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Thesis Summary 
The neural processing of pain is not entirely understood. One of the largest problems 

limiting the current understanding of nociception is the widespread use of 

oversimplified classification schemes. Nociceptors are classified as either peptidergic 

or nonpeptidergic. Peptidergic nociceptors usually co-express the peptides calcitonin 

gene-related peptide (CGRP) and substance P (SP; CGRP+SP+). CGRP enhances the 

nociceptive effects of SP, but has very little effect by itself. Yet, in mice dorsal root 

ganglia (DRG), some neurons express CGRP without SP (CGRP+SP-) and these 

neurons are not yet characterised. 

The prevalence and distribution of CGRP+SP- neurons and their neurochemical 

profile was determined using multiple labelling immunohistochemistry. In DRG 

CGRP+SP- neurons accounted for half of the CGRP-immunoreactive (IR) DRG 

neurons. Cutaneous CGRP+SP- fibres were numerous within dermal papillae and 

around hair shafts, and CGRP+SP- boutons were prevalent in lateral laminae I/II and 

in lamina IV/V of the spinal dorsal horn. CGRP+SP- neurons were distinguished from 

CGRP+SP+ neurons by their much larger soma size in DRG, and by their expression 

of the myelinated marker NF200 and lack of expression of the capsaicin sensitive 

TRPV1 receptor, which is possessed by most peptidergic nociceptors. Overall, there 

were two subpopulations of CGRP+SP- neurons: medium myelinated Aδ-fibre 

CGRP+SP-TRPV1+ neurons and medium-large sized myelinated Aδ/Aβ-fibre 

CGRP+SP-TRPV1- neurons. 

To determine the central and peripheral projections of the CGRP+SP- neurons axonal 

tracing was coupled with multiple-labelling immunohistochemistry. Retrograde 

tracing from muscle tissue revealed that muscular CGRP+SP- afferents originated 

from the larger CGRP+SP- somata. Anterograde tracing revealed dual central 

projections of CGRP+SP- neurons in the laminae I/II and laminae IV/V of the spinal 

dorsal horn. The finer, most likely Aδ-fibre, CGRP+SP- neurons terminated in lamina 

I/II, whereas the larger, most likely Aβ-fibre, CGRP+SP- neurons terminated in 

lamina IV/V. The laminae IV/V CGRP+SP- fibres were not classical VGluT1-IR 

mechanoceptors. 
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The central targets of these neurons were identified using the activated extracellular 

signal-regulated kinase (ERK) and cAMP response element-binding protein (CREB) 

as markers for neuronal activation. Viable spinal cord slices were stimulated both 

electrically and with capsaicin. Noxiously activated neurons received contacts from 

CGRP+SP- afferents in lamina I. In contrast, no cells were activated in lamina IV/V. 

Therefore, it is likely that the CGRP+SP- afferents of lamina IV/V were not 

nociceptive. 

Overall, this research has lead to an improved understanding of the properties of an 

uncharacterised population of presumed nociceptors. CGRP-IR neurons could be 

subdivided based on their SP expression. CGRP+SP- neurons could be further 

subdivided based on their TRPV1 expression: Aδ-fibre CGRP+SP-TRPV1+ neurons 

and Aδ/Aβ-fibre CGRP+SP-TRPV1- neurons. CGRP+SP-TRPV1+ and CGRP+SP-

TRPV1- neurons are unlikely to be involved in acute nociception. The CGRP+SP-

TRPV1+ neurons had central terminations in laminae I/II and likely had a modulatory 

role in nociception that may contribute to the central sensitisation resulting in 

hyperalgesia associated with inflammatory and chronic pain states. The CGRP+SP-

TRPV1- neurons are likely an uncharacterized population of mechanoceptors. While 

these neurons may not be involved in nociception, they may synapse on wide 

dynamic range neurons and could contribute to mechanical allodynia. 
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 Pain 1.1
Pain describes a wide range of highly unpleasant experiences, but is defined by the 

International Association for the Study of Pain (IASP) as “an unpleasant sensory 

and emotional experience associated with actual or potential tissue damage” 

(Merskey & Bogduk, 1994). As this definition suggests, it is a perceptual experience 

that is composed of both sensory and emotional components. 

This thesis focuses on the sensory component also known as nociception, which is 

the neural processing of the actual and potential tissue damage from an injury. 

However, the emotional aspect of pain, that includes the subjective behavioural and 

affective responses to an injury, means that objectively determining the underlying 

neural mechanisms of painful experiences is challenging (Cervero & Laird, 1991). 

Therefore, the classification of pain perception usually relies on a verbal description 

of its location, intensity and quality rather than by an objectively determined 

comparable parameter. Unfortunately, there is a substantial mismatch between these 

descriptive aspects of pain and the underlying physiological mechanism. 

Recognising this, Cervero and Laird (1991) have defined three main underlying 

neural mechanisms that contribute to different pain states and it has been adopted by 

many in the field (Price et al., 2001; Brooks & Tracey, 2005; Cervero, 2007; Treede 

et al., 2008). These are: 

1. Nociceptive (hence referred to in this thesis as acute nociception, to 

distinguish it from the following two mechanisms); 

2. Inflammatory (which includes nociception after inflammation) and 

3. Neuropathic pain (a form of chronic pain resulting from neurological 

damage) 

These three underlying neural mechanisms that contribute to different pain 

conditions are elaborated upon in the following sections and summarised in Figure 

1.1. 
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Acute nociception 
In the context of this thesis, acute nociception (or nociceptive pain) refers the neural 

processing of pain under normal conditions. Acute nociception is protective, fast 

acting and enables us to prevent and minimise any tissue damage (Cervero & Laird, 

1991). This process begins when the threshold of a specific type of neuron, known as 

a nociceptor is exceeded either by an aggravating stimulus that has the potential to 

cause tissue damage, or by products of present tissue damage (collectively referred to 

as noxious stimuli). These noxious stimuli can include extremes of temperature; 

intense mechanical pressure, tissue damage; or irritant chemicals (Julius & Basbaum, 

2001; Basbaum et al., 2009). 

The cell bodies of nociceptors are located outside of the spinal cord in dorsal root 

ganglia (DRG) and trigeminal ganglia with peripheral axons that innervate 

superficial and deep tissues, and central axons that enter the spinal cord and 

communicate with dorsal horn neurons. Once activated, an action potential is 

generated that propagates along the axon of the nociceptor towards the spinal cord. 

At the spinal cord the nociceptor either synapses with interneurons to elicit a rapid 

protective withdrawal reflex, or synapses with projection neurons. Projection neurons 

terminate in the thalamus and neurons from the thalamus then project to the primary 

and secondary somatosensory cortex for the descriptive aspects of pain (i.e. 

sensation, location, and quality of pain), and the anterior cingulated gyrus and rostral 

insula for the emotional aspects of pain. 

Nociception after inflammation 
Injury and tissue damage results in inflammation that causes hyperalgesia, which is 

an increase in pain sensitivity from noxious stimuli, provoking an increased 

sensation of pain (Figure 1.2; Merskey & Bogduk, 1994).  Inflammation also causes 

allodynia, in which normally harmless stimuli can also elicit the sensation of pain 

(Figure 1.2; Merskey & Bogduk, 1994) 

Primary hyperalgesia is the sensitisation of the peripheral nociceptor at the site of 

injury, sending enhanced signals to the Central Nervous System  (CNS) leading to 

increased pain sensitivity at the injured area (Cervero & Laird, 1991). These 

enhanced signals eventually cause central sensitisation, which further enhances the 
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signal and also leads to the recruitment of other neurons that are not usually involved 

in nociception (secondary hyperalgesia; Cervero & Laird, 1991).  

While nociception after inflammation is still a protective mechanism, it can last for 

several days or weeks after an injury, in contrast to acute nociception that is fast 

acting and transient. This discourages the use of an injured area and allows time to 

heal. Once the area has healed, the pain threshold usually reverts to normal (Cervero 

& Laird, 1991).  

Chronic and neuropathic pain 
Chronic pain is defined as pain that persists past the normal time of healing (Merskey 

& Bogduk, 1994), usually lasting in excess 3-6 months (Turk & Okifuji, 2001). 

While allodynia and hyperalgesia are also features of chronic pain (similar to 

nociception after inflammation), the prolonged response from nociceptors remains 

and the pain threshold does not revert to normal (Cervero & Laird, 1991). Chronic 

pain can present in two states, either as chronic nociceptive pain that is due to 

excessive activation of the nociceptors, or chronic neuropathic pain that involves 

damage to the nervous system (either peripherally or centrally). 

Chronic nociceptive pain often accompanies chronic diseases, such as cancers and 

arthritis, during which the nociceptors continue to function and correctly respond to 

stimuli. However as mentioned, the persistent nature of such diseases and the 

ongoing nature of the stimuli and subsequent inflammation, result in prolonged 

periods of pain (Cervero & Laird, 1991). 

Damage to the peripheral or central nervous system (chronic neuropathic pain), can 

also result in the persistent sensation of pain even without an ongoing stimulus and 

can occur spontaneously with no apparent stimulus to display the same reduced pain 

thresholds that are characteristic of inflammatory pain (hyperalgesia and allodynia) 

but without any injury (Cervero & Laird, 1991).  

Unlike acute nociception and nociception after inflammation, chronic pain does not 

have an obvious and important protective function. Instead, it adversely limits the 

everyday function and quality of life of the afflicted individual. 
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The problem with pain 
It can therefore be seen that normal reactions to painful stimuli are clearly protective 

sensations that are needed for the survival and wellbeing of the individual, as is the 

case for acute nociception and nociception after inflammation. However, chronic 

pain becomes maladaptive, serves no protective role and instead severely limits 

everyday life and general well being. It is among the most debilitating and costly 

afflictions in America (Debono et al., 2013), Europe (Breivik et al., 2012), Australia 

(Blyth et al., 2001), and perhaps even across the globe (Ospina & Harstall, 2003). 

Nationally, it was estimated that 3.2 million Australians (1.4 million males and 1.7 

million females) experienced chronic pain in 2007 and that as many as 5 million 

Australians will suffer chronic pain by 2050 (Access Economics Pty Ltd, 2007 using 

epidemiological data from the University of Sydney Pain Management Research 

Institute). Chronic pain has had a substantial financial impact on society, costing 

Australia around $34.3 billion in 2007. The largest components of chronic pain costs 

were productivity loss, burden of disease (a measure of loss due to disease and injury 

that remains after treatment or rehabilitation), and healthcare costs (Access 

Economics Pty Ltd, 2007). There is also a substantial direct financial impact on 

individuals that are suffering from chronic pain which was estimated to be 

approximately $11,000 per person in 2007 (Access Economics Pty Ltd, 2007). 

Chronic pain impacts upon a large proportion of the Australian working age 

population with an obvious correlation to the aged and those that are socially 

disadvantaged (Cervero & Laird, 1991; Blyth et al., 2001). The prevalence of 

chronic pain is comparable with other health priority areas including cardiovascular 

disease, cancer and diabetes (Access Economics Pty Ltd, 2007). Chronic pain is 

often associated with other health priority areas and as such it is difficult to 

distinguish its true prevalence (Access Economics Pty Ltd, 2007). It is also 

associated with higher rates of depression and anxiety (Access Economics Pty Ltd, 

2007). However, despite the current range of therapies for chronic pain across these 

broad socio-economic and health spectrums, there are a large proportion of patients 

for whom treatment does not offer any significant relief (Micó et al., 2006; Finnerup 

et al., 2010)  



Introduction 

 7 

Many aspects of nociception are still not yet understood, particularly with respect to 

the properties of the primary afferent nociceptors that initially respond to noxious 

stimuli, and their projections into the spinal cord (which remain only partially 

characterised). These properties are unknown, both in regard to the normal functions 

of these nociceptors and to their contributions to chronic pain. Therefore, in order to 

mitigate this lack of understanding, there is an apparent need for more detailed 

nociception research. 

Summary 
To summarise so far, this section has presented the concept of pain, the different pain 

states (acute, inflammatory and chronic) and the current prevalence and problems 

associated with chronic pain. As a consequence nociception has been introduced as 

the neural processing of a painful stimulus in which there are three differing 

mechanisms for acute nociception, inflammation and neuropathic pain. While normal 

reactions to pain are on the whole protective, chronic pain can be debilitating and 

costly, with an incomplete understanding of nociception causing major problems in 

determining the most appropriate pain therapies. In the following section, the recent 

advances and the remaining limitations in the understanding of nociception will be 

presented and discussed. 
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 Nociceptors 1.2
This section therefore articulates the current understanding of nociceptors in regards 

to their normal functions. There are many different classes of nociceptors, with each 

specific for the neural processing of a particular noxious stimulus or combination of 

noxious stimuli. These different classes of nociceptors are characterised by several 

qualities that include: 

1. The conduction velocity or myelination of their axons (e.g. Aδ and C-fibre 

nociceptors); 

2. Their molecular content or preferred neurotransmitter (e.g. peptidergic and 

nonpeptidergic nociceptors); 

3. The tissue they innervate (e.g. cutaneous, muscular and visceral nociceptors); 

4. Their preferred stimulus (e.g. mechanical, thermal and chemical nociceptors); 

5. Their central projections into the spinal cord (e.g. nociceptors of superficial 

and deep dorsal horn) and  

6. Their pathways and targets in supraspinal areas (e.g. medial and lateral 

spinothalamic neurons). 

Conduction velocity of nociceptors: Aδ and C-fibre 
nociceptors 
Nociceptors can be characterised by their conduction velocities (CV), which is the 

speed at which an action potential propagates along its axon. This speed is largely 

dependent on the diameter and level of myelination of the axon, with sensory 

neurons either myelinated (A-fibres) or unmyelinated (C-fibres; see Figure 1.3) The 

myelinated A-fibres are divided into three subtypes: Aα, Aβ and Aδ fibres, among 

which Aα fibres are the most myelinated, have largest diameter axons (13 – 20 µm) 

and the fastest CV (80 – 120 ms-1). Aβ fibres are the second most myelinated, with 

the second largest diameter axon (6 – 12 µm) and are the second fastest CV (35 – 75 

ms-1), while the Aδ fibres are the least myelinated, with the smallest diameter axons 

(1 – 5 µm) and are the slowest CV (5 – 30 ms-1) of the A-fibres. However, the 

unmyelinated C-fibres are even smaller with axon diameters of 0.2 – 1.5 µm and 



Introduction 

 10 

have the slowest CV (0.5 – 2 ms-1) of all the sensory fibre types (Bear et al., 2011 for 

summary see Figure 1.3)  

Generally there is an inverse relationship between the CV and the mechanical 

threshold (Burgess & Perl, 1967), and nociceptors are distinguished from other 

sensory fibres by their relatively high threshold for activation. Hence, nociceptors are 

generally small diameter afferents with slow CV (< 30 ms-1) and comprise 

myelinated Aδ-fibre and unmyelinated C-fibre neurons. It is believed that Aδ-fibre 

nociceptors mediate the acute well-localised “first” or fast pain, and C-fibres 

nociceptors convey the poorly localised “second” or slow pain (Bear et al., 2011 for 

summary see Figure 1.4). 

Myelinated Aδ fibre nociceptors 

Aδ fibres are mainly low-threshold mechanoreceptors (LTM; Hathway & Fitzgerald, 

2007). However, there are some Aδ-fibres that are nociceptive, and these can be 

divided into two subclasses (type I and type II). Both of these classes respond to 

intense mechanical stimuli, but are distinguished by their differential responsiveness 

to intense heat (Treede et al., 1998). 

Type I A-fibre mechano-heat (AMH) nociceptors respond to both mechanical and 

chemical stimuli but have relatively high heat thresholds. Some of these fibres have 

conduction velocities in the Aδ-range (around 25 ms-1). However, some have 

conduction velocities as high as the Aβ range (55 ms-1) and are often referred to as 

high-threshold mechanoreceptors (Djouhri et al., 1998; Djouhri & Lawson, 2004), 

yet these are often overlooked. 

Type II AMH nociceptors respond to heat stimuli with much lower thresholds than 

type I AMH and are characterised by a rapidly-adapting fast response. Most have 

very high mechanical thresholds or do not respond to mechanical stimuli, and are 

often referred to as mechanically insensitive afferents (MIAs; Lynn & Carpenter, 

1982). MIAs can become sensitised after tissue damage and become mechanically 

sensitive (Reeh et al., 1987). These CV of these II A-fibre nociceptors is in the Aδ-

fibre range (15 ms-1; Ringkamp & Meyer, 2007) 
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Unmyelinated C-fibre nociceptors 
Most C-fibres are nociceptors and the majority of nociceptors have C-fibre axons. 

The most common are C-fibre mechano-heat nociceptors (CMHs) and polymodal 

nociceptors. CMHs respond to heat and mechanical stimuli and are capable of 

adaptation (Ringkamp & Meyer, 2007). The adaptation to heat stimuli can also be 

provoked by mechanical stimuli suggesting that the responsiveness to one stimulus 

can be decreased by a stimulus of different modality (Peng et al., 2003).  

Although the majority of C fibres are nociceptors, there are some that are not. C-fibre 

low threshold mechanoceptors (LTMs) have been identified in hairy skin of rodents, 

monkeys and humans (Nordin, 1990). They respond to light stroking of the skin but 

not to heat and play a role in pleasant touch sensations (Löken et al., 2009). Other C-

fibre afferents with extremely low thresholds to heat have been identified in many 

species (Darian-Smith et al., 1979). These afferents do not respond to mechanical 

stimuli yet they have ongoing activity at room temperature and respond to gentle 

warming. 

Molecular content of nociceptors: peptidergic and 
nonpeptidergic nociceptors 
Nociceptors can also be characterised based on their molecular content and while 

glutamate is believed to be the predominant excitatory neurotransmitter in all sensory 

neurons, (Julius & Basbaum, 2001; Priestley, 2009) many nociceptors also co-

express neuropeptides. Neuropeptides were originally believed to act as 

neuromodulators and potentiate the excitatory effects of glutamate (Hökfelt et al., 

1980; Kow & Pfaff, 1988). However, there is increasing evidence to suggest that 

certain peptides are able to act as neurotransmitters independent of glutamate. Many 

of these peptidergic neurons do not contain glutamate and even lack the protein 

machinery to utilise glutamate as a neurotransmitter (Morris et al., 2005). Not all 

nociceptors express peptides and hence can be neurochemically subdivided into 

peptidergic or non-peptidergic sub-types. 

The peptidergic nociceptors usually express the peptides substance P (SP) and 

calcitonin gene-related peptide (CGRP). They also express tyrosine kinase receptor 

(TrkA) for nerve growth factor (NGF), and mostly possess slowly conducting 

unmyelinated C-fibres that project mainly to lamina I and IIo of the spinal dorsal 
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horn. They are capsaicin-sensitive, respond to a wide range of noxious stimuli and 

are heavily involved in inflammation (Julius & Basbaum, 2001; Woolf & Ma, 2007; 

Belmonte & Viana, 2008; Dubin & Patapoutian, 2010). 

Nonpeptidergic nociceptors lack neuropeptide and TrkA expression, but express 

fluoride-resistant acid phosphatase (FRAP) and can be visualized by the binding of 

the Griffonia simplicifolia lectin IB4. They also express c-Ret neurotrophin receptor 

for glial-derived neurotrophic factor (GDNF), purinergic P2X3 receptors, mostly 

possess faster conducting thinly myelinated fibres (Aδ-fibres) that project mainly to 

lamina IIi of the dorsal horn. They mostly are insensitive to capsaicin and respond to 

noxious mechanical stimuli (Julius & Basbaum, 2001; Woolf & Ma, 2007; Belmonte 

& Viana, 2008; Dubin & Patapoutian, 2010).  

Unfortunately, the division of nociceptors into these two subclasses is imperfect and 

there is a degree of overlap and misrepresentation in the literature. For example: 

some groups (Julius & Basbaum, 2001; Basbaum et al., 2009) claim that the C-fibre 

nociceptors are either peptidergic or nonpeptidergic and the larger Aδ-fibres do not 

fit these categories. Yet it has been shown that SP is present in Aδ- and C-fibre 

neurons (McCarthy & Lawson, 1989) and CGRP is even present in Aα-, Aβ-, Aδ- 

and C-fibre neurons (McCarthy & Lawson, 1990). Therefore peptidergic nociceptors 

are not limited to C-fibre nociceptors. There is also an overlap of marker expression 

between peptidergic and nonpeptidergic neurons (Ringkamp & Meyer, 2007). For 

example: some IB4 neurons express TRPV1 or CGRP (Priestley, 2009). The 

expression of these markers also changes during development and after injury. For 

example: peripheral inflammation up-regulates the expression neuropeptides, 

whereas nerve injury down-regulates expression of neuropeptides (Ringkamp & 

Meyer, 2007). 

Furthermore, there is increasing evidence that some nociceptors do not fit into neat 

peptidergic or nonpeptidergic categories. Several DRG nociceptor subpopulations 

neither express neuropeptides nor bind IB4. Examples include presumptive 

nociceptors that: express high levels of vesicular glutamate transporter 2 (VGluT2; 

Morris et al., 2005; Clarke et al., 2011); express transient receptor potential (TRP) 

cation channel subfamily M8 (TRPM8; Peier, Reeve, et al., 2002; Dhaka et al., 

2008); a population that express the capsaicin receptor, TRP subfamily vanilloid 1 
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(Bráz & Basbaum, 2010); and small groups that express Mas-related G-protein 

coupled receptor member D (Mrgprd) and TRPA1 (Cavanaugh et al., 2009). 

Preferred stimulus of nociceptors: the channels of 
nociceptors 
Nociceptors are either dedicated to a particular type of noxious stimulus, or are able 

to respond to a variety of noxious stimuli. Those that respond to extremes of 

temperature (both hot and cold) are thermo-nociceptors, mechano-nociceptors 

respond to intense mechanical pressure, chemo-nociceptors to irritant chemicals, 

while those that are able to respond to a variety of noxious stimuli and are referred to 

as polymodal nociceptors. 

To respond to a noxious stimulus, a nociceptor must first convert the stimulus into 

neuronal activity. This is done through a process called transduction, during which a 

stimulus causes a conformational change in the structure of specific receptors within 

nociceptor terminals. This structural change triggers the opening or closing of ion 

channels and produces a change in ionic flow across the plasma membrane that 

changes the membrane potential. If the change in membrane potential is large enough 

it will evoke an action potential (Gold & Caterina, 2007). The specific stimulus to 

which a nociceptor responds to is dependent on the type or combination of receptor-

channel complexes it expresses. There is an immense breadth and diversity of 

receptor-channel complexes that have been identified to have roles in the 

transduction of a noxious stimulus into neuronal activity. Therefore, in the context of 

this thesis we focus on those that are important for the peptidergic nociceptor 

populations, which include the Transient Receptor Potential (TRP) channels; 

purinergic receptors; Acid-Sensing Ion Channels (ASICs) and voltage gated sodium 

channels (Nav).  

TRP channels 

TRP channels are a large family of ligand-gated ion channels that display unusually 

high diversities of cation permeability. This family currently includes seven 

subfamilies (TRPA, TRPC, TRPM, TRPML, TRPP, and TRPV). A number of these 

TRP channels are activated by noxious thermal stimuli, namely: TRPV1, TRPV2, 

TRPV3, TRPV4, TRPM8, and TRPA1 (see Figure 1.5 summary). 
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TRP vanilloid sub-family, member 1 (TRPV1; previously referred to as VR1: 

vanilloid receptor) is the best-characterised TRP channel. TRPV1 is expressed in 

small diameter DRG neurons (Caterina et al., 1997; Tominaga et al., 1998). TRPV1 

is most notably activated by the vanilloid compound capsaicin (the spicy component 

of chilli peppers) and noxious heat (≥43°C; Caterina et al., 1997), but is also 

activated by other chemical stimuli, including: resiniferotoxin (RTX), jelly fish and 

spider venoms and low pH (Szallasi et al., 2007). While TRPV1 has a clear role in 

detecting noxious heat (Caterina et al., 1997) and in thermal hyperalgesia after 

inflammation and injury (Caterina et al., 2000; Davis et al., 2000; Levine & 

Alessandri-Haber, 2007), it has also been shown to have a clear mechanical role in 

models of deep tissue pain (Jones et al., 2005; Miranda et al., 2007; Fujii et al., 

2008; Ravnefjord et al., 2009) and joint pain (Fernihough et al., 2005; Honore et al., 

2005; Keeble et al., 2005; Cho & Valtschanoff, 2008), while the direct mechanism is 

not yet known. 

TRP vanilloid sub-family, member 2 (TRPV2; previously referred to as VRL-1: 

vanilloid-receptor-like protein) is also activated by noxious heat (≥52°C), but unlike 

TRPV1, it is not chemically activated by capsaicin (Caterina et al., 1999), it is 

expressed in a broader tissue distribution than TRPV1, and in medium to large 

diameter neurons that are mostly distinct from neurons expressing other TRP 

channels (Lewinter et al., 2004; 2008). TRPV2 however, is chemically activated and 

has also been demonstrated to be activated by mechanical stimuli (Caterina et al., 

1999), suggesting a possible role in the transduction of noxious mechanical stimuli. 

TRP vanilloid sub-family, member 3 (TRPV3) is activated by warm temperature in 

the range of 33-39°C, has a strong expression in keratinocytes and has also been 

demonstrated to be involved in the transduction of noxious heat stimuli (Moqrich et 

al., 2005). TRPV3 knockout mice show deficits in response to noxious heat (>50°C), 

but unlike TRPV1, showed no deficit in inflammatory pain models (Moqrich et al., 

2005). TRPV3 is also chemically activated (Hu et al., 2004; Xu et al., 2006; Vogt-

Eisele et al., 2009). 

TRP vanilloid sub-family, member 4 (TRPV4) is also activated by warm 

temperatures, but in the lower range of 27-34°C, while its role in the transduction of 

noxious heat is so far unclear. Unlike TRPV1-3, TRPV4 desensitises to prolonged 
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noxious heat (Güler et al., 2002), and TRPV4 knockout mice show no deficits in 

response to noxious heat (Todaka, 2004). However, others studies have shown 

deficits in response to noxious heat (Lee, 2005) and in thermal hyperalgesia 

following inflammation (Todaka, 2004). TRPV4 knockout mice have also been 

shown to have deficits in response to intense mechanical stimulation (Liedtke et al., 

2003; Suzuki et al., 2003) suggesting a role in the transduction of noxious 

mechanical stimuli. 

TRP melastatin sub-family, member 8 (TRPM8; also referred to as the cold and 

menthol receptor: CMR1) is activated by menthol (McKemy et al., 2002; chemical in 

mint; Peier, Moqrich, et al., 2002) and cold temperatures greater or equal to (≥25°C; 

Tominaga & Caterina, 2004) and is mostly expressed in small-diameter DRG 

neurons. However, unlike TRPV1, the expression of TRPM8 does not overlap with 

that of other common nociceptive markers, except for a 10-20% overlap with TRPV1 

(McKemy et al., 2002; Peier, Moqrich, et al., 2002). TRPM8 knockout mice have 

been shown to have deficits in detecting cold temperature levels including those in 

the noxious range (Bautista et al. 2007; Dhaka et al. 2007). While this indicates a 

clear role of TRPM8 in the transduction of noxious cold, the role of TRPM8 in cold 

allodynia and hyperalgesia is unknown. 

TRP ankyrin sub-family, member 1 (TRPA1; previously referred to as ANKTM1) 

was initially found to be activated by noxious cold temperatures below or equal to 

17°C (Story et al., 2003), but also responds to a wide variety of compounds 

associated with tissue damage. These compounds include those that directly induce 

tissue damage, such as formalin (McNamara et al., 2007), and also endogenous 

substances that are released from the site of tissue damage and inflammation 

(Patapoutian et al., 2009). Upon inflammation TRPA1 has additionally been shown 

to be involved in cold allodynia and hyperalgesia 

P2X receptors 

Purinergic receptors (or purinoceptors) are a family of membrane receptors that are 

subdivided into two main groups: the purinergic subtype 1 (P1) receptor, which is 

activated by adenosine, and the purinergic subtype 2 (P2) receptor, which is activated 

by adenosine triphosphate (ATP). The P2 receptors are further divided into the 

ligand-gated ion channels (ionotropic receptors) P2X and P2Z receptors, and the G-



Introduction 

 16 

protein-coupled receptors (metabotropic receptors) P2Y, P2U and P2T receptors. The 

P2X receptors can be further subdivided based on the seven P2X subunits (P2X1-7). 

Of these subunits, six (P2X1-6) are expressed by DRG neurons, with P2X7 expressed 

by cells of the immune system (Dunn et al., 2001), while only P2X3 is expressed by 

nociceptors (Dunn et al., 2001). 

These P2X3 receptors are most notably activated by the ATP that is released into 

extracellular space when cells are damaged through injury (Ding et al., 2000; Dunn 

et al., 2001). They are expressed in small to medium diameter nonpeptidergic 

neurons (Bradbury et al., 1998) which are activated after mechanical stimulation 

during peripheral inflammation (Dai et al., 2004). Under inflammatory conditions 

damaged cells release ATP and this release is thought to be increased by mechanical 

pressure (Dai et al., 2004). Therefore it has also been suggested that noxious 

mechanical pressure promotes the release of ATP from cells under normal 

conditions. However, noxious mechanical pressure does not activate P2X3 expressing 

nociceptors and the nocifensive response to noxious mechanical pressure is 

unaffected in P2X3 knockout mice (Souslova et al., 2000; Dai et al., 2004). Some 

P2X3 expressing neurons have also been demonstrated to co-express the capsaicin 

sensitive TRPV1 channel and hence have a role encoding noxious heat (Tsuda et al., 

1999; Ueno et al., 1999) and innocuous heat (Souslova et al., 2000).  

ASICs 
Acid-sensing ion channels (ASICs) are proton-gated ion channels that are activated 

by extracellular protons (changes in pH) with five different subtypes (ASIC1a, 1b, 

2a, 2b and 3), of which four (ASIC 1-4) are expressed by sensory neurons; one of 

which (ASIC3) is associated with nociception (Gold & Caterina, 2007). 

It is well known that acid can elicit pain (Steen et al., 1995; Issberner et al., 1996), 

with plausible evidence that acidosis contributes to the pain associated with 

inflammation and ischaemia. ASIC3 (also called DRASIC) channels are specifically 

expressed by nociceptors that mostly innervate heart, gut and muscle tissue (Gold & 

Caterina, 2007). In all of these tissues, anaerobic respiration leads to the build up of 

lactic acid and protons, which activate the ASIC3 expressing nociceptors (Immke & 

McCleskey, 2001). ASIC3 knockout mice have also been shown to have deficits in 
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the mechanical hyperalgesia that is typically induced with the build up of acid in 

muscle (Price et al., 2001). 

Nav channels 

Unlike the previous channels that have been discussed, voltage-gated sodium 

channels (VGSCs or Nav channels) are not activated by a specific nociceptive 

stimulus (as they are not ligand-gated), but instead are responsible for the inward 

flux of sodium ions (Na+) that generates the action potential. Nav channels are 

activated by changes in membrane potential and are permeable to only Na+ ions. Nav 

channels are further divided into nine different subclasses (Nav1.1-1.9), three of 

which (Nav1.3, 1.7 and 1.8) have a demonstrated roles in nociception (Gold & 

Caterina, 2007).  

While most Nav channels are blocked by the puffer fish toxin, tetrodotoxin (TTX), 

Nav1.8 channel is one of three Nav channels (Nav1.8, Nav1.5 and Nav1.9) that are 

resistant to TTX (Wood, 2007). Nav1.8 has a demonstrated role in nociceptive pain 

(Wood, 2007), is restricted to small diameter nociceptive neurons (Ogata & 

Tatebayashi, 1993; Gold et al., 1996) and up-regulation contributes to hyperalgesia 

and inflammation (England et al., 1996; Cardenas et al., 1997). However, its role in 

neuropathic pain remains unclear (McCleskey & Gold, 1999; Wood, 2007). 

Up-regulation of Nav1.7 also contributes to hyperalgesia and inflammation (Black et 

al., 2004) and while its expression has been demonstrated in all classes of DRG 

neurons, it is predominately expressed in small-diameter nociceptive neurons 

(McCleskey & Gold, 1999; Black et al., 2004; Wood, 2007). 

Nav1.3 has a demonstrated role in neuropathic pain. It is an embryonic channel that is 

down-regulated at birth, and re-expressed in sensory neurons after nerve damage 

(Waxman et al., 1994). This re-expression causes hyperexcitability of nociceptive 

neurons and an increase in pain behaviours in spinal cord injury models. Knockdown 

of Nav1.3 reduces the hyperexcitability and decreases pain behavioural responses 

(Hains et al., 2003). 
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Peripheral projections: cutaneous, muscular and 
visceral nociceptors 
The classification of neurons that project to peripheral tissues (including skin, muscle 

and viscera) is based on the conduction velocity of their axon, the associated 

specialised ending of the neuron’s peripheral terminal and their preferred stimuli. 

Most of our understanding of nociception comes from studying cutaneous 

nociceptors, but there is still a lot to be understood about muscular and visceral 

nociceptors. In the peripheral tissues Aδ and C-fibre nociceptors usually terminate as 

“free” nerve endings that are un-encapsulated and not associated with specialised 

receptors. Typically these free nerve endings consist of several terminal branches 

with bead-like varicosities. Their projection into the skin, muscles and viscera is 

elaborated in the following sections. 

Nociceptive projections in the skin 

The innervation of the skin is well characterised (for summary see Figure 1.6). 

Functionally, there are three main classes of sensory neurons innervating the skin: 

mechanoreceptors, thermoreceptors and nociceptors. Skin can be divided into two 

morphologically different categories that are either hairless (glabrous) or hairy. 

While an obvious factor is that hairy skin contains hair follicles and glabrous skin 

does not, glabrous and hairy skins also receive slightly different innervation.  

In glabrous skin, most mechanoreceptors possess myelinated Aβ fibres, are 

associated with specialised capsulated endings and are situated in the dermis. The 

LTM can be further subdivided based their adaptation to a stimulus: slowly adapting 

types I and II (SAI and SAII) and rapidly adapting types I and II (RAI and RAII). 

The RAI and RAII are associated with Meissner’s and Pacinian corpuscles, 

respectively, whereas the SAI and SAII are associated with multiple Merkel’s disks, 

and Ruffini’s endings, respectively (Guinard et al., 1998; Rice & Rasmusson, 2000; 

Paré et al., 2002). 

Hairy skin lacks Meissner’s corpuscles, but instead contains hair follicle afferents 

(HFAs), which are not present in glabrous skin. These possess either Aβ or Aδ-fibre 

axons and form palisade endings composed of longitudinal (Aβ-fibre) and 

circumferential (Aδ-fibre) lanceolate endings that encircle hair follicles (Willis, 

2007). 
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Cutaneous nociceptors and thermoreceptors terminals comprise of A-fibre 

nociceptors (type I and II AMH) and C-fibre nociceptors (CMH, cold and 

polymodal). While the mechanoreceptors are situated in the dermis, nociceptors and 

thermoreceptors penetrate the epidermis as free nerve endings in both glabrous and 

hairy skin. While not all of these free endings are nociceptive, some C-fibre LTMs 

have been identified (Nordin, 1990). Many cutaneous nociceptors are peptidergic 

(Gibbins et al., 1985; Kruger et al., 1989). 

Nociceptive projections in muscles 
Muscle pain is different from cutaneous pain in number of ways. While cutaneous 

pain is described as sharp and piercing and highly localised, muscle pain is described 

as aching and cramping and more broadly localised (Mense, 2008). These differences 

are believed to be because skin is more highly innervated by nociceptors than 

muscle, although this is yet to be quantitatively confirmed (Mense, 2007). 

Muscle nociceptors are classified differently from nociceptors of the skin and 

viscera. In the muscle Aα-fibres are termed group Ia and Ib fibres, Aβ-fibres group 

II, Aδ-fibre group III and C-fibre group IV fibres. Group I and II fibres are mainly 

proprioceptors, which include the muscle spindles (or stretch receptors) that are 

innervated by both group Ia and II fibres, and Golgi tendon organs that are 

innervated by group Ib fibres. Nociceptors are restricted to the slowly conducting 

group III (corresponding to cutaneous Aδ-fibres) and group IV (corresponding to 

cutaneous C-fibres) in muscle. Group III and IV fibres are free nerve endings, but 

unlike cutaneous afferents there is no definitive correlation between the morphology 

and function of free nerve endings of muscular afferents (Jankowski et al., 2013).  

While most group III afferents are mechanically sensitive (Kaufman & Rybicki, 

1987; Jankowski et al., 2013), not all are nociceptive with many responding to non-

noxious tendon stretch and probing of their receptive fields (Kaufman et al., 1983; 

Mense & Meyer, 1985). These group III afferents have an increasing response to 

tetanic contractions (maximum contraction possible) that decreases as the contraction 

is released (Kaufman et al., 1983; Mense & Meyer, 1985) and appear to protect the 

muscle from damage due to prolonged contraction. 

The majority of group IV neurons in muscle are chemosensitive and are either 

metaboreceptors or metabo-nociceptors (Light et al., 2008; Jankowski et al., 2013). 
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The “metabo” refers to the fact they are activated by metabolites generated within the 

muscle. Metaboreceptors (also termed ergoreceptors) respond to metabolites (such as 

low levels as lactic acid and ATP, and normal pH) found in the muscle during work-

related activity, and are thought to contribute to the activation of the exercise-pressor 

reflex or possibly the sensation of fatigue (Light et al., 2008; Jankowski et al., 2013). 

Whereas metabo-nociceptors respond to metabolites (such as high levels of lactic and 

ATP, as well as moderate pH) found in muscles during ischemic contractions and 

serve a more nociceptive function (Light et al., 2008; Jankowski et al., 2013). Many 

metabo-nociceptors express TRPV1 (Light et al., 2008; Jankowski et al., 2013), 

which is commonly expressed by peptidergic nociceptors, and many metaboreceptors 

expressed the purinergic P2X3 receptor (Jankowski et al., 2013), which is commonly 

expressed by nonpeptidergic neurons. 

Nociceptive projections in viscera  

Like muscle pain, visceral pain is very different from cutaneous pain. It is often dull, 

poorly localised and may be referred to multiple somatic structures where it is felt as 

cutaneous or muscular pain (Gebhart & Bielefeldt, 2007). Adjacent visceral organs 

also refer pain to overlapping somatic areas, making it even more difficult to 

determine the origin of the pain (Gebhart & Bielefeldt, 2007). Visceral nociceptors 

are also unresponsive to noxious stimuli that would elicit a response from cutaneous 

nociceptors. For example: while a small cut in the gut is not painful, spasm or 

ischemia is (Mense, 2007). 

Visceral nociception has been mostly studied in the gastrointestinal tract, yet there is 

still a lot to be understood. Unlike cutaneous and muscular afferents, visceral 

afferents originate from both spinal (either from thoracolumbar or lumbosacral) and 

vagal nerves. Brookes and colleagues (2013) have recently tried to simplify the 

sensory innervation of the gut into five main classes: intraganglionic laminar endings 

(IGLEs), mucosal afferents, muscular-mucosal afferents, intramuscular endings, and 

vascular afferents. 

IGLEs are low-threshold, tension-sensitive mechanoreceptors that are activated by 

distension and contraction (Iggo, 1955; Tassicker et al., 1999; Zagorodnyuk & 

Brookes, 2000; Brookes et al., 2013), where as mucosal afferents are distinct from 

IGLEs by their unresponsiveness to distension or contraction. Instead mucosal 
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afferents respond to light mechanical distortion of the mucosa (Paintal, 1957; Hicks 

et al., 2002; Brookes et al., 2013). Muscular-mucosal afferents are responsive to both 

distension and light mechanical distortion of the mucosa (Page & Blackshaw, 1998).  

IGLEs have also been demonstrated to respond to stretch in the noxious range 

(Zagorodnyuk et al., 2011), however they appear to be mostly unresponsive to 

capsaicin (Brookes et al., 2013). Intramuscular endings (or intramuscular arrays; 

IMAs) are another ending that responds to mechanical stimuli but with higher 

thresholds and lower net firing rates than IGLES (Berthoud & Powley, 1992; 

Brookes et al., 2013). IMAs have a wide dynamic range and graded firing into the 

noxious range of intraluminal pressures. Importantly, many of the axons contain the 

TRPV1 channel, and are frequently peptidergic (Yu, Undem, et al., 2005). Vascular 

afferents also contain peptides and the TRPV1 receptor (Malin et al., 2009; Brookes 

et al., 2013), and are believed to be the major type of nociceptor in the gut and other 

viscera (Floyd & Morrison, 1974; Brookes et al., 2013). Vagal afferents have high 

thresholds to distension and slow firing rates (Malin et al., 2009; Brookes et al., 

2013), and are modulated by a wide range of chemical mediators of damage and 

inflammation (Brookes et al., 2013). 

Central projections of nociceptors: nociceptive 
superficial and deep dorsal horn neurons 
The central projections of the primary afferent nociceptors terminate in the dorsal 

horn of the spinal cord. Here, the primary afferents synapse onto intrinsic dorsal horn 

neurons that have two different classes: interneurons and projection neurons. 

Interneurons have axons that completely remain within the spinal cord that can either 

be relatively short and involved in local circuits; or long, travelling between spinal 

segments (propriospinal neurons). Projection neurons have long axons that travel to 

the brain and are involved in most of the output from the dorsal horn (Ribeiro-da-

Silva & De Koninck, 2007). Dorsal horn neurons also receive input from descending 

axons originating from the brain that in modulate sensory transmission (Ribeiro-da-

Silva & De Koninck, 2007). 

The dorsal horn is divided into six parallel laminae (I-VI; see Figure 1.7), based on 

variations in the size of dorsal horn neurons and their packing density (Rexed, 1954). 

While originally determined in the cat dorsal horn (Rexed, 1954), these divisions 
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have since been applied to several other species; including the monkey (Ralston, 

1979), rat (Steiner & Turner, 1972; Molander et al., 1984; 1989), mouse (Ma et al., 

1995) and human (Harmann et al., 1988). Lamina I (also called the substantia 

spongiosa or the marginal zone; Waldeyer, 1889; Ramon & Cajal, 1909) is the most 

superficial lamina in the dorsal horn. Lamina I caps lamina II (also called the 

substantia gelatinosa; Rexed, 1954), which is divided into an outer (IIo) and inner 

(IIi) region based on functional differences. These laminae are clearly distinguished 

from deeper lamina due to their transparent appearance, which is due to the high 

concentration of small neurons and absence of myelinated axons (Ranson, 1913; 

1914). This absence of myelinated axons has lead to early associations of these 

laminae to likely termination sites of unmyelinated primary afferent neurons and 

hence a key interest in regards to nociception (Ranson, 1913; 1914). Lamina I and II 

have since been definitively shown to contain neurons that specifically respond to 

noxious stimuli (Christensen & Perl, 1970). 

Functional classes of dorsal horn neurons associated with nociception 

In lamina I there are dorsal horn neurons that respond to noxious stimuli, innocuous 

heating or cooling, innocuous mechanical stimuli and itch (Andrew & Craig, 2001; 

2002a). The majority of these dorsal horn neurons are nociceptive (Andrew & Craig, 

2002b) with three main functional types that have been identified based on their 

responsiveness to cutaneous sensory inputs: nociceptive specific neurons, polymodal 

neurons and innocuous thermoreceptive neurons (Andrew & Craig, 2002b). While 

less than half of the nociceptive lamina I dorsal horn neurons are nociceptive specific 

(Andrew & Craig, 2002b), those that are, are polymodal and responsive to noxious 

heat, cold and mechanical stimuli, with a few nociceptive specific neurons 

responsive to only mechanical stimuli (Andrew & Craig, 2002b).  

Lamina IIo contains mainly dorsal horn neurons that respond to noxious stimuli 

(Light, 1992; Light & Willcockson, 1999). However, by contrast, the majority of 

lamina IIi neurons receive input from mainly innocuous mechanically sensitive 

afferents (Light, 1992; Light & Willcockson, 1999). The majority of the nociceptive 

lamina IIo neurons are polymodal, responding to noxious mechanical, thermal and 

chemical stimuli, while others are only responsive to noxious mechanical stimuli 

(Light, 1992). The remainder of lamina IIo neurons are wide-dynamic range (WDR) 
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neurons responding to both noxious and innocuous mechanical stimuli, while few 

neurons responded to only innocuous thermal or mechanical stimuli (Light, 1992). 

Lamina V contains many WDR neurons, as well as nociceptive specific neurons and 

innocuous mechanoceptive neurons (Mendell & Wall, 1965; Hillman & Wall, 1969; 

Light & Durkovic, 1984). While lamina III and IV are dominated by innocuous 

mechanoceptive neurons, some WDR neurons do exist in these laminae (Pomeranz et 

al., 1968; Price & Mayer, 1974; Light & Durkovic, 1984). WDR neurons receive 

information from Aβ- Aδ- and C-fibre afferents (Wagman & Price, 1969; Menétrey 

et al., 1977). Like nociceptive specific neurons, the rate and duration of activity in 

WDR neurons increases with increasing intensity of mechanical and thermal stimuli 

but is inclusive of innocuous stimuli (Le Bars & Cadden, 2007). 

Neurochemical classes of dorsal horn neurons associated with nociception 
Unfortunately, the morphological and neurochemical properties of nociceptive dorsal 

horn neurons are either incomplete or simply lacking. In most cases, only the size 

and the location of the neurochemically characterized cell bodies are known 

(Ribeiro-da-Silva & De Koninck, 2007). This is mostly limited because either the 

staining is inadequate to allow a proper characterization of the cell or the number of 

labeled cells is so high that it is impossible to characterize individual cells. (Ribeiro-

da-Silva & De Koninck, 2007). The largest exception to this inadequate 

characterisation is the characterisation of dorsal horn neurons that contain the NK-1r.  

The majority of lamina I projection neurons contain NK-1r (Marshall et al., 1996; 

Yu, da Silva, et al., 2005), but only a subset of NK-1r-IR neurons are projection 

neurons (Yu, da Silva, et al., 2005). NK-1r immunoreactivity is also found in 

neurons of laminae IIo and III–IV (Liu, H. et al., 1994a; Nakaya, Y. et al., 1994; 

McLeod, A.L. et al., 1998; Ribeiro-da-Silva, A. et al., 2000). Most of the NK- 1r-IR 

neurons project to higher levels, such as the thalamus, the parabrachial and the 

periaqueductal gray (Todd et al., 2000). These NK1-r neurons are also selectively 

innervated by substance P containing peptidergic afferent nociceptors (Todd et al., 

2002).   
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Central projections of nociceptors to the dorsal horn  
The central projections of cutaneous nociceptors are well characterised (refer Figure 

1.8 for summary). The Aδ-fibre nociceptors terminate predominately in laminae I 

and V (Light & Perl, 1979), whereas the C-fibre nociceptors terminate mostly in 

laminae I and II (Sugiura et al., 1989). Peptidergic nociceptors terminate in lamina I, 

lamina IIo and lamina V, whereas nonpeptidergic nociceptors terminate in lamina IIi 

(Bradbury et al., 1998; Ribeiro-da-Silva & De Koninck, 2007). 

The central projections of visceral nociceptors are more widely distributed in the 

dorsal horn than cutaneous nociceptors, terminating in laminae I, II, IV-V and X and 

are often branching to other spinal levels and even the contralateral dorsal horn 

(Sugiura et al., 1989).  

Pathways of nociceptors 
Ascending nociceptive pathways 

Intrinsic dorsal horn neurons play a large role in the processing of the nociceptive 

information. Interneurons remain within the spinal cord and are involved in local 

spinal circuits while projection neurons are the main output from the dorsal horn. 

Projection neurons have much longer axons that travel to specific regions of the brain 

through a number of different ascending pathways, including the: 

• Spinothalamic; 

• Spinocervical; 

• Spinoreticular; 

• Spinohypothalamic; 

• Spinoannular and 

• Postsynaptic dorsal column pathways 

The spinothalamic tract (STT) is the best-characterised ascending nociceptive 

pathway. As the name suggests the STT is a direct pathway from the dorsal horn of 

the spinal cord to the contralateral thalamus. The majority of STT projection neurons 

are found in lamina I and lamina IV/V of the dorsal horn (Willis et al., 1979; 

Apkarian & Hodge, 1989; Willis et al., 2001). The lamina I STT neurons are 

innervated predominantly by C-fibres, with some input from Aδ-fibres and are 

thought to be nociceptive specific cells. The lamina IV/V STT neurons, on the other 
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hand, are innervated predominately by Aδ-fibres and also receive convergent input 

from Aβ-fibres and are hence mainly WDR neurons. Axons from both lamina I STT 

neurons and lamina IV/V STT neurons decussate and enter the ventrolateral quadrant 

of the spinal cord. The STT pathway is divided into two distinct pathways: the 

medial (paleospinothalamic) and lateral (neospinothalamic) spinothalamic pathways. 

The lamina I neurons enter the lateral STT tract and the lamina IV/V neurons enter 

the medial STT tract and connect with STT neurons of the thalamus. The lateral STT 

neurons of the thalamus terminate in the primary and secondary somatosensory 

cortex for discriminative aspects of pain (Bowsher, 1957; Lima, 2007). The medial 

STT neurons of the thalamus terminate in the anterior cingulated gyrus and rostral 

insula for the affective punishing aspects of pain (Bowsher, 1957; Lima, 2007). 

The spinocervical tract (SCT) connects the dorsal horn to the lateral cervical 

nucleus (LCN), which is located in the upper cervical spinal cord. The LCN is 

thought to be a continuation of the lateral spinal nucleus, which has been shown to be 

involved in nociceptive ascending pathways. Neurons of the LCN then connect with 

neurons of the ventral posterolateral thalamic nucleus (Lima, 2007). Most SCT 

neurons are located in lamina IV (Lima, 2007) of the dorsal horn and most are low-

threshold neurons, and are activated by tactile hair movement (Brown & Franz, 

1969). However, some are high-threshold nociceptive specific and WDR (Cervero et 

al., 1977). The SCT neurons are innervated by Aβ-, Aδ- and C-fibre primary 

afferents, most receiving convergent input from C-fibre afferents (Willis, 2007). 

The spinoreticular tract (SRT) connects the dorsal horn to the medullary and 

pontine reticular formation of the brainstem. SRT neurons from the reticular 

formation connect to the intralaminar thalamic nucleus. These neurons are found in 

lamina V-VIII of the dorsal horn and are more concentrated in cervical levels 

(Kevetter & Willis, 1982). They are excited by cutaneous and deep somatic noxious 

stimuli (Willis, 2007). 

The spinohypothalamic tract (SHT) is a direct pathway from the dorsal horn to the 

hypothalamus (Burstein et al., 1990; Katter et al., 1991). SHT neurons are 

predominately located in the deep dorsal horn with some in lamina I. Most of these 

neurons are high-threshold or WDR neurons (Burstein et al., 1991), while SHT 
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neurons of the hypothalamus connect to the periaqueductal grey (PAG) and are 

thought to be involved in the neuroendocrine and autonomic responses to pain. 

The spinoannular (SAT) tract connects the dorsal horn to the PAG (Bernard et al., 

1989; Bernard & Besson, 1990; Bernard et al., 1992). SAT neurons are located in 

lamina I and deeper layers of the dorsal horn and connect to a multitude of areas 

including the hypothalamus, amygdala and thalamus (Bernard et al., 1989; Bernard 

& Besson, 1990; Bernard et al., 1992). These neurons are believed to be involved in 

escape and avoidance motor responses, negative and positive reinforcement and the 

neuroendocrine and autonomic responses to pain (Lovick, 1993). 

The postsynaptic dorsal column tract (PDCT) connects the dorsal horn to the 

ipsilateral dorsal column nuclei (DCN) of the brainstem. PDCT neurons of the DCN 

connect to the contralateral VPL thalamic nucleus and are located predominately in 

lamina III-VII (Rustioni et al., 1979; Bennett et al., 1983). These neurons respond to 

both noxious and tactile mechanical stimuli, noxious heat and noxious visceral 

stimuli (Kamogawa & Bennett, 1986; Al-Chaer, Lawand, Westlund, & Willis, 

1996a; 1996b). 

