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Abstract

Neuropathic pain presents itself with many faces. It can be devastatingly
painful leading to a person’s inability to lead a productive life or it can be
mild, manageable with life style choices and mild analgesics. In this thesis
| am discussing one of the countless possible mechanisms which could
underlie the development and maintenance of this disorder; namely the
involvement of peripheral changes in innervation. The approach taken in
this thesis was mainly based on protein analyses, based on the
assumption that protein expression (or lack thereof) is indicative of
changes in the physiological properties of structures that either express or
secrete proteins. | also address the models which are commonly used by
researchers to elucidate the mechanisms underlying chronic neuropathic
pain in hopes of developing viable treatments.

The focus of this work is on the periphery, more specifically involving the
glabrous skin of the rat hind paw. This skin is innervated by branches of
the sciatic nerve which are comprised of, in part, sensory fibres. These
are further sub-classified into the thickly and thinly myelinated A-beta and
A-delta afferents, respectively, as well as unmyelinated C-fibres. The
latter population can be divided into two subgroups based on their peptide
content where the peptide rich are termed peptidergic and the peptide-
poor, non-peptidergic. This area also receives innervation from post-
ganglionic sympathetic efferents.

This thesis comprises three experimental chapters of my independent
work into further exploring the models and mechanisms underlying the

maintenance and generation of neuropathic pain.



The first experimental chapter addresses the long term changes of skin
innervation which occur following the application of a commonly used
model of neuropathic pain, namely the chronic constriction injury (CCI) of
the sciatic nerve model. | examined the myelinated afferent population as
a whole, the unmyelinated peptidergic afferents as well as the non-
peptidergic C-fibres from three days through 1.5 years following the
application of the nerve injury. There was a persistent loss of myelinated
afferents, loss and delayed sprouting of non-peptidergic C-fibres as well
as a brief loss and permanent sprouting of peptidergic afferents within the
upper dermis.

The second study is a comparative examination of the morphological and
behavioural changes following application of two very similar models of
neuropathic pain. The CCI model is based on the application of loose
chromic gut ligatures and the variation of this is the cuff model in which the
chromic gut ligatures are replaced by a fixed diameter polyethylene cuff.
The application of the cuff model resulted in a persistent mechanical
hypersensitivity in contrast to the CClI in which the mechanical
hypersensitivity resolved within about a month. However, the application
of either model resulted in a transient thermal hypersensitivity. Innervation
changes following application of the cuff model included a reduction in
myelinated afferent density within the upper dermis in both models, the
unmyelinated, non-peptidergic afferents declined in fibre density followed
by a delayed recovery in the cuff model and the peptidergic afferents
gradually declined and remained so following application of the cuff in
contrast to the application of the CCI.

The third chapter addresses the changes in the expression of nerve

growth factor (NGF) and its receptors following CCI. The precursor form
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of NGF, proNGF was localized to mast cells, vascular endothelium and
keratinocytes in the epidermis in naive skin. Following injury, proNGF
increased. After lesion, Schwann cells expressed high levels of the NGF
receptor p75. The two receptors for NGF, TrkA and p75, were
differentially regulated during the progression of the nerve injury.

The work of this thesis has provided new findings documenting the
morphological changes underlying the generation and maintenance of

neuropathic pain as well as the molecular generators of these changes.
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Résumé
La douleur neuropathique peut se présenter sous plusieurs formes. Elle
peut étre terriblement douloureuse conduisant a l'incapacité d'une
personne a mener une vie productive ou elle peut étre subtile, gérable
avec des choix de style de vie et analgésiques légers. Dans cette thése,
janalyse les mécanismes périphériques pouvant déclencher et maintenir
la douleur neuropathique. L'approche adoptée dans cette these est surtout
basée sur une analyse de la concentration et distribution anatomique de
protéines, avec l'idée sous-jacente que son niveau d’expression (ou
absence d’expression) est révélatrice de changements physiologiques
dans les structures qui produisent ou sécretent ces protéines. Je vais
également aborder les modéles qui sont couramment utilisés par les
chercheurs pour élucider les mécanismes sous-jacents a la douleur
neuropathique chronique dans I'espoir de développer des traitements
viables.
Le focus de ce travail se déroule dans la périphérie, en particulier la peau
non couverte de poils de la surface plantaire du membre postérieur du rat.
Cette peau est innervée par des fibres nerveuses sensorielles provenant
du nerf sciatique. Ces fibres sont normalement classées comme
afférences myélinisées épaisses et finement myélinisées (A-béta et A-
delta respectivement), ainsi que comme fibres amyéliniques (C). La
derniere population peut étre divisée en deux sous-groupes en fonction de
présence ou absence de neuropeptides en peptidergiques et non-
peptidergiques. Cette région recoit également une innervation par des
fibres post-ganglionnaires sympathiques.
Cette thése est composée de trois chapitres expérimentaux.
Le premier chapitre se penche sur les changements a long terme de
l'innervation cutanée qui se produisent apres l'application d'un modele de
douleur neuropathique couramment utilisé, a savoir la blessure par

constriction chronique du nerf sciatique (CCl). J’ai examiné les
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changements des fibres myélinisées dans son ensemble, des fibres
amyéliniques peptidergiques, ainsi que des fibres non-peptidergiques deés
trois jours apres I'application de la Iésion nerveuse jusqu’a un an et demi
aprés la lésion. Il y avait une perte persistante des afférences
myélinisées, une perte suivie d’une récupération tardive des fibres C non-
peptidergiques ainsi qu'une bréve perte suivie de récupération
permanente des afférences peptidergiques dans la partie supérieure du
derme.

Le second chapitre expérimental est un examen comparatif des
changements morphologiques apres l'application de deux modéles tres
similaires de douleur neuropathique. Le premier est la constriction
chronique du nerf sciatique (CCI) suivant I'application de 4 ligatures
laches de catgut chromique; dans le deuxiéme la constriction du nerf
sciatique est obtenue par I'application autour du nerf d’'un segment de
tube polyéthyléne de diameétre fixe (« cuff »). L'application du « cuff »
résultait en une hypersensibilité mécanique persistante, contrairement au
CCI dans lequel I'hypersensibilité mécanique disparaissait dans un mois
environ. Toutefois, les résultats de I'application des deux modéles sur la
sensibilité thermique étaient similaires, avec une hyper-sensitivité a la
chaleur qui durait environ un mois. Les afférences myélinisées étaient
réduites en densité dans la partie supérieure du derme dans les deux
modéles et cette baisse était permanente. Cependant, les afférences
non-peptidergiques ont souffert une baisse de densité suivie d'un retour
retardé a des valeurs des contréles dans le modéle « cuff ». Dans ce
dernier modele, les afférences peptidergiques ont diminué
progressivement en densité et n'ont pas récupére, a la différence de
I'application de la CCI.

Le troisieme chapitre expérimental concerne les changements dans
I'expression du facteur de croissance nerveuse (NGF) et de ses

récepteurs dans des animaux avec une lésion CCl. Le précurseur du



NGF, proNGF a été localisé aux mastocytes, I'endothélium vasculaire et
les kératinocytes dans I'épiderme de la peau naive. A la suite de la lésion
CCI, nous avons détecté une augmentation du proNGF. Apreés la Iésion,
les cellules de Schwann avaient une expression trés augmentée du
récepteur du NGF p75 et quelques unes se distribuaient autour de fibres
nerveuses régeneres. Les récepteurs au NGF, TrkA et p75 sont
différentiellement régulés dans la période aprés la lésion du nerf. Le
travail de cette thése a eu comme objectif de clarifier les changements
morphologiques contribuant au déclanchement et la manutention de la
douleur neuropathique, ainsi que les mécanismes moléculaires de ces

changements.
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Chapter One

General Introduction



1.1. Neuropathic Pain
Neuropathic pain is defined by the International Association for the Study

of Pain as “pain initiated or caused by a primary lesion or dysfunction of the
nervous system that, under normal conditions, transmits noxious information”
(Merskey and Bogduk, 1994). In this case, pain has ceased to function in its
normal role to alert the body of potential damage and becomes harmful in its own
right. Peripheral neuropathic pain may result from injury, trauma or disease to the
peripheral nervous system or may also be idiopathic when no obvious cause for its
genesis can be found. Peripheral neuropathic pain is exceedingly difficult to treat
and manage because of the lack of correlation between pain severity and objective
evidence of injury and poor response to analgesics. Neuropathic pain can be
further defined with respect to its chronicity. Indeed, acute neuropathic pain
spontaneously disappears, but when it lasts for more than 3-6 months in humans,

it becomes chronic neuropathic pain.

