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Abstract 
 

Patients with chronic pain conditions such as repetitive strain injury and 

complex regional pain syndrome frequently lack signs of a nerve injury on 

routine clinical examination. Evidence from the neuritis animal model 

suggests that painful symptoms could be generated from inflamed primary 

sensory neurons in the absence of gross pathological changes. In this model, 

nociceptive neurons develop signs of increased excitability. The aim of this 

project was to determine the mechanisms underlying neuritis-induced 

hyperexcitability, in particular C-fibre neuron ongoing activity. This study 

revealed that the pro-inflammatory cytokines TNF-α and CCL2 can increase 

ongoing activity in a subgroup of neurons that are subtly inflamed. Labelling 

of their cognate receptors revealed that CCL2 may mediate its axonal effects 

via glial CCR2, whereas TNF-α is likely to act through axonal TNFR1 

receptors. This study also examined the contribution of the sodium channel 

Nav1.8 and hyperpolarisation-activated cyclic nucleotide-gated (HCN) 

channels to the maintenance of neuritis-induced ongoing activity. The HCN 

channel blocker ZD7288, but not the Nav1.8 blocker A803467, decreased the 

rate of C-fibre neuron ongoing activity. ZD7288 also reversed neuritis-

induced heat hyperalgesia. The HCN2 isoform was shown to be present in 

all sizes of L5 DRG neuron, and was upregulated in small diameter cell 

bodies following neuritis. Finally, the effect of axoplasmic transport disruption 

along the sciatic nerve on the development of ongoing activity was examined. 

Such disruption was not conclusively shown to contribute to neuritis-induced 

C-fibre neuron ongoing activity, although it is a likely mechanism underlying 

the development of axonal mechanical sensitivity. These findings suggest 
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that HCN channels, as well as CCL2 and TNF-α, may be potential targets for 

the treatment of distressingly painful symptoms in the large group of patients 

whose conditions show neuropathic characteristics in the absence of a 

clinically detectable nerve injury.   
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1.1 Chronic pain 

Pain is described by the International Association for the Study of Pain (IASP) 

as “an unpleasant sensory and emotional experience associated with actual 

or potential tissue damage”.  The ability to sense pain is necessary for 

survival, and is usually protective.  However when pain persists, it can 

become chronic and debilitating and serves no beneficial purpose. 

 

Chronic pain is extremely prevalent, and can affect more than 20% of the 

population at any one time (Toblin et al. 2011). Patients with chronic pain can 

find their quality of life severely diminished, often presenting with symptoms 

that are unbearable and largely resistant to traditional analgesic treatment. 

The possible causes of chronic pain are numerous, with one notable 

example being dysfunction within the nervous system. 

 

1.1.1 Neuropathic pain 

Chronic pain resulting from a lesion or disease of the somatosensory 

nervous system is termed neuropathic (as defined by the IASP). Such pain 

can originate centrally (i.e. in the brain or spinal cord), or peripherally (from a 

peripheral nerve, plexus, dorsal root ganglion (DRG), or root). A neuropathic 

origin for chronic pain is easily established when there is obvious evidence of 

structural nerve damage, for instance following a frank trauma, or if a 

potentially nerve-damaging disease has been diagnosed, such as shingles, 

diabetes or multiple sclerosis (Dyck et al. 2000, Michalski et al. 2011). It has 

been estimated that up to 7% of the general population suffer from chronic 

pain conditions that are associated with neuropathic characteristics (Torrance 
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et al. 2006, Bouhassira et al. 2008). Typical indications of a neuropathic 

condition include spontaneous pain, increased sensitivity to mild pain 

(hyperalgesia), and pain evoked by otherwise innocuous stimuli (allodynia; 

Table 1.1). Additionally, these long-lasting painful symptoms often result in 

depression, anxiety, and sleep disorders (Freynhagen et al. 2006), which 

further adds to the detrimental effect on quality of life that such conditions 

impose. 

 

1.1.2 Chronic musculoskeletal pain in the absence of frank nerve 

damage 

There are however a large number of patients with chronic musculoskeletal 

pain who present with neuropathic-like symptoms, but who have no obvious 

underlying aetiology, nor any evidence of gross nerve pathology (i.e. axonal 

degeneration or demyelination) upon conduction tests. Such conditions 

include diffuse limb pain as well as lower back pain and fibromyalgia. These 

conditions are often work-related, and are thus associated with a high 

number of lost work days (Silverstein et al. 1998). Therefore the economic as 

well as social impact of such conditions is potentially vast.  

 

Non-specific arm pain (NSAP, also known as repetitive strain injury (RSI)) is 

an interesting example of a work-related upper limb disorder which is 

______________________________________________________ 

Table 1.1 Characteristic symptoms of neuropathic pain and IASP 
definitions (2010). Examples of paraesthesias and dysaesthesias include 
sensations of pricking, tingling, pins and needles, electric shocks or shooting 
pains, and hot or burning sensations. Hyperaesthesia and hypoaesthesia 
represent sensory gain or loss respectively.   
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Symptom 

 

 
IASP definition 

 

 
Paraesthesia 

 
An abnormal sensation, which can be either 
spontaneous or evoked 
 

 
Dysaesthesia 

 
An unpleasant sensation, which can be either 
spontaneous or evoked 
 

 
Hypoaesthesia 

 
Decreased sensitivity to stimulation (tactile or 
thermal; both are frequent) 
 

 
Hyperaesthesia 

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

 
Hypoalgesia 

 
Diminished pain response to a normally painful 
stimulus (usually mechanical or thermal)  
 

 
Hyperalgesia 

 
An increased response to a normally painful 
stimulus (usually mechanical or thermal)  
 

 
Allodynia 

 
Pain due to a stimulus (usually mechanical or 
thermal) that does not normally activate the 
nociceptive system 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1.1 Characteristic symptoms of neuropathic pain and IASP 
definitions (2010).  
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associated with repetitive movements such as keyboard and mouse use. 

Patients with NSAP present in the clinic with symptoms including diffuse pain 

in the arm, wrist and hand, paraesthesia (“pins and needles”), hyperalgesia, 

allodynia, deep muscle ache and tenderness, muscle weakness without 

wasting, and difficulties with co-ordination of fine finger movements. 

(Moloney et al. 2010). Although these symptoms occur in the absence of a 

frank nerve injury, they are suggestive of a neuropathic component. NSAP is 

thought to account for half of the reported number of patients with work-

related upper limb pain (Cooper & Baker 1996). 

 

Complex Regional Pain Syndrome Type 1 (CRPS1) is another fascinating 

condition whereby painful symptoms occur in the limbs in the absence of 

obvious structural nerve damage. CRPS1 often develops following injury or 

surgery, but persists long after their resolution. Like NSAP, CRPS1 is 

characterised by symptoms of devastating pain (spontaneous pain as well as 

allodynia and hyperalgesia). Oedema and autonomic changes such as 

sweating and hot or cold skin in the affected limb are also a prominent 

feature in CRPS1 (reviewed in Janig & Baron 2003).  

 

Although central nervous system (CNS) changes may account for some of 

these painful symptoms, there is now substantial evidence to suggest that a 

minor peripheral injury may be sufficient to cause symptoms. Both muscle 

and peripheral nervous system pathologies have been implicated in this 

process. 
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Clinical evidence for muscle involvement 

Chronic musculoskeletal pain may result from subtle muscle damage, for 

example following repetitive activity. In these situations, inflammatory 

processes are initiated within muscle and nearby soft tissue which result in a 

subsequent detrimental effect on sensory neuron function. Such processes 

include either nerve compression as a result of tissue swelling, or the release 

of inflammatory mediators from inflamed tissue which cross the epineurium 

of a neighbouring nerve and act directly on neurons to alter their activity. 

Pathology within muscle cells themselves could also contribute to the 

production of painful symptoms, particularly when there is evidence of 

mitochondrial dysfunction (Dennett & Fry 1988). Mitochondrial dysfunction in 

combination with an inadequate blood supply could cause muscle to become 

ischaemic and hypoxic (Lindman et al. 1991, Kadi et al. 1998), which may 

result in the activation and sensitisation of sensory neuron terminals (Mense 

et al. 2003). It should however be noted that the relationship between muscle 

biopsy findings and pain perception are unclear, and similar findings are 

frequently made in work-exposed pain-free subjects (reviewed in Hagg 2000). 

 

Clinical evidence for peripheral nervous system involvement 

There is now mounting evidence that the peripheral nervous system could 

play a key part in the generation of symptoms in some common chronic pain 

conditions, even when structural nerve damage is absent. Much of this 

evidence is from animal studies (reviewed below), although there are 

increasing clinical data from patients with NSAP and CRPS1 that imply a 

potential role for the peripheral nervous system.  
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Prominent signs of peripheral nervous system involvement in NSAP include 

changes in the function of both sensory and autonomic neurons. For 

example, vibration thresholds in the hand are elevated, indicative of changes 

in A-fibre neuron function (Greening & Lynn 1998, Greening et al. 2003), 

which is potentially an early sign of neuropathy (Lundborg 1988). In addition, 

nerve trunk mechanical sensitivity is common, whereby painful symptoms 

can be reproduced by palpation or movement of the median and ulnar 

nerves (Byng 1997, Lynn et al. 2002). The presence of nerve trunk 

mechanical sensitivity strongly implies the presence of peripheral nervous 

system pathology (Byng 1997, Greening et al. 2005, Greening & Dilley 2011). 

 

In the case of CRPS1, the presence of disproportionately painful sensations, 

which are often induced by movement or pressure in deep structures (Woolf 

& Mannion 1999) confirms that sensory abnormalities are a prominent factor 

in its aetiology. Furthermore, sensory deficits such as hypoaesthesia are also 

a common feature (Thimineur et al. 1998). Although CNS changes are 

strongly implicated in this syndrome (Maleki et al. 2000), there is compelling 

evidence for a contribution from the peripheral nervous system, in particular 

the autonomic nervous system.  For example, selective blockade of the 

sympathetic nervous system can effectively relieve painful symptoms in 

some CPRS1 patients (Raja et al. 1991). In addition, chemicals released 

from sympathetic neurons may activate or sensitise neighbouring sensory 

neurons in a process known as “sympathetic-afferent coupling” (Raja & 

Grabow 2002). The importance of alterations in autonomic nervous system 

function in CRPS1 are further highlighted by the fact that many of the typical 
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symptoms result from abnormal vaso- and sudomotor function (Janig & 

Baron 2003).  

 

The increasing clinical evidence which supports a peripheral nervous system 

component in chronic pain conditions in the absence of a frank nerve injury is 

particularly intriguing, and warrants further investigation to elucidate the 

potential underlying mechanisms. One interesting hypothesis is that a minor 

neural lesion caused by inflammation could be sufficient to drive neuropathic-

like symptoms in a host of painful conditions, from upper limb disorders like 

NSAP and CRPS1, to lower back pain and compressive neuropathies (Janig 

& Baron 2003, Bove 2009).   

 

1.1.3 Clinical evidence for nerve inflammation in painful 

musculoskeletal conditions 

The findings of many clinical studies infer a link between peripheral nerve 

inflammation and some neuropathic-like painful conditions. For example, 

raised serum levels of pro-inflammatory mediators, such as the cytokines 

tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-

6), and also C-reactive protein, have been reported in patients with chronic 

upper limb pain (Kivioja et al. 2001, Huygen et al. 2002, Maihofner et al. 

2005, Carp et al. 2007, Uceyler et al. 2007a, Gerdle et al. 2008). These 

elevated levels can often be correlated with pain severity. In addition, recent 

magnetic resonance imaging (MRI) studies have revealed inflammation at 

the wrist and forearm in the median and ulnar nerves and within the brachial 

plexus of patients with NSAP (Dilley et al. 2011). Interestingly, a link has 
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already been established between nerve inflammation and the aetiology of 

several painful peripheral neuropathies, such as whiplash associated 

disorder, diabetic neuropathy, endoneurial vasculitis, radiculopathies, and 

paraneoplastic peripheral neuropathy (Said 1995, Smitt & Posner 1995, Said 

et al. 1997, Cain et al. 2001, Alpar et al. 2002, Rodriquez et al. 2004). Thus, 

any future discoveries which support a role for peripheral nerve inflammation 

in the production of neuropathic-like painful symptoms could be potentially 

far-reaching. 

 

1.2 The physiology of nociception 

In order to determine the specific mechanisms underlying the 

pathophysiology of chronic pain conditions, it is crucial that we first 

understand how normal physiological pain signalling occurs, and how 

changes within these signalling processes could lead to painful symptom 

production. 

 

Sensory information is first detected and then transmitted from peripheral 

terminals to the CNS for processing by specialised nerve cells of the 

peripheral nervous system known as primary sensory neurons. The detection 

of painful stimuli, or nociception, is carried out by a specific subpopulation of 

primary sensory neurons, known as nociceptors (reviewed in Julius & 

Basbaum 2001), the existence of which was first described by Sherrington 

over a century ago (Sherrington 1906). Nociceptive sensory nerve endings 

are located all over the body, where they innervate the skin, muscle and vital 

organs.  
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1.2.1 The physiology of primary sensory neurons 

Primary sensory neurons can be classified into subtypes based on their 

conduction velocity and receptive field properties. An example classification 

scheme is shown in Table 1.2. A-fibre neurons are myelinated and conduct at 

velocities between 4 and 70 m/sec, whereas C-fibre neurons are 

unmyelinated and thus conduct relatively slowly, between 0.4 and 2 m/sec 

(Lynn & Carpenter 1982). Neurons with A-fibre axons can be further divided 

into those which are heavily myelinated (Aβ-fibres) and thinly myelinated 

(Aδ-fibres).  

 

Aβ-fibre neurons 

Rapidly conducting Aβ-fibre axons emanate from large cell bodies within the 

DRG. Aβ-fibre neurons mainly detect innocuous mechanical stimulation (i.e. 

light touch, vibration, pressure, and stretch) applied to skin, muscle and joints. 

Such neurons respond to low threshold stimulation. The existence of a small 

population of Aβ-fibre nociceptors has also been reported (Fang et al. 2005), 

which respond only to higher threshold, nociceptive mechanical stimuli. 

 

The low threshold Aβ-fibre neurons of the skin are classified into two  

_______________________________________________________ 

Table 1.2 Classification of sensory neurons based on receptive field 
properties in the rat. Table compiled with the aid of Fang et al. 2005. Non-
noxious mechanical stimuli include light brushing of limb fur, skin contact and 
light pressure with blunt objects, light tap, tuning forks vibrating at 100 or 250 
Hz and pressure with von Frey filaments. If no response to these mechanical 
stimuli was seen, noxious mechanical stimuli is applied with a needle, fine 
forceps or coarse-toothed forceps, and a noxious heat is applied with hot 
water at 50–65°C. These noxious stimuli would be generally classed as 
painful when applied to human skin.  
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Table 1.2 Classification of sensory neurons based on receptive field 
properties in the rat.  

 
Fibre subtype 

 

 
Classification 

 
Fires in response to: 

 
 
 
 
 

C or Aδ 
nociceptive 

 
High threshold 
mechanoreceptor 
 

 
Noxious mechanical stimuli 

 
 
Mechano-heat  
 

 
Noxious mechanical stimuli and noxious heat. For 
C-fibres, these are divided into polymodal 
(superficial cutaneous RFs) or mechano-heat 
(deep cutaneous RFs) 
 

 
Mechano-cold 

 
Noxious mechanical stimuli and cooling (not 
ongoing at room temperature) 
 

 
 
 
 

Aβ nociceptive 

 
High threshold 
mechanoreceptor 
 

 
Noxious mechanical stimuli 

 
Moderate pressure (high 
threshold mechanoreceptor) 
 

 
Moderate pressure (adequate stimulus clearly 
in the noxious range and they are more excitable in 
response to noxious than non-noxious stimuli) 
 

 
 

C non- 
nociceptive 

 
Low threshold 
mechanoreceptor 
 

 
Slow moving gentle mechanical stimulus but not 
rapid hair movements 
 

 
Low threshold cooling 

 
Cooling (ongoing at room temperature; inhibited by 
radiant warming) 
 

 
Aδ non- 

nociceptive 
 

 
Low threshold 
mechanoreceptor (D hair) 
 

 
Slow movement of hairs, cooling stimuli and skin 
stretch 

 
 
 
 
 

Aβ non- 
nociceptive 

 
Low threshold 
mechanoreceptor: rapidly 
adapting – guard/field units 
 

 
Single hair movement (guard units) or movement 
of a group of hairs (field units) 

 
Low threshold 
mechanoreceptor: other 
rapidly adapting  

 
Mechanical stimulation of sensitive units in 
glabrous skin (those not associated with hairs); 
claw movements; strong tap but with no response 
to sustained light touch stimuli; remote mechanical 
vibration (possible Pacinian corpuscle units) 
 

 
Low threshold 
mechanoreceptor: muscle 
spindle 
 

 
Muscle manipulation (often show ongoing 
discharges due to stretch of leg muscles, do not 
have cutaneous RFs and firing follows a tuning fork 
vibration of 100–250 Hz). Includes groups I and II 
muscle afferents 
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subgroups, known as rapidly or slowly adapting. Within each of these  

subgroups there are also a number of subtypes. The Aβ-fibre neurons 

innervating deep structures are also divided into distinct subgroups. 

 

Rapidly adapting Aβ-fibre neurons 

During sustained stimulation, rapidly adapting neurons cease to fire action 

potentials after the first two or three seconds (Talbot et al. 1968). There are 

four main subtypes of rapidly adapting Aβ-fibre neuron. 

 

Pacinian corpuscles 

Pacinian corpuscles are nerve endings, each one associated with a single 

rapidly adapting Aβ-fibre axon. They are located deep within the skin or 

subcutaneous tissue of the hands and feet, and have extensive receptive 

fields (Lynn 1971). They do not sense slow movement but are excited by 

rapid transient skin movements, including those resulting from pressure and 

vibration (Hubbard 1958).  

 

Meissner's corpuscles 

Meissner's corpuscles are nerve endings, of which each one is associated 

with up to six rapidly adapting Aβ-fibre axons (Cauna 1956, Halata 1975). 

They are located in the areas of glabrous skin which are sensitive to light 

touch, including the digits. They are most sensitive to vibrations lower than 

50 Hz, and have discrete receptive fields (Lindblom 1965, Talbot et al. 1968).  
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Rapidly adapting (RA) neurons 

Aβ-fibre neurons with small receptive fields which are highly sensitive to skin 

movement are classified as the RA subtype, and are found in glabrous skin 

(Janig et al. 1968, Talbot et al. 1968). Similar rapidly adapting Aβ-fibre 

neurons are found in hairy skin where they are known as guard or field units 

(Burgess et al. 1968; Table 1.2). 

 

Hair follicles 

Hair follicles, which are each innervated by several myelinated neurons, 

convey rapidly adapting responses to hair movement (Sinclair 1981). The 

complexity and extent of follicle innervation is dependent on the type and 

function of the hair, for example rat whiskers (vibrissae) are each innervated 

by substantially more neurons than general body hairs. 

 

Slowly adapting Aβ-fibre neurons 

Slowly adapting neurons fire throughout their entire stimulation period, which 

can be for minutes at a time (Perl 1968, Lynn & Carpenter 1982). Two types 

of slowly adapting Aβ-fibre neuron have been identified in skin. 

 

Type I slowly adapting (SA) neurons 

Type I SA neurons have small receptive fields, fire irregularly in response to 

stimulation, and do not respond to lateral stretching of the skin (Iggo 1977, 

Knibestol 1975). In hairy skin, the endings of type I SA neurons are 

contained within structures called Pinkus corpuscles, which are usually 

associated with hairs and appear as small elevations in the skin (Sinclair 
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1981). One neuron can innervate up to seven Pinkus corpuscles, and action 

potentials are initiated upon application of slight pressure to the corpuscle. In 

glabrous skin, endings of type I SA neurons are instead located within Merkel 

cells which are found in the deep epidermis adjacent to the dermal papillae 

(Munger 1965). 

 

Type II slowly adapting (SA) neurons 

Type II SA neurons are located in both glabrous and hairy skin (Iggo 1977, 

Knibestol 1975) and contrast with type I SA neurons in that they have more 

diffuse receptive fields and respond to lateral skin stretch, and show regular 

firing patterns during sustained stimulation (Torebjork & Ochoa 1980). Similar 

stretch-sensitive slowly adapting neurons, which are associated with 

structures known as Ruffini endings, have also been identified in glabrous 

skin (Pare et al. 2003). 

 

Muscle spindle neurons and Golgi tendon organs 

The low threshold Aβ-fibre neurons which innervate muscle (type I and type 

II muscle fibres) are components of muscle spindles, and respond to muscle 

stretch with rapid and sustained firing (Parekh et al. 2010). Another example 

of deep Aβ-fibre neurons are those which innervate Golgi tendon organs 

(Stephens et al. 1975, Houk & Henneman 1967). Golgi organs are collagen 

bodies which link muscle fibres with tendons, and each of these organs 

contains one Aβ-fibre neuron. The activation of these neurons by force 

initiates reflexes which control muscle contraction in higher centres (i.e. the 

Golgi tendon reflex).  
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Aδ-fibre neurons 

Medium diameter DRG cell bodies project Aδ-fibre axons, which conduct 

more slowly than Aβ-fibre neurons. The cutaneous terminations of both Aδ-

fibre and C-fibre neurons are not associated with other structures such as 

corpuscles, and instead exist as free nerve endings. Some Aδ-fibre neurons 

convey innocuous information, such as the rapidly adapting Aδ-fibre neurons 

which innervate hair follicles (down or D hairs; Adriaensen et al. 1983; Table 

1.2). Another class of Aδ-fibre neuron found mainly in glabrous skin is cold-

sensitive, which act to detect small falls in skin temperature (Iggo 1969). The 

majority of Aδ-fibre neurons however respond only to noxious stimulation. 

Such Aδ-fibre nociceptors are thought to mediate “first” or fast (i.e. rapid, 

acute and sharp) pain (reviewed in Julius & Basbaum 2001).   

 

Aδ-fibre nociceptors can be divided into two classes based on their response 

to heat and mechanical stimulation. Firstly, type I (high threshold mechanical 

Aδ-fibre nociceptors) respond to mechanical and heat stimuli, but with high 

heat thresholds (in excess of 50°C). This type of nociceptor probably 

mediates the first pain experienced as a result of intense mechanical stimuli, 

e.g. pinch or pin prick. These neurons have very discrete receptive fields and 

are slowly adapting (Lynn & Shakhanbeh 1988). Upon tissue injury, their 

mechanical and heat thresholds are lowered (i.e. they become sensitised). 

Secondly, type II Aδ-fibre nociceptors have a lower heat but a higher 

mechanical threshold and are thought to be responsible for the first pain 

experienced in response to noxious heat. These nociceptors have principally 

been detected in the hairy skin of primates (Treede et al. 1990).  
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C-fibre neurons 

Small diameter DRG cell bodies project slowly conducting, unmyelinated C-

fibre axons, which comprise the majority of peripheral nervous system 

afferents (reviewed in Woolf & Ma 2007). Some C-fibre neurons respond to 

innocuous stimulation, for example upon skin cooling (Iggo 1969; Table 1.2). 

Additionally, the existence of C-fibre neurons that are sensitive to warming 

(detecting as little as 0.1 °C increases in temperature) have been reported 

(Hensel 1981). In general however, C-fibre neurons are nociceptive (>90%; 

Fang et al. 2005). C-fibre nociceptors convey “second” or slow pain (i.e. 

diffuse, dull, ache; reviewed in Julius & Basbaum 2001).   

 

The majority of C-fibre nociceptors are described as polymodal. These 

polymodal neurons show a slowly adapting response upon both noxious 

thermal and mechanical stimuli, as well as following exposure to irritant 

chemicals such as capsaicin (the molecule that causes spiciness in chilli 

peppers; Dray 1992). Heat responses in these neurons are graded, whereby 

firing rates increase with increasing temperature (Lynn 1979). Some of the 

polymodal C-fibre neurons also respond to noxious cold (Georgopoulos 1976; 

Table 1.2). The receptive fields of polymodal C-fibre neurons are usually a 

small area or spot of less than 2 mm2 (Bessou & Perl 1969).  

 

Additionally, about 10-20% of C-fibre nociceptors can become mechanically 

sensitive when sensitised by tissue injury, and have thus been termed “silent” 

or “sleeping”. These silent neurons are more sensitive to chemical stimuli 

than other C-fibre nociceptors (Schmidt et al. 1995). 
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Classification of C-fibre neurons based on peptidergic expression  

C-fibre neurons have also been divided into two broad classes depending on 

their expression of certain neuropeptides and receptors. Firstly, the 

peptidergic population release substance P and calcitonin gene-related 

peptide (CGRP) and express TrkA, (the high affinity receptor for the 

neurotrophin nerve growth factor (NGF); Snider & McMahon 1998). Secondly, 

the non-peptidergic population does not express substance P or TrkA, but 

instead expresses purinergic P2X3 receptors and the c-Ret neurotrophin 

receptor (the target of glial-derived neurotrophic factor (GDNF); Dong et al. 

2001). The non-peptidergic population also selectively binds the α-D-

galactosyl-binding lectin IB4. It has not yet been ascertained whether the 

varying neurochemistry of these two groups has functional implications, 

although each of these C-fibre neuron populations appears to terminate in 

different locations within the spinal dorsal horn (Snider & McMahon 1998). 

 

1.2.2 Signal transduction in primary sensory neurons 

Sensory transduction is carried out by specialised transducers that are 

usually ion channels located in the neuronal membrane. These ion channel 

transducers are only activated when they are stimulated above a certain 

threshold. Primary sensory neurons which convey non-noxious sensory 

information (i.e. the A-fibre neurons which transmit signals regarding 

positioning, vibration or movement) express low threshold transducers which 

are activated by mechanical stimulation. In contrast, nociceptors are often 

capable of detecting a wide range of potentially tissue damaging stimuli (e.g. 

noxious heat, intense pressure and irritant chemicals; Burgess & Perl 1967), 
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and thus they express an extensive repertoire of transducers at their axonal 

terminals. Notable examples of sensory neuron transducers are detailed 

below. 

 

Transient receptor potential (TRP) channels 

TRP channels are a superfamily of non-selective cation channels. Many 

different TRP subtypes which are directly activated by sensory stimuli are 

expressed at primary sensory neuron terminals. 

 

TRPV1 

The TRP cation channel subfamily V member 1 channel, or TRPV1, 

mediates the moderate thermal nociception (elicited at temperatures around 

45 °C) conveyed by C- and type II Aδ-fibre nociceptors (Kirschstein et al. 

1999, Nagy & Rang 1999). It is also activated by capsaicin and other 

vallinoid compounds. TRPV1 can also be activated at room temperature 

when the extracellular pH drops below 6, and protons can also potentiate 

TRPV1 responses to capsaicin or heat (Tominaga et al. 1998). 

 

TRPV2 

The high threshold heat responses (evoked at temperatures around 52 °C) in 

type I Aδ-fibre nociceptors are mediated by another TRP family member, 

TRPV2. This channel shares around 50% sequence homology with TRPV1, 

but is insensitive to vallinoid compounds (Caterina et al. 1999). 
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TRPM8 

The channel responsible for transduction of cool stimuli is TRPM8 (Bautista 

et al. 2007, Colburn et al. 2007), which has a different C-terminal domain 

from the heat-sensing TRPs (McKemy et al. 2002). It is not yet clear whether 

TRPM8 is the detector of intense noxious cold (Bandell et al. 2004, Jordt et 

al. 2004). 

 

TRPA1 

TRPA1 has been identified as a transducer of mechanical information in hair 

cells (Corey et al. 2004), where it is thought to be directly gated by structural 

proteins. TRPA1 is also expressed in the cell bodies of C-fibre neurons and 

thus may contribute to noxious mechanical sensitivity (Kerstein et al. 2009). 

TRPA1 is also postulated to be cold sensitive, though it is not yet clear 

whether it is directly activated by cold (Zurborg at al. 2007). 

 

TRPV4 

TRPV4 is expressed at the cutaneous mechanosensory terminals of both A- 

and C-fibre neurons (Suzuki et al. 2003). TRPV4 is thought be sensitive to 

mechanical stimuli, because it is activated upon cell swelling and its deletion 

results in decreased responses to noxious mechanical pressure (Mizuno et 

al. 2003, Lechner et al. 2011). TRPV4 has also been associated with 

hypersensitivity to mechanical stimuli that results from tissue inflammation 

(Chen et al. 2007). There is some debate as to whether TRPV4 is directly 

activated by mechanical force, because cell swelling actually causes its 

indirect activation via a secondary messenger, which suggests that 
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something else upstream must act as the initial sensor of the mechanical 

signal (Liedtke 2005).   

 

Acid-sensing ion channels 

As their name suggests, acid-sensing ion channels (ASICs) are thought to 

contribute to the perception of pain in conditions of tissue acidosis 

(Waldmann & Lazdunski 1998). Studies in the nematode C. elegans revealed 

that mammalian ASIC subtypes 1, 2, and 3, which are expressed by sensory 

neurons (Garcia-Anoveros et al. 2001, Price et al. 2001), may also be 

transducers of mechanical stimuli (Chalfie 2009). Knockout studies have so 

far proved controversial in confirming a direct role for ASICs in sensing 

mechanical stimuli (Price et al. 2000, Price et al. 2001, Drew et al. 2004). 

 

KCNK2 channels 

Members of the K+ channel subfamily K (KCNK) form part of the two-pore 

domain potassium channel (K2P) family (Goldstein et al. 2001). KCNK2 is 

expressed by some C-fibre nociceptors (Kang & Kim 2006), where it can be 

activated upon the application of heat and pressure to the membrane. 

Furthermore, in mice lacking the Kcnk2 gene, an insensitivity to noxious 

pressure has been observed (Alloui et al. 2006). 

 

An interesting feature of sensory neuron transducers is that often their 

signalling properties are altered as a result of injury or inflammation in 

surrounding tissue. This manifests as a reduction in threshold and an 

increase in responsiveness to sensory stimuli in the primary sensory neurons 
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which innervate the affected area. This process is engaged to avoid further 

tissue damage and promote healing, and is termed peripheral sensitisation.   

 

1.2.3 Peripheral sensitisation 

Tissue damage or inflammation results in peripheral sensitisation via a 

cascade of events. Firstly, nociceptors as well as infiltrating and resident 

non-neuronal cells (such as mast cells, platelets, macrophages, neutrophils 

and fibroblasts) begin to release numerous endogenous factors. This forms 

an “inflammatory soup” around the sensory neuron terminals (reviewed in 

McMahon et al. 2005). These released factors include prostaglandin E2 

(PGE2), bradykinin, NGF, substance P, CGRP, as well as protons, adenosine 

triphosphate (ATP), lipids, cytokines and chemokines. Some of these 

mediators can interact directly with transducing ion channels to increase 

neuronal excitability. Mediators can alternatively act indirectly, via intracellular 

signalling pathways, to alter the threshold and kinetics of receptors and ion 

channels. Mediator effects can be acute, i.e. they occur fairly rapidly 

following tissue damage. Such examples include the lowering of the 

temperature required for TRPV1 activation by PGE2 and bradykinin (Cesare 

& McNaughton 1996), and changes in Nav1.8 sodium channel kinetics (Gold 

et al. 1998). Longer-term transcription or translational modifications also 

occur, for example the increased expression and transport of TRPV1 to 

neuronal terminals, due to the activation of the intracellular messenger p38 

mitogen-activated protein kinase (MAPK) by NGF (Ji et al. 2002). Peripheral 

sensitisation is responsible for the hypersensitivity to painful stimuli 

experienced upon tissue injury or inflammation. Usually, such 
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hypersensitivity is resolved once the injured tissue has healed or the 

underlying infection is treated.  

 

1.3  Animal models used in the study of neuropathic pain 

Since Sherrington first described the existence of nociceptors over one 

hundred years ago, the mechanisms underlying physiological nociception 

have been studied extensively. However, over the past two decades the 

focus of research has shifted towards the elucidation of the 

pathophysiological mechanisms underlying the development of chronic pain, 

particularly neuropathic pain. Most of our current understanding around 

these mechanisms has been greatly advanced by using animal models of 

peripheral nerve injury. All of these models, regardless of their aetiology, 

result in the development of quantifiable pain-like behaviours. In addition, 

primary sensory neuron hyperexcitability is a common feature of these 

models (reviewed in Campbell 2001). Such hyperexcitability can take the 

form of sustained action potential firing, or ongoing activity, that occurs in the 

absence of sensory stimuli or peripheral inflammation. Additionally, neurons 

may become sensitive to mechanical stimulation along their axons. The 

development of hyperexcitability in primary sensory neurons is considered to 

be a crucial part of the mechanism involved in the production of pain-like 

behaviours in models of neuropathic pain.  

 

Models of neuropathic pain are often induced by way of a frank peripheral 

nerve injury. In addition, models of chronic pain which display neuropathic-
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like characteristics without the necessity for gross nerve pathology have also 

been established. 

 

1.3.1 Models of neuropathic pain featuring frank nerve injury 

There has so far been a strong emphasis on the use of animal models 

featuring traumatic peripheral nerve injury to study neuropathic pain 

mechanisms. Such models often involve damaging all or part of the sciatic 

nerve or its contributory spinal nerves (Figure 1.1). Here, the 

pathophysiology associated with the most commonly used frank nerve injury 

models is reviewed. 

 

Chronic constriction injury (CCI) 

The CCI model was first reported by Bennett and Xie in 1988, and was 

established to investigate the mechanisms underlying compressive 

neuropathies. Four chromic gut ligatures are loosely tied around the sciatic 

nerve proximal to the sciatic trifurcation at the level of the mid-thigh, leaving  

a lumen that is just barely constricted (Figure 1.1; Bennett & Xie 1988, 

Coggeshall et al. 1993, Maves et al. 1993). This allows for a reduction but 

not complete elimination of blood flow through the epineurial vasculature. 

_______________________________________________________ 

Figure 1.1 Animal models of neuropathic pain featuring frank nerve 
injury. Three different models of neuropathic pain are demonstrated. Four 
loose chromic gut ligatures are tied around the sciatic nerve in the chronic 
constriction injury model (Bennett & Xie 1988). One or more spinal nerves 
emanating from the sciatic nerve are ligated and cut distal to the ligature in 
the spinal nerve ligation model (Kim & Chung 1992). The peroneal and tibial, 
but not the sural nerve, are transected in the spared nerve injury model 
(Decosterd & Woolf 2000). All three models result in injury to some of the 
primary sensory neurons innervating the ipsilateral hind limb. DRG = dorsal 
root ganglion. Diagram not to scale.  
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Figure 1.1 Animal models of neuropath pain featuring frank nerve injury.  
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Histology 

CCI to the sciatic nerve causes Wallerian degeneration. In addition to axonal 

degeneration, this process includes the loss of Schwann cells and infiltration 

of macrophages into the axon for the removal of axonal debris. As such, 

immune modulators are released at the constriction site (Bennett & Xie 1988, 

Coggeshall et al. 1993, Maves et al. 1993). CCI leads to a marked depletion 

in the number of heavily myelinated Aβ-fibre neurons within the sciatic nerve 

(Sommer et al. 1995). The L4, L5 and L6 DRGs thus contain a mixture of 

primary sensory neurons with intact and injured axons (Maves et al.1993). 

