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Abstract 

Aberrant cold sensitivity is apparent in several neuropathies of peripheral and central origin, and is poorly 

treated by currently available drugs. In an attempt to understand the mechanisms of cold evoked hyperalgesia 

and analgesia, these studies examined the dual pro- and anti-nociceptive roles of TRPM8, a cold temperature 

gated channel, and the role of calcium channels within cold sensitive pathways through a combination of in vivo 

electrophysiology, behavioural measures and gene ablation. Blocking TRPM8 with novel antagonists revealed 

lamina V/VI neuronal responses to innocuous and noxious cold stimulation were conserved in naïve rats. 

However, under neuropathic conditions inhibition of TRPM8 decreased neuronal responses to innocuous and 

noxious cold stimuli. This corresponded with an attenuation of behavioural hypersensitivity to innocuous 

cooling. Remarkably, systemically activating TRPM8 with a novel agonist resulted in identical neuronal and 

behavioural effects in neuropathic rats. Menthol is known to relieve various pain conditions as well as inducing 

hyperalgesia. Unlike in human subjects, menthol fails to induce central sensitisation in naïve rats, whereas in 

neuropathic rats topical menthol exerts some similar effects to the systemically dosed TRPM8 agonist. Gene 

ablation identifies a role of α2δ-1, an auxiliary calcium channel subunit, in cold and mechanical sensory 

pathways, likely dependent on impaired trafficking of calcium channels. Furthermore, α2δ-1 knockout mice 

exhibit a delay in the development of neuropathic like behaviours after injury. In neuropathic rats, systemic and 

spinal delivery of an activation state dependent Cav2 antagonist suppresses neuronal responses to mechanical 

stimuli but reveals no change in channel function within cold sensitive pathways. These findings expand the 

understanding of the neural basis of cold sensitivity and demonstrate TRPM8 is not essential to all forms of 

cold transduction in naïve rats, and that both inhibiting and activating TRPM8 have similar selective modality 

related inhibitory effects on cold transduction in neuropathic rats. 
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1. Introduction 

1.1 The burden of chronic pain 

The ability of an organism to detect damage or potentially harmful stimuli is essential to survival. Pain exists as a 

complex sensory experience inextricably linked with emotion; both these aspects are reflected in the current 

International Association for the study of Pain (IASP) definition of pain. The term ‘nociception’ on the other 

hand refers to encoding and transduction of noxious stimuli before entering consciousness; substantial 

summation and modulation within the central nervous system occurs before this can be perceived as a painful 

experience. Pain in humans is highly subjective and difficult to quantify as the relationship between the intensity 

of the stimulus and perception is not always linear. It is clear that cognitive, emotional, expectative, attentive 

and genetic factors influence pain perception (Tracey & Mantyh, 2007). 

Following tissue damage, adaptive pain processes promote survival by protecting against further injury and 

aiding the healing process. The consequences of failure to do so are particularly evident in those with 

congenital insensitivity to pain syndromes. Although this is a rare phenotype, these individuals often have bite 

injuries to the lips and tongue, susceptibility to burn injuries and multiple fractures leading to long-term 

disability (Cox et al., 2006). Pain that outlasts the resolution of an injury becomes maladaptive and can be 

considered a disease in itself. Neuropathic syndromes are often characterised by a complex combination of 

positive and negative sensory phenomena including allodynia (perceiving non-noxious stimuli as pain), 

hyperalgesia (increased pain to normally painful stimuli), but also paroxysmal or persistent paraesthesias 

(abnormal sensations e.g. numbness, tingling) and dysaesthesias (abnormal and unpleasant sensations e.g. 

shocking, paradoxical burning). It should be noted, persistent pain is not an inevitable outcome of a nerve 

lesion, for example the rates of chronic pain following surgery vary from 10-50% depending on the nature of 

the procedure and this may be debilitating in 2-10% of cases (Kehlet et al., 2006). In the UK, prevalence of 

diabetic neuropathy is estimated to occur in 26% of patients (Davies et al., 2006b). 

IASP defines neuropathic pain as the result of a lesion or disease to primary or secondary somatosensory 

neurones. Conditions are often subdivided into 4 broad categories: nociceptive (resulting from a transient 

injury), inflammatory (including rheumatoid or osteoarthritis) and neuropathic (including nerve injury, phantom 

limb, post herpetic neuralgia, diabetic neuropathy, central post stroke pain, multiple sclerosis). The last 

category is referred to as ‘generalised’ or ‘dysfunctional’ as no obvious pathology is apparent such as 

fibromyalgia. It could be argued that this classification system is fast becoming redundant as cancer related bone 
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pain and osteoarthritis for example could be considered to involve inflammatory, neuropathic and disease 

specific components (Falk & Dickenson, 2014; Thakur et al., 2014). A move to a mechanism based classification 

may be more advantageous in determining appropriate treatment for patients (Baron, 2006).   

 

Figure 1.1 Meta-analysis of NNT values across different drug classes. (A) Combined NNT values for 

various drug classes across various neuropathies of differing aetiology. The figure illustrates the change from 2005 values in 

light grey to 2010 values in dark grey. (B) Combined NNT values for different drug classes against specific disease 

aetiologies. The symbol sizes indicate the relative number of patients who received active treatment drugs in trials for 

which dichotomous data were available. BTX-A - botulinum toxin type A, TCAs - tricyclic antidepressants, SNRIs - 

serotonin noradrenaline reuptake inhibitors, SSRIs - selective serotonin reuptake inhibitor. (Taken from Finnerup et al., 

2010). 

Chronic pain occurs in 19% of the adult population in Europe, 59% of which have suffered for 2 to 15 years, 

and 40% report inadequate management of their symptoms (Breivik et al., 2006). Recent estimates suggest pain 

with neuropathic characteristics has a prevalence of 7-10% (van Hecke et al., 2014). Large numbers of 

neuropathic patients fail to achieve relief from currently available treatments. The number needed to treat 

(NNT) varies across drug classes (Fig. 1.1A) and between disease states within a drug class (Fig. 1.1B). At best 

only 1 in 2-3 patients achieve a >50% reduction of pain (Finnerup et al., 2010). Quality of life is also severely 

affected as chronic pain conditions are commonly associated with co-morbidities such as depression, anxiety 

and sleep disorders (Nicholson & Verma, 2004). As well as having a devastating social impact, estimates of the 

economic cost of healthcare and lost working days in Europe per annum range from 3-10% of gross domestic 

product (€390-1300bn) (Breivik et al., 2013). These studies highlight the urgent need for novel therapeutics and 

better utilisation of currently available treatments. 



	  

20 

	  

1.2 Clinical features of cold allodynia and hyperalgesia 

Disturbances of cold sensitivity are evident in a range of neuropathic conditions of peripheral and central origin 

(Maier et al., 2010). Across all neuropathies presentations of cold hypersensitivity is apparent in up to 20% of 

patients though the frequency of occurrence varies between conditions (Table 1.1). A decrease in the cold 

detection threshold is common to all neuropathies (cold hypoaesthesia), whereas increases in cold detection 

thresholds are rare. An increase in cold pain threshold, i.e. cold pain at warmer temperatures, is prevalent in 

conditions such as complex regional pain syndrome, peripheral nerve injury, trigeminal neuralgia and post-

herpetic neuralgia. Many patients with these conditions also report paradoxical heat sensations though in 

polyneuropathy patients this appears to occur without any significant changes in cold thresholds. 

 

Figure 1.2 ‘Triple cold syndrome’. Quantitative thermal testing from different patients (A-D) reveals cold 

hypoaesthesia (CS - cold sensitivity) and cold hyperalgesia (CP - cold pain) compared to normal controls (left). Thermal 

imaging shows cooler skin in affected areas (top right) and no change in thermal output after 15 minutes warming at 45°C 

(bottom right). (Taken from Ochoa & Yarnitsky, 1994). 

A combination of cold hypoaesthesia, cold hyperalgesia and hypothermic skin has been described as a ‘triple 

cold syndrome’ (Fig. 1.2). In a cohort of poly- and mono-neuropathy patients, approximately half exhibited cold 

skin and reduced blood flow on warming possibly symptomatic of a sympathetic denervation. Small myelinated 

axonopathy was apparent in three out of seven biopsies examined. Most described pain during cold exposure 

as having a paradoxical burning quality (Ochoa & Yarnitsky, 1994). In a separate study involving peripheral 

nerve injury patients, cold detection thresholds were comparable between the affected and un-affected side 

but also to normal control subjects. Cold pain thresholds in affected areas were on average 23-24°C compared 
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to normal thresholds of below 10°C (Morin & Bushnell, 1998; Jørum et al., 2003). A significant sensitisation in 

un-affected areas was also apparent in these patients with cold pain thresholds around 17°C demonstrating a 

general sensitisation to cold temperatures (Jørum et al., 2003). The presence of cold allodynia after nerve 

trauma does not appear to correlate with ongoing pain or mechanical allodynia (Kleggetveit & Jørum, 2010). In 

contrast postherniotomy patients with ongoing pain display greater cold hyopaesthesia compared to pain-free 

patients and experience cold pain at slightly warmer temperatures. This increase in cold pain threshold is also 

apparent on the un-operated side in these patients compared to those that are pain free (Aasvang et al., 2010).   

In addition to the conditions outlined in table 1.1, 30% of fibromyalgia syndrome patients report reduced 

tolerance to cold temperatures. Fibromyalgia patients exhibit abnormal temporal summation of pain including 

enhanced cold induced wind-up (Price et al., 2002). The perceptual qualities of cold temperatures bears a 

marked resemblance to nerve injury patients in evoking paradoxical heat and dysaesthesia/paraesthesia 

(Berglund et al., 2002). Paradoxical heat upon cooling is notable in post-stroke patients with thalamic lesions, 

supporting disruption in thalamocortical processing underlying these symptoms (Vestergaard et al., 1995). 

Increased sensitivity to cold and warm temperatures is also apparent in adolescents with sickle cell anaemia. 

Although it is unclear whether this is due to peripheral or central sensitisation, the descriptors used to 

describe the pain include aching, burning, tingling, shooting and stabbing which are all commonly associated 

with neuropathic conditions (Brandow et al., 2013). 

Another critical area with great clinical need for novel therapeutic agents is for those undergoing 

chemotherapy. Platinum based agents such as oxaliplatin are widely used to treat solid tumours. Treatment is 

often hampered by the dose-limiting neurotoxic side effects. Acute symptoms include cold induced 

dysaesthesia and paraesthesia and are present in >90% of patients, though this typically resolves within a week 

(Argyriou et al., 2013). Chronic oxaliplatin induced neuropathy persists between and after treatment for a large 

number of patients and is related to cumulative dose and duration of administration (Beijers et al., 2014). The 

studies over the course of this thesis will aim to probe the neurobiology of normal and aberrant cold 

sensitivity with cooling compounds utilising behavioural and electrophysiological techniques. 
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Table 1.1 Summary of abnormal sensory functions in neuropathic patients. Data expressed as % of 

patients examined. (Taken from Maier et al., 2010). 

	  

Gain of 
function 

Poly-
neuropathy 

Post-
herpetic 
neuralgia 

Peripheral 
nerve 
injury 

Complex 
regional 

pain 
syndrome 

Trigeminal 
neuralgia 

Central 
pain Other All 

 n=343 n=72 n=154 n=403 n=92 n=51 n=121 n=1236 
Cold detection 
threshold 0.30 1.40 2.00 2.70 4.40 2.00 3.30 2.00 
Warm detection 
threshold 0.90 1.40 0.70 2.50 1.10 3.90 1.70 1.60 
Thermal sensory 
limen 0.6 4.2 1.3 2.7 3.3 3.9 4.1 2.30 
Cold pain 
threshold 1.5 20.8 27.3 30.5 17.6 5.9 29.8 19.40 
Heat pain 
threshold 7 20.8 24.7 40.1 25 9.8 23.1 23.80 
Pressure pain 
threshold 5 38.5 51 66.3 9.2 16 36.3 36.40 
Mechanical pain 
threshold 11.1 29.2 27 28.7 15.2 21.6 22.3 21.70 
Mechanical pain 
sensitivity 8.5 36.1 29.6 46.6 25.8 23.5 30.8 29.20 

Wind-up ratio 6.9 17.9 17.4 13.1 15.7 16.3 12.6 12.60 
Mechanical 
detection 
threshold 0.3 5.6 9.2 9.5 - - 3.3 5.00 
Vibration 
detection 
threshold - 2.6 2.6 1.5 4.4 - 4.2 1.90 
Paradoxical heat 
sensation 37.3 15.3 14.9 9.4 - 26 11.6 18.40 
Dynamic 
mechanical 
allodynia 12 48.6 17.5 24.1 14.6 17.7 17.5 19.70 

         
Loss of 
function         
Cold detection 
threshold 40.2 62.5 48.7 32.5 38.1 49 41.3 40.40 
Warm detection 
threshold 18.4 52.8 35.7 26.6 25 54.9 33.9 28.80 
Thermal sensory 
limen 36.7 55.6 42.9 26.9 23.9 62.7 36.4 35.50 
Cold pain 
threshold - 5.6 14.3 5.2 6.6 9.8 10.7 5.80 
Heat pain 
threshold 5 18.1 16.2 7.7 6.5 17.7 12.4 9.40 
Pressure pain 
threshold 13.2 6.2 5.4 3.3 5.8 14 6.2 7.40 
Mechanical pain 
threshold 21.9 26.4 25.7 10 12 23.5 19 17.80 
Mechanical pain 
sensitivity 5 19.5 21.1 6.2 10.1 29.4 15.8 10.70 

Wind-up ratio 0.4 1.5 2.3 2.7 3.4 - 5.4 2.20 
Mechanical 
detection 
threshold 39.8 62.6 57.5 35.2 16.3 49 41.3 40.60 
Vibration 
detection 
threshold 45.9 40.3 42.2 35.4 14.1 43.1 35.8 38.70 
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1.3 Theories of acute pain 

The mechanisms by which primary afferents signal painful stimuli, including cold, have been the subject of much 

debate and are briefly outlined here. Specificity theory describes dedicated pathways for the transmission of 

non-noxious and noxious stimuli (Fig. 1.3A). Proponents of this theory advocate the existence of modality 

specific ‘labelled lines’ with segregated pathways conserved through the pain neuraxis (Craig, 2003; Cavanaugh 

et al., 2009; Sun et al., 2009; Knowlton et al., 2013). Intensity theory is dependent on a lack of differentiation 

between low and high intensity fibres and that all fibres monotonically discharge to increasing intensity (Fig. 

1.3B). This theory is discredited by the discovery of specialised nociceptors. Most natural stimuli are likely to 

activate a range of primary afferents. Pattern theory proposes somatic afferents display a range of 

responsiveness and relationships to intensity (Fig. 1.3C). Rather than labelled lines being independent, the 

spatiotemporal integration of peripheral inputs shapes specific somatic sensations. Pattern theory could explain 

thermal paradoxes such as the thermal grill illusion, which arises from the summation of warm and cool stimuli 

evoking sensations of burning, pain and unpleasantness (Green, 2004; Defrin et al., 2008). According to gate 

control theory small and large diameter afferents converge on ‘transmission neurones’ of an ‘action system’ 

(Fig. 1.3D). A pre-synaptic gate in the dorsal horn is controlled by the balance between activity in A-fibres and 

C-fibres and is further subjected to descending control (Melzack & Wall, 1965). Although some of the details 

have been modified since first proposed, convergence and inhibitory control are recurring themes and are 

considered in the sections below. 

 

Figure 1.3 Theories of pain. Diagrams depicting theories of primary afferent signalling in pain. (A) Specificity theory, 

(B) intensity theory, (C) pattern theory and (D) gate control theory. NS – nociceptive specific, WDR – wide dynamic 

range, PN – projection neurone, SG – substantia gelatinosa neurone. (Modified from Perl, 2007).  
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1.4 Classification of peripheral sensory neurones 

Peripheral sensory neurones innervating the skin, viscera and joints transduce and transmit non-noxious and 

noxious stimuli providing constant feedback of the external environment and alerting the organism to the 

existence or threat of injury. Peripheral neurones are pseudounipolar with the cell body residing within a 

dorsal root ganglion (DRG) projecting to the periphery and dorsal horn of the spinal cord. Sensory neurones 

have distinct termination patterns in the periphery, and the dorsal horn where synapses with second order 

neurones are formed (discussed in section 1.6), and are frequently sub-classified according to four main 

criteria: myelination/conduction velocity, modality, response characteristics and cytochemistry. 

Aβ-‐fibres are heavily myelinated, have large calibre fibres (5-20 μm) and cell bodies (>40 μm), and conduct 

in the 30-70 m/s range. Aδ-fibres are lightly myelinated, have smaller diameter fibres (2-5 μm) and cell bodies 

(30-40 μm), and conduct between 12 and 30 m/s. C-fibres are unmyelinated, with thin axons (0.4-1.2 μm) and 

small cell bodies (<25 μm), and are slow conducting (<2 m/s) (Bourinet et al., 2014). The responses of these 

afferents differ considerably. Aβ-fibres	   are	   responsive to low tactile stimuli and convey proprioceptive 

information, though a minor subset may also be nociceptive (Treede et al., 1998). The two major classes of 

nociceptors are Aδ-‐	  and C-fibres responsible for ‘first/sharp’ pain and ‘second/slow’ pain respectively (Basbaum 

et al., 2009). Aδ-fibres are sub-classified as type I or type II, the former responding to noxious mechanical and 

heat with slow increasing responses to prolonged stimulation and the latter exhibiting lower thresholds to 

heat, short latencies to intense stimuli followed by adapting responses and minimal mechanical sensitivity 

(Treede et al., 1998). C-fibres are a heterogeneous population and most are polymodal. These can be 

subclassified as C-M (mechano), C-MH (mechano-heat), C-MC (mechano-cold) and C-MHC (mechano-heat-

cold). Heat sensitive but mechanically insensitive C-fibres have also been described which additionally respond 

vigorously to chemical stimuli (e.g. histamine, mustard oil, capsaicin). These fibres develop mechanical 

sensitivity after injury and are often referred to as ‘silent nociceptors’ (Schmidt et al., 1995). A proportion of 

Aδ-‐	   and C-fibres do not display characteristics of nociceptors and are classed as low threshold 

mechanoreceptors (LTMR). A- and C-LTMRs are diverse in terms of their biophysical properties and range 

from slow to rapidly adapting (reviewed by Abraira & Ginty, 2013). LTMRs in glabrous and hairy skin are 

associated with Pacinian corpuscles, Ruffini endings, Meissner corpuscles and Merkel’s discs and transduce 

movement across the skin, stretch, hair deflection and vibration. C-LTMRs in particular are associated with 

pleasurable touch (Loken et al., 2009). 
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Figure 1.4 Summary of main neuronal populations residing within DRG. NF200+ neurones have 

myelinated axons. A subset express peptidergic transmitters and TRPV1 and are presumed to be nociceptive Aδ-fibres. C-

fibres are broadly grouped according to the presence (CGRP+) or absence (IB4+) of peptides. CGRP+ neurones often co-

express substance P, galanin, vasointestinal peptide, somatostatin, BDNF and TRPV1, IB4+ neurones co-express P2X3, 

TRPV1 and FRAP, NF200+ neurones express carbonic anhydrase and GM1 ganglioside. These populations can also be 

distinguished by expression of growth factor receptors (glial cell derived neurotrophic factor receptors – GFR, tyrosine 

receptor kinase - Trk). Note significant overlap between populations. (Modified from Priestley et al., 2002). 

Sensory neurones are further classified on the basis of neurochemistry (Fig. 1.4). All subtypes utilise glutamate 

to mediate fast synaptic transmission dependent on post-synaptic AMPA receptors; small diameter neurones 

can be further sub-divided as ‘non-peptidergic’ and ‘peptidergic’ neurones containing additional transmitters 

such as substance P, CGRP and somatostatin which mediate slow prolonged excitatory post synaptic potentials 

during high intensity stimulation (De Koninck & Henry, 1991; Snider & McMahon, 1998). The proportion of 

neurones expressing various markers varies between species, but in the rat 40% of all DRG neurones, 50% of 

C-fibres and 20% Aδ-fibres are classified as peptidergic. Most peptidergic neurones express tyrosine kinase 

receptor A (TrkA) and are dependent on nerve growth factor (NGF) for development and survival (Averill et 

al., 1995). Non-peptidergic neurones contain fluoride resistant acid phosphatase (FRAP) and the lectin IB4 and 

constitute 30% of all DRG neurones (Silverman & Kruger, 1988b; a). Non-peptidergic neurones lack TrkA 

receptors but do express glial cell derived neurotrophic factor receptors (GFRα1-4) and receptor tyrosine 

kinase RET (Bennett et al., 1998). 
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1.5 Properties of cold sensitive primary afferent fibres 

Cold temperatures can elicit a range of sensations including pleasant and refreshing whereas further 

temperature decreases evoke aching, pricking and somewhat paradoxically, a sensation of burning. Defining the 

boundaries between innocuous and noxious cold is complex as cold pain thresholds can vary according to the 

rate of cooling; thresholds tend to be higher (i.e. sensation of cooling at warmer temperatures) in hairy skin 

compared to glabrous skin and with faster temperature ramps (Harrison & Davis, 1999). Spatial summation of 

cold pain is comparable between hairy and glabrous skin (Defrin et al., 2011). Innocuous cold is commonly 

defined as temperatures between 30°C and 15°C, whereas noxious cold is generally perceived at temperatures 

below 15°C (Morin & Bushnell, 1998).  

In primates, cold responsive fibres have been identified with receptive fields consisting of one or many cold 

spots and are thought to conduct in the Aδ- and C-fibre ranges. Low threshold ‘cold’ fibres often exhibit 

ongoing burst activity at skin temperature. Upon cooling from 35 to 20°C fibres exhibit high frequency 

discharge followed by slow adaptation (Dubner et al., 1975; Kenshalo & Duclaux, 1977). High threshold cold 

fibres have also been described with thresholds of activation below 27°C and exhibit no ongoing activity and 

rapid adaptation (LaMotte & Thalhammer, 1982). The discharge rate in Aδ- and C-fibres responsive to noxious 

cold and mechanical stimuli increases monotonically with decreasing temperature down to -12°C and differ 

only in threshold for activation (higher in Aδ-‐fibres) (Simone & Kajander, 1996; 1997). Microneurography has 

been used to isolate C-fibres in human skin responding to innocuous and noxious cold stimulation. Response 

frequencies in high threshold polymodal C-fibres appear to be low in the 19-0°C temperature range and fire 

with a regular discharge rate rather than a burst pattern, whereas low threshold afferents respond vigorously 

to small decreases in temperature before adapting to steady state temperature (Campero et al., 1996; 

Campero et al., 2001; Campero et al., 2009). The sensations evoked by different fibre types have largely been 

inferred through the use of pressure or ischaemic nerve blocks. Cool and pricking sensations are diminished 

following A-fibre block unmasking a sharp burning pain due to continuing activity in C-fibres (Wahren et al., 

1989; Yarnitsky & Ochoa, 1990; Davis, 1998). 
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1.5.1 Transduction of innocuous cold temperatures 

 1.5.1.1 Melastatin transient receptor potential channels  

Transient receptor potential (TRP) channels are a superfamily of six transmembrane non-selective cation 

channels. Based on topology and sequence homology, TRP channels are separated into 7 subfamilies within two 

broad groups - group 1: TRPC, TRPV, TRPM, TRPA, TRPN. Group 2: TRPP and TRPML (Christensen & Corey, 

2007) (Fig. 1.5). Often low homology exists between subfamilies and physiological roles of many channels 

remain undefined, but in general TRP channels act as multiple signal integrators and physiological sensors with 

diverse roles in thermosensation, mechanosensation, olfaction, hearing and vision. The melastatin TRP 

subfamily comprises 8 members in mammalian systems (Table. 1.2), and are characterised by a C-terminus TRP 

box and an absence of ankyrin repeats in the N-terminus (Venkatachalam & Montell, 2007).  

Table 1.2 Properties, distribution and modulators of TRPM channels. (Modified from Venkatachalam & Montell, 2007). 

Gene Selectivity PCa:PNa Modulators Highest expression 

TRPM1 Non-selective Zn2+ inhibited  Brain, melanosome, retina 

TRPM2 ∼0.3 ADP-ribose, cADP-ribose, pyrimidine 

nucleotides, arachidonic acid, NAD, 

H2O2, Ca2+ 

Brain, bone marrow, 

spleen, leukocytes 

TRPM3 1.6 Osmotic cell swelling, store depletion 

(?), sphingolipids, heat >40°C 

Kidney, brain, pituitary, 

DRG, retina 

TRPM4 Monovalent cation selective Ca2+, voltage modulated, PIP2 Prostate, colon, heart, 

kidney, testis 

TRPM5 Monovalent cation selective Ca2+, voltage modulated, PIP2, heat (15–

35°C) 

Intestine, liver, lung, taste 

cells 

TRPM6 Divalent cation selective (Mg2+ and 

Ca2+) 

Mg2+ inhibited Kidney, small intestines 

TRPM7 Divalent cation selective (Mg2+ and 

Ca2+) 

Mg2+ inhibited, ATP, protons, 

phosphorylation, PIP2 

Kidney, heart, pituitary, 

bone, adipose 

TRPM8 3.3 Cool (23–28°C), menthol, icilin, pH 

modulated, PIP2 

DRG, trigeminal ganglia, 

prostate, liver, brain 

1.5.1.2 Structure and regulation of TRPM8 

Two independent studies identified TRPM8 as a receptor for menthol, icilin and cold with a threshold below 

25°C (McKemy et al., 2002; Peier et al., 2002). TRPM8 forms functional channels as homotetramers, as of yet 

hetero-oligomerisation has not been demonstrated (Stewart et al., 2010). Temperature dependent gating is 

conferred by structures contained within the C-terminus as shown by switching temperature sensitivity using 
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Figure 1.5 Phylogeny of mouse TRP channels. Scale bar represents 0.2 nucleotide substitutions per site. 

(Modified from Christensen & Corey, 2007). 

chimeric recombination of TRPV1 and TRPM8 channels (Brauchi et al., 2006). Two models have been proposed 

to explain thermodynamics of channels gating: a two-state and an allosteric model. Both support that cooling 

evoked opening of TRPM8 channels results in a leftward shift in the voltage dependence of activation (Brauchi 

et al., 2004; Voets et al., 2004). The allosteric model predicts cooling increases channel open probability in 

combination with voltage dependency converging onto a single gating mechanism (Brauchi et al., 2004). Voltage 

changes alone are insufficient to gate TRPM8. Several sites have been identified as critical in the binding of 

menthol and icilin but also in determining cation selectivity and voltage gating (Fig. 1.6). Post-translational N-

glycosylation of TRPM8 facilitates assembly and trafficking of channels, though N-glycosylation is not essential 

for this process (Erler et al., 2006). Deletion of the N934 N-glycosylation site shifts the voltage dependency and 

decreases responses to cold and menthol (Pertusa et al., 2012). The phospholipid PIP2 acts as a general 

modulator of thermal responses in primary afferent fibres. PLC dependent degradation of PIP2 following Ca2+ 

influx results in TRPM8 desensitisation (Daniels et al., 2009). Other lipid modulators include products of 

calcium independent PLA2 such as polyunsaturated fatty acids (PUFA) and lysophospholipids (LPL) (Andersson 

et al., 2007) (Fig. 1.7). The two transmembrane domain protein Pirt interacts with PIP2 and enhances both 

TRVP1 and TRMP8 activation (Kim et al., 2008; Tang et al., 2013). In addition Pirt knockout mice have reduced 

sensitivity to cold temperatures (Tang et al., 2013). Several putative phosphorylation sites have been identified 

in TRPM8 (Fig. 1.6). Forskolin activation of PKA mediates TRPM8 desensitisation to menthol and icilin 

activation (De Petrocellis et al., 2007). PKC dependent dephosphorylation of TRPM8 occurs through activation 

of phosphatases and functionally down-regulates TRPM8 channels (Fig. 1.7) (Premkumar et al., 2005). Acidic pH 
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also reduces TRPM8 currents induced by icilin and cold temperatures, but not menthol, suggesting TRPM8 and 

TRPV1 might be differentially modulated by low pH during inflammation and that significant differences exist in 

the mechanism gating of TRPM8 by menthol and icilin (Andersson et al., 2004). Short TRPM8 isoforms exerting 

dominant negative effects have been identified in the prostate but not DRG (Bidaux et al., 2012). 

 

 

 

 

 

 

 

 

Figure 1.6 Representation of TRPM8 channel topology. Highlighted sites display approximate positions of 

residues implicated in ion selectivity (Q914, D920), menthol binding (Y745, R842, Y1005, L1009), icilin binding (N799, 

D802, G805), PIP2 binding (K995, R998, R1008), PKA phosphorylation (S9, T17), voltage gating (R842, K856), N-

glycosylation (N934), TRP domain (V993 to V1025) and tetramerisation domain (L1064 to K1104). (Modified from Latorre 

et al., 2007 and Malkia et al., 2011). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.7 Modulation of TRPM8 by intracellular signalling pathways. Bradykinin mediates phospholipase C 

(PLC) and diacylglycerol (DAG) mediated depletion of PIP2 and activation of PKC leading to channel down regulation. PIP2 

can also directly activate TRPM8 channels. Activation of prostaglandin (EP2R) or adrenoreceptors (α2R) increases cAMP 

activation of PKA, which mediates channel desensitisation. (Modified from Latorre et al., 2011). 
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1.5.1.3 TRPM8 and cold sensitivity 

Immunohistochemical analysis of mouse DRG neurones revealed expression of TRPM8 in a subset of small 

neurones (10-15%) with no co-expression with classical markers of nociceptors (Peier et al., 2002). TRPM8 

protein and mRNA has been detected in rat arterial myocytes implicating TRPM8 in the regulation of 

vasomotor responses to cooling (Johnson et al., 2009). Distal cerebrospinal fluid-contacting neurones in the rat 

brain have also been demonstrated to be TRPM8 positive, though its function here is unresolved (Du et al., 

2009). In vivo, the peripheral and central projections of TRPM8 positive neurones have been identified with the 

insertion of green fluorescent protein (GFP) at the TRPM8 locus. In the periphery, TRPM8-GFP projections 

mark endings in the superficial layer of the epidermis including the mystacial pads but also the oral cavity and 

teeth (Takashima et al., 2007; Dhaka et al., 2008). TRPM8 positive neurones predominantly project to lamina I 

and IIo in the dorsal horn with no overlap with PKCγ+ interneurones in lamina IIi and III (Takashima et al., 

2007). Both these studies are largely consistent with previous observations that TRPM8 positive neurones are 

not typically CGRP, IB4 or NF150 positive (Peier et al., 2002), though up to a third of TRPM8+ afferents may 

co-express CGRP (Takashima et al., 2007). Between 19% and 38% of TRPM8+ trigeminal ganglion neurones and 

12-24% of DRG neurones also co-express TRPV1 (Takashima et al., 2007; Dhaka et al., 2008). Innocuous and 

noxious cold sensitivity are retained following deafferentation of TRPV1+ fibres in adult mice (Cavanaugh et al., 

2009). In contrast TRPV1-DTA mice are insensitive to cold temperatures supporting TRPM8 neurones being 

derived from TRPV1 precursors during development (Mishra et al., 2011). 

The contribution of TRPM8 to cold transduction has been addressed through global knockouts and 

selective ablation of TRPM8+ afferents. TRPM8 -/- mice consistently display deficits in discriminating between 

warm and cool temperatures (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007). Noxious cold 

transduction appears partly dependent on TRPM8. ‘Wet dog shakes’ following intraperitoneal icilin are greatly 

reduced in TRPM8 -/- mice, presumed to represent a noxious stimulus (Bautista et al., 2007; Dhaka et al., 

2007). An increased withdrawal latency to noxious cold temperatures in TRPM8 -/- mice has only been 

observed in one study (Dhaka et al., 2007). In 2-plate preference tests, TRPM8 -/- mice continue to avoid 

noxious cold temperatures though with reduced efficiency (Bautista et al., 2007). Although some cold sensitivity 

is retained following ablation of TRPM8 afferents, the severely impaired ability to detect innocuous and noxious 

cooling confirms TRPM8+ afferents as a significant and discrete population of cool fibres and cold nociceptors 

(Knowlton et al., 2013). 



	  

31 

	  

1.5.2 Transduction of noxious cold temperatures 

TRPA1 was identified as a TRP like channel expressed in peptidergic nociceptors expressing TRPV1 but no co-

expression with TRPM8 (Story et al, 2003). TRPA1 acts as an integrator of multiple chemical irritants including 

cinnamaldehyde and bradykinin (Bandell et al., 2004), mustard oil (Jordt et al., 2004; Bautista et al., 2006), 

formalin (McNamara et al., 2007) and products of oxidative stress (Andersson et al., 2008). Furthermore 

TRPA1 has also been implicated in mechanotransduction (Kwan et al., 2006), and astrocyte function (Shigetomi 

et al., 2013). Several groups have confirmed sensitivity of TRPA1 to temperatures below 17°C (Story et al., 

2003; Karashima et al., 2009; Kremeyer et al., 2010), but these findings have been equally disputed with others 

being unable to reproduce the data (Jordt et al., 2004; Nagata et al., 2005; Bautista et al., 2006). TRPA1 

activation by intracellular calcium could be an indirect mechanism of gating during cooling (Zurborg et al., 

2007). Knockout studies have failed to provide any further clarification. One line displayed no behavioural 

deficits to cold temperatures (Bautista et al., 2006), whereas a second study only reported sex dependent 

differences (Kwan et al., 2006). Genetic ablation of both TRPM8 and TRPA1 suggests the former and not the 

latter is required for aversion to noxious cold (Knowlton et al., 2010). Significant species dependent differences 

in gating question whether TRPA1 is required for cold transduction in primates (Chen et al., 2013). Individuals 

with a gain of function point mutation in TRPA1 exhibit no changes in baseline thermal and mechanical 

thresholds but often suffer episodes of intense pain triggered by fasting or cold temperatures (Kremeyer et al., 

2010). Alternatively TRPA1 may only have a pathological role in cold hyperalgesia. TRPA1 is up-regulated in 

TrkA expressing DRG neurones after an inflammatory insult or after nerve damage (Obata et al., 2005) and is 

reversed by intrathecal TRPA1 anti-sense oligonucleotides (Obata et al., 2005; Katsura et al., 2006).	   

Cooling can cause numbness but the transmission of nociceptive inputs continues while innocuous stimuli 

are blocked. Populations of cold sensitive neurones can be distinguished on the basis of sodium channel 

expression. The tetrodotoxin resistant voltage gated sodium channel Nav1.8 is expressed exclusively in a subset 

of small to medium diameter neurones, over 85% of which are classed as nociceptors and is localised to nerve 

endings (Djouhri et al., 2003). Nav1.8 knockout mice are almost completely unresponsive to noxious cold and 

have impaired responses to noxious mechanical stimuli (Zimmermann et al., 2007; Abrahamsen et al., 2008). In 

contrast, Nav1.7 null mice retain noxious cold sensitivity but display deficits in detecting innocuous cool 

temperatures (Minett et al., 2012; Minett et al., 2014). Unlike other sodium channels the inactivation kinetics of 

Nav1.8 are resistant to cold, identifying Nav1.8 positive neurones as critical for the detection of noxious cold 

and noxious stimuli in cold environments (Zimmermann et al., 2007). 	  
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1.5.3 Other molecular candidates for transduction of cold temperatures 

A substantial number of rodent DRG neurones are excited by cooling but are insensitive to menthol (Babes et 

al., 2004; Munns et al., 2007). It is evident that other transducers of noxious cold exist, the identity of which 

remain elusive. A potential candidate is TRPC5, which is gated by cooling in the range of 37-25°C. TRPC5 is 

expressed in a subset of medium to small diameter neurones with partial overlap with TRPM8. Although 

TRPC5 knockout animals have no overall changes in thermal and mechanical thresholds; single unit recordings 

of peripheral afferents reveal that TRPM8 expressing afferents form a larger component of cold sensitivity 

(Zimmermann et al., 2011).  

Ion channel inhibition could be an alternative mechanism of cold transduction as inhibition of K+ channels by 

cooling would reduce potassium efflux and increase neuronal excitability. Differences in K+ currents identified 

between cold sensitive and cold insensitive trigeminal neurones suggest the presence of a 4-aminopyridine 

sensitive IKD current in cold insensitive neurones acting as an ‘excitatory brake’ preventing excitation during 

cooling (Viana et al., 2002). The 2-pore domain potassium channels TREK and TRAAK are expressed in sub-

populations of TRPV1, TRPV2 and TRPM8 positive rat trigeminal neurones. Both channels have been implicated 

in modulating mechanical, heat and cold nociception (Maingret et al., 1999; Maingret et al., 2000; Alloui et al., 

2006). TREK1/TRAKK double knockout mice exhibit increased heat hyperalgesia, increased cold avoidance and 

cold hypersensitivity after nerve injury, suggesting TREK-1 and TRAAK dually modulate cold transmission 

(Noël et al., 2009). More recently, TREK-2 has been identified in influencing mechanical, heat and cold 

detection thresholds without affecting noxious cold sensitivity (Pereira et al., 2014). Molecular profiling of cold 

sensitive neurones also reveals the 2-pore potassium leak channel TASK-3 is highly enriched in TRPM8+ 

neurones and its ablation shifts the temperature threshold to warmer temperatures (Morenilla-Palao et al., 

2014). IH currents are dependent on hyperpolarisation and cyclic nucleotide gated channels (HCN). HCN1 

generated sub-threshold membrane oscillations are present in cold sensitive neurones and although dispensable 

for the transduction of cold stimuli, these oscillations are required to shape neuronal responses to cooling. 

This is particularly notable in corneal cold sensitive afferents where HCN antagonist ZD7288 alters bursting 

patterns during cooling (Orio et al., 2012). In mice, pharmacological block or genetic ablation of HCN1 reduces 

sensitivity to noxious cold temperatures (Orio et al., 2009). Membrane oscillation in cold sensitive afferents 

may also be dependent on the Na+/K+ ATPase (Schafer & Braun, 1990). The slow activating potassium M-

current is generated by Kv7 channels. Pharmacological modulation with the antagonist XE991 and agonist 

retigabine identifies a role of the M-current in high threshold Aδ-fibres in determining membrane excitability 
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and inhibition facilitates dorsal horn neuronal responses to mechanical and noxious heat stimuli (Passmore et 

al., 2012). In peripheral fibres, inhibition of M-currents sensitises high threshold TRPM8+ afferents to cold 

temperatures (Vetter et al., 2013). The differential expression of ion channels in cold afferents could underlie 

the ability of a single transducer to confer multiple aspects of cold sensitivity. 

1.6 Organisation of the dorsal horn 

Primary afferent fibres enter the dorsal horn via dorsal root entry zones and terminate within specific regions 

known as Rexed laminae. Heavily myelinated Aβ-fibres conveying tactile stimuli project to the deeper laminae 

(III-VI). Myelinated Aδ-fibres innervate the most superficial laminae including projection neurones of lamina I, 

though some also terminate deeper. Most peptidergic C-fibres terminate in lamina I and the outer part of 

lamina II. In contrast, non-petidergic C-fibres target more ventral neurones within lamina II. Lamina I and V are 

most important in the processing of noxious stimuli and receive monosynaptic and polysynaptic inputs 

(Basbaum et al., 2009). Laminae III/IV are composed of mechanoresponsive neurones receiving input from Aβ 

and Aδ fibres. Neurones in these regions poorly encode for intensity of stimulation and convey tactile and 

proprioceptive information. Retrograde labelling reveals lamina III/IV neurones project to the caudal 

ventrolateral medulla, parabrachial, thalamus and peraquiductal grey (Todd, 2002). 