1.1.1 Epidemiology
Chronic pain affects between 16-29% of the working Canadian population

aged 12 to 65 based on current data (Moulin et al., 2002; Ramage-Morin, 2008;
Ramage-Morin and Gilmour, 2010). The incidence of chronic pain of neuropathic
origin ranges from 8.2% of the UK population of people aged 18 and over
(Torrance et al., 2006) to 17.9% of the Canadian population, however this
includes such conditions as migraine, fibromyalgia and vulvodynia which may or
may not commonly be considered part of the neuropathic pain spectrum of
disorders (Toth et al., 2009). The socioeconomic burden of a person suffering
from neuropathic pain was found to be $17,555 in health-care costs during the
2000 calendar year compared to $5,715 for aged-matched control (Berger et al.,
2004). When one considers that 10% of the general population suffer from
neuropathic pain and will endure this condition for approximately ten years
(Meyer-Rosberg et al., 2001) and incur health care costs at three times that of the
normal population, this is a very significant burden on our health-care system,

validating the need for further research to find an adequate treatment.

2]



1.1.2. Types of Neuropathic Pain
As alluded to in the previous section, neuropathic pain is made up of a

spectrum of disorders. For the purposes of this thesis, I will focus on neuropathic
pain involving the peripheral nervous system. Common types of peripheral
neuropathic pain include chemotherapy-induced polyneuropathy, complex
regional pain syndrome, entrapment neuropathies, painful diabetic neuropathy,
post herpetic neuralgia, and posttraumatic neuralgias (Dworkin et al., 2003). A
diagnosis of peripheral neuropathic pain is reached based on neurological
assessments including both positive and negative sensory symptoms and signs.
Common perceptions from patients afflicted with neuropathic pain include
spontaneous stimuli-independent “burning” or “shock-like paroxysms”. There
can also be evoked sensations such as from gentle touch and pressure of clothing,
wind, riding in a car and hot and cold temperatures (Dworkin et al., 2003).

Chemotherapy-evoked neuropathy is a side effect of the commonly used
chemotherapeutics used to treat cancer. This is a consequence to the
chemotherapy which can restrict the dose prescribed to patients and affects 20%
of patients receiving standard doses and affects the longest peripheral axons first.
Patients complain of a symmetrical burning sensation affecting their feet first
progressing to hands which can, in part, be attributed to a loss of intraepidermal
sensory afferents as well as generation of spontaneous discharges from A- and C-
fibres (Bennett, 2010).

Complex Regional Pain Syndrome (CRPS) can be divided into two
categories depending on the presence of nerve injury. CRPS type I is a chronic
pain syndrome that occurs following traumatic injuries and there is no obvious
nerve injury. CRPS type II, previously known as causalgia, presents with an
identifiable injury to the peripheral nerve which accounts for the symptoms. The
typical symptoms associated with CRPS are spontaneous pain (characterized by a
burning or aching sensation) and sensitivity to thermal and mechanical
stimulation. Currently it is hypothesized that a progression of events underlies
CRPS-1. These include an initial deep tissue injury resulting in inflammation with

oedema. The pathological component involves injury to microvasculature and
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subsequent alterations in blood-flow. There is then a progression to chronic
inflammation resulting in peripheral and subsequent central sensitization which
are hallmarks of neuropathic pain (Coderre and Bennett, 2010).

Entrapment neuropathies usually occur to nerves passing through a joint or
boney tunnel. Such neuropathies result from any sort of chronic compression to
the nerve leading to a loss of sensation, pain and motor deficits. Examples of
entrapment neuropathies include carpal tunnel syndrome and sciatica, the latter
resulting from a narrowing of the foramina as a result of degenerative vertebral
disorders. These conditions are usually corrected with decompression surgeries
and physical therapy (Rempel and Diao, 2004).

Painful peripheral diabetic neuropathies accompany patients with long-
standing diabetes and are thought to arise due to metabolic and microvasculature
alterations resulting from chronic hyperglycaemia. The symptoms usually present
in a symmetrical fashion affecting the longest axons first (i.e. in hands and feet).

Post-herpetic painful neuralgia usually affects adults later in life. The
herpes zoster virus (latent after childhood infection) becomes reactivated due to
opportunistic circumstances in which normal immuno-surveillance fails. The
virus residing within the sensory dorsal root ganglion travels antidromically to the
sensory terminals within the skin, bursting and damaging the nerve. The exact
mechanisms underlying this have not been clearly delineated as some patients see
this pain resolve with the cessation of viral replication whereas others do not
(Bennett and Watson, 2009).

Post-traumatic neuralgia usually arises after direct injury (such as brachial
plexus avulsions) or as an unfortunate consequence of surgical intervention (such
as mastectomies). The neuropathy develops as a result of direct nerve damage
and may include pain associated with the formation of a terminal end bulb in
which the severed nerve terminals develop into a tangled mass of disconnected

sprouted nerves (also known as neuroma) (Devor and Wall, 1976).

1.1.3. Current Pharmacological Treatments
First line medications for the treatment of chronic neuropathic pain in man

are typically based on inhibitory mechanisms and include the following:
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gabapentin, pregabalin, 5% lidocaine patch, opioid analgesics, tricyclic
antidepressants for generalized neuropathic pain, and carbamazepine for the
treatment of trigeminal neuralgia. Gabapentin and pregabalin share structural
similarities and were developed to mimic the inhibitory effects of y-aminobutyric
acid (GABA). Gabapentin was initially used as an antiepileptic prior to its
demonstrated efficacy in treating neuropathic pain (Mellick and Mellick, 1995).
Controversy surrounds the mechanism of action of these two drugs. It is currently
thought that instead of targeting GABAergic receptors as originally hoped, they
inhibit the activity dependent release of neurotransmitters by binding a high-
affinity binding site within a subunit of a voltage-gated calcium channel (Cay02-0)
(Taylor, 2009; Taylor et al., 2007). The 5% lidocaine patch blocks peripheral
voltage-gated sodium channels and as such broadly prevents the ectopic discharge
of sensory afferents (Devers and Galer, 2000; Gammaitoni et al., 2003; Puig and
Sorkin, 1996).  Opioid analgesics such as morphine act presynaptically,
decreasing calcium currents in primary afferents, resulting in inhibition of release
of pro-nociceptive mediators such as substance P (sP) and glutamate, and
postsynaptically, by increasing potassium currents in dorsal horn and supraspinal
neurons, which are hyperpolarized. Tricyclic antidepressants were found to be
efficacious in the treatment of neuropathic pain and act by inhibiting
monoaminergic reuptake (serotonin and noradrenaline) from presynaptic
terminals (Jensen et al., 2009; Verdu et al., 2008). Carbamazepine, an
antiepileptic medication traditionally used for the treatment of trigeminal
neuralgia, acts by blocking voltage-gated sodium channels, thus inhibiting ectopic

discharge of sensory afferents (Eisenberg et al., 2007).

1.2. The Sciatic Nerve
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The longest nerve of the human body

human knee it branches into its principal two

is the sciatic nerve. Just above the

components: the common peroneal

and tibial nerves. The sciatic nerve grossly innervates all lower limb regions

joint, deep muscle as well as skin. The sciatic nerve arises from the lumbrosacral

{A} o brain

Dorsal rooi Spinad cond
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m
Figure 1: Rat sciatic nerve including
terminal branches, dorsal root ganglia
and spinal insertions. The sciatic nerve
contributes the majority of the spinal
input through L4 and L5, with a partial
contribution through the L6 spinal nerve.
(From Decosterd and Woolf, 2000).

plexus which in the human is
L4, LS5, S1, S2 and S3. The
tibial nerve branches further into
the medial sural nerve which
innervates the skin of lateral
side of the foot whereas the
superficial ~ peroneal  nerve
innervates nearly all the dorsum
of the foot and most of the
digits. In the rat, the sciatic
nerve combines the L4 and L5
and to some extent the L6 spinal
nerves, and trifurcates into the
sural, common peroneal and
tibial nerves. The plantar
surface of the hind paw is
innervated by the sural at the most
lateral aspect and tibial in the
center and saphenous towards the
more medial part. The sciatic
nerve is a mixed nerve which

contains both motor (efferent) and

sensory (afferent) fibres. Motor fibres conduct impulses from the central nervous

system to target tissues. The sensory neurons receive information from skin,

muscle and joints and transmit to the central nervous system for processing. The

basic classification of the neuron is based on its axo-dendritic composition in

which the neuron has one axon which trans
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mits information and one dendrite



which receives (bipolar). Sensory neurons receive a unique classification as
pseudounipolar in which a single process branches in two, one axon branch
terminating in the spinal cord and the other in the periphery. The peripheral
terminations are able to relay sensory information back to the cell body and in
turn respond to these cues in an efferent capacity by releasing neuropeptides such
as calcitonin gene related peptide (CGRP) and sP in the periphery (Basbaum and
Bushnell, 2009; Tandrup, 1995).