Descending pathways 

Dorsal horn neurons also receive input from descending neurons via pathways 

originating from the brain that regulate the output of the dorsal horn neurons. While 

the majority of descending neurons are inhibitory and function as an endogenous 

analgesic system, some facilitate pain transmission (Millan, 2002; Gebhart, 2004; 

Ren & Dubner, 2007). Direct descending corticospinal projections that connect the 

sensorimotor areas of the cerebral cortex with the dorsal horn of the spinal cord can 

inhibit or excite neurons in spinal dorsal horn. There are also indirect descending 

pathways from the cortex, hypothalamus and amygdala that connect to the dorsal 

horn through the PAG (Millan, 2002; Gebhart, 2004; Ren & Dubner, 2007). The 

indirect pathways through the PAG are the best-established pathways ((Ren & 

Dubner, 2007). PAG neurons integrate behavioural responses to noxious stimuli 

(Cameron, Khan, Westlund, & Willis, 1995; Cameron, Khan, Westlund, Cliffer, et 

al., 1995; Bandler, 2007) and ascending nociceptive projections from nociceptive 

dorsal horn neurons terminate in the PAG (Menétrey et al., 1982; Hylden et al., 

1986; Azkue et al., 1998). The descending projections follow two main pathways. 
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Projections from the PAG either connect to the dorsal horn through the rostral 

ventromedial medulla (RVM; the PAG-RVM-spinal pathway) or through the locus 

coeruleus/subcoeruleus (LC/SC) in the dorsal pons (PAG-LC/SC-spinal pathway). 

In the PAG-RVM-spinal pathway, descending projections from the RVM pass 

through the dorsolateral funiculus (DLF) to nociceptive neurons of the superficial 

and deep dorsal horn (Basbaum & Fields, 1979; 1984). The RVM contains ON and 

OFF cells (Fields & Heinricher, 1985; Neubert et al., 2004), in which OFF cells are 

tonically active and pause in firing immediately before a withdrawal response from a 

noxious thermal stimulus, whereas ON cells accelerate firing immediately before the 

nociceptive reflex occurs (Fields & Heinricher, 1985; Neubert et al., 2004). While 

the OFF cells inhibit nociceptive inputs and behavioural nocifensive responses to 

nociception (Fields & Heinricher, 1985; Neubert et al., 2004), the ON cells 

contrastingly serve as the source of descending facilitation from the RVM (Fields & 

Heinricher, 1985; Neubert et al., 2004). 

Unlike the PAG-RVM-spinal pathway, projections of the PAG-LC/SC-spinal 

pathway are not mediated through the RVM (Jones, 1991). LC/SC projections 

terminate predominately in laminae VII, VIII, and IX of the ventral horn, with some 

terminations in the deep dorsal horn but relatively few in the superficial dorsal horn 

(Clark & Proudfit, 1991). The LC/SC neurons of the PAG-LC/SC-spinal pathway are 

the major noradrenergic input to the dorsal horn (Jones, 1991). LC/SC projections 

can both inhibit or facilitate nociceptive dorsal horn neurons, depending on the 

receptors that noradrenaline activates. The inhibition of nociceptive processing is 

through activation of the α2A-adrenoceptors of nociceptive dorsal horn neurons 

(Hunter et al., 1997; Holden et al., 1999; Holden & Naleway, 2001), while 

facilitation of nociceptive processing is through activation of the α1-adrenoceptor 

(Holden et al., 1999; Holden & Naleway, 2001). 

Summary 
In summary, the concept of acute, inflammatory and chronic pain has been 

introduced; as well as nociception, which is the neural processing of a painful 

stimulus. Consequently, the present (albeit limited) understanding of the normal 

function of nociceptors has been discussed in this section, detailing the current 

acceptance that there are many types of nociceptors, with each responsible for the 
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processing specific noxious stimulus or combination of noxious stimuli. The various 

attributes of each type include particular conduction velocities, molecular content, 

tissue innervation, responsive stimulus, projections into the spinal cord and 

pathways.  

A particularly limiting factor in the current understanding of the properties of 

nociceptors has been the widespread use of over simplified classification schemes. 

While many nociceptors conform to the conventional peptidergic and non-

peptidergic classification, there is accumulating evidence that many do not. There is 

also an overlap of marker expression between peptidergic and nonpeptidergic 

neurons. Hence, there are subpopulations of neurons involved in pain that are not 

entirely characterised, and there are possibly neurons associated with pain that have 

no involvement. 

However, due consideration here has only been given to the nociceptors in their 

normal function and so the following section considers the function of nociception in 

(abnormal) altered pain states. 
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 Altered pain states 1.3
Having examined specific nociceptors and their function during normal conditions, 

the contributions and changes that occur to these neurons during altered pain states 

will now be reviewed. The altered pain states were introduced in the first section as: 

nociception after inflammation and chronic neuropathic pain.  

Pain after inflammation 
Inflammation is our natural and protective response to injury or infection and a 

means of removing any infectious agents and debris in preparation for the process of 

repair. Tissue damage and injury cause inflammation in a number of different ways, 

all of which involves the release of inflammatory mediators which can be released by 

infection, traumatic stimulation of mast cells, as a result of haemostatic mechanisms 

stimulated by bleeding, or by cell death (Rock & Kono, 2008). These inflammatory 

mediators include cytokines, chemokines, neurotrophic factors (such as nerve growth 

factor; NGF) prostaglandins, histamine and bradykinin (Rittner et al., 2007).  

Inflammatory mediators can directly activate innervating nociceptors, leading to the 

perception of pain; or these mediators can sensitise innervating nociceptors leading 

to an increased sensation of pain (hyperalgesia). The activation of these nociceptors 

can also lead to neurogenic inflammation, which further increases the inflammatory 

response. This neurogenic inflammation occurs due to the axon reflex, whereby the 

activation of the nociceptor leads to both orthodromic and antidromic action 

potentials (Szolcsányi, 1996). The orthodromic action potential propagates toward 

the spinal cord and leads to the perception of pain, while the antidromic action 

potential propagates away from the spinal cord and into the periphery through the 

other peripheral branches of the nociceptor. This antidromic action potential causes 

the release of neuropeptides (CGRP and SP) from the peripheral terminals of the 

activated nociceptor and increases the inflammatory response (Holzer, 1998). The 

increase in inflammatory response sensitises the peripheral branches of the 

innervating nociceptor and other nociceptors innervating the tissue, increasing the 

hyperalgesia. 
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Peripheral sensitisation and primary hyperalgesia 
Primary hyperalgesia is characterised by a hypersensitivity to thermal and 

mechanical stimuli. This hypersensitivity is largely driven by the peripheral 

sensitisation of the nociceptors (Meyer & Campbell, 1981; Torebjork et al., 1984), in 

which sensitisation refers to “an increased responsiveness of nociceptive neurons to 

their normal input, and/or recruitment of a response to normally subthreshold inputs” 

(Merskey & Bogduk, 1994). 

Peripheral sensitisation occurs in both Aδ and C-fibre nociceptors (Beitel & Dubner, 

1976; Fitzgerald & Lynn, 1977) through the change in ion conductance of the ion 

channels and lowers the threshold that is usually required for activation. For 

example: prostaglandins (PGE2), bradykinin and serotonin drive the cAMP-

dependent phosphorylation of the TTX-resistant Nav1.8 and Nav1.9 channel. The 

phosphorylation of Nav1.8/9 increases the inward current of Na+ ions, and in doing 

so lowers the threshold of activation required for an action potential (Basbaum & 

Woolf, 1999). Another example is NGF, which acts directly on the TrkA receptor 

expressed by peptidergic nociceptors (Snider & McMahon, 1998; Chao, 2003). 

Activation of TrkA activates downstream signalling pathways that leads to an 

increased sensitivity of TRPV1 (Chuang et al., 2001). The sensitisation of the 

peripheral nociceptors leads to an increased sensation of pain (hyperalgesia) in the 

injured area. 

NGF can also cause phenotypic changes. NGF is also retrogradely transported to the 

nucleus of the nociceptor, where it promotes increased expression of TRPV1, the 

Nav1.8 channel and neuropeptides (Ji, Samad, et al., 2002; Chao, 2003). Together, 

these changes in gene expression enhance excitability of the nociceptor and amplify 

the neurogenic inflammatory response. Phenotypic changes can also occur in neurons 

not typically associated with nociception. Low-threshold Aβ neurons have been 

shown to express the peptide substance P (which is usually found in nociceptors) 

after inflammation (Neumann et al., 1996). These phenotypic changes to 

mechanoceptors lead to previously innocuous stimuli causing pain (allodynia). 

Secondary hyperalgesia and central sensitisation  

Primary hyperalgesia leads to secondary hyperalgesia due to the increased nociceptor 

sensitivity and recruitment of neurons that are not usually involved in nociception, 



Introduction 

 31 

causing an increase in activity of neurons in the dorsal horn. This increased activity 

of dorsal horn neurons leads to central sensitisation, which refers to activity- or 

injury-dependent changes in the excitability of central nervous system neurons 

(Coderre, 2007). Central sensitisation is characterised by increased spontaneous 

activity, reduced thresholds or increased responsiveness to afferent inputs, prolonged 

after-discharges to repeated stimulation, and the expansion of the peripheral 

receptive fields of central neurons (Woolf et al., 1988; Coderre et al., 1993). 

Similar to peripheral sensitisation, central sensitisation involves an increase in 

sensitivity of ion channels and increased expression of receptors but on dorsal horn 

neurons. For example: central sensitisation has been demonstrated to induce an up-

regulation of Nav1.3 (Hains et al., 2003) and the neurokinin 1 (NK1) receptor 

(Aanonsen et al., 1992) in dorsal horn neurons. Up-regulation of Nav1.3 would 

increases the inward current of Na+ ions, and lower the threshold of activation 

required for an action potential (Basbaum & Woolf, 1999). This not only increases 

the sensitivity of the dorsal horn neuron but can also result in an increase in 

spontaneous activity (Hains, 2004). The NK1 receptor is the receptor for the peptide 

substance P and is known to be associated with dorsal horn neurons that respond to 

noxious stimuli (Salter & Henry, 1991). The up-regulation of this receptor increases 

the sensitivity of the dorsal horn neuron to substance P. 

Studies have suggested that the mitogen activated-protein kinase (MAPK) pathway is 

involved in central sensitisation (Ji & Woolf, 2001), which is an intracellular 

messenger pathway that involves the phosphorylation of extracellular regulated 

kinase (ERK also known as MAPK). Phosphorylated ERK (pERK) is increased in 

dorsal horn neurons after noxious thermal stimulation or C-fibre electrical nerve 

stimulation (Ji et al., 1999), in response to hind paw injections of capsaicin (Ji et al., 

1999), and inflammatory agents such as carrageenan (Galan et al., 2002), CFA (Ji, 

Befort, et al., 2002; Obata et al., 2003) and formalin (Ji et al., 1999; Karim et al., 

2001). ERK inhibitors reduce nociception induced by formalin (Ji et al., 1999; Karim 

et al., 2001), and the hyperalgesia or allodynia after hind paw injection of 

carrageenan (Sammons et al., 2000), CFA (Ji, Befort, et al., 2002) or capsaicin 

(Kawasaki et al., 2004).  
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As part of the MAPK pathway, pERK activates several transcriptional factors 

including CREB (Ji & Rupp, 1997). Phosphorylated CREB (pCREB) is also 

increased in neurons of the spinal dorsal horn after similar noxious stimuli to pERK 

(Kawasaki et al., 2004; Fang et al., 2005) and has been shown to be dependent on the 

activation of ERK and other protein kinases (Kawasaki et al., 2004; Miletic et al., 

2004; Fang et al., 2005; Miyabe & Miletic, 2005). pCREB translocates into the 

nucleus and regulates gene transcription, which can change the expression of 

proteins. Hence, the increase in expression of pERK and pCREB can be linked to the 

up-regulation of ion channels and receptors, which drive central sensitisation. 

The central sensitisation during inflammatory pain is initiated by the sensitisation of 

the peripheral nociceptor. When the inflammatory response is complete the 

peripheral nociceptor is no longer sensitised and returns to normal activity levels. 

This leads to a decrease in activity of primary afferent input to the neurons of the 

dorsal horn and so the dorsal horn neurons also return to normal activity levels. So 

that once the injured area is healed, pain returns to normal. 

Neuropathic pain 
Neuropathic pain is caused by damage to the peripheral or central nervous system, 

resulting in the persistent sensation of pain without an ongoing stimulus. Central 

neuropathic pain is often a result of spinal cord injury where peripheral neuropathic 

pain is a result of injury to the peripheral nociceptors. While neuropathic pain shares 

the peripheral and central sensitisation of inflammatory pain, neuropathic pain differs 

in that these sensitised neurons do not return to normal activity levels. 

Nerve injury causes sensitisation of the peripheral nerve. Peripheral nerve injury 

blocks TTX-resistant sodium channels at the site of damage and increases the 

expression of TTX-sensitive sodium channels in the injured neuron (Basbaum & 

Woolf, 1999). The degeneration of peripheral nerves also release pro-inflammatory 

cytokines and neurotrophic factors, such as NGF. NGF sensitises peptidergic 

nociceptors by sensitising the TRPV1 receptor and causing up-regulation of ion 

channels and neuropeptides (Boucher & McMahon, 2001; Ossipov & Porreca, 2007). 

These pro-inflammatory factors can also sensitise adjacent nerve terminals of 

uninjured fibres (Li et al., 2000). 
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Much like inflammatory pain, this increased neural activity to the spinal cord causes 

central sensitisation. pERK is increased neurons of the spinal dorsal horn after nerve 

injury models, including: sciatic nerve transection (Obata et al., 2003), chronic 

constriction injury (Obata et al., 2004) partial sciatic nerve ligation (Ma & Quirion, 

2002) or spinal nerve ligation (Obata, 2004). Inhibitors of ERK have been found to 

reduce nociception induced in rats with chronic constriction injury of the sciatic 

nerve (Ciruela et al., 2003) or spinal nerve ligation (Obata, 2004). pCREB is also 

increased in neurons of the spinal dorsal horn following partial ligation or chronic 

constriction injury of the sciatic nerve (Ma & Quirion, 2001; Miletic & Miletic, 

2002; Miletic et al., 2004). Spinal cord injury also results in a central sensitisation. 

Following spinal cord injury, dorsal horn neurons display the characteristics of 

central sensitisation including: increased spontaneous activity, increased evoked 

responses to mechanical stimuli, and increased duration of after-discharges and 

enhanced windup (Yezierski & Park, 1993; Christensen & Hulsebosch, 1997; Wang 

et al., 2005; Zhang et al., 2005). pERK, pCREB (Crown et al., 2005; Yu & 

Yezierski, 2005) and cFos (Yakovlev & Faden, 1994; Siddall et al., 1999; Abraham 

& Brewer, 2001) is also increased in dorsal horn neurons after spinal cord injury. 

The central sensitisation in peripheral neuropathic pain shares many qualities of the 

central sensitisation caused during inflammatory pain. However, the behavioural 

signs of neuropathic pain are persistent, indicating that the mechanisms that sustain 

neuropathic pain differ from those of inflammatory pain (Liu et al., 2001; Sun et al., 

2005; Ossipov & Porreca, 2007). 

The persistent nature of neuropathic pain is due to changes in the descending PAG-

RVM-spinal pathway (Ossipov & Porreca, 2007). As mentioned previously, the 

PAG-RVM-spinal pathway modulates the nociceptive output of the spinal cord by 

either inhibiting or exciting nociceptive processing. One such change is an increase 

in cholecystokinin (CCK) in the RVM (Kovelowski et al., 2000). During neuropathic 

pain there is an increase in availability of CCK in the RVM (Kovelowski et al., 

2000). In the RVM CCK activates ON cells and inhibits OFF cells (Heinricher, 2004; 

Neubert et al., 2004), which leads to descending facilitation of nociceptive 

processing in the dorsal horn. Another change is an up-regulation of dynorphin in the 

dorsal horn (Lai et al., 2001). Dynorphin is up-regulated in sensitised dorsal horn 

neurons (Kawasaki et al., 2004). The elevated levels of dynorphin enhance the 



Introduction 

 34 

release of CGRP and SP from primary afferent terminals, leading to an increase in 

dorsal horn neuron activity (Gardell et al., 2003). Dynorphin also causes a release of 

the prostaglandin PGE2, which further enhances neurotransmitter release (Koetzner, 

2004) and further increases neuronal activity. Together, this causes an increase in 

nociceptive processing and further perpetuates the descending facilitation. This 

enhancement of descending facilitation leads to changes in the spinal cord that 

favour a sensitised state and enhanced nociceptive inputs, thereby maintaining 

neuropathic pain. 

Summary 
This section has reviewed existing research that demonstrates how altered pain states 

affect nociceptors, through sensitisation and lead to hyperalgesia and allodynia, and 

that these modified behaviours contribute to inflammatory and chronic pain.  

While inflammation is a natural protective response to injury, this inflammation can 

activate nociceptors and directly cause pain, with increased responsiveness leading to 

a hypersensitivity to thermal and mechanical stimuli. This is ultimately protective. In 

contrast, similar increases in nociceptor sensitivity are caused by damage to the 

nervous system however this pain becomes persistent develops into neuropathic pain. 

The persistent nature of neuropathic pain is in part potentiated by descending control 

mechanisms and no longer serves a protective role. 

As shown, during these altered pain states the enhanced release of calcitonin gene-

related peptide (CGRP) and other neuropeptides such as substance P increases the 

inflammatory response, further sensitising the nociceptor and other nociceptors 

innervating the tissue, and increasing the inflammatory pain. Therefore the following 

section addresses the current understanding of the role of CGRP in the different pain 

states. 
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 Calcitonin gene-related peptide 1.4
So far the concept of pain has been introduction and the three different pain states 

(acute nociception, nociception after inflammation, and chronic neuropathic pain). 

The current understanding of the normal function of nociceptors has been discussed. 

It was noticed that the widespread use of oversimplified classification schemes was a 

limiting aspect of our current understanding, in particular, the classification of 

nociceptors into peptidergic and non-peptidergic categories. Calcitonin gene-peptide 

(CGRP) is the standard marker for peptidergic nociceptors, however it does not 

appear to be restricted to C-fibres. 

The release of CGRP was also established to have a clear role in neurogenic 

inflammation, which can lead to the increased sensitivity of nociceptors in the altered 

pain states. Therefore, this section focuses on CGRP and the role of CGRP in 

different pain states. 

CGRP and the CGRP receptors 
CGRP exists in two isoforms; CGRPα and CGRPβ. The first of these isoforms 

(CGRPα) was identified through the structural analysis of the rat calcitonin gene 

(Calca gene) when it was proposed that the alternate splicing of the calcitonin gene 

would result the production of a 37 amino acid peptide, rather than the 32 amino acid 

peptide calcitonin (Amara et al., 1982). This 37 amino acid peptide was dubbed 

CGRP and by use of immunohistochemistry was shown to exist predominately in 

neural and endocrine tissue in rats (Rosenfeld et al., 1983; Mason et al., 1984), and 

in humans (Tschopp et al., 1985).  

The second isoform (CGRPβ) was subsequently characterized from a gene highly 

homologous to the calcitonin gene (Amara et al., 1985). The rat CGRPβ differed 

from rat CGRPα by a single amino acid (Amara et al., 1985) while the mouse and 

human  CGRPβ differed from the mouse (Thomas et al., 2001) and human (Tschopp 

et al., 1985) CGRPα by three amino acids. CGRPα and CGRPβ possess similar 

biological activities (Poyner et al., 2002), but the two CGRP isoforms are 

differentially expressed and independently regulated in different neuronal systems 

and endocrine structures (Russo et al., 1988). The CGRPβ is preferentially expressed 



Introduction 

 36 

in enteric neurons, whereas the CGRPα is preferentially expressed by sensory 

neurons outside the gut (Mulderry et al., 1988). 

CGRP binds to dedicated CGRP receptors, which are unique type II G protein-

coupled receptors. The CGRP receptors consist of the seven trans-membrane domain 

protein called the calcitonin receptor-like receptor (CLR), and accessory proteins, 

which include: the receptor-activity-modifying proteins (RAMPs) and the receptor 

component protein (RCP). The RAMPs function to determine the receptor specificity 

(McLatchie et al., 1998) and  chaperone CLR to the cell surface. RAMP1 enables 

CLR to form the functional CGRP type 1 receptor (Kuwasako et al., 2004). RCP 

facilitates signal transduction (Luebke et al., 1996). 

Distribution of CGRP in neural tissue 
CGRP is abundantly expressed in primary sensory neurons in trigeminal and dorsal 

root ganglia and has a marked overlap in expression with the tachykinin SP. CGRP 

and SP are found in medium Aδ-fibre neurons and small C-fibre neurons. While 

often overlooked CGRP occurs in all sizes of sensory neuronal somata in DRG 

including Aα- and A-β fibre neurons (McCarthy & Lawson, 1990). 

CGRP and SP coexist in cutaneous sensory neurons in many different species 

(Gibbins et al., 1985; Gibbins, Furness, et al., 1987; Gibbins, Wattchow, et al., 

1987). In glabrous skin, CGRP fibres innervate blood vessels, sweat glands and run 

parallel to the epidermis at the dermo-epidermal junction. The CGRP fibres of the 

dermo-epidermal junction branch and exhibit axons surrounding Meissner’s 

corpuscles and axons entering the epidermis, called intraepidermal nerve fibres 

(IENF). A similar pattern is observed in hairy skin, with the addition of CGRP fibres 

innervating the base and encircling hair follicles (Kruger et al., 1989). 

CGRP and SP also coexist in primary afferent terminals in lamina I of the spinal 

dorsal horn (Carlton et al., 1988; Merighi et al., 1988; Fried et al., 1989; Plenderleith 

et al., 1990). However unlike SP, which is expressed by some intrinsic dorsal horn 

neurons, CGRP terminals in the dorsal horn appear to be primarily of primary 

afferent origin. This has been shown by dorsal rhizotomy (Gibson, Polak, Bloom, et 

al., 1984; Chung et al., 1988; Traub et al., 1989; Tie-Jun et al., 2001) and neonatal 

capsaicin treatment (which destroys a large proportion of primary afferents) that 
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significantly reduces the level of CGRP in the spinal cord (Franco-Cereceda et al., 

1987; Hammond & Ruda, 1989). CGRP is also present in lamina III-V of the dorsal 

horn (Gibson, Polak, Bloom, et al., 1984). CGRP receptor binding sites and the 

receptor components (CLR, RAMP1 and RCP) are also found in high levels in 

lamina I and lamina III-V (van Rossum et al., 1997; Ma et al., 2003). 

Role of CGRP in acute nociception 
CGRP is widely distributed in neurons of the peripheral and central nervous systems 

and has hence been suggested to have a role in a myriad of biological activities, 

including vasodilation, cardiovascular protection, muscular motility, learning and 

memory, the regulation of food and water intake, and nociception and inflammation 

(Brain & Grant, 2004).  

As mentioned previously, many CGRP-containing sensory neurons also express 

substance P (SP). SP is an 11 amino acid neuropeptide belonging to the tachykinin 

family first identified by Euler and Gaddum as an unknown depressor substance 

(1931). All SP containing primary afferents are nociceptors (Lawson et al., 1997). SP 

binds to neurokinin-1 receptors (NK1r), which, in the dorsal horn, are only known to 

be associated with dorsal horn neurons that respond to noxious stimuli (Salter & 

Henry, 1991). NK1r antagonists block the slow-excitatory postsynaptic potentials 

evoked by noxious stimuli (De Koninck & Henry, 1991). Selective ablation of the 

NK1r expressing neurons in the superficial dorsal horn leads to dramatic reduction in 

hyperalgesia in both inflammatory and neuropathic pain models (Mantyh, 1997; 

Nichols, 1999).  

Functionally, CGRP enhances the nociceptive behavioural responses induced by SP 

(Wiesenfeld-Hallin et al., 1984). Concentrations of CGRP that have little or no 

consistent effect, markedly potentiate the excitatory effect of either SP or noxious 

stimulation on rat dorsal horn neurons in vivo (Biella et al., 1991). Co-administration 

of SP and CGRP significantly increases the excitability of a nociceptive flexion 

reflex in the rat (Woolf & Wiesenfeld-Hallin, 1986). CGRP enhances the nociceptive 

effects induced by SP by potentiating the release of SP (Oku et al., 1987), inhibiting 

its degradation (Le Greves et al., 1985) and enhancing the excitability of neurons 

receiving noxious inputs (Biella et al., 1991; Seybold et al., 2003; Sun et al., 2004; 

Bird et al., 2006). CGRP and SP also have cooperative peripheral actions, in that 
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CGRP can potentiate the effects of SP (Brain & Williams, 1985; Gamse & Saria, 

1985). 

Without SP, CGRP alone has minimal effects on nociceptive inputs to the spinal cord 

(Miletic & Tan, 1988) but has been shown to enhance the release of other excitatory 

neurotransmitters such as glutamate (Kangrga & Randic, 1990). CGRP was also 

found to increase the responses of nociceptive specific neurons and wide dynamic 

range neurons in the dorsal horn upon the application of NMDA or AMPA 

(Ebersberger et al., 2000). However it has previously been demonstrated that CGRP 

neurons the lack vesicular glutamate transporters VGLuT1 (Oliveira et al., 2003; 

Morris et al., 2005; Brumovsky et al., 2011) and VGluT2 (Clarke et al., 2011), and 

many even lack the required protein machinery to utilise glutamate as a 

neurotransmitter (Morris et al., 2005). 

Although CGRP causes no acute behavioural effect when injected by itself 

(Wiesenfeld-Hallin et al., 1984; Gamse & Saria, 1986), intrathecal administration of 

CGRP causes hyperalgesia to mechanical stimuli (Oku et al., 1987), and intrathecal 

injection of CGRP antiserum decreases thermal and mechanical hyperalgesia during 

peripheral inflammation (Kawamura et al., 1989; Kuraishi et al., 1991). In the spinal 

cord, noxious thermal, mechanical, or electrical stimulation evoke the release of 

CGRP within the superficial dorsal horn (Morton & Hutchison, 1989; 1990). 

However, these effects could be mediated in part by CGRP receptors on terminals of 

primary afferent neurons that facilitate the release of SP (Oku et al., 1987; Ryu et al., 

1988). 

Role of CGRP in inflammatory pain 
The role of CGRP in inflammatory pain is reasonably well understood. CGRP is 

involved in inflammatory pain in two ways. Firstly, CGRP has a large role in driving 

the neurogenic inflammatory response, thereby increasing inflammation. Secondly, 

CGRP has a role in the nociceptive processing of inflammatory pain through acting 

on primary nociceptors of the spinal cord (Ma et al., 2009). 

CGRP also an established role in neurogenic inflammation. CGRP expression is 

increased in DRG neurons after inflammation induced by the inflammatory agent 

complete Freund’s adjuvant (CFA; Nahin & Byers, 1994; Hanesch & Schaible, 1995; 
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Ambalavanar, Dessem, et al., 2006; Ambalavanar, Moritani, et al., 2006; Staton et 

al., 2012). This inflammation causes both the central release of CGRP in the spinal 

dorsal horn (Seybold et al., 1995) and the peripheral release of CGRP in the inflamed 

tissue (Flores et al., 2001). In the periphery CGRP release increases blood flow and 

increases the influx of inflammatory and immune cells into inflamed tissues. CGRP 

also stimulates inflammatory and immune cells to produce and release pain inducing 

inflammatory mediators (Brain & Grant, 2004). Several inflammatory mediators 

have been shown to up-regulate CGRP in primary sensory neurons (Lindsay & 

Harmar, 1989).  

It is also known that CGRP is involved in the sensitisation of mechanical nociceptive 

dorsal horn neurons (Sun et al., 2004) and in the generation and maintenance of 

tactile allodynia (Sun et al., 2003). The CGRP antagonist CGRP8-37 attenuates 

thermal hyperalgesia caused by intradermal injection of carrageenan (Yu, Hansson, 

Brodda-Jansen, et al., 1996), tactile allodynia caused by intradermal capsaicin (Sun 

et al., 2003) and intramuscular CFA (Ambalavanar, Dessem, et al., 2006), suggesting 

that CGRP and its receptors are involved in inflammatory pain at the spinal dorsal 

horn level. 

Role of CGRP in neuropathic pain 
The role of CGRP in the neuropathic pain is not well understood. However, evidence 

suggests that CGRP may contribute to the development of neuropathic pain through 

its action in the dorsal horn and neurogenic action that stimulates damaged peripheral 

nerves (Ma et al., 2009). 

In DRG neurons, CGRP is down-regulated after complete transection of peripheral 

nerves (Verge et al., 1995) and in partial sciatic nerve injury (Ma & Bisby, 1998; 

Miki et al., 1998; Ma et al., 1999). In partial sciatic nerve injury, CGRP was down-

regulated in the injured DRG neurons but up-regulated in adjacent spared neurons 

projecting to lamina III-V of dorsal horn (Ma & Bisby, 1998; Miki et al., 1998; Ma 

et al., 1999), suggesting a role in mediating the tactile allodynia caused by nerve 

injury (Sun et al., 2001; Ossipov et al., 2002). The CGRP antagonist CGRP8-37 

significantly attenuates both tactile allodynia and heat hyperalgesia caused by 

chronic constriction injury of sciatic nerves (Yu, Hansson, & Lundeberg, 1996). 

CGRP8-37 also delays the onset of tactile allodynia as well as to attenuates tactile 
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allodynia caused by spinal nerve ligation, suggesting a role for CGRP in the dorsal 

horn in the development of neuropathic pain (Lee & Kim, 2007). CGRP8-37 was 

effective in abolishing mechanical allodynia and heat hyperalgesia produced by 

spinal hemisection, a central neuropathic pain model, suggesting that CGRP and its 

receptors may play a role in chronic central neuropathic pain (Bennett et al., 2000). 

Peripherally derived CGRP possibly contributes to neuropathic pain. Intraplantar 

injection of CGRP8-37 delayed or reversed tactile allodynia in a spinal nerve ligation 

model (Jang, 2004). Partial sciatic nerve ligation increased the accumulation of 

CGRP in neuroma and up-regulated the synthesis of CGRP in macrophages (Ma & 

Quirion, 2006), while CGRP also facilitates the up-regulation of the pro-

inflammatory cytokine interleukin 6 (IL-6) in invading macrophages (Ma & Quirion, 

2006). Perineural injection of CGRP8-37 and the CGRP antagonist BIBN4096BS 

significantly attenuates heat hyperalgesia (Ma & Quirion, 2006). These findings 

suggest that injured nerve derived CGRP plays an important role in the beginning of 

neuropathic pain. 

Summary 
While it has been noted that there are two forms of CGRP isoforms there is little 

need to differentiate between the two in the context of this thesis, since this research 

will focuses outside of the gut where CGRPα is the predominate isoform.  

CGRP appears to be an important neuropeptide in the increases of neuronal 

sensitivity in the different pain states. CGRP has an established role in inflammation. 

It drives neurogenic inflammation, thereby increasing the inflammatory response, 

and it is also involved in the central sensitisation of dorsal horn neurons in the spinal 

cord. This central sensitisation is important to both nociception after inflammation 

and chronic neuropathic pain states. 

CGRP has cooperative actions with SP and they are frequently co-expressed in 

peptidergic nociceptors. While the role of these neurons is established in nociception, 

it is often overlooked that many CGRP neurons do not express SP. The CGRP 

neurons that lack SP appear to be Aα- and A-β fibre neurons, which are not typically 

associated with nociception. These neurons are yet to be characterised and appear to 

be an example of a neuronal population that has remained uncharacterised because of 
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oversimplified classification schemes. Therefore CGRP neurons that lack SP are the 

focus of this thesis. 
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 Scope of Thesis 1.5
The previous sections have shown that while there is a solid foundational 

understanding of the neural processing of pain, there remain many opportunities for 

resolving the research questions that are not yet answered. In particular, the 

properties of the neurons that initially respond to potentially painful stimuli, the 

primary afferent nociceptors, and their projections into the spinal cord remain 

partially characterised, in regard to both their normal functions and their 

contributions to chronic pain. The focus of this thesis is therefore to address 

properties of an individual neurochemical class of primary afferent neurons and 

characterise their projections to the spinal cord, their functional properties and their 

role they play in the processing of pain. 

A significant barrier to understanding the properties of nociceptors has been the 

widespread use of over simplified schemes to classify them. While it is commonly 

accepted that nociceptors can be subdivided into two main subclasses, it is only 

presumed that nociceptors are restricted to either small diameter lightly myelinated 

Aδ-fibre or unmyelinated C-fibre afferent neurons. However, it has been shown 

numerous times that larger myelinated Aα/β-fibre afferent neurons can also be 

nociceptive (Djouhri et al., 1998; Djouhri & Lawson, 2004). The small unmyelinated 

C-fibre nociceptors are capsaicin-sensitive, express neuropeptides, project to lamina I 

of the dorsal horn and respond to a wide range of noxious stimuli, whereas the lightly 

myelinated Aδ-fibre nociceptors are insensitive to capsaicin, lack peptides, bind IB4, 

project to lamina II of the dorsal horn and respond to mainly mechanical stimuli 

(Julius & Basbaum, 2001; Woolf & Ma, 2007; Belmonte & Viana, 2008; Dubin & 

Patapoutian, 2010). Furthermore, there are numerous examples of nociceptive 

neurons that are neither peptidergic or fit the classification scheme of nonpeptidergic 

(Peier, Moqrich, et al., 2002; Morris et al., 2005; Dhaka et al., 2008; Cavanaugh et 

al., 2009; Bráz & Basbaum, 2010; Clarke et al., 2011). Additionally, CGRP, which is 

the standard marker of peptidergic nociceptors, is not restricted to small diameter, 

capsaicin-sensitive peptidergic nociceptors: CGRP is expressed by some DRG 

neurons that lack SP and have cell bodies considerably larger than those of most 

nociceptors (McCarthy & Lawson, 1990; Morris et al., 2005), yet they have not been 

properly characterised. 



Introduction 

 44 

Aims and experimental approach 
The objective of this research was therefore to characterise neurons that contain 

CGRP but do not contain SP, to establish an improved understanding of their role in 

nociception. This involved determining: the prevalence and distribution of these 

neurons; their neurochemical profile; their peripheral and central projections; and 

their relationship with nociceptive dorsal horn neurons. Consequently, this objective 

comprised of the following five aims: 

Aim 1: To determine the prevalence and distribution of neurons containing CGRP 
but not SP 

The method used to establish this aim involved the use of double labelling 

immunohistochemistry to detect neurons containing CGRP but not SP in the dorsal 

horn of the spinal cord, DRG and paw skin of mice. Dorsal horn and DRG were 

quantitatively assessed to determine the distribution and frequency of CGRP neurons 

that lacked SP and how they compared to CGRP neurons that contained SP. The 

distribution of CGRP neurons in paw skin was qualitatively assessed. 

Aim 2: To determine the neurochemical profile of neurons containing CGRP but 
not SP 

This aim required triple labelling immunohistochemistry to firstly detect neurons 

containing CGRP but not SP in mice DRG and secondly to determine whether these 

neurons possessed any other neurochemical characteristics that may lead to a better 

understanding of their possible function. These neurochemical markers included the 

capsaicin receptor TRPV1 and the marker for larger myelinated neurons 

neurofilament-200 (NF200), and also included the peptides vasoactive intestinal 

peptide (VIP) and galanin (GAL). 

Aim 3: To determine the peripheral projections of neurons containing CGRP but 
not SP 

An axonal tracing technique coupled with multiple labelling immunohistochemistry 

was implemented in which the peripheral projections of afferents were retrogradely 

traced by injection of cholera toxin subunit B (CTXb) into mouse gastrocnemius 

tissue in vivo and detected immunohistochemically in DRG. Retrograde tracing of 

the peripheral projections allowed the determination of the origin of CGRP neurons 

that lacked SP from muscle tissue in DRG. 



Introduction 

 45 

Aim 4: To determine the central projections of neurons containing CGRP but not 
SP 

Similarly, an axonal tracing technique coupled with multiple labelling 

immunohistochemistry was implemented in which the central projections of afferents 

were anterogradely traced by application of Neurobiotin (NB) onto an isolated dorsal 

root in vitro and detected immunohistochemically in the spinal dorsal horn. 

Anterograde tracing of the central projections allowed the determination of the 

central projections from a single spinal nerve, confirmation that the deep lamina 

IV/V terminals containing CGRP but not SP were of primary afferent origin, and 

how these deep lamina IV/V terminals containing CGRP but not SP compared to 

primary afferent mechanoceptor terminals. 

Aim 5: To determine the relationship of CGRP neurons lacking SP with 
nociceptive dorsal horn neurons 
This aim was addressed by use of two techniques to stimulate primary afferent 

neurons of viable spinal cord slices coupled with multiple labelling 

immunohistochemistry. Primary afferent neurons were stimulated with capsaicin to 

activate the capsaicin sensitive afferents or electrically stimulated to activate all 

primary afferent neurons. The resulting activated dorsal horn cells were visualised 

via the phosphorylation of intracellular messengers (such as pERK and pCREB), 

which were detected using immunohistochemistry. 
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Figure 1.1: A diagrammatic representation of the three different pain states. 

Nociceptive (Phase 1) is the normal processing of a brief noxious stimulus resulting 

in a brief sensation of pain. Inflammatory pain (Phase 2) is the consequence of 

prolonged noxious stimulation leading to tissue damage and resulting in a persisting 

sensation of pain. Neuropathic pain (Phase 3) is the consequence of neurologic 

damage to the peripheral or central nociceptors resulting in an abnormal painful 

sensation to otherwise innocuous stimuli (Cervero and Laird 1991) 

 

 

 

 

 

 

Figure 1.2: Changes in pain sensation induced by injury 

The normal relationship between stimulus intensity and the magnitude is represented 

by the yellow curve at the right-hand side of the figure. Pain sensation is only evoked 

by stimulus intensities in the noxious range (the black vertical dotted line indicates 

the pain threshold). Injury provokes a leftward shift in the curve relating stimulus to 

pain sensation. Under these conditions innocuous stimuli provoke pain (allodynia) 

and noxious stimuli provoke an increased pain sensation (hyperalgesia; Cervero and 

Laird 1996)  
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Figure 1.3: Myelination of sensory neurons 

The axons are drawn to scale, but they are shown 2000 times larger than life size. 

The diameter of an axon (in µm) is correlated with its conduction velocity (in m/sec) 

and with the type of sensory receptor to which it is connected. The Aδ- and C-fibres 

are most associated with nociception (Bear et al., 2011). 

 

 

 

 

 

 

Figure 1.4: First and second pain 

Aδ-fibre nociceptors mediate the acute well-localised “first” or fast pain, and C-

fibres nociceptors convey the poorly localised “second” or slow pain (Bear et al., 

2011). 
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Figure 1.5: Schematic representation of the thermal response of TRP receptors 

The TRP channels are activated by both noxious and innocuous changes in 

temperature. The upper segment of the schematic representation displays the thermal 

activation profile of various TRP channels. The middle segment of the schematic 

representation displays the activity in various cutaneous sensory receptors during 

application to their receptive fields of temperatures indicated in the thermal scale. 

The lower segment of the schematic representation displays the quality of sensations 

evoked in humans by application to the skin of different temperature values 

(Belmonte & Viana, 2008) 
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Figure 1.6: Schematic representation of the sensory innervation of human skin  

The schematic representation displays the different sensory endings in both hairy and 

glabrous skin. There are three main classes of sensory neurons innervating the skin: 

mechanoreceptors, thermoreceptors and nociceptors. Thermoreceptors and 

nociceptors terminate as free nerve endings, while mechanoceptors have specialised 

sensory endings, including: Pacinian corpuscles, Meissner’s corpuscles, Merkel’s 

disk, Ruffini’s endings and hair follicle receptors (Bear et al., 2011). 
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Figure 1.7: Rexed laminae of the spinal cord 

A schematic drawing of the seventh lumbar segment of spinal cord displaying Rexed 

laminae. Laminae I-VI represent the dorsal horn and VII-XI the ventral horn of the 

spinal cord. The superficial laminae (I/II) are most heavily involved in nociception 

however wide dynamic range neurons exist in laminae IV/V (Rexed, 1954) 
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Figure 1.8: Central terminations of nociceptors 

The central projections of cutaneous nociceptors are well characterised and subsets 

of primary afferent fibres target spinal neurons within distinct laminae. The 

peptidergic C-fibres (red) and myelinated Aδ nociceptors (purple), terminate most 

superficially in lamina I. The non-peptidergic C-fibre nociceptors (blue) synapse in 

the inner part of lamina II. By contrast, innocuous Aβ fibres mechanoceptors 

(orange) terminate in lamina III-V. Lamina V receives convergent input from Aδ 

and Aβ fibres (Basbaum et al., 2009). 
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 Animals and Tissue Preparation 2.1
Female C57Bl/6 mice (6-8 week-old, unless otherwise stated) were housed in the 

Flinders Medical Centre Animal House in a 12-hour light/dark cycle with 

unrestricted access to food and water.  Female mice were chosen because this work 

coincided with the funded investigation of the innervation of the female genital tract. 

Oestrus cycle was not monitored. 

All procedures involving animals followed the strict and established guidelines of the 

Animal Welfare Act, and were approved by the Animal Welfare Committee of 

Flinders University. Furthermore, these were in accordance with the National Health 

and Medical Research Council (NHMRC) code for the care and use of animals for 

scientific purposes (2013). The NHMRC Project codes for the experiments of this 

thesis include codes 463/06i, 695/09 and 892/12. 

For experiments animals were deeply anaesthetised through inhalation of isofluorane 

(Veterinary Companies Australia NSW, Australia). Deep anaesthesia was confirmed 

by the loss of corneal and hind limb reflexes. Animals were then euthanised by 

exsanguination following removal of the heart. The vertebral column was removed 

and further dissected in phosphate buffered saline (PBS: 137 mM sodium chloride, 

10 mM sodium phosphate, pH 7.0) at room temperature unless otherwise stated. 

Tissue was either fixed immediately in Zamboni’s fixative (2% formaldehyde; 0.5% 

picric acid; 0. 1 M sodium phosphate buffer, pH 7.0) for 24-48 hours, or prepared 

further for different experimental approaches. This type of immersion fixation with 

Zamboni’s fixative has been long established within our laboratory (as far back 

Gibbins et al., 1985)as an effective means of producing clear immuno-staining. 

 Tissue Processing and Sectioning 2.2
Fixative was removed from tissue through a graded series of ethanol washes and 

cleared with either dimethyl sulfoxide (DMSO) or xylene. DMSO processing 

involved a series of the following washes: 3×10 minutes in 80% ethanol; 2×15 

minutes in 100% ethanol; 3×10 minutes in DMSO; and 2×15 minutes in 100% 

ethanol. Xylene processing involved a series of the following washes: 4×15 minutes 

in 80% ethanol, and a series of 30 minutes in 90% ethanol; two in 100% ethanol; two 
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in xylene; two in 100%; and one in each of 90%, 80% and 50% ethanol; distilled 

water; and finally PBS.  

Cryostat sectioning 
Muscle and skin samples were processed through xylene and then stored in 

PBS/Sucrose (30% sucrose, 0.01% sodium azide) for at least 24 hours. The tissue 

was then placed in Cryomolds (ProSciTech, Queensland, Australia) and covered in 

the tissue-freezing medium: Optimal Cutting Temperature compound (OCT; Tissue-

Tek, Indiana, USA). The OCT was then frozen with isopentane chilled with liquid 

nitrogen. Using a Cryostat the frozen sections were cut at 12 µm (unless otherwise 

stated) at -20°C and thawed onto polyethyleneimine (PEI) coated slides. They were 

dried using phosphorous pentoxide (P2O5) under vacuum at room temperature for 30 

minutes. Slides were then either stored in a sealed box at 4°C or washed twice with 

excess PBS to remove any OCT and prepared for immunohistochemistry.  

Microtome sectioning  
Spinal cord and dorsal root ganglia (DRG) samples were processed through DMSO 

and immediately infiltrated with 1000 molecular weight polyethylene glycol 

(PEG1000: Sigma-Aldrich, Missouri, USA) for 30 minutes under vacuum at 55°C. 

Excess PEG1000 was removed with filter paper and the tissue was embedded in a 

cryomold with 1450 molecular weight PEG (PEG1450: Sigma-Aldrich). Embedded 

tissue was then mounted with PEG1450 onto metal chucks for sectioning. Using a 

rotary microtome, spinal cord was transversely sectioned at 20 µm and DRGs at 12 

µm. Free floating sections were either stored in PBS with 0.01% sodium azide (PBS 

Azide) at 4°C or prepared for immunohistochemistry. 

 Immunohistochemistry 2.3
To reduce non-specific antibody binding, free floating sections and sections adhered 

to slides were first incubated with 10% normal donkey serum (NDS, diluted in PBS) 

for 30 min. Sections were then incubated with a mixture of primary antisera, diluted 

in antibody diluent containing 10% NDS. Primary antisera incubations (see Table 

2.1) were performed in a humid box at room temperature for 48 h. The specifics of 

the primary antisera used will be discussed in the experimental chapters. 
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After washing in PBS, sections were incubated for 2 hours in a mixture of species-

specific secondary antisera raised in donkeys (see Table 2.1) and conjugated to 

Cyanine 3 (Cy3), Cyanine 5 (Cy5), fluorescein isothiocyanate (FITC), or 

dichlorotriazinylaminofluorescein (DTAF; all Jackson ImmunoResearch, 

Pennsylvania, USA). After a final PBS wash, the sections were mounted on 

microscope slides with carbonate-buffered glycerol (pH 8.6) and sealed with a cover 

slip and nail varnish.  

The specificity of antibodies has been tested and verified from our group (Morris et 

al. 2005). For this project controls included incubations with the primary antibody 

with the secondary antisera incubation omitted to determine background fluorescence 

levels. 

Table 2.1: Primary and secondary antisera 

Primary antisera 
Antigen Host Dilution Source 

CGRP goat 1:1000 code1780, Arnel, New York, USA 
SP rabbit 1:2000 Incstar (now Immunostar), Wisconsin, USA 
SP rat 1:600 clone NC1/34HL, Sera-Lab, West Sussex, UK 
TRPV1 rabbit 1:500 Alomone Labs, Jerusalem, ISR 
NF200 mouse 1:2000 Sigma-Aldrich, Missouri, USA 
VGluT1 rabbit 1:4000 Synaptic Systems, Goettingen, GER 
VIP rabbit 1:1000 Incstar 
Galanin rabbit 1:3000 Peninsula Lab, California, USA 
pERK1/2 rabbit 1:500 Cell Signalling, Massachusetts, USA 
pCREB rabbit 1:500 Cell Signalling 

Secondary antisera and streptavidin conjugates 
Cy5 anti sheep IgG donkey 1:50 Jackson ImmunoResearch, Pennsylvania, USA 
FITC anti rabbit IgG donkey 1:100 Jackson ImmunoResearch 
FITC anti rat IgG donkey 1:50 Jackson ImmunoResearch 
Cy3 anti rabbit IgG donkey 1:100 Jackson ImmunoResearch 
Cy3 anti mouse IgG donkey 1:100 Jackson ImmunoResearch 
Cy3-Streptavidin n/a 1:300 Jackson ImmunoResearch 
DTAF-Streptavidin n/a 1:200 Jackson ImmunoResearch 

 

 Microscopy 2.4

Fluorescence Microscopy 
Sections were analysed using an Olympus BX50 fluorescence microscope (Olympus, 

Tokyo, Japan) fitted with highly discriminating filters (detailed in Table 2.2; Chroma 
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Optical, Vermont, USA). Images were collected using a CoolSNAP fx CCD Camera 

(Photometrics, Arizona, USA) connected to a PC running AnalySIS FIVE software 

(v5.0, Olympus Soft Imaging System GmbH, Münster, Germany).  

Table 2.2: Filter cube specifications for the Olympus BX50 Microscope 

Filter Excitation Dichroic Emission Used for: 

Olympus U-MNUA 360 – 370 400 420 - 460 UV-excitable blue dyes 

Chroma 31001 465 – 495 505 515 - 555 blue-excitable green dyes 

Chroma 31002 515 – 550 565 575 - 615 green-excitable red dyes  

Chroma 41008 590 - 650 660 665 - 740 red-excitable far-red dyes  
 

Confocal Microscopy 
Confocal imaging was done on a Leica TCS SP5 laser scanning confocal microscope 

running Leica Application Suite Advanced Fluorescence Software (Leica 

Microsystems GmbH, Wetzlar, Germany) in sequential scanning mode. Z-stacks 

were taken at designated regions of interest in the medial and lateral areas of lamina 

I, and deep lamina IV/V of the dorsal horn. Confocal Z-stacks were taken with a 63× 

N.A. 1.4 oil immersion objective with a 2-3× digital zoom. The Z-stacks were 

imported to Avizo Fire software for 3D reconstruction, image analysis and 

quantification. 

 Image Analysis and Preparation 2.5
Images were prepared for publication using Adobe Photoshop CS5 (Adobe Systems 

Inc., California, USA). Grey-scale images were false-coloured and adjusted for 

contrast and brightness before generation of merged images.   

Analysis of DRG 
Widefield images of triple-labelled DRG sections were acquired with a 20x objective 

as TIFF files and imported into ImageJ (NIH, Maryland, USA) for analysis. Each 

channel was overlaid as stacks and each soma with a nuclear profile was scored for 

the presence or absence of immunoreactivity (IR) for each label. Soma IR was 

defined as “positive” when it was at least 2 standard deviations above the mean 

background fluorescence of unlabelled somata. Soma cross-sectional area was 
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determined by manual outlining of the circumference of each cell. Soma cross 

sectional area and grey value intensities for each neuron were exported into 

Microsoft Office Excel (Microsoft Corporation, Washington, USA) for further 

analysis. 

Analysis of spinal cord 
Confocal Z-stacks were imported to Avizo Fire software (version 5.1.0; Mercury 

Computer Systems Inc., Merignac, France) for 3D reconstruction, image analysis and 

quantification. For 3D analysis, IR boutons were expressed as a volume (voxels or 

pixels3), with the assumption that each bouton was of comparable size. Each 

detection channel was first 3D-median filtered (kernel size 3) to reduce single pixel 

noise and 3D thresholds were optimised to select specific labelling of axonal boutons 

above background labelling and intervaricose axons. Identical thresholds were used 

for each of the analysed regions within a spinal cord section and the respective 

thresholds for each channel were set to be consistent between sections and between 

experiments. For each Z-stack, the exclusive AND operator (A&B) was used to 

determine colocalisation between the three fluorescence data channels in x-y-z 

coordinates. The volume of each 3D data set was calculated and exported into 

Microsoft Excel for further analysis.  

Statistical Analysis 
All statistics were done using SPSS (version 19.0; IBM Company, New York, USA) 

and graphs were created using Prism (version 5.0d; GraphPad Software Inc., 

California, USA). Data are displayed as the mean ± standard error of the mean. 

Statistical analyses included: one-way analysis of variance (ANOVA), multivariate 

analysis of variance (M-ANOVA) or repeated measures analysis of variance (RM-

ANOVA) with post hoc Bonferroni’s multiple comparisons (BMC) correction with 

95% confidence intervals. 
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 Background 3.1
CGRP is expressed by small Aδ and C-fibre DRG neurons (McCarthy & Lawson, 

1990), many of which are capsaicin-sensitive nociceptors (Lawson et al., 1997). The 

majority of these neurons also contain the tachykinin, substance P (SP; Wiesenfeld-

Hallin et al., 1984; Merighi et al., 1988; Hökfelt et al., 1993) and there is a high co-

expression of CGRP and SP in terminals within the superficial dorsal horn (Gibson et 

al., 1981; 1988) and in cutaneous afferents (Gibbins et al., 1985; Gibbins, Wattchow, 

et al., 1987).  Functionally, CGRP enhances the nociceptive behavioural responses 

induced by SP (Wiesenfeld-Hallin et al., 1984) by potentiating the capsaicin-induced 

release of SP (Oku et al., 1987) and by inhibiting SP degradation (Le Greves et al., 

1985).  