 

 

 

 

 

 

 

 

 

Figure 1.8 Organisation of dorsal horn circuitry. Projection neurones in the dorsal horn are subjected to 

substantial inhibitory and excitatory control. Nociceptive afferents can directly activate superficial NK1+ projection 

neurones and indirectly through activation of lamina II vertical and central interneurones. Low threshold afferents terminate 

deeper and can engage both excitatory and inhibitory interneurones. (Modified from Braz et al., 2014).  
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1.6.1 Lamina I 

Lamina I neurones are a major source of ascending output from the dorsal horn. The majority of these 

neurones (75-80%) respond linearly to increasing noxious stimuli and are known as nociceptive-specific (NS), 

whereas the remaining neurones are classed as wide dynamic range and are also moderately responsive to 

innocuous stimuli (Bester et al., 2000; Craig et al., 2001; Seagrove et al., 2004). In general evoked responses 

appear to be smaller compared to lamina V neurones (Seagrove et al., 2004). Electrophysiological 

characterisation identifies 3 main categories of neurones: nociceptive specific (NS), thermoreceptive specific 

(COOL or WARM) and polymodal nociceptive (HPC – heat, pinch, cold) (Han et al., 1998). In rats, 

approximately one third of spinoparabrachial lamina I neurones are HPC with none responsive only to 

innocuous cooling (Bester et al., 2000). In contrast, in cats 30-40% of spinothalamic lamina I neurones are 

estimated to be COOL; a similar proportion are also HPC and NS (Craig et al., 2001).  

1.6.2 Lamina II 

Lamina II is predominantly comprised of interneurones and has no projections to higher centres. The complex 

interneuronal circuitry permits substantial modulation of incoming nociceptive activity (Fig. 1.8). Four 

morphologically distinct subtypes have been described: islet, central, radial and vertical (Grudt & Perl, 2002). 

Islet and central neurones arborise in the rostrocaudal plane and are contained within the lamina where the 

cell body lies. Ventrally directed dendrites of vertical neurones integrate inputs from low and high threshold 

afferents and local interneurone circuits. Immunohistochemical analysis reveals islet cells are largely 

GABAergic, occasionally co-express glycine and are inhibitory. In general radial and vertical cells are 

glutamatergic and considered excitatory. Both inhibitory and excitatory subsets of central interneurones have 

been described (Yasaka et al., 2010). 

High threshold Aδ- and C-fibres can directly activate NK1+ projection neurones in lamina I. Nociceptive 

afferents also activate lamina IIo vertical cells either directly or indirectly through central cells in lamina IIi, 

which in turn provides a feedforward excitatory drive to NK1+ neurones. Ventrally directed excitatory drive 

to deeper laminae, such as lamina V, runs in parallel (Braz et al., 2014). Low threshold Aβ-fibres in contrast 

terminate deeper in the dorsal horn and engage excitatory and inhibitory circuits. Inhibitory interneurones are 

outnumbered by excitatory interneurones; the majority of inhibitory cells in lamina II are islet cells and are 

activated by low threshold C-fibres (Lu & Perl, 2003). A subset of excitatory interneurones in lamina II express 

PKCγ and are targeted by low threshold afferents (Polgár et al., 1999; Neumann et al., 2008). Mice lacking 
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PKCγ	  are resistant to developing neuropathy; an outcome accompanied by reduced post-synaptic up-regulation 

of NK1 receptors (Malmberg et al., 1997). The glycine receptor inhibitor strychnine disinhibits superficial 

nociceptive neurones resulting in de novo responsiveness to light brushing, an effect which is blocked by PKCγ	  

and NMDA antagonists. This study proposes a potential mechanism of dynamic mechanical allodynia by which 

dysfunction of tonically active gylcinergic interneurones allows low threshold mechanosensitive afferents to 

activate nociceptive circuits in the superficial laminae (Miraucourt et al., 2007). Tonic inhibitory tone is also 

dependent on GABAA receptors; bicuculline	   facilitates superficial NS neuronal responses to punctate 

mechanical stimuli (Seagrove et al., 2004). Behavioural signs of hypersensitivity are induced by pharmacological 

block of glycine or GABAA receptors (Yaksh, 1989). 

1.6.3 Lamina V/VI 

The monosynaptic and polysynaptic convergence of high and low threshold input into lamina V/VI neurones 

means that these neurones respond to both innocuous and noxious stimuli in a linear manner in relation to 

intensity. These neurones are also responsive to a range of modalities including mechanical, heat and chemical 

stimuli and are commonly referred to as wide dynamic range (WDR). Of particular importance to this thesis, 

most lamina V neurones exhibit intensity dependent responses in the innocuous to noxious cold temperature 

range (Khasabov et al., 2001). Deep dorsal horn neurones are also distinguished by a short-term homosynaptic 

plasticity known as wind-up. The wind-up phenomenon was described as a frequency dependent progressive 

facilitation of neuronal responses to a constant stimulus and likely represents a temporal summation of inputs 

(Fig. 1.9) (Mendell & Wall, 1965). Whereas lamina I neurones exhibit minimal post-discharge and wind-up 

(Seagrove et al., 2004), lamina V/VI neurones wind-up substantially to C-fibre strength stimuli optimally 

between frequencies of 0.5 to 2 Hz (Herrero et al., 2000). The ability of deep dorsal horn WDR neurones to 

amplify pre-synaptic input is highly dependent on NMDA receptors (Dickenson & Sullivan, 1987). Wind-up is 

also reduced by pharmacological blockade of NK1 receptors and is absent in NK1 knockout mice (Budai & 

Larson, 1996; Suzuki et al., 2003). At resting conditions or during low frequency firing, a Mg2+ ion ‘plug’ of 

NMDA receptors prevents opening of the pore. The co-release of substance P and CGRP in addition to 

glutamate contribute to the slow progressive depolarisation of second order neurones to allow release of the 

Mg2+ ion and increase permeability to Ca2+ (De Koninck & Henry, 1991). 
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Figure 1.9 Wind-up of a deep dorsal horn neurone in an anaesthetised rat. The responses to 16 stimuli at 

1 Hz are shown. (A) Each dot represents a single action potential with the position on the x-axis corresponding to the 

latency from stimulation (S). (B) Total number of action potentials from (A) separated according to latency and stimulus 

number. Note the increase in action potentials in the longer C-fibre latencies as opposed to shorter A-fibre latencies. 

(Taken from Herrero et al., 2000). 

1.7 Ascending projection pathways  

 1.7.1 Spinothalamic tract 

The majority of ascending activity from the dorsal horn emanates from lamina I and V projecting through the 

spinothalamic, spinoreticular, spinomesencephalic, spinoparabracial and spinotelencephalic tracts. Projection 

axons decussate at spinal level and convey pain related activity to higher centres associated with 

sensory/discriminative and affective components of pain (Fig. 1.10). Pathways engaging thalamic and cortical 

structures such as the somatosensory cortex, insula and anterior cingulated cortex are critical for the 

localisation and sensory discriminative aspects of pain, though the insula and anterior cingulated cortex are also 

important for the emotional and affective dimension of pain (Tracey & Mantyh, 2007). Spinothalamic tract 

neurones have been identified using anterograde and retrograde tracers. Although some species dependent 

differences exist, in primates half of all spinothalamic tract neurones originate from lamina 1, a quarter from 

laminae IV-V and the remaining from laminae VII-VIII. In rats, a greater proportion of spinothalamic neurones 

originate from lamina V (Todd, 2002). Within the primate thalamus, spinothalamic tract neurones terminate 

within 6 distinct regions: the posterior portion of the ventral medial nucleus (VMpo), ventral posterior nuclei 

(VPL, VPM, VPI), ventral lateral nucleus (VL), central lateral nucleus, parafascicular nucleus and ventral caudal 

portion of the medial dorsal nucleus (MDvc). Lamina V spinothalamic tract neurones terminate within the VP 

nuclei and the VL. Neurones within these nuclei typically display WDR response profiles (Apkarian & Shi, 

1994). In primates lamina I spinothalamic neurones heavily project to the VMpo, with weak input into the VP 
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nuclei and moderate projection to the MDvc. Anatomically the VMpo is arranged as a thalamic relay site with 

lamina I terminations topographically arranged in the rostrocaudal direction. Single unit recordings of cold 

sensitive neurones in the VMpo reveal ongoing activity that can be inhibited by warm temperatures and excited 

by cold. Nociceptive-specific neurones display graded responses to increasingly noxious stimuli (Craig et al., 

1994). VMpo neurones with similar properties have also been identified in humans undergoing stereotaxic 

thalamic procedures. Microstimulation of the VMpo evokes cooling sensations, which correlate with stimulus 

intensity. Upon application of a cooling ramp to the hand, neurones within this region have the ability to 

encode for intensity. Neuronal firing transiently increases during the cooling phase, decreases but stabilises 

during steady state cold temperatures and is inhibited during re-warming. The projection of the VMpo to the 

insula cortex suggests this pathway is an important spino-thalamo-cortical relay required for the perception of 

cold stimuli (Davis et al., 1999). 

1.7.2 Spinoparabrachial tract 

NK1 receptors are expressed by approximately 80% of projection neurones in lamina I targeting areas such as 

the thalamus, periaqueductal grey, parabrachial and caudal ventrolateral medulla (Marshall et al., 1996; Todd, 

2002). Spinothalamic neurones are greatly outnumbered by those projecting to the parabrachial and caudal 

ventrolateral medulla (Todd, 2002; Spike et al., 2003). Lamina I neurones negative or weakly expressing NK1 

receptors are poorly characterised but express c-Fos after a noxious stimulus. A significant proportion express 

gephyrin, are under GABAergic inhibitory control and contribute to the spinoparabrachial pathway (Puskar et 

al., 2001). Most parabrachial neurones selectively responsive to noxious cold stimulation reside within the 

central and external subnuclei of lateral parabrachial nucleus (Menendez et al., 1996). These constituted a third 

of all neurones sampled, the remaining being only responsive to noxious heat and/or pinch. Thresholds for 

activation are typically between 25 and 10°C; neurones code linearly up to 0°C and more weakly between 0 

and -10°C. Electrical stimulation of the receptive field confirms parabrachial neurones receive input consistent 

with Aδ-‐ and C-fibre latencies. However, the early onset of neuronal activity upon cooling poorly correlates 

with the longer timescale for the perception of cold pain in psychophysical studies (Menendez et al., 1996). The 

most prominent targets of parabrachial projections are the central nucleus of the amygdala and the 

hypothalamus but also the medulla, thalamus and periaqueductal grey (Moga et al., 1990; Bernard et al., 1993). 

Thus the parabrachial nucleus may be associated with affective and autonomic responses to noxious stimulation 

rather than sensory/discriminative components (Tracey & Mantyh, 2007).  
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1.8 Descending control of nociceptive transmission 

The periaqueductal grey (PAG) is central to descending pain modulation and exerts dynamic control of the 

balance between descending inhibition and facilitation of nociceptive transmission in the dorsal horn (Fig. 1.10). 

The PAG is reciprocally connected with cortical structures, the amygdala, parabrachial, rostral ventromedial 

medulla (RVM) and pontine nuclei (Mantyh, 1983b; An et al., 1998; Millan, 2002). Rostral projections from the 

PAG to thalamic and hypothalamic nuclei also implies an influence on ascending pathways (Mantyh, 1983a). 

Much heterogeneity exists within the subnuclei (dorsomedial, dorsolateral, lateral, and ventrolateral) on the 

basis of cytoarchitecture, neurochemistry and projection patterns (Millan, 2002). Seminal studies identified 

midbrain stimulation exerted powerful analgesic effects with selectivity of noxious inputs over non-noxious 

stimuli (Reynolds, 1969; Mayer et al., 1971). Spinal neurones receiving predominantly A- or C-fibre input target 

distinct subnuclei with a larger proportion of C-fibre activated neurones targeting the ventrolateral nucleus 

(Parry et al., 2008). Several studies support a differential control of A- and C- fibre evoked withdrawal reflexes 

(McMullan & Lumb, 2006b; a; Waters & Lumb, 2008). As with heat and mechanical stimuli, electrical stimulation 

of the ventrolateral PAG inhibits dorsal horn neuronal responses to noxious cold stimulation but not 

innocuous cold evoked responses (Leith et al., 2010). Direct descending projections to the dorsal horn are 

sparse; the PAG largely exerts descending inhibition through the RVM but also through nuclei of the pontine 

tegmentum (Bajic et al., 2001; Heinricher et al., 2009). PAG neurones initiating descending inhibition are under 

tonic GABAergic control by inhibitory interneurones which mediate the effects of opioids in the midbrain 

(Depaulis et al., 1987). Passive (e.g. quiescence, immobility) and active (e.g. confrontation, escape) coping 

strategies due to external stressors are dependent on ventrolateral and lateral/dorsolateral columns 

respectively. The integration of nociceptive activity and affective components from limbic structures within the 

PAG identifies pathways through which emotional state could modulate nociceptive activity in response to an 

external threat (Keay & Bandler, 2001; Heinricher et al., 2009).  

1.8.1 Serotonergic modulation of dorsal horn neuronal excitability 

The rostral ventromedial medulla (RVM) includes the nucleus raphe magnus, nucleus raphe pallidus and 

gigantocellular reticular nucleus. Retrograde labelling reveals these nuclei receive substantial projections from 

the dorsal hypothalamic area, and dorsolateral and ventrolateral PAG but also the lateral preoptic area, central 

nucleus of the amygdala, parabrachial, and lateral and paraventricular hypothalamus (Hermann et al., 1997). 

Electrical stimulation of the RVM supports an overall inhibitory influence on dorsal horn neuronal responses to 
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noxious stimulation (Basbaum et al., 1976). However, it is clear parallel inhibitory and excitatory pathways 

originating from the RVM exist (Zhuo & Gebhart, 1992). Neurones within the RVM display distinct firing 

patterns in response to noxious somatic stimulation prior to a nocifensive reflex withdrawal. ON-cells increase 

firing prior to withdrawal and are considered to mediate descending facilitation, whereas tonically active OFF-

cells abruptly cease firing, are necessary for the opioid analgesia and are considered to exert inhibitory 

influences. NEUTRAL cells continue to maintain firing upon stimulation and their role is largely unresolved 

(Fields et al., 1983a; Fields et al., 1983b; Heinricher et al., 1989).  

An extensive body of evidence supports the modulatory role of 5-HT in nociceptive pathways with the pro- 

and anti-nociceptive effects dependent on different receptor subtypes (Millan, 2002). Electrical stimulation of 

the RVM evokes the spinal release of 5-HT (Bourgoin et al., 1980). Initially there was little compelling evidence 

that ON- and OFF-cells were serotonergic, however since then it is apparent that a significant proportion of 

serotonergic neurones in the raphe and reticular nuclei display characteristics of ON- and OFF-cells (Mason, 

1997; Gao & Mason, 2000; Gau et al., 2013). Most spinal serotonergic innervation is derived from the nucleus 

raphe magnus, though neurones within this region also co-localise with acetylcholine, GABA, gylcine, 

somatostatin, enkephalin and dynorphin all of which contribute to spinal modulation of nociceptive processing 

(Millan, 2002). Serotonergic afferents extensively innervate the spinal cord with 5-HT+ varicosities abundant 

throughout the dorsal horn laminae forming axo-somatic and dendritic contacts engaging projection neurones 

and interneuronal circuits. Axo-axo interactions with primary afferent fibre terminals are rare, though the pre-

synaptic expression of 5-HT receptors suggests these are targeted through ‘volume transmission’ (Li et al., 

1997b). Intrathecal 5-HT increases behavioural thresholds to noxious stimuli identifying a net inhibitory role of 

5-HT receptors in the spinal cord (Yaksh & Wilson, 1979). Lidocaine block of the RVM or depletion of 

endogenous spinal 5-HT however suppresses dorsal horn neuronal responses supportive of net facilitation in 

uninjured rats (Rahman et al., 2006; Bee & Dickenson, 2007). The ablation of NK1+ projection neurones in the 

dorsal horn with a saporin-substance P conjugate suppresses deep dorsal horn neuronal excitability supporting 

the descending PAG-RVM pathway as the efferent arm of a spino-bulbo-spinal circuit acting as a positive 

feedback loop facilitating spinal neuronal responses during noxious stimulation. This in particular appears to be 

dependent on spinal 5-HT3 receptors (Suzuki et al., 2002b). 
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1.8.2 Noradrenergic modulation of dorsal horn neuronal excitability 

Noradrenaline in descending axons within the dorsal horn is almost entirely derived from nuclei within the 

dorsolateral pontine tegmentum, in particular A6 (locus coeruleus) but also A5 and A7 (Kwiat & Basbaum, 

1992). Micro-stimulation of these areas is known to be anti-nociceptive in naïve rats and can be reversed by 

intrathecal blockade of α2-adrenoreceptors (Jones & Gebhart, 1986; Miller & Proudfit, 1990). Through an 

optogenetic approach, it is evident that locus coeruleus neurones are not a homogenous population and 

ventrally located neurones can exert pro-nociceptive effects compared to the anti-nociceptive role of dorsally 

located neurones (Hickey et al., 2014). Given the reciprocal nature of projections from the locus coeruleus to 

multiple regions including the PAG and RVM, several putative pathways exist to form a dynamic descending 

modulatory feedback loop for the control of spinal neuronal excitability during prolonged noxious stimulation 

(Pertovaara, 2006). 

Descending noradrenergic projections form minimal contact with the central terminals of primary afferent 

fibres (Hagihira et al., 1990). Noradrenaline is predominantly located in non-synapse forming varicosities in the 

dorsal horn with few axo-somatic synapses. The inhibitory effects of noradrenaline may therefore be 

dependent on ‘volume transmission’ rather than through classical synapses (Rajaofetra et al., 1992). 

Immunohistochemical analysis indicates α2A receptors are located on primary afferent terminals and are co-

expressed with substance P (Stone et al., 1998), whereas α2C is primarily associated with interneurones (Stone 

et al., 1998; Olave & Maxwell, 2003). In general, activation of α1 and α2 receptors increases and decreases 

neuronal excitability respectively; both potentially contribute to the inhibitory effects of noradrenaline 

(Pertovaara, 2006). Several mechanisms could explain pre- and post-synaptic inhibitory effects including 

pontospinal projections directly terminating on spinal neurones inhibiting excitability by activating α2 receptors 

(Sonohata et al., 2004), activation of α1 receptors on GABAergic and glycinergic inhibitory interneurones 

increasing inhibitory drive to projection neurones (Baba et al., 2000), activation of α2A receptors on primary 

afferent fibres preventing transmitter release (Kawasaki et al., 2003), and activation of α2C receptors on 

glutamatergic interneurones reducing excitatory drive to projection neurones (Olave & Maxwell, 2003).  

Significant engagement of noradrenergic inhibitory pathways is apparent during extended periods of noxious 

nociceptive drive (Green et al., 1998). In contrast there is little compelling evidence for the existence of a tonic 

noradrenergic control of spinal excitability. Knockouts of α2A, α2B, or α2C receptors all have normal mechanical 

and heat thresholds and do not develop hypersensitivity any differently to wildtype mice suggesting no tonic 
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control of threshold levels of stimulation and that establishment of a neuropathic state is not dependent on 

these receptors (Malmberg et al., 2001). Depletion of noradrenaline, through a saporin-dopamine β 

hydroxylase conjugate, or antagonism of spinal α-‐adrenoreceptors has no effect on acute nociception (Hylden 

et al., 1991; Jasmin et al., 2003). One study did demonstrate a small facilitation of dorsal horn neuronal 

responses to low threshold mechanical stimuli by spinal atipamezole (Rahman et al., 2008). At best these data 

indicate minimal or no intrinsic inhibitory activity in naïve animals. 
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Fig 1.10 Main ascending and descending spinal pathways. Spinothalamic and spinoparabrachial pathways 

originating from the dorsal horn project to areas associated with discriminative/localisation and affective components of 

pain respectively (blue). Descending pathways originating from the amygdala, hypothalamus and periaqueductal grey activate 

descending controls through monoaminergic pontine and raphe nuclei (red). (ACC - anterior cingulated cortex; Ce - 

central nucleus of the amygdala; Hy - ventral medial nucleus of the hypothalamus; In - insula cortex; LC - locus coeruleus; 

PAG - periaqueductal grey; PB - parabrachial area; RVM - rostral ventromedial medulla; T - ventral posteriolateral nucleus 

and ventral posteriomedial nucleus of the thalamus). (Modified from Hunt & Mantyh, 2001 and Tracey & Mantyh, 2007). 
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1.9 Nerve trauma induced mechanisms of hyperalgesia 

  1.9.1 Peripheral and central inflammatory components 

Following damage to a peripheral nerve, Wallerian degeneration occurs distal to the injury. Inflammation 

ensuing from an endoneurial infiltration of macrophages to clear damaged axons exposes remaining axons to 

inflammatory mediators leading to peripheral and central sensitisation. The presentation of neuropathic like 

behaviours is delayed in the WldS mouse and correlates with the delayed infiltration of macrophages (Sommer 

& Schafers, 1998). Infiltrating leukocytes and Schwann cells release a plethora of pro-inflammatory mediators 

including IL-1β, IL-6, nitric oxide (NO), prostaglandins (PG), NGF and TNFα	   (Fig. 1.11A). These factors may 

induce aberrant neuronal activity and sensitivity through several mechanisms including activation of their 

respective receptors, retrograde transport to DRG neurones, transcriptional changes and inducing sympathetic 

sprouting. The algogenic effects of NGF have been extensively examined. Cytokines such as IL-1β	  and	  TNFα	  

promote the release of NGF from macrophages and Schwann cells. Upon binding to TrkA receptors, 

internalisation and retrograde transport to the soma of DRG neurones drives transcriptional changes including 

up-regulation of substance P, CGRP, P2X3, BDNF and Nav1.8 leading to long term changes in nociceptor 

sensitivity (Fukuoka et al., 2001; McMahon et al., 2005; Basbaum et al., 2009). NGF-TrkA complexes also 

activate signalling cascades including PLC, MAPK and PI3K leading to changes in expression and 

phosphorylation state of TRPV1 (Chuang et al., 2001; Ji et al., 2002). 

Microglia are considered to be mediators of immunosurveillance in the central nervous system and share 

lineage with macrophages. A segmentally restricted hypertrophy of microglia is apparent following spinal nerve 

ligation, a process reliant on the activation of p38 MAPK pathways (Jin et al., 2003). Inflammatory mediators are 

released in a self-propagating cycle and can influence nociceptive transmission by augmenting pre-synaptic 

transmitter release or increasing post-synaptic excitability (Fig. 1.11B). The initiating trigger for gliosis is unclear 

but may be dependent on excess release of glutamate, substance P and ATP during the ensuing afferent barrage 

following peripheral injury (McMahon et al., 2005). Inhibiting microglial activity with minocycline would suggest 

that microgliosis is dispensable for the maintenance of a neuropathic state but shapes the development of 

neuropathic behaviours (Raghavendra et al., 2003). 
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Figure 1.11 Peripheral and central inflammatory events occurring after nerve injury. (A) At peripheral 

sites of injury and along decaying axons, recruitment of macrophages, mast cells, and Schwann cells results in the release of 

pro-inflammatory mediators such as IL-β,	   TNFα, IL-6 and NGF. These factors induce activity in axons or can be 

retrogradely transported to the DRG where they induce transcriptional changes. (B) Within the dorsal horn activated 

microglia release numerous self-propagating cytokines, chemokines and other factors, which modulate nociceptive 

processing through pre-synaptic release of transmitters or post-synaptic excitability. (Modified from Marchand et al., 2005 

and Sikandar et al., 2013a).   

1.9.2 Peripheral afferent dysfunction 

 The term ‘central sensitisation’ was coined to describe an afferent activity dependent long-term change in 

spinal neuronal excitability increasing overall gain in somatosensory transduction. This manifests as an increase 

in receptive field size recruiting previously sub-threshold stimuli, enhanced temporal summation, reduction in 

response threshold and enhanced responsiveness to noxious stimuli (Woolf, 1983). This seminal study 

demonstrated sensitisation was not purely dependent on the periphery and identified potential substrates for 

allodynia, hyperalgesia and secondary hyperalgesia. 

Spontaneous activity occurs following nerve damage presumably dependent on a dysregulation of ion 

channel function and/or expression, for example de novo expression of Nav1.3 (Black et al., 1999). With regards 

to a peripheral injury, how does aberrant peripheral activity evoke central changes? Injured afferents are an 

obvious candidate, however transection of the L5 spinal nerve appears to lead to ectopic discharge in A-fibres 

rather than C-fibres (Boucher et al., 2000; Liu et al., 2000). These occur several hours after injury and afferents 

typically display tonic or bursting firing patterns, which gradually decline with time. Irregular firing patterns 

dominate in the later stages of neuropathy (Sun et al., 2005). This is somewhat surprising given that C-fibre 

strength stimuli are required to evoke central sensitisation. Two possibilities are that spontaneous activity 

develops in nociceptive Aβ-fibres or that a de novo synthesis of substance P/CGRP occurs resulting in a 
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‘phenotypic switch’ (Fig. 1.13L) (Neumann et al., 1996; Treede et al., 1998). Evidence for the latter is notable 

after inflammatory sensitisation but less so after spinal nerve ligation (Neumann et al., 1996; Hughes et al., 

2007). Dorsal rhizotomy before or after L5 transection implies ectopic activity from the injured nerve is not 

essential for hyperalgesia to occur (Eschenfelder et al., 2000; Li et al., 2000). Following L5 ventral rhizotomy, 

Wallerian degeneration of myelinated fibres is sufficient to induce low frequency spontaneous firing in 

uninjured C-fibres and subsequent behavioural changes. In support of this, low frequency C-fibre strength 

electrical stimulation can induce behavioural signs of secondary hyperalgesia (Wu et al., 2002). 

 

Figure 1.12 Induction of central sensitisation in SNL model. Up to a third of superficial dorsal horn neurones 

receive monosynaptic input from two to four segmental dorsal roots (Pinto et al., 2008). Activity from injured myelinated 

L5 afferents induces spontaneous activity in intact L4 C-fibres. Enhanced activity leads to homosynaptic (synapses activated 

by conditioning stimulus) and heterosynaptic potentiation (recruiting adjacent synapses). Neuroimmune mechanisms in 

addition to concurrent increases in facilitation and decreases in inhibitory tone further augment neuronal excitability. 

(Modified from Campbell & Meyer, 2006)  

Features of homosynaptic and heterosynaptic potentiation are evident clinically and in surrogate models of pain 

and are proposed to underlie Aβ- and Aδ- mechanisms of primary and secondary mechanical hyperalgesia 

(Campbell et al., 1988; Magerl et al., 1998). These processes depend on many mechanisms and in turn relates to 

long-term pre- and post-synaptic changes, alterations of interneuronal inhibitory control, changes in descending 
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modulation and neuroimmune mechanisms. Figure 1.12 proposes a model through which sensitisation of dorsal 

horn neurones occurs following spinal nerve ligation. Potential spinal mechanisms of hyperalgesia and allodynia 

are summarised in figure 1.13, some of the key mechanisms are discussed in the next sections. 

  1.9.3 Post-synaptic changes in dorsal horn excitability 

Activity dependent sensitisation of spinal neurones is associated with early phosphorylative influences on ion 

channel function and longer term transcriptional processes. As observed with wind-up, ongoing afferent activity 

releases substance P and CGRP leading to slow depolarisations, release of Mg2+ ion block of NMDA receptors 

and Ca2+ influx (Latremoliere & Woolf, 2009). The pharmacological inhibition of NMDA receptors or genetic 

ablation of NR1 subunits is sufficient to prevent the establishment of central sensitisation (Woolf & Thompson, 

1991; South et al., 2003). Elevated intracellular Ca2+ activates several signalling pathways and is the key trigger 

for augmenting synaptic strength and initiating central sensitisation. Intracellular calcium can be derived from 

several sources including AMPA receptors, voltage gated calcium channels and release from intracellular stores 

coupled to metabotropic glutamate receptors (Latremoliere & Woolf, 2009). 

Noxious stimulation can evoke PKC, PKA and CaMKII dependent phosphorylation of serine residues of 

AMPA receptor subunits leading to increased trafficking to synapses thereby increasing synaptic strength (Fang 

et al., 2003; Galan et al., 2004). Src phosphorylation of tyrosine residues in the NR2B subunit of NMDA 

receptors increases open times during channel activation and prevents endocytosis of channels (Yu et al., 1997; 

Guo et al., 2002). PKC can also increase the probability of channel activation by reducing the Mg2+ ion block 

(Chen & Huang, 1992). NO is synthesised by either inducible or neuronal NO synthase and can act as a 

diffusible messenger contributing to central sensitisation either directly or indirectly through disinhibitory 

mechanisms. This could involve activation of soluble guanylyl cyclase and cGMP cascades, ADP ribosylation or 

production of reactive oxygen species (Wu et al., 1998; Ding & Weinberg, 2006; Schwartz et al., 2008). 

Both inflammation and nerve injury induces transcriptional changes through activation of PLC/PKC, PI3K 

and MAPK cascades. Inhibition of PI3K can prevent persistent pain states due to decreases in ERK, CaMKII and 

NR2B phosphorylation (Pezet et al., 2008). ERK activation produces translational and post-translational effects 

on synaptic strength and neuronal excitability through phosphorylation of NR1 subunits of NMDA receptors, 

phosphorylation of potassium channels leading to a reduction of K+ currents, and up-regulation of NK1R, c-Fos, 

TrkB and COX-2 (Hu et al., 2006; Kohno et al., 2008; Ji et al., 2009). Behavioural signs of central sensitisation 

are also diminished in mice deficient in neuronal ERK (Karim et al., 2006).  
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1.9.4 Alterations within spinal inhibitory circuits 

A state of disinhibition could arise from a combination of reduced inhibitory transmitter synthesis, changes in 

release properties or a decrease in post-synaptic receptor expression and/or sensitivity (Fig. 1.13D, F). Opening 

of polysynaptic pathways from deeper laminae grants access of non-noxious mechanical afferents to pain 

pathways in the superficial laminae (Fig. 1.13J and Fig. 1.8). In the bone cancer model this may in part manifest 

as a change in the response properties of lamina I neurones. Under normal conditions the ratio of NS:WDR 

neurones is approximately 3:1. In contrast, under pathological conditions this shifts to a 1:1 relationship (Urch 

et al., 2003). To date a similar change in the response profiles of superficial neurones has not been 

demonstrated in SNL rats. 

There is conflicting evidence as to whether apoptosis of inhibitory interneurones occurs after peripheral 

nerve injury or whether this is a prerequisite for the development of neuropathy (Polgár et al., 2003; Polgár et 

al., 2004; Scholz et al., 2005). After a partial nerve injury, in vitro electrophysiology reveals a reduction in the 

frequency of mIPSCs in lamina II neurones with no changes in the amplitude and is dependent on pre-synaptic 

GABA, but not glycine, release. This is accompanied by a reduction in the dorsal horn expression of the GABA 

synthesising enzyme GAD65 but not GAD67 (Moore et al., 2002). In addition the density, dendritic 

morphology of GABAergic neurones and synaptic connections with excitatory neurones are all unaffected by 

peripheral nerve injury (Leitner et al., 2013). Both these studies support a reduced excitatory drive to 

inhibitory interneurones underlying a diminution of inhibitory control (Moore et al., 2002; Leitner et al., 2013). 

Another mechanism contributing to the reduction in spinal inhibition of lamina I neurones is the 

consequence of microglial derived BDNF on KCC2 transporters. Under normal conditions the Cl-/K+ 

transporter KCC2 and the Na+/Cl-/K+ transporter NKCC1 maintain a net steady state Cl- gradient so that 

activation of Cl- permeable channels such as GABAA receptors results in hyperpolarisation of neurones. BDNF 

release results in downregulation of KCC2 shifting the anionic gradient diminishing GABAergic inhibition (Fig. 

1.13E) (Coull et al., 2005; Lu et al., 2008). This can be replicated in naïve rats as pharmacological blockade of 

KCC2 converts inhibitory effects of GABA into excitatory effects on lamina I neurones and leads to mechanical 

and heat hypersensitivity (Coull et al., 2003). 
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1.9.5 Plasticity in descending modulatory pathways 

As discussed above, the RVM acts as a relay site for caudally projecting descending pathways. A balance 

between descending inhibition and facilitation supports a certain level of sensory gain without permitting 

excessive transmission of noxious stimuli. An increase in facilitation and/or a loss of inhibition could underlie 

sensitisation in pathological states (Fig. 1.13H). In inflammatory conditions, ON-cell activity dominates over 

OFF-cells and likely mediates the facilitatory effects of the RVM (Kincaid et al., 2006). Growing evidence 

supports that supra-spinal loci actively maintain persistent pain and that mechanisms initiating and maintaining 

neuropathic pain are distinct. Reduced withdrawal thresholds to mechanical stimulation after SNL can be 

normalised by intra-RVM or intra-PAG injections of lidocaine whilst normal withdrawal thresholds are 

unaffected (Pertovaara et al., 1996). Likewise, severance of descending projections through the dorsolateral 

funiculus also reverses behavioural hypersensitivity (Ossipov et al., 2000). Plasticity within descending pathways 

is time dependent as inactivation of RVM neurones with lidocaine reverses behavioural hypersensitivity >6 days 

after injury but not at day 3. Lesioning of the dorsolateral funiculus does not delay the onset of behavioural 

hypersensitivity but prevents progression into chronicity (Burgess et al., 2002). A similar effect is apparent 

following depletion of spinal 5-HT in SNL rats (Rahman et al., 2006). Dermorphin-saporin ablation of μ-opioid 

receptor expressing neurones in the RVM, many of which are ON-cells, suppresses dorsal horn neuronal 

responses to noxious mechanical and heat stimuli and also prevents the emergence of neuropathic behaviours 

(Porreca et al., 2001; Bee & Dickenson, 2008). ON- and OFF-cell responses are generally considered ‘all or 

nothing’ to noxious stimulation. In neuropathic conditions both groups obtain the capacity to encode intensity 

to low threshold mechanical stimuli in addition to prolonged firing or pause duration upon noxious stimulation 

(Carlson et al., 2007). Correspondingly, in the dorsal horn, intra-RVM lidocaine additionally suppresses low 

threshold mechanical and heat stimuli in SNL rats compared to a selective inhibition of noxious stimuli evoked 

neuronal responses in sham rats (Bee & Dickenson, 2007). As well as sustaining evoked hypersensitivity, 

conditioned place preference tests reveal ongoing pain in SNL rats is dependent on descending influences and 

can be unmasked by intra-RVM lidocaine in ‘pain free’ injured animals (De Felice et al., 2011). 

The increased potency of α2-adrenoreceptor agonists in neuropathy would support plasticity within 

descending noradrenergic pathways following an injury (Suzuki et al., 2002a). This may be related to changes in 

α2 receptor expression, alterations in engagement of G-proteins or BDNF induced sprouting of descending 

noradrenergic afferents (Stone et al., 1999; Bantel et al., 2005; Hayashida et al., 2008). These mechanisms are 

hypothesised to be compensatory to counteract a loss of inhibitory drive. In the early stages following an injury 
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blocking spinal α2 receptors exacerbates ipsilateral behavioural and neuronal hypersensitivity in nerve injured 

and osteoarthritic rats; no further sensitisation is induced by α2 antagonists in the chronic stages (Rahman et al., 

2008; Burnham & Dickenson, 2013; Hughes et al., 2013). Inhibition of spinal α2 receptors can also unmask both 

hypersensitivity in animals with no symptoms following nerve ligation and contralateral hypersensitivity (Xu et 

al., 1999; De Felice et al., 2011; Hughes et al., 2013). These studies suggest noradrenergic pathways act 

temporally and spatially to restrict spinal hypersensitivity and supports a loss of inhibitory drive. Others have 

postulated that noradrenergic neurones in the locus coeruleus are pro-nociceptive after injury (Brightwell & 

Taylor, 2009). The identification of pro-nociceptive neurones within this region provides a potential neural 

basis for these observations (Hickey et al., 2014). Given the connectivity of the locus coeruleus with other mid-

brain and brainstem nuclei, it is unclear as to whether the pro-nociceptive effects represent modulation of 

ascending or descending pathways. 
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Figure 1.13 Spinal mechanisms of hyperalgesia. (Taken from Sandkuhler, 2009).  
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1.10 Aims of thesis 

To date most studies of the effects of TRPM8 modulating compounds have focused on behavioural outcomes 

or peripheral neuronal recordings. These are limited in scope as behavioural tests are restricted to examining 

threshold responses whereas in vivo electrophysiology of spinal neuronal coding can extend these by allowing 

objective quantification of supra-threshold responses, which are more likely to relate to the high levels of pain 

described by patients. Furthermore, neurones in culture may also be phenotypically different to those in vivo 

and the physiological relevance is not always clear. Not all cold sensitive primary afferents are TRPM8+ and 

recordings from peripheral afferents in vivo fail to address the central integration and processing of all cold 

sensitive input and the relative contribution of TRPM8 to cold transduction. During the course of this thesis, 

the dual pro- and anti-nociceptive roles of TRPM8 will be examined in addition to the role of calcium channels 

in cold pathways in normal and neuropathic rats. 

1. Initial studies will utilise in vivo electrophysiology to focus on the effect of TRPM8 blockade on spinal 

neuronal responses to innocuous and noxious cooling in uninjured conditions. These studies will be 

extended to examine the role of TRPM8 in cold hyperalgesia in the spinal nerve ligation model of 

neuropathy and ciguatoxin induced cold hyperalgesia. 

2. Several studies in humans have suggested high concentration topical menthol induces hyperalgesia 

proposed to be analogous to the capsaicin induced hyperalgesia model. The second part of this study 

will explore the back-translation of this human surrogate model and the underlying neuronal 

mechanisms. Menthol is also analgesic in neuropathic patients; the effects of topical menthol and 

systemic administration of a novel TRPM8 agonist will be examined in spinal nerve ligated rats.  

3. The α2δ-1 subunit of calcium channels is the molecular target for pregabalin and gabapentin. However, 

the physiological role α2δ-1 is less clear. This study will combine behavioural testing and in vivo 

electrophysiology in the α2δ-1 knockout mouse to study the contribution of this subunit to cold, 

mechanical and heat sensitivity. The development of cold hypersensitivity after nerve ligation will also 

be examined. 

4. Lastly, the effects of a state dependent Cav2 antagonist will be examined in SNL rats to determine 

whether a functional change of spinally expressed calcium channels in cold sensitive pathways occurs. 

 



	  

53 

	  

2. Material and Methods 

2.1 In vivo electrophysiology recordings from dorsal horn neurones 

2.1.1 Animals 

Male Sprague Dawley rats (250-300g) and transgenic male α2δ-1 knockout mice (10-12 weeks old) bred by the 

Biological Service Unit (University College London, UK) were used for behavioural and electrophysiological 

experiments. Knockout mice were originally generated through excision of exon 2 of the α2δ-1 gene followed 

by electroporation of the construct into murine embryonic stem cells. Positive cell lines were injected into 

C57Bl/6 blastocysts and implanted into C57Bl/6x129J females (Fuller-Bicer et al., 2009). Animals were group 

housed on a 12 h:12 h light-dark cycle; food and water were available ad libitum. Temperature (20-22°C) and 

humidity (65-75%) of holding and procedure rooms were closely regulated. All procedures described were 

approved by the UK Home Office and in accordance with the Animals (Scientific Procedures) Act 1986 and 

IASP ethics guidelines (Zimmermann, 1983). 

2.1.2 Set-up (Rat) 

In vivo electrophysiology was performed as previously described (Urch & Dickenson, 2003). Animals were 

anaesthetised in an induction box with 3.5% v/v isoflurane delivered in a 3:2 ratio of nitrous oxide and oxygen. 