1.2.1. Microanatomy

Epineurium

Interfascicular
epineurium

Nerve

Perineurium 7

Schwann cell

Figure 2: Diagramatic representation of a nerve. The outermost layer of
connective tissue is the epineurium which surrounds nerve bundles and their
perineurium. Individual myelinated fibers and unmyelinated fiber groups in
Schwann cells are surrounded by the endoneurium. (From www.backpain-
guide.com)



Peripheral nerves are broadly enclosed by the epineurium and comprise
groups of many nerve fibres called fascicles (or bundles). Nerve fascicles are
surrounded by the perineurium which is made up of flattened epithelial cells
joined together by tight junctions which form a barrier to the passage of large
molecules. Individual fibres and their surrounding Schwann cells are in turn

surrounded by the endoneurium which represents loose connective tissue (see

Figure 3: A transverse section of
a nerve. Myelin sheath (My, black
arrows) can be seen around
individual axons (Ax) and groups of
unmyelinated axons or poorly
myelinated axons (red arrows) can
also be seen. (From Clermont Y.,
http://audilab.bmed.mcgill.ca/HA)

Figure 2). The sciatic nerve is com[;riseci of myelinated motor and sensory axons
which are surrounded by myelinating Schwann cells in a 1:1 of medium to large
diameter myelinated axons as well as unmyelinated sensory afferents which are in
turn grouped and surrounded by non-myelinating Schwann cells (see Figure 3).
Schwann cells act to protect the ensheathed axon as well as to provide insulation
(in the case of myelinated afferents). The nerve contains a small number of
blood vessels (vasa nervorum), which penetrate the epineurium and perineurium
and terminate in a loose capillary plexus at the level of the endoneurium (Gartner

and Hiatt, 2001).

1.2.2. Central Nervous System
The sciatic nerve possesses central projections terminating in the dorsal

and ventral regions of the spinal cord. The spinal cord has been divided into
horizontal layers named laminae based on the morphological properties of the
cells they contain as observed with the Nissl method (Rexed, 1952; 1954). The
most superficial layers of the dorsal horn (laminae I and II) are particularly

important in the processing of noxious information. Lamina II can be further
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subdivided into inner and outer regions. Laminae I and II receive input from
sensory afferents in which the majority (but not all) respond to polymodal
nociceptive stimuli such as heat, cold and pinch. The deeper laminae, specifically
lamina V, receive input from neurons responsive to both noxious and innocuous
stimuli. The spinal cord not only receives the central terminations from neurons
whose cell bodies reside in the dorsal root ganglia but also possesses neurons
which project to the brain, as well as excitatory and inhibitory interneurons (or
local circuit neurons). Interneurons receive synapses from primary afferents and
also establish pre-synaptic contacts on them. Interneurons are also pre-synaptic to
projection neurons or other interneurons. This complex dorsal horn circuitry is
still far from being well clarified and plays a major role in the modulation of pain-
related information from the periphery before it is forwarded to higher centers
(Ribeiro-da-Silva and De Koninck, 2009; Todd, 2010). Much of this research has
been done in rats. Besides neurons, the spinal cord consists of neuroglial cells
such as astrocytes and microglia. These cells normally protect the spinal cord by
quickly responding to trauma through the release of inflammatory mediators and
phagocytosing cellular debris. The spinal cord also possesses another cell of the
neuroglia, the oligodendrocyte, which produces myelin in the central nervous
system (CNS). The spinal cord is vascularised; blood vessels are separated from

the spinal cord parenchyma by the blood-spinal cord-barrier.

1.3. Glabrous skin
Glabrous and hairy skin differs in that hairy skin is thinner, possess hair

follicles and sebaceous glands whereas glabrous skin does not and is much
thicker. For the purposes of this thesis, we will focus on glabrous skin. Skin

contains two principal layers: the epidermis and dermis.

1.3.1. Epidermis
The epidermis forms the outermost, protective layer of skin.

Keratinocytes, the principal cell type of the epidermis, are arranged to form five
distinct layers which protect the skin against dehydration and is the first protective

barrier against infection or insult.
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1.3.1.1. Anatomy
The stratum basale is a single layer of cuboidal-to-columnar cells above

the basement membrane in which the cells are almost continuously undergoing
mitosis. As these cells divide, they push up the other layers to the most
superficial regions where these cells become increasingly flattened so the keratin
content of the superficial layer dominates. The stratum spinosum also contains
mitotic activity. The stratum granulosum possesses more flattened cells which
progress upwards to the stratum lucidum, a thin translucent layer, terminating at

the stratum corneum made up of flattened keratinised cells.

1.3.1.1.1. Cellular Makeup
The epidermis contains four separate cell types: keratinocytes,

melanocytes, Langerhans and Merkel cells. Keratinocytes are those described
above and produce keratin, a fibrous protein which confers to the skin its
protective abilities. The formation of keratin leads to the death of the cells that
produce it. Keratinocytes have recently been implicated as functional mediators
between the innervating sensory afferents and changes in the external
environment by responding directly to cues through the release of agents which
act on the innervating nerve terminals. Receptors which have been implicated in
mediating this interaction include the thermoreceptive TRP channels, TRPV3 and
TRPVI1. TRPV3 is sensitive to temperatures ranging from 22-40°C (Peier et al.,
2002) and the TRPV1 channel is sensitive to temperatures >42°C and upon its
activation, results in the increase of intracellular calcium (Inoue et al., 2002).
Cultured rat keratinocytes have also been shown to express the purinergic ligand-
gated cation channels P2X1, P2X2, P2X3, and P2X7 (Inoue et al., 2005).
Keratinocytes also express the cannabinoid receptor CB2 which, when bound by
an agonist (such as the endocannabinoids), causes the release of the endogenous
opioid B-endorphin which has anti-nociceptive actions (Ibrahim et al., 2005). It
has also been demonstrated that keratinocytes also express low levels of the
sodium channels Nav 1.5-1.7, an observation that is significant in that membrane
depolarization causes the channel to open further depolarizing the membrane

ultimately leading to the release of ATP (Zhao et al., 2008). Keratinocytes
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contain and respond to a number of trophic factors and proinflammatory cytokines
which will be addressed within the section on neurotrophins. Melanocytes
synthesize the pigment melanin which confers the skins’ color. Langerhans cells,
a class of dendritic cell, are restricted to the epidermis and are the superficial
immune cells responsible for the initial cell-mediated immune response to injury
or infection. This initial immune response is mediated by antigen presentation via
expression of high levels of class II major histocompatability complex molecules
to local T-helper cells. Merkel cells are immediately distal to mechanosensitive
sensory nerve endings. The epidermis is also innervated by free nerve endings

which respond to nociceptive stimuli (Gartner and Hiatt, 2001).

1.3.2. Dermis
The dermis comprises the bulk of the skin. It lies between the epidermis

and the hypodermis (which is not part of the skin) which is composed mostly of
loose connective tissue and adipose tissue and functions as an anchor between the
skin and underlying structures. The dermis has an important role in maintaining

homeostasis.

1.3.2.1. Anatomy
The dermis consists of a large variety of cell types including fibroblasts,

macrophages, mast cells, and vascular smooth muscle and endothelium. The
dermis is the most superficial layer which is vascularised and contains continuous
capillaries. The dermis is described by histology textbooks as being divided into
two layers, the papillary and reticular. The papillary layer is made up of
connective tissue between the epidermis and the dermis. It sends its dermal
papillae into the epidermis, which is usually infiltrated by Meissner’s corpuscles
or, in the rat, Meissner’s-like lamellar structures and capillary loops. The reticular
layer mainly consists of dense, irregular connective tissue and collagen which
confers to the skin its elasticity and hydration properties. Sweat glands are found
predominantly in glabrous skin. In rat, they are exclusively found in the glabrous
skin and are relatively rare compared to primates. Sweating is regulated by the

sympathetic nervous system through cholinergic fibres. Glabrous skin is unique

11 |



in its rich capacity of venous plexuses which can change its blood flow velocity
dramatically based on neural input from sympathetic and to a lesser extent,
peptidergic nerve fibres (Ruocco et al., 2002). This is significant in the role of
neurogenic inflammation and plasma extravasation which will be discussed
below. In rat, the papillary and reticular layers are difficult to distinguish.
Therefore, based on previous work from our laboratory, we divide the dermis into
two regions. The upper dermis of the rat, which corresponds to the tissue which
ends at the level of the opening of the sebaceous glands in hairy skin and roughly
corresponds with an approximate distance of 150 um from the dermo-epidermis
junction in glabrous skin and is virtually devoid of sympathetic fibres, and the
lower dermis, which is the remaining dermis ending at the level of the hypodermis

(Ruocco et al., 2000; Yen et al., 2006).

