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Abstract

Introduction: Expression of neurochemical markers in dorsal root ganglion (DRG) has been
shown to underlie nerve injury induced neuropagigity and are usually examined once post injury

in rodent models. Here | hypothesize that neurochemical markers are expressed differentially at
various time points post nerve injury and that expression of these markers differ between traumatic
and nortraumatic models of neuropathic pain, thus reflecting variations in pathophysiology.

In two different rat models of neuropathic pain, namely, the ti@aentransection (TNT) and
the diT (HIV antiretroviral drug) associated toxic neuropathy; immunohistoid# labelling was
used to determine the expression of varinegrochemicamarkers across time. Double labelling
with peripherin or NF200 (labels small and large neurons respectively) and a cell size analysis
were conducted to validate cellular phempaty Pain behaviour was measured vivo using
mechanical and thermal hypersensitivity assays.

To confirm tibial nerve distribution in the DRG$;luorogold retrograde labelling was
performed. | also explored the effect of the om8gmlyunsaturated fattgcid dicosahexonoic acid
(DHA) on TNT associated mechanical hypersensitivity and inflammation, as previous studies have
shown DHA to be both anihflammatory and neuroprotective in animal models of spinal cord
injury and stroke, and therefore could bevaint in peripheral nerve injury.

Results:
% expression in TNT injured rats (+ standard error of mean)
Markers Dayl Day 7 Day 14 Day 28 Day 43
Activating
transcription factor -3
Peripherin 119+56|{19.0+49 | 189+6.6 | 15.2+1.4 | 254 +8.3
NF-200 71.1+72 25777 |304+£87 |18.7+6.0 |11.5+£4.2
Gap associated
protein-43
Peripherin 38+x14 |72+07 |157+18|11.6+25|10.0+6.4
NF-200 32+21 |03+03 |[159+48|100+1.9 |8.3+1.0
Neuropeptide Y
Peripherin 0 21+06 |34+14 |65+£08 |50+0.8
NF-200 0 51.3+48 |51.7+83 |27.3+£34|145+29
Galanin
Peripherin 0 157+2.7(193+49 |57+13 |7.7x17
NF-200 0.7+0.7 |11.8+1.2|258+4.2|58+16 |7.8+20
Fromday7 TNT rats devel oped me cioa baseline at pdak, dagr s ens

28). Rats injected withdd&€ x hi bi t ed bil ater al hind
baseline at peak, day 22), but failed to exhibit any neurochemical charthesDRG such as that
observed in TNT injury. Seven days followiRduorogoldinjection into the tibial nerve of naive

rats, labelling was identified in the L4 (38.5%) and L5 (27.5%) DRGs. Since DHA did not alter
TNT induced mechanical hypersensitivity, ykaneurochemical markers were not evaluated.
Investigations examined the potential of DHA to modulate the DRG macrophage response, and
revealed no differences compared to saline controls at dpgS2& NT injury

Conclusion: The results of the study amnstrate completely different expression patterns of
neurochemical markers followind NT injury and treatment with 4T, and highlight the
mechanistic difference between nerve trauma and antiretroviral associated neuropathic pain.

paw mechan
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Complete sciatic nerve transection

CX3C chemokine ligand 1 (fréakine)

CX3C chemokine receptor 1, also known as the fractalkin:
receptor or Grotein coupled receptor 13 (GPR13)
chemokine receptor

Stavidune

4' 6-diamidino-2-phenylindole

Zalcitabine

Didanosine

Docosahexaenoical

Deoxyribonucleic acid

Diabetic poly neuropathy

Dorsal root ganglion

Macrophage, monocyte, microglia mark@lso known as
CD-68)

Eicosapentaenoic acid

Extracellular signal regulated mitogen activated pro
kinase

Fatty acid desaturase

Familial episodic pain syndrome

Fluorogold

Tacrolimus (calcineurin inhibitor)

2-aminobutyric acid

Glutamic acid decarboxylase

Galanin Receptor

Growth associated protein 43

Glial derived neurotrophic factor
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GFAP
Gp120
GPCRs
GRNP
HCN

HIV
HRP
Ibal

Glial fibrillary acidic protein

Glycoprotein 120

Gene protein coupled receptors

German research network on neuropathic pain
hyperpolarization activated cyclic nucleotide
channels

Human immunodeficiency virus

Horse raddish peroxidase

lonizing calciumbinding adapter molecule 1
Intraperitoneal

Intravenous

International Association for the Study of Pain
IsolectinBandeiraea simplicifolia

Irritable bowel syndrome

Intra-epidermal nerve fibre

Interferon gamma

Interleukin

c-Jun Nterminal kinase

Two pore potassium ion channels

Calcium activating potassium channels
Potassium/chloride etransporter

Kwu channel

Inward rectifying potassium ion channel
Locus coeruleus

Leukemia inhibitory factor

Lipopolysaccharide

Mitogen activated protein kinase

Middle cerebral artery occlusion

Major histocompatibility complex

Matrix metalloproteinase

€ opioid receptor

modula
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MRNA
MtRNA
NeuN
NF-200
NGF
NKCC1
NMDA
NPD1
NPY
NRTIs
NRTIs
NSAIDs
NT-3
OCT
P2Y12
PAG
PB
PBN
PBS
PCR
PFA
PGE
PHN
PLA2
PNS
PPAR
PSNL
PSNT
PUFAs
PWL

MessengeRibonucleic acid

Mitochondrial Ribonucleic acid

Neuronal specific nuclear marker
Neurofilament 200

Nerve growth factor
Sodiumpotassiurrchloride cetransporter 1
N-Methyl-D-aspartic acid

Neuroprotectin D1

Neuropeptide Y

Nucleoside analog reverse transcriptase inhibitors
Nucleoside analog reverse transcriptase inhibitors
Non steroidal anti inflammatory drugs
Neurotrophin3

Optimum cryostat temperature

Purinergic recetr P2Y, Gprotein coupled, 12
Periagueductal grey

Parabrachial area

phenytN-tert-butylnitrone

Phosphate buffered saline

Polymerase chain reaction
Paraformaldehyde

Prostaglandin

Postherpetic neuralgia

Phosphofpase A2

Peripheral nervous system

Peroxisome proliferateactivated receptors
Partial sciatic nerve ligation

Partial sciatic nerve transection

Poly unsaturated fatty acids

Paw withdrawal latency
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PWT
Quin-2
Reg2

RNA
ROS
RVM
RXR
ScCl
SCNA
SEM
SK

SNI
SNL
SNT
SOD-2
SPRR1A
Tc

TDF

Th
TLR3
TMB -8
TNFR1
TNFU
TNT
tPA
TRAAK
TREK -1

TrkA
TRPV1

Paw withdrawal thresiid

Fluorescent calcium indicator

Regenerating gene proten (also known aspancreatitis
associated proteih (PAP1))

Ribonucleic acid

Reactive oxygen species

Rostral ventramedial medulla

Retinoicx-receptor

Spinalcord injury

Synuclein, alpha

Standard error of the mean

Small conductance potassium ion channel

Spared nerve injury

Spinal nerve ligation

Spinal nerve transection

Superoxide dismutas2

Small Proline Rich Prein 1A

T cytotoxic

Tenofovir

T helper

Toll like receptor 3

8-(N, N-diethylaminojoctyl-3, 4, 5trimethoxybenzoate
Tumor necrosis factor U re
Tumor necrosis factor U
Tibial nerve transection

Tissue @sminogen activator

Two poreforming potassium ion channel

Two poreforming potassium ion channel also known
KCNQ2

Tyrosine kinase receptor for NGF

Transient receptor potential vanilloid 1
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TTX Tetrodotoxin

TTXr Tetrodotoxn resistant

TUNEL Terminal deoxynucleotidyl transferase dUTP nick ¢
labelling

UK United Kingdom

VGCC Voltage gated calcium ion channel

VGKC Voltage gated potassium ion channels

VGSC Voltage gated sodium channel

VIP Vasoactive intestinal peptide

vzv Varicella zoster virus

WDR Wide dynamic range

WIN 55,212-2 (R)-(+)-[2,3-Dihydro-5-methy}3-(4-

morpholinylmethyl)pyrrolo
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Hypothesis

Peripheral nerve damage initiates neurochemical changes in the dorsal root gamglion
the development pailike behaviours, which can be modulated via the administratian of

3 polyunsaturated fatty acids.
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1 General Introduction

Chapter 1
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1.1 Pain

Pain is defined by thénternational Association for the Study of P4IASP) as6é A n

unpleasant sensory and emotional experience agsated with actual or potential tissue

damage, or descri bed (Menskey and Bogdulkp I994Baimshn d a ma g

intrinsic warning system that allows the body to withdraw and be protected from harm or
trauma, and also helps deters future similar situati®asn is also a multidimensional
experience that is highly subjective and essential for the maintenance and preservation of
bodily tissuesin addition to the physiological effects of pain, there are also psychological
implications such as anxiety, streasticipation and empathy to paiBrooks andTracey,

2005)

1.1.1 Nociception

The concept of a distinct class of peripheral nerve pain signal transduction mechanism was
first proposed bysir Charles Sherringto(Sherrington, 1906)The consensus now is that

the transmission of paifnociception)involves activation bspecialized sensory receptors
called the nociceptor®rooks and Tracey, 2005 here are twaypes of nociceptive nerve
fibres; t he nAdcepfiveCsfibressC-fitzens dre dorsidered polymodahce

they react to various stimuduch as hypoxia and hypoglyceniizraig, 2003) andsome G

fibers are exquisitely sensitive tmr-noxiouslight touch(Vallbo et al., 1999)C-fibres can

be further subdividednto the peptidergic and nepeptidergic populationgSnider and
McMahon, 1998)The Ald fi bre is thinly myelinated,
(6-25 m $) whereas thenociceptive C-fibres are normyelinated and have slow
conduction velocitie§l m s'). TheAt  aacideptiveC-fibres normally mediatefirst'

and 'second' pa respectively, namely the rapid, acute, sharp pain and the delayed, more
diffuse, dull type of paifJulius and Basbaum, 20000vh e n p er i p hoziceptive AU
C-fibres are activated by noxious stimuli they generat®magotentials that travel to their

cell bodies, i.e. dorsal root ganglidbRG) neurons, and then to the spinal camd
ultimately synapse at the superficialrdal horn. These messages are eventually sent to the
midbrain, limbig and cortical areas of the brain where pain sensation is regi¢&amekbr

and McMahon, 1998)
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1.1.2 Gate control theory of pain

The gate control theory of pain wésst proposedn 1965 (Melzack and Wall, 1965)In

this paper the authosummarized two schools of thought regarding the perception and
central control of painbefore then explaining the gate control thedriie first theory

suggests thatain is a speafic modality like vision, or hearingwvhich requires specialized

set of receptors. The second is the pattern theory, which suggests that nerve impulse
patterns for pain are produteia intense simulation of nespecific receptors. While both

theories ee plausible they do not attempt to explain other factors such ahys®logical

influence on pain behaviouin the newly proposedjate control theory the authors
proposed thatboth small and large diametemeuronstransmit information from the

periphey to dnhibitoryd and dransmissiod cells in the spinal cordWhen this input

surpasses a certain thregh¢é.g. noxious stimulation of skin), pain is then transmitted to

the spinalcorand t he gate is o6openod. Durofiarge noxi o
diameterfibres also activates inhibitory cells in teabstantia gelatinosahich acts to shut

the O6gated6 thus reducing transmissfiben of s
during noxious stimulation reduces activation of the inhilgittells thus causing the gate

to O0opend. Il n addition, a connection from t
describedwhich bypasses the inhibitory and transmission cells, which can then go on to
influence themechanisticoo f t h e Thed aghaamtage of the new concept of the gate

control was that it could account for the hyperalgesia, spontaneoysapdifong delays

after stimulation characteristic of pathological pain syndromes which could not be easily
explained in the earlier two ¢bries. The gate control theory allowed a benchmark for

further studies to investigate and test the mechanisms of neuropathic pain, however the gate
control theory is now considered to be an incomplete hypothesis since the theory does not
incorporate longerm changes in theentral nervous systenClNS), plasticity of neurons,

and inflammatory factors which influence nociceptor sensitijityeser and Melzack,

1999)
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1.2 Pain classifications

Pain can be categorized according to whether the pain is acute or chronic in nature; both

have different approaches in terofgheir mechanisms, management, and treatment.

1.2.1 Acute pain

Pain that is characterized by a rapid onset of symptoms is termed acute pain, and persists
for a short period of time, ranging from a few days to weeks. Acute pain may range from
mild to seere depending on the nature of the tissue injury and the emotional state; some of
the common causes are surgery, disease, childbirth, broken bones,amgrtuits. The

acute inflammation caused by tissue injury acts to sensitize nociceptors, whiclol@ads t
increasein discharge rate and a lowered threshold for stimulus activd@amr and
Goudas, 1999)Acute pain usually remits when the injured tissue has healed and may not
requiremedical interventior{Loeser and Melzack, 1999Jo aid tke healing process and
reduce symptoms, acute pain can be managed by the effective useidd$,on steroidal
antrinflammatory druggNSAIDS), paracetamolnd local anaestheti¢€arrand Goudas,

1999)

1.2.2 Chronic pain
Chronic pain can be divided into two main broad subtypes; (1) inflammatory pain e.g.

rheumatoidosteoarthritis, and (2) neuropathic pain e.g. diabetityneuropathy(DPN)
(Baron, 2006)
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1.3 Inflammatory pain

Tissue injury results in thiecal release of numerous chemicals (such as substance P and
bradykinin) that mediate or facilitate inflammatory processes which leads to the
sensitisation of primary afferent nociceptive terminals. This sensitisation initiates an
increase in nociceptivactivity that is ultimately responsible for the primary hyperalgesia.
Inflammatory processes in neurons along with corresponding ectopic nerve activity may
represent a source for central sensitisation which may contribute to chronic persistent pain.
Chronc pain may encompass features sucHhladyaia which is pain caused by a stimulus

that does not normally provoke pain (mechanical or thermal generategenalgesig an
increased pain sensation in response to a normally painful stimraylogptoms thaboth

feature in neuropathic pain
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1.4  Neuropathic pain

Neuropathic pain has always been prevalent throughout documented history, but it was not

until the IASP was founded in 1973 that attention was focused on the caudesatmeént

of neuropathic painThe presence of neuropathic pain whether it is peripherally or centrally
mediated continues to be a significant health burden which reduces the quality of life for

the individual, and has wide scale impacts on healthcare resodt8&soriginally definel
neuropathic pain as ©o6pain arising from a j
s y s t(Elerskey and Bogduk, 1994While this current definition has been useful in
diagnosing neuropathic pain, it lacks the specificity that walifférentiateit from other

types ofpai n where there is a 0dwskichumaycnbtibend i n
neuropathic in origirsuch as musculoskeletal and inflammatory pAimevised definition

of neuropathic pain has been sqguencpofalesibn as Oy
or di sease affecting (Tredieet af, 008)1ISAR kamesnow vy Sy s
adopted the new ver si oiJensemettal, i200g)histneve wor d
definition replaces the wosodewldatiniglsatingracdt i o n 0
could be interpreted to include the normahgpicity that occurs within the nociceptive
system. The word 06di s e a satdogysuctpaposthaerpetichat t |
neuralgig@ PHN)or di abet es, while the word o6l esion
identifiable damage. A lesion or disease affecting the nervous system may cause other
types of pain that should be differentiated from neuropathich as pain associated with

spasticity and rigidity that is initiated by nociceptive afferents from muscles. Consequently,

t he repl acement of t he wording oner vous :
anatomically precise and recognizes that in neulopaain it is somatosensory processing

that is perturbed beyond the normal plasticity of undamaged neufdes.intrinsic
o6nociceptive pain syst emb S i mportant be
mechanism and serves a useful biological functiorchvis the avoidance of potentially

harmful situations. However neuropathic pain serves no useful biological puapdse

regarded as a symptom of a disease prodémsropathic pain may also represent aborrent

attempts of the nervous system to regereafter an insult.
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1.4.1 Neuropathic pain disorders

There is no international consensus to the characterization of neuropathic pain disorders;
however the traditional approach is via the anatomical location of nerve injury and
aetiology (seeTable 1.1)(Asbury and Fields, 1984)Unlike the CNS, the PNS is not
protected by bone and skull arfietefore it is more exposed to the risks of mechanical,
thermal, or chemical injury. Since cutaneous tissues are the most exposed organ innervated
by the PNS these tissues are often the subject of nerve daNegepathic pain may be
idiopathic in naturehowever the most widespread causes arise from a number of different
aetiologies including: diabetes, herpes zosterman immunodeficiency virus (HIV)
infection, amputation, surgery, and certain cancer chemotherapy gdenten et al.,

200]). The lesion or disease affecting the somatosensory system may result in damage to
peripheral nerves in cutaneous regions oftibdy, the DRGor the dorsal root neurons, as

well as theCNS. Central related pain is distinct to that of peripheral origind can be
differentiatedby injury to the spinal cord or bra{finnerup, 2008)

Peripheral Central

Postherpetic neuralgia Stroke

Diabetic polyneuropathy Multiple sderosis

Trigeminal neuralgia Spinal cord injury

HIV related (including antiretrovirg HIV related (including antiretrovirg
associated) associated)

Phantom limb Cancer and chemotherapy agents
Radiculopathies Parkinsonds diseas
Cancer and chemotherapgents Epilepsy

Complex regional pain syndronfig/pe 2)

Nerve traumanjury

Alcoholic polyneuropathy

Table 1.1 List of different examples ofneuropathic pain conditions according to

disease/traumand anatomical sitd ableadapted from Dworkin et al (2003).
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The specific mechanisms that elicit neuropathic pai@ notcompletely clear andat
presentis the subjecbf ongoing researclAlthough classifying neuropathic pain in terms

of the aetiolog is useful in terms of identifying the root cause of the pain, the diagnosis
does not attempt to explain the underlying mechaniamgh may give afunctional
framework for the clinical management of the pain. The pain that manifests in response to
a speific lesion or diseasé patientsmay operate througtifferent mechanismawhile
different aetiologies may share common pain mechanigaiditionally, more than one
mechanism may be operating within a single patient; this may lead to different symptoms,
further complicating treatmentA different approach has beeproposed that classifies
neuropathic paiaccording tahe presumed mechanisif&ron, 2006;Sindrup and Jensen,
1999;Woolf and Mannion, 1999)This focus on the actual mechanisms is important
becaise, for example, HIV antiretroviral associated neuropathy has a clear mitochondrial
toxicity brought on byNRTI treatmentgBacellar et al., 1994)andthis toxicity could be
specifically targetedConversely,mitochondrial toxicity does not appear to have a major
role intraumatic neruopathieendmay involve dysregulation of protefisn channelghat

is associated witkctopic activity of peripheral nervélisai et al., 2004)By identifying and
targeting thenerve damagenechanismspecifically with therapeutic interventiortbere is

a possibility to limit the effects of nerve damage whictuld develop into neuropthatic
pain, thus leadng to bettertreatmentoutcomes(Finnerup et al., 2010b;Finnerup et al.,
2010a)

Diagnosis of neuropathic pain

There is no standard diagnogpi@cedurgor neuropatit painand diagnosis is based upon
clinical judgmentthat involves two steps both of which are essentlgldemonstration of
lesion or diseaseand (2) demonstration that the pain is neuropatfibis can involve
physical and neurological examinationsiegtionnairesmagnetic resonance imaging, and
electrophysiological studiesNerve and skin biopsies may also be taken to examine
abnormalnerve fibresIn most cases the pain can be explained via a demonstrable lesion
previous traumatic injurgr diseasgrocess e.cherpesoster,diabetesHowever when no
lesion can be demonstrated tireayof diagnostic tools mentioned cannot always exclude

thelikelihood that the pain is of neuropattocigin.
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1.4.2 Clinical aspectsof neuropathic pain

Clinically, neuropéhic pain ischaracterizedoy the presence of spontanedigsimulus
independentor stimulusevoked type paifstimulus dependen{pworkin, 2002)

1.4.2.1 Stimulus independent

Spontaneous pain is present in the absence ofsamulation andit can be either
continuous or intermitten{Jensen et al., 2001)'he pain may demonstratedifferent
gualities, for example the pain can be descriéea@dching, stabbing, and burnimgnature.
Spontaneous paian presentshooting, electric shocklike paroxysms lasting a few
secondsOften patients will experience continuous paihich may vary in its intensity.
Shooting type pains oftemccur in instances where therensrve compression e.g. sipped
disc. Spontaneous actity in small (nociceptive) unmyelinate@-fibres is thought to be
responsible fomediatingburningtype painsand the sensitisation of dorsal horn neurons
(Jensen et al.,, 2001Equally, spontaneous activity irthe large (non nociceptive)
myelinated fibres is related to abnormal stimulusndependent sensations sucs
paraesthesi€which arenot unpleasantpnd, after centrasensitisation, to dysaesthesi

(unpleasantjWoolf and Mannion, 1999)

1.4.2.2 Stimulus dependent pain

The stimulus evoked type pain is a common feature of neuropathic pain and can be
initiated via mechanical, thermal, and chemical stimulafiiansen et al., 2001¥everal

types ofevoked pain may cexist within a patient, in others only one may be preSdm.

evoked pains are usually brief, lasting for the duration of the stimulation, but at times they

can persist in the aftermath of stimulation lasting from a few méntatéours or even days

(Jensen et al.,, 2001Such evoked stimulation produces allodynaif caused by
innocuous stimuli)and hyperalgesidincreasedpain response to a normally noxious
stimulus).Allodyniais mediatedva Ab f i br es, and hunhatnthest udi e
blockade ofAb fibres can abolish allodyni@lorebjork et al., 1992Hyperalgesiacan be

evoked via pinprick (e.g. von Freyhaamdi s medi at ed vi aorGfieressi t i s e
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(Ziegler et al., 1999)It is important torecognise other phenomena swash hypoalgesia
(sensory lossyvhich canreside in areasf pain representing a paradoxical type of pain.
Hypoalgesia appears to affect all sensory modalities, and has been obgdrvedpect to
thermalin PHN patients(Besson et al., 2005;Rowbotham and Field96)9This response
may reflect a loss of afferent fibres in affected aredth the addition of sensitized
peripheral neuronsA loss of spinothalamic function hdsen hypothesized sindbey
propagatenformation regarding temperature, touend pain(Jensen and Lenz, 1995)
Although some patiestwill use descriptorsugh as burningshooting and electricto
describe their painrRasmussen and colleagues (20@)orted some difficulties in using
these descriptors to differentiate between pain of neurpatigin andnon-neuropathic
pain, given that these words can bsed to describ@on neuropathic types gdain
(Rasmussen et al., 2004)

1.4.3 Heterogeniety of neuropathic pain symptoms

The past few years hasesean increasing realization of theterogeneityf neuropathic
pain symptoms, even in patients witile sameaetiology(Baron et al., 2009;Maier et al.,
2010) Screening tools includingquantitative sensory testing (QST) and pain
guestionnairehave been used to evaluate symptoms of pain that maybe neuropathic i

origin (Haanpaa et al., 2011)

The use of QST has allowed the quantification of sensory function in patients that either
have ormight be at risk of developing neuropathic pain, and is useful in identifying
abnormalities oboth small and large fibre fumion (Cruccu et al., 2010)QST typically
involves measuring the detection thresholds to a range of stinsluding; mechanical,
pressure, vibration, coolness, warmth, cold, and (Ratke et al., 2006b;Rolket el.,
2006a) Various QST protocols exist and therefore a standard protocol has been proposed
by the Germanresearch network on neuropathiaip (GRNP) that can provide an
assessment of a patient within a 30 minute time fréRuke et al.,2006a) A previous

study using the GRNPRQST protocol demonstrated notable differences in the
somatosensory profiles of patients with PHMmplex regional pain syndrom{€RPS

type | and Il), and trigeminal neuralg{®laier et al.,, 2010)For examplethermal and
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mechanical hyperalgesias were most frequent in complex regional pain syndrome patients

and peripheral nerve injupatients andallodynia in postherpetic neuralgiatients

The use of pain questionnaires, which broadly focuses on sensory descriptors of pain,
provides useful information to the cliniciaagarding quality and intensity @&in which

can aid diagnosis dhe monitoring of pain.n a previous studyising thepainDETECT
guestionnaire498 patients with PHN and 1623 patients with PDN vaeralyzed and the
results revealedhat patients broadly fitted int6 symptomaticcharateristic subgroups
(Baron et al., 2009)Thisagaindemonstrates ehdiverse range of symptoms that eaist

within one neuropathic paiaetiologyand it may be mor@appropriateto treat patients
according taspecificsymptoms rather on the basis of ateiology.