The initial occlusion of the nerve’s vasculature leads to epineural and 

endoneurial oedema, further compressing the nerve. Neuromas form at the 

site of the ligatures where the injured neurons sprout regenerating tips 

(Carlton et al. 1991). Uninjured nerve fibres in the nerve segment distal to 

the ligatures are exposed to the molecules produced during the Wallerian 

degeneration, such as neurotrophins and cytokines, and thus uninjured fibres 

could contribute to the pathophysiology.  

 

Behaviour 

Following CCI, animals develop pain-like behaviours which begin between  

five and seven days post-surgery, and persist for up to two months (Bennett 

& Xie 1988). Such behaviours include ipsilateral cold and mechanical 

allodynia, and heat hyperalgesia (Bennett & Xie 1988, Coggeshall et al. 1993, 

Maves et al. 1993). Signs of spontaneous pain, such as autotomy, guarding 

and excessive limping/licking of the ipsilateral hind paw, and avoidance of 

weight bearing on the injured limb, are also reported in this model. When 
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ligature materials other than chromic gut are used (e.g. plain or silk) to 

induce CCI, pain-like behaviours do not develop (Maves et al. 1993).  

 

Electrophysiology 

At the same time as the behavioural changes occur following CCI, Aβ- and 

Aδ-fibre neurons develop ongoing activity (Table 1.3) which originates at the 

injury site ( Amir & Devor 1993, Tal & Eliav 1996, Chen & Devor 1998) or the 

DRG (Kajander & Bennett 1992, Song et al. 2003). The tips of axons at the 

site of neuroma formation become mechanically sensitive (i.e. they fire in 

response to direct mechanical stimulation; Tal & Eliav 1996, Chen & Devor 

1998). This mechanical sensitivity occurs at an earlier time point than 

ongoing activity, which suggests distinct mechanisms.  

 

Spinal nerve ligation (SNL) 

The SNL model was first reported by Kim and Chung in 1992. SNL is 

induced unilaterally by tightly ligating the L5 and/or L6 spinal nerves just 

distal to the DRG, and the L4 spinal nerve is left intact (Figure 1.1). This 

model can therefore be used to examine whether nerve injury and the 

associated inflammation affects the physiology of the neighbouring uninjured 

axons of the L4 spinal nerve (Wu et al. 2001, Ma et al. 2003, Sapunar et al. 

_______________________________________________________ 

Table 1.3 Characteristics of ongoing activity in different animal models 
of neuropathic pain. In models using frank nerve injury (spinal nerve 
ligation (SNL) or chronic constriction injury (CCI)), high frequency A-fibre 
ongoing activity originating from the affected DRG or ligature site is a 
prominent feature in the days following surgery. C-fibre neuron ongoing 
activity however is slower in frequency and mainly observed in uninjured or 
inflamed neurons (i.e. neighbouring intact DRG neurons in SNL, or following 
neuritis). P.o. = post-operative.  
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Table 1.3 Characteristics of ongoing activity in different animal models 
of neuropathic pain.  

 
Animal 
model 

 

 
Origin of 

OA 
 

 
Day p.o. 

 
Proportion of OA 

 

 
OA rates 

 

 
References 

 
 
 
 
 

CCI 
 

 
 

L4-L6 DRG 

 
 

1 to 3 

 
30% of Aβ-fibre neurons 

 
15% of Aδ-fibre neurons 

 
3% of C-fibre neurons 

 
10 to 50 Hz for 
A-fibre neurons 

 
4 to 10 Hz for C-

fibre neurons 
 

 
 

Kajander & 
Bennett 1992 

 
 
 

Ligature 
site 

 

 
2 to 5 

 
6% of A-fibre neurons 

 

 
 
 

9 to 50 Hz 

 
 

Tal & Eliav 
1996 

 
Chen & Devor 

1998 

 
6 to 9 

 

 
13% of A-fibre neurons 

 

 
10 to 14 

 

 
8% of A-fibre neurons 

 

 
 
 
 
 
 
 
 
 
 
 

SNL 
 

 
 
 
 

L5 (injured) 
DRG 

 

 
 

1 to 3 

 
34% of A-fibre neurons 

 
0% of C-fibre neurons at all time 

points examined 
 

 
 
 
 
 

0.1 to 50 Hz for 
A-fibre neurons 

 
 
 
 
 

Liu et al. 
2000a  

5 to 9 
 

 
25% of A-fibre neurons 

 

 
21 to 23 

 

 
14% of A-fibre neurons 

 

 
 
 

L4 
(uninjured) 

DRG 

 
 

1 

 
High in A-fibre neurons (muscle 
afferents) at all time points, but 
comparable to sham controls 

 
45% of C-fibre neurons 

 

 
 
 
 

0.003 to 0.15 Hz 
for C-fibre 
neurons 

 
 
 
 

Wu et al. 2001 

 
2 
 

 
37% of C-fibre neurons 

 
7 
 

 
60% of C-fibre neurons 

 
 
 
 
 
Neuritis 
 

 
 
 
 

Neuritis 
treatment 

site? 
 

 
 2 to 3  

 
5% of C-fibre neurons 

 
0% of A-fibre neurons  

 
 

0.3 to 2 Hz 

 
Dilley et al. 

2005 
 
 

 
 
 

3 to 10  

 
17 to 35% of C-fibre neurons  

 
Some OA in Aδ-fibre neurons 

(reported combined with C-fibre 
incidence by Bove 2009) 

 
0% of A-fibre neurons days 6 to 

10 (Dilley et al. 2005) 
 

 
 
 

0.033 to >0.5 Hz 

 
Dilley et al. 

2005 
 

Bove 2009 
 

Dilley & Bove 
2010 
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2005, Djouhri et al. 2006).  

 

Histology 

The injured L5 neurons, particularly A-fibre neurons, undergo Wallerian 

degeneration (Vestergaard et al. 1997, Sapunar et al. 2005). Activated 

macrophages infiltrate the L5, but not L4, DRG (Hu & McLachlan 2002). 

Along the sciatic nerve, injured axons commingle with uninjured axons. 

 

Behaviour 

SNL induces spontaneous pain-like behaviours (e.g. guarding, licking, lifting 

of the afflicted paw) which are evident almost immediately after surgery and 

last up to six weeks (Kim & Chung 1992). In addition, evoked pain-like 

behaviours develop, such as mechanical and cold allodynia and heat 

hyperalgesia, which are pronounced from three days after surgery. These 

evoked behaviours are long-lasting, and persist for at least four months (Kim 

& Chung 1992).  

  

Electrophysiology 

 
Ongoing activity develops in the axotomised L5 Aβ-fibre (but not C-fibre) 

neurons, originating mainly from the L5 DRG (Table 1.3; Liu et al. 2000a). 

Uninjured L4 DRG neurons, particularly those with C-fibre axons, develop 

ongoing activity within 24 hours of surgery (Wu et al. 2001, Wu et al. 2002, 

Djouhri et al. 2006). 
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Spared Nerve Injury (SNI) 

In the SNI model, the tibial and common peroneal branches of the sciatic 

nerve are transected distal to the sciatic trifurcation, and the sural nerve is 

left intact (Figure 1.1; Decosterd & Woolf 2000). Sparing of the sural nerve 

allows the area of the hind limb skin in the sural innervation territory to be 

tested for behavioural responses, as none of these fibres are injured or 

damaged during the surgery (Decosterd & Woolf 2000). The SNI model 

results in the commingling of injured neurons from the tibial and peroneal 

nerves with intact neurons from the sural nerve within the DRG. One 

advantage of this model is that there is a high degree of reproducibility in 

terms of number of injured neurons, because the same proportion of nerve is 

transected each time.  

 

Histology 

Intact fibres sprout into denervated skin territories, which can alter the 

transduction properties in these regions (Decosterd & Woolf 2000). 

Sympathetic nerve fibres sprout close to sensory neurons by four weeks, and 

by eight weeks have invaded the DRG, forming basket-like structures around 

some of the sensory neurons (Pertin et al. 2007). 

 

Behaviour 

SNI produces mechanical allodynia as well as hyperalgesia (in response to 

mechanical as well as hot and cold stimuli) within the sural innervation 

territory by 24 hours which lasts for longer than 6 months (Decosterd & Woolf 

2000, Richner et al. 2011).  
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1.3.2 Models of neuropathic pain featuring minor nerve injury (nerve 

inflammation) 

As discussed, many patients with painful musculoskeletal conditions present 

with neuropathic-like symptoms in the absence of obvious evidence of frank 

nerve injury. Therefore the use of models which cause significant neuropathy 

due to extensive Wallerian degeneration do not necessarily reflect the subtle 

injury that possibly underlies the symptoms experienced in such conditions. 

To this end, models of chronic pain have been developed to investigate 

whether nerve inflammation could be responsible for the physiological 

changes that underlie the generation of such painful symptoms. 

 

Work-related musculoskeletal disorder (MSD) model 

An animal model of MSD was originally established to examine the effect of 

prolonged repetitive forearm motion on musculoskeletal anatomy and 

physiology, although interesting physiological changes in peripheral nerves 

have also been noted (Barbe et al. 2003, Clark et al. 2003, Elliott et al. 2009). 

This model may be relevant to conditions such as RSI. In this model, rats are 

trained to repeatedly reach and grasp for food for up to twelve weeks, which 

leads to morphological changes within the median nerve and surrounding 

soft tissues, as well as altered median nerve function and behavioural 

changes, which correlate with the degree of injury/inflammation.  

 

Histology 

Within three weeks of repetitive activity, inflammatory responses are 

apparent in the reach limb, including pronounced macrophage infiltration and 
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elevated pro-inflammatory cytokine levels, not only in the tendon and muscle 

(Barbe et al. 2003, Clark et al. 2003, Elliott et al. 2009) but also in the median 

nerve itself (Clark et al. 2003, Al-Shatti et al. 2005, Elliott et al. 2009). The 

inflammatory response persists for at least 12 weeks (Barbe et al. 2003, 

Clark et al. 2003, Elliott et al. 2009), by which point the nerve is often fibrotic 

and myelin degradation is evident (Clark et al. 2003). 

 

Behaviour 

Repetitive reaching causes the development of mechanical allodynia (Elliott 

et al. 2009) and a decreased reach rate (Barbe et al. 2003) by week six. The 

mechanical allodynia is still a feature at 12 weeks, at which time grip strength 

and task duration (an indication of task participation) is significantly reduced 

(Elliott et al. 2008). Such observations are indicative of a notable degree of 

discomfort. 

 

Electrophysiology 

A modest decline in conduction velocity of median nerve A-fibre neurons 

occurs at nine to twelve weeks (Clark et al. 2003, Elliott et al. 2008), which 

coincides with loss of myelin (Clark et al. 2003). 

 

Neuritis 

The neuritis model was developed to investigate the contribution that nerve 

inflammation alone may make to chronic pain conditions. Neuritis is a minor 

nerve lesion, produced in the absence of severe neuropathology such as 

demyelination or Wallerian degeneration (Bennett 1999, Eliav et al. 1999, 
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Bennett 2000, Chacur et al. 2001, Bove et al. 2003, Dilley et al. 2005). As 

such, it may be a useful tool in studying the mechanisms of painful 

symptoms that are produced in some patients where there is no detectable 

nerve injury. Neuritis is induced by applying an immune stimulant, such as 

complete Freund’s Adjuvant (CFA; attenuated bacterial cell wall) or zymosan 

(attenuated yeast cell wall), directly to the sciatic nerve at the level of the 

mid-thigh. Application of the stimulant is achieved by wrapping a band of 

Oxycel or Gelfoam soaked in the stimulant loosely around the exposed nerve. 

Importantly, this does not cause any constriction of the nerve (Eliav et al. 

1999). 

 

Histology 

Within two days of surgery, a vigorous immune response is initiated, mainly 

within the epineurium (Bove et al. 2009). During this time, immune cells, 

which include activated macrophages, neutrophils and T-lymphocytes, 

accumulate outside the perineurium. The numbers of immune cells peak at 

around four weeks post-surgery and are sustained for up to twelve weeks 

(Eliav et al. 1999, Gazda et al. 2001, Bove et al. 2003, Bove et al. 2009). 

There is usually little evidence of neurodegeneration (Eliav et al. 1999). By 

the end of the first week the perineurium becomes oedematous, with 

thickening and consolidation of the sheath occurring by four weeks (Bove et 

al. 2009). There is no penetration of immune cells across the perineurial 

sheath to the endoneurium, therefore T-lymphocyte levels within the 

endoneurium are low and those present probably gain access via 

endoneurial vessels (Bove et al. 2009). 
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Behaviour 

Neuropathic-like behaviours are initiated early following neuritis induction, 

such as heat hyperalgesia and mechanical and cold allodynia of the 

ipsilateral hind paw, which peak between three and five days post-surgery 

(Eliav et al. 1999, Bennett 2000, Bove et al. 2003). Following these initial 

behaviours, nociceptive responses return to pre-surgery levels by day eight, 

with no signs of continuing sensory abnormalities. 

 

Electrophysiology 

Electrophysiological studies have shown that following neuritis, C- and A-

fibre neurons remain functionally intact. Neuritis leads to the development of 

ongoing activity in C- and Aδ-fibre neurons from as early as two days post-

surgery, which originates at the lesion site (Table 1.3; Eliav et al. 2001, Bove 

et al. 2003, Dilley et al. 2005, Bove 2009). Ongoing activity is still present at 

day 10, but has started to resolve (Dilley et al. 2005). Axonal mechanical 

sensitivity (AMS) at the site of inflammation is also a notable feature of this 

model (Eliav et al. 2001, Bove et al. 2003, Dilley et al. 2005, Dilley & Bove 

2008a). The AMS is transient, and peaks within one week (Dilley & Bove 

2008a) and resolves by two months (Bove 2009). This neuritis-induced AMS 

contrasts with that seen in the CCI model. In the neuritis model, AMS 

develops in intact axons at the site of inflammation, whereas in the CCI 

model, AMS occurs at the tips of regenerating axonal sprouts (Tal & Eliav 

1996, Chen & Devor 1998). Following neuritis, mechanically sensitive axons 

respond to direct pressure as well as to stretch. The most sensitive axons 

respond to stretches of less than 5%, which is within the range of stretch 
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reported during normal limb movements (Dilley et al. 2005). The majority of 

neurons that develop AMS following neuritis are nociceptive neurons (i.e. C- 

and Aδ-fibre neurons) which innervate deep structures such as muscles and 

joints (Bove et al. 2003, Dilley & Bove 2008a). In addition, the conduction 

velocity of C-fibre neurons decreases following neuritis, and resolves by two 

months (Dilley & Bove 2008a). 

 

1.4 The role of sensory neuron hyperexcitability in neuropathic pain 

Studies using these animal models of chronic pain have provided strong 

evidence for a link between the development of primary sensory neuron 

hyperexcitability and the production of pain-like behaviours. As such, many 

clinical studies have been carried out in order to assess whether such 

hyperexcitability could also be mechanistic in painful symptom production in 

patients. Indeed, the presence of ongoing activity in primary sensory neurons, 

including nociceptors, has been demonstrated in humans with painful 

neuromas and peripheral neuropathy (Nystrom & Hagbarth 1981, Ochoa et 

al. 1982, Nordin et al. 1984, Serra et al. 2012). Bursts of ongoing activity in 

nociceptors (mainly C-fibre neurons) are thought to be be key in generating 

sensations of spontaneous pain (see Handwerker & Kobal 1993). Even low 

rates of nociceptor firing in humans (around 0.5 Hz) have been shown to 

cause sensations of pain when evoked by electrical stimulation (Konietzny et 

al.1981, van Hees & Gybels 1972, van Hees & Gybels 1981). Another form 

of sensory neuron hyperexcitability is the development of AMS. AMS is 

reported by patients, including those with NSAP, as pain in response to nerve 

palpation or stretch of peripheral nerves (Byng 1997, Lynn et al. 2002, 
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Greening et al. 2005). Both ongoing activity and AMS result in aberrant 

afferent input into the spinal cord. Studies using animal models have shown 

that long-term changes within the CNS as a result of such input may be 

responsible for the development of some neuropathic-like symptoms 

(reviewed in section 1.4.3).  

 

As these observations imply that primary sensory neuron hyperexcitability 

may be a crucial component in the development of neuropathic-like 

symptoms in patients, determination of the mechanisms underlying such 

hyperexcitability would be extremely valuable in identifying potential 

therapeutic targets for the relief of their symptoms. The precise mechanisms 

responsible for the development of ongoing activity or AMS in injured or 

inflamed sensory neurons remain unclear.  

 

1.4.1 Role of inflammatory mediators  

Nerve injury or inflammation commonly leads to the activation of immune 

cells and other supporting cells such as Schwann cells that are local to the 

site of injury (reviewed in Moalem & Tracey 2006). These cells release 

various inflammatory mediators including cytokines (protein, peptide or 

glycoprotein signalling molecules including the interleukins and interferons), 

chemokines (a family of small cytokines that induce directed chemotaxis), 

and many other molecules including histamine, neurotrophins, free radicals 

and transcription factors. As sensory neurons are often hyperexcitable at the 

site of injury or inflammation, it has been hypothesised that mediators within 

the resulting inflammatory soup could act directly on axons to alter their 
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physiology. There is mounting evidence to suggest that significant 

interactions occur between the nervous and immune systems. As such, the 

mechanisms by which inflammatory mediators may contribute to pain 

following nerve injury or inflammation have started to be investigated. Certain 

cytokines and chemokines have been particularly implicated in such 

mechanisms. 

 

Cytokines 

A number of studies have focused on the role of pro-inflammatory cytokines, 

in particular TNF-α, IL-1β and IL-6, in neuropathic pain states.  

 

Tumour necrosis factor-α 

In the neuropathic pain field, TNF-α is by far the most extensively studied of 

the cytokines. Studies have so far been centred around the acute effects that 

TNF-α has on the production of pain-like behaviours and on the 

electrophysiological properties of sensory neurons, in both naive animals and 

in those with gross neuropathy (reviewed in the following section). The 

findings from such studies provide strong evidence that TNF-α, when 

released as a result of nerve injury or inflammation, may directly contribute to 

the production of painful symptoms. 

 

Observations in untreated animals 

When TNF-α is directly administered at either the sensory neuron terminals 

in the skin (Cunha et al. 1992), or to peripheral nerves themselves (Wagner 

& Myers 1996, Wagner et al. 1998, Schafers et al. 2003a, Zelenka et al. 
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2005), pain-like behaviours develop, such as thermal hyperalgesia and 

mechanical allodynia. These behavioural effects are observed within 24 

hours of direct TNF-α application to peripheral nerves, and persist for up to 

10 days (Wagner & Myers, 1996, Wagner et al. 1998, Schafers et al. 2003a, 

Zelenka et al. 2005). Furthermore, the TNF-α antagonist etanercept inhibits 

TNF-α-induced allodynia and hyperalgesia when given prior to the 

administration of TNF-α (Sommer et al. 2001). This observation implies a 

role for TNF-α in the initiation of neuropathic pain. A number of reports have 

also shown that the direct application of TNF-α to uninjured sciatic nerves 

and peripheral receptive fields can cause ongoing activity to develop in Aδ- 

and C-fibre neurons within minutes of application (Sorkin et al. 1997, Leem & 

Bove 2002, Liu et al. 2002a, Zhang et al. 2002).  

 

Observations following nerve injury 

CCI-induced pain-like behaviours are reduced when TNF-α synthesis or 

signalling within the sciatic nerve is blocked at the time of nerve injury, using 

thalidomide or anti-TNF antibodies (Sommer et al. 1998, Lindenlaub et al. 

2000). In addition, the direct application of TNF-α causes faster rates of 

ongoing activity to develop in injured neurons compared with uninjured 

neurons (Schafers et al. 2003b). These effects on injured neurons persist for 

significantly longer than those observed in uninjured neurons. Such 

observations suggest that TNF-α has a greater sensitising role post-injury. 

 

The expression of TNF-α receptors (TNFRs) has also been shown to 

increase along injured sensory neurons (George et al. 1999, Shubayev & 
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Myers 2000, George et al. 2005). The upregulation of TNF-α and its 

receptors, primarily in Schwann cells and endothelial cells, are apparently 

among the first events to occur following sensory nerve injury or infection 

(Wagner & Myers 1996).  

 

Interleukin 1β 

Although not studied as extensively as TNF-α, IL-1β has emerged as another 

potential candidate in the production of neuropathic pain. 

 

Observations in untreated animals 

Similar to TNF-α, sensory behavioural changes are reported following skin or 

systemic administration of IL-1β (Opree & Kress 2000, Zelenka et al. 2005), 

which can be inhibited using anti-IL-1β antibodies (Sommer et al. 1999, 

Schafers et al. 2001, Schafers & Sommer 2007). The direct application of IL-

1β to uninjured peripheral nerves also caused increases in ongoing activity 

from neurons with Aβ- and Aδ-fibre axons (Ozaktay et al. 2002, Ozaktay et al. 

2006, Eliav et al. 2009), although the effect on Aδ-fibre neurons was 

transient (Ozaktay et al. 2002).  

 

Observations following nerve injury 

Like TNF-α, IL-1β is upregulated in the early stages following nerve trauma. 

A tenfold increase in neural IL-1β concentration has been observed following 

CCI (Uceyler et al. 2007b), and IL-1β messenger ribonucleic acid (mRNA) is 

increased following sciatic nerve transection or crush (Okamoto et al. 2001, 
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Shamash et al. 2002). In the neuritis model, IL-1β levels are also reported to 

be elevated (Eliav et al. 2009). 

 

Interleukin 6 

A role for IL-6 in neuropathic pain has also started to be investigated. There 

has been some controversy surrounding such a role, due to conflicting 

observations in different sensory neuron subtypes. 

 

Observations in untreated animals 

IL-6 has been shown to increase ongoing activity, mainly in Aβ-fibre neurons, 

three days following its application directly to the uninjured saphenous nerve 

(Eliav et al. 2009). Acute IL-6 effects on ongoing activity have been reported 

in C-fibre neurons when injected into gastrocnemius-soleus muscle 

(Hoheisel et al. 2005). In contrast, the rate of ongoing activity in uninjured 

Aδ-fibre neurons decreased after IL-6 was applied to the DRG (Ozaktay et al. 

2002) but not to the dorsal root (Ozaktay et al. 2006). It cannot therefore be 

completely substantiated whether IL-6 is an initiator of ongoing activity in 

nociceptors. 

 

Observations following nerve injury 

Peripheral nerve ligation leads to IL-6 upregulation in macrophages and 

Schwann cells at the lesion site, as well as in the DRG. Interestingly, this 

upregulation has been shown to correlate with the degree of mechanical 

allodynia (Murphy et al. 1999, Cui et al. 2000, Grothe et al. 2000).  
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Chemokines 

Both neuronal and non-neuronal cells associated with peripheral nerve injury 

can produce chemokines (e.g. Subang & Richardson 2001). Within the spinal 

cord, chemokines can stimulate microglia to release inflammatory mediators, 

which may in turn cause the production of pain-like behaviours (reviewed in 

Schomberg & Olson 2012). However there is mounting evidence that 

chemokines could also act directly on sensory neurons to elicit painful 

symptoms. 

 

Electrophysiological effects 

A study by Oh and colleagues (2001) revealed that the chemokine CCL2 

(previously known as MCP-1) can acutely excite uninjured sensory neurons 

when applied directly to DRG cell bodies. An excitatory effect for CCL2 was 

further demonstrated in injured DRG neurons (White et al. 2005, Sun et al. 

2006, Wang et al. 2010), and thus this chemokine is of great interest in 

peripheral neuropathic pain mechanisms. In addition to CCL2, various other 

chemokines have been shown to excite uninjured DRG neurons (Oh et al. 

2001). These include CXCL1 (growth-related oncogene-alpha; Wang et al. 

2008), CCL5 (regulated on activation normal T-cell expressed and secreted), 

CXCL12 (stromal cell-derived factor-α), and CX3CL1 (fractalkine). 

 

The direct effects of CCL2 application to the injured DRG are probably 

mediated by its cognate receptor CCR2, which shows an unusually high 

mRNA expression post-injury (White et al. 2005). In addition, de novo 

expression of CCL2 is observed in primary sensory neurons following nerve 
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injury (Thacker et al. 2009). Most of these CCL2 expressing neurons are C-

fibre neurons, which are reported to release CCL2 from their central 

terminals into the dorsal horn of the spinal cord in an activity-dependent 

manner. In addition to CCR2, the expression of other chemokine receptors 

such as CX3CR1, CXCR4, CCR5 and CCR4 has been demonstrated in 

nociceptive DRG neurons (Oh et al. 2001, Dubovy et al. 2010). Furthermore, 

the upregulation of a number of neuronal chemokine receptors, including 

CCR5, CCR2 and CXCR3, occurs in the experimental autoimmune neuritis 

model (where demyelination is induced in peripheral nerves; White et al. 

2005). Interestingly, the magnitude of chemokine receptor upregulation could 

be correlated with the extent of pain-like behaviours (White et al. 2005). Such 

receptors may thus represent axonal targets through which their chemokine 

ligands directly excite sensory neurons. 

 

Behavioural effects 

Behavioural studies further highlight the importance of CCL2 and its cognate 

receptor in neuropathic pain states. For example, a CCR2-specific receptor 

antagonist can reverse mechanical hyperalgesia in animals with focal nerve 

demyelination (Bhangoo et al. 2007), an effect also apparent following 

deletion of CCR2 (Abbadie et al. 2003). Other chemokines have also been 

implicated in the generation of chronic pain based on observations from 

behavioural studies. For example, the injection of chemokines such as 

CX3CL1, CXCL12 and CCL3 (macrophage inflammatory protein 1-α) into the 

rat hind paw produces mechanical allodynia (Oh et al. 2001), presumably by 

a direct interaction with their receptors. Furthermore, CXCL8 (IL-8) and 
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CX3CL1-induced hyperalgesia and allodynia, as well as pain-like behaviours 

induced as a result of chronic hind paw inflammation, can be blocked by their 

antagonists or specific antibodies and anti-sera (Milligan et al. 2004). A role 

for chemokines in the pain experienced upon skin inflammation was also 

emphasised in a recent study, which highlighted the chemokine CXCL5 as a 

key player (Dawes et al. 2011).  

 

Nerve growth factor  

Although a neurotrophin rather than a cytokine, NGF has been of much 

interest in nociceptive processes. NGF may play an indirect role in pain 

production by activating peripheral cells, including mast cells and neutrophils, 

which then in turn release cytokines (Lewin & Mendell 1994, Woolf 1996, 

Bennett et al. 1998). However it is well established that NGF can directly 

sensitise and excite nociceptive sensory neurons, particularly in situations of 

tissue injury and inflammation (Koltzenburg et al. 1999). In such situations, 

endogenous NGF levels are increased within inflamed tissue (Weskamp & 

Otten 1987, Aloe et al. 1992). In addition, de novo NGF production can be 

induced in non-neuronal cells such as Schwann cells following frank 

peripheral nerve injury (Heumann et al. 1987, Taniuchi et al. 1988). 

 

Behavioural effects 

When injected into muscle, NGF causes the development of hyperalgesia in 

both rats and humans (Lewin et al. 1993, Theodosiou et al. 1999). Several 

studies have shown that pain-like behaviours induced by frank nerve injury, 

including mechanical and thermal hyperalgesia and mechanical allodynia, 
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can be delayed or reversed using anti-serum to NGF (Herzberg et al. 1997, 

Ro et al. 1999, Theodosiou et al. 1999, Li et al. 2003). Interestingly, patients 

with mutations in the receptor for NGF, trkA, exhibit insensitivity to pain (Indo 

2001), which implies that NGF is a key mediator in normal nociceptive 

transmission. 

 

Electrophysiological effects 

Several lines of evidence suggest that NGF is crucial for the development of 

ongoing activity in nociceptive neurons. For example, when C-fibre neuron 

cell bodies are cultured in the presence of NGF for three days, one-fifth of 

neurons develop ongoing activity, compared with none its absence (Kitamura 

et al. 2005). The requirement for NGF in the initiation of ongoing activity in C- 

and Aδ-fibre neurons, following chronic injection of CFA into the hind paw 

and hind limb, has also been shown (Djouhri et al. 2001). A role for NGF in 

the acute development of ongoing activity in nociceptive C-fibre neurons has 

also been demonstrated when it is injected into the gastrocnemius muscle 

(Hoheisel et al. 2005). 

 

1.4.2 Role of ion channels  

Changes in the expression levels and location of neuronal ion channels, in 

particular those which are voltage-gated, may contribute to sensory neuron 

hyperexcitability. There is much evidence that this is a key mechanism in the 

development and maintenance of ongoing activity, as well as AMS. 
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Ongoing activity 

Animal models have repeatedly shown that nerve injury or inflammation can 

lead to ongoing activity originating from mid-axonal locations or the DRG 

(Table 1.3). Changes in the expression as well as in the trafficking and 

membrane insertion of axonal voltage-gated ion channels in both injured and 

neighbouring uninjured neurons (Djouhri et al. 2006) may cause neuronal 

hyperexcitability, due to the initiation of abnormal subthreshold membrane 

oscillations. These oscillations can potentially cross the threshold required 

for depolarisation and result in repetitive spontaneous pacemaker-like 

discharges (Amir et al. 1999, Liu et al. 2002b). A number of ion channels 

have been implicated in this process, particularly members of the voltage-

gated sodium channel (VGSC) family, as well as hyperpolarisation-activated 

cyclic nucleotide-gated (HCN) channels. 

 

Voltage-gated sodium channels 

VGSCs are responsible for action potential initiation and conduction in 

excitable cells (Catterall et al. 2005), because they allow rapid sodium 

influxes into cells and thus form the depolarising upstroke of action potentials 

(Catterall 2000, Goldin et al. 2000).  

 

Nine different mammalian VGSC isoforms, Nav1.1-Nav1.9, have been 

identified using electrophysiology, biochemical purification, and cloning 

(Table 1.4; Goldin, 2001). They share a common structural motif (Figure 1.2) 

and functionality but differing amino acid sequence in their alpha subunit 

isoforms, which accounts for the variation in their thresholds for activation 
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and duration of channel gating (Catterall et al. 2005). The mammalian 

isoforms are more than 50% identical in amino acid sequence in their 

transmembrane and extracellular domains (Catterall et al. 2005). Several of 

these VGSC isoforms are expressed by primary sensory neurons, and as 

such their role in peripheral chronic pain mechanisms has started to be 

investigated (Table 1.4). 

 

Nav1.3 

Nav1.3 is re-expressed in adult primary sensory neurons following nerve 

injury and inflammation (Waxman et al.1994), and therefore it seems a viable 

candidate to contribute to peripherally-mediated chronic pain. However, 

Nav1.3 knockout studies have so far shown no reversal of acute,  

_______________________________________________________ 

Table 1.4 Evidence for VGSC involvement in chronic pain. All nine 
mammalian VGSC isoforms are included for comparison. The role of a 
number of these isoforms in inflammatory and neuropathic pain has started 
to be investigated, by assessing the extent of channel expression in primary 
sensory neurons and the effect of VGSC gene manipulation in the 
development of pain-like behaviours. Some human nervous system 
disorders have also been linked to malfunction of certain VGSC isoforms.  
▲ = increased, ▼= decreased, ◄►= no change, _ = as yet no published 
observations, CFA = complete Freund’s adjuvant, SNL = spinal nerve ligation, 
SNI = spared nerve injury, CCI = chronic constriction injury. To induce 
inflammatory pain, an immune stimulant (CFA or carrageenan) is usually 
injected into the plantar surface of hind paw. For references, see the main 
body of the text. 
 
 
Figure 1.2 Primary structures of the α- and β-subunits of voltage-gated 
sodium channels. The α-subunit comprises four domains (I–IV), each with 
six α-helical transmembrane segments (S1–S6). The S4 segment of each 
domain contains positively charged amino acid residues which form part of 
the voltage sensor. The linker connecting S5 and S6 forms the external 
mouth of the channel pore and the selectivity filter. The cytoplasmic linker 
between domain III and domain IV (h) is responsible for fast inactivation 
(Benarroch 2007).   



46 
 

 
 

Table 1.4 Evidence for VGSC involvement in chronic pain.  

 
 
 

VGSC 
 

 
Expression in 

uninjured 
primary 
sensory 
neurons 

 

 
Expression in 
inflammatory 
pain models 

 
Expression in 
neuropathic 
pain models 

 
Effect of gene 
knockout on 

pain-like 
behaviours 

 
Nervous 
system 

disorders 
associated 

with channel 
 

 
Nav1.1 

 

 
High in DRG 
(mainly large 

neurons) 
 

 
◄► 

(carrageenan) 
 

  
_ 

 
_ 

 
Migraine,  
epilepsy 

 
Nav1.2 

 

 
Low 

 
◄► 

(carrageenan) 
 

 
_ 

 
_ 

 
Epilepsy 

 
 

Nav1.3 
 

 
 

Low in adult 

 
 

▲ 
(carrageenan) 

 

 
 

▲ (SNL, SNI) 
 

 
No effect on 

acute, 
inflammatory or 
neuropathic pain 

 

 
Accumulates in 

neuromas of 
human 

peripheral 
neuropathy 

 

 
Nav1.4 

 

 
Negligible 

_ _ _ _ 

 
Nav1.5 

 

 
Low 

_ _ _ _ 

 
Nav1.6 

 

 
High, mainly in 
large neurons 

 

 
◄► 

(carrageenan) 
 

 
_ 

 
_ 

 
_ 

 
 
 

Nav1.7 
 

 
 
 

All sensory 
neurons, 

predominantly 
small neurons 

 

 
 
 

▲ 
(carrageenan, 

CFA) 
 

 
 
 

▼ (SNL, SNI) 
 

 
 

Effective on 
acute and 

inflammatory 
pain, no effect 
on neuropathic 

pain 
 

 
Decreased in 
injured human 

DRG; 
accumulates in 

neuromas; 
mutations e.g. 
PE and early-

onset 
erythromelalgia 

 

 
 
 

Nav1.8 
 

 
 
 

Exclusively in 
small neurons 

 

 
 
 

▲ 
(carrageenan, 

CFA) 

 
▼ in L5 DRG 

(CCI, SNL, 
SNI) 

 
▲ in uninjured 
L4 DRG (SNL) 

 
▲ at injury site 

(CCI, SNL) 
 

 
 
 

Effective on 
inflammatory 

pain, no effect 
on neuropathic 

pain 
 

 
 
 

Accumulates in 
neuromas of 

human painful 
neuropathy 

 
 

Nav1.9 
 

 
Selective 

expression in 
small neurons 

 

 
 

▲ 
(carrageenan) 

 

 
 
▼ (SNL, SNI) 

 

 
Effective on 
inflammatory 

pain, no effect 
on neuropathic 

pain 
 

 
Increases in 

human 
proximal to site 
of nerve injury 
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Figure 1.2 Primary structures of the α- and β-subunits of voltage-gated 

sodium channels.  
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inflammatory or neuropathic pain-like behaviours, nor a reduction in ongoing 

activity (Nassar et al. 2006). 