1.3.2.1.1. Immune Roles
The dermis is populated by a number of resident immune cell types such

as mast cells. Cell types normally found in circulation include neutrophils, T and
B lymphocytes, eosinophils and monocytes. In inflammation, these cell types
migrate to the skin. Mast cells differentiate once they enter tissue from blood and
possess histamine and heparin within their cytoplasmic granules. This acidic
heparin content allows for their identification using the histological dye toluidine
blue via the formation of a metachromatic precipitate (Blumenkrantz and Asboe-
Hansen, 1975). It has been demonstrated that mast cells infiltrate the sciatic nerve
at the lesion site (Scholz and Woolf, 2007). Upon activation and degranulation,
mast cells release potent pro-inflammatory mediators such as histamine,
serotonin, cytokines, and trophic factors (Thacker et al., 2007). Mast cell tissue
content can be increased through the expression of local trophic factors follow
injury which mediate chemotaxis of mast cells towards site of injury (Aloe et al.,
1995). Macrophages respond within the first 2-3 days following nerve injury
(Perry et al., 1987). Macrophages are involved in the clearance of myelin and
cellular debris following nerve injury and attenuation of macrophage infiltration
reduces the ability of the organism to mount a successful Wallerian degeneration

response (Thomson et al., 1991). Wallerian degeneration will be more thoroughly
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described later in this introduction. Schwann cells, although they are not
classified as immune cells, possess cellular capabilities in line with those cell
types described above. Schwann cells surround myelinated and non-myelinated
peripheral axons as well as post-ganglionic sympathetic efferents. Schwann cells
are identified based on their expression of the S100 protein, a member of a large
family of calcium binding proteins. S100 has two isoforms, o and . The o
isomer is found in less than 5% of neurons whereas the 3 is found predominantly
in glia within the PNS. S100-B expression is directly proportional to the degree of
myelination where a high degree of expression is associated with myelinating
Schwann cells and low levels associated with non-myelinating Schwann cells.
S100-B is also found in low levels within Schwann cells of post-ganglionic
sympathetic efferents (Gonzalez-Martinez et al., 2003). Schwann cells provide
trophic support to the surrounded axons and are able to produce a number of pro-

inflammatory mediators, cytokines as well as proteases.

1.4. Sensory Innervation
The dermis and epidermis are innervated by sensory afferents terminating

in the dorsal horn. Sensory afferents can be divided according to their anatomy,
cable properties and neurochemistry. Sensory afferents can be broadly classified
as AP, A0 and C fibers and can be further classified according to their
neurofilament content. Initial descriptions were based on the observation of
trigeminal ganglion neurons using polarization light microscopy and it was shown
that large soma appeared light and small soma appeared dark (Koneff, 1886).
This observation was later found to be due to the relative content of the
intermediate neurofilament of molecular weight 200 kDa (also known as NF200)
where the large-light neurons posses this neurofilament in relative abundance and
the small-dark are neurofilament poor (Anderton et al., 1982; Lawson et al., 1984;

Wood, 1981).

1.4.1. Sensory Afferent Neurochemistry
Sensory afferents are able to respond to environmental cues and conduct

this information to higher order structures due to the presence of dedicated
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receptors, channels, neurotransmitters and neuropeptides. Sensory fibers in
general (i.e. AR, Ad & C-fibers) can be indiscriminately labeled based on their
expression of the pan-neuronal marker, protein gene product 9.5 (PGP-9.5) which
also labels motor and autonomic fibers. PGP-9.5 is a ubiquitin carboxyl-terminal
hydrolase which is ubiquitously expressed in all neuronal cell types (Wilkinson et
al., 1989). On myelinated sensory afferents, voltage dependant sodium channels
are present in high density within the node of Ranvier, in lower densities under
the myelin sheath and are also found on unmyelinated afferents (Black et al.,
1990) and are responsible for action potential generation (Catterall et al., 2005).
Sodium channels are formed of a single a-subunit of which nine members have
been identified (for channels Nav 1.1-1.9) and fold into four domains with each
domain made up of six transmembrane regions and can be associated with a [3-
subunit (Dib-Hajj et al., 2010). Nav 1.1 & 1.3, 1.6-1.9 are principally distributed
within the DRG on small through large diameter afferents, however Nav 1.3 is
normally expressed only during embryogenesis (Black et al., 1990; Catterall et al.,
2005; Dib-Hajj et al., 2010). The expression of sodium channels can be unevenly
distributed between small and large diameter afferents. For example, Nav 1.8
expression is negatively correlated with conduction velocity, meaning it is
expressed preferentially by unmyelinated small diameter afferents (Djouhri et al.,
2003). This observation also holds true for the Nav 1.9 sodium channel where its
expression is restricted to ~31% of sampled small diameter nociceptive afferents
(Djouhri and Lawson, 2004; Fang et al., 2002). Calcium channels are a group of
voltage-gated ion channels (VGCC) made up of low-threshold T-type channels as
well as the high-threshold L-, N, P/Q and R-type channels (Snutch, 2005). For
example, N-type VGCC are highly expressed on DRG neurons and its blockage
prevents the release of neuropeptides and glutamate (Perret and Luo, 2009). The
receptors which confer heat or cold sensitivity to sensory afferents are members
of the TRP family. TRPVI1, a ligand gated cation channel exhibiting a high
degree of permeability to calcium, is responsive to temperatures greater than 43°C
and is activated by the primary component of chilli peppers, capsaicin (Caterina

et al.,, 1997). Activation of those primary afferents containing neuropeptides, in
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part through TRPV1 activation, results in their release.  Pro-nociceptive
neuropeptides found in both myelinated and non-myelinated sensory afferents (i.e.
peptidergic afferents) include calcitonin-gene related peptide (CGRP) which
exerts its effects peripherally as a potent vasodilator through its receptor, a
heteromeric receptor comprising of the GPCR calcitonin receptor-like receptor
(CRLR) and RAMPI. CRLR signals through a Ga mediated pathway meaning
upon agonist binding, it subsequently activates adenylyl cyclase to generate
intracellular cyclic adenosine monophosphate. Substance P (sP) another pro-
nociceptive neuropeptide, is ~98% colocalized to CGRP immunoreactive primary
afferents and exerts its effects peripherally to elicit plasma extravasation and
centrally via its receptor neurokinin-1 (NK-1R) inducing its internalization on
projection neurons (Burnstock, 1990; Ribeiro-da-Silva, 1995). CGRP and sP
possess potent pro-inflammatory and pro-nociceptive effects when released
peripherally via their actions on their cognate receptors namely CRLR and NK-1R
respectively. It is the antidromic effects of sP and CGRP release in the periphery
that contribute to the hallmark signs of neurogenic inflammation. These are
arteriolar vasodilatation, enhancement of vascular permeability and protein

exudation.

1.4.2. A-Beta Fibres
The Ap-fibres are predominantly responsive to low threshold

mechanostimulation, are thickly myelinated and are of large diameter and rapidly

conducting.

1.4.2.1. Anatomy
AP sensory afferents terminate in the deeper laminae of the dorsal horn as

well as in the dermis of the skin.

1.4.2.1.1. Central Terminations
Ap-afferents innervate cutaneous low-threshold mechanoreceptors,

terminate in laminae III-IV (also known as the nucleus proprius) and are thought

to occupy a territory receiving non-nociceptive input within the spinal cord
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(Ribeiro-da-Silva and De Koninck, 2009). The initial descriptions of the low
threshold sensory afferents were done as part of a series of publications in which
horseradish peroxidase was used to trace individual axons from cats and monkeys
and these traced axons were further classified according to their physiological
properties (Light and Perl, 1979a). The nucleus proprius also houses wide
dynamic range cells, interneurons as well as projection neurons forming part of
the major ascending pathways, namely the spinothalamic, spinocervical and
dorsal column postsynaptic pathways. The AP afferents form axodendritic
connections onto glutamatergic (excitatory) and GABAergic (inhibitory) neurons
and are postsynaptic at axoaxonic connections to GABAergic (inhibitory)

interneurons (Ribeiro-da-Silva and De Koninck, 2009).