CGRP expression is not restricted to DRG neurons co-expressing SP and is also 

present in DRG neurons with considerably larger cell bodies (McCarthy & Lawson, 

1990; Morris et al., 2005), probably corresponding to neurons with fast conducting 

Aβ fibres (McCarthy & Lawson, 1990). Furthermore, a prominent population of 

CGRP terminals project to lamina IV/V of the spinal dorsal horn (Gibson, Polak, 

Bloom, et al., 1984). Despite these early observations, little is known about the 

functions and detailed projections of these larger CGRP primary afferent neurons 

that lack detectable SP expression. 

In order to better characterise these CGRP+SP- neurons, we have used multiple 

labelling immunohistochemistry to further characterise the CGRP+SP- neurons 

detected in the cervical (C7) DRG and dorsal horn, and extended our analysis to 

other spinal cord levels. We investigated DRG and dorsal horn at representative 

thoracic (T5), lumbar (L4) and sacral (S3) spinal cord levels. We also further 

characterised these neurons in forepaw and hindpaw skin using confocal microscopy. 
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 Materials and Methods 3.2
Spinal cord and DRG samples were taken from representative cervical (C7), thoracic 

(T5), lumbar (L4) and sacral (S3) levels. Samples were fixed, processed through 

DMSO, embedded in PEG, and sectioned using a microtome. Skin samples from the 

plantar and dorsal surfaces of the forepaws and hindpaws were fixed, processed 

through xylene and sectioned using a cryostat. 

Spinal cord and DRG sections were double labelled with anti-CGRP raised in a goat 

(1:1000; code 1780, Arnel, New York, USA) and anti-SP raised in a rabbit (1:2000; 

Incstar [now Immunostar], Wisconsin, USA). Skin sections were triple labelled with 

anti-neuron specific enolase (NSE) raised in a rabbit (1:1000; Dako, Victoria, 

Australia), anti-CGRP raised in a goat (Arnel) and monoclonal anti-SP raised in a rat 

(1:600; clone NC1/34HL, Sera-Lab, West Sussex, UK).  

Widefield images of DRG and spinal cord sections were taken with the Olympus 

BX50 with a 20x objective. Confocal Z-stacks of spinal cord sections, consisting of 

21 optical sections 0.5 µm apart (total depth 10.5 µm), were taken with the Leica 

confocal microscope with a 63x N.A. 1.4 oil immersion objective with 2x digital 

zoom.  

Widefield images of skin sections were taken with a 40x objective, and confocal Z-

stacks consisting of 21-33 optical sections 0.5 µm apart (total depth 10.5-16.5 µm) 

were taken with a 63x N.A. 1.4 oil immersion objective with 2x digital zoom. Skin 

sections were only qualitatively analysed. 

Widefield images of DRG were imported to ImageJ to determine the presence of 

CGRP-IR or SP-IR and soma cross-sectional area of sensory neurons. Confocal Z-

stacks of spinal cord were imported to Avizo for 3D reconstruction and analysis. The 

volume of CGRP-IR boutons that either contained or lacked SP-IR was calculated 

using the AND (A&B) operator and the NOT (A-B) operator between the CGRP and 

SP data sets. Data were then displayed as mean±SEM and RM-ANOVA with post 

hoc BMC correction with 95% confidence limits was used to determine the statistical 

significance. 
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 Results 3.3

CGRP+SP- neurons were prominent in DRG of all 
spinal levels 
CGRP-IR was detected in neuronal somata and fibres in dorsal root ganglia (DRG) 

of all spinal levels (C7, T5, L4 and S3). Cytoplasmic CGRP-IR was uniformly 

intense in small to medium sized neurons (50-500 µm2), but sometimes less intense 

and more granular in larger neurons (> 500 µm2; Figure 3.1A). There was no 

correlation between the intensity of CGRP-IR and the soma size of the neurons 

(linear correlation: r < 0.01, p = 0.08; N = 4 animals; n = 1720 neurons; Figure 3.2). 

SP-IR was intense in small to medium sized neurons (50-500 µm2); no cells larger 

than 500 µm2 contained SP-IR (Figure 3.1B). There was no correlation between the 

intensity of SP-IR and the soma size of the neuron (linear correlation: r < 0.01, p = 

0.3; N = 4 animals; n = 873 neurons; Figure 3.3). Immunoreactivity for CGRP 

occurred in two DRG neuron subpopulations based on the presence or absence of SP-

IR and soma size (Figure 3.1C and 1D).  

Overall, CGRP-IR was present 55% (1720/3230 neurons) of DRG neurons. At most 

levels there was no difference between the proportion of neurons expressing or 

lacking CGRP-IR (Chi-Square: 𝜒!!  = 6, p = 0.1; N = 4 animals; n = 3230 neurons; 

Figure 3.4). CGRP-IR neurons existed as either CGRP+SP- (54%, 953/1772) or 

CGRP+SP+ (46%, 819/1772) in equal proportions (Chi-Square: 𝜒!!  = 5, p = 0.2; N = 

4 animals; n = 1720 neurons; Figure 3.5) in DRG of all spinal levels. The CGRP-IR 

neurons that were CGRP+SP+ had a much higher intensity of CGRP-IR than 

compared to the CGRP+SP- in DRG of all spinal levels (51±1 and 19±1 grey values 

above background fluorescence, respectively; RM-ANOVA: F(1,1764) = 359, p < 

0.001; N = 4 animals; n = 1720 neurons; Figure 3.8). 

The soma sizes of neurons were larger in C7, and at L4 the neurons were larger than 

the neurons of T5 and S3 (RM-ANOVA: F(3,3226) = 38, p < 0.001 Figure 3.6). This 

was also true for CGRP+SP- neurons (RM-ANOVA; F(3,1764) = 33, p < 0.001; N = 4 

animals; n = 1720 neurons; Figure 3.7). There was no significant difference between 

the soma sizes of CGRP+SP+ neurons throughout the spinal levels. The soma size of 

CGRP+SP- neurons was greater than CGRP+SP+ neurons in DRG of all spinal levels 
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(RM-ANOVA: F(1,1764) = 315, p < 0.001; N = 4 animals; n = 1720 neurons; Figure 

3.7). 

CGRP+SP- neurons in C7 DRG 

In C7 DRG (N = 4 animals, n = 898 neurons), CGRP-IR was detected in half (47%, 

418/898) of the DRG neurons (Figure 3.9A) and SP-IR was detected in a third 32% 

(248/898) of the neurons (Figure 3.9A). Of the CGRP-IR neurons there were equal 

proportions of CGRP+SP- neurons (46%; 192/418) and CGRP+SP+ neurons (54%; 

226/418; Chi-Square: 𝜒!! = 3, p = 0.1; N = 4 animals, n = 418 neurons; Figure 3.9A). 

The CGRP+SP+ neurons had an average soma size of 233±8 µm2 (Figure 3.9B), 

whereas the CGRP+SP- neurons had a larger soma size of 473±14 µm2 (ANOVA: 

F(1,416) = 244, p < 0.0001; N = 4 animals, n = 418 neurons; Figure 3.9B). Very few 

SP-IR neurons lacked CGRP-IR (CGRP-SP+; 9%, 22/248). 

CGRP+SP- neurons in T5 DRG 

In T5 DRG (N = 4 animals, n = 865 neurons), CGRP-IR was detected in just over 

half of the neurons (54%, 464/865 neurons; Figure 3.10A) and SP-IR was detected in 

23% (197/865) of the neurons. Of the CGRP-IR neurons there were more CGRP+SP- 

neurons (65%; 282/464) than CGRP+SP+ neurons (39%; 182/464; Chi-Square: 𝜒!! = 

22, p < 0.001; N= 4 animals, n = 464 neurons Figure 3.10A). The CGRP+SP+ neurons 

had an average soma size of 292±12 µm2 (Figure 3.10B), whereas the CGRP+SP- 

neurons had a larger soma size of 324±11 µm2; ANOVA: F(1,462) = 4, p < 0.05; N = 4 

animals, n = 464 neurons; Figure 3.10B). Very few SP-IR neurons lacked CGRP-IR 

(CGRP-SP+; 8%, 15/197). 

CGRP+SP- neurons in L4 DRG 

In L4 DRG (N = 4 animals, n = 850 neurons), CGRP-IR was detected in just over 

half of the neurons (60%, 508/850 neurons; Figure 3.11A) and SP-IR was detected in 

29% (244/850) of the neurons. Of the CGRP-IR neurons there were equal 

proportions of CGRP+SP- neurons (53%; 271/508) and CGRP+SP+ neurons (47%; 

237/508; Chi-Square: 𝜒!! = 2, p = 0.1; N = 4 animals, n = 508 neurons; Figure 

3.11A). The CGRP+SP+ neurons had an average soma size of 220±5 µm2 (Figure 

3.11B), whereas the CGRP+SP- neurons had a larger soma size of 416±13 µm2; 

ANOVA: F(1,506) =166, p < 0.0001; N = 4 animals, n = 508 neurons; Figure 3.11B). 

Very few SP-IR neurons lacked CGRP-IR (CGRP-SP+; 1%, 7/244). 
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CGRP+SP- neurons in S3 DRG 

In S3 DRG (N = 4 animals, n = 617 neurons), CGRP-IR was detected in more than 

half of the neurons (62%, 382/617 neurons; Figure 3.12A) and SP-IR was detected in 

30% (184/617) of the neurons. Of the CGRP-IR neurons there were equal 

proportions of CGRP+SP- neurons (54%; 208/382) and CGRP+SP+ neurons (46%; 

174/382; Chi-Square: 𝜒!! = 3, p = 0.08; N = 4 animals, n = 382 neurons; Figure 

3.12A). The CGRP+SP+ neurons had an average soma size of 236±10 µm2 (Figure 

3.12B), whereas the CGRP+SP- neurons had a larger soma size of 341±14 µm2; 

ANOVA: F(1,381) = 36, p < 0.0001; N = 4 animals, n = 382 neurons; Figure 3.12B). 

Very few SP-IR neurons lacked CGRP-IR (CGRP-SP+; 5%, 10/184). 

CGRP+SP- terminals were prominent in the lamina I 
and IV/V of spinal dorsal horn 
All spinal levels contained high levels of CGRP-IR and SP-IR in the superficial 

dorsal horn (see Figure 3.13). CGRP-IR terminals were detected throughout the full 

length of lamina I, and also in deeper lamina (presumed IV/V) forming variably 

sized network (Figure 3.13). Some CGRP-IR terminals were also detected 

connecting between lamina I and lamina IV/V. SP-IR terminals were also detected 

throughout the full length of lamina I, but unlike CGRP-IR, were also prominent in 

the lateral spinal nucleus, and in lamina II .  

All spinal levels had prominent CGRP-IR in the superficial dorsal, but each level had 

some unique features (see Figure 3.13). The C7 and L4 dorsal horns were both of 

similar size and morphology. Both dorsal horns had prominent levels of CGRP-IR in 

the superficial lamina (Figure 3.13). Unlike other spinal levels, the C7 and L4 dorsal 

horns had CGRP-IR terminals that projected deeper into the medial superficial dorsal 

horn (possibly entering lamina II). In L4 dorsal horn this deeper superficial 

projection extended more laterally than the C7 dorsal horn. In C7 dorsal horn the 

deeper medial superficial projection was interrupted by a lack of CGRP-IR terminals 

in mediolateral lamina I (Figure 3.13).  Both dorsal horns had a prominent network 

of CGRP-IR terminals in the deeper lamina (lamina IV/V, Figure 3.13). This deep 

CGRP-IR network was more prominent in the L4 dorsal horn and covered more 

lamina (III-V) and extended further medially and laterally than the network of 

CGRP-IR terminals in the C7 dorsal horn (covering lamina IV-V. Figure 3.13).   
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The T5 dorsal horn had a similar morphology to the C7 and L4 dorsal horns, but 

considerably smaller in size (Figure 3.13). Much like C7 and L4 dorsal horns, the T5 

dorsal horn had prominent CGRP-IR terminals in the superficial lamina. However, in 

the T5 dorsal horn the CGRP-IR terminals of the medial superficial lamina did not 

appear to penetrate into lamina II and remained confined to lamina I. T5 also had the 

deep CGRP-IR network of lamina IV/V, but was less prominent, more lateral and 

covered a smaller area that the C7 and L4 dorsal horns (Figure 3.13). 

The S3 dorsal horn morphology was distinct from the other spinal levels (Figure 

3.13). The dorsal horns appeared more externally rotated and the dorsal funiculus 

was considerably shallower than the other dorsal horn levels. CGRP-IR terminals 

were still prominent in the superficial lamina, but they were extended beneath the 

dorsal funiculus, connecting the two dorsal horns. In the midline of the spinal cord 

deeper to the CGRP-IR terminals beneath the dorsal funiculus were CGRP-IR 

terminals projecting to the central canal. These CGRP-IR fibres had branches that 

extended laterally into the dorsal horn and sometimes connected to the lateral curve 

of lamina I. The S3 dorsal horn lacked the deeper CGRP-IR network that was seen at 

other spinal levels (Figure 3.13).  

Quantitatively, in all spinal levels the volume of CGRP-IR voxels was highest in 

medial lamina I and lowest lamina IV/V (RM-ANOVA: F(1,4) = 15, p = 0.019; Figure 

3.14). When analysing the spinal levels within each of the three dorsal horn regions, 

Figure 3.14 demonstrates that there was no significant difference in the volume of 

CGRP-IR voxels within medial lamina I (RM-ANOVA: F(1,4) = 0.4, p = 0.6). This 

was also evident in lateral lamina I (RM-ANOVA: F(1,3) = 0.02, p = 0.9) and lamina 

IV/V (RM-ANOVA: F(1,4) = 5, p = 0.1). 

As in the DRG, CGRP-IR terminals in the dorsal horn could be subdivided into two 

distinct subpopulations based on the presence or absence of SP-IR. There was a 

higher proportion of CGRP-IR voxels that were CGRP+SP- voxels compared to 

CGRP+SP+ voxels in all spinal levels (RM-ANOVA: F(1,4) = 22, p = 0.009; Figure 

3.15). There was no difference in the proportion of CGRP-IR voxels that were either 

CGRP+SP+ or CGRP+SP- voxels between the different spinal levels in medial lamina 

I or lamina IV/V (RM-ANOVA: F(1,4) = 0.2, p = 0.7 and F(1,4) = 2, p = 0.25, 

respectively; Figure 3.15). Lateral lamina I had a higher proportion of CGRP+SP- in 
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the C7 dorsal horn than the L4 and S3 dorsal horns (RM-ANOVA: F(1,4) = 20, p = 

0.01; Figure 3.15). 

There was a higher volume of CGRP-IR voxels that were CGRP+SP- voxels 

compared to CGRP+SP+ voxels in all spinal levels (RM-ANOVA: F(1,4) = 26, p = 

0.007; Figure 3.15). There was no difference in the volume of CGRP+SP- voxels 

between the different spinal levels in medial lamina I, lateral lamina I or lamina IV/V 

(RM-ANOVA: F(1,4) = 0, p = 1; F(1,4) = 0.04, p = 0.9; and F(1,4) = 0.02, p = 1, 

respectively; Figure 3.15). 

CGRP+SP- terminals in C7 dorsal horn 

In C7 dorsal horn, the CGRP-IR and SP-IR terminals were prominent throughout 

lamina I. Medial lamina I appeared to have mainly CGRP+SP+ terminals that 

projected deeper into the dorsal horn, possibly entering lamina II (Figure 3.17A, box 

1; Figure 3.17B1 & C1). Lateral lamina I appeared to have more CGRP+SP- terminals 

than CGRP+SP+ terminals (Figure 3.17A, box 3, (Figure 3.17B3 & C3). The region 

between medial and lateral lamina I (mediolateral lamina I) had fewer CGRP-IR 

terminals and appeared to completely separate the medial and lateral regions (Figure 

3.17A). The deeper CGRP-IR network was prominent; it was situated in mediolateral 

lamina III/V and consisted of mainly CGRP+SP- terminals (Figure 3.17A, box 2; 

Figure 3.17B2 & C2). 

Quantitatively, the volume of CGRP-IR voxels in the C7 dorsal horn was highest in 

medial lamina I compared to lateral lamina I and lamina IV/V, and lowest in lamina 

IV/V compared to lateral lamina I (RM-ANOVA: F(1,4) = 102, p = 0.001; N = 5 

animals, Figure 3.18). There was a higher proportion of CGRP-IR voxels that were 

CGRP+SP- compared to CGRP+SP+ (RM-ANOVA: F (1,4) = 17, p = 0.02; n = 5 

animals; Figure 3.19). This was evident in both lateral lamina I and lamina IV/V but 

not in medial lamina I. The proportion of CGRP-IR voxels that were CGRP+SP- was 

highest in lamina IV/V and lowest was in medial lamina I (RM-ANOVA: F(1,4) = 33, 

p = 0.005; n = 5 animals; Figure 3.19). There was a higher volume of CGRP+SP- 

voxels compared to CGRP+SP+ voxels (RM-ANOVA: F(1,4) = 13, p = 0.002; n = 5 

animals; Figure 3.20). This was evident in lamina IV/V, but not in lateral or medial 

lamina I (RM-ANOVA: F(1,4) = 320, p > 0.001; n = 5 animals; Figure 3.20). The 

volume of CGRP+SP- voxels was higher in medial and lateral lamina I compared to 

lamina IV/V (RM-ANOVA: F(1,4) = 8, p = 0.05; Figure 3.20) and the volume of 
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CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina IV/V (RM-

ANOVA: F(1,4) = 114, p < 0.001; Figure 3.20). 

CGRP+SP- terminals in T5 dorsal horn 

In T5 dorsal horn, the CGRP-IR and SP-IR terminals were prominent throughout 

lamina I. Medial lamina I appeared to have mainly CGRP+SP+ terminals (Figure 

3.21A, box 1; Figure 3.21B1 & C1). Lateral lamina I appeared to have more 

CGRP+SP- terminals than CGRP+SP+ terminals (Figure 3.21A, box 3, (Figure 3.21B3 

& C3). The deeper CGRP-IR network was not as prominent as other spinal levels; it 

was situated in lamina V/VI, and consisted of mainly CGRP+SP- terminals (Figure 

3.21A, box 2; Figure 3.21B2 & C2). 

Quantitatively, the volume of CGRP-IR voxels in the T5 dorsal horn was higher in 

medial and lateral lamina I compared to lamina IV/V (RM-ANOVA: F(1,4) = 58, p = 

0.002; N = 5 animals, Figure 3.22). There was a higher proportion of CGRP-IR 

voxels that were CGRP+SP- compared to CGRP+SP+ (RM-ANOVA: F (1,4) = 49, p = 

0.002; n = 5 animals; Figure 3.23). This was evident in lamina IV/V, but not in 

medial or lateral lamina I. The proportion of CGRP-IR voxels that were CGRP+SP- 

was highest in lamina IV/V compared to medial and lateral lamina I (RM-ANOVA: 

F(1,4) = 24, p < 0.001; n = 5 animals; Figure 3.23). There was a higher volume of 

CGRP+SP- voxels compared to CGRP+SP+ voxels (RM-ANOVA: F(1,4) = 35, p = 

0.004; n = 5 animals; Figure 3.24). This was evident in lamina IV/V, but not in 

lateral or medial lamina I (RM-ANOVA: F(1,4) = 24, p < 0.008; N = 5 animals; Figure 

3.24). The volume of CGRP+SP- voxels was higher in medial and lateral lamina I 

compared to lamina IV/V (RM-ANOVA: F(1,4) = 30, p = 0.005; Figure 3.24) and the 

volume of CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina 

IV/V (RM-ANOVA: F(1,4) = 371, p < 0.001; Figure 3.24). 

CGRP+SP- terminals in L4 dorsal horn 

In L4 dorsal horn, the CGRP-IR and SP-IR terminals were prominent throughout 

lamina I. Medial lamina I appeared to have mainly CGRP+SP+ terminals (Figure 

3.25A, box 1; Figure 3.25B1 & C1). Lateral lamina I appeared to be more CGRP+SP- 

terminals than CGRP+SP+ terminals (Figure 3.25A, box 3, Figure 3.25B3 & C3). The 

deeper CGRP-IR network was quite prominent, situated in the middle (mediolateral) 

of the dorsal horn, extended as far as lamina III-V, and consisted of mainly 

CGRP+SP- terminals (Figure 3.25A, box 2; Figure 3.25B2 & C2). 
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Quantitatively, the volume of CGRP-IR voxels in the L4 dorsal horn was higher in 

medial and lateral lamina I compared to lamina IV/V (RM-ANOVA: F(1,4) = 29, p = 

0.006; N = 5 animals, Figure 3.26). There was a higher proportion of CGRP-IR 

voxels that were CGRP+SP- compared to CGRP+SP+ (RM-ANOVA: F (1,4) = 49, p = 

0.002; n = 5 animals; Figure 3.27). This was evident in lamina IV/V, but not in 

medial or lateral lamina I. The proportion of CGRP-IR voxels that were CGRP+SP- 

was highest in lamina IV/V compared to medial and lateral lamina I (RM-ANOVA: 

F(1,4) = 29, p < 0.001; n = 5 animals; Figure 3.27). There was a higher volume of 

CGRP+SP- voxels compared to CGRP+SP+ voxels (RM-ANOVA: F(1,4) = 41, p = 

0.003; n = 5 animals; Figure 3.28). This was evident in lamina IV/V, but not in 

lateral or medial lamina I (RM-ANOVA: F(1,4) = 42, p < 0.003; n = 5 animals; Figure 

3.28). The volume of CGRP+SP- voxels was higher in medial and lateral lamina I 

compared to lamina IV/V (RM-ANOVA: F(1,4) = 11, p = 0.03; Figure 3.28) and the 

volume of CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina 

IV/V (RM-ANOVA: F(1,4) = 69, p = 0.001; Figure 3.28). 

CGRP+SP- terminals in S3 dorsal horn 

In S3 dorsal horn, the CGRP-IR and SP-IR terminals were prominent throughout 

lamina I. Medial lamina I appeared to have mainly CGRP+SP+ terminals (Figure 

3.29, box 1; Figure 3.29B1 & C1). Lateral lamina I appeared to be more CGRP+SP+ 

terminals than CGRP+SP+ terminals (Figure 3.29A, box 3, Figure 3.29B3 & C3). The 

deeper CGRP-IR network was non-existent. However, CGRP-IR terminals were 

prominent in the midline of the two dorsal horn situated directly below the dorsal 

funiculus and extended to the central canal. These CGRP-IR terminals extended 

laterally into the dorsal horn and sometimes connected to the lateral curve of lamina 

I.  

Quantitatively, the volume of CGRP-IR in the S3 dorsal horn was the same in medial 

and lateral lamina I (Paired t-test: t(4) = 1, p = 0.3; N = 5 animals, Figure 3.30). 

Overall there was a higher proportion of CGRP-IR voxels that were CGRP+SP+ 

compared to CGRP+SP- (RM-ANOVA: F (1,4) = 26, p = 0.007; n = 5 animals; Figure 

3.31). This was evident in both medial or lateral lamina I, and there was no 

difference between the proportion of CGRP-IR voxels that were CGRP+SP- between 

these regions (Paired t-test: t(4) = 1, p = 0.5; n = 5 animals; Figure 3.31). There was a 

higher volume of CGRP+SP- voxels compared to CGRP+SP+ voxels (RM-ANOVA: 

F(1,4) = 24, p = 0.008; n = 5 animals; Figure 3.32). However, there was no difference 
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between the volume of CGRP+SP- voxels compared to CGRP+SP+ voxels in medial 

or lateral lamina I (RM-ANOVA: F(1,4) = 1, p = 0.5; n = 5 animals; Figure 3.32). Nor 

was there any difference between the volume of CGRP+SP- voxels or CGRP+SP+ 

voxels in lateral lamina I compared to medial lamina I (RM-ANOVA: F(1,4) = 1, p = 

0.4 and F(1,4) = 1, p = 0.5, respectively; Figure 3.32).  

CGRP+SP- fibres were prominent in both glabrous 
and hairy paw skin 
CGRP+SP- fibres in glabrous forepaw and hindpaw skin  

Immunoreactivity to the pan-neuronal marker, NSE-IR, was used to visualise all 

nerve fibres in forepaw and hindpaw skin. In glabrous skin (N = 4 animals), NSE-IR 

was detected in fibre bundles deep within the dermis, and in single fibres that ran 

parallel to the epidermis at the dermo-epidermal junction. Many of these single fibres 

were associated with capillaries. Other NSE-IR fibres penetrated the epidermis as 

complex free nerve endings or formed Meissner’s corpuscles within dermal papillae.  

CGRP+SP+ and CGRP+SP- fibres occurred together in bundles within the deep 

dermis. Both CGRP+SP+ and CGRP+SP- fibres were present in the dermo-epidermal 

junction and were associated with capillaries (Figure 3.33). Some CGRP+SP- and 

CGRP+SP+ fibres penetrated the epidermis (Figure 3.34) and both fibre types also 

were associated with Meissner’s corpuscles (Figure 3.35). CGRP+SP- fibres were 

most prominent in the dermal papillae, where there were few CGRP+SP+ fibres. All 

fibres with SP-IR also contained CGRP-IR. There were no obvious differences 

between forepaw and hindpaw skin. 

CGRP+SP- fibres in hairy forepaw and hindpaw skin 

NSE-IR fibres were less common at the dermo-epidermal junction of hairy skin (N = 

4 animals) compared with glabrous skin. Single NSE-IR fibres and nerve bundles of 

the dermis were interspersed between hair follicles with no obvious spatial pattern. 

NSE-IR fibres were associated with hair follicles in two distinct patterns: as palisade 

fibres parallel to the hair shaft and thinner fibres that encircled the hair shaft (Figure 

3.36 and Figure 3.37).  NSE-IR fibres were associated with capillaries, but no NSE-

IR fibres penetrated the epidermis.   

As in glabrous skin, CGRP+SP+ and CGRP+SP- fibres occurred together in bundles 

within the deep dermis. Both CGRP+SP+ and CGRP+SP- fibres were present in the 
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dermo-epidermal junction, and associated with capillaries. Both CGRP+SP- and 

CGRP+SP+ fibres were interspersed between the hair follicles, and also associated 

with hair follicles. Fine varicose CGRP+SP- fibres encircled the hair follicle at the 

level of the palisade nerve endings and a single CGRP+SP+ fibre encircled the hair 

follicle deep to CGRP+SP- fibres (Figure 3.36 and Figure 3.37). Palisade nerve 

endings lacked CGRP-IR. There were no obvious differences between forepaw and 

hindpaw skin. 
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 Discussion 3.4
We have demonstrated a distinct subpopulation of primary afferent neurons with 

easily demonstrable CGRP-IR but no detectable SP-IR. This population of neurons 

makes up a significant proportion of CGRP-IR neurons with peripheral terminations 

in the skin and central terminations in the dorsal horn of the spinal cord. 

CGRP+SP- neurons were prominent at all spinal 
levels and just as prominent as CGRP+SP+ neurons 
CGRP-IR neuronal somata were frequently detected in DRG, as were CGRP-IR 

terminals in the dorsal horn of the spinal cord, and CGRP-IR fibres in both glabrous 

and hairy forepaw and hindpaw skin. These CGRP-IR neurons could be subdivided 

based on their expression of SP-IR. 

It is important to note, that the lack of SP-IR detected in this study was not due to 

technical issues regarding the antibodies. CGRP-IR and SP-IR were detected using 

well-characterised antibodies (Morris et al., 2005). The CGRP-IR and SP-IR 

expression patterns in DRG (McCarthy & Lawson, 1989; 1990; Morris et al., 2005), 

spinal cord (Gibson, Polak, Bloom, et al., 1984; Wiesenfeld-Hallin et al., 1984; 

Morris et al., 2005) and skin (Gibbins et al., 1985; Gibbins, Wattchow, et al., 1987) 

match previous descriptions in the literature. Specific and consistent features of SP-

IR were used throughout this study to ensure correct antibody function. In DRG, SP-

IR was easily detectable in small to medium sized neuronal somata, but not 

detectable in larger somata. In dorsal horn, SP-IR was easily detectable in terminals 

of lamina I/II and in the lateral spinal nucleus, but not in terminals of lamina IV/V. In 

skin, SP-IR was easily detectable in numerous cutaneous fibres but not detectable in 

all. Together, this suggests that the lack of detectable SP-IR in this study is true and 

not an antibody artefact. 

CGRP+SP- neurons were equally as prominent as CGRP+SP+ neurons in DRG at all 

spinal levels, and in T5 DRG CGRP+SP- neurons were more numerous than 

CGRP+SP+ neurons. The size of CGRP+SP- cells in C7 and L4 were considerably 

larger than T5 and S3 DRG. The soma size of a neuron is related to its volume and 

the volume of the neuron is dependent on its axonal length, diameter and the degree 

of axonal branching (Pannese, 1994). Hence, the larger size of CGRP+SP- cells in C7 
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and L4 may be because DRG neurons of C7 and L4 innervate the limbs and hence, 

their axons were longer. However, S3 neurons also have relatively long axons and 

hence this may be because C7 and L4 DRG just has a higher proportion of larger 

neurons or a higher proportion of myelinated neurons (which will be discussed in the 

next section). 

At all levels, the central and peripheral endings of CGRP+SP- neurons were 

consistent with observations from the DRG. The prominence of CGRP+SP- neurons 

in C7 DRG was consistent with the high prominence of CGRP+SP- fibres in the C7 

dorsal horns and fibres in the forepaw that matched our previous descriptions 

(Kestell, 2009). The CGRP+SP- neurons of the L4 DRG was consistent with 

CGRP+SP- fibres in the L4 dorsal horns and fibres in the hindpaw skin, as well as 

previous observation of these fibres in gastrocnemius muscle (Gillan, 2012). The 

same can be said for the CGRP+SP- neurons in the T5 and S3 DRG that were 

consistent with fibres in the T5 and S3 dorsal horn, respectively, as well as fibres 

previously observed in erector spinae muscle (Gillan, 2012), and the female genital 

tract (Vilimas et al., 2011), respectively. 

While there are long-standing reports of sensory neurons that contain CGRP but not 

SP (Gibbins, Wattchow, et al., 1987; Tamatani et al., 1989; McCarthy & Lawson, 

1990; Morris et al., 2005), no attempts have been made to characterise their 

distribution or demonstrate their prominence. Here we have demonstrated the 

CGRP+SP- neurons were just as prominent (if not more prominent) as the well-

characterised CGRP+SP+ in DRG and dorsal horn of all spinal levels, and in the 

forepaw skin. 

 CGRP+SP- neurons were most likely myelinated  
The cross sectional area of CGRP+SP- neuronal soma were more than twice the cross 

sectional area of CGRP+SP+ neuronal soma in the DRG at all spinal levels. Their 

central fibres were present in lamina IV/V of the dorsal horn of the spinal cord, and 

peripheral fibres were found closely associated with Meissner’s corpuscles and 

encircled hair follicles in the skin. Taken together, these results are highly suggestive 

of CGRP+SP- neurons belonging to a myelinated fibre class. 

McCarthy and Lawson (1990) demonstrated CGRP-IR in both small and large 

somata of the DRG and established that the smaller somata had C-fibre conduction 
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velocities whereas, the larger somata had A-fibre conduction velocities. McCarthy 

and Lawson (1989) also demonstrated that SP-IR was only present in small somata 

of the DRG with C-fibre conduction velocities. These larger CGRP-IR neurons 

demonstrated by McCarthy and Lawson (1990) were comparable in size to the 

CGRP+SP- neurons demonstrated in this current study, suggesting they may be the 

same population of neurons. Hence, CGRP+SP- neurons are most likely A-fibre 

neurons. 

The notion of CGRP+SP- neurons being myelinated is further supported by their 

central terminations. In the dorsal horn, CGRP+SP- terminals were prominent in 

lamina I and lamina IV/V. Lamina IV/V neurons receive inputs from Aβ- and Aδ-

fibres (Willis & Coggeshall, 1991). Taken together, these results are highly 

suggestive of CGRP+SP- neurons belonging to a myelinated fibre class. 

The existence of large CGRP+SP- neurons could be interpreted in two ways: either 

CGRP expression is not limited to nociceptive neurons; or nociceptive neurons are 

not limited to Aδ and C-fibre classes. Although often overlooked, some of the 

earliest descriptions of nociceptors included Aα/β fibre classes which almost 

certainly originate from large diameter DRG neurons (Burgess & Perl, 1967; Ritter 

& Mendell, 1992; Djouhri et al., 1998; Djouhri & Lawson, 2001). Indeed, a more 

recent study has shown that some DRG neurons with myelinated fibres in the Aα/β 

range both contain CGRP and possess nociceptive properties (Lawson et al., 2002). 

CGRP+SP- neurons most likely convey different 
sensory modalities 
CGRP+SP- fibres were observed encircling hair follicles, as intraepithelial nerve 

fibres and closely associated with Meissner's corpuscles. Previously, we have 

observed similar fibres closely associated with large, presumably mechanosensitive 

endings, in genital skin (Vilimas et al., 2011) and as free nerve endings in erector 

spinae and gastrocnemius muscle (Gillan, 2012). These observations imply that 

CGRP+SP- afferents transduce information at different peripheral sites. Their dual 

projections to superficial and deeper laminae of the dorsal horn further implies they 

may well convey different sensory modalities and contribute to different perceptions 

of pain from the skin. 
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CGRP-IR fibres were observed penetrating the epidermis with no specialised endings 

in a manner that has been previously described (Gibbins et al., 1985; Kruger et al., 

1989). Both CGRP+SP- and CGRP+SP+ fibres were seen penetrating the epidermis. 

Given the position in the epidermis it is likely that both CGRP-IR neurons are 

thermally or mechanically activated nociceptive afferents (Lawson et al., 2002). 

CGRP-IR fibres encircled hair follicles in a distinct pattern, corresponding to 

previous descriptions of fine hair follicle afferents (e.g. Kruger et al., 1981; Munger, 

1982; Millard & Woolf, 1988). Hair follicle afferents form a pilo-neural complex: a 

combination of sensory endings that form an ensemble around hair follicles at the 

mid-level of the hair shaft, which consists of a palisade of blade-like lanceolate 

endings of Aβ-fibre neurons, and circumferentially oriented endings supplied by C-

fibres (Rice & Albrecht, 2007). While it has been previously documented that both 

CGRP and SP fibres encircle hair follicles (Kruger et al., 1989; Fundin et al., 1997; 

Rice et al., 1997), we have demonstrated here that both CGRP+SP+ and CGRP+SP- 

fibres encircled hair follicles. CGRP+SP- fibres encircled the hair follicle at the level 

of the palisade nerve endings and a single CGRP+SP+ fibre encircled the hair follicle 

inferior to CGRP+SP- fibres. While they did not explicitly characterise their endings, 

Lawson and colleagues (2002) have also demonstrated CGRP+SP- fibres associated 

with hair follicles and determined that these fibres were non-nociceptive moderately 

rapidly adapting mechanoceptors that responded to hair movement. As all SP 

containing primary afferent fibres are presumed nociceptive (Lawson et al., 1997), it 

is likely that the single CGRP+SP+ fibre is associated with noxious distortion of the 

hair follicle.. 

CGRP+SP- and CGRP+SP+ fibres were also closely associated with Meissner’s 

corpuscles. Like the piloneural complexes, Meissner’s corpuscles are supplied by 

both Aβ-fibre and C-fibre neurons (Rice & Albrecht, 2007). Meissner’s corpuscles 

contain a coiled arrangement of endings from at least three types of separate fibres: 

Aα/β fibres and peptidergic and non-peptidergic C-fibres (Paré et al., 2001). CGRP 

and SP are associated with some Meissner’s corpuscles (Ishida-Yamamoto et al., 

1988; Kruger et al., 1989; Paré et al., 2001), however we have demonstrated here 

that both CGRP+SP+ and CGRP+SP- fibres are associated with the Meissner’s 

corpuscles. The Aα/β fibres of the Meissner’s corpuscle described by Paré and 

colleagues (2001) expressed CGRP, and are hence likely the CGRP+SP- fibres we 
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have demonstrated. These Aα/β fibres are believed to be the low-threshold 

mechanoceptive endings of the Meissner’s corpuscle. These Aα/β fibres are closely 

intertwined with endings from peptidergic C-fibers, which expressed both CGRP and 

SP (Paré et al., 2001), and are hence likely the CGRP+SP+ fibres we have 

demonstrated. While Meissner’s corpuscles are activated by innocuous light touch, it 

is now believed that they can also be nociceptive (Paré et al., 2001). Again, as all SP 

containing primary afferent fibres are presumed nociceptive (Lawson et al., 1997), it 

is likely that the CGRP+SP+ fibres are nociceptive.  

It is not yet clear whether CGRP+SP- neurons have a role in nociception. The 

existence of large CGRP+SP- neurons could suggest that CGRP expression is not 

limited to nociceptive neurons. Yet it could also suggest that nociceptive neurons are 

not limited to Aδ and C-fibre classes. Based on the peripheral targets of CGRP+SP- 

neurons and their projections to the spinal cord they may have a polymodal 

mechanoceptor function. 
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Figure 3.1: CGRP-IR and SP-IR in neuronal somata of the C7 DRG 

Widefield fluorescence microscopy of mouse C7 dorsal root ganglia (DRG) double 

labelled for calcitonin gene-related peptide (CGRP; A), substance P (SP; B). The 

overlay of A and B (C), and the thresholded image (D) shows two subpopulations of 

neurons positive for CGRP-immunoreactivity (IR): neurons containing CGRP-IR 

with SP-IR (CGRP+SP+; white arrows; yellow in C and D), neurons containing 

CGRP-IR with no detectable SP-IR (CGRP+SP-; black arrows; red in C and D). Scale 

bar = 60 µm in D (applies to A-D). 
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Figure 3.2: Intensity of CGRP-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of calcitonin gene-related 

peptide-immunoreactivity (CGRP-IR) more than 2 standard deviations above 

background fluorescence in dorsal root ganglia (DRG) of all spinal levels. There was 

no correlation between the intensity of CGRP-IR and the soma size of the neurons 

(linear correlation: r < 0.01, p = 0.08; N = 4 animals, n = 1720 neurons). 

 

 

 

 

Figure 3.3: Intensity of SP-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of substance P-

immunoreactivity (SP-IR) more than 2 standard deviations above background 

fluorescence in dorsal root ganglia (DRG) of all spinal levels. There was no 

correlation between the intensity of SP-IR and the soma size of the neuron (linear 

correlation: r < 0.01, p = 0.3 N = 4 animals, n = 873 neurons). 
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Figure 3.4: Proportion of neuronal somata expressing CGRP-IR in DRG of all 
spinal levels 

Histogram depicting the proportion of neuronal somata that either expressed 

calcitonin gene-related peptide-immunoreactivity (CGRP-IR; CGRP+; red bars) or 

lacked CGRP-IR (CGRP-; black bars) in cervical (C7), thoracic (T5), lumbar (L5), 

and sacral (S3) dorsal root ganglia (DRG). At all spinal levels, there were equal 

proportions of neurons that either expressed or lacked CGRP-IR (Chi-Square: 𝜒!!  = 

6, p = 0.1; N = 4 animals, n = 1720 neurons) 

 

 

 

 

Figure 3.5: Proportion of CGRP-IR expressing neuronal somata that lacked SP-
IR in DRG of all spinal levels 

Histogram depicting the proportion of neuronal somata that expressed calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; 

CGRP+SP+; yellow bars) or without SP-IR (CGRP+SP-; red bars) in cervical (C7), 

thoracic (T5), lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). At all spinal 

levels, there were equal proportions of CGRP+SP- and CGRP+SP+ neurons (Chi-

Square: 𝜒!!  = 5, p = 0.2; N = 4 animals, n = 1720 neurons). 
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Figure 3.6: Soma size of neurons in DRG of all spinal levels 

Histogram displayed as depicting the soma size (mean ± SEM cross sectional area; 

µm2) of all neuronal somata in cervical (C7), thoracic (T5), lumbar (L5), and sacral 

(S3) dorsal root ganglia (DRG). The soma size of neurons were largest in C7 DRG, 

and L4 DRG neurons were larger than the T5 DRG and S3 DRG neurons (ANOVA: 

F(3,3226) = 38, p < 0.001; N = 4 animals; n = 3230 neurons;) 

 

 

 

 

Figure 3.7: Soma size of neurons expressing CGRP-IR without SP-IR in DRG of 
all spinal levels 

Histogram (data displayed as mean ± SEM) depicting the soma size (cross sectional 

area; µm2) of neuronal somata that expressed calcitonin gene-related peptide-

immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; CGRP+SP+; yellow bars) 

or without SP-IR (CGRP+SP-; red bars) in cervical (C7), thoracic (T5), lumbar (L5), 

and sacral (S3) dorsal root ganglia (DRG). At all spinal levels CGRP+SP- neurons 

were larger than CGRP+SP+ neurons (ANOVA: F(1,1764) = 315, p < 0.001; N = 4 

animals; n = 1720 neurons). CGRP+SP- neurons were largest at C7, and L4 

CGRP+SP- neurons were larger than S3 CGRP+SP- neurons (ANOVA:  F(3,1764) = 33, 

p < 0.001; N = 4 animals; n = 1720 neurons). 
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Figure 3.8: Intensity of CGRP-IR in DRG of all spinal levels 

Histogram (data displayed as mean ± SEM) depicting the intensity of calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) above the normal background 

fluorescence of non-immunoreactive neuronal somata in cervical (C7), thoracic (T5), 

lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). Somata expressing CGRP 

with substance P (SP; CGRP+SP+) had higher intensity of CGRP-IR than somata 

expressing CGRP but not SP (CGRP+SP-; RM-ANOVA: F(1,1764) = 359, p < 0.001; N 

= 4 animals; n = 1720 neurons;) 
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Figure 3.9: Proportion and size of neuronal somata expressing CGRP-IR in C7 
DRG 

A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; 

CGRP+SP+; yellow), expressed CGRP-IR without SP-IR (CGRP+SP-; red), expressed 

SP-IR without CGRP-IR (CGRP-SP+; green) or expressed neither CGRP-IR nor SP-

IR (CGRP-SP-; black) in cervical (C7) dorsal root ganglia (DRG). An equal 

proportion of CGRP-IR neurons contained (CGRP+SP+) or lacked (CGRP+SP-) SP 

(Chi-Square: 𝜒!! = 3, p = 0.1; N = 4 animals, n = 418 neurons). 

B: Histogram depicting the somata size (mean ± SEM of cross sectional area; µm2) 

of neuronal somata that expressed calcitonin gene-related peptide-immunoreactivity 

(CGRP-IR) with substance P-IR (SP-IR; CGRP+SP+; yellow), expressed CGRP-IR 

without SP-IR (CGRP+SP-; red) in cervical (C7) dorsal root ganglia (DRG). The 

soma size of CGRP+SP- neurons were larger than the CGRP+SP- (ANOVA: F(1,416) = 

244, p < 0.0001; N = 4 animals, n = 418 neurons). 

 

Figure 3.10: Proportion and size of neuronal somata expressing CGRP-IR in T5 
DRG 

A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; 

CGRP+SP+; yellow), expressed CGRP-IR without SP-IR (CGRP+SP-; red), 

expressed SP-IR without CGRP-IR (CGRP-SP+; green) or expressed neither CGRP-

IR nor SP-IR (CGRP-SP-; black) in thoracic (T5) dorsal root ganglia (DRG). A 

higher proportion of CGRP-IR neurons contained (CGRP+SP+) or lacked (CGRP+SP-

) SP (Chi-Square: 𝜒!! = 22, p < 0.001; N = 4 animals, n = 464 neurons). 

B: Histogram (data displayed as mean ± SEM) depicting the somata size (cross 

sectional area; µm2) of neuronal somata that expressed calcitonin gene-related 

peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; CGRP+SP+; 

yellow bars) or without SP-IR (CGRP+SP-; red bars) in thoracic (T5) dorsal root 

ganglia (DRG). The soma size of CGRP+SP- neurons were larger than the 

CGRP+SP-(ANOVA: F(1,462) = 4, p < 0.05; N = 4 animals, n = 464 neurons). 
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Figure 3.11: Proportion and size of neuronal somata expressing CGRP-IR in L4 
DRG 

A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; 

CGRP+SP+; yellow), expressed CGRP-IR without SP-IR (CGRP+SP-; red), 

expressed SP-IR without CGRP-IR (CGRP-SP+; green) or expressed neither CGRP-

IR nor SP-IR (CGRP-SP-; black) in lumbar (L4) dorsal root ganglia (DRG). An 

equal proportion of CGRP-IR neurons contained (CGRP+SP+) or lacked (CGRP+SP-) 

SP (Chi-Square: 𝜒!! = 2, p = 0.1; N = 4 animals, n = 508 neurons). 

B: Histogram (data displayed as mean ± SEM) depicting the somata size (cross 

sectional area; µm2) of neuronal somata that expressed calcitonin gene-related 

peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; CGRP+SP+; 

yellow bars) or without SP-IR (CGRP+SP-; red bars) in lumbar (L4) dorsal root 

ganglia (DRG). The soma size of CGRP+SP- neurons were larger than the 

CGRP+SP- (ANOVA: F(1,506) =166, p < 0.0001; N = 4 animals, n = 508 neurons). 

 

Figure 3.12: Proportion and size of neuronal somata expressing CGRP-IR in S3 
DRG 

A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene-related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; 

CGRP+SP+; yellow), expressed CGRP-IR without SP-IR (CGRP+SP-; red), 

expressed SP-IR without CGRP-IR (CGRP-SP+; green) or expressed neither CGRP-

IR nor SP-IR (CGRP-SP-; black) in sacral (S3) dorsal root ganglia (DRG). An equal 

proportion of CGRP-IR neurons contained (CGRP+SP+) or lacked (CGRP+SP-) SP 

(Chi-Square: 𝜒!! = 3, p = 0.08; N = 4 animals, n = 382 neurons). 

B: Histogram (data displayed as mean ± SEM) depicting the somata size (cross 

sectional area; µm2) of neuronal somata that expressed calcitonin gene-related 

peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR; CGRP+SP+; 

yellow bars) or without SP-IR (CGRP+SP-; red bars) in sacral (S3) dorsal root 

ganglia (DRG). The soma size of CGRP+SP- neurons were larger than the 

CGRP+SP- (ANOVA: F(1,381) = 36, p < 0.0001; N = 4 animals, n = 382 neurons). 
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Figure 3.13: CGRP-IR and SP-IR in the C7, T5, L4 and S3 dorsal horn 

Widefield fluorescence microscopy of mouse cervical (C7; A), thoracic (T5; B), 

lumbar (L4; C) and sacral (S3; D) dorsal horn double labelled for calcitonin gene-

related peptide (CGRP; red) and substance P (SP; green) showing a clear overlap of 

CGRP-immunoreactivity (IR) and SP-IR (CGRP+SP+; yellow) in the superficial 

laminae and some CGRP-IR lacking of SP-IR (CGRP+SP-; red) in the deeper 

laminae. Scale bar = 100 µm in A (applies to B-D). 
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Figure 3.14: Volume of CGRP-IR boutons in the dorsal horn of all spinal levels 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels in medial and lateral lamina I, 

and lamina IV/V of cervical (C7; black), thoracic (T5; dark grey), lumbar (L4; light 

grey) and sacral (S3; white) dorsal horn. There was no difference in the volume of 

CGRP-IR voxels in medial lamina I, lateral lamina I, or lamina IV/V between the 

different spinal levels (RM-ANOVA: F(1,4) = 0.4, p = 0.6; n =5 animals, F(1,3) = 0.02, 

p = 0.9; n =5 animals and  RM-ANOVA: F(1,4) = 5, p = 0.1; n =5 animals, 

respectively). There was no CGRP-IR in lamina IV/V of S3. 
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Figure 3.15: Proportion of CGRP-IR boutons lacking SP-IR in the dorsal horn 
of all spinal levels 

Histogram (data displayed as mean±SEM) depicting the proportion of calcitonin 

gene-related peptide-immunoreactive (CGRP-IR) voxels that lacked SP-IR 

(CGRP+SP-) in medial and lateral lamina I, and lamina IV/V of cervical (C7; black), 

thoracic (T5; dark grey), lumbar (L4; light grey) and sacral (S3; white) dorsal horn. 

There was no difference in the proportion of CGRP-IR voxels that were either 

CGRP+SP- terminals in medial lamina I or lamina IV/V (RM-ANOVA: F(1,4) = 2, p = 

0.3; n = 5 animals) between the different levels of the spinal cord. In lateral lamina I 

there was a higher proportion of CGRP+SP- terminals in C7 compared to L4 and S3  

(RM-ANOVA: F(1,4) = 20, p = 0.01; n = 5 animals). 
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Figure 3.16: Volume of CGRP-IR boutons containing or lacking SP-IR in the 
dorsal horn of all spinal levels 

Histogram (data displayed as mean±SEM) depicting the proportion of calcitonin 

gene-related peptide-immunoreactive (CGRP-IR) voxels that contained substance P-

IR (SP-IR; CGRP+SP+; A) or lacked SP-IR (CGRP+SP-; B) in medial and lateral 

lamina I, and lamina IV/V of cervical (C7; black), thoracic (T5; dark grey), lumbar 

(L4; light grey) and sacral (S3; white) dorsal horn. There was no difference in the 

volume of CGRP+SP- voxels or CGRP+SP+ voxels in medial lamina I, lateral lamina 

I or lamina IV/V (RM-ANOVA: F(1,4) = 0, p = 1 F(1,4) = 0.04, p = 0.9; n = 5 animals, 

and F(1,4) = 0.02, p = 1; n = 5 animals, respectively) between the different levels of 

the spinal cord.  
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Figure 3.17: CGRP-IR and SP-IR in the C7 dorsal horn 

A: Widefield fluorescence microscopy of mouse cervical (C7) dorsal horn double 

labelled for calcitonin gene-related peptide (CGRP; red) and substance P (SP; green) 

showing a clear overlap of CGRP-immunoreactivity (IR) and SP-IR (CGRP+SP+; 

yellow) in the superficial laminae and CGRP-IR lacking of SP-IR (CGRP+SP-; red) 

in the deeper laminae. Boxed outlines (1: medial lamina I, 2: lamina IV/V, 3: lateral 

lamina I) represent dorsal horn regions of high CGRP-IR, further investigated with 

confocal microscopy. B-C: 3D reconstruction of confocal Z-stacks (21 steps of 0.5μ

m, total depth 10.5 µm) of the three regions of the dorsal horn revealing CGRP+SP- 

terminals (B1- B3) and CGRP+SP+ terminals (C1- C3). Scale bar = 60 µm in A and = 

20 µm in C3 (applies to B-C). 
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Figure 3.18: Volume of CGRP-IR terminals in the C7 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels in laminae I (medial and lateral) 

and IV/V of the cervical (C7) spinal dorsal horn. Medial lamina I had a higher 

volume of CGRP-IR voxels compared to lateral lamina I and lamina IV/V, and 

lateral lamina I had more CGRP-IR voxels than lamina IV/V (RM-ANOVA: F(1,4) = 

102, p = 0.001; n = 5 animals). 

 
Figure 3.19: Percentage of CGRP-IR terminals that lack SP-IR in the C7 dorsal 
horn 

Histogram (data displayed as mean±SEM) depicting the proportion of calcitonin 

gene-related peptide-immunoreactive (CGRP-IR) voxels that either contained SP-IR 

(CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red bars) in laminae I (medial 

and lateral) and IV/V of the cervical (C7) spinal dorsal horn. Lateral lamina I and 

lamina IV/V had a significantly higher proportion of CGRP+SP- voxels compared to 

CGRP+SP+ voxels (RM-ANOVA: F (1,4) = 17, p = 0.015; n = 5 animals). Lamina 

IV/V had the highest proportion of CGRP+SP- voxels compared to medial and lateral 

lamina I, and lateral lamina I had significantly higher proportion of CGRP+SP- voxels 

than medial lamina I (RM-ANOVA: F(1,4) = 33, p = 0.005; n = 5 animals) 

 
Figure 3.20: Volume of CGRP-IR terminals lacking SP-IR in the C7 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels that either contained SP-IR 

(CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red bars) in laminae I (medial 

and lateral) and IV/V of the cervical (C7) spinal dorsal horn. There was a higher 

volume of CGRP+SP- voxels compared to CGRP+SP+ voxels in lamina IV/V, but not 

in lateral or medial lamina I (RM-ANOVA: F(1,4) = 320, p > 0.001; n = 5 animals). 