Taken togethe the clinical datafrom the QST andquestionnairestudiessuggestthat a
diverse range of mechanisnsslikely to be operatingor the manifestation od paticular
symptomwithin any given ateiology It is important to recognise such phenomema
preclinical studiesvhich can be addressdxy investigatinga variety ofperipheral nerve

injury modelsto account for the diverse mechanisms.

1.4.4 Peripheral mechanisns of neuropathic pain

To date, the understanding of neuropathic pain mechanisms has derived from basic science
research involving bothraditional in vivo and in vitro as well asnovel cel-molecular
approaches.In addition to preclinical research, ther has been a steady focus on
experimental human pain models which have provided further insight into human pain
pathology. Following peripheral nerve injury there are biochemical changes at the site of
injury as well as the affected nerve which may sedrtee the symptoms of neuropathic

pain
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1.4.4.1 Dysrequlation of ion channels and &opic activity of neurons

Ectopicactivity from injured primary afferents neurons in the peripheral nervous system is
related to the dysregulation of the synthesis and imaif sodium ion channel¥/oltage
gated sodium channelsVGSGs) play a fundamental role in regulatingeuronal
excitability, which is important to the physiology of neuronbkere are different isoforms

of VGSC (named NA.1 to Ngl.9) and they all diffein terms of their kinetic and
pharmacological properties and some han&inct distribution patterngWood et al.,
2004) The Na/l1.8 and Ngl.9 ion channels are all exclusively expressed in small
unmyelinatedC-fibres. Other channels such as,Md and Ngl.5 are located in the muscle
and heart respectively and are important in determining the functional specialization of
those tissued-ollowing peripheral nerve injury the Ma3 channe(which is expressedt

low levels in the adult DR@nd at high levels during neuronal developmentjpregulated

in the DRG(Lai et al., 2004) This upregulation is associated with ectopic activity which
correlates with the development of neuropathic pain like behainorodents(Lai et al.,
2004) Additionally, Na1.3 is upregulated in the dorsal horn of animals with experimental
spinal cord injury(SCI) and anti sense knockdown of M& attenuates dorsal horn
exctability and pain like behaviour@ains etal., 2003) although this result is in regards
to the CNS, it provides evidence for & role in pain Despite this compelling evidence,
the global knockout of N4.3 in mice still results in pain related behaviof{Nassar et al.,
2006) Furthermore, the use of conditional knockouts viaremmbinase systems to
exercise out the N&.3 gene which can bypass angngtic possible compensatory
mechanisms additionally resulted in the development of pain related behavithes
channels such as thHga,1.8 and Nal.9 isoforms aredownregulded in injured DRG
neurons following axotomy in both humans and animal paimdeiso while uninjured
afferent expression levels are unchan{fedcosterd et al., 2002;Bidajj et al., 1998) A
direct involvement of NA.8 in neuropathic pain was observed in a study where a
knockdown of N&l.8 in thespinal nerve lighion model (SNL)of nerve injuryreversed
both the mechanical and thermal hypersensitivity associated with this (Qotg et al.,
2003;Lai et al 2002) Since Nal.8 is downregulded in the DRG it is unlikely to
contribute to the phenotymescribedlnterestingly an upregulation of Ma8 is observed

at sites along uninjured nerve affereflovakovic et al., 298), this upregulation may
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result in the developmentneuropathic paulike behaviours.This dynamic shift in
expression suggests that uninjured sparedneurons play a te in neuropathic pain;
furthemore redistribution of N@l.8 channels in injuredcgtic nerve neurons has been
described in the chronic constrictionjury (CCIl) model (Novakovic et al., 1998and
neuropathic pain patien{€oward et al., 2000)

Ectopic activity can be reduced by sodium channel blockers such as lidaradne
tetrodotoxin TTX) (Matzner and Devor, 1994Llinical trials have show the lidocaine

(5% patch) to be effective in the treatmenPdfN and is considered a firlbe treatment

for neuropathic pa states due to its tolerability and safdtyarkman and Dworkin,
2006)This provides diret evidence of sodium ion channel involvement in neuropathic
pain. Other bman datdinking VGSC to painderives from patients with erythromelalgia
and paroxysmal extreme pain disorder. Thes:
f u n c missensadutation in the SCNA gene that encodes tlagllV VGSC(Yang et al.,
2004) Electrophysiological recordings have indicated that the mutation lowers the
threshold for channel actitian and slows down the rate of deactivation thus leading to
increased excitability and ectopic activity in neur¢@@smmins et al., 2004;Diblajj et al.,
2005) Differing mutations in the SCNA&an resulthe inability to experience pain, which

is linked to a loss of channel functi¢@ox et al., 2006)The discovery of this has raised

the possibility of Ngl.7 VGSCcan become an attractive drug tarfjeselectively targeted.

Voltage gated potassium ion chann@KSKC) play a role in modulating excitability in
neurons by acting as a break and repolarising neurons to restore baseline membrane
potentials.The major ptassium currents arising in neurons are regulated by@&€C and

the calcium activating potassium channelsK(Wickenden, 2002) Other potassium
currents areregulated by the inward rectifying ¢K and two poreion channels (Kp)
(Wickenden, 2002)Experimental peripheral nermjury leads to the reduction MGKCs

in the DRGsuch as KlL.4 (which is expressed on small size celid)us suggesting a
potential mechanism for ectopic activity in injured neur@Rasband et al., 2001pPne

VGKC that canregulate theexcitability of neurons is the Jchannel (KCNQ). The K

channel operates at low thresholds in the CNS and is responsible for the inHhibitory

current in DRG neurongMarrion, 1997) Retigabine a drug that carfacilitate the M
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current can reverse the associated mechanical hsgesitivity in experimental nerve

injury models(BlackburnrMunro and Jensen, 2003)GKCs maybe a potential target that

can be exploited for the treatmentrefuropathic painThe small conductance potassium

ion channe(SK) may play a role in modulating sensory transmissiomfire periphery to

the spinal cordIn vivo electrophysiological recordings reveal that neuronal responses to
nociceptive stimulationnicrease after application of a selective SK channel blocker, thus
demonstrating that SK channels can modulate afferent i(Bahia et al., 2005)
Furthermore, these SK channels are present on peripherin immunoreactive neurons which
represent theC-fibre (nodceptive) class of sensory neurons, which suggest the SK

channels maybe involved in processing nociceptive input.

Permeable to both potassium and sodium ions aréyperpolarization activated cyclic
nucleotide modulated channels (HCN). These ion cHararealso known as pacemaker
channels and are criticed theproduction of rhythmic activity in cardiac cellBiel et al.,

2009) However the HCN channels aralso located on primary afferent neurons, and
therefore likely to play a role in regulating resting membrane potentials in sensory neurons.
SNL injury can increase pacemaker currents in large diameter DRG neurons which results
in pacemaker driven spontaneous action potentials in the ligated nerve. Blockade of the

HCN channels can reverse hypersensitivity produced by light touch and decreases the

fring frequency of ectopic di,sincahdoseglepsndentr i gi n

manor (Chaplan et al., 2003)This result suggests that HCN cannels may be, at least in

part, an underlying factor in ectopic discharge in nerve injury.

A specific role of voltage gated calcium i@mannels(VGCC) has been recognised in
neuropathic painThere ae several different types of M@&C found within the body, all
distinct via their electrophysiology or response to padictoxins/channel blockers.-L
type channels are key determinants ofmheane excitability whereas N and P/Q channels
are involved with neurotransmitter release. Pharmacabgiidence suggests that the N
type VGCC plays a role in neuropathic pain since intrathecal delivery -bfpé&\
antagonists reduces tmechanicalhypeisensitivity associated witBNL injury (Calcutt
and Chaplan, 1997;Chaplan et al., 1994} L-type C&" channels may also play a role in

neuropathic pairgiven thatits knockdown in the dorsal horn reverses the mechanical
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hypersensitivityFossat et al., 2010The auxiliarylhi subunit of the calc
could act tomaintainexcitability of neurons. éllowings pi n a | neraae siumjuuin y

Is upregulated in the DRG asdiatic nerve axonihis also correlates with neuropathic pain

like behavious (Bauer et al., 2010;Luo et al., 2001 addition transgeni@nimals which
overexpres81tbhabwnit I N neur exaggdrated dosad boens d e n
neuronal responses tmth mechanical and thermal stimulation in the hind pawboth

uninjured and nerve injured neurofis et al., 2006) Gabapentin, whichs used in the

treatment of clinical neuropathjmain, binds to thelbi o f  tChaed this@GQ@issociated

with reduced CZ currents in excitable neurorsnd ectopic discharge@Pan et al.,
1999;Stefani et al., 298). The exact mechanism of pregabalin induced analgesia is not

fully understood, however a recent study has suggested thah thieo application of
pregabalinis associated with impaired trafficking @i subunit on presyna
which results in reduced neurotransmitter releasenandonalhyperexcitability(Bauer et

al., 2010)

Transent receptor potential (TRP) receptors legand gated, noselective cation channels
involved in the biological tramsiction of thermamedated nociceptor respons@geronesi
and Oortgiesen, 2006The TRP channels allow the influx of Nland C&" ions resulting in
depolarization of neurons, which may lead to the generatioacodn potentialsThe
TRPV1 channel washe first recognized paitransduceiand wasoriginally characterized
by its activation lp capsaicin; the pungent chemical found in chilli pepgérsnke and
Gavva, 2006)The TRPV1 channel is present on béth  aQafidres. It wasfound that
TRPV1 channels could be activated teynperaturesbove43°C, low pH conditions and
pharmacologicallyvia anandamidgRamsey et al., 2006Y0ther heat sensing channels
include TRPV2 which actvates at temperatu88°C (Tominaga and Caterina, 2004i)d
TRPM3which exhibits robust responses to heavitro (Vriens et al., 2011) Conversely
the TRPA1 channel responds to noxious cold temperatgé8Q@) and other substances
such as mustarctinnamon, and ginger oil¥he TRPV1 receptor isf immense interest
given their role in nociception, antheir activationcan resultin burninglike pain
sensationsa frequently reported symptom of neuropathic p@ime exact role of TRPV1
channels in nerve injury is not welltablished however changes in TRPV1 expression

have been reported in nerve injury moddIRPV1 messengerilbonucleic acid(mRNA)
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and protein islownregulded in thespinal cord andomata of damaged sensory neurons
following sciatic nerve axotomgMa et al, 2005;Michael and Priestley, 1999 further

study had demonstratedn addition to thedownreguldaion of TRPV1in the damaged
sensory neuron&n upregulation of TRPV1 in the undamaged populatitatermined by

tract tracing)i this may be crucial tahe development or maintenance of neuropathic pain
(Hudson et al.,, 2001)n addition, anincease of TRPV1 is observec
indicates a likely phenotypic switch since TRPV1 is normally expressefl it &Cn d
fibres (Immke and Gavva, 2006fvidence from transgenic studies reveal that mice with a
knockout in the gene coding the TRPV1 channel exhibit normal responses to noxious
mechanical and thermatimuli, however in the context afflammationthis responsesi
impaired (Caterina et al., 2000 his indicates a role of TRPV1 mediatingmechanical

andthermal hypersensitivitin conditions of tissue injury.

The TRPA1 channel has also been shown to be dysregulated folloeniwng injury, given

the increased expression in small diameter ¢€lsata et al., 2003)t may be that this
dysregulation is linked to the development of cold hypesgivity that is evident in
neuropathic pain models. Indeed a mutation of the gedmgdor TRPAL is responsible

for a heritable episodic human pain syndrome termed familial episodic pain syndrome
(FEPS) that can be triggered when exposed to ¢Kle@meyer et al., 2010)

1.4.4.2 Sensitization of nociceptors bynflammatory mediators

Injury to a peripheral nerves iusually associated with neurflammationwith the release
of proinfammatorycytokines and chemokindsom different cell typesSuch phenomena
canoccur in Wallerian degeneration whereby the axon beca®paratedrém the cell
soma and degenerates distal to the injyGaudet et al., 2011)The release of
proinfammatory mediators can adb sensitize neuronsby lowering action potential
thresholds,which is associated witlectopic dischargeghus leading to amncrease in
neuronal excitability(McMahon et al., 2005)Such proinflammatory mediators include
tumor necr o NB§),Unfedukin (@) 16 U -6 atlenosine tphosphatg ATP),
and bradykinin(Ji and Strichartz, 2004Proinflammatoy mediatorscan be released from

damaged axons or Schwann cellsangerhan cells,infiltrating leukocytes and
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macrophagesandare likely to contribute to allodynia and hyperalgedigerved ihuman
neuropathic paionditions Intraplantaror intrathecainjectonsofo ot h TNFUb and |
cytokinesare associated with paihke behaviour inrodents(Cunha et al., 1992;Safieh
Garabedian et al., 1995;Youn et al., 20@8)d similarly the use of neutralizing antibodies

can attenuate neuropathic pain related behavi(fschafers et al., 2001;Sommer et al.,
1999) The aministraton off NFU t o s e nirsvivaisyknoweta affechtise firing
propertiesof injured and uninjured DRG neuror{§chafers et al., 2003bhis may occur

through an interaction with VGSCs and VGC@gilkinson et al., 1996)A consequence
ofIL-1b is the genesis of signaling cascade
molecules (e.g. nitric oxide; certain gtaglanihs such as?GE) from immune cells or
Schwann cells. The cytokines IL6 and leukemia inhibitory factor (LIF) can elicit the
release of neuropeptides (e.g. galanin and SP) and BDNF, all of which can modulate
nociceptive processingVicMahon et al., 2005)Further evidence for a role of interleukins

stem from transgenic studies wherebknockoutof IL-6 markedly delays the onset of
thermal inducedhypersensitivityin mice following nerve injury (Ramer et al., 1998)
Recently, there haseen increasing interest the role of CCL2whichhas been linked to

the pathogenesiof pain in thePNS (Sun et al., 2006)CCL2 is upregulatedh the cell

soma of DRG neuronafter traumanerve injury(White et al.,, 2005bandis transported

and released in an activity dependent manner irteéhéralterminalsof thesefibresin the

dorsalhornof thespinalcord (Thackeretal., 2009)

Aside from the direct actionof cytokineson nociceptorsthereare othercircumstanceghat
canresultin the activationof nociceptorsFirstly, the chemokinefractalkine(CX3CL1) is
normally expressedn sensoryneuronsin the DRG, andits receptor(CX3CR1)is located

in satellite cells (as well as microglia in the cofdgrgeetal., 2004) Howeverin response

to neuronalactivity, fractalkine can be cleavedby matrix metalloproteinas€ MMPS),
which canact on its receptorswvhereits activationhavebeenshownto be involved in the
initiation of neuropattd painlike behaviourin rats (Milligan et al., 2004) Secondly,the

viral protein gp120, which is a cell surfaceprotein found on HIV, when appliedto the
sciatic nerve can interact with CCR5 and CXCR4 expressed on sensory neutand
Schwann cells)which initiates a macrophage infiltration at application site and has been

associated wh mechanicahypersensitivityin rats(Wallace et al., 2007a)Jpregulation of
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satellite cell marker GFAP is additionally observed in the DRG which may also release
proinflammatory cytokineéWallace et al., 2007a)

In addition to cytokinesind chemokinespeptides have a role in regulating nociceptive
responses. adykinin,a small peptide of the kinin family which regulates contraction of
blood vessels can additionally mediatiteand chronianflammatoryresponsegWhite et

al., 2005a) Traumatic peripheral nerve injury initiatése release of bradykinifrom non
neuronal cells which binds tothe two bradykinin receptos (BK; and BK,), therefore
leading to the activation of the secondary messenger protein kKihageich promotes
nociceptor sensitivityJulius and Basbaum, 2001;White et al., 200%a}¥t likely through
the TRPV1 receptaiVellani et al., 2004)The B1 receptor appears to be of relevance since
this receptor is significantly upregulated on sensmyrons followingissueinjury (Fox et

al., 2003)and is located in small diameter neurons in the ORI, 2001;Wotherspoon
and Winter, 2000) B1 receptor activ@don additionally evokes the release of
proinflammatory cytokines including PGEand PG}, reactive oxygen specieRQS, and
nitric oxide from endothelial cell{Walker et al., 1995)Pharmaological studieshave
revealed thathe intraplantaadministration obradykininB1 agonistsdoes not affect paw
withdrawal threshold§PWT) to mechanical stimul{Fox et al.,, 2003) however it can
argument nociceptive behaviourdollowing traumatic nerve injurythrough similarly
administration route(Werner et al., 2007)Antagonistf B1 receptomwhenadministered
systemically (i.v) to ratsan educethe mechanical anthermalhypersensitivityassociated
with traumatic peripheral nerve injuryFerreira et al., 2005;Levy and Zochodne,
2000;Yamaguchbase et al., 2003Furthermore gblation of the gene for thB1 receptor
results in a significant reduction in early stages of mechanical and thermaddrygigvity
(Ferreira et al., 2005)

Neuropeptides such asalcitonin gene related peptid€GRP) and Sibstance P are
involved in what is defined as neurogenic inflammatiotihe inflammation arising from
neuronswhich is characterizedy plasma extraasation and vasodilatiom the affected
region Sensitizatiorof unmyelinated nociceptive afferents has been hypothesised to play a
pivotal role in neuropathic pain conditions such GRPS (Holzer, 1998) Studies in

patients have demonstrated an increase in syst€@®RP, Substance P, and briaidyn in
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the acute stages of CRRBirklein et al., 2001) Moreover neurogeic inflammation was
elicited by directly activating the skin by transcutaneous electrical stimulation via
intradermal microdialysis capill&s. Animal experiments involving neurogenic
inflammationhave observed similar findings in regards to increases in neuropeptides, and
pharmacological blockaded of theeurokininl (NK-1) receptorresults in a reversal of
plasma extravsationin rodents (Holzer, 1998;Xu et al., 1992)The neurogenic
inflammation wa associated with alteration in thermal coding and des@&aseechanical

withdrawal thresholds.

Angiotensinconverting enzsne (ACE) is a key kinase involved in thdegradationof
substancé and bradykininA clinical studyhave ndicated an associatidietween theéhe
use of ACE inhibitors and the risk of dewgbing CRPS (de Mos et al., 2009which
suggests rolefor substance P and bradyia in the underlying pathogenic process

1.4.4.3 Apoptosisin the DRG

Apoptosis is a distinct form of cell death that can be triggered by a variety of physiological
and pathological stimuliEanshaw et al.,, 1999)Nerve damage and pain related
behavioursdemonstrated imerve injurymodels are accompanied hpoptotic signaling
cascades isensory neuronsf the DRG(Joseph and Levine, 2004;Sekiguchi et al., 2009)
Activated caspase3 (the critical executioner of cell death) is induced in the L5 DRG
following crush injury to the ipilateral L5 spinal nervéSekiguchi et al., 2009)Recent
findings by Schaeffeet al., 2010using tle terminal deoxynucleotidyl transferase nick end
labelling (TUNEL) technique as a marker of apoptosis, demonstrated immunolabeling of
satellite cells in the DRG of CCI animals 30 days after injury. Previugstigationsising
traumatic,ddC (Zalcitabine)antretroviral and vincristineinduced modks of nerve damage
have demonstrated thtte administratiorof caspases inhibitoisanattenuate pasnelated
behaviours, and therefore caspasigsalingpathways may contribute towards neuropathic
pain in humans (Joseph and Levine, 2004;Scholz et al., 2005;Sekiguchi et al.,.2009)
Apoptotc pathways may be activated \ROS ceramindg and nitic oxide (Benn and
Woolf, 2004)or stimulation of death receptors such tasnor necrosis factor receptor 1

(TNFR2) which can act via the-Jun Nterminal kinas€JNK) pathway to activate effector
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capsase$¢Earnshaw et al., 1999)ctivation of the TNFR1 occurs byinding withT N F U

which is released by immune cells such as macrophages in the aftermath of nerve injury
(Scholz and Woolf, 2007and is found in the DRGSchafers et al., 2003&here itco-

localises with caspas&s(Kim et al., 2011) This suggest¥ N Fdduld potentially play a

role in initiating apoptosisApopt ot i ¢ signaling may be of pa
neuropathies whe the terminal of sensory neurons are diminished while the cell body
remains, and has the potential to regenerate a new territiaugh it is assumed that

once the apoptosis process passes critical checkpoints, cell death ensues, evidence from a
recentstudy using a variety of cells including brain cells indicates that late stage apoptosis

can be reverse@ang et al., 2012)

1.4.4.4 Altered gene expression and functional genomics

When peripheral sensory neurons undergo atgm such as nerve transection,
transcriptional changes lead alterations in neuronal physiology which may influence the
metabolic state, capacity to regenerate and neuronal plasticity, all of which bear relevance
in neuropathic pain conditions. Since the pathophysiology of neuropathic pain is complex
and may invole several mechanisms, a more rational approach has been considered taking
into context changes in gene expression. Recent advances in molecular biology have led to
the development ofleoxyribonucleic acidDNA) microarray based technologies, which
have tle capacity to measure changes in gene expression by analyzing the entire genome
(Reilly et al., 2004) This technique has led to the identification of many paktdrgets

which maybe relevant to the development or maintenance and symptoms of neuropathic
pain. There are now several published studies documenting altered expression of
neuropeptides, ion channels, neuroinflammatory markers and transcription factibes,

DRGs of traumatic models aerve injury(Costigan et al., 2002;Valder et al., 2003;Wang

et al., 2002) In an attempt to identify dysregulated genes in a motlipkeripheral nerve
damagerepresenting a clinically relevant aetiology, DRG gene expression igptt20 +

ddC (zalcitabine) was investigated and compared to gphi@al nerve transectiorSNT)

model (Maratou et al., 2009)These models were associated with distinct sets of gene
expression changes, witi40 dysregulated genes in the SN Daeland656 in the gp120

+ ddC modelcompared to sham contrahterestingly, only 39 genes were found to be
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commonly dysregulate@n the same directiorpetween the two modelsome of which
had not been previously implicated in mechanical hypersehgit&everal of he genes
identified such as pancreatitis associated protdiltegenerating gene proteih
(PaP1Reg? andneuropeptide YNPY) have previously been reported to be implicated in
the onset of nerve injury relatgghw hypersensitivityin rodents (Maratou et al., 2009)
However, other genes which have been previously unidentified sudGERswhich is
significantly upregulated in thgl20 +ddCand SNT model has ndleen examined fully,
and consequently warrants further investigatiMicroarray technology therefore provides
a basis to which novel targets can be identified and then specifically investigated.