1.4.2.1.2. Peripheral Terminations
AP primary afferents terminate within the dermis of higher order species

as a number of specialized nerve formations, namely Meissner’s and Pacinian
corpuscles, Merkel disks, Ruffini endings and hair follicle receptors. A-fibers
travel in cutaneous nerves in the dermis where they later branch to form (in part)
these anatomical structures. AB-fibers in rats can usually be discriminated based
on axon diameters of approximately 6-12um and a soma size of >800um’
(Djouhri et al., 2003). There is a minority of AB-fibers that form non-specific
terminations within the dermo-epidermal junction and these may be considered

the mechanical nociceptors (Kruger et al., 1981).

1.4.2.2. Physiological Properties
Sensory afferents were given their names based on a proposed sequence of

compound action potentials evoked by a single brief electrical stimulus namely A,
B and C. But, from the cutaneous nerves measured, there was only a prominent A
and C wave and within the A wave three separate and distinct components namely
the o, B and & (Birder and Perl, 1994). The AP afferents (or nociceptive
insensitive fibers as they were initially classified) were initially described as in
conducting upwards of 51 m/sec (Burgess and Perl, 1967) and are now classified

as conducting between 25-72m/s depending on the species from which they are
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sampled (Djouhri and Lawson, 2004; Kandel et al., 2000). Ap-fibers can be
either rapidly adapting and responsive to light touch such as stroking or fluttering,
or slowly adapting and responsive to stretch, pressure or texture. Rapid
adaptation refers to the cells’ ability to generate rapid action potential discharges
once given an adequate continuous stimulus, and in this case, quickly ceases
during the initial stimulus application (Kandel et al., 2000). The term slowly
adapting afferents refers to the ability of such afferents to generate action
potentials for a prolonged period of time during the sustained application of
stimulus and gradually resume a normal action potential discharge in contrast to

the rapidly adapting afferents (Kandel et al., 2000).

1.4.2.3. Sensory Transmission
AB-fibers are generally described as providing non-nociceptive input such

as mechanical information. AB—fibers are mostly low-threshold
mechanosensitive (LTM) afferents sensitive to touch, vibration, brush and texture
and are heat insensitive (Julius and Basbaum, 2001). There is literature on the
presence of high-threshold mechanoreceptors (HTM) conducting within the A3
range (i.e. 30-55m/s), and that approximately 20% of these sensory afferents
respond to noxious heat in monkeys, rats and guinea pigs (i.e. 40-50°C)
(Campbell et al., 1979; Djouhri and Lawson, 2004). However, this is still
controversial and mostly based on the arbitrarily-set cut-off of conduction

velocities of Ad and AB-afferents (Julius and Basbaum, 2001).

1.4.2.4. Neurochemistry
The current method for identifying A-fibers using immunocytochemical

methods has been largely based on the initial observation of relative
neurofilament content. As such, antibodies have been raised against the NF200
protein predominantly found in these myelinated afferents. The most common of
these is the RT97 monoclonal antibody however the N52 monoclonal antibody
has also been used (Anderton et al., 1982; Lawson et al., 1984; Wood, 1981). For

the remainder of this section, the description of cytochemical markers relevant to
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the AB-fiber population will be restricted to those observed in rats as there is
interspecies variation.

A minority (~21%) of large diameter myelinated DRG neurons were
immunoreactive for the sodium channel Nav 1.8 (Djouhri et al., 2003). Nav 1.7 is
expressed on some large diameter neurons and Nav 1.6 expressed on all DRG
neurons (Dib-Hajj et al., 2010). The AP population is also characterized by the
expression of trophic factor receptors such as TrkA, TrkB and TrkC. The tyrosine
kinase receptor TrkA is seldom found on myelinated afferents; although 18% of
all TrkA immunoreactive DRG neurons also label with the NF200, these are
usually within the Ao size range (Averill et al., 1995). In contrast, the majority of
TrkB and TrkC expression was found on DRG afferents with large soma
diameters. The TrkB expressing afferents overlapped the medium and large
diameter DRG, whereas TrkC expression was restricted to large diameter
afferents (McMahon et al., 1994). It has also been shown that a large proportion
of large diameter AP primary afferents possess the vesicular glutamate transporter
1 (VGLUT1) and are negative for markers normally associated with nociceptive

primary afferents such as CGRP and sP (Oliveira et al., 2003; Todd, 2003).

1.4.3. A-Delta Fibres
Ad primary afferents are generally characterized as being receptive to

nociceptive sensory input and having peripheral terminations within the dermis
and epidermis. These afferents terminate in the superficial dorsal horn of the
spinal cord. They are thinly myelinated and possess a moderate conduction

velocity.

1.4.3.1. Anatomy

1.4.3.1.1. Central Terminations
The A primary afferents terminate in deeper lamina II and lamina III in

the case of non-nociceptive afferents innervating down hairs. Those Ad afferents
receiving nociceptive input terminate in laminae I and V (Light and Perl, 1979b).
The nociceptive Ad afferents terminating in lamina I provide monosynaptic input

directly onto neurons which project directly to those centers in the brain
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responsible for nociception such as the spinothalamic tract (Craig, 2003). Lamina
V contains primarily wide dynamic range (WDR) cells (Eckert Iii et al., 2006).
WDR are a cell type activated by both noxious and innocuous input and include
interneurons as well as projection neurons and can receive input from all three

fibre types (AP, Ad and C-fibres).

1.4.3.1.2. Peripheral Terminations
In contrast to the AP afferents (with the exception of the D-hair fibres

found in hairy skin), the Ad afferents are not associated with specific dermal
structures but rather terminate as free nerve ending in the same manner as the C-
fibres. There is very little known about the anatomical organization of these
fibres as we lack a specific marker for them, although it is known that some of
them terminate in the epidermis as free nerve endings. The average diameter of
the A axons in rat is ~1-6pm and the soma size is between 400 to 700 pum’
(Harper and Lawson, 1985). By electron microscopy, it has been shown that Ad
fibres are thinly myelinated and lose their myelin sheath at a certain distance from

the site of termination in the epidermis.

1.4.3.2. Physiological Properties
The AS afferents conduct signals at about 5-30m/s which, in comparison

to the AP and C-fibres, is mid-range (Kandel et al., 2000).

1.4.3.3. Sensory Transmission
The thinly myelinated afferents are responsible for the first or sharp pain

initially felt after insult and this is attributed to its fast conduction velocity. They
are responsive to temperatures either above 45°C or below 5°C and also consist of
afferents possessing high threshold mechanoreceptors, which can also be named
A-fibre mechano-heat-sensitive units (AMH) or A-fibre mechano-cool-sensitive
units (AMC) depending on their properties (Djouhri and Lawson, 2004; Birder
and Perl, 1994).
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1.4.3.4. Neurochemistry
The medium diameter myelinated primary afferents, like the large

diameter, express the intermediate neurofilament NF200 and can be differentiated
from C-fibres based on their immunoreactivity toward NF200. There is much
overlap of receptor or neuropeptide expression between the Ad- and C-fibre
afferents. N-type calcium channels are restricted to the Ad- and C-fibres (Snutch,
2005). TRPMS is activated by temperatures between 8-26°C and are found on
small diameter C-fibres as well as medium diameter Ad-fibres (McKemy et al.,
2002). Approximately 27% of Ad afferents were also shown to possess the
kainite receptors (made up of GluR5-7 subunits), a type of ionotropic glutamate
receptor that is permeable to either K* or Na™ (Carlton and Coggeshall, 1999).
Those afferents which posses the kainate receptor also possess the TRPV1
channel. Finally, the sodium channel expression of nociceptive-specific Ad
afferents includes Nav 1.8, 1.9 and to a very limited extent, Nav 1.7 (Cummins et
al.,, 2007; Dib-Hajj et al., 2010; Fang et al., 2002). Some AJ-fibres can be
identified based on their expression of both NF200 and CGRP. It has been
demonstrated that 18% of TrkA expressing afferents also express NF200 and all
those cells which express TrkA also express CGRP (Averill et al., 1995).

1.4.4. C-Fibres
The third and final class of primary sensory afferents are the C-fibres. C-

fibres can be divided into two categories based on relative peptide content in
which those that are peptide rich are considered peptidergic and those that are
peptide poor are considered non-peptidergic. C-fibres are unmyelinated and

associate with non-myelinating Schwann cells.