The volume of CGRP+SP- voxels was highest in medial and lateral lamina I 

compared to lamina IV/V (RM-ANOVA: F(1,4) = 8, p = 0.05; n = 5 animals) and the 

volume of CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina 

IV/V (RM-ANOVA: F(1,4) = 114, p < 0.001; n = 5 animals). 
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Figure 3.21: CGRP-IR and SP-IR in the T5 dorsal horn 

A: Widefield fluorescence microscopy of mouse thoracic (T5) dorsal horn double 

labelled for calcitonin gene-related peptide (CGRP; red) and substance P (SP; green) 

showing a clear overlap of CGRP-immunoreactivity (IR) and SP-IR (CGRP+SP+; 

yellow) in the superficial laminae and CGRP-IR lacking of SP-IR (CGRP+SP-; red) 

in the deeper laminae. Boxed outlines (1: medial lamina I, 2: lamina IV/V, 3: lateral 

lamina I) represent dorsal horn regions of high CGRP-IR, further investigated with 

confocal microscopy. B-C: 3D reconstruction of confocal Z-stacks (21 steps of 0.5μ

m, total depth 10.5 µm) of the three regions of the dorsal horn revealing CGRP+SP- 

terminals (B1- B3) and CGRP+SP+ terminals (C1- C3). Scale bar = 60 µm in A and = 

20 µm in C3 (applies to B-C). 
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Figure 3.22: Volume of CGRP-IR terminals in the T5 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels in laminae I (medial and lateral) 

and IV/V of the thoracic (T5) spinal dorsal horn. Both medial and lateral lamina I 

had a significantly higher volume of CGRP-IR voxels compared to lamina IV/V. 

There was no significant difference between the CGRP-IR voxels in medial and 

lateral lamina I (RM-ANOVA: F(1,4) = 58, p = 0.002; n = 5 animals). 

 

Figure 3.23: Percentage of CGRP-IR terminals that lack SP-IR in the T5 dorsal 
horn 

Histogram (data displayed as mean±SEM) depicting the proportion of CGRP-IR that 

either contained SP-IR (CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red 

bars) in laminae I (medial and lateral) and IV/V of the thoracic (T5) spinal dorsal 

horn. Lateral lamina I and lamina IV/V had a higher proportion of CGRP+SP- voxels 

compared to CGRP+SP+ voxels (RM-ANOVA: F (1,4) = 17, p = 0.005; n = 5 animals). 

Lamina IV/V had the highest proportion of CGRP+SP- voxels compared to medial 

and lateral lamina I, and lateral lamina I had significantly higher proportion of 

CGRP+SP- voxels than medial lamina I (RM-ANOVA: F(1,4) = 33, p = 0.005; n = 5 

animals). 

 

Figure 3.24: Volume of CGRP-IR terminals lacking SP-IR in the T5 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels that either contained SP-IR 

(CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red bars) in laminae I (medial 

and lateral) and IV/V of the thoracic (T5) spinal dorsal horn. There was a higher 

volume of CGRP+SP- voxels compared to CGRP+SP+ voxels in lamina IV/V, but not 

in lateral or medial lamina I (RM-ANOVA: F(1,4) = 24, p = 0.008; n = 5 animals). The 

volume of CGRP+SP- voxels was highest in medial and lateral lamina I compared to 

lamina IV/V (RM-ANOVA: F(1,4) = 30, p = 0.005; n = 5 animals) and the volume of 

CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina IV/V (RM-

ANOVA: F(1,4) = 371, p < 0.001; n = 5 animals). 
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Figure 3.25: CGRP-IR and SP-IR in the L4 dorsal horn 

A: Widefield fluorescence microscopy of mouse lumbar (L4) dorsal horn double 

labelled for calcitonin gene-related peptide (CGRP; red) and substance P (SP; green) 

showing a clear overlap of CGRP-immunoreactivity (IR) and SP-IR (CGRP+SP+; 

yellow) in the superficial laminae and CGRP-IR lacking of SP-IR (CGRP+SP-; red) 

in the deeper laminae. Boxed outlines (1: medial lamina I, 2: lamina IV/V, 3: lateral 

lamina I) represent dorsal horn regions of high CGRP-IR, further investigated with 

confocal microscopy. B-C: 3D reconstruction of confocal Z-stacks (21 steps of 0.5μ

m, total depth 10.5 µm) of the three regions of the dorsal horn revealing CGRP+SP- 

terminals (B1- B3) and CGRP+SP+ terminals (C1- C3). Scale bar = 60 µm in A and = 

20 µm in C3 (applies to B-C). 
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Figure 3.26: Volume of CGRP-IR terminals in the L4 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels in laminae I (medial and lateral) 

and IV/V of the lumbar (L4) spinal dorsal horn. Both medial and lateral lamina I had 

a significantly higher volume of CGRP-IR voxels compared to lamina IV/V. There 

was no significant difference between the CGRP-IR voxels in medial and lateral 

lamina I (RM-ANOVA: F(1,4) = 29, p = 0.006; n = 5 animals). 

 

Figure 3.27: Percentage of CGRP-IR terminals that lack SP-IR in the L4 dorsal 
horn 

The proportion (mean±SEM) of CGRP-IR that either contained SP-IR (CGRP+SP+; 

black bars) or lacked SP-IR (CGRP+SP-; white bars). Lateral lamina I and lamina 

IV/V had a significantly higher proportion of CGRP+SP- voxels compared to 

CGRP+SP+ voxels (RM-ANOVA: F (1,4) = 17, p = 0.005; n = 5 animals). Lamina 

IV/V had the highest proportion of CGRP+SP- voxels compared to medial and lateral 

lamina I, and lateral lamina I had significantly higher proportion of CGRP+SP- voxels 

than medial lamina I (RM-ANOVA: F(1,4) = 33, p = 0.005; n = 5 animals) 

 
Figure 3.28: Volume of CGRP-IR terminals lacking SP-IR in the L4 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels that either contained SP-IR 

(CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red bars) in laminae I (medial 

and lateral) and IV/V of the lumbar (L4) spinal dorsal horn. There was a higher 

volume of CGRP+SP- voxels compared to CGRP+SP+ voxels in lamina IV/V, but not 

in lateral or medial lamina I (RM-ANOVA: F(1,4) = 42, p = 0.003; n = 5 animals). The 

volume of CGRP+SP- voxels was highest in medial and lateral lamina I compared to 

lamina IV/V (RM-ANOVA: F(1,4) = 11, p = 0.03; n = 5 animals) and the volume of 

CGRP+SP+ voxels was highest in medial lamina I and lowest in lamina IV/V (RM-

ANOVA: F(1,4) = 69, p = 0.001; n = 5 animals). 
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Figure 3.29: CGRP-IR and SP-IR in the S3 dorsal horn 

A: Widefield fluorescence microscopy of mouse sacral (S3) dorsal horns double 

labelled for calcitonin gene-related peptide (CGRP; red) and substance P (SP; green) 

showing a clear overlap of CGRP-immunoreactivity (IR) and SP-IR (CGRP+SP+; 

yellow) and some CGRP-IR lacking of SP-IR (CGRP+SP-; red) in the superficial 

laminae. Boxed outlines (1: medial lamina I and 2: lateral lamina I) represent dorsal 

horn regions of high CGRP-IR, further investigated with confocal microscopy. B-C: 

3D reconstruction of confocal Z-stacks (21 steps of 0.5μm, total depth 10.5 µm) of 

the two regions of the dorsal horn revealing CGRP+SP- terminals (B1- B2) and 

CGRP+SP+ terminals (C1- C2). Scale bar = 100 µm in A and = 20 µm in C3 (applies 

to B-C). 
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Figure 3.30: Volume of CGRP-IR terminals in the S3 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels in medial and lateral lamina I of 

the sacral (S3) spinal dorsal horn. There was no CGRP-IR detected in lamina IV/V. 

There was no significant difference between the volume of CGRP-IR voxels in 

medial or lateral lamina I (Paired t-test: t(4) = 1, p = 0.4; n = 5 animals). 

 

Figure 3.31: Percentage of CGRP-IR terminals that lack SP-IR in the S3 dorsal 
horn 

The proportion (mean±SEM) of CGRP-IR that either contained SP-IR (CGRP+SP+; 

yellow bars) or lacked SP-IR (CGRP+SP-; red bars). Lateral lamina I and lamina 

IV/V had a significantly higher proportion of CGRP+SP- voxels compared to 

CGRP+SP+ voxels (RM-ANOVA: F (1,4) = 17, p = 0.005; n = 5 animals). Lamina 

IV/V had the highest proportion of CGRP+SP- voxels compared to medial and lateral 

lamina I, and lateral lamina I had significantly higher proportion of CGRP+SP- voxels 

than medial lamina I (RM-ANOVA: F(1,4) = 33, p = 0.005; n = 5 animals) 

 

Figure 3.32: Volume of CGRP-IR terminals lacking SP-IR in the S3 dorsal horn 

Histogram (data displayed as mean±SEM) depicting the volume of calcitonin gene-

related peptide-immunoreactive (CGRP-IR) voxels that either contained SP-IR 

(CGRP+SP+; yellow bars) or lacked SP-IR (CGRP+SP-; red bars) in medial and 

lateral lamina I of the sacral (S3) spinal dorsal horn. There was a higher volume of 

CGRP+SP+ voxels compared to CGRP+SP- voxels (RM-ANOVA: F(1,4) = 24, p = 

0.008; n = 5 animals). The was no difference in the volume of CGRP+SP- voxels or 

CGRP+SP+ voxels in medial lamina I or lateral lamina I (RM-ANOVA: F(1,4) = 1, p = 

0.4; n = 5 animals and F(1,4) = 1, p = 0.5; n = 5 animals, respectively). 
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Figure 3.33: CGRP-IR in dermal papillae of glabrous paw skin 

Wide field microscopy of the innervation of a dermal papillae triple labelled with 

calcitonin gene-related peptide (CGRP; A), substance P (SP; B) and neuron specific 

enolase (NSE; C). The overlay (D) shows CGRP-immunoreactive (CGRP-IR) fibres 

that lacked SP-IR (CGRP+SP-; red; black arrow) and CGRP-IR fibres that contained 

SP-IR (CGRP+SP+; yellow; white arrows). CGRP+SP- and CGRP+SP+ fibres were 

detected within the dermis (der) of the dermal papilla and associated with blood 

vessels (bv). The fibres were also seen penetrating the epidermis (epi) as both free 

nerve endings and associated with Meissner’s corpuscles (mc). Scale bar in D = 

60µm (applies to A-D). Abbreviations: epi = epidermis, der = dermis, bv = blood 

vessel and mc = Meissner’s corpuscles 
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Figure 3.34: CGRP-IR fibres penetrating the epidermis of glabrous paw skin 

Confocal microscopy of a intraepithelial fibres labelled with calcitonin gene-related 

peptide (CGRP; A) and substance P (SP; B). The overlay (C) shows CGRP-

immunoreactive (CGRP-IR) fibres penetrating the epidermis (epi); one CGRP-IR 

fibre contained SP-IR (CGRP+SP+; yellow; white arrows) whilst the other CGRP-IR 

fibres lacked SP-IR (CGRP+SP-; red; black arrow). The enlarged inset image (D) 

displays a closer look at the CGRP+SP- intraepithelial fibre. Scale bar in D = 20µm 

(applies to A-D). Abbreviations: epi = epidermis, and der = dermis 
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Figure 3.35: CGRP-IR in Meissner’s corpuscles of glabrous paw skin 

Confocal microscopy of a Meissner’s corpuscle visualised with neuron specific 

enolase (NSE; C) and labelled with calcitonin gene-related peptide (CGRP; A) and 

substance P (SP; B). The overlay (D) shows two CGRP-immunoreactive (CGRP-IR) 

fibres associated with a Meissner’s corpuscle (blue); one CGRP-IR fibre lacked SP-

IR (CGRP+SP-; red; black arrow) whilst the other CGRP-IR fibre contained SP-IR 

(CGRP+SP+; yellow; white arrows). Scale bar in D = 20µm (applies to A-D) 
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Figure 3.36: CGRP-IR in hairy paw skin 

Wide field microscopy of the innervation of a hair follicle (hf) triple labelled with 

calcitonin gene-related peptide (CGRP; A), substance P (SP; B) and neuron specific 

enolase (NSE; C). The overlay (D) shows circumferential and palisade endings 

visualised with NSE-immunoreactivity (NSE-IR; blue). Circumferential fibres were 

seen as fine varicose fibres containing CGRP-IR but not SP-IR (CGRP+SP-; red; 

black arrow) superior to a singular circumferential fibre containing CGRP-IR with 

SP-IR (CGRP+SP+; white arrow). Scale bar in D = 60 µm (applies to A-D) 

Abbreviations: epi = epidermis, der = dermis, and hf = fair follicle 
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Figure 3.37: CGRP-IR in hair follicle afferents of hairy paw skin 

Confocal microscopy of a hair follicle afferent visualised with neuron specific 

enolase (NSE; C) and labelled with calcitonin gene-related peptide (CGRP; A), and 

substance P (SP; B). The overlay (D) shows circumferential and palisade endings 

visualised with NSE-immunoreactivity (NSE-IR; blue) with circumferential fibres 

containing CGRP-IR but not SP-IR (CGRP+SP-; black arrows). Scale bar in D = 

20µm (applies to A-D) 



Chapter 3: Prevalence and distribution of CGRP+SP- neurons 

 139 



Chapter 3: Prevalence and distribution of CGRP+SP- neurons 

 140 

 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 141 

 

 

 

 

 

 

 

 

 

Chapter 4:  
Neurochemical profile of 

CGRP+SP- neurons 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 142 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 143 

 Background 4.1
Centrally, CGRP enhances the nociceptive behavioural responses induced by SP by 

potentiating the release of SP (Oku et al., 1987), inhibiting its degradation (Le 

Greves et al., 1985) and enhancing the excitability of neurons receiving noxious 

inputs (Biella et al., 1991; Seybold et al., 2003; Sun et al., 2004; Bird et al., 2006). 

Without SP, CGRP alone has minimal effects on nociceptive inputs to the spinal cord 

(Miletic & Tan, 1988). Yet in the previous chapter, we have demonstrated that a 

significant population of CGRP neurons lack detectable levels of SP. Hence, it is 

possible that CGRP+SP- neurons utilise another neurotransmitter, other than SP.  

Glutamate is the primary excitatory neurotransmitter in the spinal cord and it is 

believed that the majority of sensory neurotransmission from primary afferents onto 

dorsal horn neurons is largely mediated by glutamate (Alvarez et al., 2004). 

Unfortunately, neurons posses metabolic pools of glutamate that are unrelated to 

neurotransmission (De Biasi & Rustioni, 1990), which complicates the interpretation 

of glutamate immunoreactivity. Instead, immunoreactivity to vesicular glutamate 

transporters (VGluTs) is used. To date there are three VGluTs: VGluT1, VGluT2 and 

VGluT3 (Bellocchio et al., 1998; Takamori et al., 2000; Bai et al., 2001; Takamori et 

al., 2001; Herzog et al., 2004). CGRP-IR neurons do not express VGluT1 (Oliveira 

et al., 2003; Todd et al., 2003; Morris et al., 2005; Brumovsky et al., 2007) or 

VGluT3 (Morris et al., 2005; Seal et al., 2009; Draxler et al., 2014). There are 

inconsistent reports of whether CGRP neurons express VGluT2, with some reporting 

no colocalisation (Morris et al., 2005; Clarke et al., 2011) and others reporting 

colocalisation (Todd et al., 2003; Brumovsky et al., 2007). Regardless, it has been 

demonstrated that CGRP expressing neurons lack the protein machinery required for 

vesicular release of glutamate (Morris et al., 2005). Therefore, it is highly unlikely 

that CGRP+SP- neurons utilize glutamate. Others have demonstrated that CGRP 

neurons also express other peptides: including galanin (GAL) and vasoactive 

intestinal peptide (VIP; Ju et al., 1987; Hökfelt et al., 1993) (Ju et al., 1987; Hökfelt 

et al., 1993). Therefore it is possible that CGRP+SP- neurons utilise another peptide 

neurotransmitter. 

We have also demonstrated that these CGRP+SP- neurons were distinct from 

CGRP+SP+ neurons in ways unrelated to SP expression. The soma sizes of 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 144 

CGRP+SP- neurons were larger and their central terminations in the dorsal horn were 

present in deeper lamina than CGRP+SP+ neurons. Hence, it is possible that 

CGRP+SP- neurons are distinct from CGRP+SP+ neurons in other ways as well. 

CGRP neurons express the capsaicin receptor transient receptor potential vanilloid 

type 1 (TRPV1; previously VR1: vanilloid receptor). TRPV1 is expressed by small 

diameter capsaicin sensitive nociceptors (Caterina et al., 1997; Tominaga et al., 

1998) and has a clear role in detecting noxious heat (Caterina et al., 1997) and 

thermal hyperalgesia under inflammation and injury (Caterina et al., 2000; Davis et 

al., 2000; Levine & Alessandri-Haber, 2007). It is well characterised that CGRP and 

SP coexist in capsaicin sensitive afferents (Gibbins et al., 1985; Lundberg et al., 

1985; Skofitsch & Jacobowitz, 1985; Franco-Cereceda et al., 1987). However, some 

have noted that not all CGRP neurons are capsaicin sensitive afferents. Guo and 

colleagues (1999) have demonstrated that not all CGRP neurons contain TRPV1, and 

Matsuyuma and colleagues (1986) demonstrated that the CGRP terminals in lamina 

IV/V of the spinal dorsal horn are not capsaicin sensitive. Hence, it is not 

unreasonable to suggest that while CGRP+SP+ neurons most likely express TRPV1, 

the large diameter CGRP+SP- neurons may not. 

In the previous chapter, we suggested that CGRP+SP- neurons might be myelinated 

A-fibre neurons due to their larger size compared to CGRP+SP+ neurons. However, 

cell size alone is an unreliable indicator as to whether neurons are myelinated or 

unmyelinated (Hoheisel & Mense, 1987). Neurofilament-200 kDa (NF200, or NF-H; 

heavy/high neurofilament) is exclusively expressed in neurons with myelinated A-

fibre afferents (Lawson & Waddell, 1991), and hence, a more reliable indicator on 

the myelination of a neuron. CGRP neurons have been demonstrated both express 

NF200 and posses action potential velocities in the A-fibre range (McCarthy & 

Lawson, 1990; Ruscheweyh et al., 2007). SP neurons have been shown to lack 

NF200 and posses action potential velocities in the C-fibre range (McCarthy & 

Lawson, 1989). Therefore, it is likely that the small diameter CGRP+SP+ neurons 

will lack NF200 express while the large diameter CGRP+SP- neurons most likely 

express NF200. 

To further distinguish CGRP+SP- neurons from CGRP+SP+ neurons, we have used 

multiple labeling immunohistochemistry to determine the presence of the 
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neurochemical markers TRPV1 and NF200 in these neurons. TRPV1 was used to 

distinguish the capsaicin sensitive nociceptors and NF200 was used to distinguish the 

myelinated neurons. We also used multiple labeling immunohistochemistry to detect 

the neuropeptides galanin and VIP that have been previously identified in CGRP 

neurons to determine their presence in CGRP+SP- neurons.  
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 Materials and Methods 4.2
DRG samples were taken from cervical (C7), thoracic (T5), lumbar (L4) and sacral 

(S3) levels. Samples were fixed, processed through DMSO, embedded in PEG and 

sectioned using a microtome.  

Sections were then triple labelled with anti-CGRP raised in a goat; polyclonal or 

monoclonal anti-SP raised in rabbit and rat, respectively; and one of either anti-

TRPV1 raised in rabbit, and anti-NF200 raised in mouse, anti-GAL raised in rabbit, 

and anti-VIP raised in rat (see Table 4.1 for more information). 

Table 4.1: Primary and secondary antisera 

Primary antisera 
Antigen Host Dilution Source 

CGRP goat 1:1000 code1780, Arnel, New York, USA 
SP rabbit 1:2000 Incstar (now Immunostar), Wisconsin, USA 
SP rat 1:600 clone NC1/34HL, Sera-Lab, West Sussex, UK 
TRPV1 rabbit 1:500 Alomone Labs, Jerusalem, ISR 
NF200 mouse 1:2000 Sigma-Aldrich, Missouri, USA 
VIP rabbit 1:1000 Incstar 
Galanin rabbit 1:3000 Peninsula Lab, California, USA 

Secondary antisera and streptavidin conjugates 
Cy5 anti sheep IgG donkey 1:50 Jackson ImmunoResearch, Pennsylvania, USA 
FITC anti rabbit IgG donkey 1:100 Jackson ImmunoResearch 
FITC anti rat IgG donkey 1:50 Jackson ImmunoResearch 
Cy3 anti rabbit IgG donkey 1:100 Jackson ImmunoResearch 
Cy3 anti mouse IgG donkey 1:100 Jackson ImmunoResearch 

The specificity of anti-CGRP raised in goat; polyclonal and monoclonal anti-SP 

raised in rabbit and rat, respectively, have been previously demonstrated in the 

previous chapter. The specificity of anti-neurofilament 200 (NF200) raised in mice 

(Tam Tam et al., 2011), anti-GAL raised in rabbit (Morris et al., 1992; Holmgren et 

al., 1994), and anti-VIP raised in rabbit (Jobling & Gibbins, 1999; Morris et al., 

2005) have all been previously demonstrated by our group. The specificity of anti-

TRPV1 raised in rabbit was verified with pre-absorption using the corresponding 

TRPV1 control antigen. 

Widefield images of DRG sections were taken with an Olympus BX50 

epifluorescence microscope with a 20x objective. Widefield images of DRG were, 

imported to ImageJ to determine the presence of IR and soma cross-sectional area of 

sensory neurons. Data were then displayed as mean±SEM or total percentages and 
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the statistical significance was determined using RM-ANOVA with post hoc BMC 

correction with 95% confidence limits or Chi-Square analysis. 

 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 149 

 Results 4.3

Most CGRP+SP- neurons lacked TRPV1 
TRPV1-IR was detected in neuronal somata and fibres in dorsal root ganglia (DRG) 

of all spinal levels (C7, T5, L4 and S3). Cytoplasmic TRPV1-IR was uniformly 

intense in small to medium sized neurons (50-500 µm2; Figure 4.1A). There was no 

correlation between the intensity of TRPV1-IR and the soma size of the neurons 

(Linear correlation: r = 0.03; p < 0.0001;Figure 4.2). TRPV1-IR occurred in DRG 

neurons containing CGRP-IR with SP-IR (CGRP+SP+TRPV1+), CGRP-IR without 

SP-IR (CGRP+SP-TRPV1+) and neurons lacking CGRP-IR or SP-IR (CGRP-SP-

TRPV1+; Figure 4.1).  

Overall, TRVP-IR was detected in neuronal somata in all DRG investigated. TRVP1-

IR was present in 46% (1301/2811) of DRG neurons, and there was no difference 

between the spinal levels (Chi-Square: 𝜒!!  = 1, p = 0.8; N = 5 animals, n = 2811 

neurons; Figure 4.3).  TRPV1-IR was expressed in neurons with a mean soma size of 

240±3 µm2 and there was no difference in the soma size of these neurons between 

the DRG of different levels (ANOVA: F(2,1297) = 1, p = 0.4, N = 5 animals, n = 1301 

neurons; Figure 4.4). 

The majority (81%, 1060/1301) of TRPV1-IR neurons contained CGRP-IR. A lower 

proportion of TRPV1-IR neurons contained CGRP-IR in C7 DRG and higher 

proportions contained CGRP-IR in L4 and S3 DRG than compared to the other levels 

(Chi-Square: 𝜒!!  = 17, p = 0.001; N = 5 animals; n = 1301 neurons). Conversely, the 

majority (67%; 1060/1574) of CGRP-IR neurons contained TRPV1-IR and this was 

consistent through the levels (Chi-Square: 𝜒!!  = 0.4, p = 0.9; N = 5 animals; n = 

1574 neurons). Almost all (96%; 706/732) CGRP+SP+ neurons had TRPV1-IR and 

this was consistent through the levels (Chi-Square: 𝜒!!  = 0.1, p = 1; N = 5 animals; n 

= 732 neurons; Figure 4.5). In contrast, only 42% (354/842) of the CGRP+SP- 

neurons contained TRPV1-IR. A lower proportion of CGRP+SP- neurons contained 

TRPV1-IR in C7 DRG and a higher proportion contained TRPV1-IR in T5 DRG 

compared to the other levels (Chi-Square: 𝜒!!  = 9, p = 0.03; N = 5 animals; n = 842 

neurons; Figure 4.5). The larger CGRP+SP- neurons lacked TRPV1. CGRP+SP-

TRPV1+ neurons were the largest, and CGRP+SP-TRPV1+ neurons were larger than 
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CGRP+SP+TRPV1+ neurons (RM-AVONA: F(3,1536) = 467, p < 0.0001; N = 5 

animals, n = 1574 neurons; Figure 4.6) 

CGRP+SP-TRPV1- neuronal somata were largest at the C7 and L4 level, and the 

neurons of T5 were larger than the neurons of S3 (RM-AVONA: F(6,1536) = 13, p < 

0.0001; N = 5 animals, n = 1574 neurons; Figure 4.6). CGRP+SP-TRPV1+ were 

largest at C7, and CGRP+SP+TRPV1+ neurons were largest at T5 compared to the 

other levels (RM-ANOVA: F(6,1536) = 13, p < 0.0001; N = 5 animals, n = 1574 

neurons; Figure 4.6). 

TRPV1, CGRP and SP in C7 DRG 

In C7 (N = 5 animals, n = 685 neurons), TRPV1-IR was detected in 43% (297/685 

neurons) of DRG neurons. Most (77%; 230/297) of the TRPV1-IR neurons contained 

CGRP-IR. Conversely, 68% (230/337) of CGRP-IR neurons contained TRPV1-IR. 

Almost all (95%, 190/201) CGRP+SP+ neurons contained TRPV1-IR, whereas, only 

29% (40/139) of CGRP+SP- neurons contained TRPV1-IR (Figure 4.7).  

CGRP+SP-TRPV1- neurons (511±13 µm2) were the largest of the CGRP-IR neurons, 

and CGRP+SP-TRPV1+ neurons (331±13 µm2) were larger than CGRP+SP+TRPV1+ 

neurons (216±20 µm2; ANOVA: F(2,326) = 168, p < 0.0001, N = 5 animals, n = 328 

neurons; Figure 4.8).  

TRPV1, CGRP and SP in T5 DRG 

In T5 (N = 5 animals, n = 670 neurons), TRPV1-IR was detected in 52% (349/670) 

of DRG neurons. Most (75%; 262/349) of the TRPV1-IR neurons contained CGRP-

IR. Conversely, most (71%; 262/369) of CGRP-IR neurons contained TRPV1-IR. 

Almost all (98%, 129/131) CGRP+SP+ neurons contained TRPV1-IR, whereas, 56% 

(133/238) of CGRP+SP- neurons contained TRPV1-IR (Figure 4.7).  

CGRP+SP-TRPV1- neurons (463±14 µm2) were the largest of the CGRP-IR neurons, 

and CGRP+SP+TRPV1+ neurons (284±12 µm2) were larger than CGRP+SP-TRPV1+ 

neurons (219±12 µm2; ANOVA: F(2,364) = 92, p < 0.0001, N = 5 animals, n = 367 

neurons; Figure 4.8). 
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TRPV1, CGRP and SP in L4 DRG 

In L4 (N = 5 animals, n = 845 neurons), TRPV1-IR was detected in 46% (387/845) 

of DRG neurons. Most (86%; 332/387) of the TRPV1-IR neurons contained CGRP-

IR. Conversely, most (67%; 332/495) of CGRP-IR neurons contained TRPV1-IR. 

Almost all (97%; 230/237) CGRP+SP+ neurons contained TRPV1-IR, whereas, only 

40% (102/258) of CGRP+SP- neurons contained TRPV1-IR (Figure 4.7).  

The soma size of CGRP+SP-TRPV1- neurons (532±11 µm2) were the largest of the 

CGRP-IR neurons, and CGRP+SP-TRPV1+ neurons (258±14 µm2) were larger than 

CGRP+SP+TRPV1+ neurons (214±9 µm2; ANOVA: F(2,485) = 257, p < 0.0001, N = 5 

animals, n = 488 neurons; Figure 4.8). 

TRPV1, CGRP and SP in S3 DRG 

In S3 (N = 5 animals, n = 611 neurons), TRPV1-IR was detected in 44% (268/611) 

of DRG neurons. Most (88%; 236/268) of the TRPV1-IR neurons contained CGRP-

IR. Conversely, most (64%; 236/371) of CGRP-IR neurons contained TRPV1-IR. 

Almost all (96%; 157/164) CGRP+SP+ neurons contained TRPV1-IR, whereas, only 

39% (79/207) of CGRP+SP- neurons contained TRPV1-IR (Figure 4.7).  

CGRP+SP-TRPV1- neurons (412±13 µm2) were the largest of the CGRP-IR neurons. 

There was no difference between the soma size of CGRP+SP-TRPV1+ neurons 

(232±12 µm2) and CGRP+SP+TRPV1+ neurons (212±12 µm2; RMANOVA: F(2,361) = 

70, p < 0.0001, N = 5 animals, n = 364 neurons; Figure 4.8).  

Most CGRP+SP- neurons expressed NF200 
NF200-IR was detected in neuronal somata and fibres DRG of all spinal levels (C7, 

T5, L4 and S3). Cytoplasmic NF200-IR was uniformly intense in small to large sized 

neurons (50-1000 µm2; Figure 4.9). There was no correlation between the intensity 

of NF200-IR and the soma size of the neurons (Linear correlation: r = 0.06, p < 

0.0001; N = 5 animals, n = 1562 neurons; Figure 4.10). NF200-IR occurred in DRG 

neurons containing CGRP-IR with SP-IR (CGRP+SP+NF200+), CGRP-IR without 

SP-IR (CGRP+SP-NF200+) and neurons lacking CGRP-IR or SP-IR (CGRP-SP-

NF200+; Figure 4.9).  

Overall, NF200-IR was detected in neuronal somata in all DRG investigated. NF200-

IR was present in 71% (1562/2196) of DRG neurons, and there was no difference 
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between the DRG levels (Chi-Square: 𝜒!!  = 1, p = 0.8; N = 5 animals; n = 2196; 

Figure 4.11). NF200-IR was expressed in neurons with a mean soma size of 518±5 

µm2. NF200-IR neurons were largest at L4, and at C7 NF200-IR neurons were larger 

than T5 and S3 NF200-IR neurons (ANOVA: F(3,1558) = 44, p < 0.0001, N = 5 

animals, n = 1562 neurons; Figure 4.12). 

Half (49%; 773/1562) of the NF200-IR neurons contained CGRP-IR and there was 

no difference in proportions of NF200-IR neurons containing CGRP-IR between 

levels (Chi-Square: 𝜒!!  = 0.2, p = 1; N = 5 animals, n = 1562 neurons). Conversely, 

most (66%; 773/1174) CGRP-IR neurons contained NF200-IR and this was 

consistent through the levels (Chi-Square: 𝜒!!  = 3, p = 0.4; N = 5 animals; n = 1174 

neurons). Half (50%; 324/654) of the CGRP+SP+ neurons had NF200-IR. A higher 

proportion of CGRP+SP+ neurons had NF200-IR in T5 DRG and a lower proportion 

of CGRP+SP+ neurons had NF200-IR in L4 DRG compared to other levels (Chi-

Square: 𝜒!! = 9, p = 0.04; N = 5 animals, n = 654 neurons; Figure 4.13). In contrast, 

the majority (86%; 449/520) of CGRP+SP- neurons contained NF200-IR and there 

was no difference in proportions of CGRP+SP- neurons contained NF200-IR between 

levels (Chi-Square: 𝜒!! = 1, p = 0.8; N = 5 animals, n = 520 neurons; Figure 4.13). 

The CGRP neurons that contained NF200 were larger than those that did not; 

CGRP+SP-NF200+ were larger than CGRP+SP+NF200+, and CGRP+SP-NF200- 

neurons were larger than CGRP+SP+NF200- neurons (RM-ANOVA: F(3,1158) = 173, p 

< 0.0001; N = 5 animals, n = 1174 neurons; Figure 4.14) 

The mean soma size of CGRP+SP-NF200+ neurons was largest at L4, and mean soma 

size of CGRP+SP+NF200- and CGRP+SP-NF200- were largest at S3 compared to the 

other levels (RM-ANOVA: F(9,1158) = 8, p < 0.0001; N = 5 animals, n = 1174 

neurons; Figure 4.14). There was no difference in the size of CGRP+SP+NF200+ 

neurons between the spinal levels. 

NF200, CGRP and SP in C7 DRG 

In C7 (N = 5 animals, n = 743 neurons), NF200-IR was detected in 73% (540/743) of 

DRG neurons. Half (49%; 266/540) of the NF200-IR neurons contained CGRP-IR. 

Conversely, most (69%; 266/386) CGRP-IR neurons contained NF200-IR. The 

majority (87%; 144/165) of CGRP+SP- neurons contained NF200-IR, whereas, 57% 

(122/221) of CGRP+SP+ neurons contained NF200-IR (Figure 4.15).  
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As expected, the CGRP+SP+ and CGRP+SP- neurons that expressed NF200-IR 

(400±13 µm2 and 511±12 µm2, respectively) were larger than the CGRP+SP+ and 

CGRP+SP- neurons that lacked NF200-IR (202±15 µm2 and 236±32 µm2, 

respectively; ANOVA: F(3,382) = 92, p < 0.0001; N = 5 animals, n = 386 neurons; 

Figure 4.16). While CGRP+SP-NF200+ neurons were larger than CGRP+SP+NF200+ 

neurons, there was no difference between the sizes of CGRP+SP-NF200+ and 

CGRP+SP-NF200- neurons. 

NF200, CGRP and SP in T5 DRG 

In T5 (N = 5 animals, n = 503 neurons), NF200-IR was detected in 69% (347/503) of 

DRG neurons. Half (50%; 173/347) of the NF200-IR neurons contained CGRP-IR. 

Conversely, most (75%; 173/231) CGRP-IR neurons contained NF200-IR. The 

majority (80%, 116/145) of CGRP+SP- neurons contained NF200-IR, whereas, 66% 

(57/86) of CGRP+SP+ neurons contained NF200-IR (Figure 4.15).  

CGRP+SP+ and CGRP+SP- neurons that expressed NF200-IR (433±20 µm2 and 

441±14 µm2, respectively) were larger than the CGRP+SP+ and CGRP+SP- neurons 

that lacked NF200-IR (231±28 µm2 and 238±28 µm2, respectively; ANOVA: F(3,227) 

= 269, p < 0.0001; N = 5 animals, n = 231 neurons; Figure 4.16). There was no 

difference between the sizes of CGRP+SP-NF200+ and CGRP+SP+NF200+ neurons, 

nor was there a difference between the sizes of CGRP+SP-NF200+ and CGRP+SP-

NF200- neurons. 

NF200, CGRP and SP in L4 DRG 

In L4 (N = 5 animals, n = 530 neurons), NF200-IR was detected in 76% (404/530) of 

DRG neurons. Half (48%; 194/404) of the NF200-IR neurons contained CGRP-IR. 

Conversely, most (63%; 194/306) CGRP-IR neurons contained NF200-IR. The 

majority (94%, 121/129) of CGRP+SP- neurons contained NF200-IR, whereas, 41% 

(73/177) of CGRP+SP+ neurons contained NF200-IR (Figure 4.15).  

CGRP+SP+ and CGRP+SP- neurons that expressed NF200-IR (464±18 µm2 and 

595±14 µm2, respectively) were larger than the CGRP+SP+ and CGRP+SP- neurons 

that lacked NF200-IR (226±15 µm2 and 240±54 µm2, respectively; ANOVA: F(3,302) 

= 116, p < 0.0001; N = 5 animals, n = 306 neurons; Figure 4.16). While CGRP+SP-

NF200+ were larger than CGRP+SP+NF200+, there was no difference between the 

sizes of CGRP+SP-NF200+ and CGRP+SP-NF200- neurons. 
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NF200, CGRP and SP in S3 DRG 
In S3 (N = 5 animals, n = 420 neurons), NF200-IR was detected in 65% (271/420) of 

DRG neurons. Half (52%; 140/271) of the NF200-IR neurons contained CGRP-IR. 

Conversely, more than half (56%; 140/251) of the CGRP-IR neurons contained 

NF200-IR. The majority (84%, 68/81) of CGRP+SP- neurons contained NF200-IR, 

whereas, 42% (72/170) of CGRP+SP+ neurons contained NF200-IR (Figure 4.15).  

CGRP+SP+ and CGRP+SP- neurons that expressed NF200-IR (399±19 µm2 and 

488±19 µm2, respectively) were larger than the CGRP+SP+ neurons that lacked 

NF200-IR (320±16 µm2, respectively; ANOVA: F(3,247) = 15, p < 0.0001; N = 5 

animals, n = 251 neurons; Figure 4.16). While CGRP+SP-NF200+ neurons were 

larger than CGRP+SP+NF200+, there was no difference between the sizes of 

CGRP+SP-NF200+ and CGRP+SP-NF200- neurons. 

Most CGRP+SP- neurons lacked Galanin 
GAL-IR was detected in neuronal somata and fibres in dorsal root ganglia (DRG) of 

all spinal levels (C7, T5, L4 and S3; Figure 4.17). Cytoplasmic GAL-IR was 

uniformly intense in small to medium sized neurons (50-500 µm2; Figure 4.17A). 

There was no correlation between the intensity of GAL-IR and the soma size of the 

neurons (Linear correlation: r = 0.08, p < 0.0001; N = 3 animals, n =342 neurons 

Figure 4.18). GAL-IR occurred exclusively in DRG neurons containing CGRP-IR 

with SP-IR (CGRP+SP+GAL+; Figure 4.17).  

Overall, GAL-IR was detected in neuronal somata in all DRG investigated. GAL-IR 

was present in 39% (342/1318) of DRG neurons. A lower proportion of DRG 

neurons contained GAL-IR in C7 and T5 DRG and a higher proportion contained 

GAL-IR in S3 DRG compared to other levels (Chi-Square: 𝜒!!  = 23, p < 0.0001; N = 

3 animals, n = 1318 neurons; Figure 4.19). GAL-IR was expressed in neurons with a 

mean soma size of 283±8 µm2. GAL-IR neurons were larger in S3 DRG than 

compared to GAL-IR neurons in C7 and L4 DRG, and GAL-IR neurons were larger 

in T5 DRG than C7 DRG (F(3,338) = 12, p < 0.0001; N = 3 animals, n = 342 neurons; 

Figure 4.20). 

Virtually all (98%, 337/342) GAL-IR neurons contained CGRP-IR and there was no 

difference between proportions of GAL-IR neurons containing CGRP-IR in the DRG 
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of different levels (Chi-Square: 𝜒!!  = 0.1, p = 1, N = 3 animals, n = 268 neurons). 

Conversely, 40% (337/837) CGRP-IR neurons contained GAL-IR. CGRP-IR 

neurons containing GAL-IR were more prominent in S3 DRG and less prominent in 

C7 and T5 DRG than other levels (Chi-Square: 𝜒!!  = 18, p < 0.0001; N = 3 animals; 

n = 837 neurons). Most  (73%; 325/444) CGRP+SP+ neurons had GAL-IR. A lower 

proportion of CGRP+SP+ neurons had GAL-IR in C7 and T5 DRG, and a higher 

proportion of CGRP+SP+ neurons had GAL-IR in S3 DRG (Chi-Square: 𝜒!!  = 15, p 

= 0.002, N = 3 animals, n = 444 neurons; Figure 4.21). Almost no (3%; 12/393) 

CGRP+SP- neurons contained GAL-IR and there was no difference in this proportion 

between spinal levels (Chi-Square: 𝜒!!  = 1, p = 0.9, N = 3 animals, n = 444 neurons; 

Figure 4.21).  

At all spinal levels, CGRP+SP-GAL- neurons were the largest and CGRP+SP+GAL- 

neurons were larger than CGRP+SP+GAL+ neurons (RM-ANOVA: F(2,810) = 174, p < 

0.0001; N = 5 animals, n = 821 neurons; Figure 4.22). S3 DRG lacked 

CGRP+SP+GAL- neurons, but CGRP+SP-GAL- neurons were still larger than 

CGRP+SP+GAL+ neurons  (ANOVA: F(2,219) = 92, p < 0.0001, N = 3 animals, n = 

221 neurons). CGRP+SP-GAL- neurons were larger in L4 DRG than in C7 DRG 

(F(3,810) = 9, p < 0.0001; N = 5 animals, n = 821 neurons; Figure 4.22). There was no 

difference in the size of CGRP+SP-GAL- or CGRP+SP+GAL+ neurons between DRG 

of different levels. 

GAL, CGRP and SP in C7 DRG  

In C7 (N = 3 animals, n = 336 neurons), GAL-IR was detected in 17% (56/336) of 

DRG neurons. All (100%; 56/56) GAL-IR neurons contained CGRP-IR. Conversely, 

a third (30%; 56/187) of CGRP-IR neurons contained GAL-IR. Most (59%; 53/90) 

of CGRP+SP+ neurons contained GAL-IR, whereas, very few (3%; 3/97) CGRP+SP- 

neurons contained GAL-IR (Figure 4.23).  

CGRP+SP- neurons without GAL-IR (457±23 µm2) were larger than CGRP+SP+ 

neurons expressing GAL-IR and CGRP+SP+ neurons lacking GAL-IR (235±28 µm2 

and 203±24 µm2, respectively; ANOVA: F(2,181) = 45, p < 0.0001, N = 3 animals, n = 

184 neurons; Figure 4.24). There was no difference between the mean soma size of 

CGRP+SP+ neurons express or lacking GAL-IR. 
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GAL, CGRP and SP in T5 DRG  
In T5 (N = 3 animals, n = 348 neurons), GAL-IR was detected in 15% (54/348) of 

DRG neurons. Virtually all (98%; 53/54) GAL-IR neurons contained CGRP-IR. 

Conversely, a third (27%; 53/194) of CGRP-IR neurons contained GAL-IR. Half 

(55%; 49/88) of CGRP+SP+ neurons contained GAL-IR, whereas, very few (4%; 

4/106) CGRP+SP- neurons contained GAL-IR (Figure 4.23). 

CGRP+SP- neurons without GAL-IR (478±18 µm2) were larger than CGRP+SP+ 

neurons expressing GAL-IR and CGRP+SP+ neurons lacking GAL-IR (272±26 µm2 

and 313±29 µm2, respectively; ANOVA: F(2,187) = 26, p < 0.0001, N = 3 animals, n = 

190 neurons; Figure 4.24). There was no difference between the mean soma size of 

CGRP+SP+ neurons expressing or lacking GAL-IR. 

GAL, CGRP and SP in L4 DRG  

In L4 (N = 3 animals, n = 334 neurons), GAL-IR was detected in 27% (90/334) of 

DRG neurons. The majority (98%; 88/90) of GAL-IR neurons contained CGRP-IR. 

Conversely, 39% (88/228) of CGRP-IR neurons contained GAL-IR. Most (69%; 

86/125) CGRP+SP+ neurons contained GAL-IR, whereas, no (1%; 2/103) CGRP+SP- 

neurons contained GAL-IR (Figure 4.23). 

CGRP+SP- neurons without GAL-IR (562±19 µm2) were larger than CGRP+SP+ 

neurons expressing GAL-IR and CGRP+SP+ neurons lacking GAL-IR (231±21 µm2 

and 380±37 µm2, respectively; ANOVA: F(2,223) = 71, p < 0.0001, N = 3 animals, n = 

226 neurons; Figure 4.24). There was no difference between the mean soma size of 

CGRP+SP+ neurons express or lacking GAL-IR. 

GAL, CGRP and SP in S3 DRG  

In S3 (N = 3 animals, n = 300 neurons), GAL-IR was detected in 61% (142/300) of 

DRG neurons. Almost all (99%; 140/142) GAL-IR neurons contained CGRP-IR. 

Conversely, most (61%; 140/228) CGRP-IR neurons contained GAL-IR. Virtually 

all (96%; 137/142) CGRP+SP+ neurons containing GAL-IR, whereas, near zero (3%; 

3/87) CGRP+SP- neurons contained GAL-IR (Figure 4.23). 

CGRP+SP- neurons without GAL-IR (522±16 µm2) were larger than CGRP+SP+ 

neurons expressing GAL-IR (323±13 µm2; ANOVA: F(2,219) = 92, p < 0.0001, N = 3 

animals, n = 221 neurons; Figure 4.24). 
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Most CGRP+SP- expressed VIP 
VIP-IR was detected in neuronal somata and fibres in dorsal root ganglia (DRG) of 

all spinal levels (C7, T5, L4 and S3), however the VIP-IR appeared more intense in 

L4 and S3 compared to C7 and T5. VIP-IR was detected in small to large sized 

neurons (50 to >500 µm2; Figure 4.25C). There was no correlation between the 

intensity of VIP-IR and the soma size of the neurons (linear correlation: r = 0.001, p 

= 0.04; Figure 4.26). VIP-IR occurred in DRG neurons containing CGRP-IR with 

SP-IR (CGRP+SP+VIP+) and CGRP-IR without SP-IR (CGRP+SP-VIP+; Figure 

4.25).  

Overall, VIP-IR was detected in neuronal somata in all DRG investigated. VIP-IR 

was present in a third (30%; 319/1064) of DRG neurons. A lower proportion of DRG 

neurons contained VIP-IR in C7 and T5 DRG and a higher proportion contained 

VIP-IR in L4 and S3 DRG compared to other levels (Chi-Square: 𝜒!!  = 14, p = 

0.003; N = 3 animals; n = 1064 neurons; Figure 4.27). VIP-IR was expressed in 

neurons with a mean soma size of 378±11 µm2. VIP-IR neurons were largest in T5 

DRG, and VIP-IR neurons were larger in L4 DRG than S3 DRG (F(3,315) = 13, p < 

0.0001; N = 3 animals, n = 319 neurons; Figure 4.28). Virtually all (98%; 313/319) 

VIP-IR neurons contained CGRP-IR in DRG and there was no difference between 

proportions of VIP-IR neurons containing CGRP-IR in the DRG of different levels 

(Chi-Square: 𝜒!!  = 0.1, p = 1; N = 3 animals, n = 319 neurons). Conversely, half 

(53%; 313/592) of CGRP-IR neurons contained VIP-IR. CGRP-IR neurons 

containing VIP-IR were more prominent in L4 and S3 DRG and least prominent in 

C7 and T5 DRG than other levels (Chi-Square: 𝜒!!  = 11, p = 0.01; N = 3 animals; n 

= 592 neurons). The majority (81% 214/265) of CGRP+SP+ neurons had VIP-IR and 

there was no difference between proportions in the DRG of different levels (Chi-

Square: 𝜒!!  = 4, p = 0.2; N = 3 animals; n = 265 neurons; Figure 4.29). Only a third 

(30%; 99/327) of CGRP+SP- neurons contained VIP-IR. A lower proportion of 

CGRP+SP- neurons contained VIP-IR in C7 and T5 DRG than compared to L4 and 

S3 DRG (Chi-Square: 𝜒!!  = 14, p = 0.004; N = 3 animals; n = 327 neurons; Figure 

4.29). 

At all levels, CGRP+SP-VIP+ neurons were the largest, and CGRP+SP-VIP- neurons 

were larger than CGRP+SP+VIP+ and CGRP+SP+VIP- neurons (ANOVA: F(2,512) = 

31, p < 0.0001; N = 3 animals, n = 528 neurons; Figure 4.30). There was no 
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difference between the size of CGRP+SP+VIP+ and CGRP+SP+VIP- neurons. 

CGRP+SP+VIP+ and CGRP+SP+VIP- were larger in T5 DRG that the other levels and 

CGRP+SP-VIP+ neurons were smaller in S3 DRG than the other levels (ANOVA: 

F(3,512) = 12, p < 0.0001; N = 3 animals, n = 528 neurons; Figure 4.30). There was no 

difference between the sizes of CGRP+SP-VIP- neurons between the levels.  

VIP, CGRP and SP in C7 DRG  

In C7 (N = 3 animals, n = 241 neurons), VIP-IR was detected in 24% (59/241) of 

DRG neurons. Virtually all (97%; 57/59) VIP-IR neurons contained CGRP-IR. 

Conversely, approximately half (46%; 57/125) of the CGRP-IR neurons contained 

VIP-IR. The majority (78%; 38/49) of CGRP+SP+ and a quarter (25%; 19/76) of 

CGRP+SP- neurons contained VIP-IR (Figure 4.31).  

CGRP+SP- neurons without VIP-IR (457±23 µm2) and CGRP+SP- neurons 

expressing VIP-IR (524±40 µm2) were larger than CGRP+SP+ neurons expressing 

VIP-IR (235±28 µm2) and CGRP+SP+ neurons lacking VIP-IR (203±24 µm2; 

ANOVA: F(3,121) = 21, p < 0.0001, N = 3 animals, n = 125 neurons; Figure 4.32). 

There was no difference between the mean soma size of CGRP+SP- neurons 

expressing or lacking GAL-IR and no difference between CGRP+SP+ neurons 

expressing or lacking GAL-IR. 

VIP, CGRP and SP in T5 DRG  

In T5 (N = 3 animals, n = 292 neurons), VIP-IR was detected in 17% (49/292) of 

DRG neurons. All (100%; 49/49) VIP-IR neurons contained CGRP-IR. Conversely, 

a third (32%; 49/151) of CGRP-IR neurons contained VIP-IR. Most (64%; 30/47) of 

CGRP+SP+ and 18% (19/104) of CGRP+SP- neurons contained VIP-IR (Figure 4.31). 

There was no difference in the size of CGRP+SP- neurons lacking VIP-IR (464±22 

µm2), CGRP+SP- neurons expressing VIP-IR (555±47 µm2), CGRP+SP+ neurons 

expressing VIP-IR (467±37 µm2), or CGRP+SP+ neurons lacking VIP-IR (454±50 

µm2; ANOVA: F(3,147) = 1, p = 0.3, N = 3 animals, n = 151 neurons; Figure 4.32).  

VIP, CGRP and SP in L4 DRG  

In L4 (N = 3 animals, n = 289 neurons), VIP-IR was detected in 37% (106/289) of 

DRG neurons. Virtually all (96%; 102/106) VIP-IR neurons contained CGRP-IR. 

Conversely, most (63%; 102/162) CGRP-IR neurons contained VIP-IR. Most (87%; 
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62/71) of CGRP+SP+ and 44% (40/91) of CGRP+SP- neurons contained VIP-IR 

(Figure 4.31). 

CGRP+SP- neurons expressing VIP-IR (564±29 µm2) were the largest, and 

CGRP+SP- neurons lacking VIP-IR (413±26 µm2) were larger than CGRP+SP+ 

neurons expressing VIP-IR (282±23 µm2) and CGRP+SP+ neurons lacking VIP-IR 

(255±61 µm2; ANOVA: F(3,158) = 21, p < 0.0001, N = 3 animals, n = 162 neurons; 

Figure 4.32). There was no difference in soma size between CGRP+SP+ neurons 

expressing or lacking VIP-IR. 

VIP, CGRP and SP in S3 DRG  

In S3 (N = 3 animals, n = 242 neurons), VIP-IR was detected in 43% (105/242) of 

DRG neurons. All (100%; 105/105) VIP-IR neurons contained CGRP-IR. 