Once areflexic, rats were transferred to a nose cone and the trachea exposed through blunt dissection of the 

surrounding muscle. A transverse incision was made into the trachea and a polyethylene cannula was inserted 

and secured with 3-0 silk threads. Isoflurane was delivered directly through the cannula for the remainder of 

the experiment. Rats were then placed in a stereotaxic frame with the head secured by ear bars. A rectal 

probe was inserted and body temperature was maintained at 37°C through feedback to a heat blanket. A 

laminectomy was performed under 2.5% v/v isoflurane. An incision was made into the skin along the vertebrae. 

The vertebral column was clamped following paraspinal incisions made approximately from T13 to L3. Muscle 

and vertebrae were removed to expose the L4 to L6 spinal segments. The dura was carefully removed with 

fine forceps. Two further paraspinal incisions were then made below the level of the laminectomy and a second 

clamp placed to straighten and stabilise the cord. Rats were maintained on 1.5% v/v isoflurane for the 

remainder of the experiment. Schedule 1 was performed at the end of the experiment through isoflurane 

overdose (5% v/v) and cervical dislocation. 
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2.1.3 Set-up (Mouse) 

Mice were anesthetised with intraperitoneal 2.4 g/kg urethane (Sigma, UK) dissolved in 0.9% saline in 3 stages 

over an hour (approximately 4:1:1 of total dose at 20 minute intervals). Once areflexic, the trachea was 

exposed and a polyethylene cannula inserted. Mice were placed in a stereotaxic frame and the head secured 

with zygomatic bars. Body temperature was maintained at 37°C through a homeothermic blanket. An incision 

was made into the skin along the vertebrae. The vertebral column was clamped following paraspinal incisions 

made approximately from T12 to L5. Muscle and vertebrae were removed to expose the L3 to L5 spinal 

segments. Mineral oil was applied to the spinal cord to prevent dehydration. Schedule 1 was performed at the 

end of the experiment through cervical dislocation. 

Figure 2.1 Overview of electrophysiology setup. Under anaesthesia, a laminectomy is performed to expose the 

lumbar spinal cord. An electrode is manually lowered through the dorsal horn; a second lead is attached to the skin of the 

rat. Action potentials generated by stimulating hind paw are visualised on an oscilloscope and recorded by Spike2. 

2.1.4 Recording system 

Recordings of single lamina V/VI neurones were obtained with an AC recording system (NeuroLog System, 

Digitimer, UK). A parylene coated tungsten microelectrode (125 μm diameter, 2 MΩ impedance, A-M systems 

Inc., USA), inserted into a headstage fixed to a 3-axis manipulator, was manually inserted into the spinal cord. 

The recording system was grounded via a lead attached to the stereotaxic frame. A second lead (“B”) was 
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attached to the rat. The signal from the rat (“B”) was subtracted from the signal from the electrode (“A”) by 

the NeuroLog differential recording mode to reduce interference. Neurones were stimulated by tapping of the 

receptive field on the hind paw of the rat. Neuronal activity was amplified, filtered, and then displayed on an 

oscilloscope as well as being made audible via a speaker system. Quantification of neuronal activity was 

achieved with a CED 1401 interface coupled to Spike2 software (Cambridge Electronic Design, UK) (see Fig. 

2.1 and 2.2). Once a single neurone had been isolated, based on a single amplitude series of action potentials, 

and a good signal to noise ratio (~4:1), a number of stimuli were then applied to the receptive field.  

 

Figure 2.2 Overview of CED NeuroLog recording system. Input from the electrode (A), reference lead (B) and 

ground lead are fed into the head stage. The signal is amplified after interference from reference lead is subtracted, fed 

through low and high pass filters and outputted to a speaker and oscilloscope. The pulse buffer delivers electrical stimuli to 

the receptive field, the frequency and duration of which are controlled by the period generator, digital width, delay width 

and counter. The spike trigger determines the amplitude boundaries for counting events. The resulting evoked action 

potentials are captured by the CED 1401 and separated according to latency by Spike2 to construct a post stimulus time 

histogram. Modified from (Urch & Dickenson, 2003). 
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2.1.5 Quantifying stimulus evoked responses in rats 

Deep dorsal horn neurones display graded firing to natural stimuli and are identified as WDR by confirming 

responses to dynamic brushing, noxious punctate mechanical and heat stimulation. Electrical stimulation of 

WDR neurones was delivered transcutaneously via needles inserted into the receptive field. A- and C-fibre 

thresholds were determined by delivering a single stimulus and observing the point at which action potentials 

were generated in the corresponding latencies. A train of 16 electrical stimuli (2 ms pulses, 0.5Hz) was applied 

at three times the threshold current for C-fibre activation. Responses evoked by Aβ- (0–20 ms), Aδ- (20–90 

ms) and C-fibres (90–350 ms) were separated and quantified on the basis of latency. Neuronal responses 

occurring after the C-fibre latency band were classed as post-discharge (350-800 ms) (Fig. 2.4A). The input, a 

theoretical non-potentiated response, and the wind-up, the potentiated response, were calculated as Input = 

(action potentials evoked by first pulse) × total number of pulses (16), wind-up = (total action potentials after 

16 train stimulus) − Input. The receptive field was also stimulated using a range of natural stimuli (dynamic 

brushing, von Frey filaments (Touch-Test, North Coast Medical, USA) – 2 g, 8 g, 15 g, 26 g and 60 g and heat - 

35°C, 42°C, 45°C, 48°C) applied over a period of 10 s per stimulus and the evoked response quantified (Fig. 

2.4B). The heat stimulus was applied with a constant water jet onto the centre of the receptive field. 100 µl 

acetone and ethyl chloride (Miller Medical Supplies, UK) were applied as an evaporative innocuous cooling and 

noxious cooling stimulus respectively (quantified over subsequent 10 s). 100 µl room temperature water was 

applied and evoked response subtracted to control for concomitant mechanical stimulation during application. 

Baseline values were calculated as an average of 3 consecutive stable readings (<10% variation). Receptive fields 

were determined prior to electrical stimulation using 8 g and 60 g von Frey filaments. An area was considered 

part of the receptive field if a response of >50 action potentials/10 s was obtained. A rest period of 30 s 

between applications was used to avoid sensitisation. Receptive field sizes are expressed as a percentage area 

of a standardised paw measured using ImageJ (NIH, Bethesda, MD) (Fig. 2.3). 

 

 

 

 

Figure 2.3 Example of receptive field map. Receptive fields expressed as % area of total plantar surface. 
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2.1.6 Quantifying stimulus evoked responses in mice 

Stimulus evoked responses in mice were quantified as described previously (see 2.15) with some modifications. 

Responses evoked by A- (0–50 ms) and C-fibres (50–250 ms) were separated and quantified on the basis of 

latency. Neuronal responses occurring after the C-fibre latency band were classed as post-discharge (250-800 

ms). The receptive field was also stimulated using a range of natural stimuli (dynamic brushing, von Frey 

filaments (Touch-Test, North Coast Medical, USA) - 0.4 g, 1 g, 4 g, 8 g and 15 g and heat - 35°C, 42°C, 45°C 

and 48°C) applied over a period of 10 s per stimulus and the evoked response quantified. An acetone drop was 

applied as an innocuous cooling stimulus preceded by an equivalent volume of room temperature water. Data 

were captured and analysed by a Cambridge Electronic Design 1401 interface coupled to a Pentium computer 

with Spike2 software (Cambridge, UK) with post-stimulus time histogram and rate functions.  

 

Figure 2.4 Example Spike2 traces of rat neuronal responses. (A) Post stimulus time histogram after train of 

16 electrical stimuli. Action potentials are separated according to latency. (B) Evoked neuronal responses to mechanical 

and thermal stimuli. 
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2.2 Spinal nerve ligation (SNL) surgery 

Surgery was performed as described by Kim and Chung, 1992. Rats (125-135 g) were initially anaesthetised 

with 3.5% v/v isoflurane, delivered in a 3:2 ratio of nitrous oxide and oxygen, in an induction box. Following 

shaving of the back and sterilisation of the skin with Betadine, rats were transferred to a nose cone and 

maintained under 2% v/v isoflurane anaesthesia. A heated mat was used to maintain core body temperature. An 

incision was made in the skin along the length of the vertebrae centred on the pelvis. A paraspinal incision was 

made and the left tail muscle excised. Part of the L6 transverse process was removed to expose the underlying 

nerves. The L5 and L6 spinal nerves were then isolated with a glass nerve hook (Ski-Ry Ltd, London, UK) and 

ligated with a non-absorbable 6-0 braided silk thread proximal to the formation of the sciatic nerve (see Fig. 

2.5). The surrounding muscle was closed with absorbable 3-0 sutures. The skin was sutured with a subcuticular 

pattern with absorbable 3-0 sutures. Animals were allowed to recover in a heated recovery chamber before 

being returned to their cages. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Spinal nerve ligation surgery. The left L5 and L6 spinal nerves (marked in red) were ligated distal to the 

DRG and proximal to the formation of sciatic nerve. The L4 spinal nerve was left uninjured. (Modified from Rigaud et al., 

2008).  
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2.3 Assessment of stimulus evoked behaviours in rats 

2.3.1 Mechanical sensitivity 

Rats were allowed to acclimatise to the behaviour room for 1 hour prior to testing. Rats were then placed in 

isolation inside Perspex chambers on a wire mesh floor and allowed to acclimatise for a further 15 minutes. 

Mechanical sensitivity was assessed using von Frey filaments (Touch-Test, North Coast Medical, USA).  

Filaments were applied until they buckled for 5-6 s; lifting, flinching and shaking were considered positive 

responses. 50% withdrawal thresholds were determined using the up-down method described by (Chaplan et 

al., 1994a) with von Frey filaments proving forces of 1.4 g, 2 g, 4 g, 6 g, 8 g, 10 g and 15 g. Testing began at 6 g 

then by the next weight up or down depending on a negative or positive response respectively. Following a 

change in direction of the response a further 4 filaments were applied increasing or decreasing in weight as 

required. 50% paw withdrawal thresholds (PWT) were calculated with the following formula: PWT = (10^(x + 

kδ)/10,000), where x represents the log of the last von Frey tested, δ represents the mean difference between 

the von Frey filaments in log units (0.17) and k, a value dependent on the series of responses (Dixon et al., 

1980). Rats were tested 4 at a time, order of testing was as follows: The starting filament was applied to the 

left paw of the first rat, then to the left paw of the second rat, then third and fourth. On returning to the first 

rat, the starting filament was then applied to the right paw, followed by the right paw of the second rat and so 

forth. Testing was continued, moving down or up to the next weight as necessary, until all required responses 

were obtained. For behavioural pharmacology, animals were randomly assigned to groups with all testing 

performed blind to treatment. 

2.3.2 Cold sensitivity 

Cold sensitivity was examined after the completion of von Frey testing. This was performed by applying a drop 

of acetone, using a modified 0.5 ml syringe with polythene tubing, to the left and right hind paws (same order 

of testing as described above). Acetone was applied 5 times, with at least 2 minutes recovery between 

applications. The number of withdrawals out of 5 was recorded. Licking, flinching and shaking were considered 

positive responses. 
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2.4 Partial sciatic nerve ligation (PSNL) surgery 

Surgery was performed based on a method previously described (Seltzer et al., 1990). Mice were initially 

anaesthetised with 3.5% v/v isoflurane, delivered in a 3:2 ratio of nitrous oxide and oxygen, in an induction box. 

Following shaving of the thigh and sterilisation of the skin with Betadine, mice were transferred to a nose cone 

and maintained under 1.5% v/v isoflurane anaesthesia. Under aseptic conditions the left sciatic nerve was 

exposed through incision of the biceps femoris above the trifurcation of the nerve. Approximately one third to 

a half of the nerve was ligated with a non-absorbable 7-0 braided silk thread (Fig. 2.6). The surrounding muscle 

was closed with absorbable 6-0 vicryl sutures and the skin with Michel clips. Sham surgery was performed in 

wildtype mice in an identical manner omitting the nerve ligation step. Animals were allowed to recover in a 

heated recovery chamber before being returned to their cages. All surgery, behaviour and pharmacology were 

performed blind to genotype and treatment. 

 

 

 

 

 

 

 

 

Figure 2.6 Partial sciatic nerve ligation surgery. The left sciatic nerve was partially ligated (in red) above the 

trifurcation of the nerve. 

2.5 Assessment of stimulus evoked behaviours in mice 

2.5.1 Mechanical sensitivity 

Mice were allowed to acclimatise to the behaviour room for 1 hour prior to testing. Mice were then placed in 

isolation inside Perspex chambers on a wire mesh floor and allowed to acclimatise for a further hour. 

Mechanical sensitivity was assessed using von Frey filaments (Touch-Test, North Coast Medical, USA) providing 

forces of 0.07 g, 0.16 g and 0.4 g. Filaments were tested in ascending order and applied 10 times across left and 
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right hind paws. Filaments were applied until they buckled for 3-4 s; lifting, flinching and shaking were 

considered positive responses. Ambulation was considered ambiguous and the test was repeated. For 

behavioural pharmacology, only withdrawal frequency to 0.4 g von Frey was assessed. 

2.5.2 Cold sensitivity 

Cold sensitivity was tested by applying a drop of acetone, using a modified 0.5 ml syringe with polythene tubing, 

to the left and right hind paws. Acetone was applied 5 times, with at least 5 minutes recovery between 

applications, and the time spent licking, flinching and shaking measured over the next 45 s. An initial shake of 

the paw due to the mechanical nature of the stimulus was ignored. Ambulation was considered ambiguous and 

was discounted. Testing was performed in the following order: left paw of first mouse, followed by left of 

second mouse and so forth before returning and testing right paw of first mouse, then second mouse and so 

forth. Stimuli were applied in following order: 

Acetone → 0.07 g → acetone → 0.16 g → acetone → 0.4 g → acetone → acetone 

2.5.3 Heat sensitivity 

Heat thresholds were determined using an infrared Nd:YAP laser with a wavelength of 1.34 μm (Electronical 

Engineering, Italy). A He–Ne laser illuminated the area to be stimulated with a 3 mm wide spot. The pulse time 

was 4 ms. Mice were lightly anaesthetised and maintained on 0.8% v/v isoflurane delivered in a 3:2 ratio of 

nitrous oxide and oxygen. Body temperature was regulated using a homeothermic blanket (Harvard Apparatus, 

Kent, UK). Reflexes were confirmed before each test by gently pinching between the toes. The laser was 

aligned across the footpads of the right hind paw before applying an increasing incremental heat stimulus 

starting at 1 J. If no response was observed, the stimulus was increased by 0.5 J. Mice were allowed 3 minutes 

to recover between tests. Once a positive withdrawal was observed, the intensity was reduced by 0.25 J to 

determine the approximate withdrawal threshold. Thresholds were confirmed by repeating the test on the left 

hind paw. The cut-off was set at 3.5 J to prevent tissue damage.  

2.6 Statistical analysis 

All statistical analyses were performed using SPSS v22 (IBM, NY, USA). Specific details of tests used are 

described in individual chapters. 
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3. Novel TRPM8 Antagonists Selectively Inhibit Innocuous and Noxious 

Cooling in Neuropathic Conditions 

3.1 Introduction 

As discussed previously, cold hypersensitivity and hyperalgesia are often symptoms of several neuropathic 

conditions including complex regional pain syndrome, trigeminal neuralgia, peripheral nerve injury (Maier et al., 

2010), but also chemotherapy-induced neuropathy where cancer treatment is often limited due to adverse 

effects and the resulting neuropathy is largely undertreated by currently available drugs (Pachman et al., 2011). 

Neurological disturbances are also evident in ciguatera, a syndrome caused by consumption of ciguatoxin 

contaminated tropical fish. Symptoms include dysaesthesias in the extremities, pruritus, muscle pain and cold 

hyperalgesia (Lewis, 2006). 

Much diversity exists in the sensations evoked by cold, however relatively little is known about transduction 

of cold temperatures at the molecular level or how this relates to the properties of cold perception. In 

rodents, cold sensitivity is predominantly conferred by TRPM8, which is gated by cold temperatures below 25 

°C and cold mimetic compounds such as menthol (McKemy et al., 2002; Peier et al., 2002). TRPM8 is expressed 

in a subset of Aδ-‐ and C-fibres; mice devoid of TRPM8 display deficits in aversion to innocuous cold 

temperatures (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007) and to a certain degree noxious 

cold temperatures (Knowlton et al., 2010). 

Numerous studies implicate TRPM8 in the development of cold hypersensitivity. Genetic ablation of TRPM8 

abolishes cold evoked behaviours following peripheral inflammation or nerve injury (Colburn et al., 2007) and 

in models of chemotherapy induced neuropathy (Descoeur et al., 2011). Similar findings have also been 

observed following ablation of TRPM8+ afferents (Knowlton et al., 2013). Pharmacological modulators of 

TRPM8 activity are often referred to as agonists and antagonists. Activation of TRPM8 by menthol is the result 

of shifting the voltage dependence of activation to negative potentials to increase channel opening at 

physiological temperatures, whereas antagonists shift voltage dependence towards more positive potentials 

(Mälkiä et al., 2007). Studies using various TRPM8 antagonists are often complicated by actions at other TRP 

channels despite low homology between channels.  

Several lines of evidence support the therapeutic potential of TRPM8 antagonists, which have been 

demonstrated to be efficacious in neuropathy and inflammatory models (Xing et al., 2007; Knowlton et al., 

2011; Calvo et al., 2012), and in chemotherapy induced neuropathy (Gauchan et al., 2009), in addition to 
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inhibiting bladder reflexes (Lashinger et al., 2008; Winchester et al., 2014). TRPM8, like TRPV1, is necessary for 

thermoregulation with inhibition of peripheral, but not central, channels required for the hypothermic effects 

of TRPM8 antagonists (Almeida et al., 2012). In the short term this would represent a significant and 

undesirable side effect, however the hypothermic effect appears to diminish with repeated dosing (Gavva et al., 

2012). The only human study to date reports a reduction in cold pain intensity during the cold pressor test in 

the absence of changes in core body temperature following TRPM8 blockade, though a surprising adverse effect 

was the unmasking of a predominantly peri-oral heat sensation in some subjects (Winchester et al., 2014). This 

finding corresponds well with knockout studies implicating TRPM8 in both innocuous and noxious cold 

sensitivity and has raised the prospects that pharmacological modulation of TRPM8 could be beneficial in the 

treatment of aberrant cold sensitivity. These studies will focus on examining the TRPM8 dependence of cold 

hyperalgesia in peripheral sensitisation and nerve injury models. 

Hypotheses and Aims: 

Numerous lines of evidence implicate TRPM8 in innocuous and noxious cold sensitivity in rodents and humans. 

Despite this, the pharmacology of spinal neurones has not been characterised as extensively as peripheral 

neurones. The effects of 2 novel TRPM8 antagonists (synthesised by Takeda Cambridge Ltd (M8-An1 and M8-

An2; see appendix 8.2)) on spinal neuronal responses in naïve rats will be examined to test the hypothesis that 

TRPM8 contributes to intensity dependent coding to cold temperatures. Subsequent studies will examine the 

role of TRPM8 in 2 models of cold hyperalgesia induced by spinal nerve injury and Pacific ciguatoxin-2.	  
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3.2 Materials and Methods 

3.2.1 Animals 

Male Sprague Dawley rats (250-300 g), bred by the Biological Service Unit (UCL, London, UK), were used for 

behavioural and electrophysiological experiments.  

3.2.2 in vivo electrophysiology 

See section 2.12, 2.14 and 2.15. In vivo electrophysiology was performed between day 15 and 18 post SNL 

surgery and in age/weight matched naïve rats. Single WDR neurones were characterised for responses to 

repeated electrical stimulation followed by natural stimuli. For order of testing see figure 2.4A, B. A 1-minute 

rest period followed each stimulus. Following 3 stable rounds of testing (<10% variation; averaged to give 

baseline response) rats were dosed subcutaneously into the contralateral flank with vehicle (85% saline, 10% 

cremophor (Sigma, UK), 5% dimethylsulfoxide (Sigma, UK)), 30 mg/kg M8-An1, 30 mg/kg M8-An2 or 100 mg/kg 

M8-An2 in a volume of 1 ml/kg. Doses were chosen based on effects on core body temperature (Fig. 3.5), and 

preliminary pharmacokinetic data and efficacy in complete Freund’s adjuvant induced hyperalgesia model (data 

not shown).	  Mechanical, thermal and electrical stimuli were next applied 30 minutes post dosing and then every 

20 minutes up to 110 minutes post dosing. For Pacific ciguatoxin-2 studies (gift from R. Lewis, University of 

Queensland), in naïve rats 30 μl of 10 nM ciguatoxin-2 (vehicle of 0.1% bovine serum albumin (Sigma, UK), 

0.05% methanol (Sigma, UK) and >99% saline) was injected into the receptive field. Concentration was chosen 

based on previously published findings	   (Zimmermann et al., 2013). Rats were subsequently dosed 

subcutaneously with 30 mg/kg M8-An2. Tests were performed 20 and 40 minutes post dosing of each 

compound, peak change is plotted. 

3.2.3 Spinal nerve ligation surgery 

See section 2.2. SNL rats were used for either in vivo electrophysiology or behavioural testing and were 

euthanised at the end of the experiment. 
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3.2.4 Behavioural Assessments 

See section 2.3.1 and 2.3.2. Ipsilateral and contralateral behavioural sensitivity to mechanical and cold stimuli 

was assessed in SNL rats on day 14 post surgery. Immediately after the conclusion of baseline testing, rats were 

dosed intraperitoneally with either vehicle, 30 mg/kg M8-An1 or 30 mg/kg M8-An2 in a volume of 1 ml/kg. 

Behavioural testing was repeated 30, 60 and 90 minutes post dosing. Rats were randomised into treatment 

groups and all behavioural testing was performed while blind to treatment. 

3.2.5 Statistics 

Mechanical and heat coding of neurones was compared with a 2 way repeated measures (RM) ANOVA 

followed by a Bonferroni post hoc test for paired comparisons. Cold, brush and electrically evoked neuronal 

responses were compared with a 1 way RM ANOVA followed by a Bonferroni post hoc test for paired 

comparisons. Sphericity was tested using Mauchly’s test, the Greenhouse-Geisser correction was applied if 

violated. Behavioural time-courses were compared with a Friedman test followed by a Wilcoxon post hoc. Area 

under curve (AUC) values were calculated with the trapezoid rule and compared with a 1 way ANOVA and 

Bonferroni post hoc. 
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3.3 Results 

3.3.1 Summary of baseline neuronal responses 

In vivo electrophysiology was performed to examine the effect of TRPM8 inhibition on spinal neuronal 

responses to cold stimulation and its effect, if any, on other modalities under normal or neuropathic 

conditions. Table 3.1 summarises neuronal depths from the surface of the cord and pre-drug baseline 

responses to mechanical, thermal and electrical stimulation. Neurones were characterised from depths 

corresponding to lamina V/VI (Watson et al., 2009) and had receptive fields on the glabrous skin of the hind 

toes. Deep dorsal horn neurones displayed graded firing to natural stimuli and were identified as wide dynamic 

range by confirming responses to dynamic brushing, noxious punctate mechanical and heat stimulation. 

 

Table 3.1 Baseline characterisations of deep dorsal horn WDR neurones from naïve and SNL rats. 

Range of depths recorded from in parentheses. Data represent mean ± SEM. (APs- action potentials) 

 

  
Naïve n=34 SNL n=21 

  

Depth (μm) 725 ± 20.79 645 ± 34.32 
  (550 - 950) (490 - 910) 
A threshold (mA) 0.09 ± 0.04 0.07 ± 0.01 
C threshold (mA) 0.35 ± 0.07 0.32 ± 0.05 
Aβ-evoked (APs) 128 ± 6.86 124 ± 8.76 
Aδ-evoked (APs) 229 ± 10.16 239 ± 20.56 
C-evoked (APs) 521 ± 25.01 565 ± 36.86 
Post-discharge (APs) 359 ± 24.11 392 ± 33.89 
              
Brush (APs) 438 ± 23.76 480 ± 42.75 
2g  (APs) 34 ± 4.78 39 ± 6.38 
8g (APs) 335 ± 24.60 363 ± 32.20 
15g (APs) 639 ± 33.95 672 ± 39.43 
26g (APs) 935 ± 35.00 1014 ± 39.93 
60g (APs) 1290 ± 38.96 1350 ± 49.00 
              
35°C (APs) 264 ± 27.52 353 ± 42.61 
42°C (APs) 576 ± 40.08 561 ± 62.78 
45°C (APs) 816 ± 50.11 822 ± 67.87 
48°C (APs) 1225 ± 119.36 1269 ± 74.01 
              
Acetone (APs) 68 ± 13.44 87 ± 23.01 
Ethyl chloride (APs) 516 ± 46.98 625 ± 68.18 
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3.3.2 M8-An1 inhibits neuronal responses to noxious cooling in SNL rats 

After isolating single dorsal horn neurones and following stable baseline recordings, naïve or SNL rats were 

dosed subcutaneously with 30 mg/kg M8-An1. Acetone and ethyl chloride were applied as evaporative cooling 

stimuli. From recordings of skin temperature, these solvents have been described previously to represent 

innocuous and noxious stimuli respectively as the latter induces a withdrawal reflex in normal animals (Leith et 

al., 2010). Compared to baseline, 30 mg/kg M8-An1 did not significantly reduce the number of action potentials 

evoked by innocuous (1 way RM ANOVA P>0.05, F1.56,15.6=1.133) or noxious cold (1 way RM ANOVA P>0.05, 

F1.90,15.15=2.690) stimulation in naïve rats (Fig. 3.1A). In SNL rats, M8-An1 inhibited neuronal responses to 

noxious cold stimulation at 30 and 50 minutes post dosing (1 way RM ANOVA P<0.01, F5,35=4.597, followed by 

Bonferroni post hoc) with no effect on acetone evoked responses (1 way RM ANOVA P>0.05, F1.71,11.96=1.723) 

(Fig. 3.1B).  Furthermore, M8-An1 did not alter neuronal responses to heat stimulation (2 way RM ANOVA 

P>0.05, Naïve: F5,50=1.152, SNL: F5,35=0.688) (Fig. 3.1C, D), punctate mechanical stimulation (2 way RM ANOVA 

P>0.05, Naïve: F5,50=0.994, SNL: F2.62,18.36=1.664) (Fig. 3.1E, F), or dynamic brushing of the receptive field (1 way 

RM ANOVA P>0.05, Naïve: F5,50=2.194, SNL: F2.46,17.26=3.76) (Fig. 3.1G, H) in either naïve or SNL rats. Following 

a sequence of supra-threshold electrical stimuli, the total number of action potentials attributed to Aβ- (Naïve: 

F5,50=1.287, SNL: F5,35=1.530), Aδ- (Naïve: F5,50=1.469, SNL: F5,35=1.064) and C-fibres (Naïve: F5,50=2.73, SNL: 

F5,35=0.946) did not significantly differ to baseline (1 way RM ANOVA P>0.05). Measures of neuronal 

excitability, input (Naïve: F1.90,18.96=1.498, SNL: F2.76,16.58=2.408), wind-up (Naïve: F5,50=1.043, SNL: F5,35=1.879) 

and post-discharge (Naïve: F5,50=1.668, SNL: F5,35=0.430) were also unaffected in both naïve and SNL rats (1 

way RM ANOVA P>0.05) (Fig. 3.1I, J). Vehicle alone had no effect on neuronal responses for the duration of 

the testing period (Appendix 8.4). 
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Figure 3.1 M8-An1 inhibits deep dorsal horn lamina V/VI neuronal responses to noxious cold 

stimulation in SNL rats but not naïve rats. Following stable baseline recordings, rats were dosed subcutaneously 

with 30 mg/kg M8-An1. After 30 minutes post dosing and then at 20 minute intervals, recordings were made of neuronal 

responses to cold (A, B), heat (C, D), punctate mechanical (E, F), dynamic brushing (G, H) and electrical stimuli (I, J). 

Left Panels - naïve (n=11), Right panels - SNL (n=9). *P<0.05. (+) represents Main Effect (1 Way RM ANOVA), asterisks 

denote difference from baseline (Bonferroni post hoc). Data represent mean ± SEM. (I – input, PD – post-discharge, WU – 

wind-up). 
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3.3.3 M8-An2 inhibits neuronal responses to innocuous and noxious cooling in 

SNL rats 

Following stable baseline neuronal recordings, naïve rats were dosed subcutaneously with either 30 mg/kg or 

100 mg/kg M8-An2. Neither dose of M8-An2 had any statistically significant effect on innocuous cold (1 way RM 

ANOVA P>0.05, 30 mg/kg: F1.9,11.44=0.815, 100 mg/kg: F5.30=0.765) or noxious cold (1 way RM ANOVA P>0.05, 

30 mg/kg: F5,30=2.085, 100 mg/kg: F1.68.8.38=2.05) (Fig. 3.2A, B), heat (2 way RM ANOVA P>0.05, 30 mg/kg: 

F5,30=0.518, 100 mg/kg: F5,30=1.785) (Fig. 3.2D, E), punctate mechanical (2 way RM ANOVA P>0.05, 30 mg/kg: 

F5.30=0.377, 100 mg/kg: F5,30=2.676) (Fig. 3.2G, H) or dynamic brush (1 way RM ANOVA P>0.05, 30 mg/kg: 

F5,30=1.406, 100 mg/kg: F5,30=1.272) (Fig. 3.2J, K) evoked neuronal responses. Electrically evoked parameters, 

Aβ- (30 mg/kg: F5,30=2.088, 100 mg/kg: F5,30=0.282), Aδ- (30 mg/kg: F5,30=0.988, 100 mg/kg: F5,30=1.264) and C-

fibre (30 mg/kg: F5,30=1.706, 100 mg/kg: F5,30=2.272) evoked activity and input (30 mg/kg: F5,30=0.563, 100 mg/kg: 

F5,30=1.723), wind-up (30 mg/kg: F1.69,10.11=0.493, 100 mg/kg: F5,30=1.15) and post-discharge (30 mg/kg: 

F5,30=0.432, 100 mg/kg: F5,30=2.562) were all unaffected by both doses (1 way RM ANOVA P<0.05) (Fig. 3.2M, 

N).  

SNL rats were dosed subcutaneously with 30 mg/kg M8-An2. Compared to baseline, M8-An2 inhibited 

neuronal responses to noxious cold stimulation with significantly reduced neuronal responses at 30 and 50 

minutes post dosing (1 way RM ANOVA P<0.01, F5,55=4.338, followed by Bonferroni post hoc test) (Fig. 3.2C). 

In addition M8-An2 decreased overall neuronal responses to innocuous cooling with acetone (1 way RM 

ANOVA P<0.05, F5,55=2.52) (Fig. 3.2C). As seen in naïve rats, M8-An2 did not alter neuronal responses to 

punctate mechanical stimulation (2 way RM ANOVA P>0.05, F5,55=1.782) (Fig. 3.2I), heat stimulation (2 way RM 

ANOVA P>0.05, F5,55=0.778) (Fig. 3.2F) or dynamic brushing of the receptive field (1 way RM ANOVA P>0.05, 

F1.91,19.11=2.154) (Fig. 3.2L). Measures of neuronal excitability and total spinal neuronal events evoked by global 

stimulation of Aβ- (F5,55=0.544), Aδ- (F5,55=1.059) and C-fibres (F1.96,22.96=1.205) were also unaffected in SNL rats 

indicating blocking TRMP8 does not alter electrical function of primary afferent fibres under normal or 

pathological conditions (1 way RM ANOVA P>0.05) (Fig. 3.2O). 
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Figure 3.2 M8-An2 inhibits deep dorsal horn lamina V/VI neuronal responses to innocuous and 

noxious cold stimulation in SNL rats. Rats were dosed subcutaneously with 30 mg/kg M8-An2. After 30 minutes 

post dosing and then at 20 minute intervals, recordings were made of neuronal responses to cold (A, B, C), heat (D, E, 

F), punctate mechanical (G, H, I), dynamic brushing (J, K L) and electrical stimuli (M, N, O). Left Panels - naïve 30 

mg/kg (n=7), Centre Panels – naïve 100 mg/kg (n=7), Right panels - SNL 30 mg/kg (n=12). *P<0.05, **P<0.01. (+) represents 

Main Effect (1 Way RM ANOVA), asterisks denote difference from baseline (Bonferroni post hoc). Data represent mean ± 

SEM. 
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3.3.4 M8-An2 attenuates cold but not mechanical hypersensitivity in SNL rats 

The ability of M8-An1 and M8-An2 to alleviate cold hypersensitivity was examined in SNL rats. Rats were 

dosed with either vehicle, 30 mg/kg M8-An1 or 30 mg/kg M8-An2 and tested for 90 minutes post dosing. M8-

An2 reduced the behavioural response to cooling of the injured paw compared to pre-drug values (Friedman 

test P<0.01, followed by Wilcoxon’s test and Bonferroni correction) (Fig. 3.3A), whereas M8-An1 and vehicle 

alone has no significant effect (Friedman test, P>0.05) (Fig. 3.3A). Contralateral responses to cooling were not 

affected by M8-An1 or M8-An2 (Friedman test, P>0.05) (Fig. 3.3B). AUC analysis between 30 and 90 minutes 

post dosing confirms behavioural signs of cold hypersensitivity are reduced by M8-An2 compared to vehicle 

treatment (1 way ANOVA P<0.001, F5,28=11.828, followed by Bonferroni post hoc test) (Fig. 3.3C). Neither 

compound altered mechanically evoked responses on either the ipsilateral (Fig. 3.3D) or contralateral (Fig. 

3.3E) paw compared to pre-drug values (Friedman test, P>0.05). AUC analysis between 30 and 90 minutes post 

dosing also confirms no overall effect of either drug or vehicle treatment on mechanical hypersensitivity (1 way 

ANOVA P<0.001, F5,36=34.569, followed by Bonferroni post hoc test) (Fig. 3.3F). The behavioural observations 

correlated with electrophysiological recordings of neuronal responses to punctate mechanical stimulation and 

acetone induced cooling. AUC analysis was performed between 30 and 110 minutes post dosing to compare 

the effects of M8-An1 and M8-An2 on total neuronal events in uninjured and nerve ligated conditions. 30 mg/kg 

M8-An1 and M8-An2 did not affect mechanical coding of WDR neurones to below threshold and threshold 

stimuli in SNL or naïve rats (2 way ANOVA P>0.05, M8-An1: F1,54=3.132, M8-An2: F1,54=0.732) (Fig. 3.3H, J), 

whereas cooling evoked responses were significantly reduced by M8-An2 in SNL rats (unpaired Student’s t-test, 

P<0.05) (Fig. 3.3I) but not by M8-An1 (unpaired Student’s t-test, P>0.05) (Fig. 3.3G). 
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Figure 3.3 M8-An2 selectively reduces behavioural and neuronal responses to cooling following 

spinal nerve ligation. (A) Effect of 30 mg/kg M8-An1 (n=6), M8-An2 (n=6) and vehicle (n=5) on the behavioural 

response to acetone on the nerve injured ipsilateral side compared to pre-drug values. (B) Corresponding contralateral 

responses to innocuous cooling. (C) Overall effect of M8-An1 and M8-An2 compared to vehicle treatment on cold 

hypersensitivity. Effect of M8-An1, M8-An2 and vehicle on mechanical withdrawal thresholds on the ipsilateral side (D) and 

contralateral side (E) (n=7). (F) Overall effect of M8-An1 and M8-An2 compared to vehicle treatment on mechanical 

hypersensitivity. (G) Effect of M8-An1 on total neuronal responses between 30 and 110 minutes post dosing to mechanical 

stimulation in SNL (n=9) and naïve rats (n=11). (H) Effect of M8-An1 on total neuronal responses to acetone in SNL (n=9) 

and naïve rats (n=11). (I) Effect of M8-An2 on total neuronal responses to mechanical stimulation in SNL (n=12) and naïve 

rats (n=7). (J) Effect of M8-An2 on total neuronal responses to acetone in SNL (n=12) and naïve rats (n=7). Data represent 

mean ± SEM. *P<0.05, ** P<0.01, ***P<0.001. (a.u. - arbitrary units, AUC - area under curve, PWT - paw withdrawal 

threshold, APs - action potentials).  
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3.3.5 Ciguatoxin-2 induces cold hyperalgesia in naïve rats and is not reversed by 

TRPM8 antagonist M8-An2 

The peripheral effects of Pacific ciguatoxin-2 were examined in a group of naïve rats. Following stable baseline 

responses, 10 nM ciguatoxin-2 was injected into the receptive field. Ciguatoxin-2 increased neuronal responses 

to innocuous and noxious cold stimulation (paired Student’s T-test, P<0.01) (Fig. 3.4A). In a subset of rats, 30 

mg/kg M8-An2 was dosed subcutaneously after the establishment of ciguatoxin induced cold hyperalgesia, and 

subsequently failed to reduce neuronal responses to cold stimulation (1 way RM ANOVA P<0.05, innocuous: 

F2,10=4.238, noxious: F2,10=11.547, followed by Bonferroni post hoc test) (Fig. 3.4B). In addition, ciguatoxin-2 

potentiated neuronal responses to below threshold and threshold punctate mechanical stimulation but not to 

noxious stimuli (2 way RM ANOVA P<0.01, F1,12=17.486) (Fig. 3.4C). No effect of the toxin was observed on 

brush (paired Student’s T-test, P>0.05) (Fig. 3.4D), heat (2 way RM ANOVA P>0.05, F1,12=0.222) (Fig. 3.4E) or 

electrically evoked neuronal responses (paired Student’s T-test, P>0.05) (Fig. 3.4F). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4 Ciguatoxin-2 induces cold and mechanical hypersensitivity. Naïve rats were injected with 10 nM 

ciguatoxin-2 into the receptive field. (A) Ciguatoxin-2 increases innocuous and noxious cold evoked neuronal responses 

(n=9) and (B) was not reversed by systemic administration of 30 mg/kg M8-An2 (n=6). (C) Ciguatoxin-2 potentiates 

neuronal responses to low threshold mechanical stimuli. No effect was observed on brush (D), heat (E), and electrically 

(F) evoked neuronal responses. Data represent mean ± SEM. Asterisks denote statistically significant difference from 

baseline. *P<0.05, ** P<0.01, ***P<0.001. (I – input, PD – post-discharge, WU – wind-up). 
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3.4 Discussion 

The data presented here demonstrate that blocking peripheral TRPM8 channels only inhibits spinal neuronal 

firing to cold stimulation and attenuates cold evoked behaviours after a neuropathic insult. The effects of M8-

An2 were greater than that of M8-An1, which only inhibited neuronal responses to noxious cold stimulation in 

SNL rats at the dose administered.  

3.4.1 Role of TRPM8 in cold transduction in naïve rats  

Rats display few withdrawal behaviours to innocuous cold stimulation in the absence of injury, which is 

mirrored by the low neuronal responses to cooling. Behavioural assays of cold sensitivity in normal animals, 

unlike heat tests, are often ambiguous, unreliable and display large variability complicating studies of cold 

sensitivity (McKemy, 2012). Several studies have demonstrated that TRPM8 is required for the aversion to 

innocuous cold in temperature preference assays (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007; 

Knowlton et al., 2013). From a pharmacological perspective, it may prove difficult to discern between cold 

aversion and warm preference, as efficacious doses of TRPM8 antagonists are often associated with an 

undesired thermoregulatory effect. This is also apparent with M8-An2 which dose dependently decreases core 

body temperature (Fig. 3.5). In vivo electrophysiology was performed under homeothermic conditions to 

examine the contribution of TRPM8 to spinal neuronal responses to cold stimulation without the confounding 

impact of changes in body temperature.  

 

 

 

 

 

 

 

Figure 3.5 Decrease in core body temperature after M8-An2 treatment. (A) Rats were dosed 

intraperitoneally with vehicle (n=6), 30 mg/kg (n=7), or 100 mg/kg (n=7) M8-An2; core body temperature was monitored 

over the subsequent 6 hours. (B) AUC values for 6-hour period post dosing. Asterisks denote statistical difference 

compared with vehicle. *P<0.05, ***P<0.001. Data represent mean ± SEM. (a.u., arbitrary units; AUC, area under curve). 