 

Nav1.7 

In the uninjured DRG, Nav1.7 is expressed by most neurons (approximately 

85%, across all sizes) and is also abundant in sympathetic ganglia and at the 

peripheral terminals of sensory neurons (Sangameswaran et al. 1997, 

Toledo-Aral et al. 1997). It is expressed predominantly by C-fibre neurons 

(100%), followed by 90% of Aδ-fibre neurons (Djouhri et al. 2003a). This 

channel is not thought to initiate ongoing activity (Cummins et al. 1998).  

However, NaV1.7 is of particular interest in the chronic pain field, as 

mutations in the SCN9A gene (which encodes the Nav1.7 channel protein) 

lead to altered pain sensation. For example, the hereditary disease early-

onset erythromelalgia is an autosomal dominant gain-of-function disorder 

linked to at least nine distinct mis-sense point mutations in the SCN9A gene 

(Yang et al. 2004, Dib-Hajj et al. 2005). Symptoms include severe bilateral 

pain at the extremities as well as cutaneous vasodilation, which causes 

reddening of the skin (Dib-Hajj et al. 2007, Drenth & Waxman 2007). 

Paroxysmal extreme pain disorder (PEPD) is another gain-of-function 

disorder, also caused by mis-sense mutations of SCN9A, which are different 

from those associated with erythromelalgia. Symptoms in this case affect 

infants and include intense pain and flushing in the lower body during bowel 

movement or perianal probing, evolving over time to include ocular and 

mandibular regions (Fertleman & Ferrie 2006). Furthermore, inherited loss-

of-function mutations of SCN9A have been reported, which are linked with an 
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inability to sense pain (Cox et al. 2006, Goldberg et al. 2007). These patients 

have normal sensations of temperature and touch but are congenitally 

insensitive to pain, and as such are able to walk on hot surfaces, self-

mutilate, and do not feel puncture wounds or bone fractures (Cox et al. 2006). 

The inability to sense normal physiological pain in the absence of functional 

Nav1.7 channels conclusively demonstrates that Nav1.7 is crucial for pain 

perception, although its role in chronic pain remains unclear. 

 

Nav1.8 

Nav1.8 is particularly interesting for chronic pain researchers, as it is 

preferentially expressed in the cell bodies and terminal arbours of small 

diameter, i.e. mostly nociceptive, primary sensory neurons (Akopian et al. 

1996, Dib-Hajj et al. 1999, Fjell et al. 2000, Ogata et al. 2000, Djouhri et al. 

2003b). Nav1.8 has a relatively high threshold for activation compared with 

other sodium channels (approx. -36mV; Fjell et al. 2000) and becomes de-

inactivated during hyperpolarisation (Elliott & Elliott 1993). As such, Nav1.8 is 

thought to be a key participant in the sustained firing activity (i.e. trains of 

action potentials) that occurs during continuous sensory neuron 

depolarisation (Renganathan et al. 2001).  

 

Following peripheral nerve injury (e.g. SNL or CCI) the Nav1.8 channel has 

been shown to redistribute from the DRG to an axonal location proximal to 

the site of injury (Cummins & Waxman 1997, Novakovic et al. 1998, Gold et 

al. 2003). Such axonal accumulation may occur in spared/uninjured neurons 

as well as in those which are injured (Gold et al. 2003). This elevated 
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expression of Nav1.8 at the injury site could be sufficient to generate the 

ongoing activity that results from nerve trauma (Porreca et al. 1999). 

Increased Nav1.8 expression proximal to the peripheral injury site has also 

been shown in human neuromas from chronic neurogenic pain patients 

(Coward et al. 2000, Yiangou et al. 2000, Kretschmer et al. 2002, Black et al. 

2008). Antisense oligonucleotides and small interfering RNAs targeting 

Nav1.8 have been shown to reverse nerve injury-induced allodynia and 

hyperalgesia (Gold et al. 2003, Dong et al. 2007). However, pain-like 

behaviours develop as normal following nerve injury in the Nav1.8 knockout 

mouse (Akopian et al. 1999, Kerr et al. 2001) and the deletion of nociceptive 

sensory neurons using diphtheria toxin failed to attenuate mechanical or 

thermal hypersensitivity (Abrahamsen et al. 2008). 

 

Nav1.8 has perhaps been more crucially implicated in inflammatory, rather 

than neuropathic, pain mechanisms. Contrasting with the effect seen 

following nerve trauma, the injection of the immune stimulants carrageenan 

and CFA into the hind paw causes Nav1.8 expression to increase within the 

DRG (Aguayo & White 1992, Black et al. 1997, Tanaka et al. 1998). The 

inflammation-induced peak in Nav1.8 expression is shown to correlate 

temporally with the peak of hyperalgesia (Coggeshall et al. 2004), which 

implies a potentially direct involvement of this channel in the development of 

pain-like behaviours. Furthermore, inflammatory hyperalgesia can be 

attenuated by both Nav1.8 knockdown and knockout (Akopian et al. 1999, 

Porreca et al. 1999). Interestingly, direct application of inflammatory 

mediators such as TNF-α, PGE2, adenosine and serotonin to the DRG of 
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cultured neurons can also increase Nav1.8 current (Gold et al. 1996), via 

intracellular pathways (England et al. 1996). 

 

The use of Nav1.8 as a pharmacological target in the treatment of chronic 

pain has also been investigated by the pharmaceutical industry. A selective 

Nav1.8 channel blocker has proved effective in blocking C-fibre neuron 

ongoing activity following hind paw inflammation (Jarvis et al. 2007). Nav1.8 

inhibitors have also been shown to reverse pain-like behaviours, including 

mechanical and cold allodynia and heat hyperalgesia, in both nerve injury 

and inflammatory pain models (Gaida et al. 2005, Jarvis et al. 2007, Kort et 

al. 2008). Interestingly, Nav1.8 channel blockade does not affect sensations 

of acute pain, suggesting little participation of this channel in physiological 

nociception (Jarvis et al. 2007). 

 

Nav1.9 

Nav1.9 is most abundantly expressed in sensory ganglia, and is found mainly 

in small diameter nociceptive neurons (Cummins et al. 1999, Fang et al. 

2002). Heterologous expression of the Nav1.9 channel has so far proven 

extremely difficult, but investigations using native DRG currents have 

revealed that Nav1.9 carries a persistent current, which in all likelihood 

contributes to setting the resting membrane potential (Herzog et al. 2001). 

Blockade of Nav1.9 persistent currents could lead to neuronal 

hyperpolarisation, which may directly impact on excitability (Krafte & Bannon 

2008).  
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Increases in Nav1.9 expression have been reported in some human 

peripheral nerve fibres at locations proximal to nerve injury (Coward et al. 

2000). Experimentally, Nav1.9 expression in the DRG has been shown to 

increase following hind paw inflammation, but is downregulated after frank 

nerve injury (Dib-Hajj et al. 1998), an effect similar to that seen for Nav1.8. 

Knockdown studies have not so far proven a role for Nav1.9 in acute 

nociception nor in the production of behaviours such as thermal hyperalgesia 

and mechanical allodynia following SNL (Porreca et al. 1999). However, 

inflammation-induced thermal hyperalgesia (induced using formalin, 

carrageenan, or PGE2 injections into the hind paw) has successfully been 

reversed in the Nav1.9 knockout (Priest et al. 2005). A decrease in neuronal 

sensitivity to inflammatory mediators such as bradykinin, serotonin and ATP 

is also a feature of the Nav1.9 knockout (Amaya et al. 2006), which implies 

that like Nav1.8 there is potentially a greater role for Nav1.9 in the 

maintenance of inflammatory, rather than neuropathic, pain.  

 

Hyperpolarisation-activated cyclic-nucleotide gated (HCN) channels 

HCN channels are part of the super-family of inwardly rectifying voltage-

gated potassium channels (Postea & Biel 2011). The current carried by such 

channels, termed Ih, was first discovered in the sino-atrial node of the heart 

where it was attributed to pacemaking activity because the HCN channels 

were only activated when the cell membrane was hyperpolarised (Noma & 

Irisawa 1976). HCN channels and their associated Ih current were later 

discovered in neurons, particularly those which display 

rhythmic/spontaneous firing or subthreshold membrane oscillations (Pape & 
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McCormick 1989, McCormick & Pape 1990, Luthi & McCormick 1999), 

including injured primary sensory neurons (Chaplan et al. 2003, Sun et al. 

2005).  

 

Mechanisms of HCN channel activation 

HCN channels are activated upon hyperpolarisation of the membrane, which 

results in high Na+ influx and low K+ efflux (Figure 1.3). This flow of ions 

causes a slowly developing net inward current which eventually results in 

membrane depolarisation (Santoro & Tibbs 1999). This depolarisation 

activates a transient calcium current (IT), and the resultant influx of calcium 

triggers a rapid burst of action potentials. HCN channels do not inactivate, 

and thus hyperpolarisation starts the cycle again (reviewed in Pape, 1996). 

HCN channels are termed “nucleotide-gated” as their activation can be 

facilitated by the direct binding of cyclic adenosine monophosphate (cAMP) 

to a cyclic nucleotide binding domain on the channel (Kaupp & Seifert 2001; 

Figure 1.3). As such, modulation of HCN channel activity can occur via 

neurotransmitters that alter cAMP levels (Musialek et al. 1997). 

 

 

 

_______________________________________________________ 

Figure 1.3 Primary structure of HCN channels. HCN channels are 
composed of four subunits. Each subunit consists of six α-helical 
transmembrane segments (S1–S6). The S4 segment of each domain 
contains positively charged amino acid residues which form part of the 
voltage sensor. In the carboxyl terminus the subunits contain a cyclic 
nucleotide-binding domain (CNBD) that is connected with the sixth 
transmembrane α-helix via the C-linker (Postea & Biel 2011).    
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Figure 1.3 Primary structure of HCN channels.  
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HCN channel expression in sensory neurons 

There are four HCN channel subtypes (HCN1-4; Kaupp & Seifert, 2001, Biel 

et al. 2002). HCN1 is the most abundant subtype present in the DRG, and is 

found in almost all large and medium-sized DRG neurons, where it is 

localised to the cell body membranes (Chaplan et al. 2003, Tu et al. 2004, 

Jiang et al. 2008). HCN2 is also expressed in sensory neurons (Chaplan et 

al. 2003, Tu et al. 2004, Jiang et al. 2008), localised to the membrane of 

large neurons but found intracellularly in small and medium-sized neurons 

(Tu et al. 2004, Jiang et al. 2008) colocalised with CGRP, which is a marker 

of nociceptive neurons (Tu et al. 2004). HCN2 immunoreactivity has also 

been demonstrated along the membrane of unmyelinated axons (Jiang et al. 

2008). HCN3 and HCN4 are also present in DRG neurons but at lower levels, 

with HCN4 being confined to small-diameter neurons (Chaplan et al. 2003, 

Tu et al. 2004). 

 
 

Role of HCN channels in generating ongoing activity 

There is growing evidence to suggest HCN channels play a role in 

generating the ongoing activity that results from nerve injury. Firstly, the 

highly specific HCN channel blocker ZD7288 completely suppresses ongoing 

activity in injured Aβ-fibre neurons in the CCI and SNL models (Chaplan et al. 

2003, Lee et al. 2005, Hogan & Poroli 2008, Jiang et al. 2008) without loss of 

axonal conduction (Chaplan et al. 2003, Jiang et al. 2008). A smaller but still 

significant inhibition of ongoing activity is apparent in Aδ-fibre neurons after 

ZD7288 treatment (Chaplan et al. 2003, Jiang et al. 2008). ZD7288 has also 

been shown to change the firing patterns of ongoing neurons, from tonic or 
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regular firing to bursting (Sun et al. 2005, Jiang et al. 2008), which suggests 

that HCN channels may shape the pattern of ongoing activity. The 

pharmacological blockade of HCN channels either systemically (Luo et al. 

2007) or at the site of nerve injury (Jiang et al. 2008, Dalle & Eisenach 2005) 

also reverses mechanical allodynia. In addition, deletion of HCN2 from C-

fibre neurons prevents the development of pain-like behaviours following CCI 

(Emery et al. 2011). Finally, changes in HCN channel expression are 

apparent in sensory neurons following nerve injury. For example, HCN1 and 

HCN2 levels were reduced in the DRG following SNL (Chaplan et al. 2003) 

and CCI (Jiang et al. 2008), and redistributed to the injury site (Jiang et al. 

2008), which may represent part of the mechanism responsible for the 

generation of ongoing activity at the site of nerve injury. 

 

The HCN2 subtype has so far only been shown to contribute to the C-fibre 

neuron ongoing activity that is produced in an inflammatory pain model. 

HCN2 (but not HCN1) channel expression was elevated in small diameter 

DRG cell bodies following chronic inflammation of the hind limb (Weng et al. 

2012), and in the same study a partial reduction in C-fibre neuron ongoing 

activity rates was seen following systemic ZD7288 treatment.  

 

Axonal mechanical sensitivity 

The precise mechanisms underlying the development of AMS are poorly 

understood. Studies examining mechanically sensitive currents suggest that 

there are channels expressed by primary sensory neurons which directly 

transduce mechanosensation (Hu & Lewin 2006). Such mechanically 
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sensitive ion channels are synthesised in the neuronal cell bodies within the 

DRG, ready to be transported by fast axoplasmic transport to the peripheral 

terminals (Koschorke et al. 1994; Figure 1.4A), where there is a constant 

turnover of such channels. Primary sensory neurons are not usually 

mechanically sensitive at any location other than at their terminals. If 

axoplasmic transport is disrupted along an axon, transported channels 

destined for the terminals may accumulate and become inserted at the point 

of disruption, leading to a hot spot of excitability (Figure 1.4B). In cases of 

frank nerve injury, axoplasmic transport would be disrupted due to the 

physical transection of neurons. However, where AMS develops in the 

absence of a frank nerve injury, i.e. following neuritis, some other mechanism 

must be responsible. Inflammatory mediators, as well as compression of the 

nerve trunk in the absence of Wallerian degeneration, have been shown to 

disrupt axoplasmic transport (Kitao et al. 1997, Amano et al. 2001, Armstrong 

et al. 2004). Thus it is possible that local nerve inflammation could cause 

accumulation and insertion of mechanically sensitive ion channels into the 

axonal membranes of nociceptors at the inflamed site, leading to painful 

symptoms upon mechanical stimulation of that region. Indeed, disruption of 

_______________________________________________________ 

Figure 1.4 Axoplasmic transport in primary sensory neurons. A: Ion 
channels or their elements move along sensory neurons from their site of 
manufacture in the cell bodies of the DRG via axoplasmic transport to the 
periphery where they are inserted into the membrane. B: When axoplasmic 
transport is disrupted, e.g. using vinblastine, the transported channels can no 
longer be moved past the site of disruption. Instead they accumulate 
proximally to the disruption site. The application of pressure using a silicone 
probe to this proximal location causes C-fibre neurons to fire action 
potentials. This suggests that mechanically sensitive channels, and possibly 
other ion channels, dam up when axoplasmic transport is disrupted. Figure 
modified from Dilley & Bove 2008b.  
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Figure 1.4 Axoplasmic transport in primary sensory neurons.  
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axoplasmic transport in the sciatic nerve in the absence of axonal damage, 

by local application of the anti-mitotic agent vinblastine, causes nociceptors 

to become mechanically sensitive along their axons (Dilley & Bove 2008b). 

 

Relatively little is known about the transducer of mechanical information in 

primary sensory neurons, although a number of ion channels have been 

postulated to play a role (see section 1.2.2). It is also unclear whether the 

same channel mediates the innocuous touch and proprioreception conveyed 

by A-fibre neurons as well as the nociceptive mechanical information 

transmitted by C-and Aδ-fibre neurons. The currents activated by these 

different types of mechanical stimuli have been shown to display different 

properties (Drew et al. 2002), which suggests different underlying 

mechanisms. 

 

1.4.3 Consequences of sensory neuron hyperexcitability 

The development of hyperexcitability along the axons of primary sensory 

neurons results in an increase in the number of action potentials which travel 

in the direction of the CNS and towards the periphery. This increased afferent 

barrage can result in changes both centrally and at the peripheral terminals 

of primary sensory neurons. Both of these processes may be crucial in the 

production of neuropathic-like symptoms. 

 

Central sensitisation 

The central terminations of primary sensory neurons synapse with second 

order dorsal horn neurons within the spinal cord (reviewed in Campbell & 
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Meyer 2006). Aβ-fibre neurons project to deep spinal laminae (III, IV, V) 

whereas nociceptors project to more superficial laminae (I and II for C-fibre 

neurons and I for Aδ-fibre neurons, and Aδ-fibre neurons also project to 

lamina V; Campbell & Meyer 2006). The properties of spinal neurons are 

altered upon prolonged or repetitive input into the spinal cord from primary 

sensory neurons. These central changes are long-term, and include (but are 

not limited to) an increase in excitability, altered synaptic connectivity, and/or 

a loss of inhibition (reviewed in Latremoliere & Woolf 2009). 

 

Although nociceptor input is required to trigger central sensitisation (Cervero 

2009, Latremoliere & Woolf 2009), phenotypic changes within Aβ-fibre 

neurons also occur. For example, the expression and release of 

neuropeptides such as brain-derived neurotrophic factor (BDNF) from Aβ-

fibre neurons increases (Fukuoka et al. 2012). These neurons also begin to 

release substance P, which is usually only released from nociceptor 

terminals (Noguchi et al. 1995). It has been hypothesised that structural 

reorganisation of the dorsal horn following sensory nerve injury may cause 

Aβ-fibre neurons to sprout into the regions where C-fibre neurons normally 

terminate (Lekan et al. 1996, Mannion et al. 1996), although this has been 

the subject of some controversy (Bao et al. 2002). 

 

The alterations in spinal connectivity and the phenotypic changes which 

occur during central sensitisation mean that the signals conveyed by Aβ-fibre 

neurons can be perceived as noxious. This altered perception underlies the 

allodynia experienced by patients with neuropathic pain (Latremoliere & 
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Woolf 2009). The CNS is also thought to contribute to the development of 

hyperalgesia following nerve injury, due to the amplification of low level C-

fibre neuron input at the spinal level (Ikeda et al. 2006). 

 

Neurogenic inflammation 

Nerve injury or inflammation can also lead to antidromic discharges in 

primary sensory neurons, i.e. ongoing activity originating from the injured or 

inflamed part of the nerve that is directed towards the periphery. Such activity 

can cause activation of the peripheral terminals and the subsequent release 

of bioactive substances (Pinter & Szolcsanyi 1988, Szolcsanyi 1988, 

Koltzenburg et al. 1990). These substances include the neuropeptides 

substance P and CGRP (Holzer 1988, Maggi 1995). Both substance P and 

CGRP can then act on target cells, e.g. mast cells, immune cells, vascular 

smooth muscle cells, and sensory neurons themselves, producing 

inflammation, swelling, and hypersensitivity in a phenomenon known as 

neurogenic inflammation. The direct actions of these mediators on sensory 

neurons may result in cellular changes (see section 1.2.3) which increase the 

sensitivity of peripheral terminals and the subsequent development of 

hyperalgesia. Released neuropeptides and cytokines can also be 

retrogradely transported within the peripheral axons of injured and adjacent 

non-injured sensory neurons from the terminals to their cell bodies. In the cell 

bodies, this can cause activation of transcription factors, which in turn leads 

to further alterations in neuronal excitability (Gunstream et al. 1995, Song et 

al. 2003). 
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1.5 Summary 

Chronic pain is extremely prevalent and distressing. Sometimes the root 

cause of chronic pain is easy to identify, for example when peripheral nerves 

are subjected to a frank trauma. However, it is increasingly apparent that 

many patients with painful chronic musculoskeletal conditions experience 

symptoms consistent with neuropathic pain, but in the absence of a frank 

nerve injury. For this subset of patients, it is possible that muscle pathology 

contributes to their symptoms. However, there is mounting evidence that the 

peripheral nervous system could make a significant contribution to painful 

symptom production. In the absence of a major lesion, it is hypothesised that 

a subtle injury or inflammation of peripheral nerves could be sufficient to 

cause the sensory changes that underlie the development of the 

neuropathic-like symptoms experienced in this large group of patients. 

 

Pain signals are normally only transmitted by specialised primary sensory 

neurons called nociceptors, upon the activation of transducers at their axonal 

terminals by noxious stimuli. The action potentials that are thus generated 

are propagated along the nociceptors towards the spinal cord for processing. 

Upon tissue injury or inflammation, various inflammatory mediators are 

released into the vicinity of sensory neuron endings. These mediators act to 

either reduce the threshold at which the nociceptive neurons are activated, or 

to increase nociceptor excitability in a process known as peripheral 

sensitisation. When sensory neurons are injured mid-axonally, they begin to 

fire action potentials spontaneously and in response to mechanical 

stimulation at the injury site. This ongoing activity is thought to be 
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responsible for sensations of spontaneous pain. Aberrant firing from primary 

sensory neurons also results in long-term changes within the spinal cord and 

possibly at the peripheral terminals, which can result in the development of 

painful symptoms such as allodynia and hyperalgesia. 

 

Several animal models have been developed which produce symptoms akin 

to those experienced by patients with neuropathic pain. Both in models of 

frank nerve injury and models of subtle nerve injury/inflammation, 

physiological changes occur within sensory neurons, including the 

development of ongoing activity and AMS, which are thought to be 

mechanistic in the production of painful symptoms in patients. These 

observations highlight the fact that the changes in sensory neuron physiology 

which are potentially responsible for neuropathic pain can also occur in the 

absence of major trauma, and that nerve inflammation could therefore be a 

key contributor to sensory neuron hyperexcitability in some patients. 

The development of ongoing activity following nerve injury could be mediated 

either by the exposure of primary sensory neurons to agents released during 

an inflammatory response, which alter neuronal firing properties, or as a 

result of injury-induced changes in neuronal ion channel complement. There 

is mounting evidence that pro-inflammatory factors released near to 

peripheral nerves could directly cause sensory neurons to develop or 

increase their ongoing activity. TNF-α is a pro-inflammatory cytokine which 

has been extensively implicated in this process. In addition, many 

chemokines have been shown to interact directly with neurons to increase 

their excitability, and here the chemokine CCL2 is of particular interest. 
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Finally, voltage-gated ion channels may contribute to nerve injury-induced 

ongoing activity, especially the sodium channel Nav1.8 and HCN channels. 

So far a role for these channels in sensory neuron hyperexcitability has only 

been investigated in animal models of neuropathic pain where there is frank 

nerve injury. 

 

1.6 Aims of Project 

This project aims to determine some of the mechanisms that underlie the 

inflammation-induced development of ongoing activity in nociceptive primary 

sensory neurons. Using the neuritis animal model, this project will advance 

our understanding of the underlying peripheral mechanisms that could 

contribute to painful symptoms of patients with neuropathic-like pain 

conditions where there is no evidence of frank nerve injury. The ultimate goal 

of this work is the revelation of potential immune and/or pharmacological 

targets which may be useful in the treatment of such conditions. 

 

The effect of neuritis on the electrophysiological properties of C-fibre neurons 

and the development of pain-like behaviours will be determined. To establish 

whether it is possible that inflammatory mediators directly modulate neuronal 

excitability, the electrophysiological properties of non-inflamed, acutely 

inflamed, and chronically inflamed (neuritis) C-fibre neurons will be examined 

following the direct application of the pro-inflammatory cytokines TNF-α and 

CCL2 to the sciatic nerve. Although the project will specifically focus on 

ongoing activity, the development of AMS, conduction velocity changes, and 

the receptive field properties of such neurons will also be investigated. The 
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effect of neuritis on the neuronal expression of the cognate TNF-α and CCL2 

receptors will then be determined to identify the potential mechanisms 

underlying the electrophysiological effects. 

 

The contribution of HCN channels and the VGSC Nav1.8 to neuritis-induced 

C-fibre neuron ongoing activity will be determined with the aid of 

pharmacological agents. The role of HCN channels in the production of pain-

like behaviours following neuritis will then be examined. In addition, the 

effects of neuritis on the neuronal expression of HCN2 and Nav1.8 channels 

will be investigated using immunohistochemical techniques. 

 

Finally, the role of axoplasmic transport disruption in the generation of 

ongoing activity will be established. Such disruption may represent a crucial 

underlying mechanism in neuritis-induced hyperexcitability.  
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Chapter 2  

Materials and Methods 
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All experiments were conducted in strict accordance with the UK Animals 

(Scientific Procedures) Act (1986) and Home Office guidelines. Experiments 

were carried out using adult male Sprague Dawley rats (220-520 g) housed 

with access to food and water ad libitum in environmentally controlled 

conditions.  

 

2.1 Surgery  

All surgery was carried out under aseptic conditions using isoflurane 

anaesthesia (induction at 3% isoflurane in 4 L O2, maintenance at 1.75% 

isoflurane in 1 L O2). 

 

2.1.1 Neuritis model 

The left sciatic nerve was exposed at the mid-thigh level by blunt dissection 

through the biceps femoris muscle, and a seven to eight millimetre length 

gently separated from adjacent connective tissue. The nerve was wrapped in 

a strip (approximately 5 mm wide and 10 mm long) of sterile Gelfoam 

(Spongostan™; Ferrosan, Denmark) saturated with approximately 150 µl 

CFA (Sigma-Aldrich, Dorset, UK; 50% CFA in sterile 0.9% w/v saline). The 

Gelfoam was applied by passing it under the nerve using curved forceps 

(taking particular care to avoid stretching the nerve; Figure 2.1A) and gently 

wrapping the loose ends over the top (Figure 2.1B and C). The  

_______________________________________________________ 

Figure 2.1 Neuritis surgery. A: After freeing the sciatic nerve from the 
surrounding connective tissue, a strip of Gelfoam soaked in CFA is carefully 
positioned underneath the nerve using forceps. B and C: The Gelfoam is 
wrapped around the nerve. The photograph in C shows the positioning of the 
Gelfoam once it has been positioned around the nerve. The wound is then 
closed up and the animal allowed to recover. Figure courtesy of Dr. Dilley.   
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Figure 2.1 Neuritis surgery.  
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subcutaneous tissue and skin were sutured using 4/0 monofilament sutures 

(Vicryl; Ethicon, West Lothian, UK) and the animals were allowed to recover.  

 

2.1.2 Axoplasmic transport disruption (vinblastine) model  

The left sciatic nerve was exposed at the mid-thigh level by blunt dissection 

through the biceps femoris muscle, and a seven to eight millimetre length 

gently separated from adjacent connective tissue. A strip of sterile Parafilm 

(approximately 10 mm wide and 15 mm long) was positioned under the 

sciatic nerve to prevent contact of vinblastine with the surrounding tissue. 

The nerve was wrapped in a strip (approximately 5 mm wide and 10 mm long) 

of sterile Gelfoam soaked with 0.1 mM vinblastine (Sigma-Aldrich, diluted in 

0.9% w/v saline). Following a 15 minute exposure, the Gelfoam was carefully 

removed. The subcutaneous tissue and skin were sutured using 4/0 

monofilament sutures. For sham animals, surgical methods were identical 

except that the Gelfoam was soaked with sterile saline instead of vinblastine.  

 

2.2 Single unit recording techniques  

Electrophysiological recordings were carried out at three to six days post-

neuritis, which coincides with the peak of electrophysiological and 

behavioural changes that result from the lesion (Dilley & Bove 2008a, Eliav 

et al. 1999, Bove et al. 2003). Recordings were carried out at four to seven 

days following treatment with vinblastine (or saline for sham animals). 

 

2.2.1 Experimental set up 

Animals were anaesthetised with 1.5 g/kg 25% w/v urethane i.p. Smaller 
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doses of urethane were given i.p. as required to maintain absence of pinch 

withdrawal and corneal reflexes. Body temperature was maintained at 

physiological levels (37 °C) by using a rectal thermal probe linked through a 

feedback loop to a heating pad (Harvard Apparatus, Kent, UK).  

 

A lumbar laminectomy was performed from L2 to L5 to expose the spinal 

canal. The surrounding skin was sutured to a metal ring to form a mineral oil 

pool. The dura mater was opened and the L5 dorsal root was cut close to the 

dorsal root entry zone. The cut end of the dorsal root was placed onto a 

glass platform (9 mm x 5 mm, Figure 2.2A). Individual fine filaments (6-10 

µm in diameter) were teased from the dorsal root using finely sharpened 

forceps, and placed over a gold bipolar recording electrode (Figure 2.2B). 

Filaments were teased until single action potentials could be evoked using 

electrical stimulation of the dorsal root (Figure 2.2B) or sciatic nerve (Figure 

2.2C). Only filaments with clearly identifiable waveforms were studied. 

Recordings were occasionally made from larger multi-unit filaments to 

_______________________________________________________ 

Figure 2.2 Schematic diagram of experimental set up for teased fibre 
electrophysiological recordings. A: The body is secured in hip pins and 
the skin flaps sutured to a metal ring containing a pool of mineral oil. 
Following the laminectomy, the L5 dorsal root is cut at its entry zone to the 
spinal cord. The dorsal root is then placed on a square platform and is cut 
back further (at the distal end of the dashed line on the diagram) before 
teasing begins. B: Once the root has been teased into small filaments, each 
filament is placed over gold stimulating electrodes. In some preparations the 
dorsal root is electrically stimulated in order to identify isolated neurons and 
measure their conduction latency. C: The sciatic nerve is dissected free from 
surrounding tissue, and in neuritis animals the Gelfoam is removed. In some 
preparations the sciatic nerve is electrically stimulated distal to the neuritis 
treatment site to identify isolated neurons and determine their conduction 
latency. In addition this ensures that neurons are conducting through the 
neuritis treatment site.  
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Figure 2.2 Schematic diagram of experimental set up for teased fibre 
electrophysiological recordings.  
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assess proportions of ongoing activity. In order to determine the conduction 

latency and distance, action potentials were elicited by electrically stimulating 

either the dorsal root or sciatic nerve. Supramaximal electrical stimulation 

(square wave pulses; for dorsal root stimulation: 0.5 msec duration and 2-10 

V amplitude for C-fibre neurons, 0.05 ms and 0-2 V amplitude for A-fibre 

neurons; for sciatic nerve stimulation:10-20 V amplitude for C-fibre neurons) 

was applied using a constant voltage isolated stimulator (Digitimer, 

Hertfordshire, UK) to identify each neuron and determine conduction 

latencies. Action potentials were amplified (1-5 K), band-pass filtered (10 to 

5000 Hz), and monitored with an oscilloscope. Neuronal activity was digitised 

and recorded with Spike 2 software (Cambridge Electronic Designs, 

Cambridge, UK) for off-line analysis.   

 

2.2.2 Test agent delivery 

Two methods of test agent delivery were used during single unit recordings. 

The method used for each set of experiments is stated in the individual 

Methods sections. 

 

Method one 

The sciatic nerve was exposed in the mid-thigh and cleared from surrounding 

connective tissue for eight to ten millimetres. In neuritis animals, the Gelfoam 

surrounding the nerve was carefully removed. The treatment site or 

equivalent region in untreated animals was positioned through a small 

notched plastic well (5 mm x 8 mm x 4 mm) to allow suspension of test 

agents around the nerve. The notched edges of the chamber were sealed 
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using petroleum jelly to prevent leakage of test agents. The skin flaps were 

sutured to a metal ring to produce a mineral oil pool. 

 

Method two 

The sciatic nerve was exposed in the mid thigh and carefully freed from 

surrounding tissue for eight to ten millimetres. The nerve was positioned on a 

small plastic platform (10 mm x 5 mm) which is notched to support the nerve 

during test agent application and AMS testing. Absorbent cotton saturated in 

the test agent was positioned around the nerve on the platform. The notched 

platform prevented leakage of the test solution into the surrounding soft 

tissue. Between test agent applications, a piece of absorbent cotton soaked 

in warmed saline was applied to the sciatic nerve to prevent drying out. 

 

Both delivery approaches (well and absorbent cotton) have been 

successfully used in previous studies (Leem & Bove 2002, Sorkin et al. 

1997).  

 

2.2.3 Primary sensory neuron classification 

Neurons were classified by spike shape as well as conduction velocity. A-

fibre potentials were generally narrower and monophasic in shape, whereas 

C-fibre potentials exhibited broad biphasic spikes (Figure 2.3A). The 

conduction velocity was calculated from the conduction latency and the 

conduction distance (distance between the stimulating and recording 

electrodes). Neurons were classified as having A-fibre axons if their 

conduction velocity was >2 m/sec, or C-fibre axons if the conduction velocity 
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was <1.5 m/sec (Harper & Lawson 1985).    

 

For some of the cytokine experiments (i.e. the group where noxious 

stimulation of the periphery was carried out) and in some of the vinblastine 

experiments, receptive fields were also characterised. In this instance, once 

a neuron was identified electrically, receptive fields were identified by 

mechanical stimulation of the peripheral tissues (see Table 1.2). The fields of 

mechanically sensitive cutaneous A-fibre neurons were identified by lightly 

stroking the skin with a fine brush. The fields of mechanically sensitive C-

fibre neurons were identified by squeezing or probing the peripheral tissues 

with fingers and blunt forceps. The loose properties of the skin were 

exploited to carefully discriminate cutaneous versus deep fields (Leem & 

Bove 2002). Cutaneous neurons had receptive fields that remained 

associated with the skin regardless of the skin excursion. In contrast, deep 

neurons were identified by moving the skin and repeating the effective 

stimulus to the same underlying spot. To ensure that the axon of the 

identified neuron passed through the sciatic nerve in the mid-thigh, only 

those neurons with receptive fields in the most distal part of the limb (i.e. 

below the knee) were included in the study.  

_______________________________________________________ 

Figure 2.3 Typical examples of (A) isolated A- and C-fibre neurons and 
(B) confirmation that electrical and mechanically evoked responses were 
from the same neuron. A: Both neurons are shown on the same time scale 
(12 msec). Note the monophasic nature and narrow width of the A-fibre 
neuron, compared with the biphasic and wider shape of the C-fibre neuron. B: 
Five consecutive traces were triggered by electrical stimulation. In trace 3, an 
action potential was also elicited by mechanically stimulating the neuron’s 
receptive field (marked *). In this trace, the electrically stimulated action 
potential (marked **) was delayed because it fell within the relative refractory 
period of the previous action potential.  
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Figure 2.3 Typical examples of (A) isolated A- and C-fibre neurons and 
(B) confirmation that electrical and mechanically evoked responses 

were from the same neuron.  
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After the receptive field was located, it was confirmed that the electrical and 

mechanically evoked responses were from the same neuron. This involved 

stimulating the neuron mechanically from its receptive field whilst stimulating 

it electrically from the dorsal root. If the electrical stimulus occurred during 

the relative refractory period of the neuron following the mechanical 

stimulation, the action potential was not initiated or was delayed (Figure 

2.3B).  

 

2.2.4 Ongoing activity 

Recordings were carried out from neurons which were either silent, or which 

were firing ectopically (ongoing) during an initial three to ten minute baseline 

period. In order to determine whether the ongoing activity observed in these 

experiments originated from the lesion site (rather than the DRG), the sciatic 

nerve was cut during the final recording of the day in eight experiments: an 

initial cut was made distal to the lesion site, which was followed by a cut 

proximal to the lesion site. The presence of ongoing activity was assessed 

following each transection.  