Conversely, half (55%; 84/154) of CGRP-IR neurons contained VIP-IR. The 

majority (86%; 84/98) of CGRP+SP+ and 38% (21/56) CGRP+SP- neurons contained 

VIP-IR (Figure 4.31).  

CGRP+SP- neurons expressing VIP-IR (435±25 µm2) and CGRP+SP- neurons lacking 

VIP-IR  (386±20 µm2) were larger than CGRP+SP+ neurons expressing VIP-IR 

(282±13 µm2) and CGRP+SP+ neurons lacking VIP-IR (305±31 µm2; ANOVA: 

F(3,150) = 13, p < 0.0001, N = 3 animals, n = 154 neurons; Figure 4.32). There was no 

difference between the mean soma size of CGRP+SP- neurons expressing or lacking 

GAL-IR and no difference between CGRP+SP+ neurons expressing or lacking GAL-

IR. 
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 Discussion 4.4
The previous chapter, demonstrated distinct immunohistochemical populations of 

fibres containing significant levels of CGRP-IR without detectable SP-IR in skin, 

medium size cell bodies in the DRG, and fibres in lateral lamina I and deep lamina 

IV/V of the dorsal horn. These neurons were present in the dorsal horn and DRG of 

all spinal levels. This current chapter set out to determine if CGRP-IR neurons 

lacking detectable SP-IR could be further distinguished from CGRP-IR neurons with 

SP-IR using a myriad of immunohistochemical markers.  

Larger CGRP+SP- neurons are not capsaicin 
sensitive nociceptors 
TRPV1 (previously VR1: vanilloid receptor) is most notably activated by the 

vanilloid compound capsaicin (spicy component of chilli peppers), noxious heat 

(≥43°C; Caterina et al., 1997) and is also involved in thermal hyperalgesia under 

inflammation and injury (Caterina et al., 2000; Davis et al., 2000; Levine & 

Alessandri-Haber, 2007). Thus, TRPV1 expression in sensory neurons is often used 

as an indicator that the neurons are capsaicin sensitive nociceptors. 

It is already well characterised that TRPV1 is expressed in small to medium sized 

neurons in DRG (Caterina et al., 1997; Tominaga et al., 1998; Guo et al., 1999). 

While most TRPV1 neurons are peptidergic, expressing the peptides CGRP and SP 

(Cavanaugh et al., 2011; McCoy et al., 2012), there are also a small proportion of 

nonpeptidergic TRPV1 neurons that lack these peptides and bind IB4 (Guo et al., 

1999; Michael & Priestley, 1999). This current study has further supported these 

well-documented findings. TRPV1 expression was detected in both small to medium 

(50-500 µm2) neuronal soma sizes and there was a 74% overlap with CGRP-IR. The 

TRPV1 neurons that lacked CGRP-IR would most likely bind IB4. 

It is also well characterised that the reverse is also true: most, but not all, CGRP-IR 

neurons express TRPV1 (Cavanaugh et al., 2011; McCoy et al., 2012). This current 

study supports these findings and demonstrated that 67% of CGRP-IR neurons 

contained TRPV1. The proportion of CGRP-IR neurons that contained or lacked SP 

has not yet been characterised with regards to TRPV1 expression. In this study we 

determined that virtually all (96%) the CGRP+SP+ neurons contained TRPV1, yet 
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less than half (42%) of the CGRP+SP- neurons expressed TRPV1. The CGRP+SP-

TRPV1- neurons were larger than both the CGRP+SP+TRPV1+ and CGRP+SP-

TRPV1+ neurons. Based on their soma sizes, it is probable that CGRP+SP+TRPV1+ 

neurons were unmyelinated C-fibre nociceptors, CGRP+SP-TRPV1+ neurons were 

likely myelinated Aδ-fibre nociceptors and CGRP+SP-TRPV1- neurons were Aδ/Aβ 

fibre sensory neurons. 

In summary, it appears that CGRP-IR expressing neurons can be split up into three 

subpopulations: the small capsaicin sensitive CGRP neurons that contain SP, the 

small capsaicin sensitive CGRP neurons that lack SP, and the larger capsaicin 

insensitive CGRP neurons that lack SP. Both the CGRP+SP+ and CGRP+SP- neurons 

that contained TRPV1 are likely to have some role in nociception, in particular the 

processing of noxious heat and thermal hyperalgesia. In contrast, the larger 

CGRP+SP- neurons that lacked TRPV1 expression may not have a role in 

nociception. 

CGRP+SP- neurons are most likely myelinated 
Neurofilament-200kDa (NF200 or NF-H; heavy/high neurofilament) is a component 

of the cytoskeleton exclusively expressed myelinated neurons (Lawson & Waddell, 

1991). In this current study NF200-IR was detected in small, medium and large 

neurons but predominately detected in the larger neurons. The soma size of neurons 

is not a reliable determinant of the neurons conduction velocity (Hoheisel & Mense, 

1987). Aδ-fibre neurons units had no significant correlation between soma size and 

conduction velocity, and C fibre units had a negative correlation (Hoheisel & Mense, 

1987). Hence, it is likely that while NF200-IR was detected in neurons with small 

soma sizes, these neurons are still likely to be myelinated. 

CGRP neurons have been demonstrated to express both NF200-IR and posses action 

potential velocities in the Aα, Aβ, Aδ and C-fibre range (McCarthy & Lawson, 1990; 

Ruscheweyh et al., 2007), while SP neurons posses action potential velocities in only 

the Aδ fibre and C-fibre range and most lack NF200 expression (McCarthy & 

Lawson, 1989). Consistent with these findings, this current study detected NF200 in 

most of the CGRP-IR neurons and in half of SP-IR neurons.  
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The proportion of CGRP-IR neurons that contained or lacked SP has not yet been 

characterised with regards to NF200 expression. In this study, we determined that 

almost all the CGRP+SP- neurons contained NF200, while only half of the 

CGRP+SP+ neurons contained NF200. As expected, the CGRP neurons that 

expressed NF200 were larger than CGRP neurons that lacked NF200. The co-

expression of NF200 and the size of the CGRP neurons suggest that the CGRP+SP- 

neurons were all myelinated A-fibre neurons, whereas half of the CGRP+SP+ neurons 

were myelinated Aδ-fibre neurons and the other half were unmyelinated C-fibre 

neurons, which is consistent with previous studies (McCarthy & Lawson, 1989; 

1990). The notion that CGRP+SP- neurons are myelinated is further supported from 

the findings of the previous chapter that suggested their myelination, namely: their 

larger soma size, deep lamina IV/V projections and association with typically 

myelinated peripheral endings in the skin. 

Nociceptive neurons are usually though to be limited to Aδ and C-fibre classes. Yet, 

some of the earliest descriptions of nociceptors included Aα/β fibre classes which 

almost certainly originate from large diameter DRG neurons (Burgess & Perl, 1967; 

Ritter & Mendell, 1992; Djouhri et al., 1998; Djouhri & Lawson, 2001). Here we 

have demonstrated larger myelinated neurons expressing CGRP, that likely correlate 

to CGRP expressing Aα/β nociceptors characterised Lawson and colleagues (2002). 

In summary, it appears that CGRP-IR expressing neurons can be split up into three 

subpopulations based on their NF200 expression: the small unmyelinated CGRP+SP+ 

neurons, the medium myelinated CGRP+SP+ neurons, and larger myelinated 

CGRP+SP- neurons. The CGRP+SP+NF200-, CGRP+SP+NF200+ neurons are likely to 

be C-fibre and Aδ-fibre neurons, respectively. The larger CGRP+SP-NF200+ neurons 

are most likely Aβ-fibre neurons, neurons that are not commonly associated with 

nociception.  

CGRP+SP- neurons do not co-express GAL under 
normal conditions 
Galanin (GAL) is an inhibitory neuropeptide present in small to medium sized 

sensory neurons of the DRG (Ju et al., 1987; Garry et al., 1989; Villar et al., 1991; 

Ma & Bisby, 1997). GAL has both anti-nociceptive and nociceptive roles, depending 

on the activation of which specific GAL receptors. Activation of GAL receptor type 
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1 (GALR1) has an anti-nociceptive effect: causing inhibition of dorsal horn 

transmission (Yanagisawa et al., 1986), potentiation of the spinal analgesic effect of 

morphine (Wiesenfeld-Hallin, Xu, Villar, et al., 1990), and an increase in the latency 

of withdrawal to noxious heat (Cridland & Henry, 1988; Kuraishi et al., 1991). 

Conversely, activation of GALR2 has a nociceptive effect: causing a reduction in 

mechanical threshold (Cridland & Henry, 1988; Kuraishi et al., 1991). 

In this study, GAL-IR was detected around 39% of DRG neurons and was expressed 

in predominantly small to medium sized neurons, which was consistent with 

previous studies in rats (Ju et al., 1987; Garry et al., 1989; Villar et al., 1991; Ma & 

Bisby, 1997). Under normal conditions GAL expression is low, but is up-regulated 

after nerve injury (Hökfelt et al., 1987). 

GAL-IR has also been detected in CGRP and SP DRG neurons, and GAL-IR 

terminals have similar distributions to CGRP and SP terminals in the superficial 

spinal dorsal horn (Ju et al., 1987; Villar et al., 1991). In this current study, GAL-IR 

was found exclusively in CGRP neurons, but there were a large proportion of CGRP-

IR neurons that lacked GAL-IR. All CGRP+SP+ neurons contained GAL-IR whereas 

all CGRP+SP- neurons lacked GAL-IR. GAL is antagonistic to CGRP and SP and 

blocks the excitatory effect CGRP and SP in the dorsal horn (Xu et al., 1990; Hua et 

al., 2005). However, it appears evident that GAL does not contribute in the same 

way in CGRP+SP- neurons. Nevertheless, GAL-IR is up regulated in peptidergic 

neurons after nerve injury, (Hökfelt et al., 1987) and so GAL may contribute in 

damaged CGRP+SP- neurons, although this remains to be characterised.  

In summary, all CGRP+SP+ neurons contained GAL-IR and all CGRP+SP- neurons 

lacked GAL-IR. Hence, under normal conditions, CGRP+SP- neurons can be further 

distinguished from CGRP+SP+ neurons by their absence of GAL-IR. 

Some CGRP+SP- neurons co-express VIP 
Vasoactive intestinal peptide (VIP) is as potent vasodilator present in small to 

medium sized sensory neurons of the DRG (Gibson, Polak, Anand, et al., 1984). VIP 

has a nociceptive role, and has been shown to decrease the latency of withdrawal to 

noxious heat (Cridland & Henry, 1988). 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 165 

In this study, VIP was detected in one third of DRG neurons in small, medium and 

large neurons, which was consistent with previous studies in rats (McGregor et al., 

1984; Shehab & Atkinson, 1986). Like GAL, VIP had higher expression in lumbar 

and sacral DRG than in cervical and thoracic DRG, which is also consistent with 

previous findings (Gibson, Polak, Anand, et al., 1984). Also resembling GAL, VIP 

expression is up regulated after nerve injury (McGregor et al., 1984; Shehab & 

Atkinson, 1986). 

VIP-IR has been demonstrated in both CGRP and SP neurons (Doughty et al., 1991), 

and has a similar distribution to CGRP and SP terminals in the superficial dorsal 

horn (Gibson, Polak, Anand, et al., 1984; Liu & Morris, 1999). In this study, VIP 

was found exclusively in CGRP-IR neurons. Conversely half of the CGRP neurons 

contained VIP. The majority of CGRP+SP+ neurons contained VIP and a third of 

CGRP+SP- neurons contained VIP. The CGRP+SP-VIP+ neurons were larger than 

CGRP+SP-VIP- neurons. VIP may be able to replace the role of CGRP and SP 

following nerve injury. After peripheral axotomy both CGRP (Noguchi et al., 1990) 

and SP (Jessell et al., 1979) are down-regulated, conversely, VIP is up-regulated 

(McGregor et al., 1984; Shehab & Atkinson, 1986). Under normal conditions VIP 

has been shown to increase the excitability of neurons in nociceptive circuits 

(Cridland & Henry, 1988), which markedly increased after axotomy (Wiesenfeld-

Hallin, Xu, Håkanson, et al., 1990). This increase in the excitatory action of VIP is 

comparable to the effect that SP has on the nociceptive reflex (Wiesenfeld-Hallin, 

Xu, Håkanson, et al., 1990). Like GAL, VIP-IR is up regulated in peptidergic 

neurons after nerve injury (Hökfelt et al., 1987) and so VIP may be  expressed in all 

CGRP-IR neurons, although this remains to be characterised. 

In summary, the majority of CGRP+SP+ neurons contained VIP and a third of 

CGRP+SP- neurons contained VIP. The expression of VIP in CGRP-IR neurons does 

not appear to be a reliable neurochemical marker that further distinguishes 

CGRP+SP- neurons from CGRP+SP+ neurons. However, VIP expression may divide 

the CGRP+SP- neurons into two subpopulations: large CGRP+SP-VIP- neurons and 

larger CGRP+SP-VIP+ neurons. 

Overall, it appears that CGRP-IR expressing neurons can be split up into further 

subpopulations based on their expression of other neurochemical markers besides SP 

(summarised in Table 4.2): CGRP+SP+ neurons that are small unmyelinated and 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 166 

medium myelinated capsaicin sensitive neurons that co-expressed GAL-IR and VIP-

IR, and CGRP+SP- neurons that are medium capsaicin-sensitive and large capsaicin 

insensitive neurons that lack GAL-IR and either expressed or lacked VIP-IR. The 

capsaicin sensitive CGRP+SP+ and CGRP+SP- neurons are likely to have some role in 

nociception, in particular the processing of noxious heat and thermal hyperalgesia. In 

contrast, it is not yet clear whether the large capsaicin-insensitive CGRP+SP- neurons 

have a role in nociception. These large CGRP+SP- neurons could either suggest that 

CGRP expression is not limited to nociceptive neurons or nociceptive neurons are 

not limited to Aδ and C-fibre classes. Based on their expression of NF200, their lack 

of TRPV1 expression, peripheral endings and their projections to the spinal cord 

CGRP+SP- neurons may have a polymodal mechanoceptor function. 

Table 4.2: Summary of the subpopulations of CGRP expressing neurons  

Soma size Fibre class SP NF200 TRPV1 GAL 
Small C + - + - 

Medium Aδ + + + + 
Medium Aδ - + + - 
Medium Aδ - + - - 

Large Aβ - + - - 
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Figure 4.1: TRPV1, CGRP and SP-IR in neuronal soma of the C7 DRG 

Widefield fluorescence microscopy of mouse C7 dorsal root ganglia triple labelled 

for calcitonin gene-related peptide (CGRP; A), substance P (SP; B) and the vanilloid 

receptor TRPV1 (C). The overlay of A, B and C (D) shows three subpopulations of 

neurons positive for CGRP-immunoreactivity (IR): neurons containing CGRP-, SP- 

and TRPV1-IR (CGRP+SP+TRPV1+; white arrows; white in D), neurons containing 

CGRP- and TRPV1-IR without SP-IR (CGRP+SP-TRPV1+; white arrowheads; 

magenta in D), and neurons containing CGRP- without TRPV1- and SP-IR 

(CGRP+SP-TRPV1-; black arrows; red in D). Scale bar = 60 µm in D (applies to A-

D). 
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Figure 4.2: Intensity of TRPV1-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of TRPV1-immunoreactivity 

(TRPV1-IR) more than 2 standard deviations above mean background fluorescence 

in dorsal root ganglia (DRG) of all spinal levels. There was no correlation between 

the intensity of TRVP1-IR and the soma size of the neurons (linear correlation: r2 < 

0.01, p < 0.0001). While the slope of the line is significantly different from zero (p < 

0.0001), the correlation coefficient (r < 0.01) is too small to denote any practical 

significance. 
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Figure 4.3: Proportion of neuronal somata expressing TRPV1-IR in DRG of all 
spinal levels 

Histogram (total percentage) depicting the proportion of neuronal somata that either 

expressed TRPV1-immunoreactivity (TRPV1-IR; TRPV1+; blue bars) or lacked 

TRPV1-IR (TRPV1-; black bars) in cervical (C7), thoracic (T5), lumbar (L5), and 

sacral (S3) dorsal root ganglia (DRG). Overall TRVP1-IR was present in 46% of 

DRG neurons There was no difference between the proportions of neuronal somata 

that expressed TRPV1-IR in the DRG of different levels (Chi-Square: 𝜒!!  = 1, p = 

0.8; N = 5 animals, n = 2811 neurons). 

 

 

 

 

 

 

Figure 4.4: Soma size of neurons expressing TPRV1-IR in DRG of all spinal 
levels 

Histogram (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that either expressed TRPV1-immunoreactivity (TRPV1-IR; TRPV1+; blue 

bars) or lacked TRPV1-IR (TRPV1-; black bars) in cervical (C7), thoracic (T5), 

lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). TRPV1-IR was expressed in 

neurons with a mean soma size of 240±3 µm2 and was no difference in the soma size 

of neurons that expressed TRPV1-IR between the DRG of different levels (ANOVA: 

F(2,1297) = 1, p = 0.4, N = 5 animals, n = 1301 neurons). 
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Figure 4.5: Proportion of CGRP+SP-TRPV1- neurons in DRG of all spinal levels 

Histogram (total percentage) depicting the proportion of neuronal somata that 

expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) with 

substance P-IR (SP-IR) that also expressed TRPV1 (CGRP+SP+TRPV1+; white) or 

lacked TRPV1-IR (CGRP+SP+TRPV1-; yellow) and the proportion of neuronal 

somata that expressed CGRP-IR without SP-IR that expressed TRPV1 (CGRP+SP-

TRPV1+; magenta), or lacked TRPV1-IR (CGRP+SP-TRPV1-; red) in cervical (C7), 

thoracic (T5), lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). Virtually all 

CGRP+SP+ neurons had TRPV1-IR and this was consistent through the levels (Chi-

Square: 𝜒!!  = 0.1, p = 1; N = 5 animals; n = 732 neurons). In contrast, only 42% of 

the CGRP+SP- neurons contained TRPV1-IR. A lower proportion of CGRP+SP- 

neurons contained TRPV1-IR in C7 DRG and a higher proportion contained TRPV1-

IR in T5 DRG than compared to the other levels (Chi-Square: 𝜒!!  = 9, p = 0.03; N = 

5 animals; n = 842 neurons) 

 

Figure 4.6: Soma size of CGRP+SP-TRPV1- neurons in DRG of all spinal levels 

Histogram (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) 

with substance P-IR (SP-IR) and TRPV1-IR (CGRP+SP+TRPV1+; white), CGRP-IR 

with TRPV1-IR but no SP-IR (CGRP+SP-TRPV1+; magenta), or CGRP-IR without 

SP-IR and TRPV1-IR (CGRP+SP-TRPV1-; red) in cervical (C7), thoracic (T5), 

lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). At all levels, CGRP+SP-

TRPV1- neurons were the largest, and CGRP+SP-TRPV1+ neurons were larger than 

CGRP+SP+TRPV1+ neurons (RM-ANOVA: F(3,1536) = 467, p < 0.0001; N = 5 

animals, n = 1574 neurons). Between the different DRG levels, the soma size of 

CGRP+SP-TRPV1- neurons were largest at the C7 and L4 level, and the CGRP+SP-

TRPV1- neurons of T5 were larger than those of S3 (RM-AVONA: F(6,1536) = 13, p < 

0.0001). CGRP+SP-TRPV1+ neurons were largest at C7, and T5 compared to the 

other levels (RM-AVONA: F(6,1536) = 13, p < 0.0001; N = 5 animals, n = 1574 

neurons). 
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Figure 4.7: Proportion of CGRP+SP-TRPV1- neurons in individual DRG 

Pie charts (data displayed as percentage) depicting the proportion of neuronal somata 

that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) with 

substance P-IR (SP-IR) and TRPV1-IR (CGRP+SP+TRPV1+; white), CGRP-IR with 

TRPV1-IR but no SP-IR (CGRP+SP-TRPV1+; magenta), CGRP-IR without SP-IR 

and TRPV1-IR (CGRP+SP-TRPV1-; red), TRPV1-IR without CGRP-IR and SP-IR 

(CGRP-SP-TRPV1+; blue) or expressed neither CGRP-IR, SP-IR nor TRPV1-IR 

(CGRP-SP-TRPV1-; black) in cervical (C7), thoracic (T5), lumbar (L4) and sacral 

(S3) dorsal root ganglia (DRG). TRPV1-IR was detected in 43% of C7 DRG neurons 

(N = 5 animals, n = 685 neurons), 52% of T5 DRG neurons (N = 5 animals, n = 670 

neurons), 46% of L4 DRG neurons (N = 5 animals, n = 845 neurons), and 44% of S3 

DRG neurons (N = 5 animals, n = 611 neurons). In all DRG, virtually all CGRP+SP+ 

neurons contained TRPV1-IR, whereas, approximately half of CGRP+SP- neurons 

lacked TRPV1-IR.  
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Figure 4.8: Soma size of CGRP+SP-TRPV1- neurons in individual DRG 

Histograms (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) 

with substance P-IR (SP-IR) and TRPV1-IR (CGRP+SP+TRPV1+; white), CGRP-IR 

with TRPV1-IR but no SP-IR (CGRP+SP-TRPV1+; magenta), CGRP-IR without SP-

IR and TRPV1-IR (CGRP+SP-TRPV1-; red) in cervical (C7), thoracic (T5), lumbar 

(L4) and sacral (S3) dorsal root ganglia (DRG). In C7 and L4 DRG, the CGRP+SP-

TRPV1- neurons were largest and the CGRP+SP+TRPV1+ neurons were the smallest 

(ANOVA: F(2,326) = 168, p < 0.0001; N = 5 animals, n = 328 neurons, and F(2,485) = 

257, p < 0.0001; N = 5 animals, n = 488 neuron, respectively). In T5 DRG, the 

CGRP+SP-TRPV1- neurons were largest and the CGRP+SP-TRPV1+ neurons were 

the smallest (ANOVA: F(2,364) = 92, p < 0.0001; N = 5 animals, n = 367 neurons). In 

S3 DRG, the CGRP+SP-TRPV1- neurons were largest and there was no size 

difference between CGRP+SP+TRPV1+ neurons and CGRP+SP-TRPV1+ neurons 

(ANOVA: F(2,361) = 70, p < 0.0001; N = 5 animals, n = 364 neurons).  

 



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 179 

 

 

  



Chapter 4: Neurochemical profile of CGRP+SP- neurons 

 180 

 

 

 

 

 

 

 

Figure 4.9: NF200, CGRP and SP-IR in neuronal soma of the C7 DRG 

Widefield fluorescence microscopy of mouse C7 dorsal root ganglia triple labelled 

for calcitonin gene-related peptide (CGRP; A), substance P (SP; B) and 

neurofilament-200kDa (NF200; C). The overlay of A, B and C (D) shows three 

subpopulations of neurons positive for CGRP-immunoreactivity (IR): neurons 

containing CGRP-, SP- and NF200-IR (CGRP+SP+NF200+; white arrowheads; white 

in D), neurons containing CGRP- and SP-IR without NF200-IR (CGRP+SP+NF200-; 

white arrows; yellow in D), and neurons containing CGRP- and NF200 without SP-

IR (CGRP+SP-NF200-; black arrows; magenta in D). Scale bar = 60 µm in D (applies 

to A-D). 
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Figure 4.10: Intensity of NF200-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of neurofilament-200kDa-

immunoreactivity (NF200-IR) more than 2 standard deviations above background 

fluorescence in dorsal root ganglia (DRG) of all spinal levels. There was no 

correlation between the intensity of NF200-IR and the soma size of the neurons 

(linear correlation: r = 0.06, p < 0.0001; N = 5 animals, n = 1562 neurons). While the 

slope of the line is significantly different from zero (p < 0.0001), the correlation 

coefficient (r = 0.06) is too small to denote any practical significance. 
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Figure 4.11: Proportion of neuronal somata expressing NF200-IR in DRG of all 
spinal levels 

Histogram (total percentage) depicting the proportion of neuronal somata that either 

expressed neurofilament-200kDa-immunoreactivity (NF200-IR; NF200+; blue bars) 

or lacked NF200-IR (NF200-; black bars) in cervical (C7), thoracic (T5), lumbar 

(L4), and sacral (S3) dorsal root ganglia (DRG). Overall NF200-IR was present in 

71% of DRG neurons. There was no difference between the proportions of neuronal 

somata that expressed NF200-IR in the DRG of different levels (Chi-Square: 𝜒!!  = 1, 

p = 0.8; N = 5 animals; n = 2196 neurons). 

 

 

 

 

 

 

 

Figure 4.12: Soma size of neurons expressing NF200-IR in DRG of all spinal 
levels 

Histogram (data displayed as mean ± SEM) depicting the size (cross sectional area; 

µm2) of neuronal somata that either expressed neurofilament-200kDa-

immunoreactivity (NF200-IR; NF200+; blue bars) or lacked NF200-IR (NF200-; 

black bars) in cervical (C7), thoracic (T5), lumbar (L4), and sacral (S3) dorsal root 

ganglia (DRG). NF200-IR was expressed in neurons with a mean soma size of 518±5 

µm2. NF200-IR neurons were largest at L4, and at C7 were larger than NF200-IR 

neurons of T5 and S3 (ANOVA: F(3,1558) = 44, p < 0.0001, N = 5 animals, n = 1562 

neurons). 
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Figure 4.13: Proportion of CGRP+SP-NF200+ neurons in DRG of all spinal 
levels 

Histogram (total percentage) depicting the proportion of neuronal somata that 

expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) and 

substance P-IR (SP-IR) that also expressed NF200 (CGRP+SP+NF200+; white) or 

lacked NF200-IR (CGRP+SP+NF200-; yellow) and the proportion of neuronal somata 

that expressed CGRP-IR without SP-IR that expressed NF200-IR (CGRP+SP-

NF200+; magenta), or lacked NF200-IR (CGRP+SP-NF200-; red) in cervical (C7), 

thoracic (T5), lumbar (L4), and sacral (S3) dorsal root ganglia (DRG). Half of the 

CGRP+SP+ neurons had NF200-IR. A higher proportion of CGRP+SP+ neurons had 

NF200-IR in T5 DRG and a lower proportion of CGRP+SP+ neurons had NF200-IR 

in L4 DRG compared to other levels (Chi-Square: 𝜒!! = 9, p = 0.04; N = 5 animals, n 

= 654 neurons). In contrast, the majority of CGRP+SP- neurons had NF200-IR and 

this was consistent between levels (Chi-Square: 𝜒!! = 1, p = 0.8; N = 5 animals, n = 

520 neurons). 

 

 

Figure 4.14: Soma size of CGRP+SP-NF200+ neurons in DRG of all spinal levels 

Histogram (data displayed as mean ± SEM) depicting the size (cross sectional area; 

µm2) of neuronal somata that expressed calcitonin gene related peptide-

immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and NF200-IR 

(CGRP+SP+NF200+; white), with SP-IR but no NF200-IR (CGRP+SP+NF200-; 

yellow), with NF200-IR but no SP-IR (CGRP+SP-NF200+; magenta), or without SP-

IR and NF200-IR (CGRP+SP-NF200-; red) in cervical (C7), thoracic (T5), lumbar 

(L4), and sacral (S3) dorsal root ganglia (DRG). At all levels, the CGRP neurons that 

contained NF200 were larger than those that did not, CGRP+SP-NF200+ were the 

largest, and CGRP+SP-NF200- neurons were larger than CGRP+SP+NF200- neurons 

(RM-ANOVA: F(3,1158) = 173, p < 0.0001; N = 5 animals, n = 1174 neurons). 

CGRP+SP-NF200+ neurons were largest at L4, and CGRP+SP+NF200- neurons and 

CGRP+SP-NF200- neurons were largest at S3 compared to the other levels (RM-

ANOVA: F(9,1158) = 8, p < 0.0001; N = 5 animals, n = 1174 neurons). There was no 

difference in the size of CGRP+SP+NF200+ neurons between the spinal levels. 
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Figure 4.15: Proportion of CGRP+SP-NF200+ neurons in individual DRG 

A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and 

neurofilament-200-IR (NF200-IR; CGRP+SP+NF200+; white), CGRP-IR with SP-IR 

but no NF200-IR (CGRP+SP+NF200-; yellow), CGRP-IR with NF200-IR but no SP-

IR (CGRP+SP-NF200+; magenta), CGRP-IR without SP-IR and NF200-IR 

(CGRP+SP-NF200-; red), NF200-IR without CGRP-IR and SP-IR (CGRP-SP-

NF200+; blue), or expressed neither CGRP-IR, SP-IR nor NF200-IR (CGRP-SP-

NF200-; black) in cervical (C7), thoracic (T5), lumbar (L4) and sacral (S3) dorsal 

root ganglia (DRG). NF200-IR was detected in 73% of C7 DRG neurons (N = 5 

animals, n = 743 neurons), 69% of T5 DRG neurons (N = 5 animals, n = 503 

neurons), 76% of L4 DRG neurons (N = 5 animals, n = 530 neurons), and 65% of S3 

DRG neurons (N = 5 animals, n = 420 neurons). In all DRG, the majority of 

CGRP+SP- neurons contained NF200-IR, and around half of CGRP+SP+ neurons 

contained NF200-IR.  
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Figure 4.16: Soma size of CGRP+SP-NF200+ neurons in individual DRG 
Histogram (data displayed as mean ± SEM) depicting the size (cross sectional area; 

µm2) of neuronal somata that expressed calcitonin gene related peptide-

immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and neurofilament-200-

IR (NF200-IR; CGRP+SP+NF200+; white), CGRP-IR with SP-IR but no NF200-IR 

(CGRP+SP+NF200-; yellow), CGRP-IR with NF200-IR but no SP-IR (CGRP+SP-

NF200+; magenta), CGRP-IR without SP-IR and NF200-IR (CGRP+SP-NF200-; red) 

in cervical (C7), thoracic (T5), lumbar (L4) and sacral (S3) dorsal root ganglia 

(DRG). In all DRG, CGRP+SP-NF200+ neurons were larger than CGRP+SP+NF200+, 

CGRP+SP+NF200- and CGRP+SP-NF200- neurons (C7: ANOVA: F(2,382) = 92, p < 

0.0001; N = 5 animals, n = 386 neurons; T5: F(2,227) = 269, p < 0.0001; N = 5 

animals, n = 231 neurons; L4: F(2,302) = 116, p < 0.0001; N = 5 animals, n = 306 

neurons; S3: F(2,247) = 15, p < 0.0001; N = 5 animals, n = 251 neurons). 
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Figure 4.17: GAL, CGRP and SP-IR in neuronal soma of the L4 DRG 

Widefield fluorescence microscopy of mouse lumbar (L4) dorsal root ganglia (DRG) 

triple labelled for calcitonin gene-related peptide (CGRP; A), substance P (SP; B) 

and galanin (GAL; C). The overlay of A, B and C (D) shows three subpopulations of 

neurons positive for CGRP-immunoreactivity (IR): neurons containing CGRP-, SP- 

and GAL-IR (CGRP+SP+GAL+; white arrows; white in D), neurons containing 

CGRP- and SP-IR without GAL-IR (CGRP+SP+GAL-; white arrowheads; yellow in 

D), and neurons containing CGRP- without SP-IR or GAL-IR (CGRP+SP-GAL-; 

black arrows; red in D). Scale bar = 60 µm in D (applies to A-D). 
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Figure 4.18: Intensity of GAL-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of galanin-immunoreactivity 

(GAL-IR) more than 2 standard deviations above mean background fluorescence in 

dorsal root ganglia (DRG) of all spinal levels. There was no correlation between the 

intensity of GAL-IR and the soma size of the neurons (linear correlation: r = 0.08, p 

< 0.0001; N = 3 animals, n =342 neurons). While the slope of the line is significantly 

different from zero (p < 0.0001), the correlation coefficient (r = 0.08) is too small to 

denote any practical significance. 
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Figure 4.19: Proportion of neuronal somata expressing GAL-IR in DRG of all 
spinal levels 

Histogram (total percentage) depicting the proportion of neuronal somata that either 

expressed galanin-immunoreactivity (GAL-IR; GAL+; blue bars) or lacked GAL-IR 

(GAL-; black bars) in cervical (C7), thoracic (T5), lumbar (L4), and sacral (S3) 

dorsal root ganglia (DRG). Overall, GAL-IR was present in 39% of DRG neurons. A 

lower proportion of DRG neurons contained GAL-IR in C7 and T5 DRG and a 

higher proportion contained GAL-IR in S3 DRG compared to other levels (Chi-

Square: 𝜒!!  = 23, p < 0.0001; N = 3 animals, n = 1318 neurons). 

 

 

Figure 4.20: Size of neuronal somata expressing GAL-IR in DRG of all spinal 
levels 

Histogram (mean ± SEM) depicting the size of neuronal somata that expressed 

galanin-immunoreactivity (GAL-IR) in cervical (C7), thoracic (T5), lumbar (L4), 

and sacral (S3) dorsal root ganglia (DRG). GAL-IR was expressed in neurons with a 

mean soma size of 283±8 µm2. GAL-IR neurons were larger in S3 DRG than 

compared to GAL-IR neurons in C7 and L4 DRG, and GAL-IR neurons were larger 

in T5 DRG than C7 DRG (F(3,338) = 12, p < 0.0001; N = 3 animals, n = 342 neurons). 
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Figure 4.21: Proportion of CGRP+SP-GAL- neurons in DRG of all spinal levels 

Histogram (data displayed as mean ± SEM) depicting the proportion of neuronal 

somata that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) 

with substance P-IR (SP-IR) that also expressed galanin (GAL; CGRP+SP+GAL+; 

white) or lacked GAL-IR (CGRP+SP+GAL-; yellow) and the proportion of neuronal 

somata that expressed CGRP without SP-IR that expressed GAL (CGRP+SP+GAL-; 

magenta), or lacked GAL-IR (CGRP+SP-GAL-; red) in cervical (C7), thoracic (T5), 

lumbar (L4), and sacral (S3) dorsal root ganglia (DRG). Most CGRP+SP+ neurons 

had GAL-IR. A lower proportion of CGRP+SP+ neurons had GAL-IR in C7 and T5 

DRG, and a higher proportion of CGRP+SP+ neurons had GAL-IR in S3 DRG (Chi-

Square: 𝜒!!  = 15, p = 0.002, N = 3 animals, n = 444 neurons). Almost no CGRP+SP- 

neurons contained GAL-IR and there was no difference in DRG of all spinal levels 

(Chi-Square: 𝜒!!  = 1, p = 0.9, N = 3 animals, n = 444 neurons) 

 

Figure 4.22: Soma size of CGRP+SP-GAL- neurons in DRG of all spinal levels 

Histogram (data displayed as mean ± SEM) depicting the size (cross sectional area; 

µm2) of neuronal somata that expressed calcitonin gene related peptide-

immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and galanin-IR (GAL-IR; 

CGRP+SP+GAL+; white), with SP-IR but no GAL-IR (CGRP+SP+GAL-; magenta), 

or without SP-IR and GAL-IR (CGRP+SP-GAL-; red, or without SP-IR and GAL-IR 

(CGRP+SP-GAL-; red) in cervical (C7), thoracic (T5), lumbar (L5), and sacral (S3) 

dorsal root ganglia (DRG). At all spinal levels, CGRP+SP-GAL- neurons were the 

largest and CGRP+SP+GAL- neurons were larger than CGRP+SP+GAL+ neurons 

(RM-ANOVA: F(2,810) = 174, p < 0.0001; N = 5 animals, n = 821 neurons). S3 DRG 

lacked CGRP+SP+GAL- neurons. CGRP+SP-GAL- neurons were larger in L4 DRG 

than in C7 DRG (F(3,810) = 9, p < 0.0001; N = 5 animals, n = 821 neurons). There was 

no difference in the size of CGRP+SP-GAL- or CGRP+SP+GAL+ neurons between 

DRG of different levels. 
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Figure 4.23: Proportion of CGRP+SP-GAL- neurons in individual DRG 
A: Pie chart depicting the proportion of neuronal somata that expressed calcitonin 

gene related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and 

galanin-IR (GAL-IR; CGRP+SP+GAL+; white), CGRP-IR with SP-IR but no GAL-

IR (CGRP+SP+GAL-; yellow), CGRP-IR without SP-IR and GAL-IR (CGRP+SP-

GAL-; red), GAL-IR without CGRP-IR and SP-IR (CGRP-SP-GAL+; blue), or 

expressed neither CGRP-IR, SP-IR nor NF200-IR (CGRP-SP-GAL-; black) in 

cervical (C7), thoracic (T5), lumbar (L5), and sacral (S3) dorsal root ganglia (DRG). 

GAL-IR was detected in 17% of C7 DRG neurons (N = 3 animals, n = 348 neurons), 

15% of T5 DRG neurons (N = 3 animals, n = 348 neurons), 27% of L4 DRG neurons 

(N = 3 animals, n = 334 neurons) and 61% of S3 DRG neurons (N = 3 animals, n = 

300 neurons) In C7, T5 and L4 DRG most CGRP+SP+ neurons contained GAL-IR, 

and in S4 DRG virtually all CGRP+SP+ neurons contained GAL-IR. In all DRG near 

zero CGRP+SP- neurons contained GAL-IR. 
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Figure 4.24: Proportion and soma size of CGRP+SP-GAL- neurons in DRG of all 
spinal levels 
Histogram (data displayed as mean ± SEM) depicting the size (cross sectional area; 

µm2) of neuronal somata that expressed calcitonin gene related peptide-

immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and galanin-IR (GAL-IR; 

CGRP+SP+GAL+; white), CGRP-IR with SP-IR but no GAL-IR (CGRP+SP+GAL-; 

yellow), CGRP-IR without SP-IR and GAL-IR (CGRP+SP-GAL-; red) in cervical 

(C7), thoracic (T5), lumbar (L4) and sacral (S3) dorsal root ganglia (DRG).. In all 

DRG, CGRP+SP-GAL- neurons were the largest and there was no difference between 

the mean soma size of CGRP+SP+GAL+ and CGRP+SP+GAL- neurons (C7: 

ANOVA: F(2,187) = 26, p < 0.0001, N = 3 animals, n = 190 neurons; T5: F(2,181) = 45, p 

< 0.0001, N = 3 animals, n = 184 neurons; L4: F(2,223) = 71, p < 0.0001, N = 3 

animals, n = 226 neurons; S3: F(2,219) = 92, p < 0.0001, N = 3 animals, n = 221 

neurons). There were no CGRP+SP+GAL- neurons in S3 DRG. 
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Figure 4.25: VIP, CGRP and SP-IR in neuronal soma of the S3 DRG 

Widefield fluorescence microscopy of mouse sacral (S3) dorsal root ganglia (DRG) 

triple labelled for calcitonin gene-related peptide (CGRP; A), substance P (SP; B) 

and the vasoactive intestinal peptide (VIP; C). The overlay of A, B and C (D) shows 

four subpopulations of neurons positive for CGRP-immunoreactivity (IR): neurons 

containing CGRP-, SP- and VIP-IR (CGRP+SP+VIP+; white arrows; white in D) and 

neurons containing CGRP- and VIP-IR without SP-IR (CGRP+SP-VIP+; black 

arrows; magenta in D). Scale bar = 60 µm in D (applies to A-D). 
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Figure 4.26: Intensity of VIP-IR and soma size in DRG neurons 

Scatter dot plot (dots = cells; line = linear regression with 95% confidence limits) 

depicting the size of neuronal somata and their intensity of vasoactive intestinal 

peptide-immunoreactivity (VIP-IR) more than 2 standard deviations above mean 

background fluorescence in dorsal root ganglia (DRG) of all spinal levels. There was 

no correlation between the intensity of VIP-IR and the soma size of the neurons 

(linear correlation: r = 0.01, p = 0.04; N = 3 animals, n =313 neurons). While the 

slope of the line is significantly different from zero (p = 0.04), the correlation 

coefficient (r = 0.01) is too small to denote any practical significance. 
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Figure 4.27: Proportion of neuronal somata expressing VIP-IR in DRG of all 
spinal levels 

Histogram (data displayed as mean ± SEM) depicting the proportion of neuronal 

somata that either expressed vasoactive intestinal peptide-immunoreactivity (VIP-IR; 

VIP+; blue bars) or lacked VIP-IR (VIP-; black bars) in cervical (C7), thoracic (T5), 

lumbar (L4), and sacral (S3) dorsal root ganglia (DRG). Overall, VIP-IR was present 

in a third of DRG neurons. A lower proportion of DRG neurons contained VIP-IR in 

C7 and T5 DRG and a higher proportion contained VIP-IR in L4 and S3 DRG 

compared to other levels (Chi-Square: 𝜒!!  = 14, p = 0.003; N = 3 animals; n = 1064 

neurons). 

 

 

 

Figure 4.28: Soma size of neurons expressing VIP-IR in DRG of all spinal levels 

Histogram (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that either expressed vasoactive intestinal peptide-immunoreactivity (VIP-IR; 

VIP+; blue bars) or lacked VIP-IR (VIP-; black bars) in cervical (C7), thoracic (T5), 

lumbar (L4), and sacral (S3) dorsal root ganglia (DRG). VIP-IR was expressed in 

neurons with a mean soma size of 378±11 µm2. VIP-IR neurons were largest in T5 

DRG, and GAL-IR neurons were larger in L4 DRG than S3 DRG (F(3,315) = 13, p < 

0.0001; N = 3 animals, n = 319 neurons). 
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Figure 4.29: Proportion of CGRP+SP-VIP- neurons in DRG of all spinal levels 

Histogram (total percentage) depicting the proportion of neuronal somata that 

expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) with 

substance P-IR (SP-IR) that also vasoactive intestinal peptide (VIP; CGRP+SP+VIP+; 

white) or lacked VIP (CGRP+SP+VIP-; yellow) and the proportion of neuronal 

somata that expressed CGRP without SP-IR that expressed VIP-IR (CGRP+SP-VIP+; 

magenta) or lacked VIP-IR (CGRP+SP-VIP-; red) in cervical (C7), thoracic (T5), 

lumbar (L4), and sacral (S3) dorsal root ganglia (DRG). The majority CGRP+SP+ 

neurons had VIP-IR and this was consistent between the DRG of different levels 

(Chi-Square: 𝜒!!  = 4, p = 0.2; N = 3 animals; n = 265 neurons). Only a third of 

CGRP+SP- neurons contained GAL-IR. A lower proportion of CGRP+SP- neurons 

contained VIP-IR in C7 and T5 DRG than compared to L4 and S3 DRG (Chi-

Square: 𝜒!!  = 14, p = 0.004; N = 3 animals; n = 327 neurons). 

 

Figure 4.30: Soma size of CGRP+SP-TRPV1- neurons in DRG of all spinal levels 

Histogram (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) 

with substance P-IR (SP-IR) and vasoactive intestinal peptide-IR (VIP-IR; 

CGRP+SP+VIP+; white), with SP-IR but no VIP-IR (CGRP+SP+VIP-; yellow), with 

VIP-IR but no SP-IR (CGRP+SP-VIP+; magenta), without SP-IR and VIP-IR 

(CGRP+SP-VIP-; red) in cervical (C7), thoracic (T5), lumbar (L4), and sacral (S3) 

dorsal root ganglia (DRG). At all levels, CGRP+SP-VIP+ neurons were the largest, 

and CGRP+SP-VIP- neurons were larger than CGRP+SP+VIP+ and CGRP+SP+VIP- 

neurons (ANOVA: F(2,512) = 31, p < 0.0001; N = 3 animals, n = 528 neurons). There 

was no difference between the size of CGRP+SP+VIP+ and CGRP+SP+VIP- neurons. 

CGRP+SP+VIP+ and CGRP+SP+VIP- neurons were larger in T5 DRG than the other 

levels and CGRP+SP-VIP+ neurons were smaller in S3 DRG than the other levels 

(ANOVA: F(3,512) = 12, p < 0.0001; N = 3 animals, n = 528 neurons). There was no 

difference between the sizes of CGRP+SP-VIP- neurons between the levels.  
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Figure 4.31: Proportion of CGRP+SP-VIP- neurons in individual DRG 

Pie chart depicting the proportion of neuronal somata that expressed calcitonin gene 

related peptide-immunoreactivity (CGRP-IR) with substance P-IR (SP-IR) and 

vasoactive intestinal peptide-IR (VIP-IR; CGRP+SP+VIP+; white), CGRP-IR with 

SP-IR but no VIP-IR (CGRP+SP+VIP-; yellow), CGRP-IR with VIP-IR but no SP-IR 

(CGRP+SP-VIP+; magenta), CGRP-IR without SP-IR and VIP-IR (CGRP+SP-VIP-; 

red), or expressed neither CGRP-IR, SP-IR nor VIP-IR (CGRP-SP-VIP-; black) in 

cervical (C7), thoracic (T5), lumbar (L4), and sacral (S3) dorsal root ganglia (DRG) 

VIP-IR was detected in 24% (59/241) of C7 DRG neurons (N = 3 animals, n = 241 

neurons), 17% of T5 DRG neurons (N = 3 animals, n = 292 neurons), 37% of L4 

DRG neurons (N = 3 animals, n = 289 neurons), and 43% of S3 DRG neurons (N = 3 

animals, n = 242 neurons). In all levels, at least half the CGRP+SP+ neurons had VIP-

IR and most of the CGRP+SP- neurons lacked VIP-IR. 
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Figure 4.32: Soma size of CGRP+SP-VIP- neurons in individual DRG 

Histogram (mean ± SEM) depicting the size (cross sectional area; µm2) of neuronal 

somata that expressed calcitonin gene related peptide-immunoreactivity (CGRP-IR) 

with substance P-IR (SP-IR) and vasoactive intestinal peptide-IR (VIP-IR; 

CGRP+SP+VIP+; white), CGRP-IR with SP-IR but no VIP-IR (CGRP+SP+VIP-; 

yellow), CGRP-IR with VIP-IR but no SP-IR (CGRP+SP-VIP+; magenta), CGRP-IR 

without SP-IR and VIP-IR (CGRP+SP-VIP-; red) in cervical (C4), thoracic (T5), 

lumbar (L4) or sacral (S3) dorsal root ganglia (DRG). In both C7 and S3 DRG 

CGRP+SP-VIP+ and CGRP+SP-VIP- neurons were larger than CGRP+SP+VIP+ and 

CGRP+SP+VIP- neurons (C7: ANOVA: F(3,121) = 21, p < 0.0001, N = 3 animals, n = 

125 neurons; S3: F(3,150) = 13, p < 0.0001, N = 3 animals, n = 154 neurons). In L4 

DRG, CGRP+SP-VIP+ neurons were the largest, and CGRP+SP-VIP- neurons were 

larger than CGRP+SP+VIP+ and CGRP+SP+VIP- neurons (ANOVA: F(3,158) = 21, p < 

0.0001, N = 3 animals, n = 162 neurons). In T5 DRG, there was no difference in the 

size of any of the neurons (ANOVA: F(3,147) = 1, p = 0.3, N = 3 animals, n = 151 

neurons).  
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 Background 5.1
In previous chapters, we have demonstrated CGRP without SP (CGRP+SP-) neurons 

in the DRG with large soma sizes and CGRP+SP- peripheral fibres penetrating the 

epithelium and encircling hair follicles in paw skin. McCarthy and Lawson (1990) 

have also demonstrated CGRP-IR present in both small and large somata of the DRG 

and ascertained that the smaller somata had C-fibre conduction velocities whereas, 

the larger somata had A-fibre conduction velocities. McCarthy and Lawson (1989) 

demonstrated that SP-IR was only present in small somata of the DRG with C-fibre 

conduction velocities, hence it is most likely that the large CGRP+SP- neurons of our 

study were A-fibre neurons. While it is mostly nociceptive C-fibre units that contain 

CGRP-IR, nociceptive Aδ fibres, and Aα/Aβ fibres also contain CGRP-IR (Lawson 

et al., 2002). Based on these findings it is most likely that CGRP+SP- fibres 

penetrating the epidermis were Aδ fibres (possibly nociceptive) and that the 

CGRP+SP- fibres encircling the hair follicle were Aα/Aβ G-hair units. While the 

cutaneous afferents have been extensively investigated, muscle afferents potentially 

responsible for nociception are poorly neurochemically characterised. 

In the muscle, nociceptors are classified differently from nociceptors of the skin and 

viscera. C-fibre afferents and Aδ-fibre afferents correlate with group IV and III 

muscle afferents, respectively, however differences between muscle and cutaneous 

pain suggest the underlying mechanisms may not be identical (Mense, 2008). While 

cutaneous nociception is characterised by a distinct first and second pain, muscular 

nociception has only a single pain (Mense, 2008). Pain quality is also different, 

cutaneous pain is well localized and described as stabbing, burning or cutting, while 

muscle pain tends to be referred and described as tearing, cramping or pressing 

(Mense, 2008). Muscle nociceptors are specialized to respond to stimuli associated 

with actual or potential damage to muscle, including trauma, high mechanical load 

and chemical agents such as pro-inflammatory cytokines or high levels of 

metabolites (Mense, 2009; Jankowski et al., 2013).  

Muscle tissue is innervated by a number of different fibre classes. Group I 

(corresponding to cutaneous Aα-fibres) and II (corresponding to cutaneous Aβ-

fibres) fibres are mainly proprioceptive. Proprioceptors include the muscle spindles 

(or stretch receptors) that are innervated by both group Ia and II fibres, and Golgi 

tendon organs that are innervated by group Ib fibres. Muscle tissue is also richly 
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innervated by free nerve endings. However, free nerve ending are not as well 

characterised as those innervating the skin, and there is no definitive correlation 

between the morphology and function of free nerve endings in muscle tissue 

(Jankowski et al., 2013). Nociceptors are restricted to the slowly conducting group 

III and group IV in muscle. Group III nociceptors are mainly mechanically sensitive 

and group IV are chemically sensitive (Kaufman & Rybicki, 1987; Jankowski et al., 

2013). Not all group III fibres are nociceptors, but the majority of group IV fibres are 

nociceptors (Jankowski et al., 2013). 

Recently, we have demonstrated that CGRP+SP- fibres were present in the 

gastrocnemius muscle of mice (Gillan, 2012). These fibres were seen within the 

connective tissue, associated with blood vessels, or freely distributed in the muscle 

tissue with no obvious associations with other structures (Gillan, 2012). The origins 

of these primary afferents have not been investigated. In order to determine the 

origin of the muscular afferents in the gastrocnemius muscle, we used a retrograde 

tracing technique to visualize the somata of these afferents in dorsal root ganglia 

(DRG). The size and neurochemical profile of retrogradely labelled somata was 

determined with multiple-labelling immunohistochemistry to give an indication of 

their possible function. 
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 Materials and Methods 5.2
Mice were anaesthetized with a constant flow of isofluorane (Veterinary Companies 

Australia NSW, Australia) and medical oxygen through an attached nose cone. The 

right hind leg of the animal was shaved and wiped with ethanol. A 25G needle was 

used to first break the skin, in distal end of the calf, and then a Hamilton syringe was 

used to inject either cholera toxin subunit B (CTXb) conjugated to biotin (CTXb-

biotin; 1 mg/mL; Molecular Probes, VIC, Australia) or CTXb-Alexa Fluor-555 (1 

mg/mL; Molecular Probes). Four injections of 5 µL (for a total volume of 20 µL) of 

CTXb were injected into multiple sites of the gastrocnemius muscle. The injection 

site was then cleaned with ethanol and sealed with a droplet of liquid Opsite (Smith 

and Nephew, Hull, England). Mice were allowed to recover and their health was 

monitored for 7 days. 

After 7 days, mice were euthanized and their right gastrocnemius muscle, lumbar 

spinal cord, and both ipsilateral and contralateral L3-L5 DRGs were removed. Spinal 

cord and DRG samples were fixed, processed through DMSO, embedded in PEG and 

sectioned using a microtome. Muscle samples were fixed, processed through xylene 

and sectioned using a cryostat. Sections were double labelled with anti-CGRP raised 

in a goat (1:1000; code 1780, Arnel, New York, USA) and anti-SP raised in a rabbit 

(1:2000; Incstar [now Immunostar], Wisconsin, USA). 