(Modified from Patel et al., 2014b). 
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In naïve rats, neither 30 mg/kg M8-An1 nor 100 mg/kg M8-An2 significantly reduced lamina V/VI WDR 

neuronal responses to innocuous or noxious cold stimulation. Despite the canonical view that TRPM8 is the 

primary transducer of cool temperatures, surprisingly innocuous cooling evoked responses were conserved at 

the highest dose examined. Additional cold sensitive ion channels may be expressed in TRPM8 positive 

peripheral terminals, which may include TRPC5 (Zimmermann et al., 2011). The TRPM8 antagonist BCTC 

inhibits menthol evoked currents, but has minimal impact on cold evoked activity, in peripheral nerve endings 

in the cornea (Madrid et al., 2006). A proportion of cold sensitive neurones are TRPM8 negative where the 

transduction mechanisms are less clear (Babes et al., 2004; Munns et al., 2007). Mechanical coding and heat 

evoked responses were unaffected by TRPM8 inhibition as were total spinal neuronal events evoked by global 

Aδ- or C-fibre activation following supra-threshold electrical stimulation of the receptive field, consistent with 

the restricted expression of TRPM8 in subsets of these fibres and the absence of effect on overall afferent 

excitability. 

Although cross reactivity with other TRP channels was not comprehensively addressed, heat evoked 

responses of spinal neurones were unaffected suggesting no significant modulation of other thermo TRPs. M8-

An2 does however activate TRPA1 (EC50 2.6 μM) and inhibit TRPV1 (IC50 >3 μM) though at much higher 

concentrations than required for TRPM8 blockade (IC50 10.9 nM). Mechanical coding was also unaffected 

suggesting little or no activity of M8-An1 or M8-An2 at putative mechanoreceptors TRPC3 and TRPC6 (Quick 

et al., 2012). These data support previous observations that TRPM8 is not required for behavioural 

manifestations to heat or mechanical stimulation (Knowlton et al., 2013). 

3.4.2 Role of TRPM8 in cold hyperalgesia 

Ideally a novel therapeutic would alleviate abnormal pain in affected areas without perturbing normal 

somatosensory function. Using behavioural assays in neuropathic rats, the systemic effect of a dose of M8-An2 

that had small but significant effects on body temperature and no effect on neuronal responses to cold 

stimulation in naïve rats was examined. The impact of M8-An1 on core body temperature had not been 

examined. M8-An2 (30 mg/kg) reversed cold but not mechanical hypersensitivity in SNL rats without affecting 

behaviours in the uninjured contralateral paw. Furthermore, the same dose attenuated neuronal responses to 

noxious and innocuous cold stimulation in SNL but not naïve rats. As observed in naïve rats, M8-An2 had no 

impact on heat or mechanical coding of neurones in SNL rats. Measures of neuronal excitability, ‘input’ (the 

non-potentiated response), ‘wind-up’ (the potentiated response) and post-discharge also did not differ post 
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dosing of M8-An2 consistent with a peripheral inhibition rather than reduced spinal neuronal excitability. The 

effect of M8-An2 appears dependent on pathophysiological state, is confined to the damaged nerve territory 

and supports previous conclusions that TRPM8 contributes to cold hypersensitivity and hyperalgesia (Colburn 

et al., 2007). The inability of M8-An1 to inhibit innocuous cooling evoked neuronal responses and behavioural 

responses could be due to pharmacokinetic differences between the two compounds tested. TRPM8 may have 

a more prominent role in transduction of noxious temperatures after neuropathy and therefore a higher dose 

of M8-An1 could have inhibited both innocuous and noxious cold transduction. 

3.4.3 Mechanisms of cold hypersensitivity and hyperalgesia 

In general, little is known about the mechanisms of cold hypersensitivity and the relative contributions of 

peripheral and central components. In reality this may be difficult to dissect as peripheral and central 

sensitisation exist in tandem. In healthy volunteers, A-fibre nerve block can unmask a C-fibre mediated burning 

pain following cooling leading to the hypothesis that a central disinhibition of primary afferent activity could 

underlie cold hyperalgesia (Ochoa & Yarnitsky, 1994). Disrupting the integrity of spinal circuits modifies gating 

of cold stimuli, for example ablation of CGRPα+ primary afferents results in a loss of tonic inhibition of cold 

sensitive spinal neurones (McCoy et al., 2013). Spinal neuronal responses to cold are also subject to dynamic 

descending modulation via the PAG and RVM, which may sustain abnormal behaviours under pathological 

conditions (Rahman et al., 2006; Taylor et al., 2007; Leith et al., 2010). Both ON- and OFF-cells in the RVM 

display abnormal responses to cold stimulation after nerve injury (increased and decreased response 

respectively) (Goncalves et al., 2007). The role of NMDA receptors in mediating central sensitisation is well 

established (Woolf & Thompson, 1991). Correspondingly ketamine reduces spinal neuronal excitability after 

peripheral injury (Suzuki et al., 2001), and also reduces pain intensity scores to cold stimulation in neuropathic 

subjects without affecting cold pain thresholds implicating a role for central sensitisation in cold hypersensitivity 

whereas NMDA independent mechanisms are likely involved in perceiving cold temperatures (Jørum et al., 

2003).  

It has been noted previously that WDR neuronal responses to mechanical and heat stimulation do not 

differ between SNL, sham or naïve rats (Brignell et al., 2008). This was also apparent in this study. At first this 

appears incongruous with increased behavioural sensitivity to below threshold mechanical and cold stimulation 

considering the experimental model induces substantial denervation of the lumbar spinal cord. The equivalent 

neuronal responses could be explained by an increase in neuronal excitability to compensate for a loss of 
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peripheral input. Also, an enlargement of receptive field size of spinal neurones will result in increased numbers 

excited by peripheral stimulation (Suzuki et al., 2000). One exception to the profile of WDR neurones 

following SNL appears to be an increased response to noxious cold stimulation with ice, postulated to 

represent in part a peripheral mechanism of hypersensitivity (Brignell et al., 2008). However, this is not 

apparent with the evaporative stimulus applied in this study (Table 3.1). A small trend towards increased 

neuronal responses to ethyl chloride in SNL animals was observed over the course of this thesis (Appendix 

8.1). Although ice and ethyl chloride are both considered noxious, the discrepancy in the neuronal response 

could be explained by the differences in the rate of cooling or the peak temperature decrease. Cooling of the 

skin towards 0°C and below may excite increasing numbers of C-fibres (Simone & Kajander, 1996).  

Most clinical and pre-clinical evidence supports a contribution of central mechanisms to cold 

hypersensitivity. Alternatives include a peripheral sensitisation of cold fibres, though the evidence for this is 

sparse (Serra et al., 2009). Whether TRPM8 is sensitised following nerve injury is currently unclear. A nerve 

injury induced increase in menthol currents in DRG neurones and increased proportions of menthol 

responsive neurones has been proposed to represent a peripheral neuronal substrate of cold hypersensitivity 

(Xing et al., 2007). However transcriptional changes of TRPM8 are not always apparent (Katsura et al., 2006). 

Several cellular processes modify temperature sensitivity and gating of TRPM8 in vitro (outlined in section 

1.5.1.2), which may also be altered after injury and potentiate channel activity in the absence of significant 

changes in expression levels. Neurotrophic factors such as artemin and NGF also sensitise cold evoked 

behaviours in a TRPM8 dependent manner (Lippoldt et al., 2013). Many gene changes occur following injury 

which affect neuronal excitability (Wang et al., 2002). Refinement of thresholds of cold sensitive neurones is 

determined by differential expression of background potassium channels in subsets of TRPM8+ fibres (Madrid 

et al., 2009; Descoeur et al., 2011). A loss of K+ currents could confer cold sensitivity to previously 

unresponsive primary afferents (Viana et al., 2002). The data presented here does not necessarily discount a 

peripheral component in addition to central neuroplastic changes. 

The consequences of changes in ion channel function are more likely to be apparent in a model of 

peripheral sensitisation such as with ciguatoxin. The resultant hyperalgesia induced by peripheral ciguatoxin-2 

demonstrates mechanisms of cold hyperalgesia not necessarily dependent on TRPM8 and may share 

overlapping mechanisms with nerve injured conditions. Subcutaneous injection of 0.1-10 nM ciguatoxin-1 in 

human subjects displays the somatosensory hallmarks of systemic ciguatera poisoning, namely pruritus at low 

concentrations and cold hyperalgesia at higher concentrations. As with neuropathic patients, innocuous cold 
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temperatures elicit sensations of intense stabbing, pricking and burning pain (Zimmermann et al., 2013). 

Ciguatoxin-2 exists as a diastereomer of ciguatoxin-3 and has not been extensively characterised owing to the 

difficulty of purification (Lewis et al., 1993). Ciguatoxin-2 increased neuronal responses to innocuous and 

noxious cold stimulation in the absence of any obvious changes in central neuronal excitability consistent with a 

peripheral mechanism of action. As previously observed, this was not reversed by blockade of TRPM8 channels 

(Vetter et al., 2012). In mice, Pacific ciguatoxin-1 and ciguatoxin-3 induce spontaneous flinching and increased 

nocifensive behaviours in response to cold temperatures (Vetter et al., 2012; Zimmermann et al., 2013). In vitro, 

ciguatoxin-1 confers cold sensitivity to a subset of non-cold responsive neurones dependent on the expression 

of TRPA1 (Vetter et al., 2012). An increase in membrane excitability in these neurones appears partly related 

to the inhibition of transient and delayed rectifier potassium currents by ciguatoxin-1, the former of which is 

sensitive to block by 4-aminopyridine and influences thresholds for cold sensitivity (Viana et al., 2002; Birinyi-

Strachan et al., 2005). Consistent with this, behavioural hypersensitivity can be reversed by flupirtine, an 

activator of Kv7 channels. In contrast, varied results are obtained with sodium channel blockers, with 

behavioural hypersensitivity most effectively reversed with a frequency dependent antagonist and to a lesser 

extent with those stabilising the inactive channel state (Zimmermann et al., 2013). In vitro studies of the effect of 

ciguatoxins on tetrodotoxin sensitive and resistant sodium channels reveal a voltage shift in activation and 

inactivation, and increased rate of recovery from inactivated states respectively (Strachan et al., 1999; Yamaoka 

et al., 2009). Genetic and pharmacological approaches both support that ciguatoxin induced cold hyperalgesia is 

partly dependent on Nav1.8 and tetrodotoxin sensitive channels, one of which does not appear to be Nav1.7 

(Vetter et al., 2012). Increased mechanical sensitivity is not observed clinically, however ciguatoxin-2 induced a 

sensitisation to low threshold mechanical stimuli. This disparity is likely due to the higher potency and 

abundance of ciguatoxin-1 in contaminated fish (Lewis, 2006). Whether this effect is dependent on 

tetrodotoxin sensitive or resistant channels would be an interesting future line of investigation. 

3.4.4 Summary 

In conclusion, these data suggest that cold evoked neuronal responses are conserved in naïve rats following 

TRPM8 inhibition supporting the existence of other cold transducers, and that peripheral and central 

sensitisation may underlie the contribution of TRPM8 to cold hypersensitivity and hyperalgesia following nerve 

injury. The identification of selective antagonists will in future provide useful tools to investigate further the 

role of TRPM8 in the transduction of cold temperatures.  
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4. The Anti-Hyperalgesic Effects of a Novel TRPM8 Agonist in 

Neuropathic Rats: A Comparison with Topical Menthol 

4.1 Introduction 

Cold temperatures can be refreshing and relieving but also evoke sensations of aching, burning and pricking. 

The cold mimetic compound menthol has been used to alleviate several painful conditions including 

musculoskeletal pain (Taylor et al., 2012). A case study has suggested high concentration topical menthol 

reduces ongoing pain in a patient undergoing chemotherapy (Colvin et al., 2008), but also cold and pinprick 

hyperalgesia after peripheral neuropathy in a small of group of patients (Namer et al., 2008; Wasner et al., 

2008). High concentration menthol applied to uninjured areas has been reported to induce cold hyperalgesia, 

pinprick hyperalgesia and in most cases secondary hyperalgesia (Wasner et al., 2004; Hatem et al., 2006; Binder 

et al., 2011). 

The cold and menthol sensitive channel TRPM8 has a multifaceted role in cold sensitivity. Selective fibre 

blocks suggest Aδ-fibres are likely responsible for the cooling effects of menthol and cold temperatures 

whereas C-fibres are implicated in the paradoxical burning sensation (Wahren et al., 1989; Wasner et al., 2004). 

Both menthol and cooling induced analgesia are dependent on TRPM8 (Proudfoot et al., 2006; Liu et al., 2013), 

though a TRPM8 negative population of cold sensitive primary afferents are also important. Whilst cooling is 

analgesic in both phases of the formalin test in wildtype mice, cooling induced analgesia is absent in the first 

phase, but not in the second phase, following genetic ablation of TRPM8 (Dhaka et al., 2007). Through genetic 

or pharmacological approaches, TRPM8 has been implicated in the development of cold hypersensitivity in 

several pre-clinical models (Colburn et al., 2007; Descoeur et al., 2011; Knowlton et al., 2011). Paradoxically 

blocking or activating TRPM8 channels may both be beneficial in neuropathic conditions. This has parallels to 

the TRPV1 channel, a member of the same family, where capsaicin can produce both pain and pain relief 

(O'Neill et al., 2012). 

Clinical trials involving topical menthol are currently being undertaken for chronic pain conditions including 

osteoarthritis (clinical trials identifier: NCT01565070), muscle pain (NCT01542827) and chemotherapy induced 

neuropathy (NCT01855607). To date the investigation of whether a systemically available TRPM8 agonist 

would have more potent anti-hyperalgesic effects has not been examined. 
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Hypotheses and Aims: 

The mechanisms of menthol-induced hyperalgesia are hypothesised to overlap with the capsaicin induced 

hyperalgesia model. Initial studies will examine the back-translation and neural mechanisms of the menthol 

induced hyperalgesia model in naïve rats. Paradoxically, hyperalgesic concentrations of menthol in normal 

human subjects can be analgesic in some neuropathic patients; the analgesic effects of menthol in a rodent 

model of neuropathy will also be examined and compared to patient data. Finally, the effects of a novel TRPM8 

agonist, M8-Ag, synthesised by Takeda Cambridge Ltd (Appendix 8.2) will be tested in a nerve injury model of 

cold hypersensitivity through a systemic route of administration as this may have more potent effects 

compared to a topical agonist. M8-Ag displays >100 fold selectivity over TRPA1 and activates TRPM8 channels 

within the nanomolar range (Appendix 8.2). 
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4.2 Materials and Methods 

4.2.1 Animals 

Male Sprague Dawley rats (250-300g), bred by the Biological Service Unit (UCL, London, UK), were used for 

behavioural and electrophysiological experiments.  

4.2.2 Spinal nerve ligation (SNL) surgery 

See section 2.2. SNL rats were used for either in vivo electrophysiology or behavioural testing and were 

euthanised at the end of the experiment. 

4.2.3 Behavioural testing 

See section 2.3.1 and 2.3.2. Ipsilateral and contralateral behavioural sensitivity to mechanical and cold stimuli 

was assessed in SNL and sham rats on day 14 post surgery. For M8-Ag study, only rats with significant cold 

hypersensitivity were used for analysis, which was defined as 2 or more withdrawals out of 5 on the nerve 

injured side (4/18 rats were excluded). Rats were then dosed intraperitoneally with vehicle (85% normal saline, 

10% cremophor (Sigma, UK) 5% dimethylsulfoxide (Sigma, UK)) or 30 mg/kg M8-Ag in dose volume of 2 ml/kg. 

Behavioural testing was repeated 30, 60 and 90 minutes post dosing. The experimenter was blind to the 

treatment during behavioural testing. For menthol study, approximately 150 µl 1%, 10% and 40% L-menthol 

(Alfa Aesar, Heysham, UK) (in absolute ethanol) were cumulatively applied to the entire plantar surface of the 

left hind paw. Behavioural testing was repeated 15 minutes after each application. Concentrations of menthol 

were chosen based on efficacy seen in neuropathic patients (Namer et al., 2008; Fallon et al., 2015). 

4.2.4 In vivo electrophysiology 

See section 2.12, 2.14 and 2.15. In vivo electrophysiology was performed between day 15 and 18 post SNL or 

sham surgery and in age/weight matched naïve rats. Single WDR neurones were characterised for responses to 

repeated electrical stimulation followed by natural stimuli. For order of testing see figure 2.4A, B. A 1-minute 

rest period followed each stimulus. After three consecutive stable baseline responses to natural stimuli (<10% 

variation, data were averaged to give control values), sham and SNL animals were injected subcutaneously into 

the contralateral flank with 10 or 30 mg/kg M8-Ag. Doses were chosen based on preliminary pharmacokinetic 

data (data not shown). Responses to electrical and natural stimuli were next measured 30 minutes post dosing 
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and then every 20 minutes up to 110 minutes. In separate groups of rats, 1%, 10% and 40% L-menthol (Alfa 

Aesar, Heysham, UK) (in absolute ethanol) were cumulatively applied to the receptive field of naïve and SNL 

rats (approximately 20-30 µl). Neuronal responses were tested 15 minutes later. One neurone was 

characterised per rat. 

4.2.5 Statistics 

For in vivo electrophysiology measures, statistical significance was tested using a 1 way or 2 way repeated 

measures (RM) ANOVA, followed by a Bonferroni post hoc test for paired comparisons. Sphericity was tested 

using Mauchly’s test, the Greenhouse-Geisser correction was applied if violated. Behavioural time-courses and 

receptive field sizes were tested with the Friedman test, followed by a Wilcoxon post hoc and Bonferroni 

correction for paired comparisons. Area under curve (AUC) values were calculated using the trapezoid rule 

and compared with a 1 way ANOVA followed by a Bonferroni post hoc test. 
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4.3 Results 

4.3.1 Summary of behavioural and neuronal responses in naïve, sham and SNL 

rats 

Behavioural sensitivity to mechanical and cooling stimuli was examined 14 days post sham or spinal nerve 

ligation (SNL) surgery and in age matched naïve rats. SNL rats displayed guarding behaviour of the injured 

ipsilateral hind paw, which was absent on the uninjured contralateral side and in sham operated rats. SNL rats, 

but not sham or naïve, displayed significantly reduced withdrawal thresholds to punctate mechanical stimulation 

(Wilcoxon test, P<0.05) (Fig. 4.1A) and increased withdrawals to acetone induced innocuous cooling (Wilcoxon 

test, P<0.05) (Fig. 4.1B) compared to contralateral responses. 

 

 

 

 

Figure 4.1 Behavioural hypersensitivity in SNL rats 14 days post surgery. (A) Unilateral ligation of L5 and 

L6 spinal nerves reduces mechanical withdrawal thresholds and (B) increases responsiveness to innocuous cooling in SNL 

rats. Sham rats exhibited similar behavioural sensitivity to naïve rats. Data represents mean ± SEM. *** P<0.001. Naïve n=7, 

Sham n=7, SNL n=25. PWT - Paw withdrawal threshold. 

In vivo electrophysiology was performed to examine the effects of either menthol or M8-Ag on nociceptive 

processing by WDR spinal neurones in neuropathic and uninjured conditions. Neurones were characterised 

from depths relating to lamina V/VI in the deep dorsal horn (Watson et al., 2009). Neurones were confirmed as 

WDR on the basis of responses to noxious heat, dynamic brushing and noxious punctate mechanical 

stimulation. Table 4.1 summarises neuronal depths from the surface of the cord recorded from and evoked 

baseline responses.  
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Table 4.1 Baseline characterisations of deep dorsal horn WDR neurones from naïve, sham and SNL 

rats. Range of neuronal depths recorded from in parentheses. Data represent mean ± SEM. (APs- action potentials) 

  
Naïve n=7 Sham n=7 SNL n=20 

  

Depth (μm) 862 ± 68.72 704 ± 66.22 693 ± 27.04 
  (620 - 1080) (600 - 830) (530 - 870) 
A threshold (mA) 0.03 ± 0.02 0.07 ± 0.02 0.09 ± 0.02 
C threshold (mA) 0.29 ± 0.11 0.43 ± 0.16 0.38 ± 0.08 
Aβ-evoked (APs) 102 ± 13.75 108 ± 6.94 106 ± 7.44 
Aδ-evoked (APs) 178 ± 23.89 207 ± 21.94 231 ± 12.93 
C-evoked (APs) 419 ± 45.45 484 ± 62.30 444 ± 30.01 
Post-discharge (APs) 281 ± 47.22 312 ± 48.04 339 ± 28.44 
                    
Brush (APs) 411 ± 65.99 474 ± 51.06 411 ± 28.29 
2g  (APs) 22 ± 6.42 27 ± 8.85 28 ± 5.77 
8g (APs) 305 ± 52.29 311 ± 31.91 332 ± 27.76 
15g (APs) 554 ± 48.74 620 ± 66.70 598 ± 26.15 
26g (APs) 855 ± 55.77 876 ± 63.47 896 ± 27.02 
60g (APs) 1151 ± 77.44 1192 ± 47.53 1184 ± 33.28 
                    
35°C (APs) 172 ± 22.90 270 ± 61.58 210 ± 25.51 
42°C (APs) 391 ± 32.25 570 ± 114.32 464 ± 72.28 
45°C (APs) 562 ± 39.65 785 ± 109.61 617 ± 65.33 
48°C (APs) 1041 ± 132.36 1151 ± 77.09 1074 ± 66.68 
                    
Acetone (APs) 75 ± 39.22 56 ± 36.17 78 ± 22.20 
Ethyl chloride (APs) 411 ± 49.97 434 ± 53.32 557 ± 44.06 

 

4.3.2 10% and 40% menthol alleviate cold hypersensitivity in spinal nerve ligated 

rats 

Increasing concentrations of menthol were unilaterally and cumulatively applied to the left hind paw of SNL rats 

14 days post surgery and weight/age matched naïve rats. Few rats displayed flinching/shaking behaviours post 

application of menthol (naïve 2/7, SNL 1/7). In naïve rats, no significant sensitisation (2/7 rats sensitised) to 

acetone induced innocuous cooling was observed following application of low and high concentrations of 

menthol (Friedman test, P>0.05) (Fig. 4.2A). In contrast, high concentrations of topical menthol reduced 

acetone-induced withdrawals in SNL rats (Friedman test, P<0.05, followed by Dunn’s post hoc test) (Fig. 4.2A). 

Electrophysiological recordings of dorsal horn WDR neurones were made to examine spinal processing of 

threshold and supra-threshold stimuli. In naïve rats, menthol had no overall effect on neuronal responses to 

innocuous cooling (3/7 sensitised) or ethyl chloride induced noxious cooling (1 way RM ANOVA P>0.05, 

innocuous: F3,18=1.668, noxious: F3,18=0.275) (Fig. 4.2B). Only a weak trend towards reduced acetone evoked 

responses by 40% menthol was observed in SNL rats, with no effect on noxious cold responses (1 way RM 

ANOVA P>0.05, innocuous: F3,15=1.272, noxious: F3,15=0.775) (Fig. 4.2C). No ongoing neuronal activity was 

observed post menthol application in either SNL or naïve rats. 
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Menthol had minimal effects on mechanical sensitivity in naïve rats (Friedman test, P>0.05) (Fig. 4.2D), a 

feature that was mirrored by a lack of effect on mechanical coding of dorsal horn WDR neurones (2 way RM 

ANOVA P>0.05, F3,15=0.318) (Fig. 4.2E). In SNL rats, menthol was unable significantly to attenuate mechanical 

hypersensitivity (Friedman test, P>0.05) (Fig. 4.2D), though 4/7 rats exhibited a small increase (~2-3 g) in 

withdrawal thresholds. Similarly neuronal responses to mechanical stimulation were also unaltered (2 way RM 

ANOVA P>0.05, F3,15=0.517) (Fig. 4.2F). 

 
 

 

 

 

 

Figure 4.2 Behavioural and neuronal correlates of mechanical and cold sensitivity post menthol 

application in naïve and SNL rats. (A) Menthol alleviates cold hypersensitivity in SNL rats with no significant effect 

in naïve rats (n=7). Corresponding neuronal responses to innocuous and noxious cooling in (B) naïve rats (n=7) and (C) 

SNL rats (n=6). (D) Menthol does not significantly affect mechanical withdrawal thresholds in naïve or SNL rats. Neuronal 

responses to mechanical stimulation in (E) naïve and (F) SNL rats corroborates behavioural observations. Data represent 

mean ± SEM. *P<0.05. (PWT – paw withdrawal threshold). 

4.3.3 Menthol does not influence excitability of deep dorsal horn neurones in 

naïve and SNL rats  

The effect of menthol on measures of neuronal excitability was also examined. High concentration menthol 

does not induce an expansion of receptive field sizes to innocuous (8 g) or noxious (60 g) punctate mechanical 

stimulation in naïve rats (Friedman test, P>0.05) (Fig. 4.3A) and were also unaltered in SNL rats (Friedman test, 

P>0.05) (Fig. 4.3B). In addition, menthol had no influence on neuronal responses to heat stimulation (2 way RM 

ANOVA P>0.05, Naïve: F3,15=1.683, SNL: F3,15=0.588) (Fig. 4.3C, D) or dynamic brushing (1 way RM ANOVA 

P>0.05, Naïve: F1.14,6.83=1.163, SNL: F3,15=0.814) (Fig. 4.3E, F) in naïve or SNL rats. Furthermore, menthol did not 
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sensitise Aδ- and C-fibre evoked responses or increase the wind-up and post-discharge of WDR neurones in 

naïve rats (1 way RM ANOVA P>0.05, Aδ: F1.61,8.05=0.805, C: F3,15=0.674, WU: F3,15=0.814, PD: F3,15=0.071) (Fig. 

4.3G). After nerve injury, menthol was unable to reduce evoked activity attributed to primary afferent fibres or 

subsequent wind-up of spinal neurones (1 way RM ANOVA P>0.05, Aβ: F3,15=1.286, Aδ: F1.49,7.42=1.668, C: 

F3,15=0.334, WU: F3,15=0.579) (Fig. 4.3H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Neuronal responses to natural and electrical stimulation of the receptive field following 

menthol application in naïve and SNL rats. Following topical menthol application, no change in receptive field size 

was observed (A, B) or in heat (C, D), dynamic brush (E, F) or electrically (G, H) evoked responses in naïve (left 

panels) or SNL rats (right panels). Data represent mean ± SEM, Naïve n=7, SNL n=6. (RF – receptive field, PD – post-

discharge, WU – wind-up, I – input). 



	  

87 

	  

4.3.4 Neuronal responses to innocuous and noxious cooling attenuated by M8-Ag 

in spinal nerve ligated rats 

In vivo electrophysiology was performed on SNL and sham rats between 15 and 18 days post surgery. After 

obtaining stable baseline neuronal recordings, rats were dosed subcutaneously with 10 or 30 mg/kg M8-Ag. In 

SNL rats, compared to baseline, 30 mg/kg M8-Ag inhibited neuronal responses to noxious cold stimulation with 

significantly reduced responses at 30, 70 and 110 minutes post dosing (1 way RM ANOVA P<0.01, 

F2.64,13.19=7.938, followed by Bonferroni post hoc test) (Fig. 4.4A). In addition M8-Ag decreased overall neuronal 

responses to innocuous cooling with acetone (1 way RM ANOVA P<0.05, F3,30=4.383) (Fig. 4.4A). These effects 

of M8-Ag were absent in sham-operated rats (1 way RM ANOVA P>0.05, innocuous: F3,30=0.197, noxious: 

F3,30=0.116) (Fig. 4.4B). Furthermore, 30 mg/kg M8-Ag did not alter neuronal responses to heat stimulation (2 

way RM ANOVA P>0.05, sham: F3,30=1.284, SNL: F3,30=0.781) (Fig. 4.4D, E), punctate mechanical stimulation (2 

way RM ANOVA P>0.05, sham: F3,30=1.976, SNL: F3,30=0.969) (Fig. 4.4G, H) or dynamic brushing of the 

receptive field (1 way RM ANOVA, P>0.05 sham: F3,30=0.668, SNL: F3,30=0.823) (Fig. 4.4J, K) in either sham or 

SNL rats. Neuronal events evoked by global stimulation of Aβ-, Aδ- and C-fibres were also unaffected in SNL 

and sham rats indicating activating TRMP8 does not increase overall afferent drive under normal (1 way RM 

ANOVA P>0.05, Aβ: F5,30=0.627, Aδ: F5,30=2.536, C: F1.91,11.43=2.572) or pathological conditions (1 way RM 

ANOVA P>0.05, Aβ: F5,30=0.470, Aδ: F5,30=0.720, C: F5,30=1.381) (Fig. 4.4M, N). 

The effect of 10 mg/kg was also examined in SNL rats, however this lower dose had no effect on cold (1 

way RM ANOVA P>0.05, innocuous: F1.82,9.09=0.667, noxious: F5,30=2.275) (Fig. 4.4C), heat (2 way RM ANOVA 

P>0.05, F5,30=0.801) (Fig. 4.4F), mechanical (2 way RM ANOVA P>0.05, F5,30=0.652) (Fig. 4.4I), brush (1 way RM 

ANOVA P>0.05, F5,30=2.205) (Fig. 4.4L) or electrically (1 way RM ANOVA P>0.05, Aβ: F5,30=0.224, Aδ: 

F5,30=0.462, C: F5,30=0.760, PD: F5,30=0.459, I: F5,30=0.678, WU: F5,30=1.658) (Fig. 4.4O) evoked neuronal 

responses. Neuronal responses were also unaffected by vehicle alone (Appendix 8.3). 
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Figure 4.4 M8-Ag inhibits deep dorsal horn lamina V/VI neuronal responses to innocuous and 

noxious cold stimulation in spinal nerve ligated rats. After 30 minutes post dosing and then at 20 minute 

intervals, recordings were made of neuronal responses to cold (A, B, C), heat (D, E, F), punctate mechanical (G, H, I), 

dynamic brush (J, K, L) and electrical stimuli (M, N, O). (left panels – SNL 30 mg/kg, middle panels – sham 30 mg/kg, 

right panels – SNL 10 mg/kg). (+) represents statistically significant Main Effect (2 way RM ANOVA), asterisks denote 

significant difference from baseline (Bonferroni post hoc). *P<0.05, **P<0.01, n=7. (PD – post-discharge, WU – wind-up, I – 

input). 
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4.3.5 M8-Ag reverses behavioural hypersensitivity to acetone induced cooling in 

SNL rats 

The ability of M8-Ag to alleviate behavioural signs of cold hypersensitivity was examined in SNL rats 14 days 

after nerve ligation. Rats were dosed intraperitoneally with either 30 mg/kg M8-Ag or vehicle and tested up to 

90 minutes post dosing. The majority of rats dosed with M8-Ag exhibited sporadic ‘wet dog shakes’ up to an 

hour post dosing (7/9). These behaviours were absent in vehicle treated rats. M8-Ag reduced the behavioural 

response to innocuous evaporative cooling of the injured paw compared to pre-drug responses (Friedman test 

P<0.01, followed by Wilcoxon post hoc and Bonferroni correction) (Fig. 4.5A), whereas the vehicle alone had no 

significant effect (Friedman test, P>0.05) (Fig. 4.5A). Contralateral responses to acetone induced cooling were 

minimal in comparison and were not affected by M8-Ag (Friedman test, P>0.05) (Fig. 4.5B). Overall behavioural 

signs of cold hypersensitivity are reduced by M8-Ag but not by vehicle treatment (1 way ANOVA P<0.01, 

F3,24=10.537, followed by Bonferroni post hoc) (Fig. 4.5C). The behavioural observations correlate with 

electrophysiological recordings of neuronal responses to acetone. Comparing the effects of 30 mg/kg M8-Ag on 

total neuronal events in uninjured and nerve ligated rats between 30 and 110 minutes post dosing reveals 

cooling evoked responses were significantly reduced in SNL rats (unpaired Student’s t-test, P<0.05) (Fig. 4.5D) 

M8-Ag did not alter mechanically evoked withdrawals on either the ipsilateral (Fig. 4.5E) or contralateral 

(Fig. 4.5F) side compared to pre-drug values (Friedman test, P>0.05). AUC analysis also confirms no overall 

effect of either drug or vehicle treatment on mechanical sensitivity (1 way ANOVA P<0.001, F3,32=61.515, 

followed by Bonferroni post hoc) (Fig. 4.5G). Correspondingly, M8-Ag did not affect mechanical coding of WDR 

neurones to below threshold and threshold stimuli in SNL or sham rats (2 way ANOVA P>0.05, F1,36=0.006) 

(Fig. 4.5H). 
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Figure 4.5 M8-Ag selectively reduces behavioural and neuronal responses to cooling following 

spinal nerve ligation. (A) 30 mg/kg M8-Ag reversed the behavioural response to acetone induced cooling on the 

nerve injured ipsilateral side compared to pre-drug values (n=7), whereas vehicle alone had no significant effect (n=7). (B) 

Contralateral responses to cooling were not affected by either treatment. (C) AUC analysis confirms a significant 

attenuation of cold hypersensitivity by M8-Ag compared to vehicle treatment. (D) A corresponding decrease in overall 

neuronal responses to acetone after dosing of M8-Ag was also observed in SNL rats (n=7) compared to sham rats (n=7). 

M8-Ag did not alter mechanical withdrawal thresholds of (E) the injured ipsilateral paw or (F) the uninjured contralateral 

side (n=9). (G) AUC analysis confirms that rats exhibited significant mechanical hypersensitivity, which was not affected by 

M8-Ag or vehicle treatment. (H) Neuronal responses to mechanical stimulation in SNL (n=7) and sham rats (n=7) were 

also unaffected by 30 mg/kg M8-Ag. Data represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. (a.u. - arbitrary units, AUC 

- area under curve, PWT - paw withdrawal threshold, APs - action potentials). 
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4.4 Discussion 

Several studies support menthol-induced hyperalgesia as a rapidly inducing surrogate model of cold 

hypersensitivity in human subjects (Wasner et al., 2004; Hatem et al., 2006; Namer et al., 2008; Binder et al., 

2011). In addition, menthol also possesses analgesic and counterirritant properties (Wasner et al., 2008; Olsen 

et al., 2014). However, some discrepancies exist between these human studies, but also in animal models as 

menthol has been proposed to have complex pro- and anti-nociceptive effects in both uninjured and injured 

animals (Galeotti et al., 2002; Proudfoot et al., 2006; Brignell et al., 2008; Caspani et al., 2009; Gentry et al., 

2010; Klein et al., 2010; Klein et al., 2012; Gao et al., 2013; Liu et al., 2013). By combining behavioural measures 

and electrophysiological recordings of lamina V/VI neurones, the translational value of this model in uninjured 

and neuropathic rats was examined (summarised in Table 4.2 and Table 4.3). This study also investigates the 

effects of activating TRPM8, with a novel systemically available agonist, on behavioural and neuronal correlates 

of cold sensitivity in neuropathic animals. In chapter 3, antagonism of the TRPM8 receptor was shown to inhibit 

behavioural and spinal neuronal responses to innocuous and noxious cooling in SNL but not naïve rats. 

Interestingly, the TRPM8 agonist reported here displayed identical effects. This would imply TRPM8 is not 

essential for all forms of cold transduction in the absence of injury in rats and the effects of modulators of 

TRPM8 are dependent on changes induced by the pathophysiological state. 

4.4.1 Menthol induced hyperalgesia as a translational model 

Increasing concentrations of menthol applied topically to the hind paw of naïve rats rarely sensitised cooling 

evoked withdrawals and neuronal responses. Furthermore, menthol had no effect on noxious cold evoked 

neuronal responses. Previous studies have demonstrated that menthol sensitises peripheral afferents and 

trigeminal neurones to cold stimulation (Hensel & Zotterman, 1951; Schafer et al., 1986; Zanotto et al., 2007), 

and that TRPM8 antagonists can reverse menthol-induced activity in peripheral nerve endings (Madrid et al., 

2006). Menthol does not appear consistently to induce ongoing pain like behaviours in rats when applied to the 

paw mirrored by an absence of ongoing spinal neuronal activity. Menthol may however render cool 

temperatures more aversive in temperature preference assays (Klein et al., 2010).  

Menthol induced hyperalgesia was designed as a surrogate human model of cold hyperalgesia analogous to 

the capsaicin model and some parallels may exist between the two. Hyperexcitability of dorsal horn neurones 

is considered the neural basis of capsaicin-induced hyperalgesia where a prolonged stimulus results in ongoing 

Aδ- and C-fibre activity and subsequent wind-up, central sensitisation and secondary hyperalgesia (reviewed by 
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O'Neill et al., 2012). Menthol does not appear to induce comparable changes in neuronal excitability in the rat, 

which in all likelihood reflects low overall afferent drive from TRPM8+ fibres. WDR neurones did not exhibit 

potentiated wind-up post menthol application; a similar lack of effect on a perceptual correlate of wind-up was 

observed in human subjects (Wasner et al., 2004; Binder et al., 2011). In addition, no expansion of receptive 

field sizes to below threshold (8 g) and noxious punctate mechanical (60 g) stimuli occurred. Total neuronal 

events evoked by electrical activation of Aδ- and C-fibres were also unaffected, though it is possible that the 

supra-threshold nature of the electrical stimulus masked the peripheral sensitisation of this small population of 

cold and menthol responsive primary afferents. All studies in humans have demonstrated an increase in the 

cold pain threshold (i.e. cold pain experienced at warmer temperatures) following topical menthol with varied 

effects on other modalities (Table 4.2). Binder et al., reported incidences of secondary hyperalgesia and pin 

prick hyperalgesia as well as heat pain, though over longer time periods than other comparable studies. In a 

pilot study, no changes in evoked neuronal activity by 10% or 40% menthol up to 80 minutes post application 

were observed (data not shown). 

Table 4.2 Comparison of effects of menthol in naïve rats and normal human subjects. + increased 

response frequently observed, +/- occasionally observed, - never/rarely observed, blank – not tested. 

  Rat Normal Human Subjects 

  Naïve n=20 n=12 n=39 n=10 n=10 n=10 

Increase in:   

(Andersen 
et al., 2015) 

(Binder et 
al., 2011) 

(Hatem 
et al., 
2006) 

(Wasner et al., 
2004) 

(Namer et 
al., 2008) 

(Olsen et 
al., 2014) 

Dynamic mechanical - + +/- - -  +/-  

Punctate mechanical - + + - +   + 

Cold +/- + + + + + + 

Heat - - + - - - - 

Wind-up - - -   -    
Secondary 
hyperalgesia/ 
Receptive field 

- + +  +/-   

 

4.4.2 Back translation of menthol analgesia in a rat model of neuropathy 

The impact of topical menthol in neuropathic patients has been less extensively examined compared to normal 

subjects. Heterogeneity in the mechanisms of cold allodynia complicates direct comparisons with each other 

and with pre-clinical models. As a case in point, menthol appears to exacerbate wind-up like pain in amputees 

(Vase et al., 2013), whereas menthol reversed wind-up in a case of chemotherapy induced neuropathy (Colvin 

et al., 2008). The effects of topical menthol in a nerve injury model exhibiting cold hypersensitivity were 

examined (Table 4.3). The analgesic properties of menthol in SNL rats appeared restricted to alleviating cooling 
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hypersensitivity though with no effect on innocuous or noxious cold evoked neuronal responses. During 

behavioural characterisations, menthol was applied to the entire plantar surface, whereas with the 

electrophysiological characterisations, application was restricted to the receptive field of the neurone. Given 

the paucity of cutaneous TRPM8+ afferents (Takashima et al., 2007), the spatial summation of menthol-evoked 

activity may be critical in mediating analgesia. Systemic M8-Ag alleviated cold hypersensitivity after SNL and 

reduced WDR neuronal responses to both innocuous and noxious cooling. The apparent lack of effect of 

menthol on noxious cold evoked neuronal activity might be due to the maximum concentration levels 

achievable through dermal diffusion. In neuropathic patients though, the effects of menthol on noxious cold 

temperatures is difficult to ascertain, as pain is reported at threshold temperatures and further decreases in 

temperature cannot be tolerated. These data could be consistent with a restoration of spinal gating of cold 

temperatures at threshold levels by menthol but not of noxious temperatures.  