1.4.4.5 Summary

In summaryresearch over the past 20 years has resulted in an increased understanding of
neuropathic pain mechanismThe notion that there is a single underlying hypothesis for
thedevelopmentand perhaps mai@enanceof neuropathic pain is not likely given theray

of literatureencompassingnany potentialtargets andnechanismgBridges et al., 2001b)

In addition, psychologicadndcognitive factorsareincreasingly recognized in their ability

to profoundly influence the overall pain experience, which adds another level of
complexity(Daniel et al., 2008;Nicholson and Verma, 20gsearch is still ongoing and
advances in technology such as next generation sequencing technologies may afford the
possbility of identifying novel targets which may lead to the development of new

treatments.
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Figure 1.1 Diagram tosummarisethe various peripheral mechanisms of neurpathic pain
following partial nerve injurySuch mechanisms involve dysregulation of ion channels and
ectopic activity of neurons, sensitization of nociceptors by inflammatory mediators

apoptosis in the DRG, and altered gene expression
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1.4.5 Central mechanismsof neuropathic pain

1.4.5.1 Central sensitizationi wind up

Central sensitization involves changes to the plasticity of neurons at the spinal level,
whereby afferent inputs such as those arising from low threshold mechanical neurons
which do not signal pain then begmdo so(D'Mello and Dickenson, 2008 Additionally,
responsiveness to normally painful stimate now interpreted s more painfulPeripheral
sensitizatioron the other hant usually restricted to the site of tissue injury and results in
the lowered threshold to a particular stimuluBhe phenomenon of central sensitization
was first demonstratesh a study wherghermal cutaneous nerve injury produced long
lasting changes to the receptive field properties of flexotor neurons, which was used as

a measure ofunctional plasticity in thespinal cord(Woolf, 1983) Since this time, the
neuronal substrate for the activation of central sensitization has largely focused on
glutamate. Glutamate is the major excitatory neurotransmitter ohéineous system and
therefore essential to pain signaling. The vast majority of primary afferents synapsing at the
dorsal horn utilize gl#mate as a neurotransmitter, which then acts on a euoifbpost
synaptic receptors including the metabotropic glutamateptors, and the iotropic 2-
amino-3-(5-methyt3-oxo-1,2 oxazoHyl) propanoic acifAMPA) & N-Methyl-D-aspartic

acid (NMDA) receptors(Bleakman et al., 2006)The release of glutamate and the
activation of the AMPA recepterare usuallyin response to noxious and nRoaxious
stimuli, which represents theonstitutive baseline response of dorsal horn neurons
(D'Mello and Dickenson, 2008 However in the context of nerve injury where repetitive
high frequencystimulationof C-fibres occus, there is an increased release of glutamate
from synapses in the spinal cord which acts on the NMDA recdpiawamata and
Omote, 1996)leading to anonproportional amplification in the response of dorsal horn
neurons, also known as wind (pickenson and Sullivan, 1987Yhis high frequency
stimulationas well as phosphorylation of the NMDA recepnecessary fathe removal

of the Md™* block at the NMDA receptoandthe opening of the receptor pofihis results

in the influx ofCa* and the activationf downstream cellular kinasealcium-calmodulin
(CAMKI/IN) and extracellular signal regulated mitogen activated protein Kifg&K) (Ji

et al., 199;Matsumura et al., 2010poth ofwhich can promote the plasticity of neurons.
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Wind up can bablated through the usg NMDA antagonists such as mematine, M1,
andthe clinically usedketamine all of which have been shown to be antinoicceptive in
SNL induced peripheral nerve injury(Suzuki et al., 2001) Similar antinociceptive
responses can be observed with therenspecific NR2B subunit NMDA antagognist
(Boyce et al., 1999)Taken together, the evidence supports the role of NMDA contributing

towards neuropathic pain.

1.4.5.2 Loss of inhibitory systems in spinal cord

The neur otamiaobuyritiatid (BABA)Js primarilyesponsible for some of the
key inhibitory processes that occur within the CNS. GABA acts through the fast acting
inotropic GABAa receptor and the slow acting metabotropic GABAceptor to initiate
hyperpolarizationin the mature nervous systerikvidence of GABA role in pain
processing derives from pharmacological studies, which have demonstrated reduced
mechanicalhypersensitivityin SNL injured rats following intrathecal administration of
GABA, and GABAs recepbr agonists(Hwang and Yaksh, 1997Furthermore, partial
nerve injury results in decreases in the dorsal horn levels of GABA asgnitgesizing
enzyme glutamic acid decarboxylase (GAD)kE ipsilateral tahe injury (Moore et al.,
2002) GABA-mediated inhibitory currents and exteflalar concentrations are
additionally decreasednterestingly, apoptosis can also be observed in the dorsal horn in
nerve injured animals as demonstrated by TUN&elling which maybe attributed to
excitotaxicity caused by excessive nerve dischaf@éoore et al., 2002;Sugimoto et al.,
1990) This apopteis may reflect a selective degeneration of GABAergic interneurons
which may give rise to the reduced GABA and GAD65 concentrétiatnoccurgollowing

nerve injury.

Peripheral nerve injury results in the lossopifioids receptors irthe DRG (Zhang et al.,
1998)andspinal cordBesse et al., 1991;Besse et al., 1992hich most likely reflects the

loss of primary afferents. These opioids receptors are localised predominately on pre
synaptic terminals of primary afferentn the superficial lamina of the dorsal hoamd

there is greater loss ahu opioid receptos than thedelta isoform following peripheral

nerve injury(Besse et al., 1992dn addition to opioid receptor los$)ee is aconcurrenh
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increase in spinal mRA cholecystokinin(CCK, an endogenous antagonist of thgioid
receptoy and its receptor (CCH (Kovelowski et al., 2000)This happeningnay act to
lesserthe potency of systemur intrathecal deliveredpioidsin neuropathic pain and may

explain the reduced effectivenessopioidsover time(Rashid et al., 2004)

1.4.5.3 Anatomical reorganization

A particular feature of neuropathic pamhumanss the development afllodynig which

is thought to mediate fra  Afibres; however the mechanism by which this happens is
unclear. One proposed mechanismarsgatomical reorganizatiowithin the spinal cord
Evidence taken froniabelling studies suggest that followingeripherain er ve i nj ury
fibres sprout from thei normal termination sites in the deeper lanwfidhe cordup to the
superficial dorsal horrwhich is normallyinnervated byC-fibres (Woolf et al., 1992) This
reorganization could lead to situation whereby innocuous stimulation iscoded as
nociceptive.The A bfibre sprouting is prevented by treatment with NGFgbal derived
neurotrophic facto(GDNF), therely indicating that tropic support during nerve injury is
integral to nerve plasticity, however the degte which this relates to palike behaviour

is less cleaBennett et al., 1996a)nterestingly,there aresome studieshat haveraised
concerns regardingghetherA bfibre sproutingis a tue phenomenon or is indeed dat.
There is evidence to suggest that uptake of the labdelo | er a t o¢CTB) isb s ubu
altered following nerve injurysuch that the label is taken up Byfibres rather than

s pr o utfibresgHughés et al., 2003;Tong et al., 1999) addition, optimal sprouting
does not occur until 2 weekster injury, which would suggest other mechanisms are in
place regardinghyperreflexive responsesWoolf et al., 1992) Despite conflicting
information in the literature, electrophysiological agamce supports the sprouting theory
since st i miidrea afteronarve anfury @ab activate neurons in the superficial
lamina Il of the spinal cor{Okamoto et al., 2001)t has become clear thairtherstudies

are warranted in order tdarify contradictory reports in the literature regardiagfibre
sprouting and the extent to which this may contributehitad paw hypersensitivity

following peripheral nerve injury.
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1.4.5.4 Descendingmodulation of primary afferents in the spinal cord

Supraspinalmodulation of the spinal cord is thought to play amportant role in
neuropathic pain(D'Mello and Dickenson, 2008) This descending modulation
encompasses both facilicay and inhibitory controls(Zhuo and Gebhart, 1997}he
balance of the two ultimately determines &xeitability of neuronsn the spinal cordThe
descending projection pathways originate directly or indirectly from several brain stem
nuclei which includeherostralventranedial medulla (RVM} whichrepresents one of the
main output nuclefor descending contrpthe parabrahial area (PB)and periagueductal
grey (PAG)(Millan, 2002) Within the RVM thosefacilitatory cells have been defined as
00N cel | shi baintdo rtyh ec ei(HiElds et ald COBFFolloweny pespderal
nerve injury, there is enhanced descending excitatory drive from the ®MiEe spinal
cord, which has beedescribed to contribute to thather than induction of neuropathic
painlike behaviours in rodent@Burgess et al., 2002;VeiRortocarrero et al., 200&nd
persistent pain in humari&ebhart, 2004)This excitatory drive may represent a method
by which the CNS attempts to counteract the loss of sensory input caused by damaged
neurons. Investigations have indicated that activation of spinal descending siEroto
pathways play a pivotal role sintae pharmacological blockade &thydroxytryptamine3
(5-HT3) receptors using ondansetron suppresses spinal resporsasctatemechanical
stimuli afterSNL (Suzuki et al., 2004)n addition, depletion of serotonin in the spinal cord
attenuates behavioural hgensitivity after spinal nerve ligation injurgRahman et al.,
2006) Nociceptive information arrives on superficial regions of the dorsal horn where they

terminate on NKI1 (substance p receptargurongTodd, 2002)
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Figure 1.2 Pain pathways from periphery to brain. Primary afferent fibres transmit

impulses from the periphgrthrough the dorsal root ganglion (DRG) and into the dorsal

horn of the spinal cord. Nociceptive specific (NS) cells are mainly found in the superficial

dorsal horn (laminae Il), whereas most wide dynamic ranges (WDRs) are located deeper

(lamina V). Pojection neurones from lamina | innervate areas sutheagarabrachial area
(PB) and periaqueduattgrey (PAG) and such pathwaysom here descending pathways

(yellow arrows) from brainstem nuclei such as the rostral ventromedial medulla (RVM) are

activated and modulate spinal processing. Lamina V neurones mainly project to the

thalamus (spinothalamic tract), and from here the various cortical redimwe adapted
from Danteidkenson, 2008.
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This nociceptive mformation is then conveyed highe centers within the brainsuch as

the thalamus, where sensations are perceived thus representing the-desesioninative
aspect of pailNK-1R expressing neurons represent a small part of the neuronal population
in superficial lamina however they ngresent approximately 77% of tieciceptivecells

that project supraspinalfCheunsuang and Morris, 200@) large proportion of these NK

1 cells make connections with the RVM, PAG, PB, thalamus, and hypotha(@marset

al., 2005) The ablation of NKL positive neurons using suéste psaporin results in
reduced excitability of deep dorsal horn wide dynamic range (WDR) neurons which
suggests that the descending connections are mainly facilitéBoguki et al., 2002)
Additionally, this ablation cameducethe receptor field sizes in the hind paw and their
ability to accurately code both mechanical and thermal stimuli (in an animal model of
peripheral neuropathy) compared to saporin cont{®szuki et al.,, 2005) Further
connections are made from the PB to the amygdala with similarly descending projections.
Consequently, the amygdala has the ability to modulate the PB coadirgs for the
affective aspect of pai©ther transmitters in addition to serotonin have been implicated in
descendindacilitationi the peptide CCKvhen microinjected into thRVM of naive rats
produce a robustmechanicahypersensitivity(Kovelowski et al., 200Q}hat is associated

with the activation of OFF cellsand additionally prevents the antinociceptive actions of
systemic morphing€Heinricher et al., 2001)Over 80% of RVM cells ceexpress thenu

opioid receptor (MOR) and CGKreceptoy andablationof these cells using CGKaporin

or dermorphirsaporinrespectivelydoes not alter basal sensory thresholdsabotisheghe

tactile hypersensitivityinduced by microinjection of CCK into the RVNEhang et al.,
2009) Finally, the neuropathic pain drug pregabalin has been proposed to require
exacerbated descendiffiacilitations as seen in nerve injury to exert its mechanistic action
(Bee and Dickenson, 20Q8nost likely by restoring the normal responses to nociceptive

inputs.

Descending noradrenergm@thways can exert inhibitory influences onto the spinal cord,
acting pr i mayadrdngceptorsThesespatiiways brigithte froragions such
asthe locus coeruleugLC) and RVM This descending inhibition is observed follogin
peripheral nerveinjury. It is possible that this is a mechanism to restore increased

excitatory drive in the spinal cord. In fadbnidinei a p a p-adieroteptdd agonist is
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used clinically for the alleviation of some neuropathic pain states, and is effective ém canc
pain (Eisenach et al., 1996) p r e g u | a-tdrenoceptor fin the cord may explain the
added e f fadrenteptoo fagonist in reducing palike behaviour following
peripheral nerve injury. The release of nodaendine at the spinal cord levetould
additionally provide inhibition by activating inhibitory interneurons (e.g. GABA or
glycine) in the superficial lamina. Other neurotransmitters may account for the descending
inhibition as spinal projections of RVMontain GABA, dycine, serotoninsomatastatin,
andenkephalis (Millan, 2002) The cannabinoidsystemmayalso have a role to playhe
cannabinal receptor 1 €B;) is particularly abundant in the PAGhe dorsolateral
funiculus, and the superficial lamina of the dorsal hdRarquhatSmith et al,
2000;Herkenham, 1991Microinjection ofCB; agonists into the PAG or RVMf naive
ratsreaults in antinociceptivén regards to the plantar tgstichtman et al., 1996;Maionet

al., 2006) howeverpronociceptive effects have been observed with low dfidegne et

al., 2006) These paradoxical effedbsve been associatedhanced or reduced activity of
RVM OFF cells(Maione et al., 2006)suggesting that these actions occur via stimulation
or inhibition of excitatory PAG projection neuronshe endocarebinoids additionally
appear important in manipulating descending pain path{Rgsosino et al., 2007and

CB; agonists are beingerusedclinically as novelanalgesis, thoughthey areyet to be
fully evaluatedand there are concerns regarditigeir psychoactie associations and
potentialfor abusgRice, 2008)

1.4.5.5 Immune cell mediated sensitivity of the spinal cord

It was previously thought that only neurons were involved in regulatingregsiionsesbut

there isanincreasing body of evidence from aninstudies indicating the role of glial cells

in maintaining both acute and chronic pain st@®atkins et al., 2001bSeveral types of

glial cells exist in the CNS, namely, microglia, astrocytesd ogliodendrocytes which
differ in their associative functions but colle&ly act to support neuroh&unction and
maintain homeostasislia which outnumbers neurons 10 to 1 in the CNS, provides an
additional important function which is to provide protection from pathogens such as viruses
and bacteria that catausetheir activation. Howevergripheralnerve injurycanresult in

the activation of glia and cascade of immune responses in the spinal cord, of which,
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microglia and astrocytes have been particularly implicéfesida et al., 2005)Thereis
also evidence to suggest immune cells other than astrocytes and microglia such as T cells
are involved in neuropathic pain mechanig@msnonos and Kim, 2010)

Microglia

Microglia constitutes 8.0% of the glial population in the adult CNS, and are iclemed to

be of macrophage liage(Gehrmann etlg 1995) Microglia under normal conditions are
not actively implicated in nociceptive proc
state, but they are constantly surveying the environment for potential foreign antigens. In
the context of periphral nerve injury, spinal microglia aggregate in affected regions of the
spinal cord where they become activated and interact with sensory neurons. When
activated, microglia experience morphological changes where they become hypertrophic
and adopt an amoeidoshape in contrast to their normal dentritic sh@lesutzberg,

1996) Several pronflammatory cytokines are synthesized and released includify ,IL
TNF U, , &@dic mediators such aBOS proteasesand excitatory amino acids
which act to sensitise nociceptors and are associated withhgpersensitivity(Ji and
Strichartz, 2004)An important driver in the production of proinflammatory cytokines in
microglia following nerve injury is the activation of p8@togen activated proteikinase
(MAPK) and the resulting signaling cascade. Inhibitors of p38 can reverse mechanical
hypersensitivity in a range ofierve injury models (Ji and Woolf, 2001) Ectopic
dischargers from primary afferents following nerve injury can result in the release of
neurotransmitters such as ATP, substance P, and glutamate in the dorsal horn of the spinal
cord. The receptors for these neurotransmitters are expressed on microgiarehrey

are likely to activate p38 as well as other MAPKs such as EREnd Strichartz, 2004)

The activation of microglia has been suggested to be associated with large A fibre activity
since the blockade of TRPV1 fibres (putat@dibres) using resiniferatoxin in the sciatic
nerve could noprevent peripheral nenigjury induced microglial activatio(Suter et al.,

2009) Thepharmacological blockade of spinal PRXeceptors (receptor for ATP) results

in attenuation of tactile mechaniclaypersensitivityfollowing nerve injury(Tsuda et al.,

2003) There is also involvement of the chemokif@CL2 and itsCCR2 (which s

expressed on microglia) singetrathecal CCL2 in naive animals leads to activation of
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microglia and tk induction of neuropathic palike behaviours(Dansereau et al.,
2008;Thacker et al., 2009¢orrespondingly &nockdownof the CCL2(Abbadie et al.,
2003) or the use of CCL2 antagonigiSansereau et al., 2008ads to tk reduction of
neuropathic paknelated behaviours. Minocycline, an antibiotic that can inhibit the
activation of microglia can prevettte initiation of mechanicatypersensitivityfollowing
SNT and gpl2@ssociated nervdamagégLedeboer et al., 2005;Raghavendra et al., 2003)
Although no effects we observed on establish nerve damage@uced mechanical
hypersensitivitydespite the attenuation in inflammatory mediators in the L5 spinal cord
thus indicating that microglsis 5 important for the initiation rather than maintenance of
neuropathic painCoull and collage$2005) investigations proposed a further mechanism
where microglia activationindirectly alters GABA\ currents so that its activation causes
depolarization rathethan hyperpolarisatioand hence the sensitization of spinal neurons
The release of BDNF from activated microglia leads to the reduction ipdtassium
chloride cotransporter KCC) transporter in lamina | of the spinal cord, thus leading to an
increased intracellular chloride concentratioiihis shift in GABAy currens can be
mimicked by administration of BDNECoull et al.,, 2005) Furthermore, inhibiting the
release of BDNF from microglia via treatment with interfering RNA prevents the alteration
in chloride currents, and the associated behavidupérsensitivity(Coull et al., 2005)
Additionally, the eventual depolarization by GABAurrents may lead to the removal of
the voltagedependent Mg block of the NMDA receptor, which is required for the

receptor activation.

Several immunophenotypical change=sur to microglia following nerve injurwhereby
microglia upregulate cell surface markersThese includemajor histocompatibity
complex (MHC) class 1 & Il (Streit et al., 1989)complement recepte8 (CR3 or
CD11b/18)(Graeber et al., 1988%0-stimulatory molecules BT & B7-2 (Williams et al.,

1994) TLR3 & TLR4 (Obata et al., 2008;Tanga et al., 2QC&)d CXCR1 (Lindia et al.,

2005) The upregulation of cell surface markers can further activate microglia and enable
them to interact with other immune cellschuas T cells(Hickey et al., 1991) The
identification of activated microglia is often performed using the antibody OX42 which
labels CD11b and the morphological status regarding their amoeboid shape can be

observed(Graeber et al., 1994 he purinergic receptorP2Y12, which binds adenosine

50



diphosphatd ADP) has been reported to lpregulated TozakiSaitoh et al., 2008)but
the consequences of its expression is yet to be elucidatedly, the cannabinoid (CB)
receptor which demonstrates limited expression inthgaCNS tissue,(Graeber and
Christie, 2012) is upregulated in microgliavioreover, tle activation of theCB, receptor
has been shown to attenudtgpersensitivityassociated withinflammation andnerve
damage(lbrahim et al., 2003;Quartilno et al., 200&)d thereforethis activaion may be
related to reducing microglial activityr theinflammatoryburden on neurons in the spinal
cord Spinal microgliosis appears to be a consequence of ttmumsher than non
traumatic nerve injury Previous studies have demonstrated via imnmistochemical
analysis or flow cytometryincreased numbers of cells expressing CD11b (microglial
marker)in SNT or CCl modelsand to a lesser extent in the HiWug inducecheuropathy
models but not thevaricella zoster virus (VZV)r cancer chemotherapyrug induced
models(Blackbeard et al., 2012;Zhengadt, 2011a)

Astrocytes

The astrocytesare the most abundant glial cells, representings@ of the total glial
population in the CNS and are in close proximity to neur@idskogius and Kozlova,
1998) Although bothmicroglia and astrocytes are activated following peripheral nerve
injury, the microglial response precedes that of astrocytes. An increase in microglial
markers occurs within a few hours of nerve injury whereas the increase in the astrocyte
markeri glial fibrillary acidic protein (GFAP) is not detected until at least 4 d&@el eo

et al., 2004)In addition, ERK activation shifts from microglia to astrocyte®\Reeks after

nerve injury therefore astrocytes malgya role in the maintenance of neuropathic pain
(Zhuang et al., 2005) Astrocytes are thought to be activated in response to
neurotransmitters/neuromodulators (egiptamae, ATP, TNU ) foll owing ner\
resulting in the activation of JNK and ERK signaling pathw@@eminguez et al.,
2008;Tsuda et al., 20LIyhere is an increasing list of signaling molecules/evesieased

from astrocyteshat can contribute directly or indirectly to the sensitization of nociceptors.
Astrocytesrelease primflammatory cytokines (e.g. IE1 b  a nd chleMdkidss ;(e.g.
CCL2) (Gao and Ji, 201Q)andproteases, such asssuetype plasminogen activatoiRA)

and matrix metalloproteinaséMMP)-2 and 9 which are involved inthe cleavage and

release ofsignaling molecules (Kozai et al., 2007) The glutamate transportér is
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abundantly expressed on astrocyisart and O'She&007) and aids in the clearance of
glutamate released from synapgesiang and Bergles, 20Q4lowever in nerve injured
animals, following an initial upregulation, this transportedasvnregulded (Sung et al.,

2003) Thismaylead to elevated concentrations of glutamate at the synapse which can act
on NMDA receptors, thus modulating neuronal plasticithe use of pharmacological
agents to depress activation of astrocytes can rethotée mechanicahypersensitivity
associated with nerve injuf$weitzer et al., 2001)

T cells

T lymphocytes (or Icells) are key constituents of the immune system and collectively act

to defend the body against paffens or foreign antigens that can cause harm or disease.
There arewo main types of effectof cellswhich have different functional rolesamely,

T helper (Th) and T cytotoxic (Tc)Parkin and Cohen, 20Q1Previous studies have
demonstrated Tleell infiltration in the dorsal horn of the spinal following SHihd is

associated with # induction of neuropathic palike hypersensitivity(Cao and Deleo,

2008)with interferon(IFN)o and | ttsFN®2RE pt loreechamgsn@ostigany

et al., 2002) This infiltration peaked at 14 daymst initial injury a time pointwhich is

often thepeak of behaviourdiypersensitivity It is not entirely clear how -Eells are able

to infiltrate the dorsal hornl-cells canenter the CNS though the blood brain barrier by
leukocyte extravasation and this process may be substantially elevated in nerve injury
(White et al., 2007)Otherstudiese pp o r t l FNo in regulating no
administration of hypdfsEmsitivieih maivd animalgWilenaraetral.o ur a |
2005;Xu et al., 1994)which is likely to act onhe spinal FNo2 R1, wher e it has
to sensitise dorsal horn neurgi¥skman et al., 2005;Vikman et al., 2003 knockout of

t he | FNoOR r edu dyaersensitivityfolloveing BN, randegtession of both

ligand and receptor increases afteriggegral nerve injuryCodgigan et al., 2009)A more

recent study has shown that the intrathecal administration of triptolide, a T cell inhibitor,
attenuates CGihduced mechanicahypersensitivityin rats (Hu et al., 2012) Taken

together these studies further suppbet role of T cells imediatingneuropathic pain
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1.4.6 Models of peripheral nerve injury

Neuropathic pain is a cgitex condition which involves several different underlying
etiologies, and may elicit a diverse range of symptoms and assoc@tedrbidities

There are both ethical and legal reasons for why humans cannot be subjected to explicit
experimentation and thefore animal models have become an alternative and useful
approach to investigate the potential mechanisms and treatments for neuropathic pain. By
using a living animal the interactions between different organ systems, tissues, and cells
can be investigatd and therefore a better understanding opttéological process can be
attained.