 

2.2.5 Axonal mechanical sensitivity testing 

Axonal mechanical sensitivity was tested manually using a soft silicone 

tapered probe, which delivers forces up to 40 cN, although forces at or below 

20 cN were sufficient to activate mechanically sensitive axons in previous 

experiments (Dilley & Bove 2008a). The mechanical stimulus was applied 

successively along the length of sciatic nerve at the neuritis or vinblastine 

treatment site, or at an equivalent location in untreated animals. The duration 
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of each mechanical stimulus was one to two seconds. If one or more action 

potentials were initiated during this period, the axon was considered to be 

mechanically sensitive. Using the probe in this manner does not interrupt the 

conduction of action potentials, which was confirmed by electrical stimulation 

of the sciatic nerve or re-stimulation of the receptive field after testing for 

AMS.   

 

2.3 Behavioural tests 

Behavioural testing always took place within the day portion of the circadian 

cycle and was always performed at the same time on each day. 

 

2.3.1 Heat hyperalgesia testing 

The Hargreaves test for thermal hyperalgesia was carried out in the 

unrestrained rat (Hargreaves et al. 1988). Here, the threshold to hind paw 

withdrawal was determined in response to increasing temperature (which 

reaches the noxious range) applied to the sciatic nerve innervation territory 

using an infrared light source. 

 

The behavioural rig consisted of plastic chambers on a clear plastic flooring 

which allowed the paws to be visualised, and was raised to an appropriate 

height to allow application of the heat source (Ugo Basile, Varese, Italy). 

Animals were habituated to the rig for one hour on three consecutive days 

before the first day of testing.  

 

On each test day, animals were acclimatised for 15 minutes to allow for 
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exploration and grooming activities to cease. If animals urinated inside their 

enclosure, the animals were removed and dried, as was the enclosure. 

Testing would then not take place until at least two minutes post-drying. The 

calibration of the heat source was checked daily and re-calibrated if 

necessary. Animals were only tested if they were alert and not grooming. The 

heat source was positioned under the glabrous skin of the mid-plantar left 

hind paw, and applied at 50 °C for a maximum of 20 seconds, to avoid 

damage to skin. Prior to commencing the study, the intensity of the heat 

source was set such that the mean withdrawal latency was 10 to 15 seconds 

for the size and strain of the rat being tested. Withdrawal of the paw away 

from the light source caused cessation of the heat stimulus. If the animal 

ambulated rather than withdrew, this paw was re-tested with a minimum 10 

minute gap between tests. To avoid a sensitisation effect of repeated testing, 

only one test was performed on each side. The ipsilateral foot was always 

tested first, since during preliminary experiments the second foot to be tested 

consistently responded faster than the first. 

 

Baseline withdrawal thresholds were determined two days prior to neuritis 

surgery and on the day of surgery. The pre-surgery threshold was calculated 

from the average of these three values. Animals were tested once on the first, 

second and third days following surgery, and additionally on the fourth and 

seventh days for the neuritis time-course experiments (N.B. neuritis time-

course experiments were carried out by Dr. Pulman). 
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2.3.2 Mechanical allodynia testing 

A modified version of the previously established von Frey test for tactile 

allodynia (von Frey 1922, Chaplan et al. 1994, Tal & Bennett 1994) was 

employed. Here, the threshold to hind paw withdrawal in response to an 

innocuous punctate force applied to the sciatic nerve innervation territory 

was determined.  

 

The behavioural rig consisted of raised Perspex enclosures on a metal 

perforated floor which allowed full access to the paws. Animals were 

habituated to the rig for one hour on three consecutive days before the first 

day of von Frey testing.   

 

On each test day, animals were acclimatised for 15 minutes to allow for 

exploration and grooming activities to cease. Animals were only tested if they 

were standing and weight bearing. The area tested was the glabrous skin of 

the mid-plantar left hind paw, avoiding the less sensitive footpads. A series of 

von Frey nylon monofilaments (Ugo Basile) were applied to the paw. Each 

filament was presented perpendicular to the plantar surface and bent slowly 

to cause slight buckling against the paw, and held for five seconds. Stimuli 

were presented at 10 second intervals, allowing for resolution of any 

behavioural responses to previous stimuli. A positive response was noted if 

the paw was sharply withdrawn. This was sometimes accompanied by licking, 

shaking or holding of the affected paw. Each filament was applied a 

maximum of five times at 10 second intervals, or until two consecutive 

positive responses were recorded. The minimum size von Frey filament that 
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produced two consecutive responses was designated the withdrawal 

threshold. Testing commenced using a 4 g von Frey filament, which avoided 

unnecessary repeated application of finer von Frey filaments. If the animal 

failed to respond, von Frey filaments of increasing stiffness (6, 9, 12 and 15 g) 

were applied until two consecutive responses with the same filament were 

recorded. If there were no responses by the final testing of the 15 g filament, 

a threshold of 15 g was assigned. If the animal responded to the 4 g von 

Frey filament, the finest von Frey hair (0.4 g) was applied followed by hairs of 

ascending stiffness (0.7, 1.2, 1.5 and 2 g). Each test was applied to a 

different area of the glabrous skin. Testing of both the ipsilateral and 

contralateral hind paws was carried out in each animal. The side to be tested 

first was randomly assigned. At least five minutes was allowed between the 

end of testing of the first paw and the beginning of the testing of the second 

paw.  

 

Baseline withdrawal thresholds were determined two days prior to neuritis 

surgery and on the day of surgery. The pre-surgery threshold was calculated 

from the average of these three values. Animals were tested once on the first 

and fourth days following surgery (and occasionally the fifth day, when a 

marked allodynia was not observed on day 4). For neuritis time-course 

experiments (carried out by Dr. Pulman), animals were also tested on the 

second, third and seventh day. 

 

2.4 Immunohistochemistry 

Animals which had undergone neuritis surgery (3-6 days post-surgery), or 
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untreated control animals, were sacrificed by overdose of sodium 

pentobarbital. The ipsilateral L5 DRG and neuritis treatment site, or 

equivalent region of untreated sciatic nerves, were removed and snap frozen 

in isopentane on dry ice. All sections were cut at 8 μm using a cryostat (Leica 

Microsystems, Wetzlar, Germany), mounted onto gelatin-coated slides and 

fixed for seven minutes with 4% paraformaldehyde. DRG sections were 

sequentially mounted on seven consecutive slides, so that the eighth section 

was on the same slide as the first section. A maximum of six sections were 

mounted on each slide. To rule out non-specific staining, control sections 

were included for each set of experiments. This control tissue was subjected 

to the same staining protocol in the absence of primary antibody. 

 

2.4.1 Examination of DRG  

Non-specific sites were blocked for 30 minutes with 2-5% normal goat or 

rabbit serum (Vector Laboratories, Cambridgeshire, UK). Tissue sections 

were incubated overnight at 4 °C with primary antibody, which was followed 

by incubation for one hour at room temperature with Alexa Fluor 488 

fluorescent secondary antibody (Invitrogen, Glasgow, UK). Phosphate 

buffered saline (PBS) rinses (3 times, 5 minutes each) were performed 

following the primary and secondary antibodies. DRGs were double-labelled 

with DAPI (4',6-diamidino-2-phenylindole; 1:5000, Invitrogen) then 

coverslipped using glycerol/PBS mounting medium (Citifluor, London, UK). 

Sections were viewed under a fluorescence microscope (Leica Microsystems) 

at 488 and 350 nm excitation and photographed at each wavelength.  
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2.4.2 Examination of sciatic nerve 

Sciatic nerves were stained using the avidin-biotin complex (ABC) detection 

system (Vectastain Elite Kit, Vector). Endogenous peroxidase was initially 

blocked for 30 minutes using 0.3% H2O2 in absolute methanol. Non-specific 

binding sites were blocked for 30 minutes with 2% normal goat or rabbit 

serum. Tissue sections were incubated overnight at 4 °C with primary 

antibody, which was followed by incubation for one hour at room temperature 

with biotinylated secondary antibody. 0.05% Tween-PBS rinses (3 times, 5 

minutes each) were performed following primary and secondary antibody 

and ABC treatments. Sciatic nerve sections were developed with 

diaminobenzidine (DAB) plus nickel chloride (Vector) and were then 

dehydrated, cleared with xylene (Fisher Scientific, Leicestershire, UK), and 

coverslipped using Histomount (Fisher). Sections were viewed under a light 

microscope (Leica Microsystems) and photographed. 

 

2.5 Statistics 

Statistical analysis was carried out using IBM SPSS Statistics software 

(Version 17.0). All data were assessed for normality using Shapiro-Wilk tests 

(where n<50) to determine appropriate statistical analysis. Normally 

distributed data sets are presented as means ± standard error of the mean 

(SEM) and were compared using paired or unpaired Student t-tests. Time 

points for  behavioural time course experiments and drug treatment groups 

for the ZD7288 behavioural experiments were compared using repeated 

measures analysis of variance (ANOVA) followed by Bonferroni t-tests for 

post hoc pair-wise comparisons. Non-parametric data are presented as 
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medians and interquartile ranges (IQR) and were compared using one- or 

two-tailed Wilcoxon Signed Rank tests for paired data and two-tailed Mann-

Whitney tests for unpaired data sets. Rates of ongoing activity and 

conduction velocities tend not to be normally distributed following neuritis. 

For regression analysis, significant correlations were determined using 

ANOVA. All comparisons of proportions were made using two-tailed Fisher 

Exact tests (when expected frequencies were less than 5) or Chi-square 

tests with Yates correction. In the cytokine study, where n numbers were 

deemed insufficient to make statistical comparisons, the data from both TNF-

α and CCL2 applications were combined. 

 

2.6  Experimental procedures 

2.6.1 Role of TNF-α and CCL2 in modulating neuritis-induced ongoing 

activity 

Electrophysiology 

Paradigm one (Neuritis and untreated groups) 

The physiological effects of TNF-α and CCL2 were examined on untreated (n 

= 34 neurons from 9 animals) and inflamed C-fibre neurons in the neuritis 

model (n = 66 neurons from 26 animals; days 3-6 post neuritis). In this 

paradigm, receptive fields were not identified since noxious stimulation can 

damage peripheral tissues and lead to the development of ongoing activity. 

Instead, bipolar stimulating electrodes were positioned under the sciatic 

nerve distal to the well to ensure that neurons were conducting through the 

lesion site (Figure 2.4A). Due to movement artefacts caused by electrical 

stimulation of the sciatic nerve, the three terminal branches were crushed 
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distally (Figure 2.4A). Preliminary recordings from five neurons in three 

untreated animals following a nerve crush ensured that ongoing activity was 

not routinely induced from the crush site during the duration of an experiment, 

which is consistent with previous reports (<4 hours post-crush; Michaelis et 

al. 1995, Grossmann et al. 2009). 

 

Recombinant human TNF-α (Peprotech, London, UK) was diluted in a 

vehicle (0.1% bovine serum albumin (BSA, Sigma-Aldrich) in 0.9% w/v saline) 

to give aliquots of 100 ng/ml. Recombinant human CCL2 (Peprotech, London, 

UK) was diluted in 0.1% BSA saline to a final concentration of 500 ng/ml (38 

nM; pH 6.5-7.0). Aliquots of TNF-α were diluted to a final concentration of 

0.05 ng/ml (0.02 nM) in 0.1% BSA saline (pH 6.5-7.0). Aliquots were stored 

at -20 °C prior to use.  

 

All test agents were delivered at a volume of 200 μl, using delivery method 

one (see section 2.2.2). Once an individual C-fibre neuron had been isolated, 

the vehicle for each cytokine (0.1% BSA saline) was applied to the sciatic 

nerve during an initial 15 minute period, to ensure that the vehicle itself did  

_______________________________________________________ 

Figure 2.4 Schematic diagram of the experimental set up for (A) 
paradigm one and (B) paradigm two. Each diagram shows the sciatic 
nerve in the thigh with the trifurcation behind the knee. The recording site at 
the L5 dorsal root is also shown (Rec). A: For paradigm one, a well was used 
to apply treatments to the lesion site or equivalent. To confirm that recorded 
neurons passed through the treatment site, the nerve was stimulated distally 
(Stim). The three terminal branches were crushed to prevent movement 
artefacts (Crush). B: For paradigm two, the sciatic nerve was positioned on a 
plastic platform notched to support the nerve. Treatments were applied using 
absorbable cotton positioned around the nerve on the platform (greyed area). 
The nerve was electrically stimulated at the L5 dorsal root (Stim).   
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Figure 2.4 Schematic diagram of the experimental set up for (A) 
paradigm one and (B) paradigm two.  
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not affect the activity of the neuron. At the end of the initial 15 minute period, 

the BSA saline was removed and the test agent applied to the nerve (either 

BSA saline (control), TNF-α or CCL2). All test agents were applied to the 

sciatic nerve for 15 minutes. At the end of the 15 minute test agent 

application period, the test agent was removed and the sciatic nerve was 

washed copiously. Note that all effects were transient (see results). Further 

neurons were sought but were not recorded from for at least 20 minutes after 

the test agent had been washed off. Each animal was only tested for the 

effect of either TNF-α or CCL2. Test concentrations were determined 

following preliminary experiments. In these experiments, ascending 

concentrations of TNF-α (0.025, 0.05, 0.1 ng/ml) and CCL2 (250, 500, 1000 

ng/ml; 10 minute exposure at each concentration) were assessed in five 

untreated neurons (in 2 animals) and four inflamed neurons following neuritis 

(in one animal). In untreated animals the cytokines had no effect, whereas 

following neuritis, one ongoing neuron responded to each cytokine. Peak 

responses were observed at 0.05 ng/ml for TNF-α (increase in firing rate 

from baseline at 0.025 ng/ml = 43%, 0.05 ng/ml = 52%, and 0.1 ng/ml = 42%) 

and 500 ng/ml for CCL2 (increase in firing rate from baseline at 250 ng/ml = 

81%, 500 ng/ml = 184%, and 1000 ng/ml = 98%). The most efficacious 

concentrations were consistent with previous reports (Sorkin et al. 1997, Oh 

et al. 2001, Leem & Bove 2002, Schafers et al. 2003b, White et al. 2005, Sun 

et al. 2006, Wang et al. 2010).    

 

Firing rates were examined during the initial 15 minute recording period, and 

post-test agent application. A neuron was classified as silent if it did not fire 
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during the five minute epoch prior to test agent application (referred to herein 

as the baseline period), whereas a neuron was classified as ongoing if it fired 

at least once during this baseline period. One to eight neurons were 

assessed for test agent effects in each animal. 

Axonal mechanical sensitivity testing dislodged the petroleum jelly seals of 

the well, and therefore testing was only performed at the end of the final test 

agent exposure of the day.  

 

Paradigm two (Untreated animals following noxious peripheral field 

searches) 

The physiological effects of TNF-α and CCL2 were examined on untreated 

neurons where receptive field searches had been performed (n = 60 neurons 

from 20 animals). For these experiments the dorsal root was stimulated to 

identify individual neurons. Test agents (200-500 μl) were delivered to the 

nerve using delivery method two (Figure 2.4B, see section 2.2.2). The testing 

procedure was identical to paradigm one.  

 

Axonal mechanical sensitivity was tested prior to (i.e. once BSA saline had 

been removed at the end of the initial 15 minute recording period) and 

following the application of the test agent. Through conduction, and therefore 

a lack of axonal damage as a result of AMS testing, was confirmed following 

the second AMS test by re-stimulation of the distal receptive field. 

 

Repeated sciatic nerve stimulation  

In order to determine whether the observed effects of TNF-α on neurons that 
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were already ongoing was due to repeated depolarisations, 0.05 ng/ml TNF-

α was applied to the sciatic nerve using method one (n = 5 neurons in 3 

untreated animals). In these experiments, Spike2 software was programmed 

to provide a train of repeated supramaximal stimulation to the sciatic nerve at 

0.1 Hz. This rate was chosen as it mimicked that previously seen in the 

ongoing neurons that were responsive to cytokine application in the neuritis 

group. 

 

Data analysis  

The percent changes in firing rate for individual neurons were assessed 

following application of test agents. Silent neurons were considered 

responsive to the cytokines if they fired at least once following test agent 

application. Ongoing neurons were considered responsive to test agent 

application if their firing rate increased by >50% compared to the baseline 

rate (50% represents the mean standard deviation in firing rate during the 

entire initial 15 minute baseline recording period (3 x 5 minute epochs) for all 

ongoing neurons). The firing rates presented in the Results section following 

test agent application represent the peak response, which occurred in either 

the first or second five minute epoch post application.   

 

Immunohistochemistry 

Expression of the cognate receptors for TNF-α (TNFR1) and CCL2 (CCR2) 

were examined in both the L5 DRG and sciatic nerves of three untreated and 

five neuritis-treated animals. The primary antibodies were anti-human TNFR1 

(1:50 in 2% rabbit serum; R&D Systems, Oxfordshire, UK) and anti-rat CCR2 
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(1:200 in 2% goat serum; Abcam, Cambridge, UK). For the examination of 

DRG receptor expression, the secondary antibodies were Alexa Fluor 488 

rabbit anti-goat fluorescent antibody (1:200) for TNFR1 and Alexa Fluor 488 

goat anti-rabbit fluorescent antibody (1:200) for CCR2. For the examination 

of sciatic nerve receptor expression, the secondary antibodies were 

biotinylated rabbit anti-goat antibody (1:200, Vector) for TNFR1 and 

biotinylated goat anti-rabbit antibody (1:200, Vector) for CCR2. 

 

Data analysis 

The number of cytokine receptor and DAPI positive neuronal profiles were 

counted in each DRG section, and the percentage of receptor positive cells 

determined. To avoid repeated counting of cells, the sections examined were 

at 56 μm intervals. All cell counting was performed blind without knowledge 

of the condition. Non-specific staining with secondary antibody was not found 

in the absence of primary antibody in any case. 

 

2.6.2 Role of HCN and Nav1.8 channels in neuritis-induced ongoing 

activity and pain-like behaviours 

Electrophysiology 

The physiological effects of HCN and Nav1.8 channel blockers on neuritis-

induced ongoing activity in C-fibre neurons were examined in a total of 111 

neurons from 30 animals, including vehicle controls. Receptive field searches 

were not performed, since noxious stimulation can damage peripheral 

tissues and lead to the development of ongoing activity. Neurons were 

identified by electrical stimulation of the sciatic nerve. In these experiments, 
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the peroneal nerve was ligated to reduce leg movement artefact caused by 

electrical stimulation. Recordings were only made from ongoing neurons that 

had baseline firing rates of at least 0.2 Hz, which was to ensure that baseline 

firing rates were comparable between groups. 

All test agents were maintained at 37 °C before application. All test agents 

were applied at a volume of 200 μl. The HCN channel blocker ZD7288 

(Tocris, Bristol, UK) was diluted in synthetic interstitial fluid (SIF; as per 

Bretag 1969), to give a stock concentration of 1 mM (pH 6.5-7.0). 

Subsequent dilutions were made using SIF. The Nav1.8 channel blocker 

A803467 (Tocris) was diluted in 100% ethanol to give a stock concentration 

of 25 mM. Subsequent dilutions were made using SIF (all solutions pH 6.5-

7.0).  

 

Test agents were delivered using delivery method one (see section 2.2.2). An 

initial series of experiments was performed to determine the optimal 

efficacious concentration of ZD7288 (n = 3 neurons from three animals) and 

A803467 (n = 5 neurons from 5 animals). In these experiments, the vehicle 

(SIF for HCN experiments and 2% ethanol in SIF for Nav1.8 experiments) 

was administered to the sciatic nerve, and the baseline activity of each 

neuron was recorded for 10 minutes. Two percent ethanol in SIF is 

equivalent to the concentration of ethanol in the highest concentration (500 

μM) of A803467 tested. 

 

At the end of the baseline period, the vehicle was removed, and ascending 

concentrations of ZD7288 (0.1 mM, 0.5 mM, 1 mM) or A803467 (0.1 μM, 1 
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μM, 10 μM; n = 3) were then applied to the well for 10 minutes each. In an 

additional two animals, the ascending concentrations of A803467 tested 

were instead 10 μM, 100 μM, 500 μM, on two neurons. The concentrations 

tested were based on those used in previous studies (Chaplan et al. 2003, 

Jiang et al. 2008, Sun et al. 2005, Jarvis et al. 2007, Scroggs 2011). The test 

agents were only washed off after all three doses had been applied. The 

neurons were electrically stimulated again after wash-off to ensure that the 

test agents did not cause loss of conduction. For the HCN experiments, no 

further neurons were sought, as the effects of ZD7288 are reported to be 

irreversible (Jiang et al. 2008).  

 

A further series of experiments examined the effects of the optimal 

concentration of ZD7288 and A803467 on ongoing activity over a longer 

duration. As before, the vehicle was applied to the well and the baseline 

activity of each isolated ongoing neuron was recorded for 10 minutes. At the 

end of the baseline period, the vehicle was removed and the test agent (0.5 

mM ZD7288 in 8 neurons from 8 animals and 1 μM A803467 in 4 neurons 

from 3 animals) or vehicle (n = 10 neurons from 8 animals in HCN 

experiments and n = 5 neurons from 4 animals for Nav1.8 experiments) was 

applied for 30 minutes. At the end of the 30 minute test period, the test agent 

was removed and the sciatic nerve was washed copiously. To determine 

whether the effects of ZD7288 persisted after wash off, further neurons were 

screened in four SIF vehicle- and five ZD7288-treated animals for rates of 

ongoing activity, incidence of ongoing activity and time to identify the first 

ongoing neuron post-wash (n = 39 post-vehicle and n = 37 post-ZD7288). 
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One to fourteen neurons were isolated per animal post-ZD7288 or SIF.  

 

Data analysis  

The percent changes in firing rate from baseline for individual neurons were 

assessed over each 10 minute epoch of test agent exposure. 

 

Behaviour 

Heat hyperalgesia testing 

The effects of ZD7288 or saline vehicle on withdrawal latency were 

examined at the peak of neuritis-induced heat hyperalgesia (day three). A 

baseline withdrawal latency value was obtained prior to dosing. ZD7288 was 

made up directly prior to dosing, and was dissolved in 0.9% w/v saline. 

Animals were then dosed i.p. with either 5 mg/ml ZD7288 (n = 5), 10mg/ml 

ZD7288 (n = 5), or saline vehicle (n = 6). All injections were given at a 

volume of 1 ml/kg. Withdrawal latencies were then ascertained one hour 

post-ZD7288 or saline. The operator was blinded to the treatments given to 

each animal. The effects of A803467 on heat hyperalgesia were not 

examined. 

 

Mechanical allodynia testing 

In a separate group of animals, the effects of ZD7288 or saline vehicle on 

withdrawal threshold were examined around the peak of neuritis-induced 

mechanical allodynia (days 4 or 5; n = 25 for day 4 and n = 3 for day 5). A 

baseline withdrawal threshold value was obtained prior to dosing. ZD7288 

was made up directly prior to dosing, and was dissolved in 0.9% w/v saline. 
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Animals were then dosed i.p. with either 5 mg/ml ZD7288 (n = 8), 10 mg/ml 

ZD7288 (n = 8), or saline vehicle (n = 12). All injections were given at a 

volume of 1 ml/kg. Dosing was staggered to ensure all animals would be 

tested at the correct time point post-dose. Withdrawal thresholds were then 

ascertained one hour post-ZD7288 or saline. The operator was blinded to the 

treatments given to each animal. The effects of A803467 on mechanical 

allodynia were not examined. 

 

Data analysis  

The mean withdrawal latencies and thresholds measured following ZD7288 

injection were compared with the withdrawal latencies and thresholds in the 

saline control group. Comparisons between pre- and post- drug 

administration were also made. 

 

Immunohistochemistry 

The expression of HCN2 channels and Nav1.8 channels was examined in the 

L5 DRG of untreated (n = 9 for HCN2 and n = 5 for Nav1.8) and neuritis-

treated animals (n = 9 for HCN2 and n = 5 for Nav1.8). In experiments where 

intensity of cytoplasmic labelling was assessed, three sections from one 

control animal and three sections from one neuritis animal were mounted on 

the same slide (n = 4 for HCN2 and n = 5 for Nav1.8). This protocol was used 

to control for variations in background fluorescence. The primary antibodies 

were anti-rat HCN2 primary antibody (1:300 in 2% goat serum; Abcam) and 

anti-rat Nav1.8 antibody (1:200 in 2% goat serum; Millipore, Hertfordshire, 

UK). The secondary antibody was Alexa Fluor 488 goat anti-rabbit 
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fluorescent antibody (1:200). Prior to blocking with normal goat serum, 

sections were rinsed with 0.2% Triton X-100 in PBS (Sigma-Aldrich) for 10 

minutes. 

  

Data analysis  

For measurements of cytoplasmic HCN2 and Nav1.8 labelling intensity, 

images were converted to black and white using ImageJ software. The 

modal grey value of each cell body was determined to give an arbitrary 

intensity measurement. HCN2 and Nav1.8 expression was investigated 

based on cell body size (small = diameter <35 μM (i.e. neurons with C- and 

A-δ fibres; Harper & Lawson 1985), large = diameter >35 μM). Twenty small 

and 20 large cell bodies were randomly selected from each animal to ensure 

comparable numbers between groups, and the mean intensities were 

calculated.   

 

DRG sections were assessed for proportion of membrane HCN2 labelling (n 

= 5 animals per group). The numbers of small and large cells with positive 

labelling were counted and the proportion calculated.  

 

2.6.3 Role of axoplasmic disruption in the development of ongoing 

activity 

Electrophysiology 

The development of ongoing activity was examined in 100 A-fibre and 226 C-

fibre neurons following vinblastine treatment (n = 8 animals) and in 65 A-fibre 

and 129 C-fibre neurons in sham animals (n = 5 animals). 
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Sciatic nerve stimulation 

In initial experiments (n = 3 animals), the sciatic nerve was stimulated distal 

to the vinblastine treatment site in order to identify through-conducting 

neurons. The peroneal nerve was ligated to reduce the leg movement 

artefact caused by electrical stimulation. A total of 14 A-fibre neurons and 78 

C-fibre neurons were recorded from in these experiments. A-fibre neurons 

were sought during the first part of each experiment, since the C-fibre 

stimulus strength has a tendency to block A-fibre conduction. Once individual 

neurons had been isolated, their ongoing activity was recorded for three 

minutes to determine whether they were ongoing. 

 

Dorsal root stimulation 

As acute nerve injury such as ligation of the peroneal nerve has been 

reported to cause low levels of ongoing activity (Michaelis et al. 1995, 

Grossmann et al. 2009), the remainder of experiments were carried out using 

stimulation of the dorsal root (n = 86 A-fibre neurons and n = 148 C-fibre 

neurons from 5 animals with vinblastine treatment, and n = 65 A-fibre 

neurons and n = 129 C-fibre neurons from 5 sham animals). A-fibre neurons 

were again sought prior to C-fibre neuron recordings. The receptive fields of 

cutaneous A-fibre neurons were identified by innocuous stimulation of the 

skin (i.e. light stroking using a fine brush). The A-fibre neurons were only 

recorded from if their receptive fields could be identified as originating below 

the knee. Muscle spindles and other deep A-fibre neurons were not recorded 

from. After receptive fields were located, neurons were electrically collided to 

ensure that that the electrical and mechanically evoked responses were from 
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the same neuron. C-fibre neuron receptive fields were not characterised, 

since noxious stimulation can damage peripheral tissues and lead to the 

development of ongoing activity. Instead C-fibre neurons were only identified 

using electrical stimulation of the dorsal root. To ensure a thorough sampling 

protocol, neurons were sampled throughout the entire dorsal root. Once A- 

and C-fibre neurons were identified electrically, their activity was recorded for 

three minutes to determine whether they were ongoing. C-fibre neuron 

axonal mechanical sensitivity was tested in the last multi-unit filament on 

each experimental day. 

 

Since C-fibre neuron receptive field searches were not performed, a 

separate set of experiments determined the proportion of C-fibre neurons in 

the L5 dorsal root that pass through the sciatic nerve (i.e. the equivalent 

location of vinblastine application). One hundred and seventy five C-fibre 

neurons were examined in three untreated animals. Stimulating electrodes 

were positioned at both the dorsal root and at the sciatic nerve in the mid 

thigh. The sciatic nerve was ligated distal to the stimulation site to avoid 

movement artefacts. The number of clearly identifiable C-fibre neurons on 

each filament was recorded following supramaximal stimulation of the dorsal 

root as well as the sciatic nerve.  

 

Data analysis  

The proportion of A- and C- fibre neurons with ongoing activity and AMS for 

each treatment group (vinblastine and sham) was calculated.  



97 
 

 

 

Chapter 3  

Physiology of Neuritis 
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3.1 Introduction 

Evidence from the neuritis model suggests that some of the symptoms that 

are typically associated with neuropathic pain may be generated from 

inflamed neural tissue in the absence of gross pathological changes such as 

axonal degeneration or demyelination. Following neuritis, animals develop 

signs of pain hypersensitivity such as mechanical allodynia and heat 

hyperalgesia (Eliav et al. 1999, Chacur et al. 2001). Electrophysiological 

studies on the neuritis model have revealed physiological changes to C-fibre 

neurons, whereby intact axons develop ongoing activity and axonal 

mechanical sensitivity (AMS) that originates from the lesion site (Eliav et al. 

2001, Bove et al. 2003, Dilley et al. 2005, Bove 2009, Bove & Dilley 2010).  

In the present study, experiments were carried out to substantiate the 

physiological effects of the neuritis on C-fibre neuron function. The 

development of neuritis-induced mechanical allodynia and heat hyperalgesia 

was also confirmed in our laboratory. For comparison, the effects of repeated 

noxious stimulation of the peripheral terminals during receptive field 

searches on the development of ongoing activity were also assessed, in 

untreated animals. 

 

3.2  Results 

3.2.1 Neuritis 

Effect of surgery 

Neuritis surgery was successfully achieved in all operated rats. Observations 

of the animals following surgery revealed no outward signs of pain, such as 

hunched posture, vocalisation, piloerection or changes in social behaviour. 
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The animals appeared healthy and alert and there were no signs of weight 

loss. The temperature of the ipsilateral hind paw was similar to that of the 

contralateral paw, and the animals walked and bore weight on the ipsilateral 

paw without hindrance.  

 

No animal showed signs of localised or systemic infection at any point post-

surgery. At days three to six following neuritis induction, dissection of CFA-

treated nerves revealed thickening of the outer neural connective tissue, 

often beyond the limits of the neuritis treatment site. The Gelfoam also 

appeared vascularised. None of the surrounding skin or muscle appeared 

oedematous. The Gelfoam could be easily removed from the nerve using 

fine surgical tools.  

 

Electrophysiology 

In these experiments, the sciatic nerve was crushed distally to the neuritis 

treatment site. The sciatic nerve was stimulated to identify individual C-fibre 

neurons. The identification of neurons in this manner confirmed their 

continuing conduction through the neuritis treatment site. 

 

Conduction velocity 

The median conduction velocity following neuritis was 0.71 m/sec (IQR 0.33, 

n = 66), which was significantly slower than that of the untreated group (0.89 

m/sec (IQR 0.28), n = 34; p = 0.0003, Mann-Whitney test; Figure 3.1).  

  

 



100 
 

Ongoing activity 

Recordings from multiunit filaments revealed that 35% (21/60) of C-fibre 

neurons had developed ongoing activity at days three to six following neuritis. 

This incidence is significantly higher than that of the untreated group, where 

less than 7% of neurons were ongoing (n = 7/102 neurons; p<0.001, Fisher 

Exact test; Figure 3.2A). The median baseline firing rate of all characterised 

ongoing neurons was 19.6 spikes/min (IQR 37.4, n = 145). An example trace 

of an ongoing C-fibre neuron can be seen in Figure 3.2B. 

 

If an ongoing neuron was present during the last recording of an experiment, 

the sciatic nerve was transected, first distal and then just proximal to the 

neuritis lesion site, to determine the origin of the ongoing activity. In all such 

neurons (n = 8), ongoing activity persisted after the distal transection, but 

ceased following the proximal transection (example trace in Figure 3.2C). For 

the majority of neurons (6/8) the nerve had to be cut more proximal to the  

_______________________________________________________ 

Figure 3.1 Conduction velocities of untreated and neuritis neurons. C-
fibre neurons had slower conduction velocities following neuritis (n = 66) 
compared with untreated neurons (n = 34; ***p<0.001, Mann-Whitney test). 
Presented as medians. Error bars represent IQR. 
 
 
Figure 3.2 Development of ongoing activity in neuritis neurons. A: A 
higher proportion of C-fibre neurons had baseline ongoing activity following 
neuritis compared with untreated neurons (***p<0.001, Fisher Exact test). B: 
A typical ongoing C-fibre neuron recorded from the neuritis group. The rate of 
ongoing activity of this neuron was 40 spikes per minute. C: A typical trace 
showing cessation of firing in an ongoing C-fibre neuron following transection 
of the sciatic nerve proximal to the neuritis treatment site. The neuron 
continued to fire following the initial transection distal to the treatment site. 
These observations imply that the ongoing activity originated from the site of 
inflammation. * Represents acute discharge which occurred upon transection 
of the nerve.  
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Figure 3.1 Conduction velocities of untreated and neuritis neurons.  
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Figure 3.2 Development of ongoing activity in neuritis neurons.  
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lesion site (approximately 1-2 mm) to see a cessation of activity. The 

conduction velocity of the ongoing neurons was significantly slower (median 

= 0.56 m/sec; IQR 0.37, n = 36) compared to the silent neurons (0.84 m/sec; 

IQR 0.31, n = 30); p = 0.0002, Mann-Whitney test; Figure 3.3A).There was a 

negative correlation between ongoing activity rate and conduction velocity 

(i.e. as the ongoing activity rate increased, the conduction velocity decreased; 

r = 0.47, p = 0.004, ANOVA; Figure 3.3B).  

 

Axonal mechanical sensitivity  

Mechanical stimulation of the sciatic nerve along the length of the neuritis 

treatment site revealed that AMS was present in 14% (6/43) of C-fibre 

neurons. In contrast, the untreated group showed no evidence of AMS (0/58; 

p = 0.004 compared to neuritis, Fisher Exact test; Figure 3.4A). An example 

trace of a mechanically sensitive C-fibre neuron can be seen in Figure 3.4B. 

 

 

_______________________________________________________ 

Figure 3.3 Conduction velocities of silent and ongoing neuritis neurons. 
A: Following neuritis, ongoing C-fibre neurons (n = 36) had slower 
conduction velocities compared with those which were silent (n = 30; 
***p<0.001, Mann-Whitney test). Presented as medians. Error bars represent 
IQR.B: Graph showing the negative correlation between ongoing activity rate 
and conduction velocity in neuritis neurons, i.e. faster firing neurons 
conducted more slowly (r = 0.47, **p<0.01, ANOVA) 
 
 
Figure 3.4 Development of AMS in neuritis neurons. A: A high proportion 
of C-fibre neurons were mechanically sensitive in the neuritis group 
compared with untreated neurons ( ***p<0.001, Fisher Exact test). Where 
present, mechanical sensitivity was always observed at or just proximal to 
the neuritis treatment site. B: A typical C-fibre neuron with AMS recorded 
from the neuritis group. The short horizontal lines above the trace represent 
the duration of mechanical stimulation of the nerve.  
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Figure 3.3 Conduction velocities of silent and ongoing neuritis neurons.  
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Figure 3.4 Development of AMS in neuritis neurons.  
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Behaviour 

Heat hyperalgesia 

Studies in our laboratory have shown that neuritis causes a significant 

reduction in ipsilateral withdrawal latency in response to noxious heat 

(Pulman and Dilley, unpublished observations). This reduction peaked at day 

three post-surgery (Figure 3.5A). Signs of recovery were evident from day 

four. There were no signs of a reduction in withdrawal latency for the 

contralateral paw at any time point (Figure 3.5A). 