1.4.4.1. Physiological Properties
C-fibres are unmyelinated and conduct nerve impulses slowly (~0.4-

2.0m/s) making these sensory afferents the slowest of the three afferent types.

1.4.4.2. Peripheral Morphology
C-fibres terminate within the epidermis as free nerve endings. They travel

within the upper dermis in small cutaneous nerves, some of them along the
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dermo-epidermal junction where they form a dense plexus; they also terminate as
free nerve endings in the dermis (Grelik et al., 2005a; Grelik et al., 2005b; Taylor
et al., 2009a; Yen et al., 2006). C-fibres in general are most dense along the
dermo-epidermal junction. Those free nerve endings which terminate within the
epidermis are mostly not NF200 immunoreactive indicating that most of the free
nerve endings in the epidermis are not Ad- or AB- sensory afferents and rather are
of the C-fibre subtype (Oaklander and Siegel, 2005). C-fibres have an average
axon diameter of ~0.2-1.5um and a soma area of <400um?” (Fang et al., 2006).
These afferents, in contrast to the myelinated axons, are associated with non-
myelinating Schwann cells. This class of Schwann cell also posses the S100-
protein, albeit in lower levels than the myelinating sub-type (Gonzalez-Martinez
et al., 2003). Recently our lab has confirmed that it is the non-peptidergic subtype
of C-fibres which comprise the majority of the epidermal innervation (Taylor et

al., 2009).

1.4.4.3. Sensory Transmission
C-fibres are generally known as nociceptive afferents, meaning that the

majority of these afferents play a role in the perception of noxious stimuli. These
afferents are polymodal in that they respond to noxious heat, cold and pinch.
Because of their relatively slow conduction velocity, C-fibres have been
associated with the transmission of ‘second’ pain sensation, or the dull aching
sensation proceeded by the initial sharp ‘first’ pricking pain conducted by the Ad
nociceptive afferents. C-fibres not only respond to purely external stimuli (such as
pinch) as they also respond to tissue damage following the release of
proinflammatory mediators or decrease in local pH. There is a subpopulation of
C-fibres which are non-nociceptive and respond to low-threshold
mechanostimulation, and exist principally in hairy skin (Lawson, 2002; Olausson
et al., 2002). In addition to being either nociceptive or innocuous responders, C-
fibres may include a group of silent glutamatergic nociceptors which terminate
within the superficial dorsal horn pre-synaptically to neurons expressing NMDA

receptors (Zhuo, 2000).
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1.4.4.4. Subclassification
The C-fibre population of primary afferents can be divided into either

those which are peptide rich (peptidergic) or those which are peptide poor (non-
peptidergic). Each of these two populations have their own specific cytochemical
correlates, however both are neurofilament poor or known as the ‘small dark’

group of DRG neurons (Lawson et al., 1984).

1.4.4.4.1. Non-peptidergic

1.4.4.4.1.1. Central Terminations
The non-peptidergic afferents terminate in the spinal cord dorsal horn in

inner lamina II (lamina Ili) also known as the ventral part of the substantia
gelatinosa or lamina II (Bailey and Ribeiro-da-Silva, 2006; Vulchanova et al.,

1997; Vulchanova et al., 1998).

1.4.4.4.1.2. Peptide Content
The non-peptidergic afferents do not contain neuropeptides. These

afferents (in addition to the peptidergic) excite post-synaptic cells via the
excitatory amino acid glutamate and can be identified immunohistochemically
based on the expression of the vesicular glutamate transporter 2 (VGLUT2). C-
fibers express relatively low levels of this transporter, whereas VGLUTI is
expressed by myelinated afferents (Alvarez et al., 1996; Alvarez et al., 2004;
Todd, 2003).

1.4.4.4.1.3. Receptor Content
It has been shown that the non-peptidergic afferents express the sodium

channel Nav 1.9 at higher levels than the peptidergic afferents (Fang et al., 2000).
The non-peptidergic afferents, as with the nociceptive Ad and peptidergic C-
fibres, express TRPV1 (Guo et al., 1999). Non-peptidergic C-fibres express an a-
D-galactopyranosyl group within a population of cell surface oligosaccharides and
are selectively recognized by the plant isolectin B4 (IB4) from Griffonia
simplicifolia (Bogen et al., 2005; Silverman and Kruger, 1990; Streit et al., 1986).
The non-peptidergic afferents are responsive to the glial cell line derived

neurotrophic factor (GDNF) family of neurotrophins. This responsiveness is
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mediated through the dual expression of the receptor tyrosine kinase, Ret acting as
the signal transduction domain and any one of the four GDNF family receptor
alpha family of glycosylphosphatidylinositol (GPI)-linked receptors (GFRas) as
the ligand binding domain (Bennett et al., 2006; Durbec et al., 1996). There are
four members of the GDNF family of ligands, each of which exhibit receptor
selectivity towards one of the four GFRa's. GDNF preferentially binds GFRa-1
and the remaining ligands, neurturin, artemin and persephin each bind
preferentially to GFRa-2-4 respectively (Airaksinen and Saarma, 2002). The
GDNF family of ligands are protective to those fibres expressing the receptor for
it, in that selective cell death can be averted following their administration
(Averill et al., 2004; Bennett et al., 2006; Leclere et al., 2007). The purinergic
receptor P2X3, a two transmembrane ligand-gated cation channel, is expressed on
98% of 1B4-binding afferents (Vulchanova et al., 1997; Vulchanova et al., 1998).
Non-peptidergic, P2X3 immunoreactive afferents can be described as C-fibres
due to their small diameter cell bodies, restrictive distribution in inner lamina II of
the spinal cord and a lack of overlap with Ad afferents terminating in deeper
lamina II. The endogenous ligand for P2X3, ATP, is released from target tissue in
response to either cell damage or membrane depolarization (Burnstock, 2000).
The ATP-selective purinergic receptor subtypes found on rat non-peptidergic
sensory afferents (either P2X3 or P2X2), can form homo or heterotrimeric
receptor-channels (Burnstock, 2000; Honore et al., 2002; Jarvis, 2003). It has also
been suggested that the P2X3 or P2X2/3 receptor-channels can be associated with
mechanical allodynia (Tsuda et al., 2000). Other purinergic receptors, such as the
GPCR P2Y receptors can be stimulatory or inhibitory based on the Ga protein
and, like the ion channel P2X receptors, can be distributed through the peripheral
nervous system on neurons or non-neuronal immune cells such as microglia
(Gerevich and Illes, 2004). The bradykinin receptors are divided into two types,
B1 and B2 and respond to bradykinin released by target non-neuronal cells
following nerve injury. The B1 receptor, not normally expressed on nociceptive

afferents, is upregulated following nerve injury on non-peptidergic afferents and
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specifically in response to increased levels of available GDNF (Vellani et al.,

2004).

1.4.4.4.2. Peptidergic
1.4.4.4.2.1. Central Terminations

The peptidergic C-fibres terminate within lamina I and outer lamina II
(ITo). They form monosynaptic connections with NK-1R expressing projection

neurons.

1.4.4.4.2.2. Peptide Content
The peptidergic afferents, as their name suggests, are peptide rich. This

means that they express a number of neuropeptides which are important to the
transmission of nociceptive information such as sP, CGRP, vasoactive intestinal
peptide (VIP), galanin, and the neurotrophic factor BDNF (Averill et al., 1995;
McMahon et al., 1999).

1.4.4.4.2.3. Receptor Content
There exists overlap in the receptor expression between peptidergic C-

fibres and nociceptive Ad primary afferents, this includes the capsaicin receptor
TRPV1 (Caterina et al., 1997), the Nav channels 1.7, 1.8 & 1.9 (Dib-Hajj et al.,
2010), and the acid-sensing ion channels (ASICs) (Leffler et al., 2006). The
peptidergic C-fibres are responsive to trophic factors released from their
innervated target tissue and this is conferred by the expression of Trk receptors.
Small diameter dorsal root ganglion neurons have been demonstrated to express
the a2, adrenergic receptor (a25-AR) in conjunction with the delta-opioid
receptor on sP containing afferents implicating its expression on peptidergic C-
and Ad-fibres (Riedl et al., 2009). It has been demonstrated using in situ
hybridization and immunohistochemistry that two of the three primary subtypes
of the a2-AR, a2, and a2¢ are those principally found on nociceptive primary
afferent neurons (Cho et al., 1997). The a2-AR is a GPCR coupled to a Gi
pathway so that stimulation of these receptors with low levels of their endogenous

ligand, norepinephrine, is inhibitory. When clonidine, an a2-AR agonist, is
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peripherally administered to neuropathic pain patients, the effects are analgesic
(Lavand'homme and Eisenach, 2003). The al-AR is a Gg-coupled GPCR,
meaning that upon agonist binding, activates PLC increasing intracellular levels
of IP; and calcium. When the antagonist, phentolamine, is peripherally
administered to patients experiencing neuropathic pain, the effects are analgesic
(Kim et al., 1993). Unfortunately, the distribution of the al-AR receptors on
sensory afferents in the skin has not been adequately described because of lack of
a suitable antibody. The bradykinin B2 receptor is constitutively expressed and is
upregulated following injury, more specifically in response to increased levels of

NGF (Dray and Perkins, 1993; Lee et al., 2002; Perkins et al., 1993).