Over the past 30 years there has been a focus and development on producing animal
models of nerve injury that are intended to l@ebasis upon which mechanisms of
neurop#hic pain can be understoodrhese animal models have been largely based on
peripheral nerve injuries usually via traumatic means and the subsequent development of
hypersensitivity to mechanical stimullhese animal models have proved useful in
advancing understanding of pain mechanisms. However there are a number of
shortcomings in animal models pérve injurythat should beddressedrirstly, the major
outcome measure in animal modelspefipheral neuropathig response to evoked hind

limb withdrawal in responseto mechanical stimulation.While the mechanical
hypersensitivitythat develops following nerve injuiig a reliable outcome measuregin
only be des-cr k &é d bhechusanimaldél cannot verbally communicate
therefore the nion that the animal is in pain cannot be confirmiéds worth mentioning

that hyperalgesia and allodynia are terms used to describe types of pain in humans but are
often used to describe the same phenonomena in rodent mogelsptieral nerve injury

The use of such terminology is misguided since there are no tools to actually measure pain
in rodents per se, therefore the woddypersensitivith mose appropriateSecondly,

while evoked pain is common in neuropathic pain patjghts overwhelming syptom is
spontaneous and/or lancinatinqgain. Sponatenous hymensitivity is not routinely
measured innerve injury animal models(Mogil and Crager, 2004)Although some
attemptshave been made to measuspontaneous pairin rodents,through the use of

grimace scaleg¢Sotocinal et al., 2011)animals cannot verbally convey the sensation of
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spontaneougpain; therefore thisassumption cannot be madehirdly, there are issues on
how clinically relevanterve injurymodelsare and how the research is translatebenefit
humansCertain types of neuropathic pain maybe more prevalent in females than in males
e.g.trigeminal neuralgigSadosky et al., 2008additionally @rtain types of neuropathic
pain such a®PHN demonstrate increase prevalence with &geveverstudies typically use
young malerodents.There are practical, ethical, and methodieglsonsvhy youngmale
rodents are commonly usethr exampe, using younger rodents makes experimental
research cost effectivéddditionally, the preference of male rodents is justified on the basis
that female ratshave fluctuations in ovarian hormones that could alter experimental
outcomesand could lead to minterpretation of datdt is to be notedhat rot all humans

who obtain nerve injuries develop neuropathic paiis;only a subset of patientsolever
animal models of traumatic nerve injuigr ethical reasonbave been especially designed

to consisently demonstratea common primary outcome measure of nerve injury models;
namelymechanical hypersensitivityn orderto minimize the total number of animals used

in experimentsNeuropathic pain is chronic in nature, howererve injuryanimal models

are usually studied for short periods of time; typically betwednvizzeks post injury. It is
currently unclear the extent to which the chronicity of animal models extrapolates to the
clinical situation.There also seems to be a uniform approach in regarthe species and
strains of animals used to study, with a large focus on rodents, however rodent models may
not always prove the best model in investigatisgectof neuropathic pain and perhaps a
more integrated approach is warranted. Nevertheleggoinmg or refining a number of
factors in the design aferve injuryanimal models may improve their predictive validity

when testing the efficacy of new compounds in clinical trials.
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1.4.6.1 Models oftraumatic peripheral nerve injury

The first animalmodeb of peripheral nerve injurynvolved axotomy of the sciatic nerve
which resulted inthe complete absence of the flexion reflexnd the selfmutilation
(autotomy of the denervated hind pagwall et al., 1979) This model was thought to
mimic the symptoms ajphantom paifoften experienced in patients with amputatidhe
seltmutilation was often observed and interpreted as a response td gamauthors
indicating that the neuroma formed at the site of nerve transection is the source of afferent
dischargeand couldbe perceivedas pain.However it is argued whether tlaitotomyis
actually a pairrelated behaviour and not a result of excessive grooming in the absence of
sensory feedbac{Blumenkopf and Lipman, 1991;Coderre et al., 1986;Rodin and Kruger,
1984) It was later found that thefusion of lidocaine on th&ransected@atic nervecould
reverseautotomy indicaing that this behaviour was a responsejaird rather than an
attempt to remove a denervated part of the paw. Destruction of the DRG via suicide
transport of ricin failed toreverse the automony behaviounith this conflicting
observation it is still uclear what the seiutilation infers(Blumenkopf and Lipman,
1991) Since the hind paw is aapletely denervated evoked mechanibgpersensitivity
cannot be measured. Partial nerve injury aiedare now used in favor of the older
neuroma models to avoidomplications in the interpretation of autotomy behaviour
associated with such injury.he first peripheral nerve injury modetescribed wwre the

CCI model (Bennett and Xie, 1988)the partial sciatic nerve ligation model (PSNL)
(Seltzer et aJ 1990) and theSNL (Kim and Chung, 1992)The advantage of the partial
nerve injury models over the neuromaduabis that not all of the axons in the sciatic nerve
are damaged and therefore responses to mechanical and tstemadlin the hind paw can

be measured. In addition, autotomy behaviour is rarely observed in the partial nerve injury
models. Autotomy isan undesirable outcome measure oferve injury associated
behaviour, and there are also ethical issues regarding this behaviour as an experimental

endpoint in preclinical studies.
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Figure 1.3 lllustration of the different types gferipheral nerve injury models usédjury

to the spinal nerve involves tHeNL (ginal nerve ligation)or the SNT (spinal nerve
transection) models. The sciatic nerve trifurcates into the commoal, @ioid sural nerve
branchesTNT (tibial nerve transeain) involves ligation and transection of the tibial nerve
which is the biggest of the three terminal sciatic nerve branches. SNI (spared nerve injury)
involves ligation and transection of the comnamd tibial nerves, leaving the sural nerve
intact. CCI (chronic construction injuryinvolves 4separate loose ligations of the sciatic

nerve.PSNL (partial sciatic nerve injuryhvolves a 3660% ligature of the sciatic nerve

trunk. Image taken from Waltee and Rice (2008).
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Bennett and Xi€1988)developedhe CCI model of peripheral neuropathy th#empted

to reflect the clinical condition of causadgor complex regional pain syndrome in patients.
The CCI model involves 4 loose ligations of the sciatic nerv2nfin apart) at the mid
thigh level with chromigyut sutures. Gait and posture in these animals are altered; animals
tend to adopt a protectigardlike position excessive lickingand limping which suggest
elements of spontaneous palttypersensitivity to mechanical, thermal, and cold stimuli is
observedollowing CCI (Bennett and Xie, 1988Yhe ligation of the sciatic nerve leads to
swelling in the a@a surrounding the constrictiowjth degeneration and lossf the lager

dia met er Afibresavithdhe snigller diameté&-fibre population being less affected.
The PSNL model involves ligation of approximately-8@% of the trunk of the sciatic
nerve at the mid thigh level and is associated with both mechanical and thermal
hypersensitivity in the ind paw that lasts several mont(Seltzer et al., 1990)The
disadvantagesf the PSNL and CCI modelgsre that there are intra and inter operator
differences in the size and tightness of the ligation between each animal, a&fdréhdre
degree of nerve injury is not the saimthis cantranslate tdehavioural differencess well

as variation in the expression of neurochemical markeraddition, chromic gut sutures,
when used to produce the C@ads to rats exhibiting moteme with the hindpaw in an
abnormal position compared to CCIl conducted wathin gut, or polyglactin (Vicryl)
sutures suggestive of great@aw hypersensitivity. This may also suggest that chromic gut
suturesmay have more than just a constrictive effe the sciatic nerve compared to the
use ofplain gut, or polyglactin sutures, therefore inducing variability amongst the CCI
model(Kajander et al., 1996 he SNL model represents the most frequent and commonly
used model and involves thmilateral tightligation ofthe L5 or both L5 and L6 spinal
nerves.The nature of the injury meansat the damage can be isolated to a particular DRG
sparing adjacent DRGs from actual injtirghis allows investigations into both the injured
and uninjured afferents following nerve injuryor this reasonhe SNL modeis unique
because iprovides astandardizatiorof nerve injurywhich in comparison iglifficult to
achieve with thereviousPSNL or CCI modelsThe SNL nodel results in hypersensitivity
that lasts for a period of at least 4 mon{Kém and Chung, 1992)Moreover, the SNL
model is also associated withwhat has been interpreted asspontaneous pailike
behaviob similar to that observed in the PSNind CCI modelgdKim et al., 1997) One

disadvantage however is the SNL surgical procedure is more complex than the PSNL or
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CCI models and requires more emsive surgical exposure which allows the possibility of
unintentional collateral damage. Nonetheless, the high reproducibility and consistency
the mechanicahypersensitivitynmakesit a popular modelA modification of the SNL has

been developed whicimnvolvesthe sibsequent transection of the spinal nerves following
ligation (spinal nerve transection (SNT) mod@ridges et al., 2001a)lhe consequences

of this adaptation are identical to that of the SNL animals however this step alleviates any
concerns regarding the rigidity of the ligatiidecosterd and Woolf, 2000) he ligation of

the spinal nerve is intended to be so tight that it induces axotomy and therefore
ortansectiond ofoweverd cas peiargaell thenegtentte whigRdtomy
occurs, thereforeanpleting a true transection would provide confirmation of the axotomy.

A modification of the SNT has been described that has been proposed as a model of
Gspontaneous pabi this involves the ligation of the L4 spinal neriZjouhri et al., 2006)

The spontaneous activity of intaCtfiore DRG neurons and foot lifting are linked to the

neuroinflammaibn of the 14 spinal nerve.

Sparednerve injury

Recently, the ligation or transection of the sciatic nerve branches has been described as a
model of partial nerve injury. The sciatic nerve forms a trifurcation and branches off into
the; tibial, common peroneal, and sural nerves. One hthdehas been described is the
spared nerve injury model (SNI) which involves ligation of the common peroneal and tibial
nerves thus leaving the sural nerve intadich results in a robust mechaniead cold
hypersensitivity(Decosterd and Woolf, 2000he SNI model differs from the earlier
partial sciatic nerve injuries models in the sense that there is separation of injured and
uninjured axons in the sciatic nerve, and it permits sensory testing in distinct areas of the
hind paw associated with axonal injury, as well as those adjacent areas where innervation is
intact. Behavioural changes are observed in the ipsilateral sural anidgsea extent in the
saphenous territoriekigation and transection of one or a combination of the sciatic nerve
branches has been associated with the development of hypersensitivity in the hind paw of
rats (Lee et al., 2000)Out of all the possible combinationshe tibial and suraherve
transection, and the tibial nerve transection alpnoduced the most robustechanical

hypersensitivitywhich isstill presentat 10 weekgost injury(Lee et al., 2000)
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Figure 1.4 lllustration of he differentzones of the dorsal and plantar surfaces of the rat
paw innervated by the sciatic nerve terminal branches and saphenousTiervateral
glabrous part of the paw is innervated by the sural nerve. Theplantar region is
innervated by theiltial nerve and the medial part is innervated by the saphenous nerve.
(adapted from Decosttered and Woolf, 2000).
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Tibial nerve transection

Since robust mechanicatypersensitivity can be achieved through the ligation and
transection of the tilai nerve aloneif has led to the usef TNT injury as a moddio study
neuropathic painmechanisms(Andrews et al.,, 2011;Lee et aR000;UnalCevik and
Oaklander, 2011)Like the SNL model, the nerve injury is isolated to one nerve region
which means the distribution of injured and uninjured populations can be standardised and
is less variable between animals is to be noted thathe ease of preparation and
reproducibility is a factor in the development méripherial nerve injurymodels. TNT
surgery offers a lessomplex and time consuming procedunatts in contrast to the SNL
which involves removal of the L6 spinal transvepsecess, increasing the likelihood of
collateral damagethat could prolong recoveryFollowing TNT injury the mid-plantar
region of the paw becomes denervated anepertedlynonresponsiveowards applied
mechanical stimuli for up to 63 daygnalCevik and Oaklander, 2011)The mechanical
hypersensitivitythat develops is evident ie sural nerve territory (lateral region) of the
paw (Lee et al., 2000;UnaCevik and Oaklander, 2011Although the mieplantar region

of the pawis nonrespons/e towards applied mechanical stimuli, there is evidence to
suggest the adrary. Mechanicahypersensitivityhas been reported 2 weeks following
injury lasting for at least 2 month@Andrews et al., 2011;Hofmann et al., 3)0In
addition a response to pin prick is observed in some animals 21 days following injury
(UnalCevik and Oaklander, 2011)his suggests that sensory function in the denervated
skin may gradually recover, though the reason forishigt clear One aspect of the TNT
model is the development of robust chlgbersensitivity This element of the model could

provide a suitable platform to investigate cold related neuropathianEihanisms
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1.4.6.2 Non-traumatic models ofperipheral nerve injury

While physical traumand nerve compression (e.g. radiculopathiesperipheral nerves

can trigger neuropathic pain, the most widespread causes arise from a number of different
aetiologies including; diabetes, herpes zosterman immunodeficiency virus (HIV)
infection and its therapy and certain cancer chemotherapy agéhssen et al., 2001)
Traumatic animal modelsf nerve damagare frequently used preclinically to understand
the mechanisms of neuropathic pain and test new potential, drogyever the majority of
patients that undergo clinical trials are those WAthN or DPNs (Finnerup et al., 2010a)
Traumatic models operipheral nerve injuryre used for their high intra and inter user
reproducibility and reliability (in terms of the developmentr@chanicahypersensitivity,
however the relevance to other neuropagiaim states such as PHN or DRRNunderstated
since there mape different underlying mechanisms. Several groups have now developed,
characterizedand refined clinically relevant rat models of peripheral neuropathy that are
specific to several human nepeathic pain conditions. These include the VZV associated
neuropathy(FleetwoodWalker et al., 1999;Garry et al., 2005;Hasnie et al., 206W-1
gp120 inducecheuropathyHerzberg and Sagen, 2001;Wallace et al., 2007a;Wallace et al.,
2007b) and drugrelated neuropathy mode($latters and Bennett, 2004;Joseph et al.,
2004;Wallace et al., 2007a;Wallace et al., 2007iese animal models mée useful in

elucidating the mechanisms behind thosaropathic pain states.

VZV -associded neuropathic pain

PHN is the most frequent complication following an outbreak of herpes zoster (shingles)
and risk factors arassociated witlthose who havea decline in cell mediated immunijty
especiallythe elderly(Gilden et al., 2003)PHN is the pain that arises after resolution of

the herpes zoster rasdsions, usually occurring it+3 dermatomesspecific region of the

skin innervated by a particular DRGilden et al, 2003) During infection free VZV

virons are able to infect sensory neuronal terminals and are retrogradely transported to the
cells bodes of sensory neurones in the DR@Gere they persist, usually, for the life time of

the host(Cohrs et al., 2000)n humans the virus persists in a latent s{ggnnedy et al.,

2001) whereby the host is asymptomatic. However, under conditions of depressed cell
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mediated immunity (e.g. HIV disease) the vimmmy 6 Faect i vat e & adutely cause
painful herpes zoster rash in affected dermatortesas previously thought that VzZV
could not infect sensory neurons of other species because VZV is largely speciesigspecific
vitro andin vivowith humans as its preferential hosts. Initideaipts to create a model of
Varicella or VZ\V-related neuropathy by experimental inoculation (using VZV infected
cells) only led to seroconversion with no overt clinical symptqivstsunaga et al.,
1982;Myers et al., 1980;Myers et al.,, 198%) 1990 SadzotDelvaux and colleagues
reported for the first time aim vivo rat model the presence of VZV viral proteins and
nuckic acid in the Lamina 5 (L5) DRG of VZV infected rats at multiple intervals during a
9 month periodSadzotDelvaux et al., 1990)FleetwoodWalker and colleagues (1999)
then went on to infect with VZV (Dumas straifRats infected with VZV developed
mechanical and thermal hypersensitivity within 14 days of subcutarieoculation of the
glabrous paw of the hind limfFleetwoodWalker et al., 1999;Garry et al., 2009)he
painrelated behaviour in VZV infected rats was replicated in an identical $Galyy et

al., 2005) Moreover, in these animals there was evidence of immunoreactivity against viral
proteins in the L4.6 DRGs. Western blot techniques has demonstrated the presence of
activating transcription facte® (ATF-3) nerve injury markeand the neuropeptides NPY

& galanin (Garry et al., 2005)which are all exgssed in traumatic nerve trauma models
(Ma and Bishy, 1997;Ma and Bisby, 1998;Tsujino et al., 2000)e mechanical
hypersensitivity developed after VZV inoculation has been reported to persigt fo 90
days(Dalziel et al., 2004and is sensitive to clinically used analgesics such as gabapentin
and amitriptyling(Hasnie et al., 2007)n a more recent model where the Dumas strain was
used, neither thermal nor cold hypersensitivity were obsefttabsnie et al.,, 2007)
Alt hough a | ower VZV viral fdoseo was used
(FleetwoodWalker et al., 1999and draws parallels to the clinical situation where there
can be degree of thermal sensory loss in PHN pati@#sson et al., 2005;Rowbotham and
Fields, 1996) In addition, the refined model also exhibits anxigtg behavious which

was shown to correlate with the paglated behaviou(Hasnie et al., 2007()seeSection
1.4.7.1Assesment of anxietlke behaviours) The rat VZV model is proving useful for the
identification of potential drug targets; two novel histamingréteptor antagonists have
shown efficacy in reversing VZ¥ssociated mechanical hypersensitivity af thnd limb

when administered orallfMedhurst et al., 2008)The VZV model epitomizes features of
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neuropathigain and has been replicated in several laboratories. However, the VZV model
has some limitations and emphasis should be placed on the fact that this is not a model of
PHN, nor a model of herpes zoster b u t simpily a model wher etk
exhbited in rodents whose DRG are infected by VAépects of the model draws some
parallels with the clinical situations of herpes zoster and RKiNchington and Goins,

2011) The reproducibility of the malel depends on the viral virulengéhich may vary
between strains, in addition there are posed risks in the handling of virus that is a known
pathogen to humangoculation of cell associated VZV into the hind limb of rats infects
sensory neurons; however there is no truly active infecti varicellalike disease has

been observed with this rodent model. An ideal model of PHN would constitute a
resolving period of the primary infection (chickenpox), fokmaby a reactivation period

of herpes zoster and tlievelopment of neuropathpainrelated behaviour after resolution

of the rash. However this is not attainable in the rat model due to the nature of VZV being

species specific to humans.

HIV disease associated neuropathic pain models

A common complication of HIV disease is thevelpment ofperipheralneuropathies,
which can affect up to 50% of patierffg¢erma S et al., 2007)Theseneuropathies may
develop as a direct consequence of HIV infectidiV -relatedneuropathy, or as a result
of highly active antiretroviral therapy agents (antiretroviral toxic neuropgfiy)). Both
types of neuropathies can lead to the development of neuropathic pain symtichnare
characterised by a progressiged i e dbgereratidn of small fibres, usually eaffing
those with the longest axonstypically the hands and feet. Although the clinical

presentations of these two are very similar, they have digtabblogicabetiolayies.