Table 4.3 Comparison of effects of menthol in neuropathic rats and neuropathic patients.  

+ decreased response frequently observed, +/- occasionally observed, - never/rarely observed, blank – not tested. (CI – 

cold injury, PNP – polyneuropathy, PHN – post herpetic neuralgia, CPSP – central post stroke pain, CIN – chemotherapy 

induced neuropathy) 

  Rat Neuropathic Patients 

  SNL PNP/PHN/CPSP n=8 CI n=12 CIN n=51 PHN n=1 

Decrease in:   
(Wasner et al., 2008) (Namer et al., 

2008) 
(Fallon et al., 2015) (Davies et al., 

2002) 

Dynamic mechanical - -  - +/- - 

Punctate mechanical +/-  +/- +/- +/- - 

Cold + + +/-  +   

Heat -  
- 

(increased) +  

Wind-up -     +/-   

Receptive field -   +  

Ongoing pain       + + 

 

4.4.3 Mechanisms of TRPM8 mediated analgesia 

The effects of TRPM8 ligands could result from different consequences of activation of TRPM8 at peripheral 

levels and this may be more apparent with topical application. Activation of cutaneous TRPV1 by capsaicin can 

be sensitising but also have a desensitising effect due to a combination of acute desensitisation, tachyphylaxis 

and withdrawal of epidermal nerve fibres (O'Neill et al., 2012). The mechanism of desensitisation differs 

between chemical agonists of TRPM8 (Kuhn et al., 2009). Systemic M8-Ag reversal of cold hypersensitivity and 

hyperalgesia could result from a depolarisation block of TRPM8+ afferents through Ca2+ dependent second 
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messenger pathways downregulating TRPM8 activity to prevent calcium excitotoxicity through prolonged 

activation of channels (Premkumar et al., 2005; Daniels et al., 2009). 

There could also be central consequences, either as a result of peripheral TRPM8 targeting or actions on 

the receptor elsewhere – these could be more marked with systemic dosing. Following nerve damage, a 

disinhibition hypothesis has been proposed to underlie the paradoxical burning associated with small decreases 

in temperature (Ochoa & Yarnitsky, 1994). If sensitisation of Aδ- and C-fibres underlies the hyperalgesia 

associated with topical menthol, in an already sensitised state, rather than exacerbate cold hyperalgesia, 

activation of TRPM8 expressing afferents with menthol or M8-Ag may recruit inhibitory circuits within the 

dorsal horn restoring a loss of spinal inhibition (Wasner et al., 2008). The paradox of a noxious stimulus 

inducing pain and analgesia according to context is also demonstrable with noxious cold temperatures applied 

to areas sensitised by capsaicin. The perception of relief could in part be determined by competing aversive and 

appetitive states converging on descending inhibitory pathways (Mohr et al., 2008). fMRI analysis suggests the 

supraspinal integration of ascending spinal activity and engagement of descending inhibitory pathways through 

the PAG shapes relief or pain associated with topical menthol or cooling (Seifert & Maihofner, 2007; Mohr et 

al., 2008; Lindstedt et al., 2011). Although not directly related to the present study, patients with post-stroke 

pain often have abnormal cold sensitivity and this is thought to be due to damage to a cool-signaling lateral 

thalamic pathway that causes a disinhibition of a medial thalamic pathway promoting pain, resulting in the 

observed burning, cold, ongoing pain and cold allodynia (Greenspan et al., 2004). It is possible that peripheral 

and then spinal mechanisms via TRPM8 could finally impact on this system. 

In terms of central mechanisms, TRPM8+ afferents predominantly innervate the superficial dorsal horn 

though some afferents terminate in the deeper laminae (Takashima et al., 2007; Dhaka et al., 2008). Cold 

temperatures activate a distinct sub-population of spinothalamic and spinoparabrachical lamina I neurones 

described as ‘cool’ responsive or ‘polymodal-nocicpetive’ (Bester et al., 2000; Andrew & Craig, 2002). These 

responses converge onto lamina V/VI neurones, which exhibit graded intensity dependent responses to 

decreasing temperatures (Khasabov et al., 2001). Under normal conditions local glycinergic and GABAergic 

inhibitory interneurones tonically control inhibitory tone within the dorsal horn and excitability of projection 

neurones (Takazawa & MacDermott, 2010). A substantial cross inhibition exists within the dorsal horn 

whereby low and high threshold afferents can moderate central neuronal activity (Lu & Perl, 2003; McCoy et 

al., 2013). Group III metabotropic glutamate receptors are highly expressed in the superficial laminae of the 

dorsal horn, as are group II receptors, which are primarily associated with interneurones in lamina IIi, in 
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proximity to small myelinated fibres, with a large overlap with GABAergic terminals (Li et al., 1997a; Jia et al., 

1999; Azkue et al., 2001). Both groups of receptors can regulate inhibitory tone within the dorsal horn and are 

subject to expressional changes following injury (Chen & Pan, 2005; Goudet et al., 2008; Zhou et al., 2011). This 

neuroplasticity is the likely determinant of the reversal of icilin-induced analgesia by group II and III antagonists 

LY341495 and UBP1112 in neuropathic mice (Proudfoot et al., 2006). TRPM8+ afferents also synapse near 

GABAergic terminals in the superficial dorsal horn (Dhaka et al., 2008). Menthol evokes excitatory postsynaptic 

potentials in GABAergic interneurones, presumed to activate cold afferents, subsequently gating transmission in 

projection neurones (Zheng et al., 2010).  

Activation of endogenous opioid signalling pathways by menthol has also been implicated in analgesia. 

Contradictory reports exist of the reversal of icilin and menthol analgesia by naloxone. The discord between 

these studies could be attributed to the systemic route of administration of menthol (Galeotti et al., 2002; Liu 

et al., 2013) as opposed to topically applied icilin (Proudfoot et al., 2006), as centrally acting menthol could 

reduce neuronal excitability through TRPM8 independent partly opioid mechanisms (Pan et al., 2012). Several 

molecular targets of menthol-mediated analgesia have been proposed including the cumulative inactivation of 

sodium channels (Gaudioso et al., 2012), activation of GABAA currents (Zhang et al., 2008), and inhibition of 5-

HT3 receptors (Ashoor et al., 2013). The efficacy of menthol is lost in TRPM8 knockout mice suggesting these 

non-TRP mechanisms comprise minor components of anti-hyperalgesia by menthol (Liu et al., 2013). 

4.4.4 Summary 

In summary, the data presented here suggest that some aspects of menthol-induced analgesia are comparable 

between rats and humans, whereas menthol does not appear to induce central sensitisation as appears to be 

the case in normal human subjects. Furthermore, M8-Ag attenuated cold behaviours and neuronal responses in 

neuropathic rats but not in the absence of injury. Thus, overall, an interplay between complex peripheral and 

central effects appear to underlie the bi-directional effects of TRPM8 ligands and changes in these functions 

appear to be driven by damage to peripheral nerves. 
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5. Reduced Cold and Mechanical Sensitivity in α2δ-1 -/- Mice 

5.1 Introduction  

α2δ-‐1 subunits are auxiliary components of voltage gated calcium channels (VGCCs) (discussed further in 

chapter 6). The main biophysical and pharmacological properties of VGCCs are determined by the pore 

forming α1 subunit, whereas the α2δ,	  β	  and	  γ components influence trafficking and activation kinetics (Arikkath 

& Campbell, 2003). Of particular interest, the α2δ-‐1 subunit is the most extensively studied variant and is the 

key molecular target for the anti-hyperalgesic effects of gabapentin and pregabalin (Field et al., 2006). Much 

insight has been gained into the cellular and synaptic functions of α2δ, however relatively little is known about 

the normal physiological processes dependent on α2δ-‐1 expression. 

5.11 Topology of α2δ subunits 

To date four mammalian genes have been cloned (CACNA2D1, CACNA2D2, CACNA2D3, CACNA2D4) 

encoding α2δ-‐1, α2δ-‐2, α2δ-‐3 and α2δ-‐4 respectively. The range of α2δ variants is expanded through alternate 

splicing in three regions described as A, B, and C. The tissue selective expression of splice variants may have 

implications for the functional impact on calcium currents (Kim et al., 1992; Angelotti & Hofmann, 1996; Qin et 

al., 2002; Lana et al., 2014). All subunits are products of a single gene cleaved post-translation and joined by 

disulphide bridges (De Jongh et al., 1990). Rather than having a trans-membrane domain as previously predicted 

from sequence analysis, α2δ subunits are associated with plasma membranes through a 

glycosylphosphatidylinositol (GPI) anchor on the δ	  domain (Davies et al., 2010). Detailed structural analysis is 

limited, but all α2δ subunits contain a metal ion-dependent adhesion site motif and von Willebrand factor A 

(VWA) domain necessary for trafficking of α1 subunits of calcium channels (Canti et al., 2005). 

 

Figure 5.1 Topology of α2δ	  subunits. Disulphide linked α and δ subunits are 

anchored to the plasma membrane through a GPI anchor. Putative N-glycosylation 

sites have been identified on both domains. Approximate position of VWA domain 

shown in close proximity to gabapentin binding site in α2δ-‐1 and α2δ-‐2 (RRR). 

(Modified from Bauer et al., 2010).  
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5.12 Distribution of α2δ	  subunits 

In the cerebellum, α2δ-‐2 subunits are concentrated within lipid raft microdomains (Davies et al., 2006a). Lipid 

raft association has not been confirmed within the dorsal horn or in primary afferent fibres where α2δ-‐1 has 

been shown to be anterogradely transported following nerve ligation (Bauer et al., 2009). The localisation of 

α2δ to lipid rafts could have consequences for nociceptive transduction as depletion of cholesterol enhances 

peak calcium currents (Davies et al., 2006a). 

Within the spinal cord, α2δ-‐1 is predominantly expressed pre-synaptically in the dorsal horn in the 

superficial laminae with moderate expression post-synaptically on deeper neurones (Li et al., 2006; Bauer et al., 

2009). The pre-synaptic expression is most dense in a subset of small diameter DRG neurones, likely to be C-

fibres, with moderate levels in a minor proportion of large diameter neurones (Taylor & Garrido, 2008). 

Within the ‘pain matrix’, moderate to strong expression has also been observed in the dorsal raphe, locus 

coeruleus and amygdala (Cole et al., 2005; Taylor & Garrido, 2008). α2δ-‐2 is also widely expressed throughout 

the CNS with a strong association with GABAergic interneurones in the thalamus, cerebellar Purkinje cells and 

hippocampus (Cole et al., 2005). α2δ-‐2 is also present in the amygdala, thalamus and periaqueductal grey (Cole 

et al., 2005). In mice α2δ-‐3 appears to be expressed exclusively in the brain, however in humans it is also 

present in the heart and skeletal muscle (Klugbauer et al., 1999; Gong et al., 2001). α2δ-‐4 is largely found in the 

retina and endocrine organs with low levels in the CNS (Qin et al., 2002; Wycisk et al., 2006). The lack of 

availability of selective antibodies for α2δ-‐2, α2δ-‐3 and α2δ-4, has hampered co-localisation studies. 

Table 5.1 Summary of tissue distribution and function of α2δ subunits. (Modified from Arikkath & 

Campbell, 2003a and Dolphin, 2013).   

Subunit Distribution Phenotype of knockout/mutation 
α2δ-‐1 Brain, spinal cord, heart, skeletal muscle (Gurnett et al., 

1997) 

Knockout – Reduced myocardial contractibility, 

bladder dilatation (Fuller-Bicer et al., 2009) 

α2δ-‐2 Lung, testis, brain, heart, pancreas, prostrate, skeletal 

muscle, spinal cord (Klugbauer et al., 1999; Gao et al., 

2000) 

ducky (du/du), du(2J) mutation – ataxia/seizures 

(Barclay et al., 2001) 

α2δ-‐3 Brain, heart, skeletal muscle (Klugbauer et al., 1999; 

Gong et al., 2001) 

Knockout – Impaired auditory processing, 

synaesthesia, impaired thermal nociception 

(Neely et al., 2010; Pirone et al., 2014) 

α2δ-‐4 Retina, pituitary, 

adrenal gland, colon (Qin et al., 2002; Wycisk et al., 

2006) 

Frame-shift mutation – retinal dystrophy 

(Wycisk et al., 2006) 
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5.13 Effects on calcium channel kinetics 

In vitro α2δ	   subunits indiscriminately associate with α1 subunits of VGCCs (Table 5.2); the tissue selective 

expression of various calcium channel components likely determine the composition and biophysical properties 

of heteromeric complexes in vivo (Dolphin, 2013). In general, in heterologous expression systems, α2δ	  subunits 

increase maximum current density and accelerate activation and inactivation of calcium currents (Table 5.2 and 

Fig. 5.2). Splice variants of α2δ-1 do not appear to exert significantly different effects on N-type current 

properties (Lana et al., 2014). In comparison, various splice variants of α2δ-2 can alter T-type calcium current 

density with minimal impact on activation kinetics (Hobom et al., 2000). The influence of α2δ	  subunits alone on 

calcium channel kinetics is difficult to determine as expression systems have low endogenous levels of β 

subunits, which are required for membrane expression but also influence channel activation (Dolphin, 2013). In 

the absence of β subunits, α2δ	  subunits do not consistently exert influences on calcium channel properties (De 

Waard & Campbell, 1995; Klugbauer et al., 1999; Hobom et al., 2000) but can potentiate the effects of the β 

subunit when co-expressed (De Waard & Campbell, 1995). The increase in current density is dependent on 

α2δ	  subunits enhancing trafficking of α1 to the cell membrane rather than directly influencing channel kinetics 

(Felix et al., 1997). α2δ-‐1 may also stabilise calcium channels at the cell surface as its absence promotes 

internalisation and degradation of channel complexes (Bernstein & Jones, 2007), though this is not observed in 

neuronal cultures (Cassidy et al., 2014).  

 

 
 
 

 
 
 

 
 
 

 
 
 
Figure 5.2 Effects of α2δ-1 and α2δ-2 on Cav2.2 (N-type)/β1b currents. (A) Example IBa in presence and 

absence of α2δ	   subunits.	   (B) Representative current-voltage relationships. (C) Representative steady-state inactivation 

curves. (D) Examples of currents normalised to show relative effects on inactivation kinetics. (Taken from Cantí et al., 

2003).  
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Table 5.2 Summary of α2δ	  effects on VGCC kinetics in expression systems. 

	  
α2δ	   α1	   β	   Effect on calcium currents Reference 
α2δ-1	   α1A (P/Q-type) None No change in current amplitude or voltage 

dependence of activation or inactivation 

(De Waard & 

Campbell, 1995) 

 α1A (P/Q-type) β1a, β2a, 

β3, β4 

Increased inactivation, potentiation of peak current 

increase by β	  subunit 

(De Waard & 

Campbell, 1995) 

 α1A (P/Q-type) β2a Increased current amplitude, hyperpolarising shift 

in channel inactivation 

(Hobom et al., 2000) 

 α1B (N-type) β3 Increased current amplitude, increase channel 

inactivation 

(Gao et al., 2000) 

 α1C (L-type) β2a Increased current amplitude, hyperpolarising shift 

in channel activation and inactivation 

(Klugbauer et al., 1999) 

 α1E (R-type) β3 Increased current amplitude, hyperpolarising shift 

in channel inactivation 

(Klugbauer et al., 1999) 

 α1G (T-type) None No effect (Hobom et al., 2000) 

α2δ-2	   α1A (P/Q-type) β2a Increased current amplitude, hyperpolarising shift 

in channel inactivation, decrease time constant of 

activation 

(Hobom et al., 2000) 

 α1B (N-type) β3 Increased current amplitude (Gao et al., 2000) 

 α1C (L type) β3 Increased current amplitude (Gao et al., 2000) 

 α1C (L type) β2a Increased current amplitude, hyperpolarising shift 

in channel activation and inactivation 

(Hobom et al., 2000) 

 α1E (R-type) β3 Increased current amplitude, hyperpolarising shift 

in channel activation and inactivation 

(Hobom et al., 2000) 

 α1G (T-type) β3 Increased current amplitude (Gao et al., 2000) 

 α1G (T-type) None Increased current amplitude, hyperpolarising shift 

in channel inactivation, accelerates decay and 

steady state inactivation 

(Hobom et al., 2000) 

α2δ-3	   α1C (L-type) None No effect (Klugbauer et al., 1999) 

 α1C (L-type) β2a Increased current amplitude, hyperpolarising shift 

in channel activation and inactivation 

(Klugbauer et al., 1999) 

 α1E (R-type) β3 Increased current amplitude, hyperpolarising shift 

in channel activation and inactivation 

(Klugbauer et al., 1999) 

α2δ-4	   α1C (L-type) β3 Increased current amplitude (Qin et al., 2002) 

 
5.14 α2δ subunits and synaptogenesis	  

α2δ	   subunits have been implicated in mediating synapse formation independent from their role with calcium 

channels. Through the WVA domain, α2δ-1 interacts with the epidermal growth factor like domain of 

astrocyte-derived thrombospondins, which mediate synaptic adhesion and promote establishment of synapses 
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(Christopherson et al., 2005; Eroglu et al., 2009). RNA knockdown of α2δ-1 inhibits synapse formation between 

cultured retinal ganglion cells, whereas in vivo the overexpression of α2δ-1 increases the number of cortical 

excitatory synapses (Eroglu et al., 2009). Lesioning of whiskers in neonatal mice induces synaptic remodelling 

within the barrel cortex (a somatotopic representation of the mystacial pads), a process that is sensitive to 

gabapentin inhibition, presumably by disrupting the interaction between α2δ-1 and thrombospondins (Eroglu et 

al., 2009). In Drosophila deficient in α2δ-3 expression, embryos lack synaptic boutons at the neuromuscular 

junction despite normal navigation of motor neurones and formation of growth cones; cytoskeleton 

deficiencies are also apparent in addition to an absence of synaptic α1 subunit expression and evoked 

transmission (Kurshan et al., 2009). α2δ-3 null mice on the other hand do not appear to present with any 

significant motor deficits (Neely et al., 2010). RNA knockdown in Drosophila and gene ablation in mice results 

in impaired heat nociception. In mice this was attributed to impaired thalamocortical processing (Neely et al., 

2010). Surprisingly, in response to tactile and heat stimulation, α2δ-3 knockout mice also display cross 

activation of the visual cortex, auditory cortex and olfactory tubercle. This would certainly be consistent with 

abnormalities in the formation of synaptic circuits within the brain. 

5.15 Role of α2δ-1 in experimental neuropathy 

Transcriptional alterations that occur after nerve injury are considered to be an adaptive response to preserve 

neuronal function. These changes can contribute to neuronal hyperexcitability and spinal plasticity in 

neuropathic pain (Hokfelt et al., 1994). Numerous studies have identified an up-regulation of α2δ-1 in DRG 

neurones and the spinal cord after nerve injury; supra-spinal changes have not been examined in any great 

detail (Luo et al., 2001; Costigan et al., 2002; Wang et al., 2002; Xiao et al., 2002; Li et al., 2004; Boroujerdi et al., 

2008; Bauer et al., 2009). Spinal nerve ligation increases levels of α2δ-1 in pre-synaptic terminals of primary 

afferent fibres in the dorsal horn in addition to an accumulation proximal to the ligation indicative of 

anterograde trafficking (Bauer et al., 2009). Ectopic discharges have been hypothesised to be a key driving 

factor in pathology induced expressional changes of α2δ-1 as lidocaine application to spinal nerves at the time 

of ligation reduces aberrant afferent activity, and delays up-regulation of α2δ-1 and presentation of neuropathic 

behaviours (Boroujerdi et al., 2008). Elevated DRG expression of α2δ-1 is readily detectable after SNL peaking 

7 days after injury and declining after several months, a feature that temporally correlates with the emergence 

and cessation of neuropathic like evoked behaviours (Luo et al., 2001). A circadian fluctuation in DRG α2δ-1 

expression also appears to correlate with changes in behavioural hypersensitivity during light and dark phases 
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(Kusunose et al., 2010). Established mechanical hypersensitivity is reversed by intrathecal antisense 

oligonucleotides and prevented by dorsal rhizotomy at the time of nerve ligation (Li et al., 2004).  

Some of the mechanisms by which increased α2δ-1 expression facilitates excitatory transmission have been 

examined in transgenic mice over expressing α2δ-1. In the absence of injury, these transgenic mice have 

mechanical withdrawal thresholds comparable to nerve ligated wildtype controls (Li et al., 2006). DRG 

neurones from transgenic mice also exhibit a hyperpolarising shift in the voltage activation of VGCCs, 

increased peak conductance and an increased inactivation (Li et al., 2006). Deep dorsal horn WDR neurones in 

transgenic mice exhibit responses to low threshold mechanical and heat stimulation of the receptive field 

greater than high threshold stimuli in wildtype mice. A pronounced and prolonged after firing characteristic of 

central neuronal hyperexcitability is also notable (Li et al., 2006). Electrically evoked responses (input, wind-up, 

post-discharge) are unaltered in transgenic mice suggesting no change in intrinsic WDR excitability (Li et al., 

2006; Nguyen et al., 2009). Over-expression of α2δ-1 increases the frequency, but not the amplitude, of 

mEPSCs in the dorsal horn and is reversed by gabapentin, and inhibition of AMPA and NMDA receptors 

(Nguyen et al., 2009; Zhou & Luo, 2014). These data support an increase in afferent excitability and subsequent 

spinal neuronal responses in mediating behavioural abnormalities in α2δ-1 over-expressing mice. The increase 

in mechanical withdrawal thresholds in α2δ-1 over-expressing mice following intrathecal ondansetron bears 

marked similarities to the inhibitory effect of ondansetron on mechanically evoked neuronal responses in SNL 

rats suggesting over-expression of α2δ-1 in the absence of injury is sufficient to drive changes in descending 

serotonergic facilitations (Suzuki et al., 2004; Chang et al., 2013). 

Hypotheses and Aims: 

As α2δ-1 is highly expressed in DRG neurones of all sizes, it is possible that α2δ-1 -/- mice exhibit sensory 

deficits. Initial studies will determine whether sensitivity to cool temperatures but also mechanical and heat 

stimuli in α2δ-1 -/- mice are altered and whether this corresponds with spinal neuronal responses. Given the 

correlation between the up-regulation of α2δ-1 and the development of neuropathy, it could be expected that 

the absence of α2δ-1 prevents or alters the course of cold and mechanical hypersensitivity after nerve injury. 

Finally, if α2δ-1 -/- mice develop cold and mechanical hypersensitivity, the hypothesis that the analgesic effects 

of pregabalin are dependent on α2δ-1 will be tested (Field et al., 2006).   
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5.2 Materials and Methods 

5.2.1 Animals 

Male transgenic α2δ-‐1 knockout (-/-) mice (Fuller-Bicer et al., 2009) and wildtype (+/+) littermate controls aged 

between 10 and 12 weeks old, bred by the Biological Service Unit (UCL, London, UK), were used for 

behavioural and electrophysiological experiments. All behavioural and electrophysiological characterisations 

were performed while blind to the genotype and/or drug treatment. 

5.2.2 Baseline behavioural testing 

Mechanical, cooling and heat sensitivity were tested as described in sections 2.5.1, 2.5.2 and 2.5.3 respectively. 

5.2.3 Partial sciatic nerve ligation 

Nerve ligation and sham surgery was performed as described in section 2.4. Baseline behavioural testing was 

performed 5 days prior to surgery and on days 3, 7, 9, 11 and 14 days post surgery. Mechanical and cooling 

hypersensitivity were tested as described in sections 2.5.1 and 2.5.2 respectively. In a second group of animals, 

behavioural pharmacology was performed 14 days after injury. Mechanical hypersensitivity, using the 0.4 g von 

Frey filament, was tested before dosing and 30, 60, and 90 minutes after dosing. +/+ and -/- mice were dosed 

intraperitoneally with either vehicle (0.9% saline) or 10 mg/kg pregabalin (gift from Pfizer) in a volume of 5 

ml/kg. Dose of pregabalin was chosen based on inhibition of spinal neuronal responses in SNL rats and minor 

motor deficits induced at this dose when administered systemically	   (Bee & Dickenson, 2008; Abbadie et al., 

2010). 

5.2.4 In vivo electrophysiology 

In vivo electrophysiology was performed as described in sections 2.1.3, 2.1.4 and 2.1.6. Wide dynamic range 

neurones were characterised from depths of 350-700 μm from the surface of the cord. Neuronal responses to 

mechanical, thermal and electrical stimulation were measured. Stimuli were applied in the following order: 

brush, 0.4 g, 1 g, 4 g, 8 g, 15 g, acetone, 42°C, 45°C, 48°C, electrical stimulation. A 1-minute rest period 

followed each stimulus. In total, 17 neurones were characterised from 14 -/- mice and 19 neurones were 

characterised from 15 +/+ mice. 
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5.2.5 Statistics 

Baseline mechanical and heat withdrawals were compared with a Mann Whitney U test. Responses to cooling 

were compared with an unpaired Student’s t-test. Mechanical and heat coding of WDR neurones were 

compared with a 2 way ANOVA, followed by Bonferroni post hoc. All other electrophysiological parameters 

were compared with an unpaired Student’s t-test. Behavioural time-courses following PSNL were compared 

with the Kruskal-Wallis test, followed by Dunn’s post hoc test for paired comparisons. AUC values were 

calculated using the trapezoid rule and compared with a 1 way ANOVA, followed by Bonferroni post hoc test. 

The effect of pregabalin in PSNL mice was compared to pre-drug responses with a Friedman test, followed by 

Wilcoxon post hoc and Bonferroni correction. 
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5.3 Results 

5.3.1 Behavioural deficits in cold and mechanical, but not heat sensitivity, in α2δ-1 

-/- mice 

α2δ-1 -/- mice and +/+ littermate controls were initially examined for behavioural differences in cold, 

mechanical and heat sensitivity. α2δ-1 -/- mice displayed significantly fewer nocifensive behaviours in response 

to acetone application to the hind paws as an evaporative cooling stimulus (unpaired Student’s t-test with 

Welch’s correction, P<0.05) (Fig. 5.3A). Mechanical sensitivity was tested using von Frey filaments, which were 

applied across the hind paws. Significantly fewer withdrawals were observed in α2δ-1 -/- mice in response to 

0.16 g and 0.4 g filaments but not 0.07 g, the lowest weight tested (Mann-Whitney U Test, P<0.05) (Fig. 5.3B). 

Nociceptive reflexes to heat stimulation were conducted in lightly anesthetised mice, using infrared laser 

stimulation, shown previously to stimulate Aδ-‐ and C-fibres selectively (Sikandar et al., 2013). There was no 

significant difference in noxious heat withdrawal thresholds between α2δ-1 +/+ and α2δ-1 -/- mice (Mann-

Whitney U Test, P>0.05) (Fig. 5.3C). 

 

 

Figure 5.3 Reduced behavioural responses of α2δ-1 -/- mice to cooling and mechanical stimuli.  (A) 

Duration of nocifensive behaviours in response to acetone application (n=12). (B) Withdrawal frequency to punctate 

mechanical stimulation applied using von Frey filaments (L-left hind paw, R-right hind paw, n=14). (C) Withdrawal 

thresholds to infrared laser stimulation of hind paw (+/+ n=10, -/- n=9). Asterisks denote significant differences between 

respective paws between genotypes. No significant differences were observed between left and right responses within 

genotypes (Wilcoxon test, P>0.05). *P<0.05, **P<0.01. Data represent mean ± SEM. 
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5.3.2 Deficits in coding of dorsal horn lamina V/VI neurones in α2δ-1 -/- mice 

In vivo electrophysiology was performed to assess the impact of α2δ-1 deletion on the spinal processing of a 

range of thermal and mechanical stimuli. All neurones characterised had receptive fields on the glabrous skin of 

the hind toes and were identified as WDR by confirming responses to light brushing, noxious punctate 

mechanical stimulation and heat stimulation. Neurones were characterised from similar depths, corresponding 

to deep dorsal horn laminae (α2δ-1 +/+, 516 ± 26 μm; α2δ-1 -/-, 542 ± 25 μm). 

Deep dorsal horn neurones responded to mechanical and heat stimulation in an intensity-dependent 

manner. The reduced behavioural response to punctate mechanical stimulation in α2δ-1 -/- mice (Fig. 5.3B) is 

corroborated by a deficit in mechanical coding of lamina V/VI neurones with significantly reduced neuronal 

responses to 1 g, 8 g and 15 g stimulation (2 way ANOVA P<0.05, F1,170=21.45, followed by Bonferroni post 

hoc) (Fig. 5.4A). In addition, neuronal responses to dynamic brush stimulation were also attenuated (unpaired 

Student’s t-test, P<0.05) (Fig. 5.4B). In contrast to the behavioural response to acetone-induced cooling (Fig. 

5.3A), deep dorsal horn neuronal responses in α2δ-1 -/- mice were not different from the α2δ-1 +/+ controls 

(unpaired Student’s t-test, P>0.05) (Fig. 5.4C). However, only 5/17 α2δ-1 +/+ neurones and 5/19 α2δ-1 -/- 

neurones were responsive to cooling. No significant difference in heat coding of lamina V/VI neurones was 

observed in α2δ-1 -/- mice (2 way ANOVA P>0.05, F1,170=2.618) (Fig. 5.4D), supporting earlier observations of 

unaltered heat withdrawal thresholds (Fig. 5.3C).  

Electrical thresholds for activation of A- and C-fibres were indistinguishable between the genotypes 

(unpaired Student’s t-test, P>0.05) (Fig. 5.4E). Following repeated supra-threshold electrical stimulation of the 

receptive field (16 stimuli, 2 ms pulse, 0.5 Hz), the cumulative total of neuronal events evoked by A- and C-

fibre stimulation were not affected in α2δ-1 -/- mice (unpaired Student’s t-test, P>0.05) (Fig 5.4F, G). Lamina 

V/VI neurones from α2δ-1 +/+ and α2δ-1 -/- exhibited a similar rate of wind-up (Fig. 5.4F), in addition to a 

similar total wind-up (unpaired Student’s t-test, P>0.05) (Fig. 5.4G). However, the ‘input’, the non-potentiated 

response, more indicative of pre-synaptic events, and the post-discharge, a property of spinal neurones and 

measure of hyperexcitability, were significantly decreased in α2δ-1 -/- mice (unpaired Student’s t-test, P<0.05) 

(Fig. 5.4G).  
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Figure 5.4 Reduced lamina V/VI neuronal responses to mechanical and electrical stimulation in α2δ-

1 -/- mice. (A) Evoked neuronal responses to punctate mechanical stimulation, (B) dynamic brush, (C) acetone evoked 

cooling, and (D) heat stimulation. (E) Electrical thresholds for activation of A- and C-fibres. (F) Wind-up of deep dorsal 

horn neurones (16 stimuli, 0.5 Hz, 2 ms pulse), expressed as mean number of action potentials per stimulus number. (G) 

Total action potentials evoked in response to repeated electrical stimulation, separated according to latency. +/+ n=17, -/- 

n=19. *P<0.05.  Data represent mean ± SEM. (PD – post-discharge) 

5.3.3 Altered mechanical hypersensitivity in α2δ-1 -/- mice following nerve injury 

Baseline testing was performed 5 days prior to PSNL surgery, and then repeated on post-operative days 3, 7, 9, 

11 and 14. Following surgery, mice groomed normally and maintained pre-surgery body weights. The α2δ-1 +/+ 

mice developed rapid mechanical hypersensitivity on the injured side after PSNL, exhibiting increased 

withdrawal frequency compared to sham operated mice on day 14 to the 0.07 g von Frey (Fig. 5.5A), between 

days 7-11 for the 0.16 g von Frey (Fig. 5.5B), and from day 3 onwards for the 0.4 g (Fig. 5.5C) von Frey filament 

(Kruskal-Wallis P<0.05, Dunn’s post hoc for paired comparisons). The ipsilateral withdrawal frequencies for 

α2δ-1 -/- mice were reduced compared to α2δ-1 +/+ mice at day 7 for the 0.07 g von Frey (Fig. 5.5A), and at 

days 3-9 for the 0.16 g (Fig. 5.5B) and 0.4 g (Fig. 5.5C) von Frey filaments (Kruskal-Wallis P<0.01, followed by 

Dunn’s post hoc). On the contralateral side a small but non-significant sensitisation was observed in both 

genotypes (Friedman test, P>0.05) (Fig. 5.5D, E, F). The differences in the time-courses of hypersensitivity could 

be attributed to the difference in baseline sensitivity. α2δ-1 -/- mice however appear to have a marked delay in 

the expression of neuropathic like behaviours as is illustrated by analysing total withdrawals to the 0.4 g von 
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Frey filament after the subtraction of baseline responses. α2δ-1 +/+ exhibit a larger increase in withdrawals 

compared to α2δ-1 -/- mice in the induction phase of the model (1 way ANOVA P<0.001, F5,72=10.334, 

followed by Bonferroni post hoc) (Fig. 5.6A). α2δ-1 -/- mice on the other hand do not exhibit significant 

neuropathic behaviours until the chronic phase (1 way ANOVA P<0.001, F5,72=7.646, followed by Bonferroni 

post hoc) (Fig. 5.6B). Cold hypersensitivity following PSNL was an infrequent occurrence in both genotypes 

(5/13 α2δ-1 -/-, 5/11 α2δ-1 +/+). Overall α2δ-1 +/+ mice did not exhibit significant cold sensitivity compared to 

sham operated animals and was not markedly different in α2δ-1 -/- mice (Kruskal-Wallis P>0.05) (Fig. 5.5G, H). 

 
Figure 5.5 Time-course of mechanical and cold hypersensitivity after PSNL. Time-course of mechanical 

sensitivity of α2δ-1 +/+ (n=16), α2δ-1 -/- (n=16) and sham +/+ (n=10) mice to (A) 0.07 g, (B) 0.16 g, and (C) 0.4 g von Frey 

stimulation following nerve ligation. Corresponding contralateral responses to (D) 0.07 g, (E) 0.16 g, and (F) 0.4 g 

stimulation. (G) Time-course of cold hypersensitivity of α2δ-1 +/+ (n=11), α2δ-1 -/- (n=13) and sham +/+ (n=8) mice after 

injury. (H) Corresponding contralateral responses to cooling stimuli. Asterisks represent significant differences between 

α2δ-1 +/+ and α2δ-1 -/- groups. (^) represents significant differences between α2δ-1 +/+ and sham +/+ groups. *P<0.05, 

**P<0.01, ***P<0.001. Data represent mean ± SEM. 
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Figure 5.6 Delayed development of mechanical hypersensitivity after PSNL in α2δ-1 -/- mice. (A) 

Change from baseline in withdrawal frequency to 0.4g von Frey filament during induction phase (day 3-7) of model, and (B) 

chronic phase (day 9-14) of model. *P<0.05, **P<0.01, ***P<0.001. +/+ n=16, -/- n=16, sham n=10. Data represent mean ± 

SEM. (a.u. – arbitrary units, AUC –area under curve). 

5.3.4 Anti-hyperalgesic effect of pregabalin lost in α2δ-1 -/- mice after nerve 

injury 

As only a subset of animals exhibited cold hypersensitivity, the ability of pregabalin to attenuate mechanical 

hypersensitivity was examined in α2δ-1 +/+ and α2δ-1 -/- 14 days after PSNL. Mechanical hypersensitivity was 

tested prior to administration of either vehicle or 10 mg/kg pregabalin, and repeated 30, 60 and 90 min post-

dosing. In α2δ-1 +/+ mice, pregabalin reduced withdrawal frequency on the injured ipsilateral side compared to 

pre-drug values at 30 min post-dosing (Friedman test P<0.01, followed by Wilcoxon post hoc), and to the 

vehicle-treated group at 30 and 60 min post-dosing (Mann-Whitney U test, P<0.05) (Fig. 5.7A). Contralateral 

responses were not altered by vehicle or pregabalin treatment (Friedman test P>0.05) (Fig. 5.7B). In α2δ-1 -/- 

mice, pregabalin did not affect mechanical hypersensitivity compared to pre-drug withdrawal frequencies 

(Friedman test P>0.05) or the vehicle-treated group (Mann-Whitney U test, P>0.05) (Fig. 5.7C). Contralateral 

responses were also unaffected by both treatments (Friedman test P>0.05) (Fig. 5.7D). 
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Figure 5.7 Effect of pregabalin absent in α2δ-1 -/- mice following peripheral nerve injury. (A) 10 

mg/kg pregabalin attenuates mechanical hypersensitivity in α2δ-1 +/+ mice, whereas (B) contralateral sensitivity is 

unaffected (n=6). (C) Pregabalin does not modulate mechanical hypersensitivity in α2δ-1 -/- mice, or (D) contralateral 

responses (vehicle n=6, pregabalin-treated n=7). Asterisks (*) denote statistically significant difference of response in 

pregabalin-treated mice, compared to pre-drug withdrawal frequency. (^) denotes statistically significant differences 

between ipsilateral vehicle-treated and ipsilateral pregabalin-treated responses. *P<0.05. Data represent mean ± SEM. (PGB-

pregabalin, Ipsi.-ipsilateral, Contra.-contralateral). 
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5.4 Discussion 

To date α2δ-1 -/- mice have only been studied in terms of the impact on cardiovascular function. Knockout 

mice have reduced myocardial contractibility and decreased peak L-type calcium current amplitude in cardiac 

myocytes (Fuller-Bicer et al., 2009). Although originally thought to be unviable, α2δ-1 -/- mice appear to have no 

gross physical or behavioural abnormalities (personal observation and Fuller-Bicer et al., 2009). Contrasting 

reports exist regarding whether α2δ-1 is required for muscle development (Gach et al., 2008; Garcia et al., 

2008), however no obvious muscle weakness was apparent in the -/- mice as they did not appear to have any 

deficits in mounting withdrawal reflexes. This would ideally have been examined with a grip strength test. 

Distension of the bladder was apparent in a minor proportion of α2δ-1 -/- mice (<10%; personal observation), 

which could be attributed to a role of the α2δ-1 subunit in the contractibility of smooth muscle cells (Bannister 

et al., 2009). 

5.4.1 The role of α2δ-1 in baseline sensitivity to mechanical and cold stimuli 

α2δ-1 -/- mice show markedly reduced behavioural sensitivity to mechanical and cold stimuli, with no change in 

withdrawal threshold for noxious heat. α2δ-1 is expressed in most excitable tissues, including peripheral and 

central neurones (Cole et al., 2005; Taylor & Garrido, 2008). In a global knockout model, altered behavioural 

sensitivity could therefore be attributed to differences in supra-spinal circuits as well as spinal and 

somatosensory neurones. This data strongly supports a peripheral and spinal role for α2δ-1 in modulating 

sensitivity to these stimuli. The behavioural profile was, in part, reflected by decreased punctate and dynamic 

mechanical responses of dorsal horn neurones while heat and cold responses were unaffected. The prominent 

mechanical phenotype is perhaps a little surprising given the low levels α2δ-1 expression in Aβ-fibres, which 

likely dominate in mediating light touch in glabrous skin whereas low threshold Aδ- and C- mechanoreceptors 

are typically associated with hair follicles (Abraira & Ginty, 2013). TRPM8 appears to be the principal detector 

of cool temperatures in the mouse (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007). These 

neurones constitute a minor proportion of all peripheral primary afferents; synaptic transmission in this 

population may be particularly dependent on α2δ-1. Although there was no significant difference between α2δ-1 

+/+ and α2δ-1 -/- mice in the neuronal response to cooling, not all lamina V/VI neurones are excited by cool 

temperatures (Khasabov et al., 2001). Only 5/17 neurones in α2δ-1 +/+ mice and 5/19 neurones in α2δ-1 -/- 
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mice responded to acetone induced cooling. The high level of anaesthesia required to perform such recordings 

may have suppressed transduction of low threshold stimuli. 