1.4.5. Autonomic Nervous System
The autonomic nervous system is divided into the parasympathetic and the

sympathetic nervous systems. The focus of this discussion will be the
sympathetic nervous system which innervates the glabrous skin. Hairy skin in the
head region only (such as that found in the lower-lip area) receives innervation
from the parasympathetic as well as the sympathetic nervous system (Ramien et
al., 2004). The parasympathetic and sympathetic nervous systems can also be
divided based on their relative responsiveness to trophic factors, similar to that
observed by the peptidergic and non-peptidergic primary afferents. The
parasympathetic nervous system is responsive to the GDNF family of trophic
factors whereas the sympathetic is responsive to neurotrophins such as NGF. The
local production of these trophic factors has been attributed to the surrounding
Schwann cells (Gonzalez-Martinez et al., 2003). The post-ganglionic sympathetic
efferents synthesize and release norepinephrine, in an activity dependant manner
(which the exception of those that innervate sweat glands, which produce
acetylcholine). Norepinephrine is synthesized within post-ganglionic efferents in
a number of enzymatically catalyzed steps. The first of which is the
hydroxylation of tyrosine to L-DOPA by tyrosine hydroxylase, followed by its
decarboxylation to dopamine by pyridoxal phosphate and DOPA decarboxylase
and concluded by its oxidation to norepinephrine by dopamine B-hydroxylase.

The presence of these enzymes is exploited through the application of specific
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antibodies towards either tyrosine hydroxylase or dopamine -hydroxylase for the
use in immunohistochemistry. The transport of norepinephrine is via the
vesicular monoamine transporter 2 (VMAT2) which is again specific to
sympathetic efferents in the periphery (Nirenberg et al., 1996; Weihe and Eiden,
2000; Weihe et al., 1994). Sympathetic innervation within the glabrous skin is
normally restricted to blood vessels found in the lower dermis (Ruocco et al.,
2002; Yen et al., 2006). Sympathetic efferents are exquisitely responsive to nerve
growth factor (NGF) (Levi-Montalcini, 1976; Levi-Montalcini and Angeletti,
1963b). This responsiveness is conveyed through the expression of the nerve
growth factor receptors p75 and TrkA (Chao, 1994; 2003; Chao and Hempstead,
1995; Naska et al., 2010).

1.5. Neurotrophins
The neurotrophin family is made up of four members, NGF, brain derived

neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4).
The cognate receptors for these neurotrophins are the tropomyosin receptor
kinases (Trk) A, B and C. TrkA, which exhibits high affinity for NGF, TrkB
which is selective for BDNF and also binds NT-4, and TrkC which binds NT-3.
Neurotrophins are all able to exert pro-survival or supportive effects during
development and adulthood respectively and insufficiency of each of the them can

lead to impairment of the peripheral or central nervous systems (Chao, 2003).

1.5.1. Nerve Growth Factor
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Nerve growth factor (NGF) in its mature form is a 13kDa peptide. The

human structure has been resolved in its homodimeric form when bound to

RE9, K74, K75

Figure 4: Crystal
structure of NGF.
Existing as dimer (blue
and red) in complex with

_ TrkA-D5 (green). Central
core of NGF made up of
-sheets and loops L2 and
L4 interact with TrkA-DS.
(From Wiesmann C, 1999)

the extracellular (D5) domain of TrkA. The NGF inflexible core is made up of a
pair of double-stranded, twisted B-sheets, which confers the structural integrity as
well as a hydrophobic core, a cysteine-knot, and reverse turn at one end and three
B-hairpin loops at the other (see Figure 4). Two NGF molecules assemble in
parallel to form the homodimer which essentially resembles a bat with wings,

where the torso of the bat is the (-sheets and forms the essential contact with

TrkA (McDonald et al., 1991; Wiesmann et al., 1999).

1.5.2. History
Nerve growth factor, through the pioneering work of Rita Levi-

Montalcini, was initially found to be the secreted agent from mouse sarcoma cells.
This soluble factor promoted significant neurite outgrowth of sympathetic and
sensory ganglia obtained from chick and human embryo and the neurite
outgrowth can be attenuated by a sequestering antibody (Cohen et al., 1954; Levi-
Montalcini and Booker, 1960). This diffusible factor was later found to exist in
large quantities in snake venom and adult mouse submaxillary glands (Cohen,
1960; Cohen and Levi-Montalcini, 1956). The significance of her work, then with
Victor Hamburger, provided evidence that, during development, nerve cells
depend on target derived trophic factors. These trophic factors convey the signal

to developing cells to survive rather than undergo apoptosis. The first such factor
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to be identified during her work with Stanley Cohen was NGF. The Nobel Prize
in Physiology or Medicine was awarded in 1986 to Stanley Cohen and Rita Levi-
Montalcini for their work (Newmark, 1986).

1.5.3. Nerve Growth Factor Receptors
There are two primary receptors for nerve growth factor; p75 and TrkA.

TrkA 1is a single transmembrane receptor tyrosine kinase which either
heterodimerizes with p75 (a member of the tumour necrosis factor receptor
family) or homodimerizes depending on cell surface concentrations. TrkA is a
140kDa protein when fully glycosylated and expressed on the cell surface,
whereas the 110kDa form is an immature, incompletely glycosylated, variant

(Vaegter et al., 2011).
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Figure 5: Signalling cascades of both p75 and TrkA upon NGF binding.
TrkA can induce three signalling cascades: Erk1/2, PLC-y and PI3K pathways
culminating in survival and differentiation. p75 activation involves NF-kB and
JNK pathways. (From Chao, MV., 2003)
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The TrkA receptor is made up of two cysteine rich domains (D1 & D3) that flank
three leucine-rich motifs (D2) in the extra-cellular N-terminal domain followed by
two immunoglobulin-like regions D4 and D5 which form the essential contact
with NGF. The transmembrane domain is followed by the intracellular non-
catalytic juxtamembrane domain wherein the first of five phosphorylated
tyrosines are located (Tyr490). The catalytic kinase domain is home to Tyr670,
674/5 and finally the C-terminal tail Tyr785. Phosphorylated Tyr490 and 785 are
key binding spots for signalling molecules whereas the Tyr670, 674 and 675 play
an autoregulatory function as part of the kinase catalytic domain (Reichardt,
2006). TrkA binds NGF with high affinity (Kd ~10""M) however, in certain
situations, NT-3 can also bind TrkA and this binding differentiates endosomal
signalling (in the case of NGF) from a more limited cell surface signalling in the
case of NT-3 (Ivanisevic et al., 2007; Kuruvilla et al., 2004). Upon ligand binding
by NGF to the extracellular domain (specifically the D5 domain) stabilization of
the flexible NGF is conferred, but also a conformational change of TrkA is
induced and results in trans-autophosphorylation of the five tyrosine residues
(Kaplan and Stephens, 1994; Patapoutian and Reichardt, 2001). The signalling
cascades induced by ligand binding include Erk, PI3K and PLC-y (see Figure 5)
(Chao, 2003; Nicol and Vasko, 2007). Phosphorylated Tyr490 recruits the SHC
adaptor protein in conjunction with SOS and Grb-2 which then initiates binding of
Gab-1 and PI3K. PI3K produces many lipid products which induce the
recruitment of molecules such as the Akt kinase to the membrane where it can
then phosphorylate a number of pro-survival molecules such as IkB which then
recruits the transcription factor NF-kB. BAD, when phosphorylated by Akt,
associates with 14-3-3 proteins and prevents binding of BAD to Bcl-xL, a pro-
apoptotic family of proteins (Patapoutian and Reichardt, 2001). Phosphorylation
of the Tyr785 residue recruits PLC—y and is activated by TrkA’s kinase function.
PLC-y then hydrolyses phosphatidylinositides to generate diacylglycerol (DAG)
and inositol tri-phosphate (IP3) which in turn induces the release of intracellular

calcium stores. P13K can also be activated by the Ras/Raf/Erk cascade.  This
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leads to phosphorylation of the transcription factor, CRE-binding protein (CREB)
(Patapoutian and Reichardt, 2001).