Gp-120 associated neuropathy

HIV -related neuropathies amot thought & occur via direct infectioof sensory neurons
(Lipton, 1991;Michaels et al., 1988but rather viaan interaction of the HIV envelope
glycoprotein 120 (gp120) with neuronakyxpressed chemokine receptstgeh as CCR5
and CXCR4(Kaul andLipton, 1999;0het al., 2001) Macrophages also play a significant
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role in the gpl20 associated sensory neurpa(i§amerman et al., 2012)
Immunohistochemicabnalysis has revealed the expression of the CXCR4 and CCR4
receptors on DRG neurons that also expressed substance P and TRPV1 indicating that they
are small diameter neurons of a nociceptive phendi@beet al., 2001)The toxic effects

of soluble gp20 can be observed on cultured DRG neurons where they induce apoptosis
through caspas2 dependent mechanisrfisSeswani et al., 2003b;Melli et al., 2006nd
axonal injury resulting in a reduction of neurite lengtarthermore, gp120 when applied

to DRG neurons results in excitation and the release of substaj@le & al., 2001)In

line with in vitro findings, anumber of studies have now reportexic effects that is
associated witthe development of mechanidatpersensitivityfollowing either intrathecal

or perineural administration of gp120 in rgBhangoo et al.2007;Herzberg and Sagen,
2001;Milligan et al., 2000;Wallace et al., 200Zad mice(Minami et al., 2003)Thermal
hypersensitivityhas additionalljpeen observef(Herzberg and Sagen, 2001;Milligan et al.,
2000) ard may be related to the higher doségp120 proteirusedin thosestudes or the
spinal administration as performed in Milligan et al (2000)e intrathecal administration
may be considered a more robust approach since the spinal casdally acknowedged

as an immunologicalprivileged areaThe mechanical hypersensitivity that develops is
linked with the infiltration of microglia in the spinal cord and macrophages in the sciatic
nerve and DRGWallace et al., 2007aYhese immune cells can increase the produdion
cyt oki nes snitric loxide, £cisdohbiid)and other proinflammatory mediators
(Holguin et al., 2004)which when eleased can act to senstisise neurém$fammatory
responses such as these are known to contribute towards neuropathic pain mechanisms, and
the microglial response in this model is sensitive to treatment withoglial inhibitor
minocycline (Ledeboer et al., 2005)Several studies have reported that inflammatory
mediators released by Hikfected macrophages magontribute indirectly to the
neurotoxicity (Hahn et al., 2008;Jones et al., 2005;Zhang et al.,, 20d3hn et

al., (2008)demanstrated that supernatantaken from cultured human monocyticetls
infected with HIV can inhibineurite growth in cultured human foetal DRE&Speriments
using ecombinant HIV1 clones derived from virus extracted from peripheral nerves of
HIV -infected individualshas been shown tiacrease the expression of-1lb and TNFU
MRNA in cultured rat DRG, with the most likely source being macroph@ge®s et al.,
2005)
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The presence of ATB and caspas@ in the DRG of gp120 sciaticervetreated animals
suggests nerve injury and apoptotic processes, with small diameter cells particularly
affected(Wallace et al., 2007a) This correlates with the decreasetta epidermal nerve
fibre densitywhich mirrorst h e Obdayciknég o f  thah& bbkervdd iclmicaflys
(Martin et al., 2003)An increase in the expression of the NPY, galanin, Gigsellite

cell maker) areadditionallyobservedthese findings are featurassociated with traumatic
nerve injury modelgyMa and Bisby, 1997;Ma and Bisby, 1998;Wynick et al., 2001)
Collectively, tisin vivo evidencesuggests likely role of gp120 facilitating neuropathic
pain in humanslin addition to the sensory changebe tgd20 model also develops
correlates of anxiety like behavior when placed in the open field, reflecting the emotional
burdens of neuropathic pa(iwallace et al., 2007a)An important requisition of animal
models is the deamstration of predictive (pharmacological) validity. Analgesics such as
morphine and gabapentin which are effective for treating neuropathic pain in the clinic
both demonstrate efficacy in reversing mechaniggdersensitivityin the gp120 model
(Wallace et al., 2007aplthough it is to be noted that the efftivenes®f morphine and
gabapentin reducing mechanidalpersensitivityassociated with periphdraerve injury
(including trauma)is a phenomenorwell documentedin the literature(Abdi et al.,
1998;Backonja et al., 1995;De Vry et al., 2004;Lee et al., 199dyerthelessthe use of
amitriptyline (which was not effective in reducing mechanical hypersensitivity associated
with gp120exposure to the sciatic ne)v@Vallace et al., 2007durther validates the use

of this model, given that this drug has bebaowen not to be effective for treatment in HIV
related neuropathfKieburtz et al., 1998;Shlay et al., 1998he CB agonistWIN55,212

2 was equally efficacious, which may have positigenificationsfor therapy.Recently,

there has been an increasing amount of literature proposing an alternative hypothesis for

gp-120 related toxicity, involving an interaction withwann cellsand their release of
TNFU (Keswani et al., 2003bAlthough this is data gathered froin vitro studiesiit is a
plausiblein vivo hypothesis given gfi20 caninduce TNF r el ease i ngm he
20 treated animald_edeboer et al., 2005%ince the HIV infected individuals are subjected
to the toxic antiretroviral treatments a model of this has been desd¢obaddress tbi
scenario. The combination of both gpl20 #dC to rats produce a mechanical
hypersensitivity that is more robustthan either treatment alonehich indicates a

synergistic actionfWallace et al., 2007b)This hypersensitivityhas been shown to be
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related to afurther increase in microglia infiltration into the spinal cordn alternative
approach has additionally been described wherebytAkeadministration oflidanosine

(ddlI) to transgenic mice expressing gpl120 under a GFAP promoter results in mechanical
hypersensitivity Keswani et al., 2006)lhese findings indicate that the gp120 model may

be useful for investigating the mechanism of HIV related palumans

Antiretroviral associated neuropathy

The tratment of HIV infection involveshe use ohucleoside analog reversetranscriptase
inhibitors (NRTIs) which are known to be %ic to humangsand patientsare likely to
developa painful neuropathy at tHeeginningof treatment. Risk factors have been shown
to be associated with i ncr eAffandireal., 298A hei gt
model of NRTI induced peripheral neruopathas been describemsh many research
laboratorieswhereby rats injected with NRTIée.g d4T, ddC, ddl) develop adose
dependenbilateralbehavioraimechanicahypersensitivitBhangoo et al., 2007;Dorsey et
al., 2009;Joseph et al., 2004;Wallace et al., 200%8litional studies have demonstrated
the development of thermalypersensitivity(Joseph et al., 2004These behaviours are
robust and occur within 3 days of a single injection and can last 4% taysbefore it is
resolves to prénjury levels (Wallace et al., 2007b)The induction of mechanical or
thermal hypersensitivityhas been shown to occur through a variety ofiatnation routes
including intravenous and intraperitoneadoses raging from 180mg/kg. Drugs are best
when prepared fresh in saline on the day of injecfidre arrival of the ATNmodelhas
allowed an opportunity to study potential mechanisms of the disease pmicesemical
and anatomical studies have revealed tmateminent feature of ATN is the associated
mitochondrial toxicity caused by persistent exposureréatment(Zhu et al., 2007)
however the exact mechanisms are not entirely ciBiTls inhibit mitochondrial DNA
polymerase gamma the enzyme responsible for the replication of mtDN¥fected
animals also demonstratanyelin splitting and intramyelinoedema in the sciatic nerve
following chronic oral administration (20 week&chmued et al., 1996}-urthermore
injectedanimals @monstrate a loss aftraepidermaherve fibre(IENF) density(Wallace

et al., 2007h)but do not experience some of the features observed in traumatic injury such

as microgliosis in the spinal corZheng et al.,, 2011a)The aalgesics morphe,
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gabapentin and the CB; agonist WIN55,2122 demonstraté efficacy in reversing
mechanicahypersensitivityassociated withhe NRTI peripheral neuropathymodel| while
amitriptyline was noeffective(Wallaceet al., 2007h)Furtherexperimentsising theNRTI
peripheral neuropathmodelhave demosirated the presence of anxidilie behaviours in

the open fieldWallace et al., 2007b)y cemorbidity frequently observed in neuropathic
pain patientsCo-morbid conditions may ab contribute towards the painful neuropathy
alcohol abuse, which alone also produces a recognized neuropathy, is one of the most
important cemorbid risk factors for peripheral neuropathy in patients with HisGuired
immunodeficiency syndrom@AIDS). A model has been described that combines both
alcohol consumption and NRTI treatment, which results in profound mechanical
hypersensitivity(Ferrari and Levine, 2010)and could be used to study aspects of this

clinical scenario.

Diabetic model

Although patients with diabetic related neuropathic pain can improve symaptry
appropriate management of circulating blood glucose, neuropathic pain can still persist in
those patients. A model of diabetic neuropathy has been developed; this involves the
systemic administration of streptozotocin, which selectively ablates étee iblets of
langerhans cells in pancreas. This treatment leads to pathological changes in peripheral
nerves which are associated with the development of both bilateral mechanical and thermal
hypersensitivity Courteix et al., 1993)The nature of the sensory changes is complex since
both tactile and thermal changes are observed at various times pmst injury. This

model has nonetheless been frequently used in the testing of new pharmaceuticals such as
gabapentin(Field et al., 1999)A recognizable feature of the model is the associative ill
health of the animals which not only raises ethical questions bah ibeargued the extent

to which it influences behaviroual sensory threshéfas et al., 1999)
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Trigeminal neuralgia

Trigeminal neuralgia is a disease characterized by paroxyamwlsharp lacinating
attacksof pain in the facial area innervated by the trigeminal néBrakur et al., 2011)

The pain can be brought about via light touch and is often initiated by innocuous tasks such
as chewing and talkingh model has now been described in the literature that inv@l@s
injury to theinfra-orbital branchof the trigeminal nervéldanpaarHeikkila and Guilbaud,
1999;Martinand Avendano,2009)This injury results in the development of mechanical
andthermalhypersensitivityin the vibrissal padwhisker area)This model hascquired

wide acceptancdor investigating mechanisms dfigeminal neuralgia.The fanlike
geometry of the mukfascicled mfra-orbitd nerve results in different degrees of
constriction on different fascicleghis could be a possible shortcoming of the model
howeverthat is naural consequence of the injury given the anatomy of the nerve. The ease
of performing sensory threshold tesgtion the hind paw makes the sciatic nerve associated
injury models a more appropriatboicein neuropathic pairesearch studies.

Summary

In summary, although the past 30 years has seen developments in neuropathic pain models
therestill many concernshiat need to be addresse@urrently, with the different treatment
options available for neuropathic paanly one third of patients achieve pain relief of 50%

or more, usually at the consequence of undesirable side effBeterkin et al.,
2007;Finnerup et al., 2010b;Hempenstall et al., 2005;Phillips et al., .20h@¥e side
effects may reduce patient compliance ahdstfurther decrease quality of life for the
patient. While it is of comfort that some patients achieve sufficient pain relief, the majority
of patients will not receive adequate pain relief. This may be regarded as a therapeutic
failure, which in part, ma be explained by flaws in the approaches used to assess new
therapies preclinically Many studies investigating neuropathic pain mechanisms or
examining potential therapies rely on the use of clinically-re&vant animal models of
neuropathic pairfMogil, 2009;Rice et al., 2008)These models involve direct injury to a
peripheral nerve e.g. PSNL, CCI or SNL. While physical trauma to peripheral nerves can

trigger neuropathic pain, the mosatidespread causes include other conditions such as
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diabetes, @érpes zoster, and HIV infectigdensen et al., 200{3eeSection 1.4.1). There is

an appreciation that animal models need to be edfim order to reflect the clinical
scenario and thus improve their predictive accuracy for clinical tfMtsgil, 2009) In
humanspnly a few develop pain as a consequence of nerve injury, while in animal models,
most will develop mechanicdiypersensitivitythat is analogous to pain in humans. The
intricaciesof this have not yet been addressed in animal models. Researah@esed ©
analysee he 06gl obal enuampassing taedematibnal puadens such as anxiety or
depressiontherefore providing more outcome measures which will reduce the reliance on
evoked sensory testing that only answers to one facet of adimé&nsion&condition. The

risk factors of certain aetiologies of neuropathic pain, such as PHN are associatiég with
elderly, however this factor is rarely of concern in studies that use young rdtegts et

al., 2009) The strain of the rodent, spier, sex, and testing procedures are also important
factors to consideilExperimental bias is acknowledge to negatively influence experimental
outcome measures and therefore observer blinding and experimental bias should not be
understated(Rice et al., 2008)0Other moe subtle factors amelated to husbamy, dietary,

and handling of animals all of which can affect experimental outc¢bescon, 2006) In

light of theprecedhg discussion, the use of animal models has furthered understanding of
neuropathic pain mechanisms, but it is clear that many improvements to the way animal
models are designeghdut i | i zed are needed to over come
improvaments may be time consuming, labour intensive or expensive, but ultimately may
be necessary to address the obvious challenges that face neuropathic pain research and the

discovery of new treatments.
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1.4.7 Co-morbidities of neuropathic pain

Patientsthat suffer from neuropathic pain syndromes exhibi#nmmrbidities such as
insomnia,stressanxiety and depressiorthat canaffect quality of life and are of a direct
consequence of living with chronic painDaniel et al., 208;MeyerRosberg et al.,
2001;Nicholson and Verma, 2004jh certainneuropathic pain syndromes such as CRPS,
cormorbidities such asigraine, asthma, and osteopordsse allbeen associated with the
CRPS, thuspresenting further clinical burdens. Itpsssible that the medical history of the
patient prior to the onset of CRPS might provide an insight into its risk factors and

potential underlying disease mecharsgoe Mos et al., 2008)

Onefactort hat coul d explain an individual 6s poo
appropriately address thesmmorbidities related tgain which may exacerbatethe
patient s ent irForthtxrgason,ithera bas beenfa cgninuing .drive to
make ani mal model s of neuropathic pain mo
morbidities such asnxiety and depression in order to make them more predictive for
efficacy in clinical trials. Althogh some progress has been made, there are obvious
challenges since suato-morbiditiesare heterogeneous wrigin, with symptoms at the

psychological, behaviouraandphysiological level.

1.4.7.1 Assessment of anxiety like behaviours

Behavioural tests such @ke open field paradigm are classically used as a measure of
anxietylike behaviour in rodentéCryan and Hbmes, 2005;Suaudeau et al., 2000;Vaeroy
et al., 2005)|nd are minimally invasivel his test takes advantage @thologically relevant
behaviour thatonsiss of aversion to exposed wdit areas, and the tendency to explore
new environments. In the comteof the open field, Higmotaxis is a wall hugging
behaviourwhich is tlhough to reflect predator avoidance strategi@ut and Belzung,
2003) and issensitive to anxiolytic§Treit and Fundytus, 1988)hereforeit demonstrates
predictive (pharmacological) validityA potential confounding factor othe open field
paradigm is that it is based on the ambatg andin nerve traumanjured models full

motor functionmay be of concernin order to rule out any motor dysfunction the total
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distancetravelled inside tharenais often measuredif identicalto sham or naive control
animals this can rule outhe likelihood of motor deficitsPrevious studies using the open

field have demonstrated anxietle behaviours in animal models of traumgtitasnie et

al., 2007;Roeska et al., 2008;Seminowicz et al., 2009;Wallace et al., 260Vejelated
neuropathyWallace et al., 2007a;Wallace et &Q07c;Wallace et al., 2007band VZV

induced neuropathyHasnie et al., 2007)Other well characterizecparadigms exist for
analyzing anxietytike behaviour such as the elevated plus n{&®M) and the light dark

box (Walf and Frye, 2007)The EPM consists of twexposedopen arms and two closed

arms whereas thelight-dark box consists of a brightly lichamber separated by an
accessiblaelark chamber. It is likely that thearious paradigmdiffer in their sensitivityto
demonstrating anxietike behaviourslt is important to recognize that protocols regarding
lighting and external factors such as noise can vary between laboratories; these are factors
that are particularly sensitive to the outcome of these paradigiaie rats should be
considered for these sensitive assays since fluctuations in ovarian hoimés®sle rats

could lead to behavioural changes that may be related to emotionality or gRektyza,

2001) Reductions in anxietlike behaiour in female rats have been reported during the
phases of proestrous and oestrus, when compared to the other stages metaestrous and
diestrougMora et al., 1996)Finally, the genetic background of the ratilcbinfluence the

reflex and behavioural parameters as seeneive injurymodels(LopezRubalcava and

Lucki, 2000;Palanza, 2001;Shepard and Myers, 2008)

1.4.7.2 Assessment of depressivike behaviors

The forced swim test (FST) and the tail suspension test (TST) are two of the most widely
used tools for assseimg antidepressant activity preclinica{i@ryan et al., 2005;Cryan and
Holmes, 2005)Both tests have been pharmacological validated based on their responses to
clinically utilized antidepressantse. the persistence adscapedirected behaviors for
longer time periodsThe FST (also known as behavioural despmailearned helplessngss
wasinitially developed by Porsolt and colleagues (19R7hvolves twoswim sessions in

a glass cylinder: an initial 5 minute pieg followed 24 hours later by a 15 minute actual

test sessiann the first session (preonditioning)- the animal is able to discover the test,

explore the water surface and dive. The first session is where the animal realizes that it
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cannot escape. lhe second session (test sessiothe rat is familiarised to the FST, and

will not try to dive(PetitDemouliere et al., 2005 he depth of the water ensures rats will

not try to support themselves by touching the bottom of the cylinder with their(Petise

et al., 1995) Behavioural despair igidged when the rodent isxmobile, andboth hind

legs are not moving, and no additional activity is observed other than that required to keep
its headabove wate(Porsolt et al., 1977)'he FST has been used preclinically to observe
the effect of drugs in nerve injured rgtSort alves etal., 2008;Hu et al., 2009;Hu et al.,
2007) Like the FST, the TST is based ammobility when placed in rainescapable
situation; mice are hung upside down by the tail until they cease to st{@ygén et al.,

2005) The TST however is not an appropriate test for rats given that they are unable to
support their own body weight when suspehde

Since anxiety and depression canrestst within an individual neuropathic pain patient,
onestudy have attempted to eanalyse this phenomeri&ortalves et al., 2008)aution

should be exerted when interpreting ddt@causexperiments have shown that there is an
order effect when the FST is executed before the EPMAastreatini and Bacellar, 1999)

with animals showing more anxietike behaviour in the EPM (after the initial FST), even
after a one week intervaDther groups have reported a decrease in exploratory behaviour

in rodents following previous maze experierfBertoglio and Carobrez, 2000;Holmes and
Rodgers, 1998)it is therefore important to establish the ideal sequence and timing of the
emotional behaviour tests, so that the behaviours displayed in one test does not go on to

then influence the observedhasiours in another test.
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1.5 Neurochemical markersin the DRG

The DRG contains cell bodies of peripheral sensory neurons which synapssecoiol
order CNS neurons in tlaorsal horn of the spinal cord. These cell bodies in the DRG vary
in size,with the smaller sized cells representing G¥bre & AU popul ati ons,

sized cell s r epr es Overtherpast 30 hears dAWwide paage oficallt i o n

markers have beatevelopedased on the expression of neurofilaments and/or resaptor

orderto classifythe different sensory neurons asiidy their respective roles sensory

processegseeTablel.2).

Markers Cell sze | Information
diameter

Peripherin Small Peripherin is a type Il intermediate filament prot
that is expressed imanysmall diameteperipheral
and some CNS neurons

Transient Small TRPV1receptors are membeygthe TRP/vanilloid

receptor receptor on channels and are expressedCefibres

potential and involved in the process tifermal nociception

vanilloid 1

(TRPV])

Isolectin Smaltmedium | IB4 is a plant lectin that binds to a subgroup

Bandeiraea small diameter sensory neurotiB4 labelled DRG

simplicifolia cells represent thenonpeptidergic population @

(IB4) sensory neurons and relys on GDNF in postn
dewelopment

Calcitonin Smaltmedium | CGRP is a member of the calcitonin family

gene related peptides and is abundant within the nervous sys

peptide where s activity has been linked to th

(CGRP transmission of nociception. CGRP express
neurons relys on NGF for postnatal deypment

Neurofilament | Large NF-200 is a neurofiamentprotein is pariculary

200(NF-200 abundant in the soma of large diameter neu
where itis slowly transported within axons towar
the synaptic terminals.

Table 1.2 List of different markers used to identify distinct populatioh®RG cells
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The neurofilaments are one of the five jonagroups of intermediate filaments (distinct
class of heterogeneous protein subunits, 10nm dianfeten)l in the PNS and CNS, which

are composed of three major proteins of molecular weights 68kD, 160kD, and 200kD
(Perry et al., 1991)0nce synthesized in the neuronal cell body, they are slowly transported
within axons towards the synaptic terminalsrdemyelinatedneurons in the DR@an be
labelled with an antibody that detects phosphorylated neurofilin2&@ (NF-200, also
known as N52) (Lawson and Waddell, 1991whereas the smallesized unmylenated
neuronsexpressthe type Il intermediate filament proteiperipherin(Yu et al., 2008)
Peripherin is expressed within the cellr&ny peripheral and some CNS neurons in the
adult rat(Barclay et al., Q07) and co-localises with TRPV1, the receptor responsible for
transducing sensations of noxious heat and @&amonesi and Oortgiesen, 200&@malt
diameter sensory neurons can be further divided into rivain subtypes based on their
neurochemical biomarkers and their response to growth fa¢gmider and McMahon,
1998) These are thésolectin Bandeiraea simplicifolia(IB4) binding, P2X containing
neurons (noipeptidergic)(Bennett et al., 1996pand the Substance BGRP containing
peptidergic neurons. The 1B4 positive neurons relYs@NF for development whesas the
IB4-negative (peptidergic) population depend on NGF for survival during postnatal
developmen{Molliver et al., 1997) This differential response to growth factors suggests
that these two populations of cells may play different roles in primgesd$ nociceptive
inputs. 1B4 positive neurons have a longer action potential duration and higher densities of
TTX resistant sodium ion channel currents than the peptidergic population of sensory
neurons, therefore both populations of these small diarseteory neurons have distinct
electrophysiological functionfLawson and Waddell, 199. CGRP is a member of the
calcitonin family of peptides and expressed in the CNS as well as the PNS and its activity
has been linked to the transmission of nociception, particularly mig(Beeemei et al.,
2009). CGRP ceolocalises with the TrkA receptdor which NGF is the ligandBennett et

al., 1996b) While it may be common practice to classify nociceptivdscak either
peptidergic or noipeptidergic, it is important to note that there is a degree of overlap with
some cells ceexpressing both GRP and IB4Bergman et al., 1999Dther populations of

DRG neurons may exist to which are yet to be defined electrophysiologically or by cellular

markers.
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TrkA, TrkC, Subst_ance P,
GFR, galanin, VIP,

somatostatin,

BDNF, TRPV1

Carbonic anhydrse,
GM1 ganglioside

Peripherin GFR 3
(60%)

FRAP, P2X3,
TRPV 1

GFR,;2 NJ D

Figure 1.5 Schematisummary of the different neuronal cell populations in the DRG based
on the markrs expressedNociceptive unmyelinated neuroosmprise of smalmedium
diameter cells that express CGRP and IB4. There is an overlap between DRG cells
expressing CGRP and IBANon-nociceptive myelinated cells can be identified by NF200
and represent40% of DRG cellor even up to ~50%Goldstein et al., 1991Nociceptive
unmyelinated cells cahe identified by peripherin and represe#-60% of DRG cells.
There is alsan overlap between NEOO and C®RP cells and ~6% of peripherin/NAD0

cells (Goldstein et al.1991) Arrows around the edge of the pie chart represent receptor
components for neurotrophic factors expressed by different populations of cells; trkA for
NGFr esponsiy e Gk RBEBFEBGDNFresponsive; trkC for neurotrophid
(NT-3) responsiveells. The boxes represent the peptides that are additionally expressed in
the relevant subpopulationémage edited from McMahon & Koltzenburg: Wall and

Mel zackds t eREdiomok of pain, 5
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1.6  Dysregulated proteins in the DRG

The DRG is a frequently alyged tissue in neuropathic pain research, since it is a key
junction where peripheral sensory information travels. It was once assumed that the DRG
was not involved in nociceptive signal generation or processing and its role limited to
metabolic demandsof neurons, however evidence suggested a more direct role.
Spontaneous discharge of DRG neurons may occur, which may be perpetuated by
peripheral nerve injury and there is evidence of cross excitation of cell Fama and

Devor, 1996) Electrophysiological and immunohistochemical evidence exists for the
expression of the receptors for NPY, galanin, and SP, and their activation by their
respetive ligands can modulate membrane excitability after micropipette application
(Abdulla et al., 2001;Abdulla and Smith, 1999;Kerekes et al., 200Bg release of
substance P from the DRG followingotassium/chloride KCL) stimulation further
supports this notioiHuang and Neher, 199@yeripheral nerve injuryesults ina variety

of changes which invohgealterations in gene expression, protein expressaod post
translational protein modification which can altexuronalexcitability (Lacroix-Fralish et

al., 2011;Woolf and Salter, 2000;Zimmermann, P00 he proceeding section wiixpand

on the neurochemicals that have exhibited sblmhanges in their expression following

peripheral nerve injury, namelATF-3, the neuropeptides NPY & galaniand GAP43.