 

Mechanical allodynia  

Studies in our laboratory have also shown that neuritis causes a significant 

reduction in ipsilateral von Frey threshold (Pulman and Dilley, unpublished 

observations). This reduction peaked at day four post-surgery (Figure 3.5B). 

Signs of recovery were evident by day seven. There were no signs of a 

reduction in withdrawal latency for the contralateral paw at any time point 

(Figure 3.5B). 

_______________________________________________________ 

Figure 3.5 Development of (A) heat hyperalgesia and (B) mechanical 
allodynia in neuritis animals. A: Withdrawal latency was decreased in the 
ipsilateral paw of neuritis animals (n = 8) peaking at day three following 
surgery (main effect: p<0.01, repeated measures ANOVA; post hoc: *p<0.05, 
Bonferroni t-test comparing day 0 with day 3). Recovery was evident from 
day four and hyperalgesia had reversed to baseline levels by day seven. No 
change in withdrawal latency was observed at any time-point in the 
contralateral paw (main effect: p>0.05, repeated measures ANOVA). B: 
Withdrawal threshold decreased in the ipsilateral paw of neuritis animals (n = 
8), which peaked at day four following surgery (main effect: p<0.001, 
repeated measures ANOVA; post hoc: ***p<0.001, Bonferroni t-test 
comparing day 0 with day 4). Recovery of the allodynia was evident by day 
seven. No change in withdrawal threshold was observed at any time-point in 
the contralateral paw (main effect: p>0.05, repeated measures ANOVA). 
Both A and B presented as means and error bars represent SEM. P.o. = 
post-operative.  
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Figure 3.5 Development of (A) heat hyperalgesia and (B) mechanical 
allodynia in neuritis animals.  
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3.2.2  Untreated animals following noxious peripheral field searches 

Visible effects 

Following repeated noxious stimulation of the periphery during C-fibre 

neuron receptive field searches, there was visible swelling of the lower limb 

and foot which increased over time.  

 

Electrophysiology 

In these experiments the dorsal root was stimulated in order to identify 

individual C-fibre neurons. To confirm that the neurons conducted through 

the sciatic nerve, the receptive fields were also identified using noxious 

stimulation of the periphery. The majority of receptive fields (49/60) were 

located in deep rather than cutaneous structures. 

 

Ongoing activity 

Following receptive field searches, slow ongoing activity developed during 

the course of the experiment. The proportion of such ongoing neurons 

increased with time (Figure 3.6A). Compared to neuritis, ongoing neurons 

were identified significantly later from the time of experimental setup (median 

_______________________________________________________ 

Figure 3.6 Development of ongoing activity following noxious 
stimulation during peripheral receptive field searches. A: The proportion 
of C-fibre neurons with baseline ongoing activity increased throughout the 
time course of experiments where receptive fields were identified. Time 
points represent 30 minute bins. B: Cumulative plot showing the time from 
start of experiment at which C-fibre neurons with baseline ongoing activity 
were identified in the group with peripheral field searches and the neuritis 
group. Time points represent 30 minute bins. The dotted line represents the 
time from set up that 50% of ongoing neurons were identified, which was 
significantly earlier in the neuritis group (50% of neurons identified by 118 
minutes) compared with the untreated group with receptive field searches 
(50% of neurons identified by 151 minutes; *p<0.05, Mann-Whitney test).   
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Figure 3.6 Development of ongoing activity following noxious  
stimulation during peripheral receptive field searches.  



110 
 

time at which 50% of ongoing neurons were identified = 118 min (IQR 59, n = 

36) for neuritis compared to151 min (IQR 64, n = 33; p = 0.02, Mann-Whitney 

test; Figure 3.6B). The median baseline firing rate of the ongoing neurons 

was 2.8 spikes/min (IQR 10.50, n = 30), which was significantly slower than 

that of the neuritis group (19.6 spikes/min (IQR 37.4), n = 145; p<0.001, 

Mann-Whitney test).  

 

Conduction velocity 

Receptive field searches did not alter the conduction velocity of C-fibre 

neurons (0.59 m/sec (IQR 0.27) for those identified early in the experiment 

(i.e. before 151 minutes, n = 33) compared with 0.47 (IQR 0.24) m/sec for 

those identified late (n = 27; p = 0.48, Mann-Whitney test). There was also 

no difference in conduction velocity based on the presence of ongoing 

activity (0.51 (IQR 0.26) m/sec for silent neurons and 0.51 (IQR 0.33) m/sec 

for ongoing neurons, n = 30 in each group; p = 0.67, Mann-Whitney test).  

 

Axonal mechanical sensitivity 

No neurons in the group with noxious peripheral field searches exhibited 

mechanical sensitivity when tested along the sciatic nerve in the mid-thigh (n 

= 60). 

 

3.3 Summary 

1. Neuritis can alter the physiology of C-fibre neurons. Such changes include: 

 The development of ongoing activity from the lesion site. 

 The development of AMS at the lesion site. 
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 A slowing of C-fibre neuron conduction velocity. 

2. Behavioural changes induced by neuritis include the development of 

mechanical allodynia that peaks at day four following surgery and heat 

hyperalgesia that peaks at day three. 

 

3. Repeated noxious mechanical stimulation of the periphery can induce 

slow rates of ongoing activity in C-fibre neurons. 
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Chapter 4 

Role of TNF-α in Modulating 

Neuritis-Induced Ongoing 

Activity 
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4.1  Introduction 

The role of TNF-α in neuropathic pain mechanisms has been investigated 

extensively. A major focus has been on the role of TNF-α in the development 

of pain-like behaviours (Wagner & Myers 1996, Opree and Kress 2000, 

Schafers et al. 2003a, Zelenka et al. 2005). A number of studies have also 

focused on the direct effects of TNF-α on uninjured (Sorkin et al. 1997, Leem 

& Bove 2002, Liu et al. 2002a, Zhang et al. 2002) and injured neurons (Liu et 

al. 2002a, Schafers et al. 2003b). These studies have demonstrated a role 

for TNF-α in the production of ongoing activity from C- and A-fibre neurons. 

However, there is substantial controversy over the extent of this effect on 

uninjured neurons (Leem & Bove 2002).  

 

The present study expands on previous work by testing for the first time the 

electrophysiological effects of TNF-α (0.05 ng/ml) on inflamed C-fibre 

neurons in the neuritis model. TNF-α was locally applied to the neuritis 

treatment site or the equivalent region in untreated control animals, as well 

as in a subgroup of animals following noxious peripheral field searches. Both 

silent and ongoing C-fibre neurons were examined. In order to gain an 

insight into the mechanisms by which TNF-α may exert its physiological 

effects, the neuronal expression of the cognate receptor TNFR1 was also 

investigated in the L5 DRG cell bodies, and along the sciatic nerve at the 

neuritis treatment site, or equivalent region in untreated animals. 
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4.2 Results 

4.2.1 Electrophysiology 

In the untreated and neuritis groups, the sciatic nerve was crushed distally to 

the neuritis treatment site. The sciatic nerve was stimulated to identify 

individual C-fibre neurons. In the group with noxious peripheral field 

searches, the dorsal root was stimulated in order to identify individual C-fibre 

neurons. In these experiments, the receptive fields were identified to confirm 

that the neurons conducted through the sciatic nerve. 

 

Untreated neurons 

The median conduction velocity of BSA-saline and TNF-α-treated neurons in 

the untreated group (n = 12 in each group) was 0.77 m/sec (IQR 0.23) and 

0.99 m/sec (IQR 0.25) respectively. 

 

Ongoing activity 

None of the neurons tested responded to BSA saline (n = 12 neurons) or 

TNF-α application (n = 12 neurons; Figure 4.1A).  

 

Axonal mechanical sensitivity 

None of the neurons in the untreated group developed AMS following the  

_______________________________________________________ 

Figure 4.1 Percentages of neurons responding to BSA saline and TNF-α 
application in the untreated and neuritis groups. A: Higher proportions of 
neurons responded to TNF-α in the neuritis group compared with BSA saline 
(**p<0.01, Fisher Exact test). The total number of neurons sampled and the 
number that are responsive are shown. B and C: Typical responses of 
neuritis C-fibre neurons to TNF-α application (B: TNF-α silent, C: TNF-α 
ongoing). Horizontal lines above traces represent the exposure period to 
BSA saline and TNF-α.   
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Figure 4.1 Percentages of neurons responding to BSA saline and TNF-α 
application in the untreated and neuritis groups.  
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application of BSA saline (n = 12 neurons) or TNF-α (n = 12 neurons). 

 

Neuritis 

The median conduction velocity of TNF-α-treated neurons in the neuritis 

group (n = 23) was 0.55 m/sec (IQR 0.26, Table 4.1). 

 

Ongoing activity 

Table 4.2 summarises the baseline firing rates of responsive and non-

responsive ongoing neurons, and their rates post-cytokine application. None 

of the neurons tested post-neuritis (n = 0/21 neurons (11 silent, 10 ongoing)) 

responded to BSA saline application (Figure 4.1A). Thirty percent of inflamed 

neurons (n = 7/23 neurons) responded to TNF-α application (p = 0.009 

compared to BSA saline, Fisher Exact test; Figure 4.1A), which included 22% 

(2/9) of silent and 36% (5/14) of ongoing neurons. The firing rates of the two 

responsive silent neurons were 0.4 and 0.6 spikes/min post-TNF-α (example 

trace in Figure 4.1B). The ongoing neurons that responded had significantly 

slower baseline firing rates compared to the ongoing non- responders (p = 

0.01, Mann-Whitney test, Table 4.2, example trace in Figure 4.1C). 

_______________________________________________________ 

Table 4.1 Conduction velocities in the neuritis group. Neurons which 
responded to TNF-α treatment had significantly faster conduction velocities 
than those which did not respond (*p<0.05, Mann-Whitney test). Values are 
given as the median conduction velocity and IQR. 
 
 
Table 4.2 Rates of neuritis ongoing neurons pre- and post-TNF-α 
application. Baseline rates of ongoing responders are significantly slower 
than baseline rates of non-responders (*p<0.05, Mann-Whitney test). Post- 
TNF-α responder rates were significantly increased compared to baseline 
(†<0.05, Wilcoxon Signed Rank test). Values are given as the median firing 
rate and IQR.   
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Table 4.1 Conduction velocities in the neuritis group.  

 

 

Conduction velocity (m/sec) (IQR) 

 

 

All Responders Non-responders 

 

BSA saline 0.73 (0.43) n/a n/a 

 

TNF-α 0.55 (0.26) 0.85 (0.37)* 0.46 (0.22)* 
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Table 4.2 Rates of neuritis ongoing neurons pre- and post-TNF-α 
application.  

 

 

Rate of ongoing neurons (spikes/min) (IQR) 

 

 

Baseline: non-

responders 

Baseline: 

responders 

Post-cytokine: 

responders 

 

BSA saline 28.0 (24.6) n/a n/a 

 

TNF-α 26.8 (33.6)*
 

3.4 (4.6)*
† 

10.0 (12.4)
† 
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 All TNF-α responsive neurons increased their activity within 10 minutes after 

application. The effect was transient, and began to recover towards baseline 

after 10 minutes of exposure. The median conduction velocity of the inflamed 

neurons that responded to TNF-α were 46% faster compared to the non-

responders (p = 0.04, Mann-Whitney test; Table 4.1).  

 

Axonal mechanical sensitivity 

Due to the experimental design (see Methods), it was not possible to test for 

AMS prior to cytokine or BSA saline application in the neuritis group. There 

was no difference in the proportion of neurons with AMS following TNF-α 

treatment (2/10 neurons) compared with BSA saline (1/11 neurons; p = 0.59, 

Fisher Exact test) 

 

Untreated animals following noxious peripheral field searches  

The median conduction velocity of TNF-α-treated neurons in the untreated 

group following peripheral field searches (n = 19) was 0.58 m/sec (IQR 0.32, 

Table 4.3). The majority of these neurons had receptive fields in deep tissues 

(n = 17 deep and n = 2 cutaneous). 

 

Ongoing activity 

Table 4.4 summarises the baseline firing rates of responsive and non-

responsive ongoing neurons, and their rates post-cytokine application. None 

_______________________________________________________ 

Table 4.3 Conduction velocities in the group with noxious peripheral 
field searches. Neurons which responded to TNF-α treatment had similar 
conduction velocities to those that did not respond (p>0.05, Mann-Whitney 
tests). Values are given as the median conduction velocity and IQR.   
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Table 4.3 Conduction velocities in the group with noxious peripheral 
field searches.  

 

 

Conduction velocity (m/sec) (IQR) 

 

 

All Responders Non- responders 

 

BSA saline 0.58 (0.15) n/a 0.58 (0.15) 

 

TNF-α 0.58 (0.32) 0.74 (0.26) 0.58 (0.25) 
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of the neurons tested (n = 0/19 neurons (9 silent, 10 ongoing)) responded to 

BSA saline application. Twenty-six percent of neurons (n = 5/19 neurons) 

responded to TNF-α application (p = 0.046 compared to BSA saline, Fisher 

Exact test), which included 11% (1/9) of silent and 40% (4/10) of ongoing 

neurons. The firing rate post-TNF-α application of the responsive silent 

neuron was 0.2 spikes/min. The baseline rate of the ongoing responders was 

similar to that of the ongoing non-responders (p = 0.48, Mann-Whitney Test; 

Table 4.4). All TNF-α responsive neurons increased their activity within 10 

minutes of application. The effect was transient, and began to recover 

towards baseline after 10 minutes of exposure. The median conduction 

velocity of the acutely inflamed neurons that responded to TNF-α was 

comparable to the non-responders (p = 0.65, Mann-Whitney test; Table 4.3). 

All responsive neurons were recorded late in the experiment (i.e. after 151 

min).   

 

Axonal mechanical sensitivity 

None of the neurons with receptive field searches developed AMS following 

the application of BSA saline (n = 19 neurons) or TNF-α (n = 19 neurons). 

 

Repeated sciatic nerve stimulation  

In three untreated animals, five silent neurons were repeatedly electrically  

_______________________________________________________ 

Table 4.4 Rates of ongoing neurons in the group with noxious 
peripheral field searches pre- and post-TNF-α application. Post-TNF-α 
responder rates were significantly increased compared to baseline (*p<0.05, 
Wilcoxon Signed Rank test). Values are given as the median firing rate and 
IQR.   
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Table 4.4 Rates of ongoing neurons in the group with noxious 
peripheral field searches pre- and post-TNF-α application.  

 

 

 

 

Rate of ongoing neurons (spikes/min) (IQR) 

 

Baseline: non-

responders 

Baseline: 

responders 

Post-cytokine: 

responders 

 

BSA saline 4.8 (10.5) n/a n/a 

 

TNF-α 1.2 (1.7) 1.8 (3.2)* 4.8 (7.8)* 
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stimulated at the sciatic nerve distal to the TNF-α application site 

(supramaximal stimulation at 0.1 Hz). The repeated stimulation rate 

mimicked that of the responsive ongoing neurons in the neuritis model (Table 

4.2). Direct application of TNF-α to the repeatedly stimulated nerve did not 

cause the development of ectopic action potentials (5 minute baseline 

followed by a 15 minute exposure period). 

 

4.2.2 Immunohistochemistry 

L5 Dorsal root ganglia 

There was no significant difference in TNFR1 expression within the ipsilateral 

L5 DRG cell bodies between the untreated (mean = 3.2% ± 2.7, total 25/487 

cell bodies, n = 3 animals) and neuritis groups (mean = 6.7% ± 3.3, total 

97/1525 cell bodies, n = 5 animals; p = 0.41, Chi-square test; Figure 4.2). 

The median diameter of the cell bodies that expressed TNFR1 was 

significantly smaller in the neuritis (32.4 (IQR 3.7) µm) compared with 

untreated group (41.0 (IQR 21.8) µm; p = 0.03, Mann-Whitney test).  

 

Sciatic nerve 

Immunolabelling for TNFR1 in the untreated sciatic nerve showed labelling of  

_______________________________________________________ 

Figure 4.2 TNFR1 immunofluorescent labelling of DRG cell bodies in 
the untreated and neuritis groups. A: Summary of TNFR1 expression in 
DRG cell bodies. There was no change in TNFR1 expression in the neuritis 
(n = 97/1525 cells) compared with the untreated group (n = 25/487 cells; 
p>0.05, Chi-square test). Presented as mean percentage expression. Error 
bars represent SEM. B: TNFR1 untreated, C: TNFR1 neuritis. The nuclei of 
DAPI positive neuronal cells appear as large circular pale blue structures 
compared with the smaller elongated brighter blue nuclei of the satellite cells. 
The TNFR1 positive cells appear bright green. Scale bar = 50 µm.    
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Figure 4.2 TNFR1 immunofluorescent labelling of DRG cell bodies in 
the untreated and neuritis groups.  



125 
 

the endothelial cells and perineurium (Figure 4.3A), as well as clear axonal 

staining (Figure 4.3B). Following neuritis, there was also notable axonal 

staining (Figure 4.3C).  

 

4.3 Summary  

1. TNF-α does not excite untreated C-fibre neurons. 

 

2. Following neuritis, TNF-α excites a subgroup of inflamed C-fibre neurons 

that have unaltered conduction velocities. 

 

3. The experiments carried out on untreated animals following noxious 

peripheral field searches demonstrate that TNF-α can also excite acutely 

inflamed C-fibre neurons. 

 

4. There was no evidence that TNF-α can acutely cause the development of 

AMS. 

 

5. TNF-α does not excite C-fibre neurons in untreated animals that are 

repeatedly electrically stimulated at a similar rate to the responsive neurons 

in the neuritis model. 

 

_______________________________________________________ 

Figure 4.3 TNFR1 immunolabelling of the sciatic nerve in the untreated 
and neuritis groups. Sciatic nerve from an untreated (A, B) and neuritis 
animal (C), showing TNFR1 labelling of axons (arrows in B and C), 
endothelial cells and the perineurium (arrow in A). Scale bar = 20 µm for A 
and C, and 10 µm for B. (A and C = transverse sections, B = longitudinal 
section).  
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Figure 4.3 TNFR1 immunolabelling of the sciatic nerve in the untreated 
and neuritis groups.  
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6. Immunohistochemical studies show that TNFR1 is expressed at low levels 

in DRG neuronal cell bodies, although there is TNFR1 expression along 

sciatic nerve axons. 
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Chapter 5 

Role of CCL2 in Modulating 

Neuritis-Induced Ongoing 

Activity 
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5.1 Introduction 

Of growing interest is the role of chemokines in inflammatory pain 

mechanisms (Oh et al. 2001). In particular, the chemokine CCL2 has been 

reported to act within the peripheral nervous system following nerve injury via 

its cognate receptor CCR2 (White et al. 2005, Sun et al. 2006, Wang et al. 

2010). In models of inflammatory (CFA or formalin injections to the hind paw) 

and neuropathic pain (partial sciatic nerve ligation), behavioural studies have 

demonstrated a role for CCL2 in the development of pain-like behaviours 

(Abbadie et al. 2003, Tanaka et al. 2004).  

 

In contrast to previous nerve injury studies, the present study examined the 

electrophysiological effects of CCL2 (500 ng/ml) on inflamed C-fibre neurons 

in the neuritis model. CCL2 was locally applied to the neuritis treatment site 

and an equivalent region in untreated control animals as well as a subgroup 

of animals following noxious peripheral field searches. To gain an insight into 

the mechanisms by which CCL2 exerts its physiological effects, the neuronal 

expression of the cognate receptor CCR2 was also investigated in the L5 

DRG cell bodies and along the sciatic nerve at the neuritis treatment site, or 

equivalent region, in untreated animals. 

 

5.2 Results 

5.2.1  Electrophysiology 

In the untreated and neuritis groups, the sciatic nerve was crushed distally to 

the neuritis treatment site. The sciatic nerve was stimulated to identify 

individual C-fibre neurons. In the group with noxious peripheral field 
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searches, the dorsal root was stimulated in order to identify individual C-fibre 

neurons. In these experiments, the receptive fields were identified to confirm 

that the neurons conducted through the sciatic nerve. 

 

Untreated 

The median conduction velocity of CCL2-treated neurons (n = 10) was 0.97 

m/sec (IQR 0.23). 

 

Ongoing activity 

Following CCL2 application, one neuron responded (1/10 neurons; p = 0.45 

compared with BSA saline, Fisher Exact test; Figure 5.1A), firing at a rate of 

0.2 spikes/min.  

 

Axonal mechanical sensitivity 

None of the neurons in the untreated group developed AMS following the 

application of CCL2 (n = 10 neurons). 

 

Neuritis 

The median conduction velocity of CCL2-treated neurons in the neuritis  

_______________________________________________________ 

Figure 5.1 Percentages of neurons responding to BSA saline and CCL2 
application in the untreated and neuritis groups. A: Higher proportions of 
neurons responded to CCL2 in the neuritis group compared with BSA saline 
(*p<0.05, Fisher Exact test). The total number of neurons sampled and the 
number that are responsive are shown. B and C: Typical responses of 
neuritis-treated C-fibre neurons to CCL2 application (B: CCL2 silent, C: 
CCL2 ongoing). Horizontal lines above traces represent the exposure period 
to BSA saline and CCL2. D: Interspike-interval plot for a C-fibre neuron with 
baseline ongoing activity that shows a transient response to CCL2 
application.  
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Figure 5.1 Percentages of neurons responding to BSA saline and CCL2 

application in the untreated and neuritis groups.  
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group (n = 22) was 0.75 (IQR 0.31) m/sec (Table 5.1). 

 

Ongoing activity 

Table 5.2 summarises the baseline firing rates of responsive and non-

responsive ongoing neurons, and their rates post-cytokine application. 

Twenty-seven percent of neurons (n = 6/22 neurons) responded to CCL2 

application (p = 0.02 compared with BSA saline, Fisher Exact test; Figure 

5.1A), which included 20% (2/10) of silent and 33% (4/12) of ongoing 

neurons. The firing rates of the two responsive silent neurons were 0.2 and 

1.2 spikes/min post-CCL2 (example trace in Figure 5.1B). The ongoing 

neurons that responded to CCL2 had significantly slower baseline firing rates 

compared with the ongoing non-responders (p = 0.02, Mann-Whitney Test; 

Table 5.2, example trace in Figure 5.1C). All CCL2 responsive neurons (6/6) 

increased their activity between 0 and five minutes (i.e. during the first 5 

minute epoch) after CCL2 application. The effect was transient, and began to 

recover towards baseline after 10 minutes of exposure (e.g. Figure 5.1D).  

 

_______________________________________________________ 

Table 5.1 Conduction velocities in the neuritis group. Neurons which 
responded to cytokine treatment (CCL2 and TNF-α combined) had 
significantly faster conduction velocities than those which did not respond 
(*p<0.05; †p<0.01, Mann-Whitney tests). Values are given as the median 
conduction velocity and IQR. 
 
 
Table 5.2 Rates of neuritis ongoing neurons pre- and post-CCL2 
application. Baseline rates of ongoing responders are significantly slower 
than baseline rates of non-responders for both cytokines (*p<0.05, Mann-
Whitney test). Post-cytokine responder rates were significantly increased 
compared to baseline (†<0.05, Wilcoxon Signed Rank test). Values are given 
as the median firing rate and IQR.   
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Table 5.1 Conduction velocities in the neuritis group.  

 

 

Conduction velocity (m/sec) (IQR) 

 

 

All Responders Non-responders 

 

BSA saline 0.73 (0.43) n/a n/a 

 

CCL2 0.75 (0.31) 0.94 (0.49) 0.70 (0.18) 

 

CCL2 & TNF-α 0.68 (0.20)
 
 0.85 (0.35)

† 
0.61 (0.16)

†
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Table 5.2 Rates of neuritis ongoing neurons pre- and post-cytokine 
application.  

 

 

Rate of ongoing neurons (spikes/min) (IQR) 

 

 

Baseline: non-

responders 

Baseline: 

responders 

Post-cytokine: 

responders 

 

BSA saline 28.0 (24.6) n/a n/a 

 

CCL2 16.3 (36.0)*
 

1.7 (2.7)*
†
 11.2 (12.8)

† 

 

TNF-α & CCL2 24.6 (24.4)* 3.0 (3.0)*
† 

10.0 (15.0)
† 
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The median conduction velocity of the neurons that responded to CCL2 was 

26% faster compared with the non-responders, although this value was not 

significant (p = 0.07, Mann-Whitney test; Table 5.1). The conduction velocity 

of the responders was comparable to the conduction velocity of the untreated 

group (p = 0.90, Mann-Whitney test). When the conduction velocities of the 

inflamed neurons that responded to CCL2 and TNF-α are combined, the 

median conduction velocity was 39% faster compared with the non-

responders (p = 0.006, Mann-Whitney test; Table 5.1). The proportion of 

responsive neurons was thus higher at faster conduction velocities (Figure 

5.2A). The conduction velocity of the responders was comparable to the 

conduction velocity of the untreated group (p = 0.90, Mann-Whitney test).  

 

Axonal mechanical sensitivity 

Due to the experimental design, it was not possible to test for AMS prior to 

cytokine or BSA saline application in the neuritis group. There was no 

difference in the proportions of neurons with AMS following CCL2 treatment 

(14%, n = 3/22 neurons) compared with BSA saline (p = 1.00, Fisher Exact 

test).  

 

_______________________________________________________ 

Figure 5.2 Percentages of neurons responding to cytokine treatment 
(CCL2 and TNF-α combined). A: In the neuritis group, at faster conduction 
velocities the proportion of responders to the cytokines was higher. B: 
Percentage of neurons (silent and ongoing) recorded early (<151 minutes 
post-setup) and late (>151 minutes) in the group with noxious peripheral field 
searches (paradigm 2) that responded to cytokine treatment. Significantly 
more late neurons responded compared with early neurons (*p<0.05, Fisher 
Exact test). For both A and B the total number of neurons sampled and the 
number that are responsive are shown.   
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Figure 5.2 Percentages of neurons responding to cytokine treatment 
(CCL2 and TNF-α combined).  
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Untreated animals following noxious peripheral field searches  

The median conduction velocity of CCL2-treated neurons in the untreated 

group following peripheral field searches (n = 22) was 0.39 m/sec (IQR 0.26, 

Table 5.3). The majority of these neurons had receptive fields in deep tissues 

(n = 18 deep and n = 4 cutaneous). 

 

Ongoing activity 

Table 5.4 summarises the baseline firing rates of responsive and non- 

responsive ongoing neurons, and their rates post-cytokine application. 

Twenty-seven percent of neurons (n = 6/22 neurons) responded to CCL2 

application (p = 0.02 compared with BSA saline, Fisher Exact test), which 

included 33% (4/12) of silent and 20% (2/10) of ongoing neurons. The firing 

rate post-CCL2 application of the responsive silent neurons was 0.2 

spikes/min (IQR 0.00). The baseline rate of the ongoing responders was 

similar to the baseline rate of the ongoing non-responders (Table 5.4). Four 

of the six CCL2 responsive neurons increased their activity between 0 and 

five minutes (i.e. during the first 5 minute epoch) after CCL2 application. The 

effect was transient, and began to recover towards baseline after 10 minutes 

of exposure. Five of the six responsive neurons were recorded late in the  

_______________________________________________________ 

Table 5.3 Conduction velocities in the group with noxious peripheral 
field searches. Neurons which responded to cytokine treatment had similar 
conduction velocities to those that did not respond (p>0.05, Mann-Whitney 
tests). Values are given as the median conduction velocity and IQR.  
 
Table 5.4 Rates of ongoing neurons in the group with noxious 
peripheral field searches pre- and post-CCL2 application. Post-CCL2 
responder rates were not significantly increased compared to baseline 
(p>0.05, Wilcoxon Signed Rank test). Values are given as the median firing 
rate and IQR.   
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Table 5.3 Conduction velocities in the group with noxious peripheral 
field searches.  

 

 

Conduction velocity (m/sec) (IQR) 

 

 

All Responders Non- responders 

 

BSA saline 0.58 (0.15) n/a 0.58 (0.15) 

 

CCL2 0.39 (0.26) 0.39 (0.09) 0.42 (0.30) 

 

TNF-α & CCL2 0.47 (0.34) 0.39 (0.28) 0.50 (0.31) 
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Table 5.4 Rates of ongoing neurons in the group with noxious 
peripheral field searches pre- and post-cytokine application.  

 

 

 

 

Rate of ongoing neurons (spikes/min) (IQR) 

 

Baseline: non-

responders 

Baseline: 

responders 

Post-cytokine: 

responders 

 

BSA saline 4.8 (10.5) n/a n/a 

 

CCL2 6.8 (11.2) 5.3 (6.6) 9.5 (10.9) 
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experiment (i.e. after 151 minutes). When the data for both CCL2 and TNF-α 

is combined, significantly more neurons that responded were recorded late in 

an experiment (p = 0.01, Fisher Exact test; Figure 5.2B). 

 

Receptive field location had no bearing on whether acutely inflamed neurons 

were responsive to either cytokine (3/6 cutaneous vs. 8/35 deep, combined 

data for both CCL2 and TNF-α; p = 0.32, Fisher Exact test). 

 

Axonal mechanical sensitivity 

None of the neurons with receptive field searches developed AMS following 

the application of CCL2 (n = 22 neurons). 

 

5.2.2 Immunohistochemistry 

L5 dorsal root ganglia 

CCR2 was expressed at extremely low levels within the ipsilateral L5 DRG 

cell bodies in both the untreated (2.1%; 17/825 cell bodies, n = 3 animals) 

and neuritis groups (0.6%; 7/1198 cell bodies, n = 5 animals), although the 

difference between groups was significant (p = 0.005, Chi-square test; Figure 

5.3).   

_______________________________________________________ 

Figure 5.3 CCR2 immunofluorescent labelling of DRG cell bodies in the 
untreated and neuritis groups. A: Summary of CCR2 expression in DRG 
cell bodies. There was a significant decrease in CCR2 expression in the 
neuritis (n = 7/1198 cells) compared with the untreated group (n = 17/825 
cells; **p<0.01, Chi-square test). Presented as mean percentage expression. 
Error bars represent SEM. B: CCR2 untreated, C: CCR2 neuritis. The nuclei 
of DAPI positive neuronal cells appear as large circular pale blue structures 
compared with the smaller elongated brighter blue nuclei of the satellite cells. 
The CCR2 positive cells appear bright green. Scale bar = 50 µm.   
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Figure 5.3 CCR2 immunofluorescent labelling of DRG cell bodies in the 

untreated and neuritis groups.  
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Sciatic nerve 

Immunolabelling for CCR2 in untreated sciatic nerve showed low-level 

staining of structures such as Schwann cells and myelin, but no obvious 

axonal staining (Figure 5.4A). Following neuritis, the magnitude of Schwann 

cell/myelin staining increased substantially (Figure 5.4B), although axonal 

CCR2 staining remained unchanged. There was also a lack of CCR2 

staining of endothelial cells and monocytes within the Gelfoam.  

 

5.3 Summary  

1. CCL2 does not excite untreated C-fibre neurons. 

 

2. Following neuritis, CCL2 excites a subgroup of inflamed C-fibre neurons 

that have unaltered conduction velocities, similar to TNF-α. 

 

3. The experiments carried out on untreated animals following noxious 

peripheral field searches demonstrate that, like TNF-α, CCL2 can also excite 

acutely inflamed C-fibre neurons. 

 

4. There was no evidence that CCL2 can acutely cause the development of 

AMS. 

 

_______________________________________________________ 

 
Figure 5.4 CCR2 immunolabelling of the sciatic nerve in the untreated 
and neuritis groups. Sciatic nerve from an untreated (A) and neuritis animal 
(B), showing CCR2 staining of Schwann cells and associated myelin (arrows 
in A and B). Note the increase in staining following neuritis. Scale bar = 20 
µm.  
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Figure 5.4 CCR2 immunolabelling of the sciatic nerve in the untreated 

and neuritis groups.  
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5. Immunohistochemical studies show that CCR2 is expressed at negligible 

levels in DRG neuronal cell bodies and sciatic nerve axons. However, there 

is notable expression of CCR2 on myelinated profiles following neuritis. 
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6.1  Introduction 

HCN channels have been implicated in the sensory neuron hyperexcitability 

that may underlie neuropathic pain symptoms (Chaplan et al. 2003, Sun et al. 

2005, Jiang et al. 2008, Emery et al. 2011). These studies have 

demonstrated a role for HCN channels in the generation and maintenance of 

ongoing activity in nerve injury models. A major focus has been on A-fibre 

neurons, although more recently a role for HCN channels expressed by C-

fibre neurons has been implicated (Emery et al. 2011, Weng et al. 2012).  

 

The present study has examined the electrophysiological effects of the HCN 

channel blocker ZD7288 on C-fibre neuron ongoing activity in the neuritis 

model. In these experiments, ZD7288 was locally applied to the neuritis 

treatment site. To determine whether neuritis can affect the expression of 

HCN channels, immunohistochemistry was used to measure the intensity of 

HCN2 channel labelling in the L5 DRG cell bodies of both neuritis and 

untreated animals. The role of HCN channels in the maintenance of neuritis-

induced heat hyperalgesia and mechanical allodynia was also examined. 

 

6.2 Results 

6.2.1  Electrophysiology 

These experiments were carried out in neuritis-treated animals, three to six 

days following surgery. In these experiments the sciatic nerve was stimulated 

to ensure conduction through the neuritis treatment site. Therefore the 

peroneal nerve was ligated to reduce movement artefacts. The median 

conduction velocity of all C-fibre neurons in this study was 0.86 m/sec (IQR 
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0.33, n = 97). Recordings were made from 51 neurons that were silent at 

baseline (median conduction velocity 0.81 m/sec (IQR 0.35)) as well as 46 

neurons that had ongoing activity >0.2 Hz (median conduction velocity = 0.91 

m/sec (IQR 0.27)). 

 

Dose response data 

The change in firing rates of neurons treated with incremental concentrations 

of ZD7288 is summarised in Figure 6.1 and Table 6.1.  

 

The ongoing activity rate decreased from baseline in all three neurons in 

response to ZD7288 in a concentration-dependent manner: -4.9 ± 12.0% at 

0.1 mM, -21.9 ± 11.8% at 0.5 mM and -30.1 ± 14.8% at 1 mM (n = 3; Figure 

6.1A). However, when percentage change from previous test concentration is 

calculated rather than from the baseline, the greatest and most consistent 

dose-on-dose effect was at 0.5 mM (Figure 6.1B).  