The lower ‘input’ following electrical stimulation in α2δ-1 -/- mice likely represents a decrease of synaptic 

transmitter release from primary afferents projecting to dorsal horn neurones, and the lack of change in wind-

up also supports pre-synaptic alterations. However, there was no global reduction in primary afferent 

transmission via A- and C-fibres, in terms of evoked responses and thresholds, suggesting no major changes in 

conduction of afferent nerves. In light of the deficit in mechanical coding it might be expected that electrically 

evoked A-fibre events are reduced in -/- mice. The electrical stimulus however is more akin to supra threshold 

stimulation whereas natural stimulation examines threshold responses. A limitation with the mouse set-up is 

the inability to distinguish reliably between Aβ-‐ and Aδ-‐ evoked action potentials. Neurones from -/- mice also 

exhibited significantly reduced post-discharge. This could in part be explained by reduced primary afferent drive 

as the input was also decreased, though this does not preclude α2δ-1 contributing to post-synaptic events. 

Moderate expression of α2δ-1 has been observed post-synaptically in the deep dorsal horn (Li et al., 2006), α2δ-

1 could influence calcium dependent plateau potentials, which appear to underlie the ability of a subset of deep 

dorsal horn neurones to mount significant trains of post-discharge following a noxious stimulus (Morisset & 

Nagy, 1999).  

As discussed previously, in addition to its association with calcium channels, α2δ-1 mediates 

thrombospondin dependent excitatory synapse formation in vitro and in vivo (Eroglu et al., 2009). At the spinal 

level, α2δ-1 is present predominantly in pre-synaptic terminals of primary afferents terminating in the superficial 

laminae (Bauer et al., 2009), while lamina V/VI dorsal horn neurones directly or indirectly, through 

interneurones, receive input from Aβ-, Aδ- and C-fibres. Although synaptogenesis in α2δ-1 -/- mice has not 

been directly addressed, the unaltered electrically evoked responses yet modality specific deficits argue against 

global synaptic dysregulation within the dorsal horn. Neurite outgrowth in vitro is unaffected by α2δ-1 gene 

deletion (personal communication; A. Dolphin, UCL); impaired synapse formation is still a feasible possibility. 

5.4.2 Properties of DRG neurones in α2δ-1 -/- mice 

Properties of DRG neurones have been examined to further investigate the modality selective effects of α2δ-1 

gene ablation. Loss of α2δ-1 does not affect proportions of myelinated and unmyelinated DRG neurones 

(Appendix 8.4, Fig. 8.3B). Intraepidermal nerve fibre density is also normal in α2δ-1 -/- mice (Appendix 8.4, Fig. 

8.3C, D). In vitro, a greater proportion of α2δ-1-/- DRG neurones exhibit responses to capsaicin treatment with 
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an increased peak calcium influx. In contrast, a reduced proportion of α2δ-1 -/- neurones respond to menthol 

and could underlie reduced behavioural sensitivity to cold temperatures (Appendix 8.4, Fig. 8.4B). This appears 

unrelated to TRPM8 and TRPV1 mRNA levels in DRG neurones (Appendix 8.4, Fig. 8.5A). The difference in 

capsaicin sensitivity might reflect compensatory changes in translation to counteract a loss of transmission in 

nociceptors. Overall, no impact on behavioural or spinal neuronal responses to heat stimulation was observed. 

Calcium currents are reduced in α2δ-1 -/- DRG neurones (Appendix 8.4, Fig. 8.6A), as are brain and spinal cord 

synaptosomal N-type calcium channel levels (Appendix 8.4, Fig. 8.2C, D), consistent with the role of α2δ-1 in 

trafficking of calcium channels to active zones of synapses, and controlling calcium influx and subsequent 

transmitter release (Hoppa et al., 2012). 

5.4.3 The impact of α2δ-1 gene ablation on cold and mechanical hypersensitivity 

after injury.  

Increased sensitivity to innocuous cooling was not consistently observed in either genotype after PSNL. In 

those animals that did develop cold hypersensitivity, the time-course of development was not markedly 

different between α2δ-1 +/+ and -/- mice with most behaviours presenting day 7-9 post injury. The time-course 

is in contrast to the rapid presentation of mechanical hypersensitivity, which was noticeable 3 days after injury 

supporting divergent mechanisms of cold and mechanical hypersensitivity in this model. The altered course of 

development of mechanical hypersensitivity after PSNL in α2δ-1 -/- mice does not appear entirely attributable 

to a baseline difference in sensitivity. Nerve injury induces transcriptional changes in DRG neurones (Costigan 

et al., 2002; Wang et al., 2002; Xiao et al., 2002), including α2δ-1 (Luo et al., 2001), demonstrated to be up-

regulated in DRG neurones of all sizes (Bauer et al., 2009). Immunohistochemical analysis of L3, L4 and L5 

DRGs reveals similar ipsilateral expression of injury markers such ATF-3 and neuropeptide Y in wildtype and 

α2δ-1 -/- mice 14 days after sciatic nerve ligation (Appendix 8.4, Fig. 8.8A-C). There was also no apparent 

compensatory up-regulation of α2δ-2, α2δ-3 or β3 subunits in DRG neurones (Appendix 8.4, Fig. 8.7A-D). The 

chronic phase of the model was defined in relation to the engagement of descending influences in the second 

week post injury (Burgess et al., 2002). In α2δ-1 -/- mice after nerve injury, aberrant input into the cord may be 

suppressed compared to wildtype mice in the early parts of the model. These findings suggest that α2δ-1 

expression is a limiting factor in transmitting abnormal peripheral activity to central neurones and is key in 

shaping the initiation of neuropathic pain but the absence of α2δ-1 fails to prevent chronicity and is not 

essential in the maintenance of a neuropathic state. 
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5.4.4 Mechanism of pregabalin inhibition after neuropathic injury 

Gabapentin and pregabalin display efficacy in various neuropathies of peripheral and central origin (Moore et al., 

2009; Moore et al., 2011). The mechanism of action in neuropathy has been the subject of much debate. 

Originally designed as analogues of GABA, neither compound has any significant agonist-like effect on GABAA 

or GABAB receptors (Lanneau et al., 2001; Jensen et al., 2002). Gabapentin was discovered to bind to α2δ 

subunits (Gee et al., 1996), with greater affinity for α2δ-‐1 (Kd = 59 nM) compared to	  α2δ-‐2 (Kd = 153 nM) and 

no affinity for α2δ-‐3 (Marais et al., 2001). Point mutation of arginine 217 in α2δ-‐1 abolishes the anti-hyperalgesic 

effects of pregabalin in neuropathic mice (Field et al., 2006). The data presented here supports this previous 

finding, as pregabalin had no effect on mechanical hypersensitivity in neuropathic α2δ-‐1 -/- mice confirming α2δ-‐

1 is the sole molecular target for the analgesic actions of gabapentinoid drugs. Pregabalin had no effect on 

contralateral sensitivity to mechanical stimulation in wildtype mice; the pathophysiological state dependent 

effects of pregabalin and gabapentin implies other factors influence efficacy in neuropathic conditions. 

Gabapentin and pregabalin are thought to inhibit transmitter release, though the molecular mechanism is 

still unclear. Calcium currents are not consistently reduced by acute gabapentin (Stefani et al., 1998; Sutton et 

al., 2002; Hendrich et al., 2008), whereas chronically applied gabapentin can reduce P-type and N-type calcium 

currents (Hendrich et al., 2008). Similarly in cultured tissue slices, gabapentin does not consistently inhibit 

transmitter release (Fink et al., 2000; Fehrenbacher et al., 2003; Brown & Randall, 2005; Quintero et al., 2011).  

Chronic systemic pregabalin treatment in SNL rats inhibits trafficking of α2δ-‐1 to pre-synaptic membranes in 

the dorsal horn (Bauer et al., 2009). Whether this would account for the acute effects of pregabalin dosing 

observed in this study, and previous studies (Hunter et al., 1997; Field et al., 2006; Miyazaki & Yamamoto, 

2012), seems unlikely given the time scale of axonal trafficking. At the cell surface gabapentin does not disrupt 

the interaction between α2δ-‐1 and α1B subunits (Cassidy et al., 2014). Gabapentin fails to inhibit the 

internalisation rate of α2δ-‐2 but disrupts rab11 dependent recycling from endosomal compartments 

consequently reducing calcium currents (Tran-Van-Minh & Dolphin, 2010). It is tempting to speculate that at 

the spinal level, acute pregabalin and gabapentin treatment preferentially targets channel cycling pathways, the 

rate of which may be influenced by convergent factors governing pre-synaptic excitability. One candidate is 

PKC, as the up-regulation has been implicated in the development of neuropathy (Hua et al., 1999). Gabapentin 

inhibits transmitter release only after PKC dependent phosphorylation within spinal circuits (Maneuf & 

McKnight, 2001; Fehrenbacher et al., 2003). In neuropathy, permissible conditions for the inhibitory actions of 
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spinally delivered gabapentioids depend on interactions between α2δ-‐1 and descending brainstem facilitations 

terminating on spinal 5-HT3Rs. Targeted saporin conjugate disruption of a spino-bulbal-spinal loop comprising 

spinal NK1+ projection neurones, or µ-opioid receptor expressing neurones in the RVM negates gabapentin 

mediated inhibition of spinal neuronal excitability (Suzuki et al., 2005; Bee & Dickenson, 2008). The depolarising 

effect of activating pre-synaptic 5-HT3Rs could consequently alter the kinetics and/or cycling of calcium 

channels and create permissible conditions for gabapentin to inhibit α2δ-‐1 (Suzuki et al., 2005). In contrast the 

conditions for the inhibitory effects of pregabalin in visceral hyperalgesia are independent of µ-opioid receptor 

positive neurones of the RVM (Sikandar et al., 2012), and likely reflects differential brainstem control of 

cutanueous and visceral stimulation (Sikandar & Dickenson, 2011). Central sensitisation and the subsequent 

engagement of descending influences, in some cases in the absence of pathology, is a key determinant of 

gabapentin analgesia. This is evident in humans and pre-clinical models. In a human surrogate model, acute 

gabapentin is anti-nociceptive after capsaicin-induced hyperalgesia where significant activity in brainstem nuclei 

is apparent (Gottrup et al., 2004; Iannetti et al., 2005). Pregabalin also suppresses spinal neuronal excitability in 

animal models of opioid-induced hyperalgesia, where α2δ-‐1 at the transcriptional level does not appear to be 

up-regulated (Bannister et al., 2011). 

Both intrathecally and intracerebroventricularly delivered gabapentin are efficacious after peripheral nerve 

injury (Tanabe et al., 2005; Hayashida et al., 2007; Takeuchi et al., 2007), the effect of the latter in part 

dependent on a disinhibition of locus coeruleus neurones promoting release of noradrenaline in the dorsal 

horn and is reversible by intrathecal α2 receptor antagonists (Tanabe et al., 2005; Takasu et al., 2008). Thus it is 

conceivable that systemically delivered gabapentinoids exert their effects by modulating both noradrenergic and 

serotonergic pathways. Pregabalin also normalises elevated neuronal activity in the central nucleus of the 

amygdala in neuropathic states (Goncalves & Dickenson, 2012). These changes may occur secondary to 

reducing spinal neuronal activity and in turn influence the balance between inhibition and facilitation through 

the PAG, locus coeruleus and RVM (discussed in section 1.8). Pregabalin displays a small anxiolytic effect in 

generalised anxiety disorders (Feltner et al., 2003), and could indirectly influence pain perception through these 

areas. Elevated expression of α2δ-1 in the amygdala is associated with increased predator odour induced 

anxiety and can be reversed by pregabalin (Nasca et al., 2013). Fear and anxiety responses were not examined 

in α2δ-1 -/- mice, though this might be an interesting future avenue of investigation. 
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5.4.5 Summary 

The data presented here for the first time demonstrate that α2δ-‐1 -/- mice display significant sensory deficits 

and that α2δ-‐1 regulates synaptic transmission in cold and mechanical pathways possibly through decreasing 

trafficking of N-type calcium channels. In addition, α2δ-‐1 appears to influence the induction of neuropathy but 

not the maintenance of a chronic pain state. Finally, pregabalin efficacy is lost in α2δ-‐1 -/- mice after neuropathy 

consistent with α2δ-‐1 and not α2δ-‐2 being essential in mediating the analgesic effects of gabapentinoid drugs. 
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6. State dependent Cav2 Channel Antagonist Attenuates Mechanical but 

not Cold Hypersensitivity 

6.1 Introduction 

Calcium influx through voltage gated calcium channels (VGCC) controls a multitude of physiological processes, 

including neurotransmitter/hormone release, membrane excitability, activation of second messenger pathways, 

gene transcription and plasticity. Ten pore forming α1 subunits have been described, categorised as L-type 

(Cav1), N-, P/Q-, R-type (Cav2) and T-type (Cav3) (Catterall, 2000). The formation of heteromeric complexes 

with α2δ, β and γ auxiliary subunits influences trafficking and biophysical properties of the α1 subunit (Arikkath 

& Campbell, 2003). 

6.1.1 Structure and properties of calcium channels 

VGCCs were originally classified according to their biophysical properties. High voltage activated (L-, P/Q-, N-, 

R-type) or low voltage activated (T-type) channels were later divided into three families based on structure and 

functionality (Ertel et al., 2000) (Table 6.1). Calcium channel complexes were initially purified from skeletal 

muscle and predicted to compose of a 190 kDa α1, 170 kDa α2δ, 54 kDa β and 30 kDa γ subunit (Takahashi et 

al., 1987). Calcium channels in the brain do not typically appear to associate with γ subunits (Liu et al., 1996). 

The α1 pore forming component is organised into 4 repeated domains of 6 trans-membrane segments (Fig. 6.1). 

The β subunit is intracellular whereas the γ subunit has 4 trans-membrane segments (Takahashi et al., 1987). 

The disulphide linked α2δ subunit was confirmed to be extracellularly attached by a GPI anchor (De Jongh et al., 

1990; Davies et al., 2010). Splice variants exist for all α1 subunits generating diversity in the functional 

properties of calcium channels (Lipscombe et al., 2013). This is perhaps best illustrated through alternate 

splicing of α1A, which gives rise to P- and Q- type currents, the former displaying slower inactivation kinetics 

during prolonged depolarisation and increased sensitivity to ω-agatoxin IVA (Bourinet et al., 1999). L-type 

currents are differentiated by high voltage of activation, large single channel conductance and slow voltage 

dependent inactivation (Nowycky et al., 1985). T-type currents activate transiently by weak depolarisations 

with low channel conductance whereas N-type channels display intermediate inactivation kinetics and voltage 

dependence for activation (Nowycky et al., 1985). 

The high voltage activated channels can be further distinguished by sensitivities to specific antagonists. L-

type currents are sensitive to inhibition by dihydropyridines, P/Q channels are blocked by ω-agatoxin IVA 
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(Mintz et al., 1992), N-type channels are blocked by ω-conotoxin GVIA (Reynolds et al., 1986) and R-type 

channels are blocked by SNX-482 (Newcomb et al., 1998). R(-)-efonipidine has been proposed to be a selective 

T-type antagonist of Cav3.1, efficacy against Cav3.2 and Cav3.3 was not examined (Furukawa et al., 2004). TTA-

A2 is a state dependent antagonist of Cav3 channels (Francois et al., 2013). 

Table 6.1 Summary of distribution and function of Ca2+ channel subtypes. (Taken from Catterall, 2000).  

Ca2+ 

channel 

Current 

type 

Distribution α1 Specific blocker Functions 

Cav1.1 L Skeletal muscle α1S Dihydropyridines Excitation-contraction coupling, 

calcium homeostasis, gene 

regulation 

Cav1.2 L Cardiac muscle, endocrine 

cells, neurones 

α1C Dihydropyridines Excitation-contraction coupling, 

hormone secretion, gene 

regulation 

Cav1.3 L Endocrine cells, neurones α1D Dihydropyridines Hormone secretion, gene 

regulation 

Cav1.4 L Retina α1F Dihydropyridines Tonic neurotransmitter release 

Cav2.1 P/Q Nerve terminals, dendrites α1A ω-Agatoxin IVA Neurotransmitter release, 

dendritic Ca2+ transients 

Cav2.2 N Nerve terminals, dendrites α1B ω-Conotoxin GVIA Neurotransmitter release, 

dendritic Ca2+ transients 

Cav2.3 R Cell bodies, nerve terminals, 

dendrites 

α1E SNX-482 Ca2+ dependent action 

potentials, neurotransmitter 

release 

Cav3.1 T Cardiac muscle, skeletal 

muscle, neurones 

α1G R(-)-efonipidine? Repetitive firing 

Cav3.2 T Cardiac muscle, neurones α1H None Repetitive firing 

Cav3.3 T Neurones α1I None Repetitive firing 

6.1.2 Modulation of calcium channels 

Coupling of transmitter release to calcium influx may be limited by available ‘slots’ in active zones of synapses 

as increasing channel expression does not necessarily increase synaptic strength (Cao et al., 2004). Calcium 

channel function is substantially regulated through multiple signalling pathways. In general β subunits traffic 

channels to the plasma membrane, increase current density and slows inactivation (De Waard & Campbell, 

1995; Dolphin, 2003). These effects are larger than those exerted by α2δ	  subunits.	  γ subunits on the other hand 

appear to exert inhibitory influences on calcium currents (Arikkath & Campbell, 2003).  
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Activity of N-type channels is regulated by several G-protein coupled receptors including opioid receptors 

(Bourinet et al., 1996). Single channel analysis suggests G-proteins delay latency to open (Patil et al., 1996). At 

the cellular level, the Gγβ	   subunit shifts the voltage dependence of activation of calcium currents to more 

positive potentials and decreases rate of activation (Herlitze et al., 1996).  α1	  and	  β subunits are phosphorylated 

by cAMP activated kinases and other kinases, which correlate with the regulation of channel conductance. 

 

 

 

 

 

 

Figure 6.1 Stoichiometry and structure of calcium channels subunits. Predicated trans-membrane domains 

shown as cylinders. α1 subunits are comprised of four domains each with 6 trans-membrane segments. Segment 4 contains 

positively charged residues (+) thought to contribute to voltage sensing. Loops between 5 and 6 form the pore of the 

channel. (Modified from Catterall, 2000). 

6.1.3 Cav2 channels in nociceptive signalling 

Cav2.1 (P/Q-type) and Cav2.2 (N-type) channels are responsible for initiating rapid synaptic transmission. In the 

dorsal horn, P/Q- and N-type channels are present in distinct populations of neurones with the N-type channel 

highly expressed in substance P positive presynaptic terminals of primary afferents projecting to the superficial 

laminae (Westenbroek et al., 1998). Furthermore, P/Q channels, and to a lesser extent N-type channels, have 

been observed in the ventral horn on motor neurones. Cav2.3 (R-type) channels appear to be predominantly 

expressed in the soma of dorsal horn neurones (Westenbroek et al., 1998). The Cav2 family of channels have 

been implicated in mediating the release of several transmitters including dopamine, glutamate and substance P 

(Luebke et al., 1993; Turner et al., 1993; Terashima et al., 2013). In vitro, the release of CGRP, often co-

expressed with substance P, in the dorsal horn is sensitive to inhibition by ω-conotoxin GVIA (Santicioli et al., 
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1992). N-type calcium channels also mediate the release of noradrenaline from sympathetic neurones and are 

likely responsible for the potent hypotensive effect of parenteral ω-conotoxin GVIA (Clasbrummel et al., 1989; 

Molderings et al., 2000). 

Genetic ablation reveals N-type but not R-type calcium channels are essential in basal heat nociception 

(Saegusa et al., 2000; Hatakeyama et al., 2001; Kim et al., 2001; Saegusa et al., 2001), however examining the 

role of P/Q channels in nociceptive pathways has been hampered by the severe neurological deficits and 

lethality of a global knockout (Jun et al., 1999). Development of inflammatory and neuropathic pain is impaired 

in N-type knockout mice (Hatakeyama et al., 2001; Saegusa et al., 2001), whereas R-type knockout mice exhibit 

fewer phase 2 behaviours in response to formalin (Saegusa et al., 2000). ω-conotoxin GVIA and MVIIA 

blockade of N-type channels is effective both acutely and in models of neuropathy (Chaplan et al., 1994b; 

Bowersox et al., 1996; Omote et al., 1996), including the reversal of cold hypersensitivity (Lee et al., 2010). 

Spinally delivered ω-agatoxin IVA has no effect on acute responses to mechanical and heat stimulation (Sluka, 

1997; 1998), but P/Q channels may play a more prominent role in the establishment of a sensitised state and 

minor effects on the maintenance (Chaplan et al., 1994b; Sluka, 1998; Matthews & Dickenson, 2001). SNX-482, 

an antagonist of R-type channels, exhibits complex pro-nociceptive and anti-nociceptive effects in the formalin 

test in contrast to the phenotype of knockout mice (Murakami et al., 2004). 

6.1.4 Activation state dependent calcium channel block  

Neuropathic pain remains complex to treat with many patients failing to achieve adequate relief from frontline 

therapies (Finnerup et al., 2005). The first in class drug Ziconotide (Prialt™) is a synthetic version of the Cav2.2 

antagonist ω-conotoxin, derived from Conus magus, which is licensed for refractory chronic pain (McGivern, 

2007). However, due to the narrow therapeutic window and considerable side effects associated with systemic 

dosing, Ziconotide is only administered intrathecally. Compounds such as TROX-1 have substantial advantages 

over peptide antagonists by being orally bioavailable and blood brain barrier penetrant. The calcium channel 

antagonist TROX-1 has been shown to inhibit P/Q-, N- and R-type VGCCs in a use dependent manner 

(Swensen et al., 2012) (Fig. 6.2B). Calcium currents were inhibited to a greater degree under depolarised but 

not hyperpolarised conditions demonstrating a preferential inhibition of open/inactive channels (Abbadie et al., 

2010; Swensen et al., 2012) (Fig. 6.2A). In vivo, TROX-1 attenuates mechanical hypersensitivity after 

inflammatory and neuropathic injury with no significant effect on acute nociception or motor function at anti-

hyperalgesic doses (Abbadie et al., 2010). In addition, the anti-hyperalgesic effect of TROX-1 is absent in Cav2.2 
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null mice demonstrating a predominant role of this particular channel in inflammatory heat hyperalgesia 

(Abbadie et al., 2010) (Fig. 6.2C). 

 

Figure 6.2 In vitro and behavioural effects of TROX-1. (A) Representative current traces illustrating the 

inhibition of Cav2.2 current by 300 nM TROX-1 using the depolarised and hyperpolarised conditions. (B) Representative 

Cav2.2 currents recorded voltage-clamped at -60 mV, and trains of 20 25-ms pulses to 20 mV were applied at a frequency 

of 2 Hz every 5 min. (From Swensen et al., 2012). (C) Dose dependent reversal of mechanical hypersensitivity by TROX-1 

in SNL rats (top) and reversal of heat hyperalgesia in Cav2.2 +/+ mice but not knockout (bottom). (From Abbadie et al., 

2010). 

 

Hypotheses and Aims: 

Given that in the absence of injury ω-conotoxin GVIA inhibits both innocuous and noxious mechanical and heat 

evoked spinal neuronal firing	   (Matthews & Dickenson, 2001), and that TROX-1 does not affect acute 

nociception	  (Abbadie et al., 2010), these studies aim to examine the notion that in neuropathic rats this state 

dependent channel antagonist may selectively inhibit aberrant high frequency neuronal firing to cold, heat and 

mechanical stimuli. Whether any effects of TROX-1 are dependent on spinally expressed calcium channels will 

be also be investigated. 
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6.2 Materials and Methods 

6.2.1 Animals 

Male Sprague Dawley rats (250-300g), bred by the Biological Service Unit (UCL, London, UK), were used for 

behavioural and electrophysiological experiments.  

6.2.2 in vivo electrophysiology 

See section 2.12, 2.14 and 2.15. In vivo electrophysiology was performed between day 15 and 18 post SNL or 

sham surgery. After three consecutive stable baseline responses to natural stimuli (<10% variation, data were 

averaged to give control values), animals were injected subcutaneously into the contralateral flank with 20 

mg/kg TROX-1 (gift from Grünenthal) in 85% normal saline, 10% cremophor (Sigma, UK) and 5% 

dimethylsulfoxide (Sigma, UK). Responses to electrical and natural stimuli were measured 10, 30 and 50 

minutes post dosing. For spinal dosing, 0.1 µg, 1 µg and 10 µg of TROX-1 were cumulatively applied directly 

onto the cord in a volume of 50 µl. The vehicle for spinally applied drug consisted of >99% normal saline, <1% 

cremophor and <1% dimethylsulfoxide. Systemic and spinal drug doses were chosen based on efficacy in 

behavioural assays (Abbadie et al., 2010). One neurone was characterised per rat. 

6.2.3 Spinal nerve ligation surgery 

See section 2.2.  

6.2.4 Behavioural Assessments 

See section 2.3.1 and 2.3.2. Ipsilateral and contralateral behavioural sensitivity to mechanical and cold stimuli 

was assessed in SNL and sham rats on day 14 post surgery.  

6.2.5 Statistics 

Mechanical and heat coding of neurones was compared with a 2 way repeated measures (RM) ANOVA 

followed by a Bonferroni post hoc test for paired comparisons. Cold, heat, brush and electrically evoked 

neuronal responses were compared with either a paired Student’s T test or a 1 way RM ANOVA followed by a 

Bonferroni post hoc test for paired comparisons. Sphericity was tested using Mauchly’s test, the Greenhouse-

Geisser correction was applied if violated. Behavioural responses were compared with the Wilcoxon test.  
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6.3. Results 

6.3.1 Summary of neuronal and behavioural responses in sham and SNL rats 

Rats were examined 14 days post injury for signs of behavioural hypersensitivity following sham or SNL 

surgery. SNL rats displayed guarding behaviour of the injured ipsilateral hind paw, a feature that was absent on 

the uninjured contralateral side and in sham operated rats. SNL rats, but not sham, displayed significantly 

reduced withdrawal thresholds to punctate mechanical stimulation (Wilcoxon test, P<0.05) (Fig. 6.3A) and 

increased withdrawals to innocuous cooling (Wilcoxon test, P<0.05) (Fig. 6.3B). 

 

 

 

 

 

 

 

Figure 6.3 SNL rats exhibit behavioural hypersensitivity. (A) Unilateral ligation of L5 and L6 spinal nerves 

reduces mechanical withdrawal thresholds and (B) increases responsiveness to innocuous cooling in SNL rats. Data 

represents mean ± SEM. * P<0.05. Sham n=11, SNL n=14. PWT - Paw withdrawal threshold. 

 

In vivo electrophysiology was subsequently performed to examine the effect of TROX-1 on mechanical and 

thermal coding of lamina V/VI spinal neurones under uninjured and neuropathic conditions in the chronic phase 

of the model. Table 6.2 summarises neuronal depths recorded from and evoked baseline responses. Neurones 

were characterised from depths relating to deep dorsal horn laminae (Watson et al., 2009) and were selected 

on the basis of responses to noxious heat, dynamic brushing and noxious mechanical stimulation. 
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Table 6.2 Baseline characterisations of deep dorsal horn WDR neurones from sham and SNL rats. 

Range of neuronal depths recorded from in parentheses. Data represent mean ± SEM. (APs- action potentials). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.2 Systemic TROX-1 inhibits neuronal responses to mechanical stimulation in 

spinal nerve ligated rats 

Following isolation and characterisation of single WDR neurones, rats were dosed subcutaneously with 20 

mg/kg TROX-1. In SNL and sham rats, TROX-1 had no effect on innocuous and noxious cold evoked neuronal 

responses (paired Student’s t-test, P>0.05) (Fig. 6.4A, B). In SNL rats, TROX-1 suppressed mechanical coding of 

dorsal horn neurones with significantly reduced neuronal responses to low threshold and supra-threshold 

stimuli (2 Way RM ANOVA P<0.01, F1,20=22.78, followed by Bonferroni post hoc test) (Fig. 6.4E). However, no 

effect was observed on mechanical coding in sham-operated rats (2 Way RM ANOVA P>0.05, F1,16=1.195 )(Fig. 

6.2F). Neuronal responses to heat (2 Way RM ANOVA P>0.05, sham: F1,12=1.059, SNL: F1,15=2.529) (Fig. 6.4C, 

D) and dynamic brushing (paired Student’s t-test, P>0.05) (Fig. 6.4G, H) were also unaffected in both SNL and 

sham rats. A train of electrical stimuli was applied to examine the effect of TROX-1 on pre- and post-synaptic 

measures of activity. The total number of evoked action potentials attributed to Aβ-, Aδ- and C-fibres did not 

significantly differ to baseline in SNL or sham rats. Indicators of neuronal excitability, input, wind-up and post-

discharge were also unaffected (paired Student’s t-test, P>0.05) (Fig. 6.4I, J). 

 

 
Sham n=11 SNL n=14 

  

Depth (μm) 773 ± 32.88 616 ± 35.32 
  (670 - 910) (490 - 880) 
A threshold (mA) 0.03 ± 0.01 0.06 ± 0.01 
C threshold (mA) 0.63 ± 0.17 0.47 ± 0.13 
Aβ-evoked (APs) 87 ± 10.97 101 ± 8.94 
Aδ-evoked (APs) 199 ± 25.61 203 ± 15.82 
C-evoked (APs) 435 ± 30.65 499 ± 37.25 
Post-discharge (APs) 292 ± 45.64 362 ± 46.24 
              
Brush (APs) 445 ± 53.61 477 ± 40.33 
2g  (APs) 28 ± 4.31 29 ± 4.77 
8g (APs) 299 ± 49.50 302 ± 29.70 
15g (APs) 575 ± 52.39 627 ± 37.02 
26g (APs) 906 ± 50.63 909 ± 40.27 
60g (APs) 1264 ± 59.62 1203 ± 64.02 
              
35°C (APs) 203 ± 32.84 232 ± 28.63 
42°C (APs) 461 ± 61.18 412 ± 43.97 
45°C (APs) 676 ± 71.89 595 ± 74.33 
48°C (APs) 1151 ± 70.01 1068 ± 46.29 
              
Acetone (APs) 74 ± 16.26 65 ± 15.71 
Ethyl chloride (APs) 570 ± 118.25 680 ± 100.73 



	  

 124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Systemic TROX-1 selectively inhibits mechanical coding of dorsal horn lamina V/VI 

neurones in spinal nerve ligated rats. SNL (n=6) or sham (n=5) rats were dosed subcutaneously with 20 mg/kg 

TROX-1. Neuronal responses to innocuous and noxious cooling (A, B), heat (C, D), punctate mechanical (E, F), dynamic 

brushing (G, H), and electrical stimuli (I, J) were recorded. Left panels – SNL, right panels – sham. Data displayed as 

maximum change from baseline. Data represents mean ± SEM. * P<0.05, ** P<0.01. (I – input, WU – wind-up, PD – post-

discharge). 
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6.3.3 Spinal dosing replicates systemic effect of TROX-1 on mechanically evoked 

responses in spinal nerve ligated rats 

 

The mechanism of TROX-1 was further investigated by examining the cumulative effects of 0.1 µg, 1 µg and 10 

µg TROX-1 applied directly onto to the spinal cord. As previously observed through a systemic route of 

administration, TROX-1 did not alter evoked responses to innocuous cold (1 Way RM ANOVA P>0.05, sham: 

F3,9=0.579, SNL: F1.34,6.69=1.594) or noxious cold (1 Way RM ANOVA P>0.05, sham: F3,9=0.286, SNL: 

F3,18=0.713) (Fig. 6.5A, B), heat (2 Way RM ANOVA P>0.05, sham: F3,15=0.409, SNL: F3,9=1.15) (Fig. 6.5C, D) or 

dynamic brushing of the receptive field in either conditions (1 Way RM ANOVA P>0.05, sham: F3,15=0.714, 

SNL: F1.19,7.11=0.03) (Fig. 6.5G, H). The total number of evoked action potentials attributed to Aβ- (sham: 

F1.04,5.22=1.307, SNL: F2.22,13.31=2.15), Aδ- (sham: F1.4,5.2=2.574, SNL: F3,18=0.335) and C-fibres (sham: F3,15=2.667, 

SNL: F3,18=1.75) did not significantly differ to baseline in SNL or sham rats. Indicators of neuronal excitability, 

input (sham: F3,15=0.232, SNL: F1.49,8.96=2.242), wind-up (sham: F3,15=0.07, SNL: F1.29,7.74=0.0556) and post-

discharge (sham: F3,15=1.126, SNL: F3,18=3.155) were also unaffected (1 Way RM ANOVA P>0.05) (Fig. 6.5I, J). 

Spinal TROX-1 dose dependently inhibited neuronal responses to punctate mechanical stimulation of the 

receptive field in SNL rats (2 way RM ANOVA P<0.001, F3,18=27.186) (Fig. 6.5E) with no effect observed in 

sham rats (2 way RM ANOVA P>0.05, F3,15=1.161) (Fig. 6.5F).  

 



	  

 126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Spinal TROX-1 selectively inhibits mechanical coding of dorsal horn lamina V/VI 

neurones in spinal nerve ligated rats. Following stable baseline recordings (<10% variation), SNL (n=8) or sham 

(n=6) rats were dosed spinally with 0.1 µg, 1 µg and 10 µg TROX-1 in a volume of 50 µl. Neuronal responses to innocuous 

and noxious cooling (A, B), heat (C, D), punctate mechanical (E, F), dynamic brushing (G, H), and electrical stimuli (I, 

J) were recorded. Left panels – SNL, right panels – sham. Asterisks (*) denote significant differences between baseline and 

1 µg. (+) denotes significant differences between baseline and 10 µg. Data displayed as maximum change from baseline. Data 

represents mean ± SEM. * P<0.05, ** P<0.01. (I – input, WU – wind-up, PD – post-discharge). 
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6.4 Discussion 

This study extends previous observations of the effects of TROX-1 in nociceptive assays in providing a 

neuronal correlate of behavioural responses to threshold and supra-threshold stimulation in a model of 

neuropathic pain. Due to the ubiquitous expression of calcium channels, a blocker that inhibits open or inactive 

channels in neurones exhibiting high frequencies of firing could modulate abnormal nociceptive processing 

without affecting normal neuronal function (Winquist et al., 2005). ω-conotoxin GVIA and MVIIA, unlike 

TROX-1, display no preference for activation state or frequency dependent inhibition (Feng et al., 2003).  

6.4.1 Comparison of TROX-1 to state independent inhibitors of Cav2 channels 

The effects of antagonists of the N-type (ω-conotoxin GVIA), P/Q-type (ω-agatoxin IVA) and R-type (SNX-

482) channels have been examined on spinal neuronal activity in nerve injured and uninjured conditions. All 

three antagonists inhibit neuronal responses to mechanical, heat and electrical stimuli in SNL rats to various 

degrees, though SNX-482 had minimal effects in sham rats (Matthews & Dickenson, 2001; Matthews et al., 

2007). The increased potency of ω-conotoxin GVIA and SNX-482, but not ω-agatoxin IVA, in SNL rats 

identifies significant neuroplastic changes that modulate N-type and R-type function and/or expression after 

injury (Matthews & Dickenson, 2001; Matthews et al., 2007). 

 TROX-1 exhibits pathophysiological state dependent activity and selectively suppresses mechanical coding 

of WDR neurones in SNL rats. In vitro, TROX-1 increasingly inhibits calcium currents following repeated trains 

of depolarisations thereby demonstrating use-dependency (Swensen et al., 2012). In contrast, TROX-1 had no 

impact on wind-up potentiation of dorsal horn neurones following repeated electrical stimulation in vivo. The 

nature of this stimulus is more akin to supra-threshold stimulation and involves synchronised activation of 

primary afferent terminals in the receptive field. The discord between the in vitro and in vivo scenarios could be 

explained by the differing stimulus parameters (in vitro - 20 x 25 ms pulse, 2 Hz. In Vivo – 16 x 2 ms pulse, 0.5 

Hz). Wind-up occurs optimally between 0.5 and 2 Hz (Herrero et al., 2000). In this respect, the stimulus 

frequencies were relatively comparable between the two studies, though it is unclear whether TROX-1 also 

exhibits frequency dependent inhibition. Additionally, the proportion of channels entering an inactivated state 

increases with prolonged stimulus duration (Freeze et al., 2006). Mechanical stimuli applied for 10 s results in 

prolonged depolarisations at threshold levels of intensity and thus, natural stimulation may be more amenable 

to inhibition in comparison to a rapid electrical stimulus in vivo. Also, an important caveat to note is that 

expression systems do not fully recreate regulation of channel function.  
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Dynamic mechanical and cold allodynia are frequent features of several neuropathies (Maier et al., 2010), 

however brushing and cooling evoked neuronal responses were not inhibited by TROX-1. Surprisingly, heat 

evoked responses were also unaffected by TROX-1 given the anti-nociceptive effects of TROX-1 in CFA 

induced heat hyperalgesia (Abbadie et al., 2010). This perhaps reflects divergent mechanisms between 

inflammatory hyperalgesia and nerve injury models. A differential regulation of pre-synaptic N-type function 

may underlie the modality selective actions of TROX-1 in SNL rats. 

6.4.2 Pathology dependent changes in calcium channel regulation 

Functional diversity in N-type calcium channels is achieved through alternate splicing of the C-terminus. In 

particular the e37a and e37b variants are highly expressed in nociceptors and whereas the former is associated 

with mechanical and heat hypersensitivity, the latter only influences mechanical hypersensitivity (Altier et al., 

2007). The e37a variant, compared to e37b, exhibits increased channel open time and inactivates more slowly 

(Castiglioni et al., 2006). Channels exhibiting these biophysical properties may be more favourable for inhibition 

by a state dependent antagonist. However, many splice variants are postulated to exist, some of which may be 

differentially expressed after injury, and could have modality selective consequences for sensory transduction.	  

At the mRNA level, N-type channels do not appear up-regulated in DRG neurones following nerve ligation 

while some splice variants are down-regulated (Altier et al., 2007). In contrast, an increase in the 

immunoreactivity of the pore forming α1B subunit in the superficial laminae has been reported (Cizkova et al., 

2002). This is likely due to the up-regulation of the α2δ-1 subunit that occurs after nerve injury (Luo et al., 

2001). Elevated levels of the α2δ-1 subunit in the central terminals of primary afferent fibres enhances 

trafficking of channels to synapses in addition to determining kinetics of transmitter release (Hoppa et al., 

2012). Consistent with this role, synaptosomal levels of Cav2.2 are reduced in α2δ-1 knockout mice (Appendix 

8.4 Fig. 8.2). Although predominantly expressed in unmyelinated DRG neurones under normal conditions, the 

α2δ-1 subunit is up-regulated in neurones of all types after injury (Bauer et al., 2009). The increase in trafficking 

and inactivation rate of calcium channels by α2δ-1 likely enhances pre-synaptic terminal excitability and 

facilitates excitatory transmission by supporting rapid transition between active and inactive states (Li et al., 

2006). Differential expression of α2δ-1 splice variants also occurs following SNL, though these variants exert 

similar effects on the biophysical properties of Cav2 currents (Lana et al., 2014). Although not consistently 

observed, expression of the β3 subunit also increases after nerve injury (Appendix 8.2 Fig. 8.7 and Li et al., 
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2012), which could further influence the rate of channel activation and inactivation (Castellano et al., 1993) 

resulting in enhanced calcium currents in small diameter DRG neurones (Li et al., 2012). 