1.6.1 Activating transcription factor - 3 (ATF-3)

Activating transcription facter3 (ATF3) is a member of the ATF/CAMP responsive
elementbinding (CREB) family of transcription factomnd is an immediate early gene
protein(Hai et al., 1989;Ziff, 1990)ATF-3 regulates transcription by binding to DNA site
as a homodimer or heterodimer with jun protgi@ken et al., 1994;Hai and Curran, 1991)
The biologicaleffectof ATF-3 in vivois less clear than that of the neuropeptides KiRY
and galanin), bua previous study has showinat ATF-3 deficient mice injected with a
sublethal dose of murine cytomegalovirgp®ssesssignificantly reduced ties and
pathology intheir livers 3 daysafter injection compared to wild typ€Rosenberger et al.,
2008) A previousin vitro study has shown that ATF3 expression in macrophages

represses H6, IL-12, and othecytokine genes downstream ofltlike receptor 4 (TLR4)
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(Litvak et al., 2009) Taken together, thisevidence suggestsATF-3 reduces the
inflammatory response and therefoe involved in the regulation of the immune system.
Other studies have demonstrated AT Eo be involved in tumour suppressigiihompson

et al., 2009) however a more detailed understanding of how &Tfegulates oncogenic
signalling pathways is require@he actual mechanisms regulating ABFexpession are
not clear, bulATF-3 expression can be inducegperimentally in preparatiorsich as the
mechanically injured liver and isabmic heart, accordingly it is likely to play a role in
stressed tissué€hen et al., 1996)

A study by Tsujino and colleagues (2000) identified AA&s a novel marker ¢iie DRG
cell body response to pehpralnervetrauma In naive animalsnRNA for ATF-3 wasnot
expressed, however following spinal nerve axotomy, &TWwas dramatically induced
(within 24 hours)in virtually all ipsilateralL5 DRG neuronsThereafter the expression
remained until its downgailation at 10 weeks where it was then deteetieldw levels.
ATF-3 expressionin the spinal cord wasnodest andimited to the ventral horn where
motor axons terminate, and not the dorsal horn which receives sensory input, thus
indicating differential regulation of gene expressionOther studiesusing microarray
technologieshave demonstrated limited AT¥F expression following dorsal roajury
compared to spinal roanjury indicating that ATF3 is more associated with nerve injury
to the PNSrather tha CNS(Stam et al., 2007)The upregulationof ATF-3 observed by
Tsujino and colleagues (200@pspreset in the formalin nervénjury mode| but not the
CFA model where there is only flammation and naissue injuryper se Moreover,
stimulation of neurons &-fibre strength did not induce AFB expression in the RGs
Other experiments have shown that mustard oil, capsaicin, and methanol, and again
formalin can all induce ATE expression in the DRG, and this occurs in dgti
subpopulations of sensory neurofBraz and Basbaum, 2010Yaken togetherthis
informationfurther suggests thaervedamage is the basis of AT3expression rather than
increased nociceptive transmission or inflammatibsujino et al., 2000)The subsequent
labelling of the ATF-3 protein via immunohistochemistry revealbdt ATF3 co-localized
with c-jun (Tsujino et al., 200Q)which is a wellcharacteded immediate early gene
induced in neurons following axotonfyHerdegen et al., 1991ATF-3 has since been

suggested as a reliable marker for nerve injury in human tissue following dorsal root
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avulsiong(Linda etal., 2011) Additional studieshave demonstratatiat ATF3 expression

IS not just limited to neurons buailso to Schwann cells, epeurium,and glia following
sciatic nerve axotomyand is associated with Wallerian degenerat{dtunt et al.,
2004;Isacsson et al., 2005;Saito and Dahlin, 2088)en the nerve is reattached following
transection, therefordlawing the regeneration of axons, AIFexpression reduces, which
suggests that ATB may be a indicator of disturbed axonal proceqsésnt et al.,
2004;Saito and Dahlin, 2008ndeed, reduced ATB expression has also been observed
following reinneravation of muscle after crush lesion, thus allowing normal retrograde
transport 6 growth factorgKataoka et al., 2007Previous studies havdemonstratedhat

both NGF and GDR can influence ATR expression. The intrathecal administration of
trophic factors NGF or GDNF attenuates A3Bfexpressioin the DRGfollowing axotomy
(Averill et al., 2004) However, even irthe absence of nerve repair ABFexpression in
Schwann cells in the distal section of the sciatic nerve decreases over time suggesting that
regenerating axons are nottiegly responsible for the dowegulation (Kataoka et al.,
2007) In vitro studies have demonstrated that the over expression of3ATBing a viral
vector) in cultured DRG neurortaken from naive animals results in increased neurite
outgrowth(Seijffers et al., 2006)This observation has been further supported in transgenic
studies where mice constitutively expressing AFExperience enhanced peripheralveer
regeneration in DRG neurons comparable to thataopreconditioning nerve injury
(Seijffers et al., 2007)Co-expression studies have showed that a variety of neurochemical
makers associated witraumaticnerve injury are additionally expressed in ABpositive

cells such as galanin, NPYWOS, andreg2 (Averill et al., 2002;Shortland et al., 2006)
ATF-3 has been shown to be induced in a number of othetraoama neuropathic pain
models such as the VZV modsding western blot techniquéSarry et al., 2005and HIV-

1 gp120 induced neuropathy mo@eé/allace et al., 2007abut not the antiretroviral related
peripherialneuropathymodel (Wallace et al., 2007b)The physiological significance of
ATF-3 expression is unknown. The amount of A3Fexpression has been shown to be
proportional to the degree of d@tmal behaviourahypersensitivity exhibited, but not
mechanical(Obata et al., 2003)However the transierttynamic expression of ATFB
following peripheral nerve injury does natorrelate with the chronic paielated
behaviours observed in the animaldats. It has been demonstrated th#&t SNL induces

ATF-3 expression in the supposedly uninjured L4 DRG and these changes are associated
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with upregulation of neuropeptidéShortland et al., 200&@nd downreguladin of TTXr

sodium ion channels NA 8, and Ngl.9 (Fukuoka et al., 2012)These expression patterns

are similar to what is frequently observed in the directly injured L5 DRG following L5
SNL. However it can be argued that these findings are related to collateral damage incurred
during surgical mapulations which is heavily influenced by the surgical operator. Even in
sham operated animals, limited expression of AT€an occur in the DRG. In any case,

the very nature of surgery results in unavoidable damage, but can be minimized by careful
attentian, in order to carefully reflect the consequences of the intended injury (and
subsequent ATR expression).

1.6.2 Neuropeptide Y (NPY)

Neuropeptide Y (NPY) is an abundant and widespread neurotransmitter within the nervous
system and is involved in regulatinghysiological events such as appetite,
vasoconstriction, and pa{intondi et al., 2008;Ji et al., 1994Q)he 36 amino acid peptide

was originally isolated in the porcine hypothalamus where it was found to be particularly
abundant in the graventricular and arcurate nucleus of thedilialamugGibson etal.,
1984;Tatemoto et al., 198Fince its discovery, numerous studies have denoted NPY to be

a potent stimulator of food intake that can decrease energy expenditure and promote weight
gain (White, 1993) Later studies have now implicated NPY in the regulation of pain
responses. NPY and its receptors are located in regions of the spinal cord that are
associatd with nociceptive transmission such as the superficial lamina of the dorsal horn
(Gibson et al., 1984;Ma and Bisby, 1998)he intrathecal administration of NPY
attenuates behavioural responses to noxious heat in normal agifoalet al., 1991and
inflammatory model of pain(Taiwo and Taylor, 2002) and mechana and cold
hypersensitivityin the SNIperipherial nerve injurynodel(Intondi et al., 2008)Equally

the administration of NPY Y1 and Y2 receptor antagonists can reverse the NPY mediated
antinodceptive effects, but only when @ministered since the effect of either antagonist

is limited when administer individuallgintondi et al., 2008)Conversely, pronociceptive
effects have beeabserved in the flexor reflex modedf naive animals but this is likely
attributed to the low doses used in the respective stdibge, 1997;Xu etal.,, 1999)

After nerve injury theY1 receptor, normally present amall DRG neurons, islown
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regulded, and the Y2 receptor is robustly-rggulated on large neuroriZhang et al.,
1997) The knockout of the NPY1 receptor induces a hypersensitive state to mechanical
stimuli (Naveilhan et al., 2001;Shi et al., 2006Fiatic nerve axotomy in these Y1 receptor
knockouts protects mice from tlassociatedoss of DRG neurons that is observed in wild
type animalsvith similar injury (Shi et al., 2006)NPY is virtually undetectable in healthy

rat DRG neurongGibson et al 1984) or present at very low leve{Zhang et al., 1993b)

but is present in superficial dorsabrn neurons Following nerve injury NPY is
dramatically pregulated in L4/L5 DRG and axonal fibres in superficial and deeper spinal
lamina. This upregulation occurs primarily in large diameter DRG neurons, but some small
cells are affected. NPY docalises with other neuropeptides that have been associated
with nerve injury such as vasoactive intestinal peptide (VIP) & galdramdry et al.,
2000;Ma and Bisby, 1998)eg2 (Averill et al., 2002) and ATF3 (Shortland et al., 2006)

The histological, transgenic, pharmacological, and behavioural studies together support the
notion that NPY plays a role in regulating nociceptive transmission as well as nerve injury,

and thus neuropathic pain.

1.6.3 Galanin

Galanin is a29 (rat)/ 30 (humanjpaminoacid neuropeptiddirst identified in the porcine
intestine(Tatemoto et al., 1983nd is widely distributed throughout the PNS and CNS
Galanin is thought to regulate numerous physiological actions in the adult nervous system
such aenergy homeostasiandcanrapidly stimulate food intake followingcate injection

into the hypothalamic paraventricular, lateral and ventromedial nuclei, and the central
nucleus of the amygdalgundlach, 2002)In the gastrointestinal tractwheregalanin is
abundant, iinhibits gastric acid secretion and the release of numerous pancreatic peptides,
including insulin, amylase, glucagon, and somatost@timg et al., 2007)Galanin also
regubtes osmotic funans, and thentracerebroventricular administration of galahis

been shown taleageasefree water intaken rats (Brewer et al., 2005)Other putitive
actions includes regulation ofarousal/sleep, reproductiomnxiety (induces anxiolytic
effects) and cognitionwhere the ventral hippocampahdministrationof galnin has
negative effects on learning and memory tedtang et al., 2007)The action®f galanin

are mediated and regulated via interaction with three gene protein coupled receptors
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(GPMRy), Galr3 (Mitsukawa et al., 2010)The anatomical location of galanin and its
receptors in DRG and the superficial dorsal hsriof interest anduggests that galanin
may alsoparticipate in the regulatioof nociceptive transmissiaand thus pairfHokfelt et

al., 1987;Michener et al., 1990%alanin is constitutively express in healthy animals
(<10% in the DRQ and exhibits diffuse granulke cytoplasmic staining There is
evidence fromelectronand confocal microscopy that galanin expressiothe DRGis
even greater than what has been observed under light micro$e6p%o0) but this
techniquehas not got sufficient powdo detect these differencéghang et al., 1993a)
Following peripheral nerve injury galanimRNA and protein is robustly upregulated
(Landry et al.,, 2003;Ma and Bisby, 1997;Villar et al., 1989;Wang et al., 20023
upregulation occursarly (4 dys)following partial nerve injuryand peaks at 104 days
with mediumlarge diameter cells beingroportionallyaffectedin L4/L5 DRGs (Ma and
Bisby, 1997) Completetransectiorof the sciatic nerve (axotomy) shifts the distribution so
that small diameter cellsncrease expression ajalanin. The propation of galanin
immunoreactivity in DRG neuronsare significantly higherin partial nerve injuries
compared to complete nertransectioril4 days after nerve injuryvhich suggests galanin
expressioralso occurs inuninjured fibores(Ma and Bisby, 1997)This is corroboratecdy
anotherstudy that has deanstrated pproximately 50% of galanitabelledcellsin the L5
DRG co-expresghe nerve injury markeATF-3 14 days after injuryndicatingthat those
cells are damagedyut also intact neurons are equally affec{@derill et al., 2002)
Expression of galanin also increases in the deeper lamina of the dorsal horn, where large
fibores terminate. Early pharmacological experiments revealed that intrathecal
administration of galanin inatsat high or low doses could facilitate or inhibit respectively
the flexor reflex in response to noxious stimulat{gviesenfeldHallin et al., 1988)Low
dose galanin (10 ng)aused facilitation of the flexor reflex. Low dose galanin (0.1 and 1
nmol) has additionally been shown to facilitate decreases in mechanical PWTs in the rat
(Kuraishi et al., 1991)The antinociceptive response mediaéd by the activation of the
galanin receptefl (GakR) which has beersuggestedo inhibit the release of substance P
(Hua et al., 2005)and glutamatén the spinal corqHua et al., 2004)The GakR mediated
hyperpolarisations adensory neuronsiay account for theeported synergistieffects with
opiates(Hua et al., 2004)Other experiments have shown that the administration of galanin

antagonist an@ntisense nucleies can reduce galanin expression in the DRG and this is
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associated with a higher rate of autotomy after axotomy, a facet that is argbecato
outamme measure of neuropatipainrelated behavioufJi et al., 1994a;Verge et al., 1993)

The physiological stimuli that results in the release of galanin in the spinal cord of healthy
animals is yet to be identified, however it is not released in response to noxious, thermal, or
mechanical stimulationThe location of galanin ismall GABA and enkephaliputative
inhibitory interneuron®f the spinal lamina I{(Simmons et al., 1995;Zhang et al., 1998c)
conjunction with dataorroborated from various studies suggest that galanin main actions
are mainly antinociceptiveThe knockout of galanin imice impairs the ability of
peripheral nerves to regenerddowing sciatic nerve crushndis associated with lonrg

term sensorimotor functional deficits anderefore galanin may play a role in nerve
regeneratior(Holmes et al., 2000)These effects however are not thoutghbe mediated
through theGakR since animals with a knock out in this recepbave no reduction in
regenerative capacity followy sciatic nerve crusfBlakeman et al.,, 2003)Rather the
GabR is thought to be involved gan that hese events are observed in tGabR
knockous (Hobson et al., 2006JFurthemore, mice carrying a les$function mutation of
galanin exhibited a 13% reduction in the total number of adult DRG ne(iHmhses et

al.,, 2000) These deficits were associated with a-@l8 increase in the number of
apoptotic cells at postnatal daylBolmes et al., 2000)Galanin expression mafsoact as

a neuroprotective agent in peripheral nerve injury baised on the preceeding evidence and
such neuroprotection has been demonstratddenCNS, in the hippocampus of galanin
overexpressing transgenic animals after kainate inje¢gdliott-Hunt et al., 2004)This
highlights some of the potential of galanin, and the reported effects of galanin in the
literaturecould be explored fully for its therapeutic potenti@alanin has been shown to
reduce action potentials in tHecus coeruleus (LC) and the dorsal raphe nucleus by
causing hyperpolarisations most likely through activation of potassium channels, thus
reducingthe release of serotonin and noradrenaliHekfelt et al., 1998;Seutin et al.,
1989;Sevcik et al, 1993)indicating galanin is involved in the modulation of

neurotransmitter release
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1.6.4 Growth associated protén-43 (GAP-43)

Nerve growth or axonal elongation coincides with the expression of growth associated
proteins (GAPS) in the cell bodies of corresponding neurons. The interest in GAPs led to
the discovery of GAR3, a membraneassociated phosphoprotethat is significantly
expressed during axonal growth and synapse formékitawi et al., 1986) The precise
biological actions of GAR3 remains to be determined, howe@#%P-43 is considered to

be an early marker of pestitotic neurons and is highly expressed in the developing
nervous system anexhibits significantly lower expression in the adult nervous system
(Meiri et al., 1986) GAP-43 appears to be involved in transducing mtmad extracellular
signals to regulate cytoskeletal organization in nerve gsdBenowitz and Routtenberg,
1997) Later studies havealso demonstrated GA®3 to be present in neneuronal chs

such as nomyelin forming £hwann cell{Curtis etal., 1992) Over expression of GAP

43 in mice leads to neuronal sprouting and converselydaherreguldion of GAR43 is
associated with the regression of neuriongvo (Aigner et al., 1995;Moya et al., 1988)

the mature ganglia GAR3 is present in few smalliameter cells in DRG, and is
undetectable in largdiametercells (Reynolds et al., 1991;Sommervaille et al., 1991)
GAP-43 exhibits cytoplasmic staining but also labels axoRsllowing traumatic
peripheral nerve infy, damaged neurons have the capacity to regenerate and this has been
associated wh the increased expression ®@AP-43 mRNA or proteinin the terminals of
peripheral afferentsDRG, and thesuperficial lamia of the dorsal horfNahin et al.,
1994;Schreyer and Skene, 1991;Schreyer and Skene, 198I18;¥foal., 1990) This
increased expression occuesarly after injury (within at least 3 days) with the
immunoreactivity patternnitially predominantin smaltdiameter neurons, and peaks at
approximately 21 days, before becoming undetectalenateksfollowing crushinjury or

36 weeks following sciatioervecut (Woolf et al., 1990)There is evidence for differential
regulation sige at later time pointsmediumlarge diameter cells have been shoten
express GARI3 mRNA at >4-10 days(Wiese et al., 1992)and protein >14 daypost

injury (Sommervaille et al., 1991)ncreased GARI3 expression is not thought to be
directly related to the onset afiechanicahypersensitivityin nerve trauma (indicative of
neuropathic pairike behaviouy (Jaken et al., 2011)Given the role of GAP-43 in the

83



nerve regeneration and association with nerve injury, it represents a suitable candidate for

study when investigating neuropathic pain mechanisms.

1.7 Distribution of t ibial nerve neurons within the DRG

To date it is unclear with regards to the literature the distribution of tibial nerve neurons
found within the DRG. It is worth recognizing the relative distributions of tibial axons to
the lower lumbar/sacral DRGs since this will reveal the propoi damaged/undamaged
neurons in affected DRGs. This is important because varying degrees of damage may
reflect in the expression profiles of biochemical markers e.g. neuropeptides aré. ATF
Retrograde tracers are frequently used in experimental stofiiee PNS to determine the
number and origin of neurons projecting to a specific 6Ze&e et al., 2010)Early tracing
studies usedHorseradish peroxidase (HRP) which is taken up by axons and into the cell
soma, and has previously been used to describe tibial nerve distribution in th(€SIvVRIG

et al.,, 1991) Recent years has seen the introduction ofenawtrograde tracers that are
superior to HRP. Fluorogold (FG) antiolera toxinb subunit(CTB) have become one of
most frequently used tracers for retrograde labelling sty#ebbert et al., 2000)One
advantage of FG over the earlier tracer HRP is that it is Rehtap by undamaged axons

of passagédSchmued and Fallon, 19865G has a wide range of survival times ranging
from one day to over a month whereas HRP has a short window in which tissuéeas
harvested which is usually betweerb 3lays(Kobbert et al., 2000)FG is a hydrophilic
tracer and therefore is evenly distributed throughout the cytotoplasm and survival times
range from a day to several months, althougtD7days are the typical time frames for
study (Zele et al., 2010)FG is taken up by virtually all neurofSchmued and Fallon,
1986) however there is evidence to suggest that CTB has a differential distribution
following nerve injury(Tong et al., 1999)As a result FG will is the more suitable choice

for retrograde experinmes involving traumatic nerve inury.

84



1.8  Macrophage associated neuroinflamation

Macrophages are immune cells that are produced by the differentiation of monocyes that
originate from the bone marrow. In the PNS, the macrophages reside in the endoneruium
accounting for up to 9% of the cell population, and are often in close proximity to blood
vesselgMueller et al., 2001) Within the DRG, nacrophagesre presenaround neurons
where they lie outside the basal lamina of satellite cells. The main role of macrophages is
to phagocytose cellular debris and pathogens in order to stimulate other immune cells to
respond. This is enabled by the presenf MHC class Il protein expressed on the cell
surface, which makes macrophages special antigen presenting cells in the immune system
(Griffin et al., 1993) Macrophages can be identified immunohistochemically in neuronal
tissue (e.g. sciatic nerve or DRG) by the presence of cell surface markers e.g. CD68 (also
known as EB1) orCD11b (recognized by th®@X-42 antibody)(Scholz and Woolf, 2007)

A high density of macrophages in the DRG is suggestive of an active immune response
(Bisby and Chen, 1990)

Following traumatic peripheralnerve injury, Walkkrian degeneration takes place; distal
axons degenerate, Schwanngelifferentiateand macrophages become activgigull et

al., 1989) where they cardinate an immune respongseleasing proinflammatory
mediators such as cytokines, interlukins, intenist@rostanoids, growth factors, and nitric
oxide (Scholz and Woolf, 2007A macrophage infilitratiorhas also been described in the
DRG of ddC (HIV-antiretroviral drug treated rats(norttraumatic neuropathy modgl
(Wallace et al., 2007b)Fundamentally, le infiltration of macrophages has also been
reported in human nerve biopsies and the severity of the response is related to the degree of
neuropathic paiiBennett et al., 2008)his suggests thahacrophage infiltratiomay be
involved in the initation (or maintainence) oduropathic pairi experimentshave shown
that mice exhibitingslowed Wallerian degenerati¢hlyers et al., 1996;Ramer et al., 1997)
or depleted macrophagé€siu et al., 2000ahavereduced hind pawypersensitivityafter
traumaticperipheral nerve injuryThe recruitment of macrophagasd subsequent release
of proinflammatory mediators after peripheral nerve injuity rodentscan interact and

activate their respective receptors oensory neuronsgdirectly alteing transduction
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properties of nociceptive afferentteading to increased responsiveness (sensitization)
(Calvo et al., 2012b)

The macrophage response to nerve damage is important for the regeneration of injured
sensory neuron®isby and Chen, 1990and the suppressiarf theinflammatory response

via toxic mediated macrophage distructi@arrette et al., 2008)r combinded ablation of

IL-16 and TNRJ(Nadeau et al., 2011npairs axon regeneration in micEhe therapeutical
challenge is to modulate the inflenatory response teoeduce persistent pain without
impairing the important repair process.
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1.9 Modulation of neuroinflamation via omega3 poly unsaturated fatty acids

Since macrophageglay a role in neuropathic paipatlophysiology (Watkins et al.,
2001a) one approacho counteract this phenomemaay involve ¥-3 long chain poly
unsaturated fatty acids (PUFAsJhere are different types of PUFAs but the most
frequently descr i bed3 iantdfathygacids(fHotule ana Holub,e ar e
2004) The ¥-6 PUFAs such as arachidonic acifAA) are considered to be
proinfl ammat o3y PURAN esuck aas eicosapentaenoic (EPA) and
docosahexaenoic acid (DHA) have anflammatory properties (se€igure 1.6 for
structurd. A large body of evidence now exists documenting the health benefits3ah

the prevention md management of various inflammatory conditions including chronic
inflammatory joint pain(Goldberg and Katz, 2007inflammatory bowel syndrome (IBS),
chronic spinal pain, multiple sclerosis, and coronary artery dig€xs®en et al., 2000)
Much of these benefits are likely attribd to DHA, a major constituewtf fish oil (Dyall

and MichaelTitus, 2008) Severaktudies, botlin vitro andin vivo, have demonstratethe
neuroprotective effects of DHABelayev et al., 2009;Menard et al., 2009;Ward et al.,
2010) This neuroprotective effect mdoge related to a potential modtibn of macrophages
and the immune response to nerve injury. Data firowitro experiments supports dose
dependent i n hlipopdlysaccbandgLé$) indudedN macrophage activation
when exposed to DHADustin et al.,, 1990;Lu et al.,, 2010;Ward et al., 201Dhis
inhibition is associated with a redion of eicosanoid such asleukotrienesand
prostaglandinglLokesh et al., 1988oth of which contribute towards the sensitization of
neurongJi and Strichartz, 2004Df particular interest ia serieof studies demonstrating
that dietary or systemic administration dDHA following SCI in rats can reduce the
associativespinal inflammaory response,and improve both the morphological and
functional outcomes of nerve injuryHuang et al., 2007;King et al., 2006;Ward et al.,
2010) Although DHA has been shown to be beneficinl SCI, few studies have
investigatedvhether DHA or othery-3 PUFAs areelevantin peripheral neuropathic pain

syndromes.

