 ± 17.64%; Appendix Figure 4A). The mean baseline
percent withdrawal was 4 ± 4% in the neuritis group (n = 5), with no obvious
changes present following ultrasound-guided injection (Appendix Figure 4B). In
case of saline-treated animals, the mean baseline value was 3.33 ± 3.33 % (n = 2).
On day 3 post-injection, the mean percent paw withdrawal frequency was 28.28 ±
20% (Appendix Figure 4C).
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Appendix Figure 1 High-frequency ultrasound-guided injections of vinblastine, CFA or
saline around the sciatic nerve of the hind limb. A) A schematic representation of the
injection. The femur is used as a landmark to trace the sciatic nerve; B) Prior to injection:
the nerve is being approached by the needle; C) After injection: a pool of liquid can be seen
around the sciatic nerve (indicated by white arrows).
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Appendix Figure 2 Timeline of behavioural testing procedures: mechanical and cold
allodynia following ultrasound-guided injections of substances (vinblastine, CFA or saline)
around the sciatic nerve. Please note that the red arrow indicates the day of injection
following B3 testing. H, habituation; B, baseline testing; PO, post-operative (post-i.p.
injection).
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A

B

C

Appendix Figure 3 Ipsilateral development of mechanical allodynia following
ultrasound-guided injections of (A) vinblastine, (B) CFA or (C) saline. Raw data for
each animal is represented by a different symbol. The mean values for each treatment group
are represented by solid black lines. Total number of animals was 4, 5 and 1 in vinblastinetreated, neuritis and saline treated groups respectively. Note that the mean number of
animals varies at each time point, since animals were tested on different days post-injection.
Error bars = SEM.
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B

C

Appendix Figure 4 Ipsilateral development of cold allodynia following ultrasoundguided injections of (A) vinblastine, (B) CFA or (C) saline. Raw data for each animal is
represented by a different symbol. The mean values for each treatment group are represented
by solid black lines. Total number of animals was 6, 5 and 2 in vinblastine-treated, neuritis
and saline treated groups respectively. Note that the mean number of animals varies at each
time point, since animals were tested on different days post-injection. Error bars = SEM.
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Summary of findings


Ultrasound-guided injection of vinblastine or CFA around the sciatic nerve
induced signs of neuropathic pain.



A substantial variability between animals was observed post substance
injection in all treatment groups, especially when testing for cold allodynia.
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