 

_______________________________________________________ 

Figure 6.1 Effects of incremental concentrations of ZD7288 on neuritis-
induced C-fibre neuron ongoing activity. A: ZD7288 caused a 
concentration-dependent decrease in rate of ongoing activity when 
increasing concentrations were each applied to the neuritis treatment site for 
10 minutes (n = 3). The greatest effect occurred at the highest concentration 
tested (1 mM). B: The greatest decrease in ongoing activity compared with 
the previous concentration/10 minute recording period occurred at the middle 
(0.5 mM) concentration of ZD7288 (n = 3). Both A and B presented as mean. 
Error bars represent SEM. 
 
 
Table 6.1 Rates of ongoing activity at baseline and following application 
of incremental concentrations of ZD7288. The mean, range and SEM of 
raw C-fibre neuron firing rates, as well as percentage change in rate during 
ZD7288 exposure are shown. The decreases in firing rate caused by 
ZD7288 were concentration-dependent.   
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Figure 6.1 Effects of incremental concentrations of ZD7288 on neuritis-

induced C-fibre neuron ongoing activity.  
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Table 6.1 Rates of ongoing activity at baseline and following application 

of incremental concentrations of ZD7288.  

 

Concentration of 

ZD7288 (mM) 

 

Mean firing rate (spikes/min) 

[range] (SEM) 

 

Mean percent change 

from baseline ± SEM 

 

0 (baseline) 

 

87.4 [45.6-117.0] (21.5) 

 

n/a 

 

0.1 

 

78.3 [52.4-96.5] (13.3) 

 

-4.9 ± 12.0% 

 

0.5 

 

63.2 [46.0-72.0] (8.6) 

 

-21.9 ± 11.8% 

 

1 56.4 [43.8-80.7] (12.2) 

 

-30.1 ± 14.8% 
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0.5 mM ZD7288 data 

The change in firing rates from baseline over a 30 minute time course of 0.5 

mM ZD7288 or SIF vehicle exposure is summarised in Figure 6.2 and Table 

6.2.  

 

There was an observable decrease in the firing rate following a 10 to 20 

minute exposure to 0.5 mM ZD7288 (n = 8; Figure 6.2). The percent change 

from the baseline firing rate was significantly different compared with SIF 

vehicle (n = 10) during the 21 to 30 minute time period (4.1 ± 9.8% for SIF vs. 

-27.6 ± 10.9% for ZD7288; p = 0.03, unpaired t-test). Example traces 

showing firing rate decreases in response to 0.5 mM ZD7288 can be seen in 

Figure 6.3. There was no difference between the conduction velocity of 

ZD7288-treated neurons and those exposed to SIF vehicle (median  

_______________________________________________________ 

Figure 6.2 Effects of 30 minute application of 0.5 mM ZD7288 on 
neuritis-induced C-fibre neuron ongoing activity. ZD7288 (n = 8) caused 
a prominent reduction in the mean firing rate compared with SIF vehicle (n = 
10) at 11-20 minutes following application to the neuritis treatment site, with a 
significant reduction occurring at 21-30 minutes (*p<0.05, unpaired t-test). 
Presented as means. Error bars represent SEM. 
 
 
Table 6.2 Rates of ongoing activity at baseline and following application 
of 0.5 mM ZD7288 or SIF vehicle. The mean, range and SEM of raw C-fibre 
neuron firing rates during a 30 minute ZD7288 or SIF vehicle exposure 
period are shown. Presented in 10 minute bins. Percentage change from 
baseline for both groups can be seen in Figure 6.2 
 
 
Figure 6.3 Example traces of ZD7288 effects on ongoing activity rate. A 
and B: Example raw traces and corresponding interspike interval graphs for 
two different ongoing C-fibre neurons. In both cases there was a decrease in 
firing incidence, and thus increased interspike interval, following ZD7288 
treatment. Horizontal lines above traces represent the exposure period to 
SIF vehicle and 0.5mM ZD7288.  
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Figure 6.2 Effects of 30 minute application of 0.5 mM ZD7288 on 
neuritis-induced C- fibre neuron ongoing activity.  
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Table 6.2 Rates of ongoing activity at baseline and following application 

of 0.5 mM ZD7288 or SIF vehicle.  

 

 

 

Mean firing rate (spikes/min) [range] (SEM) 

 

Time (min) 

 

SIF vehicle 

 

0.5 mM ZD7288 

 

-10-0 

(baseline) 

 

38.2 [16.9-70.0] (7.6) 

 

49.6 [12.6-91.2] (10.6) 

 

1-10 

 

40.8 [13.5-75.4] (8.9) 

 

47.6 [8.1-100.0] (10.5) 

 

11-20 

 

41.8 [20.3-73.9] (9.0) 

 

44.0 [7.4-96.7] (13.0) 

 

21-30 

 

41.2 [16.7-66.4] (6.5) 

 

36.2 [5.0-93.5] (10.3)  
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Figure 6.3 Example traces of ZD7288 effects on ongoing activity rate.  
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conduction velocity for SIF = 0.84 m/sec (IQR 0.32), and for ZD7288 = 0.75 

m/sec (IQR 0.25); p = 0.60, Mann-Whitney test).  

 

Through-conduction was examined in all neurons by electrical stimulation of  

the nerve distal to the SIF/ZD7288 application site following wash-off. All 

neurons tested conducted through the test site (n = 21).  

 

Reversibility of ZD7288 effects 

In one of the ZD7288-treated neurons, recording was continued for a further 

20 minutes following wash-off. By the end of this period, the firing rate had 

returned from an 18.5% reduction back to baseline levels. Following the 30 

minute exposure to either 0.5 mM ZD7288 or SIF, further neurons were 

screened for incidence of ongoing activity. There was no difference in the 

percentage of ongoing activity observed post-ZD7288 application compared 

with post-SIF (27% (10/37) vs. 33% (13/39) for SIF; p = 0.79, Fisher Exact 

test). Ongoing activity rates of neurons recorded post-ZD7288 wash-off were 

also no different from those recorded post-SIF wash-off (mean = 28.5 ± 7.3 

spikes/min for ZD7288 vs. 26.8 ± 9.1 spikes/min for SIF; p = 0.89, unpaired t-

test). There was no correlation between rates of ongoing activity and time of 

recording post-ZD7288 or SIF wash-off (r = 0.27 for ZD7288 and r = 0.24 for 

SIF). There was also no difference in the time taken to find the first ongoing 

neuron post-ZD7288 wash-off compared with post-SIF wash-off (88 minutes 

(IQR 26 minutes, n = 5) for ZD7288 vs. 77 minutes (IQR 56 minutes, n = 4) 

for SIF; p = 0.91, Mann-Whitney test). The earliest an ongoing neuron was 

encountered post-ZD7288 wash-off was 52 minutes, and 55 minutes post-
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SIF. Since the rates and incidence of ongoing activity following ZD7288 

wash-off were comparable to the SIF group and also pre-ZD7288 values, the 

effects of ZD7288 on C-fibre ongoing activity were clearly reversible.  

 

6.2.2  Immunohistochemistry 

HCN2 labelling was apparent within the cytosol of L5 DRG cell bodies of all 

sizes in untreated and neuritis groups (Figure 6.4). Following neuritis, the 

intensity of HCN2 labelling was significantly higher in small cell bodies 

compared with untreated controls (mean intensity value = 60.6 ± 4.1 arbitrary 

units (AU) for untreated (n = 80 cells from 4 animals) vs. 75.8 ± 1.8 AU for 

neuritis (n = 80 cells from 4 animals; p = 0.04, paired t-test; Figure 6.4A).   

 

No difference was observed between neuritis and untreated groups for large 

cell bodies (mean intensity value = 62.8 ± 5.7 AU for untreated (n = 80 cells 

from 4 animals) vs. 71.8 ± 2.0 AU for neuritis (n = 80 cells from 4 animals; p 

= 0.19, paired t-test, Figure 6.4A). In addition, the intensity of labelling was 

significantly higher in small cell bodies post-neuritis compared with large cell 

bodies post-neuritis (p = 0.04, paired t-test), but this was not the case for the  

_______________________________________________________ 

Figure 6.4 HCN2 immunofluorescent labelling of DRG cell bodies in the 
untreated and neuritis groups. A: Mean intensity of HCN2 labelling in the 
L5 DRG. The intensity of HCN2 labelling was significantly higher in the small 
cell bodies of neuritis animals (n =80 cells) compared with the small cell 
bodies of untreated controls (n = 80 cells; *p<0.05, paired t-test). In addition, 
the intensity of HCN2 was significantly higher in small cell bodies (n = 80) 
compared with large cell bodies following neuritis (n = 80 cells; *p<0.05, 
paired t-test), a trend not apparent in controls. Presented as means. Error 
bars represent SEM. B and C: Examples of ubiquitous labelling of HCN2 in 
L5 DRG cell bodies in (B) an untreated and (C) a neuritis animal. The arrow 
in (C) shows an example of membrane-related labelling in a large cell body. 
Scale bar = 50 µm.    



156 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 HCN2 immunofluorescent labelling of DRG cell bodies in the 

untreated and neuritis groups.  
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untreated group (p = 0.46, paired t-test, Figure 6.4A). In a separate set of 

experiments, DRG sections were assessed for proportion of membrane-

related HCN2 labelling (n = 545 cell bodies from 5 untreated and n = 564 cell 

bodies from 5 neuritis animals). Significantly more large cell bodies 

possessed membrane-related labelling compared with small cell bodies for 

both untreated and neuritis (178/322 large cells (55%) vs. 49/223 small cells 

(22%) for untreated, and 180/324 large cells (56%) vs. 58/240 small cells 

(24%) for neuritis; p <0.001 for both, Chi-square tests). There was no 

difference between proportion of large or small cell membrane labelling when 

comparing untreated and neuritis groups (p = 0.65 for small and p = 1.00 for 

large, Chi-square tests). 

 

6.2.3  Behaviour 

Heat hyperalgesia 

Neuritis animals were tested around the peak of heat hyperalgesia (day three 

following surgery) for the systemic effects of either 5 mg/kg ZD7288 (n = 5), 

10 mg/kg ZD7288 (n = 5), or saline vehicle (n = 6). It was not possible to test 

a higher dose of ZD7288 due to concerns regarding a sedative effect (Lee et 

al. 2005). All animals (n = 16) showed a significant decrease in withdrawal 

latency on the ipsilateral paw prior to treatment (main effect: p = 0.002, 

repeated measures ANOVA; mean at day 0 = 14.2 ± 0.3 s compared with 9.6 

± 0.7 g at day 3 post-surgery (pre-treatment), post hoc: p<0.001, Bonferroni 

t-test comparing day 0 to day 3). No such decrease in latency was observed 

for the contralateral side (main effect: p = 0.22, repeated measures ANOVA). 

The ipsilateral withdrawal threshold was significantly lower than that of the 
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contralateral side on day three (pre-treatment; p = 0.003, paired t-test, Figure 

6.5A) 

 

Both doses of ZD7288 tested caused a reversal of withdrawal latency 

compared with saline treatment, although this was only significant at the 

highest dose (10 mg/kg; mean = 19.0 ± 0.90 s for 10 mg/kg ZD7288 

compared with 13.6 ± 1.6 s for saline; main effect p = 0.04, repeated 

measures ANOVA; post hoc: p = 0.04, Bonferroni t-test comparing 10 mg/kg 

ZD7288 with saline; Table 6.3 and Figure 6.5B). There was also a significant 

increase in withdrawal latency when pre- and post-ZD7288 values are 

compared (p<0.05, paired t-tests; Figure 6.5 B, Table 6.3) but not following 

saline treatment (p = 0.15, paired t- test). 

 

 

_______________________________________________________ 

Figure 6.5 Effects of systemic ZD7288 on neuritis-induced heat 
hyperalgesia. A: Neuritis caused a significant decrease in withdrawal 
latency on day three post-surgery compared with the contralateral side (n = 
16; **p<0.01, paired t-test). B: Systemic administration of 5 and 10 mg/kg 
(both n = 5) ZD7288 on day three following surgery caused a significant 
reversal of heat hyperalgesia compared with baseline values (Pre; **p<0.01, 
paired t-test). In addition, the effect at 10 mg/kg was significantly greater than 
the effect of saline (main effect p = 0.04, repeated measures ANOVA; post 
hoc: p = 0.04, Bonferroni t-test comparing 10 mg/kg ZD7288 with saline). A 
and B presented as means. Error bars represent SEM. P.o. = post-operative. 
 
Table 6.3 Withdrawal latencies pre-surgery and on day three pre- and 
post-systemic ZD7288 administration. The highest dose of ZD7288 (10 
mg/kg, n = 5) caused a significant reversal in heat hyperalgesia compared 
with vehicle (main effect p = 0.04, repeated measures ANOVA; post hoc: 
p<0.05, Bonferroni t-test comparing 10 mg/kg ZD7288 with saline). In 
addition, both doses of ZD7288 (both n = 5) tested significantly increased the 
withdrawal latency from their respective pre-treatment values (†p<0.01, 
paired t-tests), an effect not seen in the saline vehicle group (n = 6; p>0.05, 
paired t-test).  
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Figure 6.5 Effects of systemic ZD7288 on neuritis-induced heat 
hyperalgesia.  
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Table 6.3 Withdrawal latencies pre-surgery and on day three pre- and 
post-systemic ZD7288 administration.  

 

 

Treatment 

 

Mean pre-surgery 

withdrawal threshold 

on day 0 (sec) ± SEM 

 

 

Mean pre-treatment 

withdrawal threshold 

on day 3 (sec) ± SEM 

 

Mean post-treatment 

withdrawal threshold 

on day 3 (sec) ± SEM 

 

Saline 

 

14.5 ± 1.6 

 

10.3 ± 0.9 

 

13.6 ± 1.6* 

 

5 mg/kg ZD7288 

 

14.1 ± 1.8 

 

9.9 ± 2.0
†
 

 

17.0 ± 1.3
†
 

 

10 mg/kg ZD7288 

 

13.7 ± 1.8 

 

8.5 ± 0.9
†
 

 

19.0 ± 0.9*
†
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Mechanical allodynia 

Neuritis animals were tested around the peak of mechanical allodynia (days  

4 or 5) for the systemic effects of either 5 mg/kg ZD7288 (n = 8), 10 mg/kg  

ZD7288 (n = 8), or saline vehicle (n = 12). All animals (n = 28) showed a 

significant decrease in withdrawal latency on the ipsilateral paw prior to 

treatment (main effect: p<0.001, repeated measures ANOVA; mean at day 0 

= 12.3 ± 0.3 g, compared with 7.4 ± 0.5 g for day 4/5 post-surgery (pre-

treatment), post hoc: p<0.001, Bonferroni t-test comparing day 0 to day 4/5). 

A significant decrease in threshold was also observed for the contralateral 

side (main effect: p = 0.03, repeated measures ANOVA; post hoc: p = 0.038, 

Bonferroni t-test comparing day 0 to day 4/5). However the ipsilateral 

withdrawal threshold was significantly lower than that of the contralateral side 

on day 4/5 (pre-treatment; p = 0.004, paired t-test; Figure 6.6A). Neither dose 

of ZD7288 caused a significant reversal of withdrawal threshold compared 

with saline (mean = 8.3 ± 1.5 g for 5 mg/kg and 8.4 ± 1.5 g for 10 mg/kg 

compared with 6.4 ± 0.7 g for saline; main effect p>0.05, repeated measures  

_______________________________________________________ 

Figure 6.6 Effects of systemic ZD7288 on neuritis-induced mechanical 
allodynia. A: Neuritis caused a significant decrease in withdrawal threshold 
on day 4/5 post-surgery compared with the contralateral side (n = 28; 
**p<0.01, paired t-test). B: Neither dose of ZD7288 significantly reversed 
mechanical allodynia on day 4/5 p.o. (both n = 8; main effect p>0.05, 
repeated measures ANOVA, and paired t-tests compared with baseline 
values (Pre)). A and B presented as means. Error bars represent SEM. 
 
 
Table 6.4 Withdrawal thresholds pre-surgery and on day four or five 
pre- and post-systemic ZD7288 administration. Neither dose of ZD7288 
tested (5 and 10 mg/kg, both n = 8) caused a significant reversal in 
mechanical allodynia towards pre-surgery levels (main effect p>0.05, 
repeated measures ANOVA). There was also no difference in the withdrawal 
threshold in any of the treatment groups compared with pre-treatment values 
(p>0.05, paired t-tests).  
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Figure 6.6 Effects of systemic ZD7288 on neuritis-induced mechanical 

allodynia.  



163 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 6.4 Withdrawal thresholds pre-surgery and on day four or five 

pre- and post-systemic ZD7288 administration.  

 

 

Treatment 

 

Mean pre-surgery 

withdrawal threshold 

on day 0 (g) ± SEM 

 

Mean pre-treatment 

withdrawal threshold 

on day 4or 5 (g) ± SEM 

 

Mean post-treatment 

withdrawal threshold 

on day 4 or 5 (g) ± SEM 

 

 

Saline 

 

12.4 ± 0.6 

 

7.2 ± 0.8 

 

6.4 ± 0.7 

 

5 mg/kg ZD7288 

 

12.8 ± 0.5 

 

7.1 ± 0.8 

 

8.2 ± 1.5 

 

10 mg/kg ZD7288 

 

11.8 ± 0.7 

 

7.9 ± 1.0 

 

8.4 ± 1.5 
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ANOVA; Table 6.4 and Figure 6.6B). Similarly, there was no significant 

difference in withdrawal threshold when pre- and post treatment values are 

compared (p>0.19, paired t-tests; Table 6.4). 

 

6.3 Summary 

1. ZD7288 partially decreases the rate of ongoing activity in inflamed C-fibre 

neurons in a concentration-dependent manner. 

 

2. The effects of ZD7288 on inflamed C-fibre neurons did not persist 

following wash-off. 

 

3. The HCN2 channel was expressed in all sizes of DRG neuron in both 

untreated and neuritis groups. However, the intensity of labelling was higher 

in small cell bodies following neuritis compared with untreated animals. 

 

4. The systemic administration of ZD7288 did not reverse neuritis-induced 

mechanical allodynia but did reverse heat hyperalgesia.  
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Chapter 7  

Role of Nav1.8 Channels in 

Neuritis-Induced Ongoing 

Activity 
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7.1 Introduction 

The nociceptor-specific voltage-gated sodium channel subtype Nav1.8 has 

been implicated in both neuropathic and inflammatory pain mechanisms 

(Akopian et al. 1999, Porreca et al.1999, Gold et al. 2003, Coggeshall et al. 

2004, Dong et al. 2007). Functional studies using Nav1.8 specific blockers 

have suggested that Nav1.8 is involved in the generation of ongoing activity, 

as well as pain-like behaviours (Gaida et al. 2005, Jarvis et al. 2007, Kort et 

al. 2008). However, its role in such mechanisms has mainly been inferred 

through studies that have examined changes in expression patterns of the 

channel in primary sensory neurons following nerve injury and tissue 

inflammation (Aguayo & White1992, Black et al. 1997, Cummins & Waxman 

1997, Tanaka et al. 1998, Novakovic et al. 1998, Gold et al. 2003).  

 

The present study has examined the electrophysiological effects of the novel 

Nav1.8 blocker A803467 on C-fibre neuron ongoing activity in the neuritis 

model. In these experiments, A803467 was applied locally to the neuritis 

treatment site. To determine whether neuritis can affect the expression of the 

Nav1.8, immunohistochemistry was used to measure the intensity of the 

channel in the L5 DRG cell bodies of both neuritis and untreated animals.  

 

7.2 Results 

7.2.1  Electrophysiology 

These experiments were carried out in neuritis-treated animals, three to six 

days following surgery. In these experiments the sciatic nerve was stimulated 

to ensure conduction through the neuritis treatment site. Therefore the 
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peroneal nerve was ligated to reduce movement artefacts. The median 

conduction velocity of all C-fibre neurons in this study was 0.83 m/sec (IQR 

0.15; n = 14). Recordings were only made from those neurons that had 

ongoing activity >0.2 Hz. 

 

Dose response data 

In an initial set of experiments (n = 3), dose response data were obtained at 

0.1, 1 and 10 μM. Additional experiments (n = 2) examined higher doses of 

10, 100 and 500 μM. The change in firing rates of neurons treated with 

incremental concentrations of A803467 is summarised in Figure 7.1 and 

Tables 7.1 and 7.2. The ongoing activity rate decreased from baseline by 

similar magnitudes at all concentrations of A803467 (between -27.4 and 

_______________________________________________________ 

Figure 7.1 Effects of incremental concentrations of A803467 on neuritis-
induced C-fibre neuron ongoing activity. A and B: In two separate sets of 
experiments, A803467 did not cause a concentration-dependent decrease in 
rate of ongoing activity when increasing concentrations were each applied to 
the neuritis treatment site for 10 minutes. The decrease in firing rate was 
similar for all concentrations tested. Presented as means. Error bars 
represent SEM. For A, n = 3. No error bars shown in B as n = 2. 
 
 
Table 7.1 Rates of ongoing activity at baseline and following application 
of incremental concentrations of A803467 (first set of experiments). The 
mean, range and SEM of raw C-fibre neuron firing rates, as well as 
percentage change in rate, during A803467 exposure are shown. The 
percent decreases in firing rate caused by A803467 were similar at all 
concentrations tested. 
 
 
Table 7.2 Rates of ongoing activity at baseline and following application 
of incremental concentrations of A803467 (second set of experiments). 
The mean and range of raw C-fibre neuron firing rates, as well as percentage 
change in rate, during A803467 exposure are shown. The percent decreases 
in firing rate caused by A803467 were similar at all concentrations tested. As 
n = 2, SEM not displayed.  
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Figure 7.1 Effects of incremental concentrations of A803467 on neuritis-

induced C-fibre neuron ongoing activity.  
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Table 7.1 Rates of ongoing activity at baseline and following application 

of incremental concentrations of A803467 (first set of experiments).  

 

Concentration of 

A803467 (μM) 

 

Mean firing rate 

(spikes/min) [range] (SEM) 

 

 

Mean percent change 

from baseline ± SEM 

 

0 (baseline) 

 

77.6 [13.8-143.9] (37.6) 

 

n/a 

 

0.1 

 

62.2 [6.0-122.1] (33.6) 

 

-31.2 ± 12.8% 

 

1 55.5 [5.1-113.0] (31.4) 

 

-40.1 ± 12.2% 

 

10 61.2 [4.9-101.3] (30.4) 

 

-32.1 ± 16.8% 
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Table 7.2 Rates of ongoing activity at baseline and following application 
of incremental concentrations of A803467 (second set of experiments).  

 

Concentration of 

A803467 (μM) 

 

 

Mean firing rate 

(spikes/min) (range) 

 

Mean percent change 

from baseline  

 

0 (baseline) 

 

54.0 (28.3-79.7) 

 

n/a 

 

10 

 

37.4 (22.5-52.3) 

 

-27.4% 

 

100 

 

29.1 (23.7-34.5) 

 

-36.5% 

 

500 26.7 (25.0-28.4) 

 

-38.0% 
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-40.1%). The 1 μM concentration of A803467 was selected for further 

experiments as it had previously been shown to block Nav1.8 currents in 

cultured sensory neurons (Scroggs 2011). 

 

1 μM A803467 data 

The percentage change in firing rate from baseline over the 30 minute time 

course of A803467 or SIF/ethanol vehicle exposure is summarised in Figure 

7.2 and Table 7.3. One μM A803467 (n = 4) showed no significant effect on 

ongoing activity rate at any time point compared with SIF/ethanol vehicle (n = 

5; p>0.5, unpaired t-test). There was no difference between the conduction 

velocity of A803467-treated neurons and those exposed to SIF vehicle 

(median conduction velocity for SIF = 0.88 m/sec (IQR 0.19), and for 

A803467 = 0.93 m/sec (IQR 0.06); p = 0.730, Mann-Whitney test).  

 

Through-conduction was examined in all neurons by electrical stimulation of 

the nerve distal to the SIF ethanol/A803467 application site following wash-

off. All neurons tested conducted through the test site (n = 14).  

 

_______________________________________________________ 

Figure 7.2 Effects of 30 minute application of 1 μM A803467 on neuritis-
induced C-fibre neuron ongoing activity. A803467 (n = 4) did not cause a 
reduction in the mean firing rate compared with SIF vehicle (n = 5) at any 
time point examined (p>0.05, unpaired t-test). Presented as means. Error 
bars represent SEM. 
 
 
Table 7.3 Rates of ongoing activity at baseline and following application 
of 1 μM A803467 or SIF vehicle. The mean, range and SEM of raw C-fibre 
neuron firing rates during a 30 minute A803467 or SIF vehicle exposure 
period are shown. Presented in 10 minute bins. Percentage change from 
baseline for both groups can be seen in Figure 7.2.  
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Figure 7.2 Effects of 30 minute application of 1 μM A803467 on neuritis-

induced C- fibre neuron ongoing activity.  
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Table 7.3 Rates of ongoing activity at baseline and following application 

of 1 μM A803467 or SIF vehicle.  

  

Mean firing rate (spikes/min) [range] (SEM) 

 

Time (min) 

 

SIF/ethanol vehicle 

 

 

1 μM A803467 

 

-10-0 

(baseline) 

 

31.44 [18.1-70.0] (10.0) 

 

51.0 [12.8-91.4] (20.1) 

 

1-10 

 

34.8 [9.4-74.5] (11.0) 

 

55.3 [10.0-98.4] (23.1) 

 

11-20 

 

30.5 [8.2-61.5] (9.1) 

 

57.0 [9.1-92.2] (20.8) 

 

21-30 

 

30.1 [7.6-59.8] (9.0) 

 

52.0 [6.5-84.3] (18.9) 
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7.2.2 Immunohistochemistry 

Nav1.8 labelling was prominent within the cytosol of small L5 DRG cell 

bodies for both untreated (mean intensity value for untreated small cell 

bodies = 44.6 ± 5.3 arbitrary units (AU; n = 201 cells from 5 animals) vs. 28.9 

± 4.4 AU for large cell bodies (n = 209 cells from 5 animals; p<0.001 paired t-

test, Figure 7.3) and neuritis-treated animals (mean intensity value for 

neuritis small cell bodies = 32.2 ± 2.3 AU (n = 201 cells from 5 animals) vs. 

22.3 ± 3.3 AU for large cell bodies (n = 209 cells from 5 animals; p = 0.001 

paired t-test; Figure 7.3). 

 

Following neuritis, the intensity of Nav1.8 labelling was significantly lower in 

small cell bodies compared with untreated controls (p = 0.04, paired t-test, 

Figure 7.3). No difference was observed between neuritis and untreated for 

large cell bodies (p = 0.11, paired t-test, Figure 7.3).  

 

7.3 Summary 

1. A803467 did not consistently decrease the rate of ongoing activity in 

inflamed C-fibre neurons. 

_______________________________________________________ 

Figure 7.3 Nav1.8 immunofluorescent labelling of DRG cell bodies in the 
untreated and neuritis groups. A: Mean intensity of Nav1.8 labelling in the 
L5 DRG. The intensity of Nav1.8 was significantly higher in small cell bodies 
compared with large cell bodies in both the neuritis and untreated groups (n 
= 201 cells for both groups; ***p<0.001, paired t-tests). The intensity of 
Nav1.8 labelling was significantly lower in the small cell bodies of neuritis 
animals compared with the small cell bodies of untreated controls (*p<0.05, 
paired t-test). Presented as means. Error bars represent SEM. B and C: 
Examples of Nav1.8 labelling predominantly in the cytoplasm of small L5 
DRG cell bodies in (B) an untreated and (C) a neuritis animal. Both of these 
sections were mounted on the same slide. Scale bar = 50 µm.    
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Figure 7.3 Nav1.8 immunofluorescent-labelling of DRG cell bodies in the 

untreated and neuritis groups.  
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2. The Nav1.8 channel was predominantly expressed within small L5 DRG 

neuronal cell bodies in both untreated and neuritis groups. However, the 

intensity of labelling was lower in small cell bodies following neuritis 

compared with untreated animals. 
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Chapter 8 

 Role of Axoplasmic 

Transport Disruption in the 

Development of Ongoing 
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8.1 Introduction 

The neuritis model contrasts with the CCI, SNL and SNI models because 

neuritis does not lead to gross nerve pathology. In models that result in 

significant degeneration, transported ion channels accumulate at the 

regenerating axonal tips (Tal & Eliav 1996, Chen & Devor 1998). This 

accumulation may form a region of hyperexcitability that is sufficient to cause 

the development of ongoing activity and AMS. However, inflammation in the 

absence of axonal degeneration can also disrupt axoplasmic transport (Kitao 

et al. 1997, Amano et al. 2001, Armstrong et al. 2004). Inflammation-induced 

disruption of axoplasmic transport has been proposed as the potential 

mechanism that may lead to AMS in the neuritis model (Dilley & Bove 2008b), 

due to the accumulation of transported ion channels at the neuritis treatment 

site (Figure 1.4). It is plausible that a similar mechanism may be responsible 

for the development of neuritis-induced ongoing activity.  

 

The present study has examined the physiological effects of sciatic nerve 

axoplasmic transport disruption, induced by localised vinblastine application, 

on the development of A- and C-fibre neuron ongoing activity as well as C-

fibre neuron AMS.  

 

8.2  Results 

8.2.1  Electrophysiology 

These experiments were carried out in animals four to seven days following 

the local application of vinblastine or saline (sham group) to the sciatic nerve. 
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Ongoing activity 

Sciatic nerve stimulation 

In an initial set of experiments, the sciatic nerve was electrically stimulated to 

identify individual A- and C- fibre neurons to ensure that neurons conducted 

through the vinblastine treatment site. In these experiments, the peroneal 

nerve was ligated to minimise movement artefacts. Receptive fields were not 

identified. 

 

A-fibre neurons 

The median conduction velocity of the A-fibre neurons following vinblastine 

treatment was 15.8 (IQR 21.5) m/sec, and 7.1% (1/14) of these neurons 

were ongoing. The firing rate of the ongoing neuron was 8.3 spikes/min.  

 

C-fibre neurons 

The median conduction velocity of the C-fibre neurons following vinblastine 

treatment was 0.71 (IQR 0.26) m/sec, and 9.0% (7/78) of these neurons 

were ongoing. The mean firing rate of the ongoing neurons was 37.9 ± 15.7 

spikes/min.  

 

Dorsal root stimulation 

In the second set of experiments, the dorsal root was electrically stimulated 

to identify neurons. The peroneal nerve was not ligated. Receptive fields 

were identified for A-fibre neurons using innocuous mechanical stimulation 

(see Figure 8.1), but not for C-fibre neurons. C-fibre neuron peripheral fields 

were not identified due to the necessity for noxious stimulation, which results 
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in inflammation of the hind limb and the development of ongoing activity over 

time (see section 3.2.2). 

 

A-fibre neurons 

The median conduction velocity of the A-fibre neurons was 14.0 (IQR 3.3) 

m/sec following vinblastine treatment and 14.3 (IQR 3.9) m/sec in the sham 

control group (p = 0.63, Mann-Whitney test; Figure 8.2A). In the vinblastine 

group, 5.8% (5/86) of these neurons were ongoing compared with 4.6 % 

(3/65) in the sham group (p = 1.00, Fisher Exact test; Figure 8.2C). The 

mean rate of ongoing activity was comparable between the vinblastine (5.7 ± 

4.0 spikes/min) and sham group (5.1 ± 3.6 spikes/min; p = 0.92, unpaired t-

test).  

 

C-fibre neurons 

The median conduction velocity of the C-fibre neurons was significantly  

_______________________________________________________ 

Figure 8.1 Diagram showing location of characterised A-fibre neuron 
receptive fields on the hind paw of sham and vinblastine treated 
animals. Isolated A-fibre neurons had receptive fields located on the digits, 
foot pads, or the plantar surface of the left hind paw. Each neuron’s identified 
receptive field is marked with an X. In addition, receptive fields were located 
on the ankle, knee (often behind the knee), or on the leg (thigh/calf). 
 
 
Figure 8.2 Electrophysiological observations in the vinblastine and 
sham groups. A: Following vinblastine treatment (n = 86), A-fibre neuron 
conduction velocity was comparable to that recorded in the sham group (n = 
65; p>0.05, Mann-Whitney test). B: The conduction velocity of C-fibre 
neurons was significantly lower in the vinblastine group (n = 148) compared 
with the sham group (n = 127; *p<0.05, Mann-Whitney test). A and B 
presented as medians. Error bars represent IQR. C: There was no difference 
in the proportion of A- or C-fibre neurons with ongoing activity following 
vinblastine treatment compared with the sham group (p = 1.00, Fisher Exact 
test).  
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Figure 8.1 Diagram showing location of characterised A-fibre neuron 
receptive fields on the hind paw of sham and vinblastine-treated 

animals.  
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Figure 8.2 Electrophysiological observations in the vinblastine and 
sham groups.  
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slower following vinblastine treatment compared with the sham control group 

(0.65 (IQR 0.3) m/sec for sham and 0.58 (IQR 0.25) m/sec for vinblastine; p 

= 0.02, Mann-Whitney test; Figure 8.2B). In the vinblastine group, 4.1% 

(6/148) of these neurons were ongoing compared with 3.9% (5/127) in the 

sham group (p = 1.00, Fisher Exact test; Figure 8.2C). The mean rate of 

ongoing activity was 7.5 ± 1.9 spikes/min in the vinblastine group, whereas 

the mean rate in the sham group was significantly faster at 19.5 ± 5.1 

spikes/min (p = 0.04, unpaired t-test).  

 

Axonal mechanical sensitivity 

On the last filament of each experiment, C-fibre AMS at the test site was 

examined. Twenty-five percent (12/43) of these neurons were mechanically 

sensitive following vinblastine treatment, compared with none in sham 

controls (0/33; p<0.001, Fisher Exact test, Figure 8.3A). An example trace of 

a mechanically sensitive C-fibre neuron following vinblastine treatment can 

be seen in Figure 8.3B. 

 

Assessment of C-fibre neuron conduction 

Since C-fibre neuron receptive field searches were not performed, a series of 

experiments on untreated animals (n = 3) determined the proportion of C- 

_______________________________________________________ 

Figure 8.3 Development of AMS following vinblastine treatment. A: A 
high proportion of C-fibre neurons were mechanically sensitive following 
vinblastine treatment whereas none exhibited AMS in the sham group 
(***p<0.001, Fisher Exact test). B: A typical C-fibre neuron with AMS 
recorded from the vinblastine group. The elevated lines on the foot pedal 
trace indicate the duration of mechanical stimulation of the nerve. * Indicates 
a pressure-induced after-discharge.  
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Figure 8.3 Development of AMS following vinblastine treatment.  
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fibre neurons in the L5 dorsal root that pass through the sciatic nerve. In 

these experiments, 94% (165/175) of C-fibre neurons recorded at the L5 

dorsal root passed through the equivalent area of the sciatic nerve where 

vinblastine is usually applied. Example traces showing the same neurons 

firing upon both sciatic nerve stimulation and dorsal root stimulation can be 

seen in Figure 8.4. 

 

8.3 Summary  

1. Vinblastine-induced axoplasmic transport disruption does not cause 

development of ongoing activity in A- or C- fibre neurons. 