87



EPA, Eicosapentaenoic Acid, 20:5®3 (20:5n-3) (contains 20 carbon atoms and 5 double bonds/unsaturation sites)
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DHA, Docosahexaenoic Acid, 22:6w3 (22:6n-3) (contains 22 carbon atoms and 6 double bonds/unsaturation sites)

Figure 16 The st r u-8 PUFAse Eicosapentaenoic (EPA) and Docosahexaenoic
acid (DHA). The first of the double bds is adjacent to the third carbon atom (when
counting from the methyl carbon end of the molecule) hence the term @néggure
adapted fronHolub and Holub (2004).

No preclinical study has specifically investigated the modulation of the macrophage
respnsevia ¥-3 PUFAs following peripheral nerve injunplthough there is no direct
clinical evidence for the role of ome@aPUFAs in neuropathic pain syndromes, tfayn

an essential part of the dieand their anti inflammatory propertiesan possiblybe
exploited to form asafe, coseffective, and efficient approach in the management of

neuropathic pain.
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1.10 Aim of thesis

Peripheral nerve injury results in a variety of changes which involves alterations in gene
expression and protein expressionsensory nerons (Elliott-Hunt et al., 2004;Lacroix
Fralish et al., 2011;Maratou et al., )Woolf and Salter, 2000;Zimmermann, 2001)
Theseneurobiological events often occur in the DRG, and therefore this tissue represents a
topical point of study in neuropathic pain research. Understanding theskemical
changes may reveal possible medbms regarding sonfeatures of neuropathic pain such

as spontaneous pain and hyperalge®&@ochemical change#clude the expression of
neuronal injury marker ATR (Tsujino et al., 200Q) upregulation of neropeptides,
particularly NPY(Ma and Bisby, 1998)galanin(Hokfelt et 4., 1987;Ma and Bisby, 1997)

and GAR43 (Sommervaille et al., 1991;Woolf et al., 1990)hese responses have even
been proposed as generic biomarkers of neuropathic pain, and in the case of galanin
suggested as a drug development tafgelse et al., 2012)Although the expressions of
these markers have been investigated in vamauge trauma models, the results of these
studies are difficult to compare due to different analysis methodologigability of nerve

injury which may reflect in reported expression patterns, and differences in species and
strains of animals used. Moreover, these neurochemical markers have not been
comprehensively investigated in ntnaumatic nerve injury models ducas the d4T
induced neuropathy model where nerve damage and pairdeétehaviours are also
evident. Lastlythe temporal expression profiles encompassing both the acute and chronic
stages of nerve injury as well as phenotypic cell effeetge not beencomprehensively

documented.

One way to try to counteract the long term maladaptive changes is to provide
neuroprotection.The ¥-3 PUFAs have been described in the literature as a potent
neuroprotector and tivebenefits are alreadgcknowledgedn other dsease areas such as
the cardiovascular and joint pain field. There are some indicationssrtBaPUFAs are
bendicial following spinal nevre injuy in animal model{Huang et al., 2007)However,

¥-3 PUFAs have not been comprehensively investigated in the context of peripheral

neuropathic pain.
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The TNT model of nerve injury has been chosen for investigdtemauselrNT surgery
offers a less complex and time consuming procedure dhaids potenal collateral
damage that could prolong recovery.

The d4T model of nerve injury was chosen for investigation be@iEés widely used in
resource limited settings due to its low cost and widespread availamtitys associated
with sensory neuropathgnd pain and therefore understading the mechanisms of this
sensory neuropathy is still releva@herry et al., 2012;Gilks et al., 2006;Makinson et al.,
2008;Renaud hery et al., 2007)Previously, the ddC and ddl models has been examined
(Bhangoo et al., 2007;Joseph et al., 2004;Wallace et al., 2081tkihe d4T model to date

is yet to be chacterised in rats.

Aims of the thesis

x To provide temporal profile expressions of commonly dysregulated neurochemical
markers (i.e. ATR3, GAR43, NPY, and galanin) in traumatic and roaumatic
nerve injury using the TNT and d4T induced models ofpperal nerve injury
respectively.

x To compare and contrast these changes in both models.

x Characterize, compare, and contrast evoked sensory parameters (limb withdrawal
responses) in both models.

Xx Il nvestigate wh BUFA)ecan réveéis® méctranical damhermal
hypersensitivity associated with TNT injury and alter the expression of

neurochemical markers in the DRG.
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1.11 Hypothesis
Peripheral nerve damage initiates neurochemical changes in the dorsal root ganglion, and
the development pailike behavours, which can be modulated via the administration-of

3 polyunsaturated fatty acids.

Specific investigations:

x To investigate the expression of specifieurochemicalmarkers indicative of
pathological process two distinct models ofperipheral nerve injury(l) traumatic
nerve injuryand(2) nortraumaic HIV -antiretroviral drug inducederve injuryat
boththe acutg24 hours)and chronic stages of nerve injury. Further investigations
will reveal how this relates to changes anitcome measures okuropathic pam
like behaviourgi.e mechanical hyperssitvity). A key part of the studwill seek
to make comparisonsetween the te models described. This willighlight the
mechanistic differences between the two nerve injury models atatikely
reflective of the mechanisticdifferences that occur beé&n neuropathic pain
patients with different ateiologieJ his can support the idea of targeted treatment

stratigies baised on mechanisms, which could be more effective

x Determine whethechronic administration of DHA (am-3 PUFA) can modulate
neuropatit painlike behaviours and provide neuroprotection following traumatic
peripheral nerve injuryThis will be conducted with particular attention to the
mechanism, i.e. thexpression of neurochemical markers in DR&ferred to in
Section 1.6). Assessment of simple reflex withdrawal behaviours in response to

punctatemechanical stimli will be the outcome measure of behavioural like pain.
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2 General methods

Chapter 2
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2.1 Animal maintenance

Adult male Wistar rats weighing 2€850g were used for all experiments (Charles River,
UK), and were housed in individually ventilated cages4 (2nimals per cage) in a
temperature controlled environment. Animals were provided with food and \adter
libitum andmaintained on a 12:12 hr ligldark cycle All experiments were performed in
accordance with the UK Animals (Scientific Procedures) Act 1986tladnternational
Association for the Study of PaflASP) guidelines.

Project licence number:70/7162

Personal licence number70/21129

2.2 Randomisation and blinding

All behavioural studies and immunohistochemical analysis procedures were conducted
using randomisation and blinding to reduce allocation and observer bias, respectively.
Experiments wes conducted in accordance to Macleod Good Clinical Pra@®esrenting
Introduction of Bias at the Ben¢Macleod et al., 2009)

Randomisation was performed by usiag computerized random sequence generator

(www.random.ory in which the range of numbers required are entered into specific fields

on a computer program (animal 6s cage numbe

numbers in a randomized fashion.

Peripheral nerve injured animalsibfal nerve transectionTNT) and stavidune (d4T)
treatedanimals, seeSection 2.9 for sample size analysis) were assigned per cage in a
randamized fashion (as described above) and the investigator performing the sensory
assessments analysis was not aware of each treatment group until the cessation of study i.e.
when the animals were culled. Assessment of the immunohistochemical analysis was
coduct ed-blbiynddirregd via the maslintg fon élidetaino ma ¢

labels and assigning a number to each slide. Before analysis, slide labels of nerve injured
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and sham/control animals were randomised as previously described using tben rand

sequence generator.

2.3  Allocation concealment

The allocation of DHA/saline to the animals was conferred by selectindapedled

I dent i foutofathat byraddgherefore treatments were not assigned per cage. Upon
initial administration of DHA tk treatments were coded (by an independent investigator)

as either O6A®6 or 6éB6 and maintained the sa
the solution were indistinguishable and therefore there was no likely potential for bias. The

60 bl i nd iesugital pracedurenwas not necessary in this case, since both experimental

groups received identical nerve trauma injuries (TNT surgery).

2.4 Inclusion/exclusion criteria

In order to maintain the consistency of the studies, a specific set of inclusiasienc

criteria were established to retrospectively include/excude data from analysis:

Inclusion criteria

1 Confirmation of tibial nerve transection upon postmortem

Exclusion criteria

<30% reduction in mechanical PWT from baseline
Significant weight Iss (>20% of pre surgery body weight),
Autotomy of more than 1 digit

Infected wound

Excessive motor defect or paralysis

= =4 =4 -8 9

2.5 Reporting of animals excluded from analysis

All randomized animals (both overall and by treatment group) were accounted for in the
data presented. A flow chart in the beginning of the each results section illustrates the total

numbers of animals used and the total numbeixolusions.
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2.6  Fluorogold injections

Following confirmation of adequate anaesthesia, the tibial nerve was exposedve

animals (n=2) in a similar manor required to that of TNT surdélnprogold(FG; 3ul, 4%

solution in 0.9% saline) was injectednt o t he ti bi al nerve using
with a 30G needle. Following injection, haemostasis was confirmed and the wound was
sutured at both the muscle and skin level with 4/0 silk suture. Animals received appropriate

post operative analgesias(endicated irSection2.7.1).

2.7  Induction of peripheral nerve injury

2.7.1 TNT surgery

TNT/sham surgery was performed under general anaesthesia with isoflurap€2v3%,
1.5L/min), using an aseptic techniqeee et al., 2000) Following cafirmation of
adequate anaesthegabsence of front paw reflex), a skin incision was made over and in
line with the femur in the left hind limb. Connective tissue was cleared under the skin via
blunt dissection and an incision made along the fascial plmteeen thegluteus
superficialis and biceps femoris muscles to expostrifhiecation of the sciatic nerve. The

tibial nerve was identified in terms of its anatomical position and 7/0 silk suture was used
to ligate the nerve -3 mm distal to the tibiaherve junction from the sciatic nerve. A
subsequent ligature was made approximately 5mm further distally on the tibial nerve
proximal to the subsequent branching of the nerve Rggpge 2.). On completion of the

tight ligations the tibial nerve was tratted between the two ligatures and the nerve
gently placed back into its correct anatomical position. Haemostasis was confirmed and the
wound was sutured at both the muscle and skin level with 4/0 silk suture. Sterile cotton bud
swabs with sterile salin@ere used to clean blood away from the surgical procedure. Sham
surgery was performed by exposing the trifurcation of the sciatic nerve as described above,
but ligation and transection of the nerve were not performed. Care and attention was taken
not to taich/damage the nerve itself. Transection of the tibial nerve was confirmed
postmortem. All animals received postoperative analgesia consisting of a single s.c.
infiltration of Bupivacaine (Astra) (0.25% 0.05ml) around the wound site. Carprofen (20%,

0.1ml2200g body weight) was administered i.p4 Zours posbperatively. Animals were
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monitored closely posturgery for any potential complications such as infection,
insufficient closure of wound, or excessive motor defects (i.e. complete motor loss in one
imb so that | ocomotion only pablealifdrimeorby o6d

impairment scale).

Adductor brevis muscle

/ Sohic nerwe

Tibial netvwe Cammon peraneal e

Sural nerve

Figure 2.1 Schematic view of sciatic nerve trifurcation. The tibial metwanch of the
sciatic nerve is the final, and thickest, nerve portion to appear from the sciatic nerve.
Ligation areas are illustrated in this diagram with two thick red lines, and transection
between these ligations occurs on this branch before tisequint trifurcation of the tibial

nerve (lllustration adapted from Lee et al., 2000).

96



Motor impairment scale

1 Normal motor function

2 Weight bearing on all four paws. Normal locomotor rhythm
but some eccentric placement of paws. Spedalcoimotion

within normal range.

3 Temporary dragging of up to two paws (occurring within 2
days of operation and lasting up to 1 week) with impaired
locomotor function for that period (but animals still able to
rapidly reach food and water). After 1 vikeenotor

impairments as in 1 above.

4 Temporary motor impairment of up to two paws (starting
within 2 days and persisting for up to 1 week) but animals
able to rapidly reach food and water. After 1 week, persist
motor impairment of paws resulgnn incorrect limb
placement, delayed and/or incomplete swing phase of
walking, but animals still able to move, albeit at less than |

the normal speed to reach food or water.

5 Permanent motor impairment of one paw. Locomotion onl
possi bl & nlgyo &dhraagagd i mb.

Table 2.1 The motor impairment scale used to determine the degree of motor deficit after
recovery from TNT surgery. Each animal was assessed independently and the gait
examined inside andutside cage of their cage on aised platform. Assessment was

approximatelyl minute per animal. The scale was extracted from Seltzer et al., 1990.
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2.7.2 d4T administration

Injections were performed under brief general anaesthesia using isoflurang 2@,
1.5L/min). Following confirmation of adequate anesthesia (absence of front paw reflex),
animals received 0.5ml of d4T (i.80 mg/kg in saline; gift from Pfizer) or saliv& a tail

vein. Fresh solutions were prepared as required using 0.9% dalitle. d4T/saline
injections were repeated 4 days after initial injection. Once haemostasis was confirmed in
the tail vein, animals were returned to their cages. The repeated administration regime was
chosen based on a pilot study from a parallel d4Tjeptowithin the group which

demonstrated that this regime was optimum.

2.8  Behavioural reflex testing

2.8.1 Reflex withdrawal to mechanical stimuli

Reflex responses to stagminctatemechanical stimuli were assessed using a hand held
electronic von Frey devic@gMoller et al., 1998hat baseline and at a time point peatgery

or initial d4T injection shortly before cessation of study. At the time of testing the animal
was placed into a Plexiglas clear H@8 x 18 x 14cm) with a 0.8cm diameter mesh floor,
and allowed to acclimatise to the testing environment exglloratory behawur had
ceased (approximately 115 minutes) A calibrated force transducer (0.5mdiameter tip)

was applied at a ta of 815 grams/sec to the mlantar surface of each hind paw in turn
until an active limb withdrawal response was observed. A mininofirh minute was
allowed before sampling the same hind paw. Readings visrarded when the animal did
not actively withdraw its hind limbA mean paw withdrawal threshold (PWT) was then
calculated after 5 applicationat the end of each experiment theiraal was placed back

into its cage and the Plexiglas box cleaned thoroughly with disinfectant.

2.8.2 Reflex withdrawal to thermal stimuli

Behavioural reflex responses to thermal stimuli were assess#ggla Hargreaves deviaé

baseline and at a time poipbst surgery shortly befe cessation of studiBridges et al.,
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2001a;Hargreaves et al., 1988} the time of testing the animal was placed into a clear
Plexiglas box to acclimatize for 15 minutes. The Hargreaves device was then calibrated:
the infared intensity level was set to 70; and the heat source was set to a maximum
exposure time of 21.4 seconds (this was to ensure that there was no permanent tissue
damage to the animal). Upon testing, the Hargreaves device was placed directly below the
mid-plantar region of the hind paw and switched on. The timer automatically starts on heat
emission and automatically stops on withdrawal of the hind paminimum of 1 minute

was allowed before sampling the same hind paw. A rpeanwithdrawal latency (PWL)

from the radiant heat sourees then calculated after 3 applications for each hind paw.

the end of each experiment the animal was placed back into its cage and the Plexiglas box
cleaned thoroughly with disinfectant.

2.9  Experimental study groups

A samplesize analysis was performed based on previous data using the SNid@nd

model:

Sample size calculation for TNT rats based on previous data using SNHastse et al.,

2007)

x  The minimum detectable difference in the mean PWTs in &lt8lwas25g and the
standard dewition was 8g. Using SigmaStat v3.5, a sample size of 4 animals was

calculated per group at the desired power of 0.8 and alpha 0.05.

Sample size calculation for d4T treated rats based on previous data using ddCrateated
(Wallace et al., 2008)

x  The minimum detectable difference in the mean PWTs in ddC animals was 16g and
the standard deviation was 5¢g. Using SigmaStat v3.5, a sample size of 4 animals

was calculated per group at the desired power of 0.8 and alpha 0.05.
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The time points examinagsing the TNT and d4T treated rats differ due to the nature of the

hypersensitivityin the respective models:

x  TNT/sham aimals were sacrificed at days 1, 7, 14, 28 and 43 post surgeries,
shortly after recording of behavioural respons€bapter 3). These time points
represent the early (day 1 and 7), peak (day 14), and chronic stages of nerve injury
(day 28 and 43fLee et al., 2000)

x d4T/saline treatedramals were sacrificed at day 7,,2ihd day 43 following initial
injection, shortlyafter recording of behavioural responseShépter 4). Day 7
represents an early time point post injury (3 days post second d4T injection) that
has not previously been examined. Day 22 represents a time at pébadh
behaviouralhypersensitivityis generally observed towards mechanical stimuli in
this model (Wallace et al., 2008) Day 43 represents a time at which

hypersensitivityis still evident, but past the pe@Rk/allace et al., 2007b)

2.10 DHA preparation

Puredocoshexaenoic aciDHA) solution(25pl, Sigma, UK) was opened and handled in

a bubble sealed nitrogen gas atmosphere and

DHA to make a 1M solution. Following this
light-protective glass screw top vials, using a pipette gun and glass pipette tips. The

nitrogen gas atmosphere was required to protect the DHA from being oxidized, which is

possible at normal atmosphere conditions. DHA is also light sensitive and therefore was

handled at low light levels and required the use of {m@hbtective vials. Pure DHA aliquots

(5el) were sub8®guently stored at

Immediately before animals were prepared for DHA administration, a vial of DHA was
taken from the-80°C freezer and pted in a bubble sealed nitrogen gas atmosphere.
Animals were planned to have DHA administration at 2.5mls/kg. The 5ul of DHA was
diluted to form a working concentration of 200uM by using serial dilutions to achieve a

dilution equivalent to 25ml. The cap tife vial was unscrewed and 1ml of sterile saline
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was added to stock DHA solution, and this solution was then extracted via an electronic
pipette gun and aliquoted into a 10ml glass vial, where a further 4mls of sterile saline was
added (total 5mis). Folleing this step, 1ml of the DHAaline solution in glass vial was
extracted via an electronic pipette gun and aliquoted into another 10ml glass vial, where a
further 4 ml of sterile saline was added, thus producing a final 5ml solution of 500 nmol/kg
of DHA-saline.The final ethanol concentration wasgligible(8.0 pmoiml).

2.11 DHA administration

Following TNT surgery animals were kept anesthetized in preparation for the
administration of treatments. Animals received an i.v. tail vein injection of eithee sal
(sterile, 0.9%) or DHA(500 nmol/2.5mlis/kg; Sigma, UK30 minutes after transection of

the tibial nerve. Animals were then placed back into their respective cages following
recovery from anesthetic. Animals continued treatment of either saline or DetAk 8

days following surgery until day 28 when animals were sacrificed. Mechanical and thermal
behaviour assessment was conducted every 7 days post stlifgetgeatment groups were
codedas e i t he randowkrg administeée® i the order originakgeived upon

initial administration.

2.12 Tissue preparation

All animals were sacrificed with an intraperitoneal injection of pentobarbital (300 mg/kg
Animal Care Ltd) and transcardially perfused with 200ml of heparinised 0.9% saline
followed by 300ml of % paraformaldehyd€éPFA) solution (pH 7.4) in 0.Jphosphate

buffer. DRG tissue from lumbar segments L4 and L5 were harvested and subsequently
postfixed in 4% PFA for 2-4 hours before being submerged in a 30% sucrose solution (in
phosphate buffered sali®BS) for 72 hours. The L4 and L5 DRG was identified via
position relative to the iliac crests and rib cdBeyaud et al., 2008)-ollowing incubation

with 30% sucrose solution the DRGs were thetbedded imptimum cryostat temperature

(OCT) compound (VWR; Poole, UK) under liquid nitrogen or dry ice. Embedded tissue

was stored at80°C . Serial cryostat sections {10¢gm)

mounted on superfrost slides (VWR) before storage-20%C freezer.
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2.13 DRG Immunohistochemistry

All fluorescence immunohistochemistry experiments were conducted at room temperature
(25°C). DRG L5 sections were rinsed in 0.1RBS solution Slides were then pre
incubated for 1 hour in 0.1M PBS containing 0.3% tritori00 and 10% normal donkey

or goat serum where appropriate, in order to blockspetific binding. In this thesis, the
following primary antibodies were usdalso seeTable 2.2); antirabbit polyclonal
activating transcription facted (1:200,1:200, Santa CruBiotechnology, CA; antirabbit
polyclonal @lanin (14000, Peninsula Laboratories, GA anti-rabbit polyclonal
neuropeptide Y (1:1000Peninsula Laboratories, GA antirabbit polyclonal gowth
associated proteid3 (1:1000, Chemicon); and amtiouseED-1 (1:500, Serotec)Primary
antisera consisted of 0.1M PBS and 0.3% trite@00. Doublelabelling experiments with
previously mentioned antibodies were performed usingraatise peripherin (1:100, Santa
Cruz); antimouse peripherin (1:1000, Abcam); or ambuse Neurofilament 200 (1:1000,
Sigma) primary antisera to label small diameter andeladiameter cells respectively.
Following incubation of primary antisera, slides were rinsed with 0.1 PBS and incubated
using the following secondary argera where appropriate: Gg®at antirabbit (1.300,
Jacksons Lboratorie¥, FITC-donkey antimouse {:200, Jacksons lb@ratories),Alexa

flour 568 goat antmouse (1:400, Invitrogen), Alexa flour 488 goat aatbit (1:400,
Invitrogen). Secondary antisera consisted of 0.1M PBS and 0.3% tritt@0XFor the
double labelling experiments, two sets of prary antisera were applied and developed
sequentially to avoid any possible crassnunaeactivity. After 2 hour incubation with
secondary reagent s, sections were washed
Hoechst 33342 for 2 minutes, thoroughly riseith distilled water, before being
coversliped with PBS/glycerol (1:8).

Controls:

Negative controls were carried out for each primary antibody used. This involved using an

identical protocol as above but with omission of primary antisera on slides.
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Antibody Host Dilution Supplier

Primaryos

ATF-3 Rabbit 1:200 Santa Cruz

GAP-43 Rabbit 1:1000 Chemicon

NPY Rabbit 1:1000 Peninsula Laboratories
Galanin Rabbit 1:4000 Peninsula Laboratories
NeuN Mouse 1:1000 Chemicon

Peripherin  Mouse 1:100 Sant Cruz

Peripherin ~ Mouse 1:1000 Abcam

NF-200 Mouse 1:1000 Sigma

Secondaryaods

Alexa flour goat 1:400 Invitrogen
488 (green) (antirabbit)

Alexa flour goat 1:400 Invitrogen
568 (red) (antkmouse)

Table 2.2 Summary of primary and secondary antibodies used in thesis

2.14 Image analysis

Fluorescent images were visualised using a Leica fluorescence microscope (DMR model
020575719, Leica, Milton Keynes, UK), equipped with the appropriate filter blocks,

namdy FITC (adsorption 492, emission 520; Leica, part # L5 513840), TRITC (absorption
550nm, emission 570nm; Leica, part # A4 513839) and UV (adsorption 350nm, emission
450nm; Leica, part # N2.1 513812) and captured at consistent exposure times using a
Hamamasu CCD camera (model 3CCD ¢5810, Japan). Images were analysed using Leica
QWin v.3.0 software (Leica, Milton Keynes, UK). All images were taken at x10
magnification from 34 serial sections (16050 m apart ). Monochr om;
images were loaded onto QWin software and the detection threshold level for
immunolabelled cells was determined for each section taking ttouat background

immunoreactivity which was determined by selecting an area of the DRG where
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I mmunol abeing was not present . An odéintens
constructed and a binary overlay was constructed to identify imreaciive cells (see

Figure 2.2). Positiveimmunolabeling was conferred when there was a clear demarcation

point between background (large number of pixels with low intensity) and the

iImmunopositive reaction (relatively small nuemtof pixels with high intensity).