Muscle, spinal cord and DRG sections were assessed for CTXb labelling. Widefield 

images of DRG sections were taken with a 20x objective and imported to ImageJ to 

determine the presence or absence of IR and their soma cross-sectional area. Data 

was then displayed as mean±SEM and RMANOVA with post hoc BMC correction 

with 95% confidence limits was used to determine the statistical significance. 
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 Results 5.3
After injection of CTXb into the left gastrocnemius, CTXb labelled nerve fibres of 

the injected gastrocnemius, and neuronal somata of the ipsilateral L3, L4 and L5 

DRG. CTXb did not label nerve fibres in the contralateral gastrocnemius, or neuronal 

somata of contralateral L3-L5 DRG, or fibres in the dorsal horn of the spinal cord. 

CTXb labelled neuronal somata most frequently in the L4 DRG. In the L4 DRG (N = 

4 animals, n = 597 neurons; Figure 5.1), CTXb labelled neuronal somata but not 

fibres. CTXb labelling was uniformly intense in the cytoplasm of small (50-250 µm2) 

to medium sized neurons (250-500 µm2), but less intense and more granular in larger 

neurons (> 500 µm2; Figure 5.1A). CTXb labelled 10% of the neurons in the L4 

DRG (62/597 neurons, Fig. 1). CTXb-labelled neurons were more prominent in 

small sized neurons (34/62) compared to medium (11/62) and large neurons (16/62; 

Chi-Square: 𝜒!!  = 1, p = 0.0004; N = 4 animals; n = 62 neurons; Figure 5.2) 

Some of these CTXb-labelled neurons contained CGRP-IR (Figure 5.3). Most (53%; 

33/62) CTXb-labelled neurons were CGRP+SP- neurons (Chi-Square: 𝜒!!  = 30, p < 

0.0001; N = 4 animals; n = 62; Figure 5.4). 24% (15/62 neurons) of CTXb labelled 

neurons were CGRP+SP+ neurons, and 21% (13/62 neurons) lacked both peptides 

(CGRP-SP-; Figure 5.4). The CTXb labelled neurons that were CGRP+SP- were 

significantly larger (455±49 µm2) than the CTXb labelled neurons that were 

CGRP+SP+ (184±21 µm2), or CGRP-SP- (249±76 µm2; ANOVA: F(2,62) = 7, p < 0.01; 

N = 4 animals, n = 62 neurons; Figure 5.5). 

Of the CGRP-IR containing neurons 12% (48/390 neurons) were labelled with CTXb 

(Figure 5.6A). 13% (33/262 neurons) of CGRP+SP- neurons (Figure 5.6D), and 12% 

(15/128) of CGRP+SP+ (Figure 5.6C) neurons were labelled with CTXb. Only 6% 

(13/205 neurons) of CGRP-SP- neurons were labelled with CTXb (Figure 5.6B). 
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 Discussion 5.4
Previous chapters have demonstrated distinct immunohistochemical populations of 

cutaneous CGRP+SP- fibres with medium-large cell bodies in the DRG, and central 

terminals in lateral lamina I and deep lamina IV/V of the dorsal horn. These neurons 

were further distinguished from CGRP+SP+ neurons by lacking detectable levels of 

TRPV1 and expressing NF200. We have also previously shown the presence of these 

CGRP+SP- fibres in muscle tissue (Gillan, 2012) and this current chapter has set out 

to characterise the origin of these fibres in the DRG using a retrograde tracer. 

CTXb injections were very localised in the gastrocnemius tissue and consequently 

only a small number of DRG neurons were labelled with CTXb. The majority of 

CTXb labelled neurons had small somata (50-250 µm2) with some medium (250-500 

µm2) and large (> 500 µm2) neurons labelled with CTXb. While very few studies 

have retrogradely labelled sensory afferents from skeletal muscle, those that had, 

obtained similar number and size profiles to this present study, with a larger 

proportion of smaller neurons (Chyczewski et al., 2006; Pierce et al., 2006). 

Chyczewski and colleagues (2006) injected Fast Blue into the porcine longissimus 

dorsi muscle, and Pierce and colleagues (2006) injected CTXb into the levator ani 

muscle of monkeys. 

There were three subpopulations of DRG neurons innervating the gastrocnemius: 

CGRP+SP+ neurons, CGRP+SP- neurons, and CGRP-SP-. The peripheral fibres of 

these subpopulations were evident in the gastrocnemius muscle as free nerve fibres 

(Gillan, 2012). Unlike cutaneous afferents, there is no definitive correlation between 

the morphology and function of free nerve endings of muscular afferents (Jankowski 

et al., 2013). Nociceptors are restricted to the slowly conducting group III 

(corresponding to cutaneous Aδ-fibres) and group IV (corresponding to cutaneous C-

fibres) in muscle. In DRG, the CTXb-labelled CGRP+SP- neurons were larger than 

the CTXb-labelled CGRP+SP+ neurons, and were probably Aβ/Aδ-fibre (group II/III) 

neurons (McCarthy & Lawson, 1990).  

Group II afferents innervate muscle spindles and are not often associated with 

nociception. Although not analysed, CGRP+SP- fibres were seen once in association 

with muscle spindles (Gillan, 2012), however CGRP is very rarely seen associated 

with muscle spindles (Hoheisel et al., 1994). Hence it is unlikely that the CTXb-
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labelled CGRP+SP- neurons were group II afferents and more likely that these 

neurons were group III afferents. Most group III afferents are mechanically sensitive 

(Kaufman & Rybicki, 1987; Jankowski et al., 2013). Not all group III afferents are 

nociceptive and many respond to non-noxious tendon stretch and probing of their 

receptive fields (Kaufman et al., 1983; Mense & Meyer, 1985). Nociceptive group 

III afferents have an increasing response to tetanic contractions (maximum 

contraction possible) that decreases as the contraction is released (Kaufman et al., 

1983; Mense & Meyer, 1985). The nociceptive group III afferents appear to protect 

the muscle from damage from prolonged contraction. From our results it cannot be 

concluded whether the CTXb-labelled CGRP+SP- neurons were nociceptive or non-

nociceptive group III afferents. 

The CTXb-labelled CGRP+SP+ and CGRP-SP- neurons were smaller than the CTXb-

labelled CGRP+SP- neurons. The CTXb-labelled CGRP+SP+ neurons were most 

likely C-fibre (group IV) neurons (McCarthy & Lawson, 1989) and, as these neurons 

were the same size as the CTXb-labelled CGRP-SP- neurons, it is likely that these 

CGRP-SP- neurons were also group IV neurons. Group IV neurons in muscle can be 

categorised as either metaboreceptors or metabo-nociceptors (Light et al., 2008; 

Jankowski et al., 2013). Metaboreceptors contribute to the sensation of fatigue (Light 

et al., 2008; Jankowski et al., 2013), whereas metabo-nociceptors serve a nociceptive 

function (Light et al., 2008; Jankowski et al., 2013). It is probable that the CTXb-

labelled CGRP+SP+ neurons were metabo-nociceptors as all SP containing primary 

afferent fibres are presumed nociceptive (Lawson et al., 1997). Metabo-nociceptors 

were also demonstrated to express TRPV1 (Light et al., 2008; Jankowski et al., 

2013) and we have previously demonstrated all CGRP+SP+ neurons expressed 

TPRV1. The metaboreceptors expressed the purinergic P2X3 receptor (Jankowski et 

al., 2013), which is not expressed by peptidergic neurons. Hence, the nonpeptidergic 

CTXb-labelled CGRP-SP- neurons may have been metaboreceptors. 

Cutaneous CGRP+SP- fibres were most likely Aα/Aβ fibre G-hair units and Aδ fibre 

mechanoceptors (possibly nociceptive). This current study has demonstrated that 

CGRP+SP- fibres also innervate muscle tissue and these fibres were most likely 

group III mechanoceptors (possibly nociceptive). Both cutaneous and muscular 

CGRP+SP- afferents appear to be mechanoceptors and it is not yet clear whether they 

have a role in nociception. 
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Figure 5.1: CTXb labelled neuronal somata in L4 DRG 

Widefield fluorescence microscopy of cholera toxin subunit B (CTXb) labelling in 

neuronal somata of the L4 dorsal root ganglia (DRG) ipsilateral (ipsi; A) and 

contralateral (contra; B) to the injection of CTXb. CTXb labelled neurons of the 

ipsilateral DRG in both small (white arrows) and large (black arrows) diameter 

neuronal somata. In large soma the CTXb labelling was more granular. No CTXb 

labelling was detected in the contralateral DRG. Scale bar = 60 µm in both A and B 

 

 

 



Chapter 5: Retrograde tracing of CGRP+SP- muscle afferents 

 229 

 



Chapter 5: Retrograde tracing of CGRP+SP- muscle afferents 

 230 

 

 

 

 

 

 

 

 

Figure 5.2: CTXb labelled neuronal somata of various sizes in L4 DRG 

Frequency histogram depicting the size profile of cholera toxin subunit B (CTXb) 

labelled somata in the L4 dorsal root ganglia (DRG). CTXb-labelled neurons were 

more prominent in small sized neurons (50-250 µm2; dark grey shaded area) 

compared to medium (250-500 µm2; light grey shaded area) and large neurons (> 

500 µm2; white area; Chi-Square: 𝜒!!  = 13.8, p = 0.001; N = 4 animals; n = 62 

neurons) 
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Figure 5.3: CTXb labelled neurons expressing CGRP-IR in L4 DRG 

Widefield fluorescence microscopy of mouse L4 dorsal root ganglia (DRG) 

ipisilateral to the injection of cholera toxin subunit B (CTXb) and triple labelled for 

calcitonin gene-related peptide (CGRP; A; red), substance P (SP; B; green) and 

CTXb (C; blue). The overlay (D) shows a CTXb labelled neuron containing CGRP-

immunoreactivity (IR) without SP-IR (CGRP+SP-; black arrow), containing CGRP-

IR with SP-IR (CGRP+SP+; white arrow), and containing neither CGRP-IR or SP-IR 

(CGRP+SP-; white arrowhead). Scale bar = 60 µm in D (applies to A-D) 

 

 

 



Chapter 5: Retrograde tracing of CGRP+SP- muscle afferents 

 233 

 



Chapter 5: Retrograde tracing of CGRP+SP- muscle afferents 

 234 

 

 

 

 

 

 

 

 

 

Figure 5.4: Proportion of CTXb labelled neurons expressing CGRP-IR -IR in 
L4 DRG 

A pie chart depicting the proportion of neuronal somata labelled with cholera toxin 

subunit B (CTXb) that also contained calcitonin gene related peptide-

immunoreactivity (CGRP-IR) but not substance P-IR (SP; CGRP+SP-; red area), 

CGRP-IR with SP-IR (CGRP+SP+; yellow area), SP-IR without CGRP-IR (CGRP-

SP+; green area), or neither peptide (CGRP-SP-; black area) in L4 dorsal root ganglia 

(DRG).  Most of the neuronal somata labelled with CTXb were CGRP+SP- (Chi-

Square: 𝜒!!  = 30, p < 0.0001; N = 4 animals; n = 62)  
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Figure 5.5: The somata size of CTXb labelled neurons in L4 DRG 

Scatter dot plot depicting the cross sectional area (µm2; lines = mean±SEM; dots = 

single cell sizes) of cholera toxin subunit B (CTXb) labelled neurons that contained 

calcitonin gene related peptide-IR (CGRP) with substance P-IR (SP; CGRP+SP+), 

CGRP-IR without SP-IR (CGRP+SP-), or lacked peptide expression (CGRP-SP-) in 

L4 dorsal root ganglia (DRG). CTXb labelled CGRP+SP- neurons were significantly 

larger than the CTXb labelled CGRP+SP+ or CGRP-SP- neurons. RMANOVA: F(2,62) 

= 7, p < 0.01; N = 4 animals, n = 62 neurons 

 

 

 

Figure 5.6: Proportion CGRP-IR labelled with CTXb in L4 DRG  

Pie charts depicting the proportion of neuronal somata containing calcitonin gene 

related peptide-immunoreactivity (CGRP-IR; CGRP+; A); lacking CGRP-IR (CGRP-

; B); containing CGRP-IR with substance P-IR (SP; CGRP+SP+; C); or containing 

CGRP-IR without SP-IR (CGRP+SP-; D) that were labelled with cholera toxin 

subunit B (CTXb; black area) in L4 dorsal root ganglia (DRG). Only a small portion 

of the IR neuronal somata were labelled with CTXb. N= 4 animals, n = 390 neurons 

in A; N= 4 animals, n = 205 neurons in B; N= 4 animals, n = 128 neurons in C; N= 4 

animals, n = 262 neurons in D 
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 Background 6.1
The general assumption that CGRP-IR fibres in the dorsal horn are entirely primary 

afferent in origin came from lesion studies in the rat (Gibson, Polak, Bloom, et al., 

1984; Chung et al., 1988), cat (Gibson, Polak, Bloom, et al., 1984; Traub et al., 

1989) and mouse (Tie-Jun et al., 2001). In these studies the dorsal roots were 

transected and CGRP-IR fibres that remained in the dorsal horn were analysed either 

qualitatively (Chung et al., 1988; Traub et al., 1989; Tie-Jun et al., 2001) or 

quantitatively (Gibson, Polak, Bloom, et al., 1984). In both instances there was a 

dramatic but incomplete loss of CGRP-IR fibres in the dorsal horn. The remaining 

CGRP-IR fibres were found in both the superficial and deeper laminae of the spinal 

cord (Traub et al., 1989) and concluded to possibly originate from dorsal roots 

several segments rostral or caudal from the investigated spinal segment (Traub et al., 

1989; McNeill et al., 1991). However, others have concluded that some of the 

remaining CGRP-IR fibres may be from intrinsic interneurons of the dorsal horn 

(Conrath et al., 1989). While it is evident that a large proportion of the CGRP-IR 

fibres in the spinal cord is primary afferent in origin, it is also clear that some CGRP-

IR fibres may not be. 

CGRP-IR fibres in the dorsal horn are primarily studied in lamina I, as lamina I is 

predominately associated with nociception. However, CGRP-IR fibres are also 

present in lamina IV/V, but have been seldom investigated (Matsuyama et al., 1986). 

Neurons of lamina IV/V receive mostly non-nociceptive input and respond to light 

mechanical touch (Cervero et al., 1988), though there are also wide dynamic range 

neurons that can respond to noxious stimuli (Mendell & Wall, 1965; Hillman & 

Wall, 1969; Light & Durkovic, 1984). The CGRP-IR fibres of lamina IV/V are 

insensitive to capsaicin, in contrast to the fibres of lamina I that are capsaicin 

sensitive (Matsuyama et al., 1986). This suggests that the CGRP-IR fibres of lamina 

IV/V may be functionally different from the CGRP-IR fibres of the superficial 

lamina. The previous experimental chapters have demonstrated that CGRP-IR 

neurons lacking SP-IR (CGRP+SP-) also lacked the capsaicin receptor TRPV1 and 

that lamina IV/V had the highest proportion of CGRP+SP- fibres. Therefore it is not 

unreasonable to predict that these CGRP+SP- neurons project to lamina IV/V. 
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In order to better characterise the lamina IV/V projections of CGRP+SP- neurons, we 

used an anterograde tracing technique to visualize their afferent terminals and 

determine their association with other afferent terminals. This technique was 

originally developed by Tassicker and colleagues (1999) and utilized the small polar 

molecule biotinamide (Neurobiotin) for the rapid labelling of severed axons in vitro 

into the guinea pig small intestine. We adapted this to map central projections of 

afferent fibres in the lumbar spinal cord of mice (Clarke et al., 2011) and had made 

previous attempts with limited success in the cervical spinal cord of mice (Kestell, 

2009). Subsequently, the concentration of 1% NB was increased to 5% and 

compared to L4.  

In the previous chapters, we have demonstrated the existence of CGRP+SP- fibres in 

the forepaw and hindpaw skin of mice. The forepaw and hindpaw skin are innervated 

by afferents of cervical and lumbar spinal segments. Hence, in the current chapter we 

have mapped the central projections of cervical and lumbar primary afferents into 

their respective dorsal horns. 
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 Materials and Methods 6.2
Both the 7th cervical (C7) and 4th lumbar (L4) spinal nerves were prepared for 

anterograde tracing. The L4 spinal nerve was relatively simple to prepare in 

comparison to the C7 nerve. In preparations focusing on the L4 nerve the lumbar 

vertebral column was removed and transferred to a Petri dish containing HEPES 

buffered balanced salt solution (HBBS solution; 146 mM sodium chloride; 4.7 mM 

potassium chloride; 0.6 mM magnesium sulphate; 0.13 mM sodium phosphate; 1.6 

mM sodium bicarbonate; 7.8 mM D-glucose; 20 mM HEPES; 0.1 mM ascorbic acid; 

2.5 mM calcium chloride) constantly bubbled with oxygen. The ventral surface of 

the vertebral column was exposed and the spinal cord with attached lumbosacral 

plexus was isolated and severed from the DRG. The lumbosacral plexus was pinned 

out and the L4 spinal nerve was identified and other nerves of the plexus were 

removed.  

In preparations focusing on the C7 nerve the entire upper half of the animal was 

separated and transferred to a Petri dish containing HBBS solution constantly 

bubbled with oxygen. The ventral surface of the spinal cord was exposed before 

dissecting the brachial plexus to ensure the spinal cord had immediate access to the 

oxygenated HBBS solution. The head was removed and the terminal branches of the 

brachial plexus were severed at the elbow and dissected back to the spinal cord. The 

vertebral column, dura mater, the pedicles and vertebral arch were removed. The 

isolated spinal cord and brachial plexus were pinned out and the C7 spinal nerve was 

identified and other nerves of the plexus were removed.  

Spinal cord and attached nerves of interest were transferred to a Petri dish modified 

with a small inner chamber embedded in the Sylgard flooring. Due to the differences 

between the length of the C7 and L4 dorsal roots, there were slight variations to the 

procedure. In L4 nerve preparations, the ventral root was removed and the dorsal root 

was extended inside the small inner chamber. However, in C7 nerve preparations the 

dorsal root was too short and so the ventral root was cut and the remaining C7 nerve 

was extended in the small inner chamber (Figure 6.1). In L4 nerve preparations, only 

the L4 dorsal root and spinal cord were part of the tracing set up, whereas in C7 

nerve preparations the C7 spinal nerve, DRG, dorsal root and spinal cord were part 

of the tracing set up. 
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The inner chamber was then sealed with a small cover slip and silicon grease 

(Stennick Scientific, SA, Australia) to prevent the exchange of solutions between the 

inner and outer chambers. The nerve/dorsal root ending was washed three times with 

Artificial Intracellular Solution (AIS: 136.7 mM L-glutamate; 7 mM magnesium 

chloride; 5 mM D-glucose; 1 mM EGTA; 20 mM HEPES; 5 mM ATP; 0.02% 

Saponin; 1% DMSO; 1% penicillin; 1% streptomycin; 1% gentamicin) and later 

replaced with a droplet of 5% NB (N-[2-aminoethyl] biotinamide hydrochloride; 

Vector Laboratories, California, USA) diluted in AIS. We (Clarke et al 2011; Kestell 

2009) had previously used a droplet of 1% with limited success and so this five-fold 

increase concentration was anticipated to improve labelling. A fresh transection was 

then made to the nerve ending/dorsal root within the NB droplet. The inner chamber 

was subsequently filled with paraffin oil (Faulding Pharmaceuticals, SA, Australia) 

to maintain the position of the NB droplet and its contact with the nerve/dorsal root 

ending.  

The outer chamber was filled with Dulbecco’s Modified Eagle Medium F12 

(DMEM/F12) basal media (Sigma-Aldrich, Missouri, USA) containing 10% fetal 

calf serum (Gibco, VIC, Australia); 2.8mM filtered calcium chloride; 1% Penicillin 

(Invitrogen, VIC, Australia); 1% Streptomycin (Gibco). The dish was finally placed 

on a slow speed shaker in a humidified carbon dioxide incubator at 37°C for 4 hours. 

Spinal cord was fixed, processed through DMSO, embedded in PEG and sectioned 

using a microtome. Every 5th section of spinal cord was first tested for the extent of 

NB labelling with streptavidin conjugated to Cy3 (SA-Cy3; Jackson 

ImmunoResearch, Missouri, USA). Sections were further analysed based on the 

extent of NB labelling. Adjacent sections of the chosen sections were then triple 

labelled with anti-CGRP raised in a goat (1:1000; code 1780, Arnel, New York, 

USA) and anti-SP raised in a rabbit (1:2000; Incstar [now Immunostar], Wisconsin, 

USA) and NB was visualised with SA-DTAF (Jackson ImmunoResearch). 

Widefield images of spinal cord sections were taken with an Olympus BX50 

epifluorescence microscope with a 20x objective. Confocal Z-stacks of spinal cord 

sections, consisting of 21 optical sections 0.5 µm apart (total depth 10.5 µm), were 

taken with the Leica SP5 confocal microscope with a 63x N.A. 1.4 oil immersion 

objective with 2x digital zoom.  
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Confocal Z-stacks of spinal cord were imported to Avizo for 3D reconstruction and 

analysis. The volume of CGRP-IR boutons that either contained or lacked SP-IR was 

first calculated using the AND (A&B) operator and the NOT (A-B) operator between 

the CGRP and SP data sets. For illustration purposes, NB-labelled primary afferents 

are shown as volume rendered data sets, while subsets of CGRP-IR and SP-IR fibres 

(total immunoreactivity and those anterogradely labelled with NB) were displayed 

with isosurface rendering. The volume of each 3D data set (total anterogradely 

labelled fibres; total and anterogradely labelled subsets of CGRP-IR fibres with and 

without SP-IR fibres) was calculated. Data were then displayed as mean±SEM and 

RM-ANOVA with post hoc BMC correction with 95% confidence limits was used to 

determine the statistical significance. 
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 Results 6.3

NB labelled fibres in C7 dorsal horn 
After application to the distal cut end of the C7 ventral ramus, NB could be detected 

in the majority of cells of the C7 DRG (Figure 6.2). In the dorsal horn, NB 

preferentially labelled large diameter, presumably myelinated fibres (Figure 6.3). 

NB-labelled fibres entered the dorsal horn via large tracts in the medial superficial 

dorsal horn and could be detected in Lissauer’s tract and the dorsal funiculus of the 

spinal cord (Figure 6.3). Individual NB-labelled fibres penetrated as far as the ventral 

horn, whilst other NB-labelled fibres ramified at the level of lamina IV/V and 

projected towards the nucleus proprius (Figure 6.3). Very few NB-labelled fibres 

were observed in lamina I (Figure 6.3). No CGRP somata were observed in the 

dorsal horn. 

Quantitatively, lateral lamina I had fewer NB-labelled voxels compared to medial 

lamina I and lamina IV/V (RM-ANOVA: F(1,4) = 17, p < 0.01; n = 5 animals; Figure 

6.4). However, in medial lamina I, most of the NB-labelled fibres were large 

diameter axons in penetrating fibre tracts (Figure 6.3). Hence lamina IV/V had the 

highest density of varicose NB-labelled fibres.  

NB labelled CGRP-IR neuronal somata in C7 DRG and CGRP-IR fibres in C7 
dorsal horn  
In the C7 DRG NB-labelled neuronal somata and fibres that also contained CGRP-

IR. While some NB-labelled somata were CGRP+SP- very few NB-labelled somata 

were CGRP+SP+ (Figure 6.5). 

In the C7 dorsal horn, very few NB-labelled voxels contained CGRP-IR (Figure 6.6). 

Lateral lamina I (Figure 6.6B3) had the least amount of NB-labelled voxels that 

contained CGRP-IR compared to medial lamina I (Figure 6.6B1) and lamina IV/V 

(RM-ANOVA: F(1,4) = 15, p = 0.02; n = 5 animals; Figure 6.6B2 and Figure 6.7). In 

these laminae there was no difference between the volume of NB-labelled voxels that 

contained either CGRP+SP+ or CGRP+SP- (RM-ANOVA: F(1,4) = 4, p = 0.13; n = 5 

animals; Figure 6.7).  

NB labelled a small proportion of CGRP-IR fibres in C7 dorsal horn 
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As the volume of NB was significantly different in the different dorsal horn regions, 

it was more accurate to analyse the volume of NB-labelled fibres that contained 

CGRP-IR as a proportion of the total NB-labelled fibres. Only a low proportion of 

NB-labelled voxels contained CGRP-IR in the C7 dorsal horn. In medial lamina I, 

only 4±2% of NB-labelled voxels contained CGRP-IR. Although lateral lamina I had 

the largest volume of NB-labelled voxels compared with the other dorsal horn 

regions, lateral lamina I had the highest proportion of NB-labelled voxels containing 

CGRP-IR (30±5%) compared to the other dorsal horn regions  (RM-ANOVA: F(2,8) = 

13, p = 0.03; n = 5 animals; Figure 6.8). Lamina IV/V had the highest density of NB-

labelled fibres, yet only 6±3% of NB voxels here contained CGRP-IR. Overall there 

was no difference between the proportion of NB-labelled voxels that were either 

CGRP+SP+ or CGRP+SP- (RM-ANOVA: F(1,4) 1.6 p=0.28; n = 5 animals; Figure 

6.8).  

A small proportion of CGRP-IR fibres were labelled with NB in C7 dorsal horn 

In the C7 dorsal horn only 2±0% of the CGRP-IR in medial lamina I and 1±0% of 

the CGRP-IR in lateral lamina I were within NB-labelled voxels. Lamina IV/V had 

the highest proportion of CGRP-IR within NB-labelled voxels (7±3%) of the three 

dorsal horn regions (RM-ANOVA: F(1,4) = 9 p = 0.04; n = 5 animals; Figure 6.9). 

NB labelled more fibres in L4 dorsal horn compared 
to C7 dorsal horn 
After application to the L4 dorsal root NB could be detected in the dorsal horn. NB 

labelled both small and large diameter fibres. NB-labelled fibres entered the dorsal 

horn via large tracts in the medial superficial dorsal horn and could be detected in 

Lissauer’s tract, the dorsal funiculus, lamina IV/V and as far as the ventral horn  

(Figure 6.10).  

Quantitatively, lateral lamina I had fewer NB-labelled fibres compared to the other 

dorsal horn regions (RM-ANOVA: F(1,4) = 25, p < 0.01; n = 5 animals; Figure 6.11). 

The L4 dorsal horn had more NB-labelled fibres compared to the C7 dorsal horn, 

particularly in lamina I (RM-ANOVA: F(1,4) = 10, p = 0.03; n = 10 animals; Figure 

6.12). 

NB labelled more CGRP-IR fibres in L4 dorsal horn compared to C7 dorsal horn 
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In the L4 dorsal horn, a higher volume of NB-filled voxels contained CGRP-IR in 

medial lamina I (Figure 6.13B1) compared to lateral lamina I (Figure 6.13B3) and 

lamina IV (Figure 6.13B2; RM-ANOVA: F(1,4) = 14, p = 0.02; n = 5 animals; Figure 

6.14). While the volume of NB-labelled voxels that were CGRP+SP+ showed a 

similar distribution (RM-ANOVA: F(1,4) = 13, p = 0.02; n = 5 animals; Figure 6.14), 

there was no difference in the volume of NB-labelled voxels that were CGRP+SP- in 

the dorsal horn regions (RM-ANOVA: F(1,4) = 1, p = 0.39; n = 5 animals; Figure 

6.14). Overall, a higher volume of NB-labelled voxels were CGRP+SP+ than 

CGRP+SP- in the L4 dorsal horn (RM-ANOVA: F(1,4) = 12, p = 0.03; n = 5 animals; 

Figure 6.14).  

A higher total volume of NB-labelled voxels contained CGRP-IR in medial and 

lateral lamina I of the L4 dorsal horn compared to the C7 dorsal horn (RM-ANOVA: 

F(1,8) = 12, p < 0.01; n = 10 animals; Figure 6.15). This was true for both CGRP+SP+ 

fibres (RM-ANOVA: F(1,8) = 11, p = 0.01; n = 10 animals; Figure 6.15A) and 

CGRP+SP- fibres (RM-ANOVA: F(1,8) = 6, p = 0.04; n = 10 animals; Figure 6.15B). 

There was no difference in the volume of NB-labelled voxels containing CGRP-IR in 

lamina IV/V of the L4 dorsal horn compared to the C7 dorsal horn. 

NB labelled a higher proportion of CGRP-IR fibres in L4 dorsal horn compared to 
C7 dorsal horn 

Medial and lateral lamina I had a higher proportion of NB-labelled voxels that 

contained CGRP-IR (59±7% and 62±7%, respectively) compared to lamina IV/V 

(4±1%; RM-ANOVA: F(1,4) = 53, p < 0.01; n = 5 animals; Figure 6.16). Overall there 

was a higher proportion of NB-labelled fibres that contained CGRP+SP+ than 

CGRP+SP-, particularly in medial lamina I (RM-ANOVA: F(1,4) = 35, p < 0.01; n = 5 

animals; Figure 6.16). 

A higher proportion of NB-labelled voxels contained CGRP-IR in the L4 dorsal horn 

compared to the C7 dorsal horn, particularly in medial and lateral lamina I (RM-

ANOVA: F(1,8) = 17, p < 0.01; n = 10 animals; Figure 6.17). While the proportion of 

NB-labelled voxels that were CGRP+SP+ showed a similar pattern (RM-ANOVA: 

F(1,8) = 48, p < 0.01; n = 10 animals; Figure 6.17), there was no difference in the 

volume of NB-labelled voxels that were CGRP+SP- in the two dorsal horns (RM-

ANOVA: F(1,8) = 3, p = 0.15; n = 10 animals; Figure 6.17).  
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A higher proportion of CGRP-IR fibres was labelled with NB in L4 dorsal horn 
compared to C7 dorsal horn 
In the L4 dorsal horn, almost equal proportions of the CGRP-IR in lateral lamina I 

and lamina IV/V were contained within NB-labelled voxels (13±3% and 13±5%, 

respectively). Medial lamina I had the highest proportion of CGRP-IR contained 

within NB-labelled voxels (26±5%) compared to the other dorsal horn regions (RM-

ANOVA: F(1,4) = 12 p = 0.03; n = 5 animals; Figure 6.18). 

A higher proportion of CGRP-IR was contained within NB-labelled voxels in lamina 

IV/V of the L4 dorsal horn compared to the C7 dorsal horn (RM-ANOVA: F(1,8) = 13 

p < 0.01; n = 10 animals; Figure 6.19). Both the proportion of CGRP+SP+ and 

CGRP+SP- labelled with NB showed a similar pattern (RM-ANOVA: F(1,8) = 12, p = 

0.009; n = 10 animals; Figure 6.19A, and RM-ANOVA: F(1,8) = 12, p = 0.008; n = 10 

animals; Figure 6.19B, respectively). 

NB labelled more VGluT1-IR fibres than CGRP-IR 
fibres in lamina IV/V 
In both C7 and L4 dorsal horns, lamina IV/V contained a high density of VGluT1-IR 

fibres (Figure 6.20). None of this VGluT1-IR colocalised with CGRP-IR, but did 

colocalise with NB-labelled voxels (Figure 6.21 and Figure 6.22). While not in the 

same voxels, the CGRP-IR positive NB-labelled voxels were situated in very close 

proximity to the VGluT-IR positive NB-labelled voxels (Figure 6.20). At both spinal 

levels, a higher proportion of NB-labelled voxels were positive for VGluT1-IR 

compared to CGRP-IR (C7: 21±2% and 6±3%, respectively; Paired t-test: t(3) = 4, p 

= 0.04; n = 3 animals; Figure 6.21; L4: 24±5% and 6±1%, respectively; Paired t-test: 

t(3) = 4, p = 0.04; n = 4 animals; Figure 6.22). There was no difference between the 

proportion of NB-labelled voxels containing VGluT1-IR between C7 and L4 dorsal 

horns (RM-ANOVA: F(1,4) = 2, p = 0.2; n = 6 animals; Figure 6.23).  
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 Discussion 6.4
Previous chapters have demonstrated distinct immunohistochemical populations of 

CGRP+SP- fibres in both skin and muscle tissue, medium size cell bodies in the 

DRG, and fibres in lateral lamina I and deep lamina IV/V of the dorsal horn. These 

neurons were present in the dorsal horn and DRG of all spinal levels, and were 

further distinguished from CGRP+SP+ neurons by lacking detectable levels of 

TRPV1-IR and expressing NF200-IR. The previous chapter demonstrated that a 

small proportion of the CGRP+SP- neurons had peripheral projections to muscle 

tissue. This chapter set out to characterise the central terminations of these neurons in 

the dorsal horn of the spinal cord using an anterograde tracer.  

NB labelled more afferents in L4 dorsal horn 
compared to C7 dorsal horn 
In C7 tracing preparations, there was a marked increased in NB labelling of the 

dorsal horn when using 5% compared to the 1% that was previously used (Clarke et 

al 2011; Kestell 2009). NB labelled both cell bodies in the DRG and fibres in the 

dorsal horn of the spinal cord. NB labelled fibres within Lissauer’s tract and the 

dorsal horn in a distribution that has been previously described for many larger 

neurons (Nyberg & Blomqvist, 1985; Arvidsson & Pfaller, 1990). Although there 

was some smaller fibre labelling of lamina IV/V, this was a vast underrepresentation 

of the smaller fibres as a whole. NB appeared to label only larger neurons in both the 

C7 DRG and the C7 dorsal horn. 

In L4 tracing preparations, NB labelled both large and smaller fibres in a distribution 

consistent with our previous studies (Clarke et al., 2011). NB labelled a substantially 

higher number of fibres in L4 dorsal horn compared to the C7 dorsal horn. This 

difference was most noticeable in lamina I and appeared to be due to labelling finer 

fibres in the L4 dorsal horn but not in the C7 dorsal horn.  

The preferential labelling of larger myelinated fibres in C7 compared to L4 dorsal 

horns may be due to the different lengths of their dorsal roots. Lumbar segments of 

spinal cord had long dorsal roots and allowed the NB droplet to be placed proximal 

to the DRG. However, cervical segments had very short dorsal roots and limited the 

placement of the NB droplet distal to the DRG. Therefore, NB had to first fill fibres 
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of the spinal nerve, cell bodies of the DRG, and fibres of the dorsal and ventral roots, 

before filling fibres of the C7 dorsal horn. In comparison NB only had to fill fibres of 

the dorsal root before filling fibres of L4 dorsal horn. Therefore more NB ended up 

in the dorsal horn of the L4 dorsal horn than compared to the C7 dorsal horn and 

could account for the differences seen here. 

NB was not an effective anterograde tracer in C7 tracing preparations. Conversely, 

NB was an effective anterograde tracer in L4 tracing preparations, and advantageous 

over the traditional HRP-based axonal tracing for a number of reasons. Firstly, the 

current results and previous results from our laboratory (Clarke et al 2011) have 

demonstrated that NB labels most if not all the spinal projections from the 

application site including unmyelinated fibres projecting to the dorsal horn of lumbar 

spinal cord that are not labelled with HRP-based tracers. This was not evident C7 

tracing preparations. Secondly, it is possible to combine this marker with up to four 

other fluorescent labels to neurochemically profile the labelled fibres, such as done in 

this study.  

CGRP+SP- fibres of lamina IV/V are primary 
afferent and most likely larger myelinated afferents 
While few in number, NB labelled CGRP-IR fibres in the C7 dorsal horn. Few NB 

labelled CGRP-IR fibres were detected in medial and lateral lamina I, and most 

abundant in the lamina IV/V. While many of the CGRP-IR fibres were labelled with 

NB in lamina IV/V, there were many fibres labelled with NB that were unlabelled by 

CGRP-IR. CGRP+SP+ fibres and CGRP+SP- fibres were labelled with NB equally 

throughout the C7 dorsal horn. Assuming that CGRP-IR is of primary afferent origin, 

the proportion of CGRP-IR fibres labelled with NB fibres could be used as a guide to 

determine how effective NB was at tracing the peptidergic afferents. The proportion 

of CGRP-IR fibres labelled with NB in the C7 dorsal horn suggests that a vast 

underrepresentation of the fibres had been labelled. The lack of fine CGRP-IR fibres 

labelled in lamina I of the C7 dorsal horn further supports the notion that NB was not 

able to label fine fibres in the C7 dorsal horn and instead preferentially labelled 

larger fibres. 

There was a considerably higher number and proportion of CGRP-IR fibres labelled 

with NB in L4 dorsal horn than the C7 dorsal horn. NB-labelled CGRP-IR fibres 
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mostly in lamina I and the majority of these were CGRP+SP+ fibres. This data 

suggests that NB labelling in the L4 dorsal horn was effective at labelling the fine 

CGRP-IR fibres that had not been labelled with NB in the C7 dorsal horn. In 

contrast, there was no difference in the proportion of NB-labelled CGRP+SP- fibres 

between the two levels in both lamina I and IV/V. This lack of difference suggests 

that CGRP+SP- fibres were larger fibres than CGRP+SP+ fibres. The larger fibre size 

of CGRP+SP- fibres suggests they are myelinated afferents. This matches our 

previous conclusions based on the soma size of CGRP+SP- neurons, their NF200 

expression and work by McCarthy and Lawson (1990). 

While it is true that we did not see a complete overlap of NB labelled fibres 

containing CGRP-IR or CGRP-IR fibres labelled with NB, it was not expected for a 

number of reasons. Firstly, CGRP-IR afferents only represent a small population of 

primary afferent fibres. Secondly, NB labelled the entire primary afferent fibre, 

whereas CGRP is mainly present in the varicosities of the fibres. Lastly, it has been 

demonstrated that CGRP-IR fibres originate from dorsal roots several segments 

rostral or caudal from the investigated spinal segment (Traub et al., 1989; McNeill et 

al., 1991) and we only traced one root.  

While it is evident in the literature that a large proportion of the CGRP-IR fibres in 

the spinal cord are primary afferent in origin, there are a small population that is not 

(Traub et al., 1989). It has been suggested that the remaining CGRP-IR originates 

from dorsal roots several segments rostral or caudal from the investigated spinal 

segment (Traub et al., 1989; McNeill et al., 1991) or from intrinsic interneurons of 

the dorsal horn (Conrath et al., 1989). However, no CGRP was observed in any 

somata of the dorsal horn in this study and hence unlikely to be of interneuron origin. 

Most of these studies also focus on the superficial lamina. In this current study we 

have demonstrated that CGRP-IR terminals in lamina IV/V are labelled with NB, and 

are hence of primary afferent origin. 

CGRP+SP- fibres of lamina IV/V are most likely 
lightly myelinated mechanoceptors projecting to 
wide-dynamic range neurons 
Most large diameter mechanoceptors express the vesicular glutamate transporter, 

VGluT1. However CGRP-IR neurons, including CGRP+SP- neurons, do not 
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(Oliveira et al., 2003; Morris et al., 2005; Brumovsky et al., 2011), an observation 

confirmed with the current results. This suggests that most CGRP+SP- neurons are 

not a subset of conventional glutamatergic low-threshold, myelinated 

mechanoceptors, such as those innervating the skin or muscle spindles. On the other 

hand, most large myelinated mechanoceptors express high level of the cytoskeletal 

protein; NF200 (Lawson & Waddell, 1991) and we have confirmed in previous 

chapters that CGRP+SP- neurons also are NF200-positive. Hence it is likely that 

CGRP+SP- neurons are neurochemically unique population of mechanoceptors that 

most likely corresponding to Aβ or Aδ neurons (McCarthy & Lawson, 1990; 

Ruscheweyh et al., 2007). 

Unlike CGRP-IR, VGluT1-IR in the spinal cord is not entirely of primary afferent 

origin (Persson et al., 2006). Hence NB was required to label the primary afferent 

terminals of VGluT1. In lamina IV/V, CGRP+SP- fibres were in close proximity to 

VGluT1-IR fibres that were well labelled with NB. Lamina IV/V contains both low 

threshold and wide dynamic range mechanoceptive neurons and receive mostly non-

nociceptive input, and respond to light mechanical touch (Cervero et al., 1988). 

Nevertheless, wide dynamic range neurons responding to noxious stimuli are also 

present in lamina IV (Mendell & Wall, 1965; Hillman & Wall, 1969; Light & 

Durkovic, 1984). Lamina V neurons receive inputs from Aβ- and Aδ-fibres and 

polysynaptic inputs from C-fibres terminating in the superficial dorsal horn (Willis & 

Coggeshall, 1991). This pattern of termination of the CGRP+SP- fibres is consistent 

with their postulated function as lightly myelinated mechanoceptors. As CGRP+SP- 

fibres were neurochemically distinct from classical low-threshold glutamatergic 

mechanoceptors it is likely that these fibres project to the wide dynamic range 

neurons of lamina IV/V. 
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Figure 6.1: C7 anterograde tracing set up 

The brachial plexus was transected at the C5-6 and C8-T1 roots (A; dotted lines). 

The brachial plexus with attached spinal cord was transferred to a smaller dish 

containing HEPES buffered balanced salt solution and an embedded internal 

chamber (B). The remaining plexus was pulled into the inner chamber (i), the 

chamber was then sealed and the HEPES buffered balanced salt solution was 

removed from within the chamber (ii). In artificial intracellular solution (AIS) the 

brachial plexus was dissected back to the shortest possible branch of C7 and washed 

in AIS (iii). The AIS droplet was then replaced with a droplet of Neurobiotin held in 

place with paraffin oil. The external HEPES buffered balanced salt solution replaced 

with Dulbecco’s Modified Eagle Medium F12 (DMEM/F12) basal media (iv). 
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Figure 6.2: NB labelled neuronal somata in the C7 DRG 

Widefield fluorescence microscopy of the mouse C7 dorsal root ganglia (DRG) 

showing Neurobiotin (NB) labelled fibres and somata. NB-immunoreactivity could 

be detected in the majority of the somata. Scale bar = 100 µm  

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents  

 259 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents 

 260 

 

 

 

 

 

 

 

 

 

Figure 6.3: NB labelled fibres in the C7 dorsal horn 

Montage of wide-field fluorescence micrographs of the mouse C7 spinal cord 

showing Neurobiotin (NB) labelled fibres. NB-labelled fibres can be seen in the 

dorsal root (DR) and heading toward the dorsal funiculus (DF). Around the DF NB-

labelled fibres can be seen penetrating the dorsal horn (DH), with some penetrating 

as far as the ventral horn (VH). Very few fibres were seen terminating in the 

superficial lamina. In this particular preparation the ventral roots (VR) were not cut 

and NB-labelled fibres can be seen entering the VH but not filling any neuronal cell 

bodies. Scale bar = 100 µm 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents  

 261 

 

VR 

DR 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents 

 262 

 

 

 

 

 

 

 

 

 

Figure 6.4: Volume of NB labelled fibres in the C7 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (voxels) of 

Neurobiotin (NB) labelled fibres in medial and lateral lamina I, and lamina IV/V of 

the mouse C7 dorsal horn. Lateral lamina I had fewer NB-labelled fibres compared 

to medial lamina I and lamina IV/V (RM-ANOVA: F(1,4) = 17, p < 0.01; n = 5 

animals). 

 

 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents  

 263 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents 

 264 

 

 

 

 

 

 

 

 

Figure 6.5: NB labelled neuronal somata in C7 DRG 

Widefield fluorescence microscopy of mouse C7 dorsal root ganglia (DRG) triple 

labelled for calcitonin gene-related peptide (CGRP; A), substance P (SP; B) and 

Neurobiotin (NB; C). The overlay (D) shows NB mainly labelled larger DRG 

neurons with some filled neurons containing CGRP-immunoreactivity (IR) without 

SP-IR (CGRP+SP-; black arrowhead). However, not all CGRP+SP- neurons were 

labelled (black arrows) and very few CGRP-IR neurons containing SP-IR were 

labelled with NB (white arrows). Scale bar = 60 µm in D (applies to A-D) 
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Figure 6.6: NB labelled fibres in the C7 dorsal horn in association with CGRP-
IR terminals 

A: Wide field fluorescence microscopy of mouse C7 dorsal horn triple labelled for 

Neurobiotin (NB; blue), calcitonin gene-related peptide (CGRP; red) and substance P 

(SP) showing fibres labelled with NB throughout the dorsal horn. Boxed outlines (1-

3) represent the dorsal horn regions (1: medial lamina I; 2: lamina IV/V; 3: lateral 

lamina I) of high CGRP-immunoreactivity (IR) further investigated with confocal 

microscopy. B1- C3: 3D reconstruction of confocal Z-stacks (21 steps of 0.5 µm; 

total volume 10.5 µm) of the three dorsal horn regions using Avizo. B1- B3: 3D 

reconstruction of NB labelled fibres (blue) in association with CGRP-IR terminals 

with SP-IR (CGRP+SP+, yellow) and without SP-IR (CGRP+SP-, red). C1- C3: 3D 

reconstruction of NB labelled fibres showing only the CGRP+SP+ (white, black 

arrows) and CGRP+SP- (magenta, white arrows) terminals that were within the NB 

labelled fibres. Lamina IV/V (2) had a substantially greater number of fibres labelled 

with NB containing CGRP-IR than medial (1) and lateral (3) lamina I. Scale bar = 60 

µm in A; 20 µm in C3 (applies to B-C) 
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Figure 6.7: Volume of NB labelled fibres that contained CGRP-IR in the C7 
dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (voxels) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide 

(CGRP) with substance P (SP; CGRP+SP+; yellow) and fibres that contained CGRP 

without SP (CGRP+SP-; red) in medial and lateral lamina I, and lamina IV/V of the 

mouse C7 dorsal horn. Lateral lamina I had the least amount of NB-labelled voxels 

that contained CGRP-IR compared to medial lamina I and lamina IV/V (RM-

ANOVA: F(1,4) = 15, p = 0.02; n = 5 animals). There was no significant difference 

between the volume of NB-labelled fibres that contained either CGRP+SP+ or 

CGRP+SP- (RM-ANOVA: F(1,4) = 4, p = 0.1; n = 5 animals). 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents  

 269 

 

 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents 

 270 

 

 

 

 

 

 

 

Figure 6.8: Proportion of NB labelled fibres that contained CGRP-IR in the C7 
dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide 

(CGRP) with substance P (SP; CGRP+SP+; yellow) and fibres that contained CGRP 

without SP (CGRP+SP-; red) in medial and lateral lamina I, and lamina IV/V of the 

mouse C7 dorsal horn. Lateral lamina I had the highest level of NB-labelled fibres 

containing CGRP-IR than the other lamina areas (RM-ANOVA: F(2,8) = 13, p = 0.03; 

n = 5 animals). Overall there was no significant difference between the proportion of 

NB-labelled fibres that contained either CGRP+SP+ or CGRP+SP- (RM-ANOVA: 

F(1,4) 1.6 p = 0.3; n = 5 animals). 
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Figure 6.9: Proportion of CGRP-IR within NB labelled fibres in the C7 dorsal 
horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of fibres 

that contained calcitonin gene related peptide (CGRP) with substance P (SP; 

CGRP+SP+; yellow) and fibres that contained CGRP without SP (CGRP+SP-; red) 

that were labelled with Neurobiotin (NB) in medial and lateral lamina I, and lamina 

IV/V of the mouse C7 dorsal horn. Lamina IV/V had the highest proportion of 

CGRP-IR that was within NB-labelled fibres compared to medial and lateral lamina I 

(RM-ANOVA: F(1,4) = 9 p = 0.04; n = 5 animals). 
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Figure 6.10: NB labelled fibres in the L4 dorsal horn 

Montage of wide-field fluorescence micrographs of the mouse L4 spinal cord 

showing Neurobiotin (NB) labelled fibres. NB-labelled fibres can be seen in the 

dorsal root (DR) and heading toward the dorsal funiculus (DF). Around the DF NB-

labelled fibres can be seen penetrating the dorsal horn (DH), with some penetrating 

as far as the ventral horn (VH). Fibres were seen terminating in the superficial lamina 

in the medial, mid and lateral parts of the superficial lamina. Scale bar = 60 µm 

 

 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents  

 275 

 

 

 

 



Chapter 6: Anterograde tracing of CGRP+SP- spinal afferents 

 276 

 

 

 

 

Figure 6.11: Volume of NB labelled fibres in the L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (voxels) of 

Neurobiotin (NB) labelled fibres in medial and lateral lamina I, and lamina IV/V of 

the mouse L4 dorsal horn. Lateral lamina I had significantly fewer NB-labelled fibres 

compared to medial lamina I and lamina IV/V (RM-ANOVA: F(1,4) = 25, p < 0.01; n 

= 5 animals). 