 

2. Consistent with previous studies, axoplasmic transport disruption caused 

the development of AMS in C-fibre neurons and the slowing of C-fibre neuron 

conduction velocity. 

 

 

 

 

 

 

_______________________________________________________ 

Figure 8.4 Example traces showing C-fibre neuron conduction through 
both the sciatic nerve and dorsal root. A and B: Neurons were first 
identified electrically by stimulating the dorsal root. The sciatic nerve was 
subsequently electrically stimulated distal to the usual site of vinblastine 
application. Each panel shows neurons from different filaments. In both 
instances two neurons were present upon both the dorsal root and sciatic 
nerve stimulation. Corresponding neurons on each filament are identified by 
* and **. All traces are displayed on the same time scale (150 msec)  
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Figure 8.4 Example traces showing C-fibre neuron conduction through 

both the sciatic nerve and dorsal root.  
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Chapter 9 

Discussion 
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9.1  The role of ongoing activity in neuropathic pain 

Ongoing activity is the phenomenon whereby primary sensory neurons fire 

action potentials in the absence of sensory stimuli or peripheral 

inflammation, and is a result of increased membrane excitability. There is 

much evidence to suggest that ongoing activity is responsible for many of 

the painful symptoms reported by patients with neuropathic pain 

(Campero et al. 1998, Campero et al. 2010, Serra et al. 2012). Firstly, 

bursts of C-fibre neuron activity are thought to cause the episodes of 

spontaneous pain experienced by many patients (Handwerker & Kobal 

1993). In addition, there is substantial evidence that increased afferent 

barrage from both C- and Aβ-fibre neurons drives and maintains the 

central mechanisms that lead to the sensitisation of spinal neurons, and 

the subsequent development of allodynia (reviewed in Latremoliere & 

Woolf 2009). Plastic changes within the spinal cord as a result of continual 

C-fibre neuron input are also thought to contribute to the production of 

hyperalgesia (Ikeda et al. 2006).  

 

The crucial contribution of primary sensory neuron ongoing activity to 

painful symptoms warrants the undertaking of in-depth studies to 

understand the underlying mechanisms. Elucidation of these mechanisms 

may bring to light new pharmacological targets for the development of 

therapies that attenuate ongoing activity, and in turn reduce the severity of 

painful symptoms. The current project has provided the first detailed 

investigation into the mechanisms that underlie ongoing activity in C-fibre 

neurons following a localised peripheral neuritis.  
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9.2  Neuritis as a model of neuropathic pain 

The neuritis model provides a novel means to examine physiological 

changes in inflamed intact, through-conducting, C-fibre neurons. In 

contrast to neuropathic pain models where there is frank nerve injury, such 

as SNL and CCI, there is negligible axonal degeneration or demyelination 

in the neuritis model (Bennett 1999, Eliav et al. 1999, Bennett 2000, 

Chacur et al. 2001, Bove et al. 2003, Dilley et al. 2005). 

 

9.2.1  Ongoing activity 

The mechanisms underlying the development of neuritis-induced sensory 

neuron hyperexcitability, such as ongoing activity, are likely to be of great 

importance in patients who present with symptoms of neuropathic pain in 

the absence of clinical signs of frank nerve injury. This includes the large 

number of patients who are diagnosed with conditions such as NSAP, 

lower back pain and CRPS1.  

 

This study confirms that a sciatic nerve neuritis induces robust ongoing 

activity in one third of C-fibre neurons between days three and six 

following surgery. This ongoing activity always originates from, or just 

proximal to, the lesion site. These observations are in agreement with 

previous studies (Eliav et al. 1999, Eliav et al. 2001, Bove et al. 2003, 

Dilley et al. 2005, Bove 2009). In models using frank nerve injury such as 

SNL, C-fibre neuron ongoing activity only develops in uninjured neurons 

(Wu et al. 2001), which is consistent with the observations of ongoing 

activity from intact, through conducting C-fibre neurons in the neuritis 
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model. There are several lines of evidence to suggest that in patients, the 

incidence and rate of ongoing activity in C-fibre neurons closely matches 

that in the neuritis model (Van Hees & Gybels 1972, Konietzny et al. 1981, 

Van Hees & Gybels 1981, Serra et al. 2012). Interestingly, there is 

negligible A-fibre neuron ongoing activity following neuritis (Bove et al. 

2003, Dilley et al. 2005, Bove 2009). This finding is dissimilar to models 

using frank nerve injury, where A-fibre ongoing activity is a prominent 

feature (Han et al. 2000, Liu et al. 2000a).  

 

9.2.2  Axonal mechanical sensitivity  

Another interesting feature of the neuritis model is the development of 

mechanical sensitivity along the axons of C-fibre neurons, at the inflamed 

site. This phenomenon is particularly notable because many patients, 

including those with NSAP, present with nerve trunk mechanical sensitivity 

(Byng 1997, Lynn et al. 2002). Inflammation-induced axonal mechanical 

sensitivity could thus underlie the movement-induced radiating pain 

experienced by such patients. In the present study, AMS was observed in 

14% of inflamed C-fibre neurons. This is in line with previous observations 

in the neuritis model (Eliav et al. 2001, Bove et al. 2003, Dilley et al. 2005, 

Dilley & Bove 2008a). Neuritis-induced AMS contrasts with that seen in 

models of frank nerve injury such as CCI. In the CCI model, mechanical 

sensitivity only develops at regenerating tips within neuromas (Tal & Eliav 

1996, Chen & Devor 1998), whereas neuroma formation is not a feature of 

the neuritis model. 
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9.2.3  Conduction velocity slowing 

The present study revealed that the conduction velocity of C-fibre neurons 

was slowed by neuritis, an effect that has been reported previously (Dilley 

& Bove 2008a). Most of the neurons which had their velocities slowed 

were ongoing, and thus it is possible that these conduction velocity 

changes are a result of activity-dependent slowing (Gee et al. 1996, 

Obreja et al. 2010).  

 

9.2.4  Behavioural changes 

Despite the lack of axonal degeneration and A-fibre neuron ongoing 

activity following neuritis, pain-like behaviours still develop. Our laboratory 

has shown the development of a robust mechanical allodynia that peaked 

at four days after surgery (Pulman and Dilley, unpublished observation), 

an effect which correlates with previous reports (Eliav et al. 1999, Bove et 

al. 2003). Heat hyperalgesia was also apparent, which peaked slightly 

earlier at day three. Both behaviours were short-lived, which has also 

been shown previously (Eliav et al. 1999, Bove et al. 2003). By day seven, 

there were already signs of a reversal of the pain-like behaviours. It is 

interesting that, in contrast to models of frank nerve injury, these pain-like 

behaviours apparently occur in the absence of aberrant A-fibre neuron 

input into the spinal cord. 

 

9.3  Cytokines as modulators of neuritis-induced ongoing activity 

During inflammation, inflammatory mediators are released from infiltrating 

immune cells and also cells closely associated with neurons, such as 
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Schwann cells (Watkins & Maier 2002). Thus during neuritis, inflammatory 

mediators could come into close contact with neurons and elicit direct 

effects on their activity. The present study examined the physiological 

effects of the pro-inflammatory cytokine TNF-α and the chemokine CCL2 

on both uninjured and inflamed neurons, in order to explore the possibility 

that these mediators could modulate neuritis-induced C-fibre ongoing 

activity. TNF-α has been shown repeatedly to contribute to neuropathic 

pain mechanisms, because it can cause the development of pain-like 

behaviours and also directly induce ongoing activity in nociceptors (Sorkin 

et al. 1997, Leem & Bove 2002, Cunha et al. 1992, Schafers et al. 2003a, 

Zelenka et al. 2005). A role for CCL2 in peripheral neuropathic pain 

mechanisms has also become apparent over recent years, although the 

effects of CCL2 on neuronal excitability remain less well explored than for 

TNF-α. Previous electrophysiological CCL2 studies have focused on 

excised/dissociated DRG (White et al. 2005, Sun et al. 2006, Wang et al. 

2010). The present work has expanded on these previous investigations 

by examining the effects of CCL2 in vivo. 

 

9.3.1  Effects of cytokines on the initiation of ongoing activity in 

untreated neurons 

Both TNF-α and CCL2 had negligible effects on untreated C-fibre neurons, 

which implies that neither cytokine is capable of acutely inducing ongoing 

activity in the absence of inflammation. The lack of ongoing neurons in the 

untreated group meant that it was only feasible to examine the effects of 

cytokines on silent neurons in this instance. The absence of a TNF-α 
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effect on untreated neurons contrasts with previously published findings 

where a comparable dose of TNF-α excited C-fibre neurons that were 

considered uninjured (Sorkin et al. 1997, Leem & Bove 2002). However, in 

both of these studies characterisation of the receptive fields was 

undertaken using repeated noxious stimulation of the periphery. The 

current experiments have revealed that such receptive field searches 

cause visible swelling of the hind limb, which indicates that the peripheral 

neuronal terminals may well be inflamed or injured. Schafers and 

colleagues (2003b) also reported a TNF-α-induced excitation of untreated 

C-fibre neurons. However, this study was carried out in vitro, and thus the 

complete excision of tissue from its native environment could in itself 

affect axonal physiology, and increase the susceptibility of the neurons to 

cytokine effects. It is however agreed that TNF-α is considerably less 

potent on untreated compared to injured neurons (Liu et al. 2002a, 

Schafers et al. 2003b). Consistent with the present study, previous reports 

have also demonstrated only limited CCL2 effects on untreated neurons 

(Sun et al. 2006, Wang et al. 2010). 

 

9.3.2  Effects of cytokines on neuritis-induced ongoing activity 

Neuritis 

The present study has extended previous findings (Sorkin et al. 1997, 

Leem & Bove 2002, Liu et al. 2002a, Zhang et al. 2002, Schafers et al. 

2003b, Sun et al. 2006; Wang et al. 2010) to show that both TNF-α and 

CCL2 can excite inflamed C-fibre neurons in the neuritis model. Since the 

neuritis model does not result in substantial degeneration or demyelination 
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(Eliav et al. 1999, Bove et al. 2003, Dilley et al. 2005), it can be concluded 

that inflammation alone is sufficient to increase the susceptibility of 

neurons to the effects of these inflammatory mediators. Both cytokines 

excited axons that were already ongoing as well as those that were silent. 

The proportion of inflamed neurons that responded to TNF-α and CCL2 

was similar (26-30%), yet the effects of CCL2 occurred at a concentration 

that was ten thousand times more concentrated compared to TNF-α.  

 

The ongoing neurons that were responsive to CCL2 and TNF-α following 

neuritis had substantially slower firing rates (median = 3.0 spikes/min) 

compared to the ongoing neurons that did not respond (median = 24.6 

spikes/min). These responsive neurons also had conduction velocities that 

were within normal range (i.e. comparable to the untreated group) even 

though many were already ongoing. It is therefore likely that the 

responsive neurons that either had slow rates of ongoing activity and 

relatively normal conduction velocities, or were silent, may be those that 

were only subtly altered by the neuritis. These observations suggest that 

both cytokines were only effective on inflamed neurons that had 

undergone sub-maximal physiological changes. 

 

Effects following noxious peripheral stimulation 

CCL2 and TNF-α were also tested on C-fibre neurons whose receptive 

fields had been characterised by mechanical stimulation of the periphery. 

Due to the nociceptive properties of many of these neurons, and the 

presence of receptive fields in deep tissue (i.e. muscle), repeated noxious 
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mechanical stimulation was required to stimulate their terminals. Towards 

the end of each experiment there was observable swelling of the periphery. 

Ongoing activity, which occurred later in these experiments compared to 

the neuritis, was therefore probably the result of sensitisation of the C-fibre 

neurons, triggered by acute inflammation of the terminals (Bessou & Perl 

1969, Perl et al. 1976). The development of slow ongoing activity (median 

= 2.8 spikes/min) following noxious mechanical stimulation of the 

periphery has previously been reported (Bove & Dilley 2010), and 

contrasts with the faster pattern of ongoing activity that is typically 

observed in the neuritis model. When peripheral fields are not searched, 

the level of ongoing activity from untreated C-fibre neurons is extremely 

low (Bove & Dilley 2010).  

 

CCL2 and TNF-α had comparable excitatory effects on inflamed C-fibre 

neurons following acute inflammation of the peripheral terminals to those 

observed in the neuritis model. For example, there was a similar 

proportion of C-fibre neurons that responded to the cytokines. The 

majority of neurons that were excited by TNF-α as well as CCL2 following 

receptive field stimulation (both silent and ongoing) were recorded late 

from the start of the experiment, which further suggests that the 

responsive neurons were acutely inflamed. The initial slow firing rate of 

the responsive ongoing neurons was comparable to the rate of those that 

responded to the cytokines in the neuritis group. A similar slow baseline 

firing rate was also reported in the studies on TNF-α by Sorkin et al. (1997) 

and Leem and Bove (2002), again suggesting that a number of their 
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responsive neurons may have been acutely inflamed due to repeated 

noxious mechanical stimulation of the periphery. 

 

9.3.3  Role of cytokines in the development of axonal mechanical 

sensitivity 

The development of AMS in the neuritis model is well established (Eliav et 

al. 2001, Bove et al. 2003, Dilley et al. 2005), although the underlying 

mechanisms are only partly understood (Dilley & Bove 2008a). It has 

previously been shown that acute activation of the protein kinase C (PKC) 

signalling cascade can induce the insertion of mechanotransduction 

channels into the membrane of sensory neurons (di Castro et al. 2006). 

Since inflammatory mediators, including some cytokines, are known to 

activate PKC-dependent signalling pathways (reviewed in Bhave & 

Gereau 2004 and Julius & Basbaum 2001), this could be the mechanism 

underlying the development of AMS as a result of inflammation. In the 

present study, the presence of AMS was examined in untreated and 

inflamed C-fibre neurons after the application of TNF-α or CCL2. The lack 

of effect in the untreated group suggests that these cytokines do not 

acutely induce AMS. Similarly, in the neuritis group the proportion of 

neurons with AMS (14%) was comparable to previous reports (Dilley et al. 

2005, Dilley & Bove 2008a). However, a role for the chronic exposure of 

sensory neurons to CCL2 and TNF-α in the development of AMS cannot 

be ruled out. It has been shown that NGF can act at the transcriptional 

level to increase the availability of mechanically sensitive channels or a 

factor that allows their PKC-dependent membrane insertion (di Castro et 
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al. 2006). It is therefore possible that pro-inflammatory cytokines could 

increase mechanosensitivity in the long-term by inducing NGF production 

(e.g. Manni & Aloe 1998), or that the cytokines themselves could have 

similar effects on transcription. Additionally, it has been shown that 

inflammation, and more specifically local application of the inflammatory 

mediator histamine, can disrupt axoplasmic transport in sensory neurons 

(Amano et al. 2001, Armstrong et al. 2004). Axoplasmic transport 

disruption is likely to be a key mechanism in the development of AMS 

(Dilley & Bove 2008b). It is plausible that other inflammatory mediators, 

including cytokines, could also disrupt axoplasmic transport, and in this 

manner contribute to the development of AMS. 

 

9.3.4  Neuritis-induced changes in cytokine receptor expression 

Part of this study was aimed at understanding the neuronal mechanisms 

that underlie the physiological actions of TNF-α and CCL2. The most likely 

targets for both cytokines are their cognate receptors, namely TNFR1 and 

CCR2. Differences in expression patterns of these receptors might explain 

why inflamed neurons are more susceptible to the effects of these 

cytokines. 

 

TNFR1 

The results for TNFR1 expression suggest that TNF-α may act directly on 

C-fibre neurons via this receptor. In both the untreated and neuritis groups, 

TNFR1 was expressed along small numbers of axons. This finding is in 

agreement with previous studies showing TNFR1 expression along 
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peripheral axons following nerve injury (Shubayev & Myers 2000, George 

et al. 2005). The neuronal expression of TNFR1 was also confirmed in L5 

DRG, although levels were fairly low in both the untreated and neuritis 

groups. Despite the lack of a significant increase in TNFR1 following 

neuritis, there was a significant shift towards smaller cell bodies 

expressing the receptor. This shift indicates a move towards greater 

TNFR1 expression in inflamed C-fibre neurons.  

 

Although the majority of TNF-α effects are mediated through TNFR1, TNF-

α can also function via another TNF-α receptor, TNFR2 (Vandenabeele et 

al. 1995). Upregulation of TNFR2 has been observed following frank nerve 

injury (Schafers et al. 2003c). In addition, TNFR2 has been shown to 

contribute to injury-induced ongoing activity in A-fibre neurons, though not 

to the induction of pain-like behaviours (Schafers et al. 2008). Alternatively, 

TNF-α may exert its electrophysiological effects indirectly, by inducing the 

production of other pro-inflammatory cytokines, including CCL2 (Jeon et al. 

2011) and IL-6 (Reichert et al. 1996).  

 

CCR2 

CCR2 is known to be induced on primary sensory neurons following frank 

nerve injury (Bhangoo et al. 2007, Jung et al. 2009). Therefore, in injured 

neurons, the electrophysiological actions of CCL2 may be mediated via 

direct axonal interactions with its receptor. In the present study, the 

notable expression of CCR2 on glia accompanied by low-level DRG 

expression following neuritis suggests that CCL2 may act via an indirect 
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pathway that involves glial cells. Correspondingly, high CCR2 mRNA 

levels have been previously observed in non-neuronal cells at the site of 

nerve inflammation (White et al. 2005). Alternatively, a direct axonal 

mechanism might also exist through other chemokine receptors to which 

CCL2 binds (e.g. CCR9 and CCR4; Oh et al. 2001, Yang et al. 2007). 

Such receptors may be upregulated as a result of neuritis.  

 

9.3.5 Summary 

The current study confirms that both TNF-α and CCL2 can modulate 

ongoing activity in a subgroup of inflamed neurons. This subgroup may 

represent a window during the inflammatory response when a neuron is 

undergoing physiological changes and is more vulnerable to the effects of 

pro-inflammatory cytokines. Moreover, CCL2 and TNF-α have negligible 

effects on uninjured neurons and appear to only augment excitability in 

neurons that were already undergoing change. These effects occur in the 

absence of axonal degeneration, indicating that inflammation alone is 

sufficient to increase the susceptibility of neurons to the effects of 

inflammatory mediators. Similarities between the physiological function of 

CCL2 and TNF-α suggest that there are possibly many cytokines that can 

excite nociceptive neurons which have been subtly altered during an 

inflammatory response.  

 

9.4 Ion channels involved in maintaining neuritis-induced ongoing 

activity 

Changes in ion channel expression and kinetics have long been 
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considered to comprise a major part of the mechanism leading to altered 

neuronal physiology (i.e. ongoing activity) in models of neuropathic pain 

(Black et al. 1999). Of particular interest in the maintenance of neuritis-

induced ongoing activity are the hyperpolarisation-activated cyclic 

nucleotide-gated (HCN) channels as well as the voltage-gated sodium 

channel Nav1.8. Although these channels have been investigated in pain 

models that involve frank nerve injury (e.g. Cummins & Waxman 1997, 

Novakovic et al. 1998, Chaplan et al. 2003, Dong et al. 2007, Jiang et al. 

2008), this is the first study to explore the function of these channels in the 

neuritis model. 

 

9.4.1  Role of HCN channels 

Contribution of HCN channels to neuritis-induced C-fibre neuron 

ongoing activity 

The present study demonstrates a functional role for HCN channels in the 

maintenance of C-fibre neuron ongoing activity that develops following 

neuritis. The application of the HCN channel blocker ZD7288 (0.5 mM) to 

the inflamed site reduced the ongoing activity rate by a mean of 28% after 

a 30 minute exposure. In the dose response experiments, the same 

concentration produced a similar effect after only 10 minutes, although this 

may be related to a cumulative effect due to the application of multiple 

doses onto the same axons. The use of high concentrations of ZD7288 

increases the likelihood of non-specific effects, e.g. the antagonism of T-

type calcium channels (Felix et al. 2003, Sun et al. 2005) and thus doses 

higher than 1 mM were not examined. 
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Previous studies have largely focused on the effects of ZD7288 on 

ongoing activity from A-fibre neurons in the SNL and CCI models (Chaplan 

et al. 2003, Lee et al. 2005, Sun et al. 2005, Jiang et al. 2008) because Ih 

current is more prominent in A-fibre neurons (Hogan & Poroli 2008, Gao et 

al. 2012). In the SNL model, similar concentrations of ZD7288 to those 

used in the present study almost completely abolished Aβ-fibre ongoing 

activity within 10 minutes of exposure (Chaplan et al. 2003, Lee et al. 

2005, Sun et al. 2005). In the CCI model, the rates of ongoing activity in 

Aβ-fibre neurons were decreased by 42% within 10 minutes (Jiang et al. 

2008), which is broadly similar to the timing and magnitude of change for 

C-fibre neurons in the neuritis model. Interestingly, A-fibre ongoing activity 

is not a significant feature of the neuritis model, which indicates clear 

mechanistic differences between this model and those that use frank 

nerve injury. Partial effects of ZD7288 on C-fibre ongoing activity have 

been observed in one other study, where a model of chronic hind limb 

inflammation was used (Weng et al. 2012). In this model, the entire hind 

limb is inflamed by injecting the regions of the L4 and L5 cutaneous 

receptive fields with CFA, which results in the development of pain-like 

behaviours as well as nociceptor ongoing activity. Therefore, although 

HCN channels are important in maintaining injury-induced A-fibre ongoing 

activity, there is now growing evidence to suggest that these channels are 

also important in C-fibre neuron hyperexcitability, particularly where 

inflammation is a major component. 
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Neuritis-induced alterations in HCN2 channel expression 

As part of this study, expression of the HCN2 subtype that is reported to 

mediate Ih current in nociceptors (Momin et al. 2008, Emery et al. 2011) 

was examined. Consistent with previous reports (Moosmang et al. 2001, 

Chaplan et al. 2003, Tu et al. 2004, Jiang et al. 2008), there was 

cytoplasmic labelling of HCN2 within L5 DRG neuronal cell bodies of all 

sizes in both untreated and neuritis groups. In addition, membrane-related 

localisation of HCN2 in large neurons was noted, which has also 

previously been reported (Chaplan et al. 2003, Jiang et al. 2008, Weng et 

al. 2012). The extent of cytoplasmic and membrane-related labelling in 

these large neurons was unchanged by neuritis. In contrast, there was a 

significantly higher intensity of HCN2 labelling in small cell bodies 

following neuritis compared to untreated animals. This finding suggests a 

potential role for HCN2 in the neuritis-induced hyperexcitability of small 

diameter neurons (i.e. neurons with C- and Aδ-fibres), which also supports 

the electrophysiological findings. 

 

Increased HCN2 immunoreactivity has also been reported in trigeminal 

ganglion neurons innervating inflamed dura (Cho et al. 2009) and in the 

DRG following chronic inflammation of peripheral terminals (Weng et al. 

2012). Interestingly, in SNL and CCI models, HCN2 expression levels are 

decreased (Chaplan et al. 2003, Jiang et al. 2008), which in addition to the 

electrophysiological findings in the present study provides further evidence 

that pain mechanisms may be different in models of frank nerve injury 

compared to neuritis. 
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Contribution of HCN channels to neuritis-induced pain-like 

behaviours 

In the present study, systemic ZD7288 administration caused a reversal of 

neuritis-induced heat hyperalgesia. In fact, there was an indication of a 

hypoalgesic effect, with the withdrawal latency increasing beyond the 

baseline. This observation implies an important role for HCN channels in 

the mechanisms of such pain-like behaviour. However, there have been 

mixed reports regarding the importance of HCN channels in mechanisms 

of heat hyperalgesia induced by nerve injury, with some studies inferring a 

role for these channels (Takasu et al. 2010, Emery et al. 2011) but others 

that disagree (Luo et al. 2007, Jiang et al. 2008).  

 

There is much evidence to suggest that heat hyperalgesia is mediated by 

C-fibre neuron ongoing activity. Firstly, increased C-fibre neuron input into 

the spinal cord can lead to plastic changes which enhance responses to 

noxious stimuli (Ikeda et al. 2006). Secondly, increased activity in the 

direction of the periphery can lead to neurogenic inflammation 

(Koltzenburg et al. 1990), which can in turn result in the sensitisation of 

TRPV1 channels on peripheral terminals of C-fibre neurons (Pinter & 

Szolcsanyi 1988). Therefore, it is possible that the observed partial 

decrease in the rate of C-fibre ongoing activity by ZD7288 is sufficient to 

reduce these processes and lead to a reversal of heat hyperalgesia. 

Consistent with the present study, a recent report suggests that HCN 

channels expressed by C-fibre neurons are critical in the development of 

heat hyperalgesia following both hind paw inflammation and nerve injury 
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(Emery et al. 2011). 

 

In contrast, the present study failed to demonstrate a reversal of neuritis-

induced mechanical allodynia following the systemic administration of 

ZD7288. This result contrasts with previous studies that demonstrated a 

robust reversal of mechanical allodynia in the CCI and SNL models using 

similar doses and protocols (Chaplan et al. 2003, Lee et al. 2005, Luo et 

al. 2007, Jiang et al. 2008). Since ZD7288 is reported to act within the 

periphery and not the spinal cord, it is postulated that the reversal of 

mechanical allodynia following CCI or SNL is due to an acute reduction in 

peripheral ongoing activity (Chaplan et al. 2003). More specifically, a 

reversal of allodynia is likely to be the result of a reduction in A-fibre 

neuron ongoing activity, which is a major pathophysiological component of 

these models (Han et al. 2000, Liu et al. 2000a, Devor 2009). A link 

between mechanical allodynia and A-fibre neuron ongoing activity is 

consistent with the large decrease in the rate of ongoing activity in Aβ-fibre 

neurons following ZD7288 treatment in the CCI and SNL models (Chaplan 

et al. 2003, Lee et al. 2005, Sun et al. 2005). Interestingly, when HCN2 is 

deleted from C-fibre neurons and inflammatory pain is induced using 

injection of either PGE2 or carrageenan into the hind paw, mechanical 

allodynia still develops whereas heat hyperalgesia is absent (Emery et al. 

2011). These observations imply firstly that different primary sensory 

neurons contribute to neuritis-induced allodynia and hyperalgesia, as has 

been previously suggested (Cavanaugh et al. 2009, Abrahamsen et al. 

2008). In addition, it also implies that the mechanisms underlying the 
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development of pain-like behaviours in the neuritis model may be different 

from those using frank nerve injury. 

 

Since ongoing activity from A-fibre neurons is not a major feature of the 

neuritis model (Bove 2009), it is plausible that neuritis-induced allodynia may 

instead be driven by ongoing activity from C-fibre neurons. The lack of effect 

by ZD7288 on mechanical allodynia might therefore be related to the fact 

that it only produced a partial reduction in C-fibre neuron firing rate. Unlike 

heat hyperalgesia, allodynic mechanisms may be insensitive to small shifts in 

firing rate. Alternatively, neuritis-induced allodynia may be due to a different 

mechanism altogether that is independent of ongoing activity. A recent study 

has hypothesised that the peripheral terminals of intact (uninjured) 

nociceptive neurons in the SNL model may become more sensitive to touch 

(Djouhri et al. 2012). Therefore, in the neuritis model, where the inflamed 

neurons are also intact, mechanical allodynia may be due to a similar 

mechanism. 

 

9.4.2  Role of Nav1.8 channels 

Contribution of Nav1.8 channels to neuritis-induced C-fibre neuron 

ongoing activity 

The present study has not conclusively determined a functional role for the 

sodium channel Nav1.8 in the maintenance of C-fibre neuron ongoing 

activity that results from neuritis. The application of the Nav1.8 channel 

blocker A803467 showed conflicting effects in the dose response study 

compared with its prolonged application to the sciatic nerve. In the dose 
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response studies, each concentration of A803467 (0.1 to 500 μM) caused 

a similar decrease in ongoing activity rate (between a 27 and 40% 

decrease). Although these data suggests an effect by A803467, a 30 

minute exposure at 1 μM A803467 failed to produce any decrease in 

ongoing activity firing rate. The lack of effect during the 30 minute 

exposure is difficult to reconcile with the dose response data. The 

observed effects in the dose response studies may be due to unexplained 

non-specific drug effects, rather than the actions of A803467 on Nav1.8 

channels. However, A803467 is reported to be a highly selective blocker of 

Nav1.8 (Jarvis et al. 2007). In order to gain more of an insight into the 

potential contribution of Nav1.8, another specific blocker such as ambroxol 

could be tested in a similar study.  

 

There has so far been little conclusive evidence confirming a role for 

Nav1.8 in the ongoing activity generated following nerve injury, which 

suggests that the lack of Nav1.8 contribution following neuritis is in fact a 

valid observation. One previous study (Roza et al. 2003) did demonstrate 

a successful attenuation of the development of C-fibre neuron ongoing 

activity from neuromas after saphenous nerve ligation in a Nav1.8 

knockout. However, the mechanisms underlying the ongoing activity 

observed in neuritis may well vary from those occurring following frank 

nerve injury/neuroma formation. The present study investigated a role for 

Nav1.8 in the maintenance of neuritis-induced ongoing activity, although it 

is also possible that Nav1.8 contributes more to the generation of ongoing 

activity as implied in the study by Roza and colleagues. Finally, the role of 
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other voltage-gated sodium channels such as Nav1.7 and Nav1.9, or a 

combination of such channels, in maintaining ongoing activity following 

neuritis, has not been ruled out. 

 

Neuritis-induced alterations in Nav1.8 channel expression 

As part of this study, the neuronal expression of Nav1.8 channels was 

examined. Consistent with previous reports (Cummins & Waxman 1997, 

Novakovic et al. 1998, Gold et al. 2003), there was cytoplasmic labelling of 

Nav1.8 predominantly within small L5 DRG neuronal cell bodies in both 

the untreated and neuritis groups. There was, however, a significantly 

lower intensity of Nav1.8 labelling in small cell bodies of neuritis compared 

to untreated animals. This finding suggests that either neuritis leads to a 

loss of neuronal Nav1.8, or that Nav1.8 is redistributed to other neuronal 

structures. 

 

Decreased Nav1.8 immunoreactivity has also been reported following 

frank nerve injury (SNL or CCI; Cummins & Waxman 1997, Novakovic et 

al. 1998, Gold et al. 2003). Interestingly, in these models, Nav1.8 

expression was shown to be upregulated at the site of nerve injury, which 

supports the hypothesis that increases in axonal Nav1.8 could contribute 

to ongoing activity generated from the site of injury. However, as there is 

no conclusive evidence to support a role for Nav1.8 in neuritis-induced C-

fibre ongoing activity, it is therefore unclear whether this is a valid 

hypothesis for the neuritis model. 
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9.4.3 Summary 

These findings suggest a role for HCN channels in neuritis-induced C-fibre 

neuron ongoing activity, which is supported by the electrophysiological 

and immunohistochemical findings. In addition, this study has revealed 

that HCN channels play a crucial role in the maintenance of neuritis-

induced heat hyperalgesia. Variations in the extent of HCN channel 

contribution to the maintenance of ongoing activity and pain-like 

behaviours in the neuritis model compared with that seen following SNL 

and CCI suggest that pain mechanisms may be different following frank 

nerve injury compared to neuritis. Although these results implicate HCN 

channels in the mechanism of C-fibre-induced ongoing activity, it is 

evident that other unidentified ion channels must also play a role. 

 

It remains unclear as to whether Nav1.8 contributes to C-fibre neuron 

ongoing activity following neuritis. However, neuritis does induce a change 

in the expression pattern of Nav1.8 channels in small-diameter neuronal 

cell bodies in a manner similar to that seen in models of frank nerve injury. 

This observation further implies that neuritis can alter ion channel 

expression within the DRG, but does not conclusively infer a role for this 

channel in neuritis-induced pain mechanisms. 

 

 9.5 Axoplasmic transport disruption as a potential mechanism 

underlying the development of ongoing activity 

Following frank nerve injury, ion channels dam up at the sprouting tips of 

degenerated axons (e.g. England et al. 1994, Kretschmer et al. 2002), 
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which results in a site of membrane hyperexcitability that is sufficient to 

cause ongoing activity. However, following neuritis, there is no axonal 

degeneration and therefore an alternative mechanism must be responsible 

for the accumulation of channels along inflamed axons. 

 

Inflammation has been shown to disrupt axoplasmic transport (Amano et 

al. 2001, Armstrong et al. 2004). It is hypothesised that the disruption of 

axoplasmic transport at the neuritis site may cause an accumulation of ion 

channel components that are transported along axons from the DRG to 

the periphery (Dilley & Bove 2008b, Figure 1.4). The insertion of channel 

components at or proximal to the neuritis site may in turn lead to the 

formation of a mid-axonal hot spot of excitability, from where ongoing 

activity could develop. In line with this hypothesis, previous studies have 

shown that locally applied vinblastine, a blocker of axoplasmic transport, 

can cause axonal mechanical sensitivity (Dilley & Bove 2008b) and reduce 

ongoing activity from a neuroma (Devor & Govrin-Lippmann 1983). In the 

present study, vinblastine was used to investigate whether axoplasmic 

transport disruption could be part of the mechanism that leads to the 

development of ongoing activity. 

 

Vinblastine is a member of the family of vinca alkaloids that are used in 

the treatment of some neoplastic diseases, such as Hodgkin's and non-

Hodgkin's lymphoma, and lymphoblastic leukaemia (Duflos et al. 2002). 

Vinblastine exerts its effects via microtubule polymerisation (Wilson et al. 

1999). High vinblastine concentrations are neurotoxic, whereas lower 
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concentrations suppress microtubule dynamics but do not result in axonal 

degeneration (Fitzgerald et al. 1984). The direct application of low-dose 

vinblastine to peripheral nerves (<0.15 mM) such as in the present study, 

has been shown to block axoplasmic transport in both myelinated and 

unmyelinated neurons in the absence of axonal damage or inflammation 

(Fitzgerald et al. 1984, Katoh et al. 1992, Kashiba et al. 1992, Zhuo et al. 

1995, Dilley & Bove 2008b).  

 

Effect of axoplasmic transport disruption on the development of 

ongoing activity 

The present study examined the presence of ongoing activity in A- and C-

fibre neurons, four to seven days following sciatic nerve exposure to low-

dose vinblastine. The disruption of axoplasmic transport using vinblastine 

did not cause ongoing activity to develop above the background levels 

observed in saline sham animals. However, AMS did develop in C-fibre 

neurons, with an incidence similar to that previously reported (Dilley & 

Bove 2008b). The development of AMS, as well as slowing of C-fibre 

neuron conduction velocity, imply that the vinblastine was physiologically 

active. As this concentration of vinblastine does not induce inflammation 

(Dilley & Bove 2008b), these changes are likely to be due to its disrupting 

effects on axoplasmic transport. 

 

9.6  Mechanisms implicated in neuritis-induced ongoing activity 

This project has revealed, for the first time, some of the potential 

physiological mechanisms that underlie neuritis-induced ongoing activity. 
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These mechanisms may result from long-term changes due to 

inflammation-induced alterations within the DRG at the level of protein 

translation. Alternatively, nerve inflammation may induce acute neuronal 

changes that are responsible for modulating ongoing activity. Finally, 

inflammation may disrupt axoplasmic transport, which could then result in 

the accumulation of transported ion channels, creating a hot spot of 

hyperexcitability from where ongoing activity ensues. These potential 

mechanisms are summarised in Figure 9.1. 