The number of peripherin/NEOO neurons that elabelled with investigative markers (i.e.
ATF-3, GAR43, NPY, and galanin) and the total number of peripherirZBE cells in the
ipsilateral L5 DRG were calculated andpeassed as a percentage at each time point
studied and plotted in a line graphh e c el | d)ifor eachaperipharin/KH200n
immunaeactive cellwas subsequently calculated based on the number of pixels (at x10
magni fication, 1 pixel= 1.42egm) wusing the
The cell size analysis dataa® exported into an Excel (Microsoft) spreadsheet and each
peripherin/ NF200 and immuneactive neuron along with the ebeled investigative
marker (i.e. ATF3, GAR43, NPY, and galanin) were then categorized according to cell
size area in groups ofirea s i n g2 intrénterstsnThe percentage cell size distribution
of investigative markers was then plotted on bar graphs for both peripherin aR@ONF
populations of sensory DRG neuroRsrallel color images were taken with nuclear marker
Hoechst 33342 ahthe immunolabeling cross checked during analysis so that only those
neurons that demonstrated a nucleus were included in the analysigjuantify
macrophage infiltration in the DRG (ED immunohistochemistry), the mean percentage

area of EB1 immunoreativity per 250,0 0 & ¢G00um x 500pmwas calculated.
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2.15 Statistical analysis

Statistical analysis for behavioural data was performed using Sigmastat (version 3.5, Systat
Software, Inc). All data is represented as mean * standard errorroétre(sem).

x To compare mean behavioural response at baseline and at each time point, a
Student 0s paired t test was perfor med.

x To compare mean ipsilateral (or left hind limb) behavioural responses between
nerve injured and c opaitedtddst wasmperforadds ; a St u

x A one way analysis of variance (ANOVA) was performed to identify specific trends
in the temporal profile expressions of investigative markers in both peripherin and
NF-200 DRG populations.

x A two way ANOVA followed byHolm-Sidak post hoc test was used to analyse
treatment effects (nerve injury vs. controls) and cell size effects2(0Fvrs
peripherin)

x A one way ANOVA followed by a Dunnett o
identify significant differences at each time point camgal to baseline values in
DHA/saline treated animals.

x A one way ANOVA followed by a Tukey post hoc test was used for pairwise
comparisons between ipsilateral and contralateral paws at each time point in
DHA/saline treated animals.

x  Where equal variancest failed a KruskaWallis one way ANOVA on ranks was
performed followed by a Tukey test.

x  Significance level for data was takernpaD.05 unless indicated otherwise.
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Chapter 3

3 Evaluation of DRG neurochemical markers in an animal model of tibialnerve

transection induced peripheralnerve trauma injury

107



3.1 Introduction

Neuropathic pain may arise due to a disease or injury tgehpheral nervous system
(PNS and a number of peripheral nerve trauma animal models havelbeeloped to in

an attempt to understand the resulting pathophysioldggede et al., 2008) Both
peripheral and central mechanisms contribute towards the development of neuropathic
pain, although in most cases initial injury occurs to BINS (Dworkin et al., 2003) Of
consequence much research has focused on addressing peripheral mechanisms of
neuropathic pain. All sensory information from the periphery travels to the cell soma
which resides in thdorsal root ganglion@¥RG), which subsequently relays information to

the spinal ord. Following experimental peripheral nerve injury there are a number of
neurochemical changes that occur within associated DRG cells which may be related to the
induction or maintenance of neuropathic pain. These changes include the dysregulation of
neupopeptides, ion channels, and release of inflammatory mediators. The use of global gene
expression in the DRG via microarray technologies and/or quantifaiyenerase chain
reactions PCR has become a useful strategy in identifying genes that maybleedvio

neuropathic pain processing.

Significant preclinical effort however is required to translate an observation based on a
change in gene expression into a clear demonstration of a key role for that gene in the
manifestation of neuropathic pafKinloch and Cox, 2005)Although gene microarrays,
gPCR, and even Western blotting techniques are useful in demonstrating the presence of a
dysregulated protein in the DRG, they are all limited by the inability to demonstrate the
actualcellular localization of a particular protein. A more informative technique which can
identify cellular localization of proteins in cells is immunohistochemistng is a well

utilized technique. Furthermore there is the possibility of double/tiateling which an
maximize study efficientlyAmongst the proteins that are dysregulated in nerve injury
models, activating transcription facte8 (ATF-3), Neuropeptide Y NPY), and galanin
represent some of the most frequently studied upregulated pr@tektlt et al., 1987;Ma

and Bisby, 1998;Tsujino et al., 2000;Woolf et al.,, 1998hough these markers are
commonly investigated in nerve injury studies, there are some reasons that eguutd r

the revaluation of their expression profiles. Expression profiles in the DRG are usually
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examined at a single time point post injury, i.e. the peak of behavioural hypersensitivity
towards mechanical von Frey stimuli, which is usually 14 days fatigwnitial nerve

injury. The temporal expression profiles in the acute and chronic stages of nerve injury are
often not investigated. Single time point studies are informative but they are limited in their
approach since they only provide a snapshot andotd@ncompass the dynamic changes
that can occur over time. In addition, different models of traumatic nerve injury encompass
varying degrees of nerve injury which may reflect in the expression patterns, therefore
making it difficult to draw conclusions lwen making comparisons between studies. The
methods used to analyse and quantify immunolabeling has varied between studies as many
laboratories employ different immunohistochemical image analysis protocols, some of
which involve manual counting, otherseng-automated approach using imaging software.
Furthermore, an observer judgement of the immunolabeling is an inherent step in the
analysis and therefore there is potential for observer bias. This can be alleviated via
adequate blinding and randomisatidiyt this prerequisite is seldom declared and may
influence reported outcomes. Therefore, there may be different reported expression patterns
in some studies even where the study time point and model used are matched.
Characterizing the temporal expressiprofiles of these markers will allow for direct
comparisons to be made between time points since variables such as nerve injury, image
analysis, and strain of animals are all standardized. In addition the temporal expression
patterns can be correlated witke outcane measures of neuropathic péke behaviours

which may provide further insight to their role in neuropathic pain. Although the
behavioural profiles of thdibial nerve transectionT(NT) injured animals has been
previously reported, no study ttate has provided immunohistochemical characterization

of dysregulated proteins associated with nerve injury in this model.

No study to date has described the distribution of tibial nerve neurons in the DRG using the
more modern FG tracer and therefdhés project attempted to address this issligis
study would reveal the proportion of damage exhibited by the the respective DRGs and

give an indication of the proportion of damaagguiredas a result of TNT injury.
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3.1.1 Aims of study

There are a numbef aims in the following study:

1) Characterize behavioural responses towards mechanical and thermal stimulus
following TNT surgery in both the acute and chronic stages injury and compare to

sham rats

2) Provide atemporal profile expression of AT8 NPY, alanin, andgrowth
associated proteirGAP-43) in the ipsilateral L5 DRG following TNT injury using
immunohistochemical techniques and characterize the cellular phenotype of cells
with profiles via doublelabelling using markers of smallperipherin)and krge
diameter(NF-200) neurons.

3) Perform a cell size analysis of investigative markers to validate

immunohistochemical/phenotype data

4) Correlate mechanical behavioural hypersensitivity with esgion of investigative

markers.

5) Determine in naive aningthe distribution of tibial nerve terminals in the-B3
DRGs using the retrograde tracer FG in order to gain insight into the proportion of

nerve damage.
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3.2 Results

Animals were sacrificed at days 1, 7, 24, 28, and 43 post TNT/sham surgery aftertly
recording of mechanicand thermabehavioural response&nimals exhibited no obvious
signs of motor impairment; this was assessed by observing gait when animals were freely

moving within the cageA total of 44 animals were useBigure3.1).

Total animals used in Study:

Total animals used in
study: (n=44)

TNT study: (n=38) ) Naive group: (n=4)
TNT group: (n=19)
Sham group: (n=19) .
4 Exclusions ) ( Fluorogold injections:}
(n=2)
TNT groups (n=2):

Day 1 (n=1) and day

14 (n=1): tibial nerve
not transected

\_ /

I ]
/TNT group (n=17)\ /Sham group (n=19)\

Day 1 n=3 Day 1 n=4
Day 7 n=3 Day 7 n=3
Day 14 n=3 Day 14 n=4
Day 28 n=4 Day 28 n=4
Day 43 n=4 Day45 n=4

- / \ /

Figure 3.1 Animals were divided intahe following groups:Naive (n=4),Fluorogold

injected (n=2),TNT surgery(n=17), and sham surgery(n=19) and further sub divided
according the time of sacrifice (1, 7, 14, 28, and 43 days post TNT/sham surgery). All
animals were checked post mortem to identify transection of tibial nerve with aid of a
dissecting microscope. Two animals werecluded from the analysis due to incorrect

nerve injury. Naive animals were used as additional controls.
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3.3 Distribution of tibial neurons in the L3-S1 DRG

In order to determine the extent of damage in the DRG produced by TNT injury, FG was
injected into he tibial nerve of naive animals (n=2) which were culled after 7 days.
Immunohistochemistry foneuronal specific nuclear markéNeuN) was conducted to
identify nucleated neuronsifice | could not use DAPI/Hoechst because FG excites at
similar wavelength The tdal number of NeuN and FG labedl neurons were counted for
L3-S1 DRGs and the percentagee@ression from the total number adlabelledNeuN
neurons was calculated. The results reveal that FG was takemnoly 4 and L5 and not

in L3, L6, and S1 DRGs (se&able3.1). There are large values for the standard error in
both experimental animals; however the percentagexpoession was consistently greater
in the L4 compared to the L5 DRG. The immunadustemical images and cell size
analysis suggests that FG labelling was present in mainly smalD8 g cellsbut also

some large sizeells(Figure3.2).

Table 3.1
Fluorogold/NeuN labelling percentages across DRG LS1
Data presented as mean + SEM

(n=number of nucleated neuronal profiles)

Mean (Rat 1 &

Rat 1 Rat 2
DRG Rat 2)
Fluorogold/NeuN | Fluorogold/NeuN
Fluorogold/NeuN
L3 0% (n=153) 0% (n=263) 0%
L4 21.3% (n=89 55.6% (n=171) 385+17.2%
L5 19% (n=122) 35.5% (n=180) 27.5+8.3 %
L6 0% (n=141) 0% (n=200) 0%
S1 0% (n=107) 0% (n=172) 0%
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Figure 3.2 Representative images of immunoraty and cell size analysis of NeuN
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3.3.1 Assessment of mechanical behaviours

From at least 7 days following TNT injury, animals exhibited significargichanical
hypersensitivity in the ipsilateral but not the contralateral-ptéchtar region of the hind

paw with respect to baseline valuésgire 3.3B-E). No significant hypersensitivity was
observed in sharopeiated animals at the various time points throughout the study.
However at days 28 post TNT surgery in the contralateral paw, animals demonstrated a
significant increase ipaw withdrawal thresholds (PWT$) significant increase in PWTs

was also observed ithe ipsilateral paw of sham animals at 43 days post surgjésy.
ipsilateral PWTs of animals at baseline and at day 1 post TNT injury were 39.1 £ 2.0 g and
30.1 + 2.8 g respectivelyFigure 3.3A), thus representha mean percentage decrease of
22.0 + 11.4, but no significant change. Ipsilateral PWTs at baseline and at day 7 post TNT
injury were 47.1 £ 3.0 g and 25.5 £ 1.0 g respectivElgyre 3.3B), representing a mean
percentage decrease of 45.1 + 6.1 (p<0.05). The ipsilateral PWTs of animals sacrificed at
14 days decreased to 25.3 £ 1.0 g from a baseline value of 40.4 + 0.6 g, representing a
mean percentage decrease of 37.3 £ 3.4 (p<0.01). This was a slightly snabasddehan
responses observed in the TNT day 7 group. Behavioural mechanical hypersensitivity
reached a peak at 28 days pDMNIT injury with ipsilateral PWTs decreasing to 18.3 + 2.0 g
compared to baseline values of 48.3 + 5.€igyre3.3D), representing a mean percentage
decrease of 61.6 £ 2.9 (p<0.05). In the longest experimental time of 43 days post TNT
surgery, ipsilateral PWTs decreased to 27.3 + 2.5 g from a baseline of 44.3 #&)8rg (

3.3E), representing a mean percentage decrease of 37.6 g Bl&re were significant
differences in the mean percentage decrease from baseline when comparing the ipsilateral
paws of TNT animals and their sham counterparts g$ da 14, 28, and 43 post surgery
(p<0.05,Figure 3.5A). Sham animals at 43 days post surgery demonstrgddt 8.0 %

increase in thesilateralPWT from baseline.
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Figure 3.3 Mean paw withdrawal thresholds (PWT) fmnctate mechanical stimuli
measured using an electronic von Frey device at various timesgmost TNT/sham
surgeryin different groups of ratdata presented asean = SEM. *<0.01 and P<0.05
VS. respective baseline value using a Stude
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3.3.2 Assessment of thermal behaviours

Thermal hypersensitivity in the ipsilateral paws of TNT animals at day 1,@nt443 post
surgery was not evident, howewggnificant responses were obseraday 28post TNT
injury. Ipsilateral PWLs at baseline and at day 1 post TNT injury were48.8 s and

14.3 £ 0.5 s respectivelyigure 3.4A), representing a mean percentaggease of 6.1 +
2.7s. The ipsilateral PWL at baseline and at day 7 post TNT injury @&e 0.1 s and

6.8 £ 0.8 s respectivelyF{gure 3.4B), representing noticeable but not significant mean
percentage decese of 23.5 + 9.4Similarly at day 14 there was a decrease in thermal PWL
that did not reach significance, with record®@/Lsof 8.3+ 1.5 s from baselinWLs of

10.7+ 2.1 s (mean percentage decrease of £628.9, Figure 3.4C). Significant thermal
hypersensitivity in the ipsilateral paw was only evident in TNT animals at post operative
day 28 with a mean PWL &.3 + 0.5 s when compared to the respective mean baseline
value of 8.9 + 0.6 $9<0.05,Figure3.4D), representing a mean percentage decrease of 29.0
+ 3.9. At post operative day 43, there were no significant changes in PWL from baseline,
9.7 £ 0.8 s and 10.0 £ 1.1 s respectively (meangmtage decrease of 0.7180.3 Figure

3.4E). No thermal hypersensitivity was observed in the contralateral paws of all study
animals. Similarly, no thermal hypersensitivity was evident in sham animals at all time
points within the studyThere was however a significant increase in thermal PWL in the
contralateral paws of sham animals at post operative dadpfdvpreoperative values (14.2

+ 0.3 sand 11.6 + 0.5 s respectivgly0.05,Figure3.4C). On comparison of the ipsilateral
mean percentage decrease from baseline between TNT and sham operated animals,
significant differences were only observed in the 28 days post surgery group
(p<0.05Figure3.5).
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Figure 3.5 Mean percentage change from baseline at various time points I[gosnjlry
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(B) Thermal Hargreaves deviceP¢ 0. 05 v s. respective baselin
paired t test. (PWT, paw withdrawal threshold; PWL, paw withdrawtainty) Sham

animals at 43 days post surgery demonstrated a 46.5 + 8.0 % increase in the ipsilateral

PWT from baselingan unusual finding
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3.3.3 Temporal profile expression of ATR3 in ipsilateral L5 DRG

As previously reported, ATB has been described as arker of neuronal injury,
and is not normally expressed or is present in low levels in uninjured ar{ifsaigno et
al., 2000) Consistent with this, AT immunoreactivity was not evident in DRGs
harvested tm naive rat§seeTable 3.2 for percentagemmunoreactivitymean cell size
analysis andrigure3.9 for immunohistochemistry images

TNT injury was associated with sigiméant ATF3 immunoreactivity in both NF
200 and peripherin cell populations compared to sham operated rats except at 1 day post
injury in peripherin characterised cells, and 43 days post injury #200Fcharacterised
cells (Figure 3.6). A significant temporal profile effect was observed in the-200
characterised population in TNT injured rats, which was particularly evident one day after
nerve injury but not in the peripherin characterised popula@bher poputions of DRG
cells (e.g. IB4 or CGRP) could not be simultaneously examined because labeling with an
additionalfouth distinct colour was not possible due to the design of the experifakent
threefilters were alreadyesignateyi

One day post TNT injunATF-3 immunoreactivity was robustly upregulated with

71.1 £ 7.2 % immunoreactivityobserved in NR200 characterised cells and was
significantly different to values obtained from respective sham operated rats3 ATF
immunoreactivity in peripherin charactsd cells at this time point wdd.9 £ 5.6 % a
value that was not significantly different to that observed in respective sham operated rats,
but was significantly different compared to that observed iR2R& characterised cells.
ATF-3 immunoreactivitywas nuclear and present in neuronal cells oRigure 3.7).
Labeling was limited in sham animalBigure 3.8). By 7 days post TNT injury AT
immunoreactivity reduced t@5.7 £ 7.7 % in NR200 characterised cells but increased
slightly to 19.0 £ 5.0 % in peripherin characterised celleere were no significant
differences in the percentage of ABHmmunoreactivity between these two characterised
cell populations, howeveboth values were significantly different compared to that
observed in respective sham operated réts.14 days post TNT injury, ATE
immunoreactivity was similar to that observed in day 7 rats, with 30.4 + 8.6 %-ROBIF
characterised cells amngtas notsignificantly different compared to th#8.9 + 6.6 %

observed in the peripherin characterised population. Percentag8 Afifaiunoreactivity at
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this time point in both characterised cell populatissas significantly different compared

to that observed imespective sham operated rats. By 28 days post TNT injury-ATF
Immunoreactivity was observed in 18.7 £ 6.00%NF200 characterised cells and was not
significantly different compared to the 15.2 + 1.4 % observed in peripherin characterised
cells, howeve both values were significantly different to those obtained from respective
sham operated rat8t 43 days post injury, ATR immunoreactivity was still evident, with
11.5 =+ 4.2 % in NR200 characterised cells, but wast significantly different compared

the 25.4 + 8.3 %observed in peripherin characterised cells. Both values at this time point
were significantly different to those obtained from respective sham operated rats.

A cell size analysis reinforced immunohistochemical observations regardiReg8 A
immunoreactivityf ol | owi ng TNT i njury %andsmaldigmeterdi a me
cells( O 5 G)@t alttime points investigated. The distribution vsasnogeneous in both
neuronal populations up until day (Figure 3.10 andFigure3.11), but at day 28 post TNT
injury and thereafter, AT&B immunoreactivityin large size NF200 immunoreactivecells
demonstrated a skewed distribution to the I&figgre 3.11) which coincideswith the
decreasing mean cell size area in this populaseeTable 3.3 for mean cell size areas of

ATF-3 immunoreactive cells across time in peripherin20B cells).
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Figure 3.6 Mean percentage of total peripherin and -R0® immunoreactivecells
expressing ATE3 in TNT, sham, and naivanimals (ipsilateral L5 DRG n=3 aninals per

group). Data presented as mean = SEM. Statistical test at each time point was conducted
using a two way ANOVA followed by Hols®idak post hoc analysis:P&0.05 vs.
respective sham’P<0.05 vs.respective TNT (NFR200) immunoreactivecells In TNT

injured rats,ATF-3 immunoreactivityin NF-200 immunoreactivecells demonstrated a
significant temporal profile expression, while ABFimmunoreactivity in peripherin

immunoreactiveeells did not exhibit a significant temporal profile.
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DAY 1

Peripherin

DAY 28

Peripherin

Figure 3.7 Representative images GATF-3 immunoreactivity in peripherin (small
diameter) and NR0O (large diameter) neuronal spbpulations at 1 and 28 days
following TNT injury (Ipsilateral L5 DRG), magnification x20. Arrows indicate €o

localisation of immunolabeling.
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DAY 1

NF-200

DAY 28

NF-200

Figure 3.8 Representative images GATF-3 immunoreactivity in peripherin (small
diameter) and NR00 (large diameter) neuronal spbpulations at 1 and 28 days

following sham surgery (Ipsilateral L5 DRGYlagnification x20, Sa |l e bar 50¢& m.
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Naive

Peripherin

ATF-3 NF-200

Negative control: TNT Day 14

Alexa Flour 488 Alexa Flour 568

Figure 3.9 Representative images of AIFimmurohistochemistry in naive L5 DRG.
Double labellingwas conducted to identify ATB immunoreactivity in botlperipterin and
NF-200 subpopulations of DRG cells; magnification x20 Bottom montages are
representative images of negative controls (omission of primary antisera) taken from TNT

ipsilateral L5 DRGs at post operative day 14.
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Figure 3.10 Percentage cell size distribution of ABAmmunoreactivityin peripherinimmunoreactivecells

(ipsilateral L5 DRG) at various time points following TNT/sham surgery and in naive animals (n= total

numler of nucleated peripherimmunoreactiveells).
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Figure 3.11 Percentage cell size distribution of A-BEmmunoreactivityin NF-200 immunoreactivecells
(ipsilateral L5 DRG) at arious time points following TNT/sham surgery and in naive animals (n= total
number of nucleated NEOOimmunoreactivesells).
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3.3.4 Dynamic expression of GAP43 in ipsilateral L5 DRG cells

GAP-43 immunoreactivity innaive gangliawas relatively low (<2%)and only
observed in periphernmmunoreactive cells (see Table 3.2 for mean percentage
immunoreactivitylean cell size analysis aRtjure3.13for immunoreactivity images

TNT injury was associated with significant GARB immunoreactivity in botiNF-

200 and peripherin characterised cell populations at different time points post injury
compared to sham operated r@Egure 3.12). Sigrificant temporal profile effects were
evident in the NR200 but not the peripherin characterised cell populations. -GAP
immunoreactivity was cytoplasmic in nature, and was observed in WBtB00 and
peripherinDRG cell populations, and additionally obsed in axons(Figure 3.14 and
Figure3.15).

At one day post TNT injury, GAB3 immunoreactivity was not significantly
differently compared to sham operated rats. Howet&r days post TNT injury, GAB3
immunoreactivity had increased in the peripherin characterised population to 7.2 £ 0.7 %
and was significantly different to values obtained from respective sham operated rats.
GAP-43 immunoreactivity in NFR200 characterisecklls at this time point was 0.3 + 0.3 %,

a value that was not significantly different to that observed in respective sham operated
rats, but was significantly different compared to that observed in peripherin characterised
cells. By 14 days post TNT inmy, GAP-43 immunoreactivity had peaked in both
characterised DRG cell populations examined, W&t® + 4.8 %mmunoreactivityin NF

200 characterised cells ad8.7 + 1.8 immunoreactivity in peripherin characterised cells.
There were no significant diffences in the percentage of GAB immunoreactivity
between these two characterised cell populations, however both values were significantly
different compared to that observed in respective sham operatedtra@days post TNT

injury, GAP-43 immunoreadtity had