P75 is a low-affinity neurotrophin receptor which binds each neurotrophin
equally, namely, NGF, BDNF, NT-3 and NT-4 (Kd ~10°M). The extracellular
domain is made up four cysteine-rich motifs, a single transmembrane domain and
an intracellular "death domain® which propagates its pro-apoptotic signalling
cascade. The binding ratio of p75 and TrkA to a NGF dimer is still not fully
agreed upon, however some suggest that it is a p75 dimer which complexes with
the TrkA dimer to induce a conformational change in the TrkA dimer which
enhances the binding affinity of TrkA (Chao, 2003; Reichardt, 2006). The p75
mediated signalling cascade (see Figure 5) is principally through the
neurotrophin-receptor-interacting MAGE homologue (NRAGE) and leads to cell
cycle arrest. As well, neurotrophin activation can lead to recruitment of the Racl
adaptor protein and subsequent activation of the JNK pathway, ultimately
activating p53 leading to apoptosis (Chao, 2003; Reichardt, 2006). Unfortunately,
p75 signalling is not quite so simple, and it has been reported that in some cases,
p75 activation by NGF is able to induce cell survival (Hempstead et al., 1991;
Massa et al., 2006). To moderate either p75 or TrkA signalling when each are
bound by NGF, the binding affinity of p75 to the mature NGF is such that
signalling will preferentially occur via the TrkA cascade. As well, TrkA
signalling pathways such as PI3K inhibit those activating the JNK pro-apoptotic
cascade initiated through p75 (Reichardt, 2006). However, it has recently been
discovered that sortilin, a pro-apoptotic receptor which principally associates with
p75, is found on all tissues in which either p75 or TrkA is found (Kiss et al., 2010;
Vaegter et al., 2011). This receptor not only promotes apoptosis when associated
with p75 but can enhance the anterograde receptor transport of TrkA via
heterodimerization to promote cell survival and to ensure receptor localization at
synapses (Vaegter et al., 2011). p75 exhibits non-selective, low binding affinity
for all mature neurotrophins, however it displays a much higher binding affinity
for their precursors, the secreted proneurotrophins (Harrington et al., 2004; Lee et

al., 2001).
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1.5.4. proNGF
The precursor to the mature form of nerve growth factor is proNGF.

ProNGF has been suggested to be either mildly neurotrophic or strongly pro-
apoptotic, depending on the experimental protocols and researcher (Clewes et al.,
2008; Fahnestock et al., 2004; Nykjaer et al., 2004). The complex of proNGF and
p75 has been resolved and it is shown that it is a 2:2 complex in contrast to the
monovalent binding of mNGF to p75 (Feng et al., 2010). The precursor form of
NGF has always been thought of as an intracellularly-matured peptide processed
by a furin convertase (Seidah et al., 1996). NGF levels are modulated by tumor
necrosis factor (TNF)-a and interleukin (IL)-1 in non-neuronal, target tissue
(Hattori et al., 1993; Heumann et al., 1987b; Lindholm et al., 1987). Mast cells
not only synthesize NGF, but are positively regulated by it, such that increased
NGF availability increases mast cell infiltration and degranulation releases NGF
(Aloe and Levi-Montalcini, 1977; Leon et al., 1994). NGF is also produced by
Schwann cells, fibroblasts, keratinocytes and vascular endothelium, all of which
have contact with TrkA and p75-expressing peripheral neurons and sympathetic
efferents (Heumann et al., 1984; Heumann et al., 1987b; Scholz and Woolf, 2007,
Stucky et al., 1999; Verge et al., 1989a). It has also been recently shown that
proNGF is released by cultured human keratinocytes (Dallos et al., 2006) and
cleaved within the extracellular space of CNS neurons to its mature form (Bruno
and Cuello, 2006; Lee et al., 2001). The processing enzymes of proNGF include
plasmin which directly cleaves proNGF to its mature form and matrix
metalloprotease-9 (MMP-9) which degrades any residual mNGF remaining in the
extracellular space (Bruno and Cuello, 2006). It has also been demonstrated that
the processing enzymes are released in response to elevated levels of IL-1 and

TNF-a (Bechtel et al., 1996; Han et al., 2005; Zhou et al., 2009).

1.5.5. Positive Roles of NGF
Following nerve injury, a process called Wallerian degeneration occurs.

Within minutes of the nerve injury there is an immune and glial cell reaction in
which macrophages infiltrate the area. The damaged axon begins to denervate its

Schwann cells which then, due to the lack of contact, secrete MMPs. MMPs
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break down the basal lamina of endoneurial blood vessels which in addition to the
secreted vasoactive mediators such as CGRP, sP and bradykinin, promote plasma
extravasation and vasodilatation. This in turn further propagates the immune
reaction of allowing passage of circulating macrophages, T lymphocytes and mast
cells to the damaged area and contributes to the generation of a neuro-
inflammatory reaction to injury (Scholz and Woolf, 2007). As macrophages clear
the myelin debris, myelinating and non-myelinating Schwann cells de-
differentiate, proliferate and reorganize around the denervated territory, and
throughout this progress increase surface p75 receptor expression (Ribeiro-da-
Silva et al., 1991; Scholz and Woolf, 2007). Infiltrated macrophages and mast
cells release the pro-inflammatory cytokines IL-1, IL-6, IL-13 and TNF-a as well
as NGF. These molecules not only promote further macrophage infiltration but
also increase the synthesis and release of NGF and GDNF by Schwann cells
(Moore et al., 2002). It has also been suggested that it is the loose association of
NGF by p75 on the surface of the reorganized Schwann cells which promote
regrowth and survival of the intact TrkA-expressing peripheral nerves (Ramer et
al., 1997; Taniuchi et al., 1986). The trophic factor gradient is reduced after
persistent denervation or after axon contact has been re-established and
homeostasis is returned (Johnson Jr et al., 1988). When Wallerian degeneration is
delayed in a mutant strain of mice, macrophage recruitment is reduced, myelin
sheaths and axons persist, although regeneration is impaired (Ramer et al., 1997).
When exogenous NGF is applied to injured peripheral neurons, the overall loss of
CGRP-immunroreactive peptidergic afferents is attenuated, an observation that
supports the neuroprotective role of NGF (Bennett, 1998; Derby et al., 1993;
Donnerer, 2003; Ljungberg et al., 1999; Schicho et al., 1999). Other trophic
factors implicated in sensory afferent regeneration include GDNF. The
administration of GDNF prevents injury associated mechanical sensitivity
possibly through the prevention of upregulated sodium channels (Boucher et al.,
2000; Nagano et al., 2003). The administration of GDNF, unlike NGF, does not
promote axon sprouting but is efficacious in a neuroprotective manner (Leclere et

al., 2007).
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1.5.6. Role of NGF in Pain
In contrast to the apparent protective effects of increased levels of GDNF,

prolonged increase in NGF promotes stimulus-induced hypersensitivity.
Stimulus-induced hypersensitivity is commonly associated with either thermal
(cold or heat) or mechanical hypersensitivity. Mice engineered to over express
NGF demonstrate a two-fold increase in the number of sensory DRG axons,
hyperinnervation of CGRP-immunoreactive afferents in the skin, sprouting of
sympathetic efferents around sensory DRG and sensitivity to applied mechanical
and thermal stimuli (Albers et al., 1994; Davis et al., 1993; Jarvis, 2003; Stucky et
al., 1999). Increased availability of NGF to intact TrkA-expressing terminals
leads to NGF being taken up by them and retrogradely transported to the cell
body. It was initially suggested that it is this heightened concentration of NGF in
DRG that would promote sprouting of sympathetic efferents around myelinated
and unmyelinated TrkA-expressing cell-bodies (Ramer and Bisby, 1997a; Ramer
et al., 1999; Ramer et al., 1997). However, an alternative and more likely
hypothesis is that following injury, local macrophages and satellite cells
surrounding DRG increase local production of NGF, which would lead to
sympathetic sprouting around DRG cells (Ramer et al., 1998b). Retrograde
transport of NGF from the target tissue is increased in pathological conditions and
in turn increases the synthesis of CGRP, sP and BDNF in TrkA expressing
medium and small diameter primary afferents (Donnerer et al., 1992; Obata et al.,
2003). NGF is responsibl