 

9.6.1  Inflammation-induced changes in translation  

The present study investigated whether the expression levels of certain 

cytokine receptors and voltage-gated ion channels are affected by nerve 

inflammation. Such investigations help to elucidate whether peripheral 

nerve inflammation can induce phenotypic changes within sensory 

neurons that could then be responsible for the development or 

maintenance of ongoing activity. 

 

The alterations in the DRG expression of the cytokine receptor CCR2, as 

well as HCN and Nav1.8 ion channel expression in small diameter DRG 

neurons, show that neuritis can alter the degree of protein translation 

within inflamed nociceptive neurons. This is a key finding, as it confirms 

_______________________________________________________ 

Figure 9.1 Summary of potential mechanisms underlying neuritis-
induced C-fibre neuron hyperexcitability. Solid lines represent previously 
reported mechanisms, long dashes represent mechanisms identified in the 
present study, and small dashes represent potential mechanisms based on 
the findings of the present study.   
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Figure 9.1 Summary of potential mechanisms underlying neuritis-
induced C-fibre neuron hyperexcitability.  
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that axonal degeneration is not required for such phenotypic changes to 

occur. Indeed, it has been shown previously that the expression pattern of 

proteins, including ion channels, can be altered in uninjured intact neurons 

in the SNL model (Gold et al. 2003). The phenotypic changes within 

sensory neurons could be due to the transmission of retrograde signals to 

the DRG from the inflamed site, which cause an alteration in gene 

expression. For example, the retrograde transport of NGF is thought to be 

a means of signal transmission to the cell body (Ginty & Segal 2002, 

Heerssen & Segal 2002). As NGF levels are often elevated following 

nerve injury (Taniuchi et al. 1988, Heumann et al. 1987), NGF signalling 

may increase, which could in turn lead to translational changes within the 

DRG. A previous study has shown that gene expression can indeed be 

altered in response to local nerve inflammation, as demonstrated by the 

neuritis-induced upregulation of the transcription factor ATF3 (Dilley et al. 

2005).  

 

The altered neuronal production and insertion of proteins such as ion 

channels following neuritis may cause increases in membrane excitability 

to such an extent that ongoing activity develops. Changes in conduction 

velocity that are observed in the present study could also be related to 

alterations in the expression of axonal ion channels and/or ion pumps 

(Obreja et al. 2010). The neuronal expression of receptors for cytokines 

and other inflammatory mediators may also be increased within the DRG. 

Such changes could lead to the amplification of neuro-immune 

interactions, which may be partly responsible for the development and 
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modulation of ongoing activity. In addition, the levels of transported 

mechanically sensitive ion channels may also be affected by neuritis. 

Changes in the expression of these mechanically sensitive channels could 

be responsible the development of AMS. 

 

9.6.2  Inflammation-induced acute effects  

Some of the effects observed in the present study have given rise to the 

possibility that the maintenance of neuritis-induced ongoing activity may 

not be solely due to phenotypic changes. Instead, intracellular 

mechanisms initiated by inflammation may be a major contributing factor. 

 

The similar cytokine-induced increases in ongoing activity that were 

observed following neuritis and acute inflammation (following noxious 

stimulation of the peripheral terminals) suggests that translational changes 

may not be necessary for these effects to occur. However, only neurons 

that are already inflamed responded to the cytokines. Thus it would seem 

that inflammation is able to “prime” neurons to become more susceptible 

to the effects of cytokines. Further interactions between individual 

cytokines (e.g. TNF-α and CCL2) and the inflamed neuron could amplify 

intracellular pathways to a level where the membrane excitability is 

sufficiently increased and ongoing activity develops. It has already been 

shown that TNF-α and CCL2 can affect neuronal intracellular pathways. 

For example, the binding of TNF-α to TNFR1 may cause an increase in 

axonal excitability by activating Nav1.8 via a p38 MAP kinase pathway  Jin 

& Gereau 2006, Czeschik et al. 2008), or by inhibiting potassium channels 
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(Liu et al. 2008). It is also well established that the binding of CCL2 to its 

cognate receptor can result in a G-protein coupled modulation of neuronal 

ion channels. For example, CCL2 has been shown to activate transient 

receptor potential receptors TRPV1 and TRPA1 (Jung et al. 2008) as well 

as inhibit voltage-gated potassium channels in this manner (Sun et al. 

2006, Wang et al. 2010). In the present experiments, it is unlikely that the 

observed effects are due to the direct activation of neuronal CCR2, since 

CCR2 was mainly located on non-neuronal cells following neuritis. It is 

plausible that the activation of CCR2 on glial cells may trigger the release 

of other mediators (e.g. NGF) which then activate neuronal ion channels. 

There is also evidence that CCL2 can directly bind to and modulate the 

activity of ion channels independent of CCR2. For example, it has been 

shown that CCL2 can directly modulate voltage-gated calcium channels 

(You et al. 2010), although such interactions result in an inhibition of these 

currents, and therefore more likely a decrease in excitability.   

 

Although there was an increase in HCN channel expression in the DRG 

following neuritis, the present study suggests that HCN channels are 

constitutively expressed along uninjured axons (as high HCN2 expression 

was also observed in the DRG of untreated animals). Therefore, these 

channels could be activated as a result of the intracellular changes that 

occur during inflammation. For example, both HCN2 and HCN4 channels 

can be activated by cyclic nucleotides (reviewed in Postea & Biel 2011). 

Thus, inflammation-induced increases in cAMP levels could be sufficient 
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to activate HCN channels and maintain ongoing activity in inflamed C-fibre 

neurons. 

 

9.6.3 Inflammation-induced disruption of axoplasmic transport  

In order to generate ongoing activity, it is hypothesised that following 

neuritis, transported ion channels accumulate along axons to form a site of 

hyperexcitability. Such channels could be those that are expressed in 

response to the neuritis and/or those that are constitutively expressed by 

neurons. However, the present study does not fully support this hypothesis. 

 

There are a number of explanations as to why the disruption of 

axoplasmic transport following vinblastine treatment did not lead to the 

development of ongoing activity in the present study. It is possible that in 

the neuritis model, inflammation must be present in order for axoplasmic 

transport disruption to cause the development of ongoing activity. In the 

present study, neuritis has been shown to alter the expression of ion 

channels. The insertion of new, inflammation-induced channels at the site 

of disruption may be a requisite for the development of ongoing activity. In 

addition, inflammation may alter the kinetics of inserted ion channels at 

the site of disruption, to a level which is sufficient to cause ongoing activity. 

Alternatively, it is possible that vinblastine induces its effects at an earlier 

time point (i.e. 0-3 days) than that examined in this study. Disruption of 

axoplasmic transport by low doses of vinblastine is reported to last for up 

to five days following application, but disruption is evident from as early as 

24 hours (Fitzgerald et al. 1984). Thus by day four (the earliest time point 
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examined here), the accumulation of transported channels may be starting 

to resolve. Finally, it is possible that axoplasmic transport blockade is not 

the mechanism responsible for neuritis-induced ongoing activity. Neuritis-

induced ongoing activity may result from a different mechanism to that 

which underlies the development of AMS. A difference in these underlying 

mechanisms may also explain why the temporal profiles of AMS and 

ongoing activity in the neuritis model vary (Bove et al. 2003). 

 

9.6.4 Summary 

A number of mechanisms that may contribute to the development or 

modulation of neuritis-induced ongoing activity have been discussed. 

Firstly, nerve inflammation can induce cellular changes within neurons that 

lead to alterations in the production of functional proteins. These proteins 

include cytokine receptors and ion channels, whose insertion or loss in the 

neuronal membrane could cause sufficient alterations in membrane 

potential for ongoing activity to be produced. Secondly, nerve inflammation 

may cause the activation of downstream signalling cascades that result in 

the activation or inhibition of ion channels, which may subsequently cause 

the development of hyperexcitability. Finally, the blockade of axoplasmic 

transport at the inflamed site may result in the accumulation of 

upregulated or constitutively expressed ion channels, creating a hot spot 

of excitability. However the present study does not yet conclusively 

support this mechanism.  

 

It is unlikely that there is only one mechanism responsible for neuritis-
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induced ongoing activity. As such, ongoing activity probably results from a 

combination of the mechanisms discussed here, as well as yet 

undiscovered processes. 

 

9.7 Clinical implications 

The present study has reiterated the fact that a minor nerve injury, such as 

that induced in the neuritis model, can cause physiological changes within 

primary sensory neurons. These changes are thought to underlie the 

production of painful symptoms in neuropathic pain conditions. The 

observation that these changes can occur in the absence of frank nerve 

injury is highly relevant to the vast proportion of patients who present with 

neuropathic pain-like symptoms with no sign of a detectable nerve injury. 

This patient group comprises those suffering from a range of chronic 

musculoskeletal conditions, including lower back pain, NSAP, fibromyalgia 

and CRPS1. Lower back pain and chronic upper limb pain are considered 

the two highest causes of lost work days in the Western world (Silverstein 

et al. 1998). As such it has become evermore crucial that research is 

carried out to identify the potential mechanisms underlying such conditions. 

This is not only important because of the economic impact that such 

conditions have, but also because the symptoms are often extremely 

distressing for the patients and those close to them. 

 

In addition to the emerging clinical evidence, the use of the neuritis model 

has provided great support for the hypothesis that local peripheral nerve 

inflammation is a key factor in the production of painful symptoms in 
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patients with chronic musculoskeletal disorders. The present study has 

attained its goal of helping to increase our understanding of the 

mechanisms underlying neuritis-induced C-fibre neuron ongoing activity. 

As a result, future targets for the therapeutic treatment of painful 

symptoms in this unfortunate group of patients may well have begun to be 

identified. A summary of the potential mechanisms underlying nerve 

inflammation-induced painful symptom production in patients can be seen 

in Figure 9.2. 

 

9.7.1  Contribution of cytokines to painful musculoskeletal 

conditions 

The present study infers a role for both TNF-α and CCL2 in the 

maintenance of pain in conditions that result from nerve inflammation. For 

example, TNF-α or CCL2 mediated increases in ongoing activity from 

nociceptors may trigger or exacerbate the sensations of spontaneous pain 

reported by patients. Since ongoing input from the periphery may be 

necessary for the generation and maintenance of central sensitisation (e.g. 

Gracely et al. 1992, Pitcher & Henry 2004), it is likely that cytokine-

mediated ongoing activity may also be partly responsible for the 

symptoms of allodynia. In addition, this study provides a novel insight into 

the mechanisms involved in the “double-crush” phenomenon, whereby a 

_______________________________________________________ 

Figure 9.2 Summary of potential mechanisms underlying symptom 
production in patients with nerve inflammation-induced chronic pain. 
Solid lines represent previously reported mechanisms, long dashes 
represent mechanisms identified in the present study, and small dashes 
represent potential mechanisms based on the findings of the present study.   
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Figure 9.2 Summary of potential mechanisms underlying symptom 
production in patients with nerve inflammation-induced chronic pain.  
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preceding injury to the peripheral nervous system may predispose the 

nervous system to a second injury (Upton & McComas 1973). In these 

patients, the release of inflammatory mediators onto an already inflamed   

nerve, remote from the original injury, may further sensitise neurons, 

leading to an exacerbation or development of new symptoms. 

 

In the present study, the axonal responses to both TNF-α and CCL2 were 

transient and occurred within minutes following cytokine application. In 

contrast, spontaneous pain can be persistent. However, similarities in the 

physiological effects of TNF-α and CCL2 suggest that other cytokines may 

also be excitatory, and thus when a nerve is exposed to a milieu of such 

mediators, pain sensations may be prolonged. Additionally, in some 

conditions there may be a constant release of cytokines such as TNF-α 

and CCL2 onto peripheral nerves, which could result in prolonged 

increases in neuronal hyperexcitability. It remains to be determined 

whether the chronic exposure of sensory neurons to pro-inflammatory 

cytokines contributes to the ongoing activity caused by nerve inflammation. 

 

9.7.2  Contribution of ion channels to painful musculoskeletal 

conditions 

The contribution of HCN channels to C-fibre neuron ongoing activity is of 

great interest, because such ongoing activity is likely to drive many of the 

symptoms experienced by patients with chronic musculoskeletal pain. In 

particular, this work has identified HCN channels as major contributors in 

the production of the heat hyperalgesia following nerve inflammation. As 
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such, HCN channels may represent a viable pharmacological target in the 

treatment of hyperalgesia as well as spontaneous pain experienced by 

patients who have no detectable nerve injury. In addition, this study has 

highlighted the potentially important role of C-fibre neuron ongoing activity 

in the mechanisms underlying nerve inflammation-induced hyperalgesia. 

 

The observation that ZD7288 failed to reverse mechanical allodynia 

suggests that HCN channels may be only partly involved in pain 

mechanisms in the neuritis model. Based on experimental evidence from 

animal models of frank nerve injury, the contribution of HCN channels to 

mechanical allodynia may be more relevant to patients who present with 

nerve trauma. Further endeavours are thus required to elucidate the 

mechanisms underlying nerve inflammation-induced allodynia.  

 

There is so far no evidence to suggest that Nav1.8 channel blockers would 

be effective in relieving painful symptoms that result from nerve 

inflammation-induced C-fibre neuron ongoing activity. 

 

9.7.3  Contribution of axoplasmic transport blockade to painful 

musculoskeletal conditions 

From the present study it cannot yet be concluded whether axoplasmic 

transport disruption is a key factor in the generation of spontaneous pain 

and allodynia in patients with neuropathic-like symptoms in the absence of 

frank nerve injury. However, there is a strong case for axoplasmic 

transport disruption in the development of C-fibre neuron AMS following 
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nerve inflammation, which could underlie sensations of movement-evoked 

radiating pain in these patients. The findings from this and previous work 

(Dilley & Bove 2008b) may also be of interest in the treatment of cancer 

using chemotherapy agents. Many patients that are undergoing vinca 

alkaloid chemotherapy develop painful peripheral neuropathies (Gidding et 

al. 1999, Topp et al. 2000). Thus it is possible that axoplasmic transport 

disruption within intact C-fibre neurons by such chemotherapy agents 

could underlie the development of their painful symptoms. As such, any 

future therapy which targets the effects of axoplasmic transport blockade 

in the treatment of painful conditions could also be relevant to patients 

who suffer from chemotherapy-induced pain. 

 

9.8 Future directions 

As discussed, the present study has helped identify some of the potential 

mechanisms involved in neuritis-induced ongoing activity. Furthermore, 

the discoveries made here will aid in steering the direction of future 

research. 

 

Inflammatory mediators 

The present study revealed an interesting modulatory effect of TNF-α and 

CCL2 on the ongoing activity of a group of subtly inflamed C-fibre neurons. 

As such, TNF-α and CCL2 may represent a therapeutic avenue in the 

treatment of C-fibre neuron mediated symptoms, and further investigations 

into their excitatory effects would be of utmost interest.  
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In order to further establish the role of these cytokines in modulating 

ongoing activity in subtly inflamed C-fibre neurons, a method could be 

established which yields a high number of such neurons. This could be 

achieved either by recording from neurons at earlier time points following 

neuritis induction, or by acutely inflaming the foot using an inflammatory 

stimulus such as carrageenan (Kirchhoff et al. 1990). As the excitatory 

effects of both cytokines were evident following their acute application, 

and occurred in acutely inflamed neurons as well as following neuritis, the 

intracellular pathways responsible for these effects may be important in 

understanding their mechanisms of action. For example, neurons acutely 

treated with these cytokines could be examined for increases in signalling 

molecules such as p38 MAPK or PKC. It would also be of extreme interest 

to determine whether modulation of this subgroup of neurons by TNF-α 

and CCL2 is sufficient to produce pain-like behaviours. For example, 

measurements of pain-like behaviours could be carried out prior to and at 

intervals following local application of TNF-α and CCL2 to the sciatic nerve, 

via an osmotic pump.  

 

In addition, it would now be useful to determine whether other cytokines 

contribute to the initiation of ongoing activity in primary sensory neurons. 

Relatively little is yet known about the potential excitatory effects of 

chemokines other than CCL2. Numerous chemokines, including CX3CL1, 

CXCL12, CCL3, CXCL8 and CXCL5, have been suggested to contribute 

to pain mechanisms via their peripheral actions (Oh et al. 2001, Milligan et 

al. 2004, Dawes et al. 2011). Furthermore, an excitatory role for factors 
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other than cytokines which are released during the immune response, for 

example reactive oxygen species and nitric oxide (reviewed in Moalem & 

Tracey 2006), could be further elucidated.  

 

Ion channels 

The present study identified a partial involvement of HCN channels in 

neuritis-induced C-fibre neuron ongoing activity. This involvement may be 

a crucial part of the mechanisms underlying the maintenance of heat 

hyperalgesia. As ongoing activity in C-fibre neurons is also thought to be a 

major factor in the generation of spontaneous pain sensations (Djouhri et 

al. 2006), it would be useful to validate a behavioural model for 

spontaneous pain in neuritis-treated animals. Once achieved, the 

contribution of HCN channels to spontaneous pain behaviours could be 

assessed. One example of a behaviour thought to be indicative of 

spontaneous pain in animals, which has been used previously in models 

of frank nerve injury and hind paw inflammation, is spontaneous foot lifting 

(Djouhri et al. 2006).  

 

Although HCN2 channel expression was found to be altered following 

neuritis, it would also be interesting to determine whether neuritis affects 

the expression of other HCN channels that are known to be present within 

small diameter neurons, for example HCN4 (Chaplan et al. 2003, Tu et al. 

2004), to help increase our understanding of the mechanisms which may 

underlie the observed electrophysiological effects. In addition, it is 

possible that HCN channels participate in ongoing activity due to their 



226 
 

activation by cAMP. Therefore investigations could be carried out to 

determine whether PGE2 (which induces cAMP; Momin et al. 2008) levels 

are elevated as a result of neuritis, and whether inhibition of cAMP has 

similar effects on decreasing firing rates. Such information could prove 

vital in understanding the intracellular mechanisms by which HCN 

channels modulate neuritis-induced ongoing activity. Axonal mechanical 

sensitivity is another form of sensory neuron hyperexcitability observed as 

a result of neuritis. As such, the role of HCN channels in neuritis-induced 

AMS could also be a valuable avenue of exploration. 

 

HCN channel blockade did not completely attenuate the ongoing activity 

from inflamed C-fibre neurons and as such it is likely that other ion 

channels also contribute to such activity. For example, voltage-gated 

potassium and calcium channels have been strongly implicated in pain 

mechanisms following nerve injury. In particular, alterations in delayed 

rectifier, A-type potassium channels and calcium-activated potassium 

channels (Boettger et al. 2002, Kim et al. 2002, Sarantopoulos et al. 2007) 

as well as T-type calcium channels (reviewed in Todorovic & Jevtovic-

Todorovic 2011) have been linked with injury-induced hyperexcitability. It 

remains to be determined whether such channels play a similar role 

following minor nerve lesions such as neuritis. 

 

Glia 

It has long been understood that the glia which support peripheral nerves, 

i.e. Schwann cells, can contribute to neuropathic pain mechanisms. The 
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presence of CCR2 receptor expression on Schwann cells following 

neuritis suggests that changes in Schwann cell phenotype could 

contribute to the production of sensory neuron hyperexcitability following 

nerve inflammation. Previous work has already revealed that following 

frank nerve injury, Schwann cells can release inflammatory mediators, 

including TNF-α and CCL2 (Tofaris et al. 2002, Boivin et al. 2007). 

Furthermore, damage to Schwann cells may have detrimental effects on 

myelination (Kobayashi et al. 2008) and the integrity of the blood-nerve 

barrier (Scholz & Woolf 2007). These are all mechanisms that could 

contribute to nociceptive processes. Although frank nerve injury and 

demyelination are not features of the neuritis model, the effect of localised 

peripheral nerve inflammation on Schwann cell function could well be a 

useful avenue to explore in the determination of the mechanisms 

underlying neuritis-induced pain. 

 

Axoplasmic transport disruption 

A role for axoplasmic transport disruption in the development of sensory 

neuron ongoing activity has not been ruled out, and earlier time points 

following vinblastine application should be examined. The next step in 

substantiating the role of axoplasmic transport disruption in neuritis-

induced hyperexcitability would be to determine whether axoplasmic 

transport disruption at the site of inflammation is indeed a feature of 

neuritis. This could be achieved by carrying out immunohistochemical 

studies to examine if transported proteins accumulate at the neuritis 

treatment site. The kinesin group of motor proteins could be a particularly 
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useful marker in these studies. Kinesins move along sensory neuron 

microtubule filaments in the anterograde direction (i.e. from the cell body 

to the periphery), and are thought to be the key transporters of cellular 

cargo during axoplasmic transport (Brady et al. 1990, Saxton et al. 1991, 

Hurd et al. 1996). A conclusive link between nerve inflammation and 

axoplasmic transport disruption would vastly advance our understanding 

of the cellular processes responsible for the inflammation-induced 

physiological changes, and in turn the mechanisms underlying pain 

production. 

 

Although axoplasmic transport disruption could be a key mechanism 

underlying neuritis-induced physiological changes, it would be of great 

interest to determine whether axoplasmic disruption alone is responsible 

for such changes, or if inflammation is a critical factor. For example, 

although neuritis has been shown to cause the production of pain-like 

behaviours, it would be of the utmost interest to determine whether similar 

behaviours develop when axoplasmic transport is disrupted in the 

absence of nerve inflammation. These observations would glean 

fascinating insights into the contribution of inflammation to neuropathic 

pain symptoms. 

 

9.9  Concluding remarks 

This project has highlighted the importance of focusing future research 

efforts in the neuropathic pain field not only on models where frank nerve 

injury underlies the production of painful symptoms, but also where nerve 
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inflammation is the culprit. Such research could prove vital in the 

development of treatments suitable for the large number of patients 

suffering with painful musculoskeletal conditions. The successful 

development of novel therapies would help such patients to regain a 

decent quality of life, which is surely a right that every human being 

deserves. 
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Appendix I: Reagents 
 

 
Chrome alum solution for gelatin coated slides 
 
Add 1 g gelatin (from porcine skin; Sigma-Aldrich) to 1 L warmed (approx 
50 °C) distilled H2O. Stir until gelatin is dissolved. Add 0.1 g chromium III 
potassium sulphate dodecahydrate (Sigma-Aldrich) and stir until dissolved. 
Rinse slides with distilled H2O and dip three times in gelatin solution. Leave 
slides to air dry overnight and store covered. 
 
 
Phosphate buffered saline (PBS) 
 
Add five PBS tablets (Sigma-Aldrich) to 1 L distilled H2O and stir until 
dissolved. 
 
 
Paraformaldehyde 
 
Boil 100 ml of distilled H2O, remove from heat and place on a stirrer. Add 8 g 
of paraformaldehyde powder (Sigma-Aldrich) and a few drops of 1 M NaOH 
(Sigma-Aldrich) to the just boiled water to help the powder dissolve. Stir until 
the solution reaches room temperature. Add 100 ml of 2 x PBS (as per recipe 
above but instead use 10 PBS tablets in 1 L distilled H2O). Aliquot the 
paraformaldehyde and freeze until required. 
 
 
Physiological saline 
 
Add 9 g NaCl (Sigma-Aldrich) to 1 L distilled H2O and stir until dissolved. 
 
 
Synthetic interstitial fluid 
 
To 1 L distilled H2O add: 6.3 g NaCl, 0.26 g KCl, 1.7 ml 10% CaCl2, 0.17 g 
MgSO4 heptahydrate, 2.2 g NaHCO3, 0.26g NaH2PO4 dihydrate, 2.1 g Na 
gluconate, 1 g glucose, and 2.6 g sucrose. Stir until dissolved. Bubble with 
CO2 for 10 minutes. Check pH is between 6.5 and 7.5. All chemicals from 
Sigma-Aldrich. 
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Appendix II: Publications 

 
Paper published in Journal of Neurophysiology, 2011. 
 
Richards N, Batty T, and Dilley A (2011). CCL2 has similar excitatory effects 
to TNF-α in a subgroup of inflamed C-fiber axons. Journal of 
Neurophysiology 106:2838-2848. 
 
Peripheral nerve inflammation can cause neuronal excitability changes that 
have been implicated in the pathogenesis of chronic pain. Although the 
neuro-immune interactions that lead to such physiological changes are 
unclear, in vitro studies suggest that the chemokine CCL2 may be involved. 
This in vivo study examines the effects of CCL2 on untreated and inflamed 
neurons and compares its effects to those of TNF-α. Extracellular recordings 
were performed in the anesthetised rat on isolated neurons with C-fiber 
axons. On untreated neurons, CCL2 as well as TNF-α had negligible effects. 
Following neuritis, both cytokines transiently caused the firing of action 
potentials in 27-30% of neurons that were either silent or ongoing. The 
ongoing neurons that responded to either cytokine had significantly slower 
baseline firing rates (median = 3.0 spikes/min (IQR 3.0)) compared to the 
non-responders (median = 24.4 spikes/min (IQR 24.6); p<0.001). In an 
additional group, 26-27% of neurons that were sensitised due to repeated 
noxious mechanical stimulation of the periphery also responded to the 
effects of both cytokines. Neither cytokine caused axons to become 
mechanically sensitive. Immunohistochemistry confirmed that the cognate 
CCL2 receptor, CCR2, is not expressed within neurons and is therefore not 
an axonal target for CCL2 following inflammation. In contrast, the cognate 
TNF-α receptor, TNFR1, was present on untreated and inflamed neurons. In 
summary, CCL2 can excite C-fiber neurons with similar effects to TNF-α, 
although the underlying mechanisms may be different. The modulatory 
effects of both cytokines are limited to a subgroup of neurons that may be 
subtly inflamed. 
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Abstract presented in poster format at Physiological Society meeting 
2012. 

 
Pulman KGT, Richards N and Dilley A. Vinblastine-induced axoplasmic 
transport disruption of the rat sciatic nerve causes behavioural changes 
consistent with neuropathic pain. Proceedings of the British Physiological 
Society, 27 (Edinburgh 2012) PC302. Online. 
 
In primary sensory neurons, ion channel components necessary for sensory 
transduction are conveyed by axoplasmic transport from the dorsal root 
ganglia to the peripheral terminals for insertion into the membrane. We 
hypothesised that disruption of axoplasmic transport by local nerve 
inflammation may cause accumulation of these channels at the inflamed site, 
leading to a hotspot of axonal hyperexcitability. The development of 
spontaneous firing in sensory axons at the site of hyperexcitability may 
induce central changes that drive symptoms such as allodynia in patients 
with neuropathic pain. Consistent with this hypothesis, the blockade of 
axoplasmic transport by the anti-mitotic agent vinblastine (0.1 mM) causes 
nociceptors to become mechanically sensitive at the site of application in the 
absence of axonal degeneration (Dilley & Bove, 2008). Here, we examine 
the development of cutaneous hypersensitivity (allodynia and hyperalgesia) 
following the local application of vinblastine to rat sciatic nerves. The left 
sciatic nerve was exposed in anaesthetised adult male Sprague Dawley rats 
(isoflurane, 1.75% in O2) and treated with 0.1mM vinblastine (n=6) or vehicle 
(saline; n=6) as previously described (Dilley & Bove, 2008). Untreated 
animals (n=6) were also tested. Pre-surgery and daily up to 11 days post-
surgery, ipsilateral and contralateral hind paws were tested for signs of 
allodynia using von Frey filaments of increasing stiffness. The lowest filament 
to produce a rapid foot withdrawal was considered the withdrawal threshold. 
Heat sensitivity was also tested using a radiant heat source (Hargreaves’ 
method). Latency to foot withdrawal was recorded.   
In vehicle and untreated groups there were no signs of mechanical allodynia. 
In the vinblastine group, mechanical allodynia developed ipsilaterally 
following surgery, peaking on day 4 (mean withdrawal threshold: pre-surgery 
= 12.5g (0.7 SEM); day 4 = 5.3g (0.7 SEM); p<0.05 vs. pre-surgery, 
contralateral and control groups, T test). By day 11, there were signs of 
recovery (mean = 11.3g (2.3 SEM)). However vinblastine treatment did not 
induce heat hyperalgesia (mean withdrawal latency: pre-surgery = 16.6s (1.0 
SEM); day 4 = 15.2s (1.5 SEM); p>0.5 vs. pre-surgery, contralateral and 
control groups, T test). In summary, mid-axonal axoplasmic transport 
disruption using vinblastine causes development of mechanical allodynia, as 
seen in other models of neuropathic pain. Thus, the disruption of axoplasmic 
transport may contribute to symptoms in patients with neuropathic pain. 
Consistent with this hypothesis, electrophysiological recordings from isolated 
C-fibre neurons in the vinblastine model have revealed evidence of 
spontaneous activity. These changes may also be relevant to neuropathies 
induced by chemotherapy. Dilley & Bove 2008 J Physiol. 586:593-604. 
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Abstract presented in poster format at Society for Neuroscience  
meeting 2011. 
 
Richards N and Dilley A. A mechanistic role for HCN channels in neuritis-
induced ongoing activity. Program No. 258.11. 2011 Abstract Viewer/Itinerary 
Planner. Washington, DC: Society for Neuroscience, 2011. Online. 
 
 Localised peripheral nerve inflammation (the neuritis model) causes the 
development of ongoing activity (OA) and axonal mechanical sensitivity 
(AMS), as well as pain hypersensitivity in the absence of axonal 
degeneration or demyelination (Bove et al. 2003, Chacur et al. 2001, Dilley et 
al. 2005). Such inflammation may be in part responsible for symptoms in 
patients with common pain conditions that affect the musculoskeletal system. 
The underlying mechanisms behind the development of inflammation-
induced OA are unclear. Hyperpolarization-activated, cyclic nucleotide-gated 
(HCN) ion channels are considered to play a key role in the regulation of 
excitability and rhythmic firing of neurons (Pape 1996). Following spinal 
nerve ligation, the OA that develops in A-fibers as well as pain 
hypersensitivity can be attenuated by ZD7288, a blocker of HCN channels 
(Sun et al 2005, Chaplan et al 2003). Such evidence suggests a role for 
these channels in chronic pain mechanisms. The aim of this study is to 
determine whether HCN channels contribute towards the OA that develops in 
inflamed C-fiber axons. The sciatic nerve was locally inflamed (neuritis) in 
adult male Sprague Dawley rats (n=5) as previously described (Dilley & Bove, 
2008). Four to six days following neuritis, in vivo L5 dorsal root C-fiber single 
unit recordings were carried out. In the ZD7288 group, neurons with OA were 
identified and increasing concentrations of ZD7288 (0.1, 0.5 and 1 mM in 0.9% 
w/v saline) were applied to the treatment site for 10 min. Axons were 
assessed for rate of OA pre- and post-ZD7288 application. The OA rate 
decreased from baseline in 100% of ZD7288-treated axons in a dose-
responsive manner (-7.1 ± 1.8% at 0.1 mM, -22.5 ± 5.0% at 0.5 mM and -
27.7 ± 14.9% at 1 mM; p<0.05 at 0.5 mM compared to baseline). Following 1 
mM ZD7288, further axons were screened for OA incidence. OA was 
observed in 7% (1/15) of axons post-ZD7288 compared to 38% (8/21) of 
axons in the absence of ZD7288 (p=0.05, Fisher Exact Test). In summary, 
blockade of HCN channels caused OA rates to decrease in inflamed C-fiber 
axons, and subsequently reduced the OA incidence in such axons. These 
results suggest that HCN channels may play a crucial role in the 
development of neuritis-induced OA, and as such may represent a target for 
the treatment of chronic pain conditions. Bove et al 2003, J Neurophysiol 90: 
1949-1955. Chacur et al 2001, Pain 94: 231-244. Chaplan et al 2003, J 
Neurosci 23:1169-78. Dilley et al 2005, Pain 117: 462-472. Dilley & Bove 
2008, J Pain 9: 185-92. Pape 1996, Annu Rev Physiol 58:299-32. Sun et al 
2005, Brain Res 1032:63-9. 
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There is evidence that chemokines may play an important role in 
inflammatory pain pathways (Oh et al., 2001). In particular, the chemokine 
CCL2 and its cognate receptor CCR2 have been implicated in the excitation 
of injured peripheral neurons (White et al. 2005). The aim of this in vivo study 
was to examine the electrophysiological effects of CCL2 on both untreated 
and inflamed C-fibre neurons and to determine the neuronal expression of 
CCR2 following inflammation. The sciatic nerve was locally inflamed (neuritis) 
in anaesthetised adult male Sprague Dawley rats (n=31; isoflurane, 1.75% in 
O2) as previously described (Dilley & Bove, 2008). Three to six days 
following neuritis (n=26), and in untreated animals (n=32), dorsal root single 
unit recordings were carried out under terminal anaesthesia (1.5g/kg 
urethane i.p.). CCL2 (in 0.1% bovine serum albumin/saline; BSA saline) or 
BSA saline were suspended for 15 minutes around the sciatic nerve at the 
neuritis or equivalent site in untreated animals. Axons were assessed for 
ongoing activity (OA) as a measure of excitability. CCR2 
immunofluorescence was carried out on ipsilateral L5 dorsal root ganglia 
(DRG). OA developed in 38% of neurons following neuritis (median rate=16.8 
spikes/min) compared to 7% in the untreated group (p<0.05). There was also 
a significant slowing of conduction velocity (median=0.71 m/sec (IQR 0.33)) 
compared to the untreated group (0.89 m/sec (IQR 0.28); p<0.05). The test 
agents had negligible effects on untreated neurons (1/10 developed OA post-
CCL2, 0/12 post-BSA saline), whereas CCL2 caused 27% (6/22) of neurons 
in the neuritis group to develop or increase their rate of OA compared to 
none (0/21) for BSA saline (p<0.05). The ongoing responders had 
significantly slower baseline firing rates (1.7 (IQR 2.7) spikes/min) compared 
to non-responders (16.3 (IQR 36.0) spikes/min; p<0.05) as well as normal 
conduction velocities (0.94 (IQR 0.49 m/sec)). In a subgroup of untreated 
animals (n=26), the periphery underwent repeated noxious mechanical 
stimulation during receptive field searches. In this group, neurons developed 
slow OA over time (median rate=2.8 spikes/min). Twenty seven percent (6/22) 
of these neurons responded to CCL2 treatment compared to 0/19 for BSA 
saline (p<0.05). The majority of responders (5/6) were recorded late in the 
experiments (>151 min from setup) and were probably sensitised. CCR2 was 
expressed at extremely low levels within L5 DRG cell bodies in both the 
untreated (2.1%) and neuritis groups (0.6%).In summary, CCL2 excites a 
subgroup of subtly inflamed C-fibre neurons that are either silent or slowly 
ongoing and have unaltered conduction velocities. The lack of CCR2 
expression on inflamed axons suggests that this receptor is not involved in a 
direct axonal mechanism in the neuritis model. Since CCL2 effects were 
rapid, other axonal CCL2 receptors may be involved. Oh et al. 2001, J 
Neurosci 21: 5027-5035. White et al. 2005, Proc Natl Acad Sci USA 102: 
14092-14097. Dilley and Bove 2008, J Pain 9: 185-192. 