As mentioned previously, calcium channels are subjected to substantial modulation by G-proteins (Herlitze 

et al., 1996; Patil et al., 1996). GABAB receptors, and to a lesser extent α2 adrenoreceptors, localised in the 

dorsal horn are crucial in mediating tonic inhibitory influences on pre-synaptic terminals as well as influencing 

excitability of projection neurones and interneurones (Millan, 2002). Noradrenaline induced mobilisation of Gβγ 

subunits has been demonstrated to inhibit transmitter release from neurones in vitro (Stephens & Mochida, 

2005; Bucci et al., 2011). Likewise, the inhibitory effect of GABAB receptors is also dependent on coupling to 

calcium channels (Takahashi et al., 1998). G-protein coupled receptor moderation of primary afferent terminal 

excitability could occur through regulation of potassium currents consequently hyperpolarising pre-synaptic 

terminals (Yagi & Sumino, 1998). Descending serotonergic inhibitory pathways terminating on metabatropic 5-

HTRs can directly, or indirectly through GABAergic interneurones, exert inhibitory influences on pre-synaptic 

calcium channel function and subsequent transmitter release (Brenchat et al., 2010; Choi et al., 2012). 

Numerous studies have identified deficits in inhibitory drive following a neuropathic injury (Moore et al., 2002; 

Rahman et al., 2008; Hughes et al., 2013). Additionally, descending facilitatory pathways activating ionotropic 5-

HT3Rs will have further depolarising effects on pre-synaptic terminals. Spinally delivered ondansetron, a 5-HT3R 

antagonist, inhibits mechanically evoked responses with minimal effects on heat evoked responses in SNL rats 

(Suzuki et al., 2004). Spinalisation of SNL rats ablates mechanical hypersensitivity but not heat hypersensitivity 

indicating the latter is likely dependent on spinal disinhibition whereas the former requires intact spinal-

supraspinal circuits (Ossipov et al., 2000). One possibility is that a combination of neuroplastic changes in 

primary afferent excitability coupled with alterations in activity in descending pathways underlies the 

pathophysiological and modality selective actions of TROX-1 in SNL rats. This would be consistent with 

efficacy in the sodium iodoacetate induced osteoarthritis model (Abbadie et al., 2010), which can be 

characterised by a neuropathic component resulting in hypersensitivity in areas of the dermatome outside the 

primary area of injury (Combe et al., 2004). A time dependent loss of noradrenergic inhibition and an increased 

descending facilitatory drive has also been demonstrated in this model (Rahman et al., 2009; Burnham & 

Dickenson, 2013).  
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6.4.3 Role of non-spinally expressed calcium channels 

These data suggest spinally expressed calcium channels are critical for the anti-hyperalgesic effects of TROX-1. 

N-type calcium channels at the site of injury could contribute to afferent dysfunction, generation of ectopic 

discharges and hyperexcitability (Xiao & Bennett, 1995), though this does not appear consistent across models 

(Chaplan et al., 1994b). The central nucleus of the amygdala has been implicated in the acquisition of 

conditioned fear and anxiety, and can influence aversive and evoked pain behaviours (Neugebauer et al., 2004). 

The acquisition of conditioned aversive behaviour but not unconditioned behaviour appears in part dependent 

on the expression of N-type calcium channels in the amygdala and can be blocked by ω-conotoxin GVIA (Finn 

et al., 2003). In addition, injection of ω-conotoxin GVIA into the central nucleus is pro-nociceptive in the early 

phase of the formalin test with no effect on the secondary phase supporting a role for the central nucleus in 

tonically inhibiting acute nociceptive drive (Finn et al., 2003). Intra-RVM injections of ω-conotoxin MVIIA, but 

not ω-agatoxin IVA, alleviated mechanical hypersensitivity following SNL implicating N-type over P/Q type 

calcium channels in modulating activity in descending pathways (Urban et al., 2005). However, the precise 

mechanism at this site remains unclear. These findings do not entirely preclude non-spinally mediated effects of 

TROX-1. 

6.4.4 Summary 

Systemic and spinally applied TROX-1 displays modality selective and pathology dependent activity in SNL rats. 

Phase II trials for CNV2197944, a state selective Cav2.2 antagonist, are currently being undertaken (Clinical 

Trials Identifier: NCT01848730). Meanwhile, phase II trials of a similar acting compound (Z160) have yielded 

poor results in post-herpetic neuralgia and lumbosacral radiculopathy (NCT01655849). Despite this, state 

dependent channel antagonists remain a promising area for selectively inhibiting aberrant neuronal activity. 

Further pre-clinical characterisations of the effects on nociceptive processing may help shape future trials and 

act as better predictors for success. 
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7. General discussion 

7.1 Utilising models of cold hyperalgesia 

The studies described here aimed to characterise components of cold sensitivity and characterise targets for 

the treatment of cold hyperalgesia. For the first time these data identify a role of α2δ-1 in cold sensitive 

afferents. The findings presented also corroborate previous observations that cold hyperalgesia after nerve 

damage is TRPM8 dependent. In contrast, in naïve rats TRPM8 may be limited to encoding certain aspects of 

cold sensitivity such as subserving aversive components and driving warm seeking behaviours (Klein et al., 2010; 

Almeida et al., 2012). Unlike in human studies menthol fails to induce hyperalgesia in naïve rats highlighting 

significant species dependent differences in cold sensitivity. This may be related to the fact that testing in 

humans is performed on either the hands or forearm, however cold sensitivity in rodents is more prominent in 

trigeminal areas. Second order neurones in the trigeminal subnucleus caudalis respond vigorously to cooling 

and can be sensitised with low concentrations of menthol (<10%) in contrast to neurones innervating the hind 

paw (Zanotto et al., 2007). With regards to analgesia, menthol had comparable effects in SNL rats and 

neuropathic patients supporting overlapping pathology dependent mechanisms. Surrogate models of pain have 

the potential to bridge the gap between pre-clinical testing and patients by screening treatments in healthy 

volunteers. Naturally a single model cannot express the full spectrum of symptoms/mechanisms experienced by 

patients such as sensory loss or long term transcriptional changes but a suitable model would ideally induce 

comparable and reversible symptomatology (Arendt-Nielsen & Yarnitsky, 2009). Perceptually A-fibre block, the 

thermal grill and menthol induced hyperalgesia model all evoke sensations of paradoxical burning and may have 

relevance to neuropathic patients. 

There is little consensus over the mechanism of the thermal grill illusion. Leading theories include a warm 

temperature inhibition of lamina I COOL neurones leading to a disinhibition of HPC activity (Craig & Bushnell, 

1994). Alternatively, increasing the temperature differential through either the warm or cold element can 

increase the intensity of the illusion supporting a theory of summation and convergence on thalamic pathways 

(Bouhassira et al., 2005; Lindstedt et al., 2011). Perception of unpleasantness during application of the thermal 

grill has been reported to be reduced in chronic pain patients of central and peripheral origin consistent with 

an underlying disruption of central integration of thermal stimuli (Morin et al., 2002; Sumracki et al., 2014). The 

inhibition of paradoxical pain intensity by ketamine, with no effects on noxious cold stimuli, supports the 

thermal grill illusion sharing some mechanisms with neuropathic patients (Kern et al., 2008). 
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Areas of brain activation during menthol induced cold hyperalgesia and normal cold pain partially overlap 

and includes the anterior insula, anterior cingulated cortex and inferior frontal cortex. Activation of the 

dorsolateral prefrontal cortex and parabrachical were specific for menthol induced hyperalgesia (Seifert & 

Maihofner, 2007). Mechanisms of cold hyperalgesia differ between ‘peripheral sensitisation’ (menthol) and 

‘central disinhibition’ (A-fibre block) models. fMRI analysis reveals menthol induced cold hyperalgesia 

preferentially activates a thermospecific lateral thalamic pathway whereas during a conduction block of A-fibres 

a stronger activation of the medial thalamus is apparent implying A-fibre block disinhibits activity in this 

ascending nociceptive channel (Binder et al., 2007). Activity maps of these models frequently overlap with 

patients with abnormal cold sensitivity (Moisset & Bouhassira, 2007). That is not to say these processes are 

equivalent as changes in blood flow are merely surrogate markers of activity and do not permit inferences of 

inhibitory or excitatory transmission, but the insights gained from fMRI and the somatosensory profile of the 

menthol induced hyperalgesia model are suggestive of comparable underlying mechanisms with neuropathic 

patients and animal models of neuropathy (Fig. 7.1) (Binder et al., 2011).  

 

 

 

 

 

 

 

 

 

 

Figure 7.1 Somatosensory profiles of the menthol surrogate model and acute painful oxaliplatin 

neuropathy. Presented is the somatosensory (quantitative sensory testing) profile of the 12 volunteers and 9 patients 

with acute painful oxaliplatin neuropathy obtained on the dorsum of the right hand. Z-score: Volunteers: numbers of 

standard deviations between volunteer data after menthol application and normative group-specific mean value at baseline. 

Patients: numbers of standard deviations compared to normative age and sex matched data. CDT, cold detection threshold; 

WDT, warm detection threshold; TSL, thermal sensory limen; CPT, cold pain threshold; HPT, heat pain threshold; PPT, 

pressure pain threshold; MDT, mechanical detection threshold; MPT, mechanical pain threshold; VDT, vibration detection 

threshold; MPS, mechanical pain sensitivity; DMA, dynamic mechanical allodynia; WUR, wind-up; PHS, paradoxical heat 

sensation. NRS, numeric rating scale (pain intensity from 0–100, 0 indicating no pain, 100 worst pain). WUR, values give 

ratio series/single pain rating; PHS, the number of 3 observations. (Taken from Binder et al., 2011).  

 

kept constant throughout the observation time frame.
Pathophysiologically it can be hypothesized that due to
the initial peripheral sensitization, a long-lasting central
sensitization was initiated displaying pinprick hyperalgesia
increase whereas, due to the removal of the primarily sen-
sitizing compound menthol, cold hyperalgesia reversed
gradually over time. Similar differences in the course of
thermal and pinprick hyperalgesia have been observed af-
ter injection of capsaicin. After injecting 100 mg capsaicin
intradermally, heat hyperalgesia disappeared within 1 to
2 hours, whereas punctuate hyperalgesia lasted from 13
to 24 hours.27,48,49 Assessing the effect of topical capsaicin
after initial heat stimulation secondary punctuate
hyperalgesia remained stable for up to 245 minutes.41

This study demonstrates that menthol is a suitable
model for cold and pinprick hyperalgesia and for the first
time that cold hyperalgesia has to be acknowledged to
be an unstable and pinprick hyperalgesia to be a stable
phenomenon within 4 hours after application. This
knowledge has to be taken into account when perform-
ing psychophysical and pharmacological interventions
using the menthol pain model as it has been extensively
performed in the capsaicin and heat/capsaicin
model2,14,16,22,39,40,42,46,47,54-58 and a first study in the
menthol model.1 Again, a similar course has been dem-
onstrated after intradermal capsaicin injection and in
the heat/capsaicin model.27,48,49 However, no long-term
data are available on the course of thermal hyperalgesia
after topical application without preheating.

The menthol pain model is known to be model of pain
research on cold hyperalgesia following peripheral sensi-
tization. To facilitate this, we have determined the so-
matosensory profile (Fig 2; Z-profile) by using
a standardized and validated QST protocol. The advan-
tage of using this graphic is to compare the QST results
expressed as standard normal distributions independent
of the original values. By doing so, possible parallels of
pathomechanisms in diseases could be detected. In
2007, our group characterized patients with acute
oxaliplatin-induced painful neuropathy using the same
standardized and validated QST protocol.7 In those we
detected cold hyperalgesia in combination with pinprick
hyperalgesia without signs of cold hypoaesthesia. Al-
though the exact mechanism of acute oxaliplatin neu-
ropathy is not known, from the somatosensory profile
an interaction of oxaliplatin with the TRPM8 was hy-
pothesized. Plotting our Z-profile of the menthol model
with the Z-profile derived from the Z-values given in the
publication,7 the similarity of the profiles in regard to the
positive symptoms becomes obvious (Fig 6). Moreover,
this profile has been confirmed by tests in an animal
model of acute oxaliplatin neuropathy demonstrating
cold hyperalgesia and pinprick hyperalgesia.28-30 From
our point of view, this example reflects the importance
of translational science from bench to bedside,
confirming the value of human surrogate models that
mimic clinical pain states to some extent and the
usefulness of a standardized somatosensory profiling.

Figure 6. Somatosensory profile of the human menthol surrogate model and acute painful oxaliplatin neuropathy. Presented is the
somatosensory (QST) profile of the 12 volunteers and 9 patients with acute painful oxaliplatin neuropathy obtained on the dorsum
of the right hand. In both groups, cold (CPT) andmechanical hyperalgesia (MPT,MPS) has been demonstrated. Z-score: Volunteers: num-
bers of standard deviations between volunteer data aftermenthol application and normative group-specificmean value at baseline. Pa-
tients: numbers of standard deviations compared to normative age and sexmatched data.7,44 CDT, cold detection threshold;WDT, warm
detection threshold; TSL, thermal sensory limen; CPT, cold pain threshold; HPT, heat pain threshold; PPT, pressure pain threshold; MDT,
mechanical detection threshold; MPT, mechanical pain threshold; VDT, vibration detection threshold; MPS, mechanical pain sensitivity;
DMA, dynamic mechanical allodynia; WUR, wind-up; PHS, paradoxical heat sensation. NRS, numeric rating scale (pain intensity from
0–100, 0 indicating no pain, 100 worst pain). WUR, values give ratio series/single pain rating; PHS, the number of 3 observations.
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Utilising in vivo electrophysiology in the SNL model may be useful for screening compounds for modulating cold 

hyperalgesia. State dependent channel antagonists are attractive targets as they are hypothesised to inhibit 

channels in neurones exhibiting high levels of activity. Both indirect and direct evidence implicates N-type 

calcium channels in cold transduction. In knockout mice reduced α2δ-1 mediated trafficking of calcium channels, 

and the anti-nociceptive effects of ω-conotoxin in neuropathy models (Lee et al., 2010), supports an N-type 

calcium channel dependence in cold sensitive afferents in normal and pathological conditions. However, here 

the state dependent Cav2 blocker TROX-1 had no effect on cold evoked neuronal responses but revealed an 

injury induced change in calcium channel function in mechanosensitive pathways. 

High concentration topical menthol in humans consistently induces cold hyperalgesia and secondary 

pinprick hyperalgesia (Namer et al., 2008; Binder et al., 2011; Olsen et al., 2014). It was not possible to induce 

similar symptoms in naïve rats making it difficult to infer underlying neural mechanisms, however some 

similarities may exist with the capsaicin induced hyperalgesia model. Intradermal capsaicin induces small areas 

of primary heat hyperalgesia and larger areas of secondary pinprick hyperalgesia and brush allodynia (LaMotte 

et al., 1991). Whilst primary hyperalgesia is considered the effect of peripheral and central sensitisation, 

secondary effects are a central phenomenon. Superficial NS and deeper WDR dorsal horn neurones exhibit 

expanded receptive fields and become hyperexcitable to mechanical and heat stimuli following intradermal 

capsaicin, including a de novo response to innocuous brush stimulation in NS neurones (Simone et al., 1991). 

Heterosynaptic mechanisms have been proposed to underlie Aβ-‐ and Aδ-‐dependent secondary brush allodynia 

and pin prick hyperalgesia respectively, as low threshold mechanosensitive fibres are not involved in the 

conditioning C-fibre stimulus (Torebjork et al., 1992; Magerl et al., 1998; Ziegler et al., 1999). Engagement of 

descending facilitatory influences could sustain a state of hyperexcitability after the cessation of peripheral drive 

(Zambreanu et al., 2005). Menthol in contrast does not evoke dynamic mechanical allodynia or similar 

brainstem activity (Wasner et al., 2004; Hatem et al., 2006; Seifert & Maihofner, 2007; Namer et al., 2008; 

Binder et al., 2011). In the absence of a reproducible animal model, the role of descending controls in central 

sensitisation induced by menthol could be better clarified pharmacologically in human subjects as centrally 

acting drugs such as gabapentin or tapentadol may reduce signs of central sensitisation. A recently ended 

clinical trial has attempted to address this aspect (NCT01615510). 

Most clinical trials rely heavily on average pain scores but a few report efficacy against cold hyperalgesia. In a 

small cohort of neuropathic patients with pain of central origin, gabapentin reduces pain intensity scores to 

noxious cold temperatures to levels comparable to uninjured areas (Attal et al., 1998). Opioids in contrast have 
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moderate efficacy against cold pain thresholds in pain conditions of peripheral but not central origin (Eisenberg 

et al., 2006). The serotonin-noradrenaline reuptake inhibitor duloxetine substantially reduces pain intensity 

scores to dynamic brushing and cooling in post stroke and spinal cord injury patients with no effect on pin 

prick and pressure pain (Vranken et al., 2011). Tramadol but not pregabalin or ibuprofen increases cold pain 

thresholds in the menthol induced hyperalgesia model (Altis et al., 2009). This study unfortunately did not 

assess other induced primary and secondary sensory changes associated with menthol. For example, gabapentin 

reduces the area of secondary sensitisation induced by capsaicin in addition to effects on the intensity of 

evoked stimuli (Dirks et al., 2002; Gottrup et al., 2004).  

There are no reliable indicators as to whether a patient will respond to a particular treatment. Much 

heterogeneity exists between patients within a condition in terms positive and negative sensory abnormalities. 

Cluster analysis of neuropathic conditions identifies groups with distinct somatosensory profiles within a 

particular condition and between conditions, which may imply similar underlying mechanisms. Many have 

advocated identifying appropriate treatments through a mechanism based algorithm rather than simply grouping 

by aetiology (Baron et al., 2009; Freeman et al., 2014). In practice it would be difficult to determine an 

underlying mechanism from a particular symptom, but recent examples where this approach might successfully 

identify suitable patients includes studies demonstrating that diabetic neuropathy patients with inefficient diffuse 

noxious inhibitory controls were more likely to benefit from duloxetine and tapentadol presumably through 

enhancing descending inhibition (Yarnitsky et al., 2012; Niesters et al., 2014). It would be particularly interesting 

to see if patients across aetiologies exhibiting cold hyperalgesia were responsive to topical menthol and 

whether this predicted efficacy of a systemic TRPM8 agonist or antagonist.  

7.2 Relation of lamina V coding to pain processing 

Behavioural pharmacological studies are often the recipient of criticism given their partially subjective nature, 

susceptibility to environmental influences and whether a withdrawal reflex constitutes a valid measure of pain 

(Chesler et al., 2002; Percie du Sert & Rice, 2014). In isolation, these studies can be informative but need to be 

interpreted with these limitations in mind. A reflex withdrawal equates to a threshold response involving spinal 

and bulbospinal circuits. In humans, pain is often rated on a visual analogue scale (0-10) and by definition 

threshold is rated one, hence from a clinical perspective a pharmacological agent reducing pain ratings from 7 

to 4 would be of more significance to patients (Sikandar & Dickenson, 2013). Single unit recordings within the 

dorsal horn allow the objective assessment of responses to low and high threshold natural stimuli within the 
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context of intact spinal inhibitory and excitatory circuits and descending modulatory pathways. Several 

algesiometric tests have been designed to examine various aspects and co-morbidities of chronic pain, such as 

conditioned place preference and open field testing (Wallace et al., 2008; King et al., 2009). Convergent WDR 

neurones are aptly placed in the sensory pathway to examine mechanisms of central sensitisation, neuronal 

substrates of allodynia and hyperalgesia, and have successfully been utilised to examine the mechanisms of 

numerous clinically efficacious drugs including opioids, gabapentin, ω-conotoxin and tapentadol (Dickenson et 

al., 1990; Matthews & Dickenson, 2001; Suzuki et al., 2005; Bee et al., 2011). Models of hyperalgesia can also be 

back translated as is evident with the effects of ciguatoxin in providing a neuronal correlate of the cold 

hyperalgesia observed clinically and in a surrogate model of ciguatera (Zimmermann et al., 2013).  

Electrophysiological studies in primates indicate WDR neurones are capable of encoding the intensity of 

noxious heat stimulation (Maixner et al., 1986; Dubner et al., 1989). These observations are supported by a 

recent parallel human and rat study which revealed that both lamina I NS and lamina V WDR neurones exhibit 

spatially summated and graded intensity dependent coding to laser evoked stimulation. Lamina V neurones 

however displayed a steeper stimulus-response curve and greater sensitivity to small differences in stimulus 

intensity, a feature that showed strong concordance with human pain scores to the same stimulus (Sikandar et 

al., 2013b). Population coding by WDR neurones appears to discriminate between low and high threshold 

stimuli, as well as code stimulus intensity within the noxious range, likely to be dependent on numbers of 

neurones activated and frequency of firing (Coghill et al., 1993; Quevedo & Coghill, 2009). As well as subserving 

aversive aspects of pain, NS neurones responding in tandem with WDR neurones may have the capacity to 

fine-tune intensity and localisation of stimuli (Price et al., 2003). 

Lamina I neurones unlike lamina V neurones exhibit minimal wind-up and post-discharge (Seagrove et al., 

2004). One of the criticisms often aimed at experimentally induced wind-up is that the synchronised supra-

threshold nature of afferent stimulation bears little physiological relevance. A perceptual correlate can be 

induced in human subjects, and both neuronal and perceptual wind-up are inhibited by NMDA blockade 

(Dickenson & Sullivan, 1987; Price et al., 1994). Although wind-up and central sensitisation are not considered 

equivalent processes, it undeniable that the two are closely linked (Woolf, 1996). Wind-up is a short-term 

process in comparison reflecting activity dependent increases in neuronal excitability and can lead to features 

shared with central sensitisation such as expansion of receptive field size, inducing wind-up at lower 

frequencies and overlapping pharmacological dependencies (e.g. reversal by NMDA antagonists) (Li et al., 1999). 

Wind-up can initiate central sensitisation (though central sensitisation can be established without increased 
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wind-up), and abnormal temporal summation of pain is frequently present in neuropathic patients with signs 

characteristic of central sensitisation (Woolf, 1996; Woolf, 2011). Thus, wind-up could act as a read out of 

sensitisation state and pharmacological agents that inhibit wind-up may also reverse central sensitisation 

(Herrero et al., 2000). 

7.3 Drawbacks of search technique 

When comparing baseline neuronal responses from naïve, SNL and sham operated rats, it is important to 

consider selection biases during interpretation. Neurones were chosen on the basis of exhibiting wind-up and 

evoked responses to low and high threshold mechanical and thermal stimuli. As a result neurones exhibiting 

high levels of response or spontaneous firing were often discarded as these typically failed to stabilise and in 

some cases depolarised or burst. Neurones with little or no cold sensitivity were also discarded, therefore it is 

likely that the samples of neurones characterised were not truly representative of the whole population to be 

able to draw reliable conclusions (Appendix 8.1). Previous studies quantifying spontaneous activity suggest firing 

rates of approximately 1 Hz and 4 Hz in a subset of neurones in sham and SNL rats respectively (Chapman et 

al., 1998). Drug effects on spontaneous firing were not examined during these studies mainly owing to the 

difficulty in interpreting the source or the nature of ongoing activity.  

An additional obstacle in knockout mice arises from potential phenotypic changes in neuronal excitability. 

Normal neurone selection criteria could be rendered obsolete if gene ablation substantially alters neuronal 

responses potentially resulting in discarding of neurones. If we consider a knockout paradigm that specifically 

attenuates transduction of low threshold stimuli, WDR neurones may now appear to have an NS phenotype. 

This was generally overcome by performing these studies while blinded to genotype to avoid selection bias and 

by characterising all polymodal neurones found within depths delineating lamina V and VI. 

7.4 Confounding effects of anaesthesia 

At physiologically relevant concentrations, isoflurane is claimed to exert a bimodal effect on TRPM8 function. 

After initially inducing calcium currents in HEK293 cells and DRG neurones, prolonged exposure results in 

inhibition of channel function. Both isoflurane suppression of respiratory drive and hypothermia are partially 

abolished in TRPM8 knockout mice (Vanden Abeele et al., 2013). It could be argued that both TRPM8 

antagonists failed to inhibit neuronal responses to cooling in naïve rats due to isoflurane effects on TRPM8 

function. However, it should be noted the concentrations used in these in vitro studies might not accurately 
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represent the concentration at the level of cutaneous receptors in vivo. During the course of these studies, 

neuronal responses to cooling stimuli remained stable (minimum 3 tests over 1 hour) prior to drug 

administration in SNL, sham and naïve rats. Both TRPM8 antagonists tested inhibited neuronal responses to 

noxious cold stimulation confirming TRPM8 functionality, in SNL rats at least, during prolonged periods of 

anaesthesia. Additionally, behavioural responses in naïve rats following TRPM8 blockade were entirely 

consistent with neuronal recordings. It is possible that TRPM8 dependent mechanisms underlie some of the 

acute side effects during the induction of anaesthesia in humans (Vanden Abeele et al., 2013). In rats there was 

little evidence that neuronal responses to cold stimulation were progressively suppressed by isoflurane during 

the timeframe experiments were conducted under.  

For the knockout studies, neuronal recordings were performed under urethane anaesthesia as opposed to 

isoflurane used during the rat set-up. An injectable anaesthetic was chosen due to the difficulty of maintaining a 

constant level of anaesthesia over long periods of time with isoflurane in mice. Although the mechanism of 

action of urethane is not entirely clear, in vitro urethane inhibits NMDA and AMPA receptors and potentiates 

GABAA and glycine receptors (Hara & Harris, 2002). This would undoubtedly impact negatively on fast 

excitatory synaptic transmission and excitability of spinal neurones. Genotype dependent differences in 

tolerability to urethane cannot be ruled out given the cardiovascular phenotype of α2δ-1 -/- mice and that high 

doses of urethane suppress cardiovascular function (Maggi et al., 1984). The electrophysiological findings are 

largely consistent with behavioural observations suggesting overall this has not had any confounding effect. 

7.5 Future studies 

The studies described here largely focussed on TRPM8 as evidence from human and animal studies 

overwhelmingly support a role in multiple aspects of cold sensitivity. Numerous studies also implicate TRPA1, 

TRPC5, Nav1.8, HCN1, Kv7, TASK-3 and TREK/TRAAK channels in transduction of cold temperatures. Small 

molecule inhibitors of some of these channels are available and could be delivered locally to the receptive field 

to examine the contribution to integrative dorsal horn neuronal responses to cold stimulation. The roles of 

these channels could also be examined under pathological conditions. 

To date the coding properties of lamina I neurones to cold stimuli after SNL have not been examined. 

These studies could be complemented by examining the pharmacological basis of cold sensitivity in superficial 

neurones in addition to the WDR neurones examined here. This would pose some technical difficulties as the 

stability of lamina I neurones means they are not always conducive to long term pharmacological studies. In 
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light of the fact spinoparabrachical lamina I neurones in rats do not respond vigorously to cooling in the 

innocuous range and most lamina I neurones in the rat are medulla and parabrachial projecting, it is unclear as 

to whether a substantial spinothalamic COOL population exists in rodents (Bester et al., 2000; Todd, 2002). 

Approximately half of spinothalamic HPC neurones exhibit graded responses to innocuous cooling in rats 

(Zhang et al., 2006). Any thermospecific neurones could be identified more readily with an electrical searching 

stimulus, though a study in rats may be restricted to examining responses of polymodal neurones. Given the 

ability of descending controls to inhibit or facilitate spinal processing, and the clear roles of monoamines in 

these events, it would be interesting to investigate the roles of these central pathways, in normal and 

neuropathic conditions, in spinal mechanisms of cold transmission. 

A drawback of the endpoints chosen during the course of this thesis is that ongoing pain could not be 

assessed. Behavioural studies could be extended to examine whether TRPM8 agonists (systemic or topical) or 

TROX-1 inhibit ongoing pain using conditioned place preference testing. Unfortunately, whether menthol 

alleviates ongoing pain in neuropathic patients is not always reported which at present makes it difficult to 

assess the predictive value of this test.  

7.6 Closing remarks 

Cold temperatures can evoke intense pain in many neuropathic patients. Acutely this can make a simple 

everyday task such as opening the fridge a painful experience. Cumulatively, repeated exposure to cool 

temperatures potentially subjects patients to several pain evoking events throughout the day, which may 

summate to produce ongoing pain (Bennett, 2012). Identifying novel agents to manage this symptom as an 

adjunct to other analgesics would be of great benefit to these patients. In some cases it may allow continuation 

of life saving chemotherapy in addition to managing the long-term pain associated with the resultant 

neuropathy. The studies outlined here support the use of TRPM8 agonists and antagonists for treating aberrant 

cold sensitivity. Further human studies are required to examine whether TRPM8 modulators are safe and 

tolerable in neuropathic patients.  
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8. Appendices 

8.1 Collated baseline neuronal responses 

Table 8.1 Comparison of baseline neuronal responses in naïve, sham and SNL rats. 

  
Naïve n=41 Sham n=18 SNL n=55    

Depth (μm) 750 ± 22.76 741 ± 35.33 656 ± 18.79   
  (620 - 1080) (600 - 830) (470 - 1030)   
A threshold (mA) 0.08 ± 0.03 0.05 ± 0.01 0.07 ± 0.01 1 way ANOVA P>0.05, F2,111=0.486 
C threshold (mA) 0.34 ± 0.06 0.55 ± 0.12 0.38 ± 0.05 1 way ANOVA P>0.05, F2,111=1.674 
Aβ-evoked (APs) 123 ± 6.27 95 ± 7.47 112 ± 4.96 1 way ANOVA P>0.05, F2,111=2.249 
Aδ-evoked (APs) 220 ± 9.72 202 ± 17.40 227 ± 9.98 1 way ANOVA P>0.05, F2,111=0.836 
C-evoked (APs) 504 ± 22.75 454 ± 30.06 504 ± 21.05 1 way ANOVA P>0.05, F2,111=0.885 
Post-discharge 
(APs) 346 ± 21.82 299 ± 32.73 365 ± 20.25 1 way ANOVA P>0.05, F2,111=1.426 

             
Brush (APs) 433 ± 22.36 456 ± 37.45 454 ± 21.74  1 way ANOVA P>0.05, F2,111=0.249 
2g  (APs) 32 ± 4.13 28 ± 4.18 32 ± 3.45 

 2 way ANOVA P>0.05, F2,555=1.179 
8g (APs) 330 ± 22.07 304 ± 31.98 336 ± 17.61 
15g (APs) 624 ± 29.57 592 ± 40.32 633 ± 20.25 
26g (APs) 921 ± 30.66 894 ± 38.56 944 ± 21.78 
60g (APs) 1269 ± 35.64 1236 ± 40.75 1252 ± 29.02 
  

         
  

35°C (APs) 252 ± 24.51 229 ± 31.14 276 ± 22.73 

2 way ANOVA P>0.05, F2,555=1.518  
42°C (APs) 551 ± 36.37 503 ± 57.50 491 ± 37.29 
45°C (APs) 782 ± 45.86 718 ± 60.62 697 ± 42.31 
48°C (APs) 1201 ± 82.60 1151 ± 50.77 1153 ± 41.20 
             
Acetone (APs) 69 ± 12.77 64 ± 19.36 78 ± 12.53 1 way ANOVA P>0.05, F2,111=0.257  
Ethyl chloride (APs) 498 ± 40.17 496 ± 60.93 614 ± 39.64 1 way ANOVA P>0.05, F2,111=2.553  
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8.2 Pharmacological modulators of TRPM8 

 
Table 8.2 Summary of TRPM8 modulating compounds used. 

 

 
 

Compound Mw Structure EC50/IC50 Dose response curve  
(Ca2+ influx assay) 

M8-An1 
 
 
 

359.8 Undisclosed Undisclosed Undisclosed 

M8-An2 
(Patel et al., 

2014b) 

400  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

10.9 ± 2.6 nM   

M8-Ag 
(Patel et al., 

2014a) 

340.8 

 

44.97 ± 1.2 nM   
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8.3 Effects of vehicle (85% saline, 10% cremophor and 5% dimethylsulfoxide) on WDR 

neuronal responses in naïve rats 

 

 
 

Figure 8.1. Neuronal responses to (A) cooling (1 way RM ANOVA P>0.05, innocuous: F5,20=1.466, noxious: F5,20=2.466), 

(B) heat (2 way RM ANOVA P>0.05, F5,20=1.126), (C) mechanical (2 way RM ANOVA P>0.05, F5,20=0.456), (D) brush (1 

way RM ANOVA P>0.05, F5,20=0.578) and (E) electrical stimulation (1 way RM ANOVA P>0.05, Aβ: F5,20=1.478, Aδ: 

F5,20=0.792, C: F5,20=1.263, PD: F5,20=1.151, I: F5,20=0.725, WU: F5,20=0.642) following subcutaneous injection of 1 ml/kg 

vehicle (n=5). Data represents mean ± SEM. 
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8.4 Figures from Patel et al., 2013. Journal of Neuroscience 33(42):16412-16426 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure 8.2 Immunoblotting for α2δ-1 and CaV2.2 in +/+ and −/− mice tissues. A, Comparison of α2δ-1 

levels in brain (left panel) and skeletal muscle (right panel) in α2δ-1−/− (lanes 1, 3) and α2δ-1+/+ (lanes 2, 4). A total of 20 µg of 

protein was loaded/lane. No α2δ-1 is observed in α2δ-1−/− mice. Immunoblot for GAPDH (bottom panel) provides the 

loading control. B, α2δ-1 levels in DRGs from α2δ-1−/− (lanes 1, 3) and α2δ-1+/+ (lanes 2, 4) mice. Material (30 µg of 

protein/lane) in lanes 3 and 4 has been deglycosylated with PNGase F, showing the characteristic decrease in MW of α2δ-1 

from ∼150 kDa (lane 2) to ∼105 kDa (lane 4). No corresponding bands are observed in α2δ-1−/− ganglia. GAPDH (bottom) 

provides a loading control. Data are representative of n = 3 experiments. C, CaV2.2 levels in cerebral synaptosomes (left) 

and brain WCL (right) from α2δ-1−/− (lanes 1, 3) and α2δ-1+/+ (lanes 2, 4) mice. GAPDH (bottom) provides a loading control 

for CaV2.2 quantification. Data are representative of n = 4 experiments. D, CaV2.2 levels in spinal cord synaptosomes (top) 

from α2δ-1−/− (lane 1) and α2δ-1+/+ (lane 2) mice. GAPDH (bottom) provides a loading control for CaV2.2 quantification. 

Data are representative of n = 4 experiments. 
in lightly anesthetized mice, using infrared laser stimulation,
which has been previously demonstrated to stimulate A! and C
fibers selectively (Sikandar et al., 2013). There was no significant
difference in noxious thermal withdrawal thresholds, as deter-

mined by infrared laser stimulation, between "2!-1!/! mice
(1.60 " 0.19 J, n # 10) and "2!-1$/$ mice (1.89 " 0.20 J, n # 9)
(p # 0.319, Mann–Whitney U test).

Deficits in sensory coding of lamina V/VI dorsal
horn neurons
In vivo electrophysiology was performed to assess the impact of
"2!-1 deletion on the spinal processing of a range of thermal and
mechanical stimuli. All neurons characterized had receptive fields on
the glabrous skin of the hind toes and were identified as WDR by
confirming responses to light brushing, noxious punctate mechani-
cal stimulation, and thermal stimulation. Neurons were character-
ized from similar depths, corresponding to deep dorsal horn laminae
("2!-1!/!, 516 " 26 #m; "2!-1$/$, 542 " 25 #m).

Deep dorsal horn neurons responded to mechanical and ther-
mal stimulation in an intensity-dependent manner. The reduced
behavioral response to punctate mechanical stimulation in "2!-
1$/$ mice (Fig. 2A) is corroborated by a deficit in mechanical

Figure 1. Immunoblotting for "2!-1 and CaV2.2 in !/! and $/$ mice tissues. A, Com-
parison of "2!-1 levels in brain (left panel) and skeletal muscle (right panel) in "2!-1 $/$

(lanes 1, 3) and "2!-1 !/! (lanes 2, 4). A total of 20 #g of protein was loaded/lane. No "2!-1
is observed in "2!-1 $/$ mice. Immunoblot for GAPDH (bottom panel) provides the loading
control. B, "2!-1 levels in DRGs from "2!-1 $/$ (lanes 1, 3) and "2!-1 !/! (lanes 2, 4) mice.
Material (30 #g of protein/lane) in lanes 3 and 4 has been deglycosylated with PNGase F,
showing the characteristic decrease in MW of "2!-1 from %150 kDa (lane 2) to %105 kDa
(lane 4). No corresponding bands are observed in "2!-1 $/$ ganglia. GAPDH (bottom) pro-
vides a loading control. Data are representative of n # 3 experiments. C, CaV2.2 levels in
cerebral synaptosomes (left) and brain WCL (right) from "2!-1 $/$ (lanes 1, 3) and "2!-
1 !/! (lanes 2, 4) mice. GAPDH (bottom) provides a loading control for CaV2.2 quantification.
Data are representative of n # 4 experiments. D, CaV2.2 levels in spinal cord synaptosomes
(top) from "2!-1 $/$ (lane 1) and "2!-1 !/! (lane 2) mice. GAPDH (bottom) provides a
loading control for CaV2.2 quantification. Data are representative of n # 4 experiments.

Figure 2. Behavioral responses of "2!-1 !/! and "2!-1 $/$ mice to mechanical, cooling,
and thermal stimuli applied to the hindpaws. A, Withdrawal frequency to punctate mechanical
stimulation applied using von Frey filaments. L, Left hindpaw; R, right hindpaw. n # 14. B,
Duration of nocifensive behaviors in response to acetone application (unpaired Student’s t test
with Welch’s correction, n # 12). No significant differences were observed between left and
right responses within genotypes. *p & 0.05, significant differences between respective paws
between genotypes (Mann–Whitney U test). **p & 0.01, significant differences between re-
spective paws between genotypes (Mann–Whitney U test). Data represent mean " SEM.
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Figure 8.3 Sensory neuronal subpopulations and terminals in the skin are not different between 

α2δ-1+/+ and α2δ-1−/− DRGs. A, Representative double immunofluorescence staining for the neuronal intermediate 

filaments peripherin (green) and NF200 (red) in an L4 DRG section from an α2δ-1−/− mouse. The majority of cell bodies are 

positive for peripherin or NF200, with a small number of cells showing staining for both intermediate filament types 

(yellow). B, Quantification of peripherin (black bars), NF200 (white bars), and staining for both intermediate filament types 

(both, gray) in L4 DRGs from α2δ-1+/+ and α2δ-1−/− mice, shown as percentage of cells stained per section. Data represent 

mean ± SEM. Statistical analysis was as follows: unpaired Student's t test comparing n = 14 +/+ with n = 13 −/− sections 

from four mice, respectively; p = 0.727 for peripherin, p = 0.073 for NF200, p = 0.70 for both. C, D, Images of PGP 9.5-

positive axons crossing the dermal–epidermal boundary of glabrous skin in α2δ-1+/+ (C) and α2δ-1−/− (D) mice. The dermal–

epidermal junction is represented by the dotted line. Positive nerve profiles (stained with PGP 9.5 in red) crossing the 

dermal–epidermal junction are counted (arrows). Scale bar, 20 µm.  

DRG neurons from !2"-1 #/# and !2"-1 $/$ mice differ in
their responsiveness to TRP channel agonists
Sensory neurons are broadly divided into mechanoreceptors,
thermoreceptors, and nociceptors, and the differential expres-
sion of TRP channels is responsible for many of their distinctive
somatosensory properties (Hjerling-Leffler et al., 2007). As
shown in Figure 5A, we examined these properties by using Ca 2!

imaging while exposing DRG neurons from !2"-1!/! and !2"-
1"/" mice to sequential application of different TRP channel
agonists. In the first set of experiments, MO (100 #M, 20 s) was
applied to activate TRPA1, followed by menthol (ME, 500 #M,
30 s) to activate TRPM8, and finally capsaicin (CAPS or C, 1 #M,
10 s) to activate TRPV1. After the final agonist application, cells
were stimulated with high potassium (K, 60 mM, 10 s) to assess
cell viability. In a second set of experiments, another TRPA1
agonist CA was also applied. The agonist sequence in the second
set was 250 #M ME for 30 s, followed by 100 #M CA for 60 s,
followed by 1 #M CAPS for 5 s.

As shown in Figure 5B, the proportion of !2"-1!/! and !2"-
1"/" cells responding to MO (applied in the first agonist se-
quence) was not significantly different. Furthermore, the
proportion of !2"-1!/! cells and !2"-1"/" cells responding to
100 #M CA in the second agonist sequence was also not signifi-
cantly different (49.6 # 4.6% of !2"-1!/! cells; n $ 17 cover-
slips), compared with 50.6 # 3.4% of !2"-1"/" cells (n $ 19
coverslips). In contrast, a significantly higher proportion of !2"-
1"/" cells responded to CAPS (Fig. 5B; a 27% increase, data
pooled from both agonist sequences). Furthermore, a signifi-
cantly lower proportion of !2"-1"/" cells responded to ME (250
or 500 #M for 30 s) compared with !2"-1!/! cells (Fig. 5B; a 33%
decrease, data pooled from both agonist sequences).

To determine whether the changes in proportion of cells re-
sponding to CAPS and ME reflected an altered sensitivity to ag-
onist, or a change in the number of DRG neurons expressing
these receptors, we next compared the amplitude of TRP channel
agonist responses measured in !2"-1!/! and !2"-1"/" DRG
neurons. As shown in Figure 5C, MO, CA, and CAPS all evoked a
significantly higher fura-2 AM ratio peak in !2"-1"/" compared
with !2"-1!/! cells. In contrast, there was no significant differ-
ence in the peak response between !2"-1"/" and !2"-1!/! cells
evoked by either 250 #M ME (Fig. 5C) or 500 #M ME (ratio in
!2"-1!/! cells: 2.28 # 0.14, n $ 33; ratio in !2"-1"/" cells:
2.51 # 0.31, n $ 21). There was also no significant difference in
the peak response between !2"-1"/" and !2"-1!/! DRGs
evoked by 30 s application of 20 #M WS-12, a menthol derivative
(Bodding et al., 2007). The ratio was 2.21 # 0.28 (n $ 9) and
2.66 # 0.13 (n $ 19) in !2"-1!/! and !2"-1"/" cells, respec-
tively (p $ 0.11). This suggests that the loss of !2"-1 does not
affect the function of TRPM8 channels and is not the reason for
the smaller number of cells responding to ME. Furthermore,
we found no significant change in TRPM8, TRPA1, or TRPV1
mRNA levels, in !2"-1"/" compared with !2"-1!/! DRGs (Fig.
6A), suggesting that compensatory changes in receptor expres-
sion are not responsible for the differences between !2"-1!/!

and !2"-1"/" cells observed in the Ca 2! imaging experiments. In
Figure 4. Sensory neuronal subpopulations and terminals in the skin are not different be-
tween !2"-1 !/! and !2"-1 "/" DRGs. A, Representative double immunofluorescence
staining for the neuronal intermediate filaments peripherin (green) and NF200 (red) in an L4
DRG section from an !2"-1 "/" mouse. The majority of cell bodies are positive for peripherin or
NF200, with a small number of cells showing staining for both intermediate filament types
(yellow). B, Quantification of peripherin (black bars), NF200 (white bars), and staining for both
intermediate filament types (both, gray) in L4 DRGs from !2"-1 !/! and !2"-1 "/" mice,
shown as percentage of cells stained per section. Data represent mean # SEM. Statistical
analysis was as follows: unpaired Student’s t test comparing n $ 14 !/! with n $ 13 "/"
sections from four mice, respectively; p $ 0.727 for peripherin, p $ 0.073 for NF200, p $ 0.70

4

for both. C, D, Images of PGP 9.5-positive axons crossing the dermal– epidermal boundary of
glabrous skin in !2"-1 !/! (C) and !2"-1 "/" (D) mice. The dermal– epidermal junction is
represented by the dotted line. Positive nerve profiles (stained with PGP 9.5 in red) crossing the
dermal– epidermal junction are counted (arrows). Scale bar, 20 #m.
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Figure 8.4 TRPA1, TRPV1, and TRPM8 responses in α2δ-1+/+ and α2δ-1−/− DRG neurons. A, 

Representative traces showing changes in cytoplasmic Ca2+ activity (fura-2 AM fluorescence ratio: ratio (F340/F380)) in 

response to the TRPA1 agonist MO (100 µm, applied for 20 s), the TRPM8 agonist ME (500 µm, 30 s), the TRPV1 agonist 

CAPS (1 µm, 10 s), and 60 mm K+ (K, 10 s) in α2δ-1+/+ neurons. B, Quantification of percentage of α2δ-1+/+ (black bars) and 

α2δ-1−/− (white bars) DRG neurons responding to MO (100 µm for 20 s, left), CAPS (1 µm for 5 or 10 s, middle), and ME 

(250 or 500 µm for 30 s, right). The number of responses to each agonist was normalized to number of responses to 60 

mm K+ per coverslip. Error bars indicate SEM. Statistical analysis was as follows: unpaired Student's t test comparing α2δ-

1+/+ and α2δ-1−/− responses: MO response, p = 0.90 (n = 13 α2δ-1+/+ and n = 18 α2δ-1−/− coverslips); CAPS response, p = 

0.005 (n = 29 α2δ-1+/+ and n = 36 α2δ-1−/− coverslips); ME response, p = 0.028 (n = 30 α2δ-1+/+ and n = 37 α2δ-1−/− 

coverslips). In total, n = 982 α2δ-1+/+ and n = 1151 α2δ-1−/− cells were analyzed. C, Peak fura-2 AM fluorescence ratio (peak 

ratio: (F340/F380)) for MO, CA, CAPS, and ME responses. Error bars indicate SEM. Statistical analysis was as follows: unpaired 

Student's t test, comparing α2δ-1+/+ and α2δ-1−/− neurons: MO peak response, p < 0.003 (n = 290 α2δ-1+/+, n = 247 α2δ-1−/− 

neurons); CA peak response, p = 0.0002 (n = 230 α2δ-1+/+, n = 325 α2δ-1−/− neurons); CAPS peak response, p = 0.011 (n = 

189 α2δ-1+/+, n = 191 α2δ-1−/− neurons); ME peak response (250 µm), p = 0.98 (n = 55 α2δ-1+/+, n = 49 −/− neurons). *p < 

0.05. **p < 0.01. ***p < 0.001.  

addition, there was no effect of !2"-1 coexpression on TRPM8 or
TRPV1 expression levels when they were coexpressed in tsA-201
cells (Fig. 6B,C). Piezo2 has been shown to be involved in
mechanosensation (Coste et al., 2012) and in mechanical al-
lodynia (Eijkelkamp et al., 2013). However, we found that the
Piezo2 mRNA levels were not altered in DRGs from !2"-1!/!

mice, the level being 94.7 " 7.8% in !2"-1!/! DRGs, relative to
!2"-1 DRGs (n # 3; unpaired t test, p # 0.62).

Calcium channel currents are reduced in DRGs from
!2"-1 #/# compared with !2"-1 $/$ mice
Calcium channel currents were recorded using 2 mM Ba 2$ as the
charge carrier, from small and medium DRG neurons, cultured

Figure 5. TRPA1, TRPV1, and TRPM8 responses in !2"-1 $/$ and !2"-1 !/! DRG neu-
rons. A, Representative traces showing changes in cytoplasmic Ca 2$ activity (fura-2 AM fluo-
rescence ratio: ratio (F340/F380)) in response to the TRPA1 agonist MO (100 #M, applied for 20 s),
the TRPM8 agonist ME (500 #M, 30 s), the TRPV1 agonist CAPS (1 #M, 10 s), and 60 mM K $ (K,
10 s) in !2"-1 $/$ neurons. B, Quantification of percentage of !2"-1 $/$ (black bars) and
!2"-1 !/! (white bars) DRG neurons responding to MO (100 #M for 20 s, left), CAPS (1 #M for
5 or 10 s, middle), and ME (250 or 500 #M for 30 s, right). The number of responses to each
agonist was normalized to number of responses to 60 mM K $ per coverslip. Error bars indicate
SEM. Statistical analysis was as follows: unpaired Student’s t test comparing !2"-1 $/$ and
!2"-1 !/! responses: MO response, p # 0.90 (n # 13 !2"-1 $/$ and n # 18 !2"-1 !/!

coverslips); CAPS response, p # 0.005 (n # 29 !2"-1 $/$ and n # 36 !2"-1 !/! cover-
slips); ME response, p # 0.028 (n # 30 !2"-1 $/$ and n # 37 !2"-1 !/! coverslips). In
total, n # 982 !2"-1 $/$ and n # 1151 !2"-1 !/! cells were analyzed. C, Peak fura-2 AM
fluorescence ratio (peak ratio: (F340/F380)) for MO, CA, CAPS, and ME responses. Error bars
indicate SEM. Statistical analysis was as follows: unpaired Student’s t test, comparing !2"-
1 $/$ and !2"-1 !/! neurons: MO peak response, p % 0.003 (n # 290 !2"-1 $/$, n # 247
!2"-1 !/! neurons); CA peak response, p # 0.0002 (n # 230 !2"-1 $/$, n # 325 !2"-
1 !/! neurons); CAPS peak response, p # 0.011 (n # 189 !2"-1 $/$, n # 191 !2"-1 !/!

neurons); ME peak response (250 #M), p # 0.98 (n # 55 !2"-1 $/$, n # 49 !/! neurons).
*p % 0.05. **p % 0.01. ***p % 0.001.

Figure 6. TRP channel mRNA and protein expression. A, TRPM8, TRPA1, and TRPV1 mRNA levels
in !2"-1 !/! (white bar) and !2"-1 $/$ (black bar) DRGs (n # 3), normalized to the mean !2"-
1 $/$ mRNA values. B, C, TRPM8 (B) and TRPV1 (C) expression, after transfection in tsA-201 cells,
detected by their associated myc tag (top), was not affected by coexpression of !2"-1 (lane 1),
compared with a control protein $1b (lane 2). No signal was observed in WCL from untransfected
(U/T) tsA-201 cells (lane 3). Bottom, GAPDH loading controls. C, !2"-1 expression is also shown
(middle). All lanes are from the same gel. Data are representative of n # 2 experiments.
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Figure 8.5 TRP channel mRNA and protein expression. A, TRPM8, TRPA1, and TRPV1 mRNA levels in α2δ-

1−/− (white bar) and α2δ-1+/+ (black bar) DRGs (n = 3), normalized to the mean α2δ-1+/+ mRNA values. B, C, TRPM8 (B) and 

TRPV1 (C) expression, after transfection in tsA-201 cells, detected by their associated myc tag (top), was not affected by 

coexpression of α2δ-1 (lane 1), compared with a control protein β1b (lane 2). No signal was observed in WCL from 

untransfected (U/T) tsA-201 cells (lane 3). Bottom, GAPDH loading controls. C, α2δ-1 expression is also shown (middle). 

All lanes are from the same gel. Data are representative of n = 2 experiments.  
addition, there was no effect of !2"-1 coexpression on TRPM8 or
TRPV1 expression levels when they were coexpressed in tsA-201
cells (Fig. 6B,C). Piezo2 has been shown to be involved in
mechanosensation (Coste et al., 2012) and in mechanical al-
lodynia (Eijkelkamp et al., 2013). However, we found that the
Piezo2 mRNA levels were not altered in DRGs from !2"-1!/!

mice, the level being 94.7 " 7.8% in !2"-1!/! DRGs, relative to
!2"-1 DRGs (n # 3; unpaired t test, p # 0.62).

Calcium channel currents are reduced in DRGs from
!2"-1 #/# compared with !2"-1 $/$ mice
Calcium channel currents were recorded using 2 mM Ba 2$ as the
charge carrier, from small and medium DRG neurons, cultured

Figure 5. TRPA1, TRPV1, and TRPM8 responses in !2"-1 $/$ and !2"-1 !/! DRG neu-
rons. A, Representative traces showing changes in cytoplasmic Ca 2$ activity (fura-2 AM fluo-
rescence ratio: ratio (F340/F380)) in response to the TRPA1 agonist MO (100 #M, applied for 20 s),
the TRPM8 agonist ME (500 #M, 30 s), the TRPV1 agonist CAPS (1 #M, 10 s), and 60 mM K $ (K,
10 s) in !2"-1 $/$ neurons. B, Quantification of percentage of !2"-1 $/$ (black bars) and
!2"-1 !/! (white bars) DRG neurons responding to MO (100 #M for 20 s, left), CAPS (1 #M for
5 or 10 s, middle), and ME (250 or 500 #M for 30 s, right). The number of responses to each
agonist was normalized to number of responses to 60 mM K $ per coverslip. Error bars indicate
SEM. Statistical analysis was as follows: unpaired Student’s t test comparing !2"-1 $/$ and
!2"-1 !/! responses: MO response, p # 0.90 (n # 13 !2"-1 $/$ and n # 18 !2"-1 !/!

coverslips); CAPS response, p # 0.005 (n # 29 !2"-1 $/$ and n # 36 !2"-1 !/! cover-
slips); ME response, p # 0.028 (n # 30 !2"-1 $/$ and n # 37 !2"-1 !/! coverslips). In
total, n # 982 !2"-1 $/$ and n # 1151 !2"-1 !/! cells were analyzed. C, Peak fura-2 AM
fluorescence ratio (peak ratio: (F340/F380)) for MO, CA, CAPS, and ME responses. Error bars
indicate SEM. Statistical analysis was as follows: unpaired Student’s t test, comparing !2"-
1 $/$ and !2"-1 !/! neurons: MO peak response, p % 0.003 (n # 290 !2"-1 $/$, n # 247
!2"-1 !/! neurons); CA peak response, p # 0.0002 (n # 230 !2"-1 $/$, n # 325 !2"-
1 !/! neurons); CAPS peak response, p # 0.011 (n # 189 !2"-1 $/$, n # 191 !2"-1 !/!

neurons); ME peak response (250 #M), p # 0.98 (n # 55 !2"-1 $/$, n # 49 !/! neurons).
*p % 0.05. **p % 0.01. ***p % 0.001.

Figure 6. TRP channel mRNA and protein expression. A, TRPM8, TRPA1, and TRPV1 mRNA levels
in !2"-1 !/! (white bar) and !2"-1 $/$ (black bar) DRGs (n # 3), normalized to the mean !2"-
1 $/$ mRNA values. B, C, TRPM8 (B) and TRPV1 (C) expression, after transfection in tsA-201 cells,
detected by their associated myc tag (top), was not affected by coexpression of !2"-1 (lane 1),
compared with a control protein $1b (lane 2). No signal was observed in WCL from untransfected
(U/T) tsA-201 cells (lane 3). Bottom, GAPDH loading controls. C, !2"-1 expression is also shown
(middle). All lanes are from the same gel. Data are representative of n # 2 experiments.
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Figure 8.6 Calcium channel currents in α2δ-1+/+ and α2δ-1−/− DRG neurons. A, Calcium channel current 

density-voltage relationship for α2δ-1+/+ (closed squares, n = 19 cells, 4 mice) and α2δ-1−/− (open circles, n = 29 cells, 5 mice) 

DRG neurons. Mean data were fit between −60 and 40 mV with a modified Boltzmann relationship (see Materials and 

Methods). For α2δ-1+/+, the V50,act was −10.2 mV and for α2δ-1−/−, the V50,act was −8.17 mV. B, Representative current traces 

under the two conditions: α2δ-1+/+ (top) and α2δ-1−/− (bottom). Top, Voltage protocol. Holding potential −90 mV, test 

potentials −60 to 10 mV in 10 mV steps. C, Calcium channel current density-voltage relationship for α2δ-1+/+ (closed 

squares, n = 7 cells, 4 mice) and α2δ-1−/− (open circles, n = 25 cells, 7 mice) for DRG neurons after preincubation for 15 

min with ω-conotoxin GVIA (ω-CTX GVIA, 1 µm); otherwise as in A. For α2δ-1+/+, the V50,act was −7.85 mV and for α2δ-

1−/−, the V50,act was −10.3 mV. D, Representative current traces under the two conditions, as in B. Data were compared by 

two-way ANOVA, followed by the Tukey Honest Significant Differences test. A, C, The statistical significance of the 

difference in current density between α2δ-1+/+ and α2δ-1−/− is indicated: *p < 0.05, **p < 0.01. There was no effect of ω-

conotoxin GVIA on the difference in current density between the mouse genotypes.  

from !2"-1!/! and !2"-1"/" mice (Fig.
7). Current density–voltage (I-V) rela-
tionships were measured 30 ms after the
start of depolarization (Fig. 7A,B). The
peak current density was 27% smaller at 0
mV and 30% smaller at 10 mV, in !2"-
1!/! compared with !2"-1"/" DRG neu-
rons, but there was no significant shift in
the voltage dependence of activation of
the currents. In experiments using
#-conotoxin GVIA (1 $M) to block
N-type currents (Fig. 7C,D), this toxin in-
hibited the peak Ba 2" currents in !2"-
1"/" DRGs by 51% at 0 mV, (54% at 10
mV), and that in !2"-1!/! DRGs by 55%
at 0 mV (52% at 10 mV) (compare Fig. 7A
with Fig. 7C), indicating that there is a
similar component of N-type current in
!2"-1!/! and !2"-1"/" DRG somata.

!2"-1 #/# mice develop delayed
mechanical hypersensitivity after PSNL
We next sought to examine the develop-
ment of mechanical and cold hypersensi-
tivity in the absence of !2"-1, as the
upregulation of this subunit has been
shown to correlate with the development
of neuropathic-like behaviors (Li et al.,
2004). Baseline testing was performed 5 d
before PSNL surgery and then repeated on
postoperative days 3, 7, 9, 11, and 14. After
surgery, mice groomed normally and
maintained presurgery body weights. The
!2"-1"/" mice developed rapid mechan-
ical hypersensitivity on the injured side af-
ter PSNL, with significant increases in
withdrawal frequency to the 0.4 g von Frey
filament, compared with contralateral re-
sponses from day 3 onwards, and to !2"-
1"/" sham responses from day 7 onwards
(Fig. 8A). The ipsilateral withdrawal fre-
quencies for !2"-1!/! mice were reduced
compared with !2"-1"/" mice at days 3,
7, 9, and 11 and only differed from con-
tralateral responses from day 11 onwards
(Fig. 8B). The !2"-1"/" sham mice did not display any behav-
ioral changes after surgery for the duration of the 2 week obser-
vation period (Fig. 8C).

Cold hypersensitivity after PSNL was not markedly altered in
!2"-1!/! mice, and was an infrequent occurrence after surgery
in both genotypes. The !2"-1"/" ipsilateral responses differed
significantly from the contralateral responses on days 11 and 14
(Fig. 8D), !2"-1!/! ipsilateral responses differed significantly
from the contralateral responses on days 3, 7, and 9 (Fig. 8E);
however, no significant difference was observed between the !2"-
1"/" and !2"-1!/! ipsilateral responses. The !2"-1"/" sham ipsi-
lateral responses did not differ from the contralateral side (Fig. 8F).

Anti-hyperalgesic efficacy of pregabalin is lost in !2"-1 #/#

mice after PSNL
The ability of pregabalin to attenuate mechanical hypersensitivity
was examined in !2"-1"/" and !2"-1!/! 14 d after PSNL. Me-
chanical hypersensitivity was tested before administration of ei-

ther vehicle or 10 mg/kg pregabalin, and repeated 30, 60, and 90
min after dosing. In !2"-1"/" mice, pregabalin reduced with-
drawal frequency on the injured ipsilateral side compared with
predrug values at 30 min after dosing, and to the vehicle-treated
group at 30 and 60 min after dosing. Contralateral responses were
not altered by vehicle or pregabalin treatment (Fig. 8G). In !2"-
1!/! mice, pregabalin did not affect mechanical hypersensitivity
compared with predrug withdrawal frequencies or the vehicle-
treated group. Contralateral responses were also unaffected by
both treatments (Fig. 8H).

!2"-1 mRNA is upregulated after PSNL in !2"-1 $/$ DRGs,
but other CaV auxiliary subunits do not compensate for !2"-1
in #/# DRGs
Nerve injury in animal models of chronic pain causes changes
in the expression of a plethora of genes and their gene prod-
ucts (Costigan et al., 2002). These changes include the upregu-
lation of !2"-1 (Newton et al., 2001). Using quantitative PCR

Figure 7. Calcium channel currents in !2"-1 "/" and !2"-1 !/! DRG neurons. A, Calcium channel current density-voltage
relationship for !2"-1 "/" (closed squares, n#19 cells, 4 mice) and !2"-1 !/! (open circles, n#29 cells, 5 mice) DRG neurons.
Mean data were fit between !60 and 40 mV with a modified Boltzmann relationship (see Materials and Methods). For !2"-
1 "/", the V50,act was !10.2 mV and for !2"-1 !/!, the V50,act was !8.17 mV. B, Representative current traces under the two
conditions: !2"-1 "/" (top) and !2"-1 !/! (bottom). Top, Voltage protocol. Holding potential!90 mV, test potentials!60 to
10 mV in 10 mV steps. C, Calcium channel current density-voltage relationship for !2"-1 "/" (closed squares, n # 7 cells, 4 mice)
and !2"-1 !/! (open circles, n # 25 cells, 7 mice) for DRG neurons after preincubation for 15 min with #-conotoxin GVIA (#-CTX
GVIA, 1 $M); otherwise as in A. For !2"-1 "/", the V50,act was !7.85 mV and for !2"-1 !/!, the V50,act was !10.3 mV. D,
Representative current traces under the two conditions, as in B. Data were compared by two-way ANOVA, followed by the Tukey
Honest Significant Differences test. A, C, The statistical significance of the difference in current density between !2"-1 "/" and
!2"-1 !/! is indicated: *p $ 0.05, **p $ 0.01. There was no effect of #-conotoxin GVIA on the difference in current density
between the mouse genotypes.
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Figure 8.7 PSNL-mediated ipsilateral changes of mRNA of neuropathy markers in α2δ-1+/+ and α2δ-

1−/− DRGs. The legend applies to all parts of the figure. A, Q-PCR results for α2δ-1 mRNA levels (fold expression 

(normcontra)) in pooled L3-L5 ipsilateral DRGs from sham-operated (n = 9) or PSNL-operated (n = 7) α2δ-1+/+ mice (black 

bars), 14 d after surgery. Data are normalized to the respective contralateral side. Error bars indicate SEM. Statistical 

analysis was performed using one-way ANOVA with p = 0.003 using Bonferroni's post test. No data are included for the 

α2δ-1−/− DRGs because of the gene disruption. B, Q-PCR results for α2δ-2 mRNA levels (fold expression (normcontra)) in 

pooled L3-L5 ipsilateral DRGs from sham-operated (n = 9) or PSNL-operated (n = 7) α2δ-1+/+ mice (black bars) or PSNL-

operated α2δ-1−/− mice (white bar, n = 7), 14 d after surgery. Data are normalized to the respective contralateral side. 

Error bars indicate SEM. Statistical analysis: one-way ANOVA with p = 0.11. C, Q-PCR results for α2δ-3 mRNA levels (fold 

expression (normcontra)) in pooled L3-L5 ipsilateral DRGs from sham-operated (n = 9) or PSNL-operated (n = 7) α2δ-1+/+ 

mice (black bars) or PSNL-operated α2δ-1−/− mice (white bar, n = 7), 14 d after surgery. Data are normalized to the 

respective contralateral side. Error bars indicate SEM. Statistical analysis: one-way ANOVA with p = 0.21. D, Q-PCR results 

for β3 mRNA levels (fold expression (normcontra)) in pooled L3-L5 ipsilateral DRGs from sham-operated (n = 9) or PSNL-

operated (n = 7) α2δ-1+/+ mice (black bars) or PSNL-operated α2δ-1−/− mice (white bar, n = 6), 14 d after surgery. Data are 

normalized to the respective contralateral side. Error bars indicate SEM. Statistical analysis: one-way ANOVA with 

Bonferroni's multiple-comparison test, p > 0.05 for all comparisons. E, Q-PCR results for TRPM8, TRPA1, and TRPV1 

mRNA levels (fold expression) in pooled L3-L5 ipsilateral DRGs from PSNL-operated α2δ-1+/+ mice (black bars n = 3) or 

PSNL-operated α2δ-1−/− mice (white bars, n = 3), 14 d after surgery. Data are normalized to the respective contralateral 

side. Error bars indicate SEM. Statistical analysis shows that TRPM8 mRNA ratios for α2δ-1+/+ and α2δ-1−/− DRGs are 

significantly less than a theoretical value of 1: †p = 0.0003 and p = 0.0142, respectively (one-sample t test). The difference 

between α2δ-1+/+ and α2δ-1−/− TRPM8 ratios is also statistically significant.  

other two !2" isoforms compensates for the absence of !2"-1
upregulation after PSNL in !2"-1 !/! mice.

CaV#3, which is the main # subunit in DRGs, and has been
found in one study to be upregulated in rat DRGs after SNL (Li et
al., 2012); however, here we found the #3 mRNA level was not
altered in DRGs by PSNL, either in !2"-1"/" or !2"-1!/! mice
(Fig. 9D).

Investigation of TRP channel mRNA levels in !2"-1 #/# and
!2"-1 $/$ DRGs after PSNL
We compared mRNA levels for TRPM8, TRPA1, and TRPV1 in
!2"-1"/" and !2"-1!/! DRGs, normalizing the data on the ip-
silateral side after PSNL to that on the corresponding contralat-
eral side. We found that TRPM8 mRNA was significantly reduced
ipsilateral to PSNL compared with the level in the corresponding
contralateral DRGs, as previously observed for another nerve in-
jury model (Caspani et al., 2009), but there was a smaller reduc-
tion in the !2"-1!/! than in !2"-1"/" DRGs (Fig. 9E).

ATF3 mRNA and NPY protein are upregulated normally after
PSNL in !2"-1 $/$ DRGs
We next compared the mRNA levels of ATF3, a neuronal marker
for nerve injury (Tsujino et al., 2000), in !2"-1"/" and !2"-1!/!

DRGs. We found that, 14 d after PSNL, ATF3 mRNA was
significantly upregulated in both !2"-1 "/" and !2"-1 !/!

DRGs compared with DRGs taken from !2"-1 "/" sham-
operated mice (Fig. 10A). Moreover, the upregulation of ATF3
in !2"-1 !/! DRGs was not significantly different from the
upregulation in !2"-1 "/" tissue.

Immunofluorescence staining in DRGs 14 d after PSNL con-
firmed the ipsilateral upregulation of !2"-1 (green) in !2"-1"/"

L4 DRGs compared with the contralateral side (Fig. 10B, upper
row, first and third panels). There was no detectable !2"-1 stain-
ing in sections of ipsilateral or contralateral L4 DRGs from !2"-
1!/! mice (Fig. 10B, upper row, second and fourth panels).
Staining for neuropeptide Y (NPY, red), another marker for
nerve injury (Wakisaka et al., 1992; Ruscheweyh et al., 2007) in
the same sections, showed that NPY was upregulated in the ipsi-
lateral DRGs from both !2"-1"/" and !2"-1!/! mice (Fig. 10B,
lower row, first and second panels), whereas the staining was
virtually absent from the contralateral side (Fig. 10B, lower row,
third and fourth panels). We then quantified the NPY staining by
counting the number of NPY-positive cells per section (Fig. 10C).
There was no significant difference in the number of NPY-
positive cells in ipsilateral and contralateral sections from L3-L5
DRGs from !2"-1"/" compared with !2"-1!/! mice 14 d after
PSNL. The quantification also showed that PSNL mainly affected
the L3 and L4 DRG neurons and axons.

Discussion
This study examined whether !2"-1 is involved in baseline so-
matosensory functions and in development of neuropathic pain.
We found that !2"-1 knock-out mice show markedly reduced
behavioral sensitivity to mechanical and cold stimuli, with no
change in withdrawal threshold for noxious heat. !2"-1 is ex-
pressed in most excitable tissues, including peripheral and central
neurons (Cole et al., 2005; Taylor and Garrido, 2008). In this
global !2"-1 knock-out model, altered behavioral sensitivity
could therefore be attributed to differences in supraspinal circuits
as well as spinal and somatosensory neurons. Our data strongly
support a peripheral and spinal role for !2"-1 in modulating
sensitivity to these stimuli. The behavioral profile was, in part,
reflected by attenuated mechanical responses of dorsal horn neu-

Figure 9. PSNL-mediated ipsilateral changes of mRNA of neuropathy markers in !2"-
1 "/" and !2"-1 !/! DRGs. The legend applies to all parts of the figure. A, Q-PCR results for
!2"-1 mRNA levels (fold expression (normcontra)) in pooled L3-L5 ipsilateral DRGs from sham-
operated (n # 9) or PSNL-operated (n # 7) !2"-1 "/" mice (black bars), 14 d after surgery.
Data are normalized to the respective contralateral side. Error bars indicate SEM. Statistical
analysis was performed using one-way ANOVA with p # 0.003 using Bonferroni’s post
test. No data are included for the !2"-1 !/! DRGs because of the gene disruption. B,
Q-PCR results for !2"-2 mRNA levels (fold expression (normcontra)) in pooled L3-L5 ipsi-
lateral DRGs from sham-operated (n # 9) or PSNL-operated (n # 7) !2"-1 "/" mice
(black bars) or PSNL-operated !2"-1 !/! mice (white bar, n # 7), 14 d after surgery.
Data are normalized to the respective contralateral side. Error bars indicate SEM. Statisti-
cal analysis: one-way ANOVA with p # 0.11. C, Q-PCR results for !2"-3 mRNA levels (fold
expression (normcontra)) in pooled L3-L5 ipsilateral DRGs from sham-operated (n # 9) or
PSNL-operated (n # 7) !2"-1 "/" mice (black bars) or PSNL-operated !2"-1 !/! mice
(white bar, n # 7), 14 d after surgery. Data are normalized to the respective contralateral
side. Error bars indicate SEM. Statistical analysis: one-way ANOVA with p # 0.21. D, Q-PCR
results for #3 mRNA levels (fold expression (normcontra)) in pooled L3-L5 ipsilateral DRGs
from sham-operated (n # 9) or PSNL-operated (n # 7) !2"-1 "/" mice (black bars) or
PSNL-operated !2"-1 !/! mice (white bar, n # 6), 14 d after surgery. Data are normal-
ized to the respective contralateral side. Error bars indicate SEM. Statistical analysis:
one-way ANOVA with Bonferroni’s multiple-comparison test, p $ 0.05 for all compari-
sons. E, Q-PCR results for TRPM8, TRPA1, and TRPV1 mRNA levels (fold expression) in
pooled L3-L5 ipsilateral DRGs from PSNL-operated !2"-1 "/" mice (black bars n # 3) or
PSNL-operated !2"-1 !/! mice (white bars, n # 3), 14 d after surgery. Data are normal-
ized to the respective contralateral side. Error bars indicate SEM. Statistical analysis shows
that TRPM8 mRNA ratios for !2"-1 "/" and !2"-1 !/! DRGs are significantly less than
a theoretical value of 1: †p # 0.0003 and p # 0.0142, respectively (one-sample t test).
The difference between !2"-1 "/" and !2"-1 !/! TRPM8 ratios is also statistically
significant: *p # 0.068 (Student’s t test).
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Figure 8.8 PSNL-mediated ipsilateral changes of mRNA and protein levels of injury markers in α2δ-

1+/+ and α2δ-1−/− DRGs. A, Q-PCR results for ATF3 mRNA levels (fold expression) in pooled L3-L5 ipsilateral DRGs 

from sham-operated (n = 9) or PSNL-operated (n = 7) α2δ-1+/+ mice (black bars) or PSNL-operated α2δ-1−/− mice (white 

bar, n = 7) 14 d after surgery. Data are normalized to the respective contralateral side. ***p < 0.001 (one-way ANOVA and 

Bonferroni's post hoc test). ATF3 mRNA levels in PSNL-operated α2δ-1+/+ were not significantly different from PSNL-

operated α2δ-1−/− mice. B, Representative immunofluorescence images of ipsilateral (ipsi) and contralateral (contra) L4 

DRG sections from α2δ-1+/+ and α2δ-1−/− mice after PSNL. Double immunofluorescence staining for α2δ-1 (green) and NPY 

(red); blue represents nuclear staining. Scale bar, 100 µm. C, Quantification of NPY-positive cells per section (number of 

NPY-positive cells/section) in ipsilateral and contralateral α2δ-1+/+ (black bars) and α2δ-1−/− (white bars) L3-L5 DRGs 14 d 

after PSNL. Error bars indicate SEM. Statistical analysis was as follows: unpaired Student's t test comparing number of NPY-

positive cells. α2δ-1+/+ and α2δ-1−/− DRG sections: ipsilateral L3, p = 0.97 (n = 18 α2δ-1+/+ sections, n = 19 α2δ-1−/− sections); 

ipsilateral L4, p = 0.84 (n = 22 α2δ-1+/+ sections, n = 20 α2δ-1−/− sections); ipsilateral L5, p = 0.37 (n = 13 α2δ-1+/+ sections, n 

= 13 α2δ-1−/− sections); contra L3, p = 0.27 (n = 11 α2δ-1+/+ sections, n = 13 α2δ-1−/− sections); contra L4 contra, p = 0.94 (n 

= 13 α2δ-1+/+ sections, n = 12 α2δ-1−/− sections); and contra L5, p = 0.39 (n = 8 α2δ-1+/+ sections, n = 10 α2δ-1−/− sections).  

	  
rons, whereas thermal responses were unaffected. The lower pre-
synaptic “input” after electrical stimulation in !2"-1!/! mice
likely represents a decrease of synaptic transmitter release from
primary afferents projecting to dorsal horn neurons, and the lack

of change in windup also supports presynaptic alterations. How-
ever, there was no global reduction in primary afferent transmis-
sion via A and C-fibers, in terms of evoked responses and
thresholds, suggesting no major changes in conduction of affer-
ent nerves.

In addition to its association with calcium channels, !2"-1 has
also been shown to mediate excitatory synaptogenesis via inter-
action with thrombospondin (Eroglu et al., 2009). At the spinal
level, !2"-1 is strongly expressed in presynaptic terminals of pri-
mary afferents terminating in the superficial laminae (Bauer et
al., 2009), whereas lamina V/VI dorsal horn neurons receive both
direct and indirect input from A#, A", and C fibers. The present
study does not directly address whether there are differences be-
tween !2"-1"/" and !2"-1!/! mice in primary afferent synapse
numbers. This hypothesis is certainly feasible and will be exam-
ined in the future, although the modality-specific deficits argue
against global synaptic dysregulation in the dorsal horn.

It is of interest that the phenotype shown by !2"-1!/! mice
(reduced mechanical and cold sensitivity, with no change in sen-
sitivity to noxious heat) shows similarities with that observed in
NaV1.8 knock-out mice (Abrahamsen et al., 2008), and when
NaV1.7 is deleted selectively in NaV1.8-positive nociceptors (Mi-
nett et al., 2012). TRPM8 is the principal detector of cool temper-
atures in mouse (Bautista et al., 2007; Colburn et al., 2007; Dhaka
et al., 2007; Knowlton et al., 2013). Although these neurons con-
stitute a minor proportion of all primary afferents, synaptic
transmission in this population may be particularly dependent
on !2"-1.

To examine the basis for the observed modality-specific dif-
ferences in response between the !2"-1"/" and !2"-1!/! mice,
we examined the properties of the DRG neurons. Although gross
differences were absent, when examining responses to TRP ago-
nists, we found that the proportion of cultured DRG neurons
responding to ME was significantly reduced in !2"-1!/! mice,
agreeing with the marked reduction in behavioral response to
acetone cooling in naive !2"-1!/! mice. Nevertheless, our exper-
iments do not provide evidence that his effect was the result of a
reduction in TRPM8 mRNA. Mechanoreceptors have recently
been shown to be made up of Piezo proteins (Coste et al., 2012);
however, the reduced baseline response to mechanical stimuli in
!2"-1!/! mice was not a result of reduced Piezo2 mRNA.

The sensor for noxious heat, TRPV1, is selectively expressed in
small-medium DRG neurons (Kobayashi et al., 2005), which also
express !2"-1 most strongly (Newton et al., 2001; Bauer et al.,
2009). Surprisingly, we found an increase in the proportion of
DRG neurons in !2"-1!/! mice responding to activation of
TRPV1 receptors by CAPS in vitro and a small increase in the
peak Ca 2" response to CAPS. This difference is in contrast to the
lack of change in behavioral threshold for elevated temperatures,
and the lack of significant difference in AP response of WDR
neurons to thermal stimulation. We hypothesize that this might
represent a compensatory upregulation at the cellular level of
TRPV1 receptor function in !2"-1!/! DRG neurons, to coun-
teract the reduction in primary afferent transmission resulting
from the loss of !2"-1 at central terminals. However, we found no
change in TRPV1 mRNA level in !2"-1!/! DRGs, suggesting
that there is no difference at the level of transcription, indicating
that the basis for the increased response to CAPS in vitro may
have a translational or post-translational basis. Interestingly,
TRPV1 protein has been found to be upregulated in uninjured
sensory neurons, after partial nerve injury (Kim et al., 2008).

An alternative hypothesis to explain the reduction in baseline
response to cooling and mechanical stimulation is that !2"-1 is

Figure 10. PSNL-mediatedipsilateralchangesofmRNAandproteinlevelsofneuropathymarkers
in !2"-1 "/" and !2"-1 !/! DRGs. A, Q-PCR results for ATF3 mRNA levels (fold expression) in
pooled L3-L5 ipsilateral DRGs from sham-operated (n # 9) or PSNL-operated (n # 7) !2"-1 "/"

mice (black bars) or PSNL-operated !2"-1 !/! mice (white bar, n # 7) 14 d after surgery. Data are
normalized to the respective contralateral side. ***p$0.001 (one-way ANOVA and Bonferroni’s post
hoctest).ATF3mRNAlevels inPSNL-operated!2"-1 "/"werenotsignificantlydifferentfromPSNL-
operated !2"-1 !/! mice. B, Representative immunofluorescence images of ipsilateral (ipsi) and
contralateral (contra) L4 DRG sections from !2"-1 "/" and !2"-1 !/! mice after PSNL. Double
immunofluorescence staining for !2"-1 (green) and NPY (red); blue represents nuclear staining.
Scale bar, 100 $m. C, Quantification of NPY-positive cells per section (number of NPY-positive cells/
section) in ipsilateral and contralateral !2"-1 "/" (black bars) and !2"-1 !/! (white bars) L3-L5
DRGs 14 d after PSNL. Error bars indicate SEM. Statistical analysis was as follows: unpaired Student’s t
test comparing number of NPY-positive cells. !2"-1 "/" and !2"-1 !/! DRG sections: ipsilateral
L3, p # 0.97 (n # 18 !2"-1 "/" sections, n # 19 !2"-1 !/! sections); ipsilateral L4, p # 0.84
(n # 22 !2"-1 "/" sections, n # 20 !2"-1 !/! sections); ipsilateral L5, p # 0.37 (n # 13
!2"-1 "/" sections, n # 13 !2"-1 !/! sections); contra L3, p # 0.27 (n # 11 !2"-1 "/"

sections, n # 13 !2"-1 !/! sections); contra L4 contra, p # 0.94 (n # 13 !2"-1 "/" sections,
n # 12 !2"-1 !/! sections); and contra L5, p # 0.39 (n # 8 !2"-1 "/" sections, n # 10 !2"-
1 !/! sections).
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