 

 

 

 

 

Figure 6.12: Volume of NB labelled fibres in the C7 dorsal horn compared to 
the L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (voxels) of 

Neurobiotin (NB) labelled fibres in medial and lateral lamina I, and lamina IV/V of 

the mouse C7 dorsal horn (black) compared to the L4 dorsal horn (white). The L4 

dorsal horn had significantly more NB-labelled fibres compared to the C7 dorsal 

horn (RM-ANOVA: F(1,4) = 10, p = 0.03; n = 10 animals).  
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Figure 6.13: NB labelled fibres in the L4 dorsal horn in association with CGRP-
IR terminals 

A: Wide field fluorescence microscopy of mouse L4 dorsal horn triple labelled for 

Neurobiotin (NB; blue), calcitonin gene-related peptide (CGRP; red) and substance P 

(SP; green) showing fibres labelled with NB throughout the dorsal horn. Boxed 

outlines (1-3) represent the dorsal horn regions (medial and lateral lamina I, and 

lamina IV/V) of high CGRP-immunoreactivity (IR) further investigated with 

confocal microscopy. B1- C3: 3D reconstruction of confocal Z-stacks (21 steps of 

0.5µm) of the three dorsal horn regions using Avizo. B1- B3: The 3D reconstruction 

of fibres labelled with NB (blue) in association with CGRP-IR terminals with 

(CGRP+SP+, yellow) and without SP-IR (CGRP+SP-, red). C1- C3: The 3D 

reconstructions of fibres labelled with NB showing only the CGRP+SP+ (white, black 

arrows) and CGRP+SP- (magenta, white arrows) terminals that also contained NB 

labelling. Scale bar = 60 µm in A; 20 µm in C3 (applies to B-C) 
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Figure 6.14: Volume of NB labelled fibres that contained CGRP-IR in the L4 
dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (in pixels3 or 

voxels) of Neurobiotin (NB) labelled fibres that contained calcitonin gene related 

peptide (CGRP) with substance P (SP; CGRP+SP+; yellow) and fibres that contained 

CGRP without SP (CGRP+SP-; red) in medial and lateral lamina I, and lamina IV/V 

of the mouse L4 dorsal horn. There was a higher volume of NB-labelled fibres that 

contained CGRP+SP+ in medial lamina I compared to lateral lamina I and lamina IV 

(RM-ANOVA: F(1,4) = 13, p = 0.02; n = 5 animals). There was no significant 

difference in the volume of NB-labelled fibres containing CGRP+SP- in any of the 

lamina (RM-ANOVA: F(1,4) = 1, p = 0.4; n = 5 animals). Overall, there was a higher 

volume of NB-labelled fibres containing CGRP+SP+ than CGRP+SP- voxels in the L4 

dorsal horn (RM-ANOVA: F(1,4) = 12, p = 0.03; n = 5 animals). 
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Figure 6.15: Volume of NB labelled fibres that contained CGRP-IR in the C7 
dorsal horn compared to the L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the volume (in pixels3 or 

voxels) of Neurobiotin (NB) labelled fibres that contained calcitonin gene related 

peptide (CGRP) with substance P (SP; CGRP+SP+; A) and fibres that contained 

CGRP without SP (CGRP+SP-; B) in medial and lateral lamina I, and lamina IV/V of 

the mouse C7 dorsal horn (black) compared to the L4 dorsal horn (white). Overall, 

there were more NB-labelled fibres that contained CGRP-IR in medial and lateral 

lamina I of the L4 dorsal horn compared to the C7 dorsal horn (RM-ANOVA: F(1,8) = 

12, p < 0.01; n = 10 animals). This was true for both CGRP+SP+ fibres (A: RM-

ANOVA: F(1,8) = 11, p = 0.01; n = 10 animals) and CGRP+SP- fibres (B: RM-

ANOVA: F(1,8) = 6, p = 0.04; n = 10 animals). 
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Figure 6.16: Proportion of NB labelled fibres that contained CGRP-IR in the L4 
dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide 

(CGRP) with substance P (SP; CGRP+SP+; yellow) and fibres that contained CGRP 

without SP (CGRP+SP-; red) in medial and lateral lamina I, and lamina IV/V of the 

mouse L4 dorsal horn. There was a significantly higher proportion of NB-labelled 

fibres that contained CGRP+SP+ than CGRP+SP- (RM-ANOVA: F(1,4) = 35 p < 0.01; 

n = 5 animals). 
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Figure 6.17: Proportion of NB labelled fibres that contained CGRP-IR in the C7 
dorsal horn compared to the L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide 

(CGRP) with substance P (SP; CGRP+SP+; A) and fibres that contained CGRP 

without SP (CGRP+SP-; B) in medial and lateral lamina I, and lamina IV/V of the 

mouse C7 dorsal horn (black) compared to the L4 dorsal horn (white). There was a 

higher proportion of NB-labelled voxels that contained CGRP-IR in the L4 dorsal 

horn compared to the C7 dorsal horn, particularly in medial and lateral lamina I 

(RM-ANOVA: F(1,8) = 17, p < 0.01; n = 10 animals) While the proportion of NB-

labelled voxels that were CGRP+SP+ showed a similar pattern (A: RM-ANOVA: 

F(1,8) = 48, p < 0.0001; n = 10 animals), there was no difference in the volume of NB-

labelled voxels that were CGRP+SP- in the two dorsal horns (B: RM-ANOVA: F(1,8) 

= 3, p = 0.15; n = 10 animals).  
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Figure 6.18: Proportion of CGRP-IR within NB labelled fibres in the L4 dorsal 
horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of fibres 

that contained calcitonin gene related peptide (CGRP) with substance P (SP; 

CGRP+SP+; yellow) and fibres that contained CGRP without SP (CGRP+SP-; red) 

that were labelled with Neurobiotin (NB) in medial and lateral lamina I, and lamina 

IV/V of the mouse L4 dorsal horn. Medial lamina I had the highest proportion of 

CGRP-IR contained within NB-labelled fibres compared to lateral lamina I and 

lamina IV/V (RM-ANOVA: F(1,4) = 12 p = 0.03; n = 5 animals). 
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Figure 6.19: Proportion of CGRP-IR within NB labelled fibres in the C7 dorsal 
horn compared to the L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of fibres 

that contained calcitonin gene related peptide (CGRP) with substance P (SP; 

CGRP+SP+; A) and fibres that contained CGRP without SP (CGRP+SP-; B) that were 

labelled with Neurobiotin (NB) in medial and lateral lamina I, and lamina IV/V of 

the mouse C7 dorsal horn (black) compared L4 dorsal horn (white). A significantly 

higher proportion of CGRP-IR (both CGRP+SP+ and CGRP+SP-) in the L4 dorsal 

horn was contained within NB-labelled fibres compared to the proportion of CGRP-

IR within NB-labelled fibres in the C7 dorsal horn (RM-ANOVA: F(1,8) = 13 p < 

0.01; n = 10 animals)  
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Figure 6.20: NB labelled fibres in the L4 dorsal horn in association with CGRP-
IR and VGluT1-IR terminals 

A: Wide field fluorescence microscopy of mouse L4 dorsal horn triple labelled for 

Neurobiotin (NB; blue), calcitonin gene-related peptide (CGRP; red) and vesicular 

glutamate transporter 1 (VGluT1; green) showing fibres labelled with NB throughout 

the dorsal horn. The boxed outline represents lamina IV/V that was further 

investigated with confocal microscopy. B- C: 3D reconstruction of confocal Z-stacks 

(21 steps of 0.5µm) of lamina IV/V using Avizo. B: The 3D reconstruction of fibres 

labelled with NB (blue) in association with CGRP-IR terminals and without 

VGluT1-IR terminals. C: The 3D reconstructions of fibres labelled with NB showing 

only the CGRP-IR (magenta) and VGluT1-IR (cyan) terminals that also contained 

NB labelling. The C7 dorsal horn was not visibly different from the L4 dorsal horn. 
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Figure 6.21: Proportion of NB-labelled fibres containing VGluT-IR compared 
to CGRP-IR in C7 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide-

immunoreactivity (CGRP-IR; red) or lacked vesicular glutamate transporter 1-IR 

(VGluT1-IR; green) in lamina IV/V of the C7 dorsal horn. Significantly more NB-

labelled fibres contained VGluT1-IR than CGRP-IR (Paired t-test: t(3)=4, p = 0.04; n 

= 3 animals). 

 

 

 

Figure 6.22: Proportion of NB-labelled fibres containing VGluT-IR compared 
to CGRP-IR in L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide-

immunoreactivity (CGRP-IR; red) or lacked vesicular glutamate transporter 1-IR 

(VGluT1-IR; green) in lamina IV/V of the C7 dorsal horn. Significantly more NB-

labelled fibres contained VGluT1-IR than CGRP-IR (Paired t-test: t(3)=4, p=0.04; n = 

4 animals). 
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Figure 6.23: Proportion of NB-labelled fibres containing VGluT-IR or CGRP-
IR in C7 dorsal horn compared to L4 dorsal horn 

Histogram (data displayed as mean ± SEM) depicting the proportion (%) of 

Neurobiotin (NB) labelled fibres that contained calcitonin gene related peptide-

immunoreactivity (CGRP-IR) or vesicular glutamate transporter 1-IR (VGluT1-IR) 

in lamina IV/V of the C7 dorsal horn (black) compared to the L4 dorsal horn (white). 

There was no significant difference between the amount of NB-labelled fibres 

containing VGluT1-IR in C7 or L4 dorsal horns (RM-ANOVA: F(1,4) = 2, p = 0.2; n 

= 6 animals). 
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 Background 7.1
Within the spinal cord, CGRP enhances the nociceptive behavioural responses 

induced by SP, by potentiating the release of SP (Oku et al., 1987), inhibiting its 

degradation (Le Greves et al., 1985) and enhancing the excitability of neurons 

receiving noxious inputs (Biella et al., 1991; Seybold et al., 2003; Sun et al., 2004; 

Bird et al., 2006). CGRP alone has minimal effects on nociceptive inputs to the 

spinal cord (Miletic & Tan, 1988). Yet, in previous chapters, we have demonstrated 

that CGRP neurons exist that lack any detectable SP (CGRP+SP- neurons) in DRG, 

the spinal dorsal horn, and skin and muscle. These neurons were neurochemically 

distinct from CGRP+SP+ neurons. With large cell bodies, NF200 expression and 

central terminals in lamina IV/V we have suggested that CGRP+SP- neurons were 

myelinated Aβ-fibres, but were not classical VGluT1 expressing mechanoceptors. 

Their lack of TRPV1 expression also suggests they are not capsaicin sensitive. 

Hence, it is likely that the function of CGRP+SP- neurons is distinct from CGRP+SP+ 

neurons. However, this function is unknown. 

One method to determine neuronal function is to use markers for neuronal activation, 

which can then be detected immunohistochemically in the spinal cord. The most 

common markers for neuronal activation are components of the mitogen activated 

kinase (MAPK) pathway (Figure 7.1). These include phosphorylation of the 

extracellular signal-regulated kinases 1/2 (ERK1/2, also known as MAPK1/2), the 

phosphorylation of cAMP-response element binding protein (CREB), and the 

production of the c-Fos protein. Briefly, the MAPK pathway begins with an 

extracellular ligand binding to a receptor that activates Ras and causes a kinase 

cascade. Ras activates RAF kinase (or MAP3K: MAPK kinase kinase). RAF kinase 

then phosphorylates MEK (or MAP2K: MAPK kinase) which in turn phosphorylates 

the last of the kinases: ERK (or MAPK). Upon activation, phosphorylated ERK 

(pERK) activates several transcriptional factors including CREB (Ji & Rupp, 1997). 

CREB is phosphorylated and translocated into the nucleus where it regulates the 

transcription of several genes including c-fos (Sheng & Greenberg, 1990). The 

transcription of the c-fos gene produces the c-Fos protein. pERK, phosphorylated 

CREB (pCREB) and the protein c-Fos can all be detected immunohistochemically to 

detect activated neurons.  
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c-Fos is the most widely used neuronal activation marker in the study of the neurons 

involved in nociception (Bullit et al 1992; Coggeshall 2005; Harris 1998). c-Fos is 

the protein product of the proto-oncogene c-fos, and forms a complex with Jun to 

induce gene transcription (Gao & Ji, 2009). Hunt and colleagues (1987) were first to 

report a marked induction of c-Fos in the superficial dorsal horn after peripheral 

noxious stimulation of rat hindpaw. c-Fos expression is specific, robust and its 

detection with immunohistochemistry is relatively simple (Gao & Ji, 2009). 

However, as the protein c-Fos is a product of gene expression, peak induction time 

(1-2 hours) and the return to baseline (8-24 hours) is slow. Consequently using c-Fos 

as a marker for neuronal activation is restricted to in vivo use (Hunt et al., 1987; 

Presley et al., 1990; Williams et al., 1990).  

Ji and colleagues (1999) first detected an increase in pERK expression in the 

superficial laminae of the spinal cord after noxious stimulation of the hindpaw. Like 

c-Fos expression, pERK expression is also very robust and requires high-threshold 

noxious stimuli (Gao & Ji, 2009). pERK expression is suppressed by analgesic 

compounds (Karim et al., 2001; Kawasaki et al., 2006), demonstrating that, like c-

Fos, pERK can also been used as a marker for the activation of dorsal horn neurons 

following nociceptive activity. Unlike c-Fos, pERK is an early stage intracellular 

messenger, and hence the peak induction time (2-10 minutes) and return to base 

levels (1-2 hours) is much more rapid (Ji et al., 1999). Consequently, pERK can be 

used as a marker for neuronal activation ex vivo/in vitro in spinal cord slices 

(Kawasaki et al., 2004). Importantly, the role of pERK in pain regulation has been 

demonstrated in central sensitisation (Ji et al., 1999; Karim et al., 2001). 

pCREB expression is tightly linked to pERK expression, and hence using pCREB as 

a marker for neuronal activation shares many of the advantages of using pERK. Like 

pERK, Ji and Rupp (1997) first detected an increase in pCREB expression in the 

dorsal horn of the spinal cord after noxious stimulation of the hindpaw. The peak 

induction time (2-10 minutes) and return to baseline (1-2 hours) of pCREB 

expression was the same time frame as pERK expression (Ji & Rupp, 1997; 

Kawasaki et al., 2004; Song et al., 2005). Consequently, pCREB can also be used as 

a marker for neuronal activation ex vivo/in vitro in spinal cord slices (Kawasaki et 

al., 2004). However, pERK is not necessary for pCREB induction, and other protein 
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kinases play a role in CREB phosphorylation (Lonze & Ginty, 2002). Therefore, 

while pERK may be nociceptive-specific, pCREB is not. 

pERK and pCREB have clear advantages over c-Fos as markers for neuronal 

activation. Namely, their timescale of induction onset and return to base make them 

both suitable for ex vivo/in vitro work. pERK is nociceptive-specific and hence will 

label only the activated nociceptive dorsal horn neurons after stimulation, whereas 

pCREB is not and should hence label more activated dorsal horn neurons. Using 

these two markers we should be able to detect activated dorsal horn neurons in vitro 

and determine the relationship of the central terminals of CGRP+SP- neurons to 

noxiously activated dorsal horn neurons and hence their possible involvement in 

nociception.  

To investigate the relationship of CGRP+SP- neurons to noxiously activated dorsal 

horn neurons we adapted techniques from Kawasaki and colleagues (2004) and 

coupled them with multiple labeling immunohistochemistry and high-resolution 

confocal microscopy. We used two different stimulation parameters. Stimulation 

with capsaicin to activate dorsal horn neurons receiving input from classical 

peptidergic nociceptors expressing TRPV1 receptors, and electrical stimulation to 

activate dorsal horn neurons receiving input from any primary afferent from the 

stimulated dorsal root. We then used multiple labeling immunohistochemistry and 

high-resolution confocal microscopy to determine whether CGRP-IR terminals were 

close enough to be in potential contact with the activated pERK/pCREB dorsal horn 

neurons. 
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 Materials and Methods 7.2
Lumbar spinal cord samples were isolated in low calcium high magnesium HEPES 

buffered balanced salt solution (LCHM-HBBS solution; 146 mM sodium chloride; 

4.7 mM potassium chloride; 10 mM magnesium sulphate; 0.13 mM sodium 

phosphate; 1.6 mM sodium bicarbonate; 7.8 mM D-glucose; 20 mM HEPES; 0.1 

mM ascorbic acid; 0.5 mM calcium chloride) on ice. The spinal cord was cut into 

smaller transverse segments (around 2-3 cm long) and placed onto a small 

polystyrene block saturated with LCHM-HBBS solution. The spinal nerves were 

arranged perpendicular to the spinal cord and the excess LCHM-HBBS solution was 

removed. The polystyrene block was then fixed with cyanoacrylate glue to a metal 

chuck with cork backing. To hold the position of the spinal cord, the caudal surface 

of the spinal cord was also fixed to the chuck. The spinal cord was then sliced at 500 

µm on a vibrating microtome at 4°C.  

Slices were then placed into HEPES buffered balanced salt solution (HBBS solution; 

146 mM sodium chloride; 4.7 mM potassium chloride; 0.6 mM magnesium sulphate; 

0.13 mM sodium phosphate; 1.6 mM sodium bicarbonate; 7.8 mM D-glucose; 20 

mM HEPES; 0.1 mM ascorbic acid; 2.5 mM calcium chloride) and incubated for 3 

hours at 37°C to allow for the dephosphorylation of any ERK/CREB phosphorylated 

as a result of neuronal activation during spinal cord dissection and slice preparation 

(Kawasaki et al., 2004). Slices that contained an intact dorsal root were used for 

electrical stimulation and those that did not were used for pharmacological 

stimulation. 

Capsaicin stimulation: Stock solutions of 10-2 M capsaicin were created by 

dissolving 30 mg of capsaicin powder in a 10 mL of 10% Tween80 / 90% ethanol 

solution. Stock solutions were diluted in HBBS solution to the working concentration 

of 10-6 M capsaicin. To ensure Tween80 and ethanol had no effect on the activity of 

the dorsal horn neurons two controls were used. The vehicle control used the stock 

solution of 10% Tween80 and ethanol mixture (without any capsaicin) diluted in 

HBBS solution, and the saline control contained only HBBS solution. 

Slices lacking dorsal roots were transferred into three 2 mL vials containing HBBS 

solution for 3 hours at 37°C. After 3 hours, the HBBS solution of each vial was 
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replaced with one of either the 10-6 M capsaicin solution, the vehicle control or saline 

control solutions. Slices were left in these solutions for 10 minutes at 37°C. Slices 

were then fixed, processed through DMSO, PEG embedded and sectioned on a 

microtome. 

Electrical Stimulation: Slices with roots were transferred into a Petri dish with a 

constant flow of oxygenated HBBS solution at 37°C. Dorsal roots of slices were 

pulled into a suction electrode that was connected to Grass S44 stimulator (Grass 

Medical Instruments, Quincy, MA, USA) controlled by a Master-8 programmable 

pulse generator (AMPI, Jerusalem, Israel). 

After 3 hours, the seal of the suction electrode on the dorsal root was checked before 

stimulation. The seal was deemed acceptable if the dorsal root was still within the 

suction electrode prior to stimulation. The stimulation parameters were adapted from 

Kawasaki et al (2004): attached dorsal roots were stimulated with three trains of 50 

pulses (each pulse was 90 V for 0.5 ms) at 50Hz for one second with 10-second 

inter-train interval. After 2 minutes, slices were then fixed, processed through 

DMSO, PEG embedded and sectioned on a microtome. While the method used was 

similar to the work of Kawasaki et al (2004), which measured the current drawn 

(1000 µA), our validations simply involved increasing the potential difference (V) of 

the suction electrode until activation occurred at 90 V. These preliminary 

experiments were merely intended to demonstrate that electrical stimulation was a 

viable means of stimulating both A-fibre and C-fibre afferents. 

For counts of activated dorsal horn cells, sections were then double labelled with 

DAPI (1:1000; Cell Signalling, Massachusetts, USA) to visualise all dorsal horn cells 

and one of either anti-pERK1/2 raised in rabbit (1:500; Cell Signalling, 

Massachusetts, USA) or anti-pCREB raised in rabbit (1:500; Cell Signalling) to 

visualise the activated subset of neurons. Manual cell counts were performed on 

widefield images of spinal cord sections that were taken with an Olympus BX50 

epifluorescence microscope with a 20x objective. Counts were displayed as either a 

total number of pERK/pCREB positive neurons, or as proportion of all dorsal horn 

neurons that were pERK/pCREB positive. 

To determine the association of CGRP+SP- terminals with the pERK/pCREB positive 

cells, adjacent sections were triple labelled with anti-CGRP raised in a goat (1:1000; 



Chapter 7: Relationship of CGRP+SP- terminals with nociceptive dorsal horn neurons 

 307 

code 1780, Arnel, New York, USA), anti-SP raised in a rat (1:600; clone NC1/34HL, 

Sera-Lab, West Sussex, UK) and one of either rabbit anti-pERK1/2 or rabbit anti-

pCREB. Confocal Z-stacks of spinal cord sections, consisting of 21 optical sections 

0.5 µm apart (total depth 10.5 µm), were taken with a Leica confocal microscope 

with a 63x N.A. 1.4 oil immersion objective with 3x digital zoom. Confocal Z-stacks 

of spinal cord were imported to Avizo for 3D reconstruction and analysis. Each 

detection channel was first 3D-median filtered (kernel size 3) to reduce single pixel 

noise and 3D thresholds were optimised to select specific labelling of axonal boutons 

above background labelling and intervaricose axons. Identical thresholds were used 

for each of the analysed regions within a spinal cord section and the respective 

thresholds for each channel were set to be consistent between sections and between 

experiments. The volume of CGRP-IR boutons that either contained or lacked SP-IR 

was first calculated using the AND (A&B) operator and the NOT (A-B) operator 

between the CGRP and SP data sets. The CGRP and SP contacts onto pERK/pCREB 

cells were defined as CGRP/SP data sets that were colocalised with the 

pERK/pCREB cells using the A&B operator. For illustration purposes, 

pERK/pCREB positive cells were shown as volume rendered data sets, while subsets 

of CGRP-IR and SP-IR boutons (total immunoreactivity and those contacting 

pERK/pCREB positive cells) were displayed with isosurface rendering. For 

quantification purposes only CGRP/SP data sets that were colocalised with 

pERK/pCREB positive cells were displayed and the pERK/pCREB cells were 

manually scored for the presence of CGRP+SP+, CGRP+SP- and CGRP-SP+ contacts. 

Data were then displayed as mean±SEM and RM-ANOVA and M-ANOVA with 

post hoc BMC correction with 95% confidence limits were used to determine the 

statistical significance. 
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 Results 7.3

pERK and pCREB levels were increased after 
stimulation of afferents with capsaicin 
Very few cells expressed pERK-IR in the dorsal horn of the spinal cord in vehicle 

and saline controls (Figure 7.2B and C). In dorsal horns stimulated with capsaicin, 

pERK-IR cells were observed in the superficial lamina (lamina I/II; Figure 7.2A).  

The number of dorsal horn cells expressing pERK-IR after capsaicin stimulation 

were higher than vehicle and saline controls (ANOVA: F(2,4) = 68, p < 0.0001, n = 6 

animals, Figure 7.3). After capsaicin stimulation 40±4 cells per dorsal horn 

expressed pERK-IR compared to 3±1 cells and 1±1 cell per dorsal horn in vehicle 

and saline controls, respectively. To determine the proportion of dorsal horn cells 

expressing pERK-IR, dorsal horn cells were visualised using DAPI staining. The 

proportion of dorsal horn cells expressing pERK-IR after capsaicin stimulation were 

higher than vehicle and saline controls (ANOVA: F(2,4) = 73, p < 0.0001, n = 5 

animals, Figure 7.4). After capsaicin stimulation 6% (239/3997) of dorsal horn cells 

expressed pERK-IR compared to 0% in both the vehicle and saline controls (20/3815 

and 10/3756, respectively). 

Similarly to pERK-IR, very few dorsal horn cells were observed expressing pCREB-

IR in the dorsal horn of the spinal cord in vehicle and saline controls (Figure 7.5B 

and C). In dorsal horns stimulated with capsaicin, pCREB-IR cells were observed in 

the superficial lamina (lamina I/II; Figure 7.5A).  

Both the total number and the proportion of dorsal horn cells (visualised by DAPI) 

expressing pCREB-IR after capsaicin stimulation were higher than vehicle and saline 

controls (ANOVA: F(2,4) = 57, p < 0.0001, n = 5 animals, Figure 7.6 and F(2,4) = 67, p 

< 0.0001, n = 5 animals, Figure 7.7, respectively). After capsaicin stimulation 

130±15 cells per dorsal horn (20% of dorsal horn cells; 651/3321) expressed 

pCREB-IR compared to 3±1 cells (0%; 17/3327) and 1±1 cell per dorsal horn (0%; 

8/3452) in vehicle and saline controls, respectively. 

Compared to pERK-IR, there were 2-3 times higher number and proportion of 

pCREB-IR expressing cells after capsaicin stimulation of afferents (RM-ANOVA: 
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F(1,9) = 29, p = 0.0007, n = 5 animals, Figure 7.8 and F(1,9) = 32, p = 0.0005, n = 5 

animals, Figure 7.9, respectively). 

Capsaicin stimulated afferents activated dorsal horn 
neurons that received contacts from CGRP+SP- 
afferents  
From previous chapters we know that CGRP-IR terminals are found in lamina I/II 

and lamina IV/V. After chemical stimulation with capsaicin, both pERK-IR and 

pCREB-IR cells were restricted to lamina I/II of the dorsal horn (Figure 7.10A). In 

these laminae the pERK-IR and pCREB cells were in close proximity to the CGRP-

IR terminals. There were no pERK-IR or pCREB-IR cells in lamina IV/V, and hence 

the CGRP-IR terminals of lamina IV/V were not in close association with any 

pERK-IR or pCREB-IR cells. Using our multiple labelling immunohistochemistry 

and high-resolution confocal microscopy we were able to visualize individual pERK 

expressing cells and examine their close association or contacts (which we defined 

earlier as CGRP/SP data sets that were colocalised with the pERK/pCREB cells at 

this resolution) with primary afferent terminals containing CGRP-IR. 

Confocal analysis (Figure 7.10B) and 3D reconstructions (Figure 7.10C) revealed 

that pERK-IR cells of lamina I did make contacts with CGRP-IR and SP-IR 

terminals. pERK-IR cells received contacts from CGRP-IR terminals that also 

contained SP-IR, CGRP-IR terminals that lacked SP-IR, and SP-IR terminals that 

lacked CGRP-IR. A higher proportion of cells had CGRP+SP- (90%; 140/156) and 

CGRP-SP+ (82%; 128/156) contacts compared to CGRP+SP+ (54%, 84/156) contacts 

and a higher proportion of cells had CGRP+SP+ contacts than cells that had no 

contacts (3%; 5/156; ANOVA F(3,11) = 54, p < 0.0001, n = 3 animals; Figure 7.11).  

Many of these cells received contacts from multiple terminals. 47% (73/156) of 

pERK-IR cells in lamina I had contacts from all three classes of peptidergic terminals 

(CGRP+SP-, CGRP+SP+ and CGRP-SP+); and 28% (44/156) had contacts from 

CGRP+SP- and CGRP-SP+ terminals. No other combination differed significantly 

from zero (ANOVA: F(7,23) = 16 p < 0.0001, n = 3 animals Figure 7.12). 
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pERK and pCREB levels increased after electrical 
stimulation of afferents 
Very few dorsal horn cells were observed expressing pERK-IR in the dorsal horn of 

the spinal cord in saline controls (Figure 7.13). After electrical stimulation of the 

attached dorsal root, pERK-IR cells were observed in the superficial lamina (lamina 

I/II). There was also an increase in pERK-IR that was not restricted to dorsal horn 

cells, and did not colocalise with DAPI staining. This extra-somatic pERK-IR was 

confined to lamina I/II of the dorsal horn and could possibly be labelling terminals of 

the dorsal horn (Figure 7.13). Unfortunately, this extra-somatic pERK-IR was too 

intense and widepsread and so pERK-IR cells were not easily identified. 

Consequently, it was not possible to quantify the number of pERK-IR neurons. 

Similarly to pERK-IR, very few dorsal horn cells were observed expressing pCREB-

IR in the dorsal horn of the spinal cord in saline controls (Figure 7.14). After 

electrical stimulation of the attached dorsal root, pCREB-IR cells were observed in 

the lamina I-III. Unlike pERK-IR, there was no extra-somatic pCREB-IR detected.  

Both the number and the proportion of dorsal horn cells (visualised by DAPI) 

expressing pCREB-IR after the electrical stimulation of afferents was higher than 

saline controls (paired t-test: t(4) = 12, p = 0.0003, n = 3 animals, Figure 7.15 and t(4) 

= 12, p = 0.0002, n = 3 animals, Figure 7.16, respectively). After electrical 

stimulation of afferents, 184±19 cells per dorsal horn (28% of dorsal horn cells; 

920/3318) expressed pCREB-IR compared to 10±3 cells per dorsal horn (1%; 

48/3285) in saline controls. 

Compared to capsaicin stimulation, there were a higher number and proportion of 

pCREB-IR expressing cells after electrical stimulation of afferents (RM-ANOVA 

F(3,19) = 63, p<0.0001, n = 3 animals, Figure 7.17 and F(3,19) = 65, p<0.0001, n = 3 

animals, Figure 7.18, respectively). 

Electrical stimulated afferents activated cells that 
received contacts from CGRP+SP- afferents  
After electrical stimulation of the attached dorsal root, pCREB-IR cells were 

restricted to lamina I-III of the dorsal horn (Figure 7.10A). In lamina I pCREB cells 
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were in close proximity to the CGRP-IR terminals. There were no pCREB-IR cells in 

lamina IV/V, and hence the CGRP-IR terminals of lamina IV/V were not in close 

association with any pCREB-IR cells.  

Confocal analysis (Figure 7.10B) and 3D reconstructions (Figure 7.10C) revealed 

that pCREB-IR cells of lamina I did make contacts with CGRP-IR and SP-IR 

terminals. pCREB-IR cells received contacts from CGRP+SP+ terminals, CGRP+SP- 

terminals and CGRP-SP+ terminals. 76% (237/313) of cells had contacts from 

CGRP+SP- terminals, 58% (183/313) from CGRP+SP+ terminals, 52% (164/313) 

from CGRP-SP+ terminals, and 17% made no contacts. A higher proportion of cells 

had CGRP+SP- contacts than cells that had no such contacts (ANOVA F(3,11) = 8, p = 

0.01, n = 3 animals, Figure 7.20) 

Many of these cells received contacts from multiple classes of terminals. 32% 

(101/321 cells) of pCREB-IR cells in lamina I had contacts from all three classes of 

peptidergic terminals (CGRP+SP-, CGRP+SP+ and CGRP-SP+); 24% (75/313) had 

contacts from CGRP+SP- and CGRP+SP+ terminals; 15% (47/313) from CGRP+SP- 

and CGRP-SP+ terminals; and 19% (59/313) had no contacts from any sources. No 

other combination differed significantly from zero (ANOVA: F(3,23) = 5 p = 0.006, n 

= 3 animals, Figure 7.21) 

There was a lower proportion of cells with CGRP-SP+ contacts and a higher 

proportion of cells with no contacts after electrical stimulation compared to after 

capsaicin stimulation (ANOVA F(3,23) = 39, p < 0.0001, n = 6 animals). There was no 

difference in the proportion of cells that received contacts from CGRP+SP- or 

CGRP+SP+ terminals between capsaicin or electrical stimulation. 
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 Discussion 7.4
In previous chapters we have demonstrated a prominent population of CGRP+SP- 

neurons in DRG, with central terminals in the dorsal horn, and peripheral fibres in 

skin and muscle tissue. In DRG, CGRP+SP- neurons were distinct from CGRP+SP+ 

neurons based on their larger cell bodies, positive NF200-IR and lack of TRPV1 

expression. CGRP+SP- neurons were also differentiated from CGRP+SP+ neurons by 

deep lamina IV/V projections in the dorsal horn that were close to projections of 

classical mechanoreceptors. All of these data has so far suggested that CGRP+SP- 

neurons might be a subset of myelinated Aβ-fibre neurons. In this current chapter we 

hoped to determine their function through investigation of the relationship of the 

central terminals of CGRP+SP- neurons with nociceptive dorsal horn neurons. 

Capsaicin stimulation induced pERK and pCREB 
expression in dorsal horn neurons 
We can be certain that pERK/pCREB is directly induced in postsynaptic neurons by 

neurotransmitters released from primary afferents in response to capsaicin for two 

reasons. Firstly, the TRPV1 receptor is not expressed by intrinsic dorsal horn 

neurons and is restricted to the primary afferent terminals of the dorsal horn (Szallasi 

et al., 1995; Caterina et al., 1997; Tominaga et al., 1998). Consequently, capsaicin is 

not able to directly activate the dorsal horn neurons and induce pERK/pCREB. 

Secondly, pERK/pCREB is not induced by polysynaptic activation after capsaicin 

application (Kawasaki et al., 2004). Hence, the pERK-IR in the spinal cord is 

induced by monosynaptic input from capsaicin sensitive primary afferent fibres.  

Bath application of capsaicin onto the spinal cord slices in vitro increased the 

expression of pERK and pCREB in neurons of lamina I/II in spinal dorsal horn, 

consistent with previous pERK studies of intraplantar capsaicin injection in vivo (Ji 

et al., 1999; Kawasaki et al., 2004) and bath application in vitro (Kawasaki et al., 

2004), and pCREB studies with intraplantar capsaicin injection in vivo (Wu et al., 

2002) and bath application in vitro (Kawasaki et al., 2004). Capsaicin stimulation 

induced a higher number of neurons expressing pCREB than pERK. pCREB 

expression can induced by protein kinases other than pERK (Lonze & Ginty, 2002). 

While pERK neurons are nociceptive specific (Gao & Ji, 2009) the higher number of 



Chapter 7: Relationship of CGRP+SP- terminals with nociceptive dorsal horn neurons 

 314 

pCREB expressing dorsal horn neurons suggest that pERK-IR does not represent the 

entire population nociceptive dorsal horn neurons activated by capsaicin sensitive 

afferents. 

Electrical stimulation of dorsal roots induced pERK 
and pCREB expression in dorsal horn neurons 
The electrical stimulation parameters used in this study were adapted from similar 

studies by Kawasaki and colleagues (2004). Kawasaki and colleagues (2004) 

stimulated attached dorsal roots with three trains of 50 pulses (each pulse was 90 V 

for 0.5 ms) at 50Hz for one second with 10-second inter-train interval. This 

stimulation intensity also activated Aβ and Aδ fibers. However pERK is not 

activated by Aβ-fiber stimulation and only very slightly by Aδ-fiber stimulation (Ji et 

al., 1999). 

Consistent with Kawasaki and colleagues (2004) electrical stimulation of the 

attached dorsal root increased the expression of pERK in lamina I/II and pCREB in 

neurons of lamina I-III of the spinal dorsal horn. Electrical stimulation induced a 

higher expression of pCREB than pERK. CREB is not just restricted to neurons 

expressing ERK (Lonze & Ginty, 2002). As the stimulation intensity used also 

activated Aβ and Aδ fibers (Kawasaki et al., 2004) the higher expression of pCREB 

may have been induced in dorsal horn neurons receiving input from Aβ and/or Aδ 

fibers. 

Together, the results of capsaicin and electrical stimulation of afferents suggest that, 

in agreement with previous studies (Ji et al., 1999; Kawasaki et al., 2004), pERK is a 

suitable neuronal activation marker for of a subset of nociceptive dorsal horn 

neurons, whereas pCREB appears to be a neuronal activation marker a more 

widespread neuronal population that includes the subset of nociceptive neurons that 

express pERK. 

 

 



Chapter 7: Relationship of CGRP+SP- terminals with nociceptive dorsal horn neurons 

 315 

pERK expressing dorsal horn cells activated by 
capsaicin sensitive nociceptors received convergent 
contacts from CGRP+SP- afferents in lamina I 
Consistent with previous studies (Ji et al., 1999; Kawasaki et al., 2004) neurons 

expressing pERK were mainly present in lamina I/II of the dorsal horn after 

capsaicin stimulation. As we have previously demonstrated, lamina I/II also contains 

primary afferent CGRP+SP- terminals. Together with our multiple labelling 

immunohistochemistry and high-resolution confocal microscopy we were able to 

visualize individual pERK expressing cells and examine their close associations or 

contacts with primary afferent CGRP+SP- terminals. 

In this study we have defined the term contacts as CGRP- and SP-IR that colocalised 

with the pERK/pCREB cells within the limits of our high-resolution confocal 

microscope. As confocal stacks were taken at a resolution of 8.234 pixels/µm, our 

definition of contacts was pixels that were within 0.25 µm of one another. However, 

to determine physical contacts or functioning synapses we would have to use 

electron microscopy as the size of closed synapses are a distance of 20-50 nm 

between the pre- and post-synaptic neuron (Zoli et al., 1999). Our group has 

previously compared IR contacts identified with confocal microscopy and 

determined, using electron microscopy, that the majority of IR contacts were 

synapses (Murphy et al., 1998; Gibbins et al., 2003). Hence, our definition of contact 

is able to determine a direct synapse between an IR terminal and an activated 

pERK/pCREB cell. 

In this study the capsaicin-induced pERK expressing cells of lamina I received 

contacts from multiple classes of terminals, either: pERK expressing cells that 

received contacts from CGRP+SP+, CGRP+SP- and CGRP-SP+ terminals, and pERK 

expressing cells that received contacts from CGRP+SP- and CGRP-SP+ terminals. As 

we have discussed in previous chapters, CGRP in the dorsal horn is entirely of 

primary afferent origin and hence both the CGRP+SP+ and CGRP+SP- terminals are 

terminals of primary afferent neurons. However, as we have demonstrated in 

previous chapters CGRP-SP+ terminals are terminals of intrinsic dorsal horn neurons. 

CGRP+SP+ afferent terminals most likely induced pERK expression in the cells that 

received input from CGRP+SP+, CGRP+SP- and CGRP-SP+ terminals in lamina I. As 
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we have previously demonstrated, the CGRP+SP+ neurons contained the capsaicin 

sensitive receptor TRPV1 and had central terminations in lamina I. This suggests that 

the capsaicin sensitive CGRP+SP+ afferents were stimulated by the application of 

capsaicin, releasing CGRP and SP, which activated the postsynaptic dorsal horn 

neurons in contact with the CGRP+SP+ terminals and induced pERK expression. SP 

activates the dorsal horn neurons (Salter & Henry, 1991) and CGRP potentiates the 

effects of SP (Seybold, 2009). 

CGRP-SP+ fibres were most likely from descending supraspinal pathways. SP is also 

found in intrinsic spinal neurons, including supraspinal structures involved in 

descending pain control (Beitz, 1982; Skirboll et al., 1983). Many PAG neurons 

possesses neurokinin 1 (NK1) receptors, the primary binding site for substance P 

(Commons & Valentino, 2002). Both pro- and anti-nociceptive properties have been 

attributed to the NK1 receptor (Holden et al., 2002; Suzuki et al., 2002). Therefore 

these descending CGRP-SP+ fibres most likely facilitated or inhibited dorsal horn 

neurons that were activated by the primary afferent CGRP+SP+ or CGRP+SP- 

neurons. 

CGRP+SP- afferent terminals most likely induced pERK expression in the cells that 

received input from CGRP+SP- and CGRP-SP+ terminals in lamina I. As we have 

already discussed, the CGRP-SP+ terminals are not of primary afferent origin. 

Consequently, these terminals would lack the TRPV1 receptor and not be activated 

by capsaicin (Szallasi et al., 1995; Caterina et al., 1997; Tominaga et al., 1998). We 

have previously demonstrated that some CGRP+SP- neurons contained the TRPV1 

receptor. This suggest that CGRP+SP-TRPV1+ afferents were stimulated by the 

application of capsaicin and induced pERK expression in the postsynaptic dorsal 

horn neurons in contact with CGRP+SP+ terminals. However, CGRP alone has 

minimal effects on the excitability of neurons in the dorsal horn (Miletic & Tan, 

1988) and instead, functions to enhances SP-mediated transmission (Seybold, 2009) 

Hence it is unlikely that CGRP alone was capable of inducing pERK expression in 

the postsynaptic dorsal horn neurons.  

CGRP+SP- afferent terminals may have induced pERK expression in dorsal horn 

neurons through the use of another neurotransmitter, which activated the 

postsynaptic dorsal horn neurons. However, we have already shown that CGRP+SP- 



Chapter 7: Relationship of CGRP+SP- terminals with nociceptive dorsal horn neurons 

 317 

neurons lack the vesicular glutamate transporters (VGluT1 and VGluT2) and lack the 

protein machinery to utilize glutamate (Morris et al., 2005). In previous chapters we 

demonstrated that CGRP+SP- neurons did express VIP. VIP shares similar features to 

CGRP and is considered a neuromodulator. Under normal conditions VIP increases 

the excitability of neurons in nociceptive circuits (Cridland & Henry, 1988). This 

excitatory action of VIP is markedly increased in injury models to a level comparable 

to the effect that SP has on nociceptive neurons (Wiesenfeld-Hallin, Xu, Håkanson, 

et al., 1990). Hence VIP may be able to replace the role of CGRP and SP following 

nerve injury. 

CGRP+SP- afferent terminals may have had a modulatory role in the capsaicin-

induced expression of pERK in the dorsal horn neurons. We have demonstrated that 

almost all pERK expressing neurons had contacts from multiple classes of IR 

terminals, and that most of these included CGRP+SP- terminals. We already know 

that CGRP enhances the excitability of neurons receiving nociceptive inputs (Biella 

et al., 1991; Seybold et al., 2003; Sun et al., 2004; Bird et al., 2006). So rather than 

CGRP enhancing the effects of a neurotransmitter from within the same afferent 

terminal, CGRP may have been released and enhanced the excitability of the pERK 

expressing dorsal horn neuron. Another convergent afferent terminal on the single 

postsynaptic dorsal horn neuron may have activated this neurons and induced pERK 

expression.  

pCREB expressing dorsal horn cells activated by 
electrically stimulated afferents nociceptors received 
contacts from CGRP+SP- afferents in lamina I 
Electrical stimulation of the attached dorsal root induced pERK expression in 

neurons of lamina I. Unfortunately, there was also an increase in extra-somatic 

pERK-IR that was too intense and widepsread and so pERK-IR cells were not easily 

identified. Hence, their relationship to CGRP+SP- terminals could not be 

investigated. Fortunately, there was no extra-somatic pCREB after electrical 

stimulation of the attached dorsal root, and so we were able to identifiy individual 

pCREB expressing neurons.  

Consistent with previous studies (Ji et al., 1999; Kawasaki et al., 2004) neurons 

expressing pCREB were mainly present in lamina I-III of the dorsal horn after 
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electrical stimulation of the attached dorsal root. Much like pERK neurons after 

capsaicin stimulation, the pCREB neurons were in close proximity with the primary 

afferent CGRP+SP- terminals of lamina I. We were able to visualize individual 

pCREB expressing cells and examine their contacts with these primary afferent 

CGRP+SP- terminals using our multiple labelling immunohistochemistry and high-

resolution confocal microscopy.  

In lamina I, the electrically induced pCREB expressing neurons shared many 

similarities with capsaicin-induced pERK expressing neurons. Most pCREB 

expressing neurons had contacts from multiple classes of terminals, either: pCREB 

expressing cells that received contacts from CGRP+SP+, CGRP+SP- and CGRP-SP+ 

terminals; CGRP+SP+ and CGRP+SP- terminals; CGRP+SP- and CGRP-SP+ 

terminals; or received no contact from any of the classes of terminals. 

It is likely that most of the electrically induced pCREB neurons of lamina I that 

received contacts from CGRP+SP+ terminals were the same neurons capsaicin 

induced pERK that received contacts from CGRP+SP+ terminals. As we have 

previously mentioned, all CGRP+SP+ neurons contained TRPV1 and studies have 

shown that many CREB expressing neurons also express ERK (Ji et al., 1999; 

Kawasaki et al., 2004). Conversely, CREB is not just restricted to neurons 

expressing ERK (Lonze & Ginty, 2002) and so electrical stimulation induced 

pCREB expression in neurons in lamina I that had no contacts from CGRP or SP 

terminals.  

CGRP+SP- afferents in lamina IV/V must have a 
different function to lamina I 
Our previous chapters have demonstrated that CGRP+SP- neurons are a distinct 

subpopulation of CGRP neurons that are separate from CGRP+SP+ neurons. While 

all CGRP+SP+ neurons contained the capsaicin receptor TRPV1, only small 

CGRP+SP- neurons contained TRPV1. Not only did these large CGRP+SP- neurons 

lack TRPV1, they also expressed the marker for large myelinated neurons: NF200. 

We have also demonstrated that CGRP+SP- neurons had dual central terminations in 

lamina I and in close association with classical mechanoreceptors of lamina IV/V. 

These observations suggest that CGRP+SP- neurons may be able to be further 
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subdivided into capsaicin sensitive nociceptors with central terminals in lamina I, 

and capsaicin insensitive mechanoceptors with central terminals in lamina IV/V. 

These current results demonstrate that the CGRP+SP- afferents of lamina I were 

functionally different from the CGRP+SP- afferents of lamina IV/V. In lamina I, both 

capsaicin stimulation and electrical stimulation induced pERK/pCREB expression in 

dorsal horn neurons that received contacts from CGRP+SP- afferent terminals. 

However, both capsaicin stimulation and electrical stimulation failed to induce 

pERK/pCREB expression in dorsal horn neurons of lamina IV/V. Dorsal horn 

neurons of lamina IV/V do express ERK/CREB (Kawasaki et al., 2004; Song et al., 

2005) and hence pERK/pCREB should be induced in these neurons given the correct 

stimulus. This suggests that the CGRP+SP- afferents of lamina IV/V were not 

activated by capsaicin stimulation or electrical stimulation and are hence functionally 

different from CGRP+SP- afferents of lamina I. 

Lamina IV/V contains both low threshold and wide dynamic range mechanoceptive 

neurons and receive mostly non-nociceptive input, and respond to light mechanical 

touch (Cervero et al., 1988). Nevertheless, wide dynamic range neurons responding 

to noxious stimuli are also present in lamina IV (Mendell & Wall, 1965; Hillman & 

Wall, 1969; Light & Durkovic, 1984). CGRP increases the excitability of wide 

dynamic range neurons in the deep dorsal horn and probably contributes to 

mechanical hyperalgesia (Yu et al., 2002; Sun et al., 2004).  

In summary, some smaller CGRP+SP- neurons contain TRPV1 and have terminals in 

lamina I that appear to have a modulatory role in nociceptive circuits. Larger 

CGRP+SP- neurons lack TRPV1 and have terminals in lamina IV/V that appear to 

have a different function to the CGRP+SP- terminals of lamina I. While this function 

was not determined it is likely that it is involved in mechanical hyperalgesia. Once 

again, these observations are consistent with the prediction that larger some 

CGRP+SP- neurons are high-threshold mechanoreceptors with a predominant 

(although not exclusive) projection to wide dynamic range neurons in the deep dorsal 

horn. 
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Figure 7.1: MAPK/ERK signal transduction pathways 

The MAPK pathway begins with an extracellular ligand binding to a receptor that 

activates Ras and causes a kinase cascade. Ras activates RAF kinase (or MAP3K: 

MAPK kinase kinase). RAF kinase then phosphorylates MEK (or MAP2K: MAPK 

kinase) which in-turn phosphorylates the last of the kinases: ERK (or MAPK). Upon 

activation, phosphorylated ERK (pERK) activates several transcriptional factors 

including CREB (Ji & Rupp, 1997). CREB is phosphorylated and translocated into 

the nucleus where it regulates the transcription of several genes including c-fos 

(Sheng & Greenberg, 1990). The transcription of the c-fos gene produces the c-Fos 

protein, which itself is a transcription factor that further regulates gene transcription. 

Figure taken from Ji and Woolf (2001). In this project the phosphorylation of ERK 

and CREB are used as markers of neuronal activation (highlighted by a red circle). 
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Figure 7.2: pERK levels in lumbar dorsal horn after stimulation with capsaicin 

Widefield fluorescence microscopy of mouse lumbar dorsal horn labelled for 

phosphorylated extracellular-signal-regulated kinase (pERK) showing pERK-

immunoreactivity (pERK-IR) in dorsal horn cells after stimulation with 10-6 M of 

capsaicin (A), or no stimulation in vehicle (B) and saline controls (C). After 

capsaicin stimulation (A), pERK-IR cells were observed in the superficial lamina 

(lamina I/II). Very few dorsal horn cells were observed with pERK-IR in the dorsal 

horn of vehicle (B) and saline controls (C). Scale bar = 60 µm in C (applies to A-C) 
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Figure 7.3: Number of pERK-IR cells in the dorsal horn after stimulation with 
capsaicin 

Histogram (data displayed as mean±SEM) depicting the number of cells showing 

phosphorylated extracellular-signal-regulated kinase-immunoreactivity (pERK-IR) in 

dorsal horn cells after stimulation with 10-6 M of capsaicin, or no stimulation in 

vehicle and saline controls. The number of dorsal horn cells expressing pERK-IR 

after capsaicin stimulation was higher than vehicle and saline controls (ANOVA: 

F(2,4) = 68, p < 0.0001, n = 6 animals).  

 

 

 

 

 

 

Figure 7.4: Proportion of pERK-IR cells in the dorsal horn after stimulation 
with capsaicin 

Histogram (data displayed as mean±SEM) depicting the proportion of dorsal horn 

cells (visualised with DAPI staining) showing phosphorylated extracellular-signal-

regulated kinase-immunoreactivity (pERK-IR) in dorsal horn cells after stimulation 

with 10-6 M of capsaicin or no stimulation in vehicle and saline controls. The 

proportion of dorsal horn cells expressing pERK-IR after capsaicin stimulation was 

higher than vehicle and saline controls (ANOVA: F(2,4) = 73, p < 0.0001, n = 5 

animals). 
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Figure 7.5: pCREB-IR levels in lumbar dorsal horn after stimulation with 
capsaicin 

Widefield fluorescence microscopy of mouse lumbar dorsal horn labelled for 

phosphorylated cAMP response element-binding protein (pCREB) showing pCREB-

immunoreactivity (pCREB-IR) in dorsal horn cells after stimulation with 10-6 M 

capsaicin (A), or no stimulation in vehicle (B) and saline controls (C). After 

capsaicin stimulation (A), pCREB-IR cells were observed in the superficial lamina 

(lamina I/II). Very few dorsal horn cells were observed with pCREB-IR in the dorsal 

horn of vehicle (B) and saline controls (C). Scale bar = 60 µm in C (applies to A-C) 
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Figure 7.6: Number of pCREB-IR cells in the dorsal horn after stimulation with 
capsaicin 

Histogram (data displayed as mean±SEM) depicting the number of cells showing 

phosphorylated cAMP response element-binding protein-immunoreactivity (pCREB-

IR) in dorsal horn cells after stimulation with 10-6 M of capsaicin, or no stimulation 

in vehicle and saline controls. The number of dorsal horn cells expressing pCREB-IR 

after capsaicin stimulation was higher than vehicle and saline controls (ANOVA: 

F(2,4) = 57, p < 0.0001, n = 5 animals).  

 

 

 

 

 

 

Figure 7.7: Proportion of pCREB-IR cells in the dorsal horn after stimulation 
with capsaicin 

Histogram (data displayed as mean±SEM) depicting the proportion of dorsal horn 

cells (visualised with DAPI staining) showing phosphorylated cAMP response 

element-binding protein -immunoreactivity (pCREB-IR) in dorsal horn cells after 

stimulation with 10-6 M of capsaicin, or no stimulation in vehicle and saline controls. 

The proportion of dorsal horn cells expressing pCREB-IR after capsaicin stimulation 

was higher than vehicle and saline controls (RM-ANOVA: F(2,4) = 67, p < 0.0001, n 

= 5 animals). 
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Figure 7.8: Number of pERK-IR cells compared to the number of pCREB-IR 
cells in the dorsal horn after stimulation with capsaicin 

Histogram (data displayed as mean±SEM) depicting the number of cells showing 

phosphorylated extracellular-signal-regulated kinase-immunoreactivity (pERK-IR) 

compared to the number of cells showing phosphorylated cAMP response element-

binding protein-IR (pCREB-IR) in dorsal horn cells after stimulation with 10-6 M of 

capsaicin, or no stimulation in vehicle and saline controls. The number of dorsal horn 

cells expressing pCREB-IR was higher than the number of cells expressing pERK-IR 

after capsaicin stimulation (RM-ANOVA: F(1,9) = 29, p = 0.0007, n = 5 animals). 

There was no difference in the number of pERK-IR cells compared to the number 

pCREB-IR cells in the vehicle and saline controls. 

 

 

 

 

 

Figure 7.9: Proportion of pERK-IR cells compared to the proportion of 
pCREB-IR cells in the dorsal horn after stimulation with capsaicin 

Histogram (data displayed as mean±SEM) depicting the proportion of dorsal horn 

cells (visualised with DAPI staining) phosphorylated extracellular-signal-regulated 

kinase-immunoreactivity (pERK-IR) compared to the proportion of dorsal horn cells 

showing phosphorylated cAMP response element-binding protein-IR (pCREB-IR) in 

dorsal horn cells after stimulation with 10-6 M of capsaicin, or no stimulation in 

vehicle and saline controls. The proportion of dorsal horn cells expressing pCREB-

IR after capsaicin stimulation was higher than vehicle and saline controls (RM-

ANOVA: F(1,9) = 32, p = 0.0005, n = 5 animals). There was no difference in the 

proportion of pERK-IR cells compared to the proportion of pCREB-IR cells in the 

vehicle and saline controls. 
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Figure 7.10: CGRP-IR terminals and pERK-IR cells in lumbar dorsal horn 
stimulated with capsaicin 

A: Widefield fluorescence microscopy of mouse lumbar dorsal horn after stimulation 

with 10-6 M of capsaicin, triple labelled for phosphorylated extracellular-signal-

regulated kinase (pERK; white), calcitonin gene-related peptide (CGRP; red) and 

substance P (SP; green) showing overlap of CGRP-IR terminals and pERK-IR cells 

in lamina I. B: Confocal Z-stacks (21 steps of 0.5μm, total depth 10.5 µm) showing 

a pERK-IR cell (white) surrounded by CGRP terminals that contained SP 

(CGRP+SP+; yellow), CGRP terminals that lacked SP (CGRP+SP-; red) and SP 

terminals that lacked SP (CGRP-SP+; green) in lateral lamina I. C: 3D reconstruction 

of the confocal Z-stack showing pERK-IR cells (white) and only the CGRP-IR and 

SP-IR terminals in contact with pERK-IR cells. It shows that this particular pERK-IR 

cell had CGRP+SP+ (yellow), CGRP+SP- (red) and CGRP-SP+ (green) terminal 

contacts. Scale bar = 60 µm in A and = 20 µm in B (applies to B-C). 
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Figure 7.11: Peptidergic contacts onto pERK-IR cells in lumbar dorsal horn 
after stimulation with capsaicin 

Histogram (data displayed as mean±SEM) depicting the proportion of cells 

expressing phosphorylated extracellular-signal-regulated kinase (pERK) that received 

contacts from calcitonin gene-related peptide-immunoreactive (CGRP) terminals that 

lacked substance P (SP; CGRP+SP-; red), CGRP terminals that contained SP 

(CGRP+SP+; yellow), SP terminals that lacked CGRP (CGRP-SP+) or no contacts 

after capsaicin stimulation. While most cells received peptidergic contacts, a higher 

proportion of pERK-IR cells had CGRP+SP- and CGRP-SP+ contacts than CGRP+SP+ 

contacts and a higher proportion of cells had CGRP+SP+ contacts than cells that had 

no contacts (RM-ANOVA F(3,11) = 54, p < 0.0001, n = 3 animals). 
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Figure 7.12: Multiple peptidergic contacts onto pERK-IR cells in lumbar dorsal 
horn after stimulation with capsaicin 

Histogram (data displayed as mean±SEM) depicting the proportion of cells 

expressing phosphorylated extracellular-signal-regulated kinase (pERK) that received 

multiple contacts from calcitonin gene-related peptide-immunoreactive (CGRP) 

terminals that lacked substance P (SP; CGRP+SP-; red), CGRP terminals that 

contained SP (CGRP+SP+; yellow), SP terminals that lacked CGRP (CGRP-SP+) or 

no contacts (white) after capsaicin stimulation. 47% of pERK-IR cells in lamina I 

had contacts from all three classes of peptidergic terminals (CGRP+SP-, CGRP+SP+ 

and CGRP-SP+); and 28% had contacts from CGRP+SP- and CGRP-SP+ terminals. 

No other combination differed significantly from zero (RM-ANOVA F(7,23) = 16 p < 

0.0001, n = 3 animals) 
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Figure 7.13: pERK levels in lumbar dorsal horn after electrical stimulation of 
afferent fibres 

Widefield fluorescence microscopy of mouse lumbar dorsal horn labelled for 

phosphorylated extracellular-signal-regulated kinase (pERK) showing pERK-

immunoreactivity (pERK-IR) in dorsal horn cells after electrical stimulation of the 

attached dorsal root (three trains of fifty 90V pulses at 50 Hz with 10 sec interval; 

A), or after no stimulation (control; B). Very few dorsal horn cells were observed 

with pERK-IR in the dorsal horn of control (B). After electrical stimulation of 

afferent fibres (A), pERK-IR cells were observed in the lamina I-III, however 

individual cells were not easily distinguished. Scale bar = 60 µm in C (applies to A-

C) 
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Figure 7.14: pCREB levels in lumbar dorsal horn after electrical stimulation of 
afferent fibres 

Widefield fluorescence microscopy of mouse lumbar dorsal horn labelled for 

phosphorylated cAMP response element-binding protein (pCREB) showing pCREB-

immunoreactivity (pCREB-IR) in dorsal horn cells after Electrical stimulation (three 

trains of fifty 90V pulses at 50 Hz with 10 sec interval) of the attached dorsal root at 

(A), or after no stimulation (control; B). Very few dorsal horn cells were observed 

with pCREB-IR in the dorsal horn of control (B). After electrical stimulation of 

afferent fibres (A), pCREB-IR cells were observed in the lamina I-III. Scale bar = 60 

µm in B (applies to A-B) 
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Figure 7.15: Number of pCREB-IR cells in the dorsal horn after electrical 
stimulation of afferent fibres 

Histogram (data displayed as mean±SEM) depicting the number of cells showing 

phosphorylated cAMP response element-binding protein-immunoreactivity (pCREB-

IR) in dorsal horn cells after electrical stimulation (three trains of fifty 90V pulses at 

50 Hz with 10 sec interval) of the attached dorsal root or no stimulation (control). 

The number of dorsal horn cells expressing pCREB-IR after electrical stimulation of 

afferent fibres was higher than control (paired t-test: t(4) = 11, p = 0.0003, n = 5 

animals).  

 

 

 

 

Figure 7.16: Proportion of pCREB-IR cells in the dorsal horn after electrical 
stimulation of afferent fibres 

Histogram (data displayed as mean±SEM) depicting the proportion of dorsal horn 

cells (visualised with DAPI staining) showing phosphorylated cAMP response 

element-binding protein-immunoreactivity (pCREB-IR) in dorsal horn after electrical 

stimulation (three trains of fifty 90V pulses at 50 Hz with 10 sec interval) of the 

attached dorsal root or no stimulation (control). The proportion of dorsal horn cells 

expressing pCREB-IR after electrical stimulation of afferent fibres was higher than 

controls (paired t-test: t(4) = 12, p = 0.0002, n = 5 animals).  
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Figure 7.17: Number of pCREB-IR cells in the dorsal horn after electrical 
stimulation of afferent fibres compared to the number of pCREB-IR cells after 
capsaicin stimulation 

Histogram (data displayed as mean±SEM) depicting the number of cells showing 

phosphorylated cAMP response element-binding protein-immunoreactivity (pCREB-

IR) in dorsal horn cells after electrical stimulation (three trains of fifty 90V pulses at 

50 Hz with 10 sec interval) of the attached dorsal root compared to stimulation with 

10-6 M capsaicin. Both electrical stimulation of afferent fibres and stimulation with 

capsaicin increased the number of dorsal horn cells expressing pCREB-IR to levels 

higher than controls. Electrical stimulation of afferent fibres increased the number of 

dorsal horn cells expressing pCREB-IR higher than stimulation with capsaicin (RM-

ANOVA: F(3,19) = 63 p < 0.0001, n = 10 animals).  

 

 

Figure 7.18: Proportion of pCREB-IR cells in the dorsal horn after electrical 
stimulation of afferent fibres compared to the number of pCREB-IR cells after 
capsaicin stimulation 

Histogram (data displayed as mean±SEM) depicting the proportion of dorsal horn 

cells (visualised with DAPI staining) showing phosphorylated cAMP response 

element-binding protein -immunoreactivity (pCREB-IR) in dorsal horn after 

electrical stimulation (three trains of fifty 90V pulses at 50 Hz with 10 sec interval) 

of the attached dorsal root compared to stimulation with 10-6 M capsaicin. Both 

electrical stimulation of afferent fibres and stimulation with capsaicin increased the 

proportion of dorsal horn cells expressing pCREB-IR to levels higher than controls. 

Electrical stimulation of afferent fibres increased the proportion of dorsal horn cells 

expressing pCREB-IR higher than stimulation with capsaicin (RM-ANOVA F(3,19) = 

65 p < 0.0001, n = 10 animals) 
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Figure 7.19: CGRP-IR terminals and pCREB-IR cells in lumbar dorsal horn 
electrical stimulation of afferent fibres 

A: Widefield fluorescence microscopy of mouse lumbar dorsal horn, after electrical 

stimulation (three trains of fifty 90V pulses at 50 Hz with 10 sec interval) of the 

attached dorsal root, triple labelled for phosphorylated cAMP response element-

binding protein-immunoreactivity (pCREB; white), calcitonin gene-related peptide 

(CGRP; red) and substance P (SP; green) showing overlap of CGRP-IR terminals 

and pCREB-IR cells in lamina I. B: Confocal Z-stacks (21 steps of 0.5μm, total 

depth 10.57 µm) pCREB-IR cell surrounded by CGRP terminals that contained SP 

(CGRP+SP+; yellow), CGRP terminals that lacked SP (CGRP+SP-; red) and SP 

terminals that lacked SP (CGRP-SP+; green) in lateral lamina I of the dorsal horn. C: 

3D reconstruction of the confocal Z-stack showing pCREB-IR cells (white) and only 

the CGRP-IR and SP-IR terminals in contact with pCREB-IR cells demonstrating 

cells with CGRP+SP+ (yellow), CGRP+SP- (red) and CGRP-SP+ (green) contacts. 

Scale bar = 60 µm in A and = 10 µm in B (applies to B-C). 
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Figure 7.20: Peptidergic contacts onto pCREB-IR cells in the dorsal horn after 
electrical stimulation of afferent fibres 

Histogram (data displayed as mean±SEM) depicting the proportion of cells 

expressing phosphorylated cAMP response element-binding protein (pCREB) 

induced by electrical stimulation (three trains of fifty 90V pulses at 50 Hz with 10 

sec interval) of the attached dorsal root that received contacts from calcitonin gene-

related peptide-immunoreactive (CGRP) terminals that lacked substance P (SP; 

CGRP+SP-; red), CGRP terminals that contained SP (CGRP+SP+; yellow), SP 

terminals that lacked CGRP (CGRP-SP+; green) or no contacts. Not all cells received 

peptidergic contacts, but a higher proportion of cells had CGRP+SP- contacts than 

cells that had no contacts (RM-ANOVA F(3,11) = 8, p = 0.01, n = 3 animals). 
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Figure 7.21: Multiple peptidergic contacts onto electrically induced pCREB-IR 
neurons in the dorsal horn 

Histogram (data displayed as mean±SEM) depicting the proportion of cells 

expressing phosphorylated cAMP response element-binding protein (pCREB) 

induced by electrical stimulation (three trains of fifty 90V pulses at 50 Hz with 10 

sec interval) of the attached dorsal root that received multiple contacts from 

calcitonin gene-related peptide-immunoreactive (CGRP) terminals that lacked 

substance P (SP; CGRP+SP-; red), CGRP terminals that contained SP (CGRP+SP+; 

yellow), SP terminals that lacked CGRP (CGRP-SP+) or no contacts. 32% of 

pCREB-IR cells in lamina I had contacts from all three classes of peptidergic 

terminals (CGRP+SP-, CGRP+SP+ and CGRP-SP+); 24% had contacts from 

CGRP+SP- and CGRP+SP+ terminals; 15% from CGRP+SP- and CGRP-SP+ 

terminals; and 19% had no contacts from any sources. No other combination was 

significantly different from zero (RM-ANOVA F(3,23) = 5 p = 0.006 , n = 3 animals) 
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Normal reactions to painful stimuli are clearly protective sensations required for our 

survival and wellbeing. Chronic pain, however, becomes maladaptive, serves no 

protective role and instead severely limits everyday life and general well being. 

Unfortunately, chronic pain is not entirely understood. While there is a basic level of 

understanding of the neural processing behind pain, the properties of nociceptors, 

and their projections into the spinal cord remain incompletely characterised, both 

with regard to their normal functions and to their contributions to chronic pain.  

One of the largest problems limiting our current understanding of nociception is the 

widespread use of oversimplified classification schemes that include the assumption 

that nociceptors are restricted to either small diameter lightly myelinated Aδ-fibre or 

unmyelinated C-fibre afferent neurons. However, it has been shown that larger 

myelinated Aα/β-fibre afferent neurons can also be nociceptive (Djouhri & Lawson, 

2004). Some (Julius & Basbaum, 2001; Basbaum et al., 2009) also claim that the C-

fibre nociceptors are either peptidergic or nonpeptidergic. Yet some peptides are 

expressed by Aα-, Aβ-, Aδ- and C-fibre neurons (McCarthy & Lawson, 1990) and 

there is an overlap of marker expression between peptidergic and nonpeptidergic 

neurons (Ringkamp & Meyer, 2007; Priestley, 2009). Furthermore, several 

nociceptor subpopulations do not express neuropeptides or bind IB4, which is the 

standard marker for nonpeptidergic neurons. Examples include presumptive 

nociceptors that: express high levels of vesicular glutamate transporter 2 (VGluT2; 

Morris et al., 2005; Clarke et al., 2011); express TRPM8 (TRPM8; Peier, Reeve, et 

al., 2002; Dhaka et al., 2008); a population that express the capsaicin receptor, 

TRPV1 (Bráz & Basbaum, 2010); and small groups that express Mas-related G-

protein coupled receptor member D (Mrgprd) and TRPA1 (Cavanaugh et al., 2009). 

One of the standard markers for peptidergic neurons is CGRP, which is often 

expressed in DRG neurons that also express SP (Gibson, Polak, Bloom, et al., 1984; 

Wiesenfeld-Hallin et al., 1984). Functionally, CGRP enhances the nociceptive 

behavioural responses induced by SP (Wiesenfeld-Hallin et al., 1984) by potentiating 

the release of SP (Oku et al., 1987), inhibiting its degradation (Le Greves et al., 

1985) and enhancing the excitability of neurons receiving noxious inputs (Biella et 

al., 1991; Seybold et al., 2003; Sun et al., 2004; Bird et al., 2006). CGRP is often 

used as the marker for these peptidergic nociceptors as, unlike SP, CGRP terminals 
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in the dorsal horn appear to be primarily of primary afferent origin (Gibson, Polak, 

Bloom, et al., 1984; Franco-Cereceda et al., 1987; Chung et al., 1988; Hammond & 

Ruda, 1989; Traub et al., 1989; Tie-Jun et al., 2001). However, CGRP expression is 

not restricted to this class of peptidergic nociceptor. 

Even though research suggest that both CGRP and SP are required for nociception, 

there are also long-standing reports of sensory neurons that contain CGRP without 

SP causing some confusion (Gibbins, Wattchow, et al., 1987; Tamatani et al., 1989; 

McCarthy & Lawson, 1990; Morris et al., 2005; Kestell, 2009). Furthermore, while 

often overlooked, CGRP is expressed in DRG neurons of all soma sizes, including 

Aα- and Aβ- fibre neurons (McCarthy & Lawson, 1990). Therefore the role of CGRP 

without SP is unclear. Without SP, CGRP alone has been shown to have minimal 

effects on nociceptive inputs to the spinal cord (Miletic & Tan, 1988) and so the 

function of this population of overlooked peptidergic neurons is unknown, with no 

attempts (to date) to characterise them. Despite this confusing aspect, CGRP is still 

routinely used as a marker for peptidergic nociceptors because CGRP+SP+ neurons 

are nociceptive (Lawson et al., 1997). However the function of the CGRP+SP- 

neurons is unknown and so the categorical value of CGRP as a marker must be 

questioned. The aim of the research is therefore to establish whether CGRP is a 

completely reliable marker for peptidergic nociceptors, and whether it could lead to 

an over-representation of the peptidergic nociceptor population. However, the 

significance of these research questions depends upon just how prominent the 

CGRP+SP- neurons are. The research reported upon in this thesis therefore aimed to 

determine: 

• If CGRP+SP- neurons are a prominent population of neurons; 

• If CGRP+SP- neurons are most likely myelinated; 

• If larger CGRP+SP- neurons are not capsaicin sensitive nociceptors; 

• If larger CGRP+SP- neurons are not classical mechanoceptors; 

• How CGRP+SP-  neurons function without SP? 

• What is the possible role of CGRP+SP- neurons? 
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CGRP+SP- neurons are a prominent population of 
neurons 
Results from the research undertaken as part of this study revealed that in cervical, 

thoracic, lumbar and sacral DRG, CGRP-IR was detected in a large number of 

neuronal somata, which was consistent with previous reports (Gibson, Polak, Bloom, 

et al., 1984; Wiesenfeld-Hallin et al., 1984; McCarthy & Lawson, 1990; Morris et 

al., 2005). These CGRP expressing somata could be subdivided based on their 

expression of SP. In all DRG investigated CGRP+SP- neurons were detected just as 

frequently as CGRP+SP+ neurons, and in T5 DRG CGRP+SP- neurons were more 

numerous than CGRP+SP+ neurons. In these DRG the cross sectional area of 

CGRP+SP- neuronal somata were more than twice the cross sectional area of 

CGRP+SP+ neuronal soma in the DRG. 

Results of this work also revealed that in the cervical, thoracic, lumbar and sacral 

dorsal horn, CGRP-IR terminals were detected in lamina I/II and lamina IV/V, which 

is also consistent with previous research (Gibson, Polak, Bloom, et al., 1984; 

Wiesenfeld-Hallin et al., 1984; Carlton et al., 1988; Merighi et al., 1988; Fried et al., 

1989). The CGRP-IR expressing terminals were subdivided based on their SP 

expression and so to quantify the amount of CGRP+SP- this research used confocal 

microscopy and focused on the medial and lateral region of lamina I/II and in lamina 

IV/V. It was found that there were equal proportions of CGRP+SP- and CGRP+SP+ 

terminals in medial lamina I. However, there was an observable higher proportion of 

CGRP+SP- terminals than CGRP+SP+ terminals in lateral lamina I; and lamina IV/V 

contained only CGRP+SP- terminals. Overall, there were higher proportions of 

CGRP+SP- terminals than CGRP+SP+ terminals in the dorsal horn of the spinal cord. 

In the forepaw and hindpaw skin, CGRP-IR fibres were observed penetrating the 

epidermis, encircling hair follicles, and associated with blood vessels and Meissner’s 

corpuscles. All of these results are consistent with previous research (Gibbins et al., 

1985; Ishida-Yamamoto et al., 1988; Kruger et al., 1989). Once again, the CGRP 

expressing nerve fibres were subdivided based on their expression of SP. Results 

revealed that CGRP+SP- neurons were evident, penetrating the epidermis, associated 

with blood vessels and Meissner’s corpuscles, just as frequently as CGRP+SP+ 

neurons. CGRP+SP- fibres we also observed encircled around hair follicles.  
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CGRP neurons from L4 DRG were observed innervating gastrocnemius muscle. This 

is consistent with previous findings of CGRP fibres in gastrocnemius muscle 

(Reinert et al., 1998; Hoheisel et al., 2005; Gillan, 2012). Again, CGRP neurons 

were subdivided based on their expression of SP. Results revealed that CGRP+SP- 

neurons innervating the gastrocnemius muscle outnumbered CGRP+SP+ neurons. 

This finding matched similar observations of the nerve fibres in the gastrocnemius 

muscle (Gillan, 2012). 

Therefore, while this work has not discovered the existence of CGRP+SP- neurons 

(Gibbins, Wattchow, et al., 1987; Tamatani et al., 1989; McCarthy & Lawson, 1990; 

Morris et al., 2005), it has demonstrated that CGRP+SP- neurons are a very 

prominent population of neurons with the following salient observations. 

• CGRP+SP- neurons outnumbered CGRP+SP+ neurons; 

• In DRG, CGRP+SP- neurons had larger soma sizes than CGRP+SP+ neurons; 

• In DRG, more CGRP+SP- neurons innervated gastrocnemius muscle than 

CGRP+SP+ neurons 

• In the skin, CGRP+SP- fibres had a similar, but not identical, distribution to 

CGRP+SP+ fibres; 

• In the dorsal horn, CGRP+SP- terminals were detected in both lamina I/II and 

lamina IV/V; 

• In lamina I, CGRP+SP- terminals had a similar distribution to CGRP+SP+ 

terminals, however CGRP+SP- terminals outnumbered CGRP+SP+ terminals 

in lateral lamina I. 

• In lamina IV/V there were only CGRP+SP- terminals. 

Consequently, CGRP is expressed by two prominent populations of sensory neurons: 

CGRP+SP+ neurons that are the peptidergic nociceptors; and CGRP+SP- neurons. 

Hence, it has been demonstrated that CGRP is not a reliable marker for peptidergic 

nociceptors as it does leads to an over-representation of this population.  

CGRP+SP- neurons are most likely myelinated 
Results of this study demonstrated that the soma size of CGRP+SP- neurons was 

more than twice the soma size of CGRP+SP+ neurons in DRG. Therefore it is 

possible that CGRP+SP- neurons are myelinated A-fibre neurons. However, cell size 
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alone is an unreliable indicator of the myelination of a neuron (Hoheisel & Mense, 

1987). Soma size is related by not only by the diameter of the neuronal axon but also 

by the overall length and degree of branching of the axon (Sugimoto et al., 1988; 

Hildebrand et al., 1995; Paik et al., 2010). NF200 is typically used as a marker for 

myelination as it is believed to be exclusively expressed in neurons with myelinated 

A-fibre afferents (Lawson & Waddell, 1991). The proportion of CGRP+SP- neurons 

that expressed NF200 has not yet been characterised.  

Some CGRP expressing neurons contain NF200 (McCarthy & Lawson, 1990; 

Ruscheweyh et al., 2007; McCoy et al., 2012). The research undertaken here 

demonstrated that the majority of CGRP+SP- neurons contained NF200, while only 

half of the CGRP+SP+ neurons contained NF200. As expected, the CGRP neurons 

that expressed NF200 were larger than CGRP neurons that lacked NF200. This 

suggests that the majority of CGRP+SP- neurons were myelinated and half of 

CGRP+SP+ neurons were unmyelinated. The CGRP+SP- neurons from L6 DRG 

innervating the gastrocnemius were also comparable in size to the CGRP+SP- 

neurons that contained NF200 and were therefore likely myelinated. 

Unfortunately, NF200 may not be a reliable marker for myelinated neurons. Through 

this work and the work of others (Lawson et al., 1984; Price, 1985; Goldstein et al., 

1991; Perry & Lawson, 1993), it was observed that NF200 was also expressed in 

many neurons with small soma sizes. While small somata are assumed to have 

unmyelinated fibres, others have been previously demonstrated that some neurons 

with small somata have Aα/Aβ conduction velocities (Hoheisel et al., 1994; Lawson 

et al., 1996). So the smaller neurons labelled by NF200 may well be myelinated. 

However, some unmyelinated fibres (Bae et al., 2014) and some neurons with C-

fibre conduction velocities have also been demonstrated to express NF200 

(Ruscheweyh et al., 2007). Thus, it appears that NF200 is not a reliable marker for 

myelinated neurons and that a more reliable method of determining the myelination 

of a neuron would be to establish the conduction velocity for that neuron. 

Fortunately, this has already been done before by McCarthy and Lawson (1990) who 

demonstrated CGRP-IR in both small and large somata of the DRG, and established 

that the smaller somata had C-fibre conduction velocities and lacked NF200 whereas, 

the larger somata had A-fibre conduction velocities and expressed NF200. McCarthy 

and Lawson (1989) also demonstrated that SP-IR was only present in small somata 
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of the DRG. Most SP expressing somata lacked NF200 and had C-fibre conduction 

velocities, whilst others contained NF200 and had Aδ-fibre conduction velocities 

(McCarthy & Lawson, 1989). This would suggest that the majority of CGRP+SP- 

neurons were myelinated and that some CGRP+SP+ neurons were myelinated, which 

matches the NF200 data from this research. Therefore, given the conduction 

velocities determined by McCarthy and Lawson (1989; 1990) it is likely that the 

majority of CGRP+SP- neurons were myelinated. 

The notion that CGRP+SP- neurons are myelinated is further supported by their 

central terminations. In this study it was demonstrated that CGRP+SP- terminals were 

prominent in lamina I and lamina IV/V of the spinal dorsal horn. Lamina I neurons 

receive inputs form Aδ- and C-fibres whereas lamina IV/V neurons receive inputs 

from Aβ- and Aδ- and C-fibres (Willis & Coggeshall, 1991). In this current research, 

Neurobiotin (NB) was used to label these CGRP+SP- terminals in both C7 and L4 

dorsal horn. In the L4 dorsal horn NB labelled both fine and larger diameter fibres in 

lamina I and lamina IV/V. However, in the C7 dorsal horn NB appeared to 

preferentially label larger fibres, filling mainly fibres in lamina IV/V. Most of the 

finer fibres filled in lamina I of the L4 dorsal horn were CGRP+SP+ fibres. There was 

no difference in the amount of NB-labelled CGRP+SP- fibres in both laminae I and 

IV/V between the C7 or L4 dorsal horns. This lack of difference suggested that 

CGRP+SP- fibres were larger fibres than CGRP+SP+ fibres of lamina I, as NB did not 

label finer fibres in C7. The larger fibre size of CGRP+SP- fibres suggests that they 

are myelinated afferents.  

In summary, CGRP-IR expressing neurons can be split up into three subpopulations 

based on their NF200 expression: CGRP+SP+NF200- neurons, CGRP+SP+NF200+ 

neurons and CGRP+SP-NF200+ neurons. The CGRP+SP+NF200- neurons are likely 

small unmyelinated C-fibre neurons; CGRP+SP+NF200+ neurons are likely medium 

myelinated Aδ-fibre neurons, and the CGRP+SP-NF200+ neurons are likely larger 

myelinated Aδ/Aβ-fibre neurons. The existence of large CGRP+SP- neurons could be 

interpreted in two ways: either CGRP expression is not limited to nociceptive 

neurons; or nociceptive neurons are not limited to Aδ and C-fibre classes. Although 

often overlooked, some of the earliest descriptions of nociceptors included Aα/β 

fibre classes which almost certainly originate from large diameter DRG neurons 

(Burgess & Perl, 1967; Ritter & Mendell, 1992; Djouhri et al., 1998; Djouhri & 
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Lawson, 2001). Indeed, a more recent study has shown that some DRG neurons with 

myelinated fibres in the Aα/β range both contain CGRP and possess nociceptive 

properties (Lawson et al., 2002). 

Larger CGRP+SP- neurons are not capsaicin 
sensitive nociceptors 
In this study it was determined that CGRP+SP- neurons express NF200, which is 

usually expressed by large myelinated mechanoceptors (Lawson & Waddell, 1991). 

Hence, CGRP+SP- neurons may not be peptidergic nociceptors. Peptidergic 

nociceptors are often capsaicin sensitive. Capsaicin activates the vanilloid receptor 

TRPV1 (≥43°C; Caterina et al., 1997). Thus, TRPV1 expression in sensory neurons 

is often used as an indicator that the neurons are capsaicin sensitive nociceptors. 

TRPV1 is expressed in small to medium sized neurons in DRG (Caterina et al., 

1997; Tominaga et al., 1998; Guo et al., 1999). Most TRPV1 neurons are peptidergic 

and express CGRP and SP (Cavanaugh et al., 2011; McCoy et al., 2012). The reverse 

is also true: most, but not all, CGRP-IR neurons express TRPV1 (Cavanaugh et al., 

2011; McCoy et al., 2012). The proportion of CGRP+SP- neurons that express 

TRPV1 has not yet been characterised.  

Results determined that virtually all CGRP+SP+ neurons contained TRPV1. In 

contrast, less than half of the CGRP+SP- neurons expressed TRPV1. The CGRP+SP-

TRPV1- neurons were larger than both the CGRP+SP+TRPV1+ and CGRP+SP-

TRPV1+ neurons. Based on their soma sizes and work by McCarthy and Lawson 

(McCarthy & Lawson, 1989; 1990), it is probable that CGRP+SP+TRPV1+ neurons 

were unmyelinated C-fibre nociceptors, CGRP+SP-TRPV1+ neurons were likely 

myelinated Aδ-fibre nociceptors and CGRP+SP-TRPV1- neurons were Aδ/Aβ fibre 

sensory neurons. 

In summary, CGRP expressing neurons can be split up into three subpopulations: 

small CGRP+SP+TRPV1+ neurons; small CGRP+SP-TRPV1+ neurons; and larger 

CGRP+SP-TRPV1- neurons. CGRP+SP+TRPV1+ and CGRP+SP-TRPV1+ neurons 

have central projections in lamina I and are most likely nociceptive. However, the 

larger CGRP+SP-TRPV1- neurons have central projections in lamina IV/V and may 

not have a role in nociception. 
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Larger CGRP+SP- neurons are not classical 
mechanoceptors  
This study has determined that there are two subpopulations of CGRP+SP- neurons: 

small CGRP+SP- neurons that express TRPV1 and larger CGRP+SP- neurons that 

lack TRPV1. The lack of TRPV1 expression in the larger CGRP+SP- neurons 

suggests that these neurons are not peptidergic nociceptors. CGRP+SP- fibres were 

associated with sensory endings that are typically associated with mechanoceptors 

and express NF200, which is usually expressed by large myelinated mechanoceptors 

(Lawson & Waddell, 1991). This gives rise to the question as to whether these larger 

CGRP+SP- neurons that lack TRPV1 expression mechanoceptors? 

CGRP+SP- fibres were closely associated with hair follicle afferents. Hair follicle 

afferents form a piloneural complex: a combination of sensory endings that form an 

ensemble around hair follicles at the mid-level of the hair shaft. The piloneural 

complex consists of a palisade of blade-like lanceolate endings, and circumferentially 

oriented endings (Rice & Albrecht, 2007). While it has been previously documented 

that both CGRP and SP fibres encircle hair follicles (Kruger et al., 1989; Fundin et 

al., 1997; Rice et al., 1997), results here have demonstrated that CGRP+SP- fibres 

encircled hair follicles at the level of the palisade nerve endings. While they did not 

explicitly characterise their endings, Lawson and colleagues (2002) have also 

demonstrated CGRP+SP- fibres associated with hair follicles and determined that 

these fibres were non-nociceptive moderately rapidly adapting mechanoceptors that 

responded to hair movement. Unlike, Lawson and colleagues (2002), it was also 

demonstrated here that often a single CGRP+SP+ fibre encircled the hair follicle 

inferior to the circumferential CGRP+SP- fibres. As all SP containing primary 

afferent fibres are presumed nociceptive (Lawson et al., 1997), it is likely that the 

single CGRP+SP+ fibre is associated with noxious distortion of the hair follicle. 

CGRP+SP- fibres were also closely associated with Meissner’s corpuscles. 

Meissner’s corpuscles contain a coiled arrangement of endings from at least three 

types of separate fibres: Aα/β fibres and peptidergic and non-peptidergic C-fibres 

(Paré et al., 2001). CGRP and SP are associated with some Meissner’s corpuscles 

(Ishida-Yamamoto et al., 1988; Kruger et al., 1989; Paré et al., 2001), however it 

was shown here that both CGRP+SP+ and CGRP+SP- fibres are associated with the 
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Meissner’s corpuscles. The Aα/β fibres of the Meissner’s corpuscle described by 

Paré and colleagues (2001) expressed CGRP and NF200, and are hence likely the 

CGRP+SP- fibres that have demonstrated in this current study. These Aα/β fibres are 

believed to be the low-threshold mechanoceptive endings of the Meissner’s 

corpuscle. These Aα/β fibres are closely intertwined with endings from peptidergic 

C-fibres (Paré et al., 2001). These peptidergic fibres lacked NF200 and expressed 

both CGRP and SP (Paré et al., 2001), and are hence likely the CGRP+SP+ fibres that 

have demonstrated in this current study. Again, as all SP containing primary afferent 

fibres are presumed nociceptive (Lawson et al., 1997), it is likely that the CGRP+SP+ 

fibres are nociceptive. While Meissner’s corpuscles are activated by innocuous light 

touch, it is now believed that they can also be nociceptive (Paré et al., 2001).  

This study has demonstrated that CGRP+SP- neurons have dual central projections to 

the superficial and deep laminae of the dorsal horn of the spinal cord. While the 

superficial dorsal horn (laminae I/II) is most commonly associated with nociception, 

the deeper laminae (laminae IV/V) are commonly associated with low threshold 

mechanoceptors. Lamina IV/V neurons receive mostly non-nociceptive input 

(Cervero et al., 1988) and contains both low threshold mechanoceptive and wide 

dynamic range neurons (Mendell & Wall, 1965; Hillman & Wall, 1969; Light & 

Durkovic, 1984). Low threshold mechanoceptors express vesicular glutamate 

transporter 1 (VGLUT1; Alvarez et al., 2004) and so in this study the primary 

afferent terminals of VGluT1-IR mechanoceptors were compared with the 

CGRP+SP- terminals of lamina IV/V. Results determined that while CGRP+SP- fibres 

were in close proximity to primary afferent terminals of VGluT1-IR there was no 

colocalisation between CGRP and VGluT1-IR. This is consistent with others who 

have demonstrated that CGRP-IR neurons lack VGluT1-IR (Oliveira et al., 2003; 

Todd et al., 2003; Morris et al., 2005; Brumovsky et al., 2007). Hence CGRP+SP- 

fibres of lamina IV/V are not classical VGluT1 mechanoceptors, and maybe be an 

unidentified class of mechanoceptor. As lamina IV/V also contain wide dynamic 

range neurons that respond to noxious and innocuous stimuli (Mendell & Wall, 1965; 

Hillman & Wall, 1969; Light & Durkovic, 1984), therefore CGRP+SP- fibres of 

lamina IV/V may still have a role in nociception. 

In summary, the larger CGRP+SP- neurons that lack TRPV1 are most likely not 

peptidergic nociceptors. Their expression of NF200, association with hair follicle 
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afferents and Meissner’s corpuscles, and deep dorsal horn projections suggest these 

neurons may be low threshold mechanoceptors. However, low threshold 

mechanoceptors usually contain VGluT1 (Alvarez et al., 2004) and CGRP-IR 

neurons, including CGRP+SP- neurons, do not (Oliveira et al., 2003; Todd et al., 

2003; Morris et al., 2005; Brumovsky et al., 2007). This suggests that these larger 

CGRP+SP- neurons are not a subset of classical VGluT1-IR low-threshold, 

myelinated mechanoceptors. Hence it is likely that these larger CGRP+SP- neurons 

are a neurochemically unique population of mechanoceptors that most likely 

corresponding to Aβ or Aδ neurons (McCarthy & Lawson, 1990; Ruscheweyh et al., 

2007). 

How do CGRP+SP- neurons function without SP? 
This study has demonstrated that CGRP+SP- neurons are a very prominent population 

of neurons and can be subdivided into two subpopulations based on their expression 

of TRPV1. However, without SP, CGRP has minimal effects on nociceptive inputs to 

the spinal cord (Miletic & Tan, 1988). To investigate how capsaicin sensitive 

CGRP+SP- neurons might function pERK/pCREB was used as a marker of neuronal 

activation and viable dorsal horn slices were stimulated with capsaicin and electrical 

stimulation of the attached dorsal root. TRPV1 expression is restricted to the primary 

afferent terminals of the dorsal horn (Szallasi et al., 1995; Caterina et al., 1997; 

Tominaga et al., 1998) and pERK/pCREB is not induced by polysynaptic activation 

after capsaicin application (Kawasaki et al., 2004). Therefore, any pERK/pCREB 

induced in the spinal cord is induced by monosynaptic input from capsaicin sensitive 

primary afferent fibres.  

Consistent with previous studies (Ji et al., 1999; Kawasaki et al., 2004) results here 

demonstrated that capsaicin stimulation induced pERK/pCREB expression in dorsal 

horn neurons of lamina I/II in the dorsal horn. Capsaicin stimulation failed to induce 

pERK/pCREB expression in dorsal horn neurons of lamina IV/V. Dorsal horn 

neurons of lamina IV/V do express ERK/CREB (Kawasaki et al., 2004; Song et al., 

2005) and hence pERK/pCREB should be induced in these neurons given the correct 

stimulus. Consistent with Kawasaki and colleagues (2004) electrical stimulation of 

the attached dorsal root induced pERK expression in neurons of lamina I/II and 

pCREB expression in neurons of lamina I-III of the spinal dorsal horn. Surprisingly, 
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there was no pERK/pCREB expression in dorsal horn neurons of lamina IV/V. This 

suggests that the CGRP+SP- neurons of laminae IV/V were functionally different 

from the CGRP+SP- neurons of laminae I/II. 

The capsaicin-induced pERK expression in dorsal horn neurons of lamina I received 

contacts from multiple classes of primary afferent terminals. Some received input 

from CGRP+SP+ and CGRP+SP- terminals and others from just CGRP+SP- terminals. 

The electrically induced pCREB expressing neurons shared many similarities with 

capsaicin-induced pERK expressing neurons. As many CREB expressing neurons 

also express ERK (Ji et al., 1999; Kawasaki et al., 2004) it is likely that most of the 

electrically induced pCREB neurons of lamina I were the same neurons as the 

capsaicin induced pERK neurons of lamina I.  

pERK/pCREB expressing dorsal horn neurons that received contacts from 

CGRP+SP+ terminals were most likely activated by SP. CGRP+SP+ neurons express 

TRPV1 and hence were able to be stimulated by capsaicin (Szallasi et al., 1995; 

Caterina et al., 1997; Tominaga et al., 1998). Both capsaicin and electrical 

stimulation causes the release of CGRP and SP in the dorsal horn (Franco-Cereceda 

et al., 1987; Morton & Hutchison, 1989). SP activates the dorsal horn neurons 

receiving CGRP+SP+ contacts (Salter & Henry, 1991) and CGRP potentiates the 

effects of SP (Seybold, 2009). This neuronal activation then induces pERK/pCREB 

expression in the postsynaptic dorsal horn neuron. 

Many CGRP+SP- neurons also expressed TRPV1 and have terminals in lamina I. 

Consequently, both capsaicin and electrical stimulation of these neurons would cause 

the release of CGRP in the dorsal horn (Franco-Cereceda et al., 1987; Morton & 

Hutchison, 1989). Yet, CGRP alone has minimal effects on the excitability of dorsal 

horn neurons (Miletic & Tan, 1988; Biella et al., 1991). So it is unlikely that CGRP 

alone was able to directly activate and induce pERK/pCREB expression in the 

postsynaptic dorsal horn neurons. The CGRP+SP- afferent terminals may have 

induced pERK/pCREB expression in dorsal horn neurons through the use of another 

neurotransmitter, which activated the postsynaptic dorsal horn neurons.  

CGRP has been shown to enhance the release of other excitatory neurotransmitters 

such as glutamate (Kangrga & Randic, 1990). Glutamate is the primary excitatory 

neurotransmitter in the spinal cord and it is believed that the majority of sensory 
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neurotransmission from primary afferents onto dorsal horn neurons is largely 

mediated by glutamate (Alvarez et al., 2004). Unfortunately, neurons possess 

metabolic pools of glutamate that are unrelated to neurotransmission (De Biasi & 

Rustioni, 1990), which complicates the interpretation of glutamate immunoreactivity. 

Instead, immunoreactivity to vesicular glutamate transporters (VGluTs) is used. To 

date there are three VGluTs: VGluT1, VGluT2 and VGluT3 (Bellocchio et al., 1998; 

Takamori et al., 2000; Bai et al., 2001; Takamori et al., 2001; Herzog et al., 2004). 

VGluT1 and VGluT2 are expressed by separate populations of primary afferents 

(Alvarez et al., 2004). VGluT1 is expressed by cutaneous and muscle 

mechanoreceptors and VGluT2 by small fibre nociceptors. (Alvarez et al., 2004). 

VGluT3 is expressed by small C-fibre mechanoceptors (Seal et al., 2009). CGRP-IR 

neurons do not express VGluT1 (Oliveira et al., 2003; Todd et al., 2003; Morris et 

al., 2005; Brumovsky et al., 2007) or VGluT3 (Morris et al., 2005; Seal et al., 2009; 

Draxler et al., 2014). There are inconsistent reports of whether CGRP neurons 

express VGluT2, with some reporting no colocalisation (Morris et al., 2005; Clarke 

et al., 2011) and others reporting colocalisation (Todd et al., 2003; Brumovsky et al., 

2007). Regardless, it has been demonstrated that CGRP expressing neurons lack the 

protein machinery required for vesicular release of glutamate (Morris et al., 2005). 

Therefore, it is highly unlikely that CGRP+SP- neurons utilize glutamate. 

Others have suggested that CGRP+SP- neurons express other peptides, such as 

galanin or VIP (Ju et al., 1987; Hökfelt et al., 1993). In this study it has been 

demonstrated that only CGRP+SP+ neurons expressed galanin, but some CGRP+SP- 

neurons did express VIP. VIP shares similar features to CGRP and is considered a 

neuromodulator. Under normal conditions VIP increases the excitability of neurons 

in nociceptive circuits (Cridland & Henry, 1988). This excitatory action of VIP is 

markedly increased in injury models (Wiesenfeld-Hallin, Xu, Håkanson, et al., 1990) 

to a level comparable to the effect that SP has on nociceptive neurons (Wiesenfeld-

Hallin, Xu, Håkanson, et al., 1990). Hence, VIP may be able to replace the role of SP 

following nerve injury. However, not all CGRP+SP- neurons express VIP. 

Another possibility is that CGRP+SP- neurons enhance the excitability of dorsal horn 

neurons and the dorsal horn neurons are activated via convergent axons of other 

primary afferents. In this study it was demonstrated that almost all pERK/pCREB-

expressing neurons had contacts from multiple classes of IR terminals, and that most 
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of these included CGRP+SP- terminals. It is already known that CGRP enhances the 

excitability of neurons receiving nociceptive inputs (Biella et al., 1991; Seybold et 

al., 2003; Sun et al., 2004; Bird et al., 2006). So rather than CGRP enhancing the 

effects of a neurotransmitter from within the same afferent terminal, CGRP may have 

been released and enhanced the excitability of the pERK/pCREB expressing dorsal 

horn neuron and enhanced the effects of a neurotransmitter from another convergent 

afferent terminal.  

In summary, the central projections of CGRP+SP- afferents in laminae I/II are 

functionally different from the CGRP+SP- afferents of laminae V/IV. The CGRP+SP- 

afferents in laminae I/II made contacts with dorsal horn neurons expressing 

capsaicin-induced pERK/pCREB. Therefore it is likely that the CGRP+SP- afferents 

in laminae I/II were the central projections of the capsaicin sensitive CGRP+SP- 

neurons. It is likely that these CGRP+SP- afferents of laminae I/II had a modulatory 

role in the in the capsaicin-induced pERK/pCREB expression in dorsal horn neurons. 

Capsaicin failed to induced pERK/pCREB expression in the dorsal horn neurons of 

lamina IV/V. Therefore it is likely that the CGRP+SP- afferents in lamina IV/V are 

the central projections of the capsaicin insensitive CGRP+SP- neurons. 

Furthermore, without SP, CGRP is only able to enhance to nociceptive input to 

dorsal horn neurons (Biella et al., 1991; Seybold et al., 2003; Sun et al., 2004; Bird 

et al., 2006). CGRP+SP- neurons do not appear utilise glutamate or galanin as a 

neurotransmitter that is capable of activating dorsal horn neurons. CGRP+SP- 

neurons can utilise VIP that may be able to replace SP in certain conditions, however 

not all CGRP+SP- neurons express VIP. Hence, CGRP+SP- neurons may just simply 

enhance the excitability of dorsal horn neurons that are activated by convergent 

input. 

What is the possible role of CGRP+SP- neurons? 
Capsaicin sensitive CGRP+SP- neurons likely have a role in central sensitisation 
and hyperalgesia 

In this study it has been demonstrated that there are medium myelinated Aδ-fibre 

CGRP+SP- neurons that expressed TRPV1 and had central projections to laminae I/II 

of the dorsal horn. This study has demonstrated that these neurons made convergent 

contacts onto nociceptive dorsal horn neurons in laminar I/II, however, without SP it 
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is unlikely that CGRP was able to directly activate these neurons. Hence, it is 

doubtful that these CGRP+SP- neurons are involved in acute nociception. However, 

their modulatory effects in lamina I may contribute to the central sensitisation 

resulting in hyperalgesia. 

In this work pERK/pCREB markers were used for neuronal activation, however 

pERK/pCREB is also believed to play a role in central sensitisation (Ji & Woolf, 

2001). Results demonstrated that the majority of the pERK/pCREB expressing 

neuronal cell bodies received convergent input from CGRP+SP- terminals. It is 

known that CGRP enhances the excitability of neurons receiving nociceptive inputs 

(Biella et al., 1991; Seybold et al., 2003; Sun et al., 2004; Bird et al., 2006) but 

suggested that CGRP alone was not enough to generate an action potential in the 

postsynaptic dorsal horn neuron as CGRP has minimal effects on nociceptive inputs 

to the spinal cord (Miletic & Tan, 1988). However, activation of the CGRP receptor 

has been demonstrated to activate cAMP and initiate the MAPK/ERK pathway 

(Parameswaran et al., 2000; Seybold et al., 2003). This would lead to changes in 

gene transcription and changes in the excitability of the dorsal horn neuron. For 

example the pERK has been demonstrated to contribute to the increased expression 

of spinal NK1 receptors during peripheral inflammation (Ji, Befort, et al., 2002), 

which would result in central sensitisation. ERK has also been demonstrated to play 

a role in increased levels of spinal dynorphin (Ji, Befort, et al., 2002), which has 

been demonstrated to further sensitise dorsal horn neurons and is possibly involved 

in neuropathic pain states (Ossipov & Porreca, 2007). The CGRP antagonist CGRP8-

37 significantly attenuates heat hyperalgesia (Yu, Hansson, & Lundeberg, 1996) and 

even abolishes heat hyperalgesia (Bennett et al., 2000) in nerve injury models. 

Larger capsaicin insensitive CGRP+SP- neurons might have a role in mechanical 
allodynia 
In this study it has been demonstrated that there are myelinated Aβ-fibre CGRP+SP- 

neurons that lack TRPV1 and have central terminations in lamina IV/V. Results 

determined that these neurons were not activated by capsaicin in lamina IV/V, and 

were hence functionally different from the capsaicin-sensitive Aδ-fibre CGRP+SP- 

neurons of laminae I/II. The role of the larger myelinated Aδ/Aβ-fibre CGRP+SP- 

neurons was not determined in this study. While this role is most likely innocuous in 
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nature, there is evidence to suggest that these neurons could contribute to mechanical 

allodynia. 

Mechanical allodynia is “pain due to a mechanical stimulus that does not normally 

provoke pain” (Merskey & Bogduk, 1994) and is believed to be mediated largely by 

Aβ-fibre neurons. These larger CGRP+SP- neurons are most likely Aβ-fibre neurons, 

due to both their soma size and expression of NF200, and their association with hair 

follicles and Meissner’s corpuscles. Based on data from McCarthy and Lawson 

(1990) the large NF200 expressing CGRP+SP- neurons are Aα/β-fibres. Based on 

data from Lawson and colleagues (2002) CGRP+SP- fibres associated with hair 

follicles were Aβ-fibres. Finally, based on data from Paré and colleagues (2001) the 

CGRP+SP- fibres associated with Meissner’s corpuscles were Aα/β-fibres. While 

under normal conditions, these CGRP+SP- fibres are non-nociceptive, inflammation 

or neurological damage could potentially result in mechanical hyperalgesia and 

allodynia. CGRP has been demonstrated to be involved in the sensitisation of 

mechanical nociceptive dorsal horn neurons (Sun et al., 2004) and in the generation 

and maintenance of tactile allodynia (Sun et al., 2003). The CGRP antagonist 

CGRP8-37 delays the onset of mechanical allodynia (Lee & Kim, 2007), reduces the 

severity (Yu, Hansson, & Lundeberg, 1996) and can even reverse mechanical 

allodynia (Jang, 2004). 

The myelinated Aβ-fibre CGRP+SP- neurons that lacked TRPV1 had central 

terminations in lamina IV/V. Lamina IV/V contains both low threshold 

mechanoceptive and wide dynamic range neurons (Cervero et al., 1988). Wide 

dynamic range neurons respond to both innocuous and noxious stimuli (Mendell & 

Wall, 1965; Hillman & Wall, 1969; Light & Durkovic, 1984). CGRP can increase 

the excitability of wide dynamic range neurons in the deep dorsal horn and probably 

contributes to mechanical hyperalgesia (Yu et al., 2002; Sun et al., 2004). CGRP is 

also down-regulated in injured DRG neurons but up-regulated in adjacent spared 

neurons projecting to lamina III-V of dorsal horn (Ma & Bisby, 1998; Miki et al., 

1998; Ma et al., 1999), suggesting a role in mediating the tactile allodynia caused by 

nerve injury (Sun et al., 2001; Ossipov et al., 2002).  

In summary, it is unlikely that CGRP+SP- neurons are involved in acute nociception. 

The medium myelinated Aδ-fibre CGRP+SP-TRPV1+ neurons with central 
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projections to laminae I/II of the dorsal horn most likely had modulatory effects in 

lamina I that may contribute to the central sensitisation resulting in hyperalgesia. The 

larger myelinated Aα/β-fibre CGRP+SP-TRPV1- neurons with central projections to 

laminae IV/V of the dorsal horn were most likely non-nociceptive mechanoceptors 

but may synapse on wide dynamic range neurons and cold contribute to mechanical 

allodynia. 

Future directions 
It is extremely challenging to distinguish the release of CGRP from the CGRP+SP- or 

CGRP+SP+ afferents due to their similar distributions in lamina I/II. Although CGRP 

causes no acute behavioural effect when injected by itself (Wiesenfeld-Hallin et al., 

1984; Gamse & Saria, 1986), intrathecal administration of CGRP causes 

hyperalgesia to mechanical stimuli (Oku et al., 1987), and intrathecal injection of 

CGRP antiserum decreases thermal and mechanical hyperalgesia during peripheral 

inflammation (Kawamura et al., 1989; Kuraishi et al., 1991). In the spinal cord, 

noxious thermal, mechanical, or electrical stimulation evoke the release of CGRP 

within the superficial dorsal horn (Morton & Hutchison, 1989; 1990). However, 

these effects could be mediated in part by CGRP receptors on terminals of primary 

afferent neurons that facilitate the release of SP (Oku et al., 1987; Ryu et al., 1988). 

In future, the use of pERK/pCREB as marker for neuronal activation in viable spinal 

cord slices could be coupled with different receptor antagonists to investigate what 

neurotransmitters were involved in the activation of pERK/pCREB cells. For 

example NK1 receptor antagonists could determine if this involvement was 

dependent on CGRP potentiating the effects of other transmitters or whether CGRP 

was capable of this alone. Further neurochemical characterisation of CGRP+SP- 

neurons could also determine any other potential neurotransmitters and peptides that 

could be utilized by these neurons. 

Summary 
Therefore, while this research did not discover the existence of CGRP+SP- neurons 

(Gibbins, Wattchow, et al., 1987; Tamatani et al., 1989; McCarthy & Lawson, 1990; 

Morris et al., 2005), it has demonstrated that CGRP+SP- neurons are a very 

prominent population of neurons. CGRP expressing neurons can be subdivided both 

based on their expression of SP and a number of different anatomical and 
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neurochemical features summarised in Table 4.2. There were two subpopulations of 

CGRP+SP+ neurons: small unmyelinated C-fibre neurons that lacked NF200 and 

GAL expression, and medium myelinated Aδ-fibre neurons that expressed NF200 

and GAL. We also determined that the overlooked CGRP+SP- neurons were a very 

prominent population of neurons that express NF200. There were a number of 

subpopulations of CGRP+SP- neurons: medium myelinated Aδ-fibre neurons that 

expressed TRPV1 and medium-large sized myelinated Aδ/Aβ-fibre neurons that 

lacked TRPV1. 

The smaller CGRP+SP-TRPV1+ neurons were similar to the myelinated Aδ-fibre 

CGRP+SP+ neurons. They both had similar central projections to lamina I/II of the 

spinal dorsal horn. It is not clear whether CGRP+SP-TRPV1+ neurons can be 

classified as peptidergic nociceptors. Without SP, CGRP most likely enhances 

nociceptive input to dorsal horn neurons (Biella et al., 1991; Seybold et al., 2003; 

Sun et al., 2004; Bird et al., 2006). These CGRP+SP- neurons did not appear utilise 

glutamate or galanin as a neurotransmitter, but did express VIP, which may be able 

to replace SP in certain conditions. Hence, CGRP+SP- neurons may just simply 

enhance the excitability of dorsal horn neurons that are activated by convergent 

input. Hence, it is likely that these CGRP+SP- afferents of laminae I/II had a 

modulatory role in nociception and may contribute to the central sensitisation 

resulting in hyperalgesia. 

The larger CGRP+SP-TRPV1- neurons are most likely not peptidergic nociceptors. 

They are likely low threshold mechanoceptors, however their lack of VGluT1 

suggests that they are not classical low threshold mechanoceptors. Hence it is likely 

that these larger CGRP+SP-TRPV1- neurons are a neurochemically unique population 

of mechanoceptors that most likely corresponding to Aβ or Aδ neurons. The larger 

myelinated Aα/β-fibre CGRP+SP-TRPV1- neurons with central projections to 

laminae IV/V of the dorsal horn were functionally different from the central 

projections of Aδ-fibre CGRP+SP-TRPV1+ neurons in lamina I/II. These Aα/β-fibre 

CGRP+SP-TRPV1- neurons were most likely non-nociceptive mechanoceptors but 

may synapse on wide dynamic range neurons and cold contribute to mechanical 

allodynia. 
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Overall, this research has lead to an improved understanding of the properties of a 

presumed nociceptor. While CGRP+SP- neurons are unlikely to be involved in acute 

nociception, their modulatory effects may contribute to the central sensitisation 

resulting in the hyperalgesia and mechanical allodynia associated with inflammatory 

and chronic pain states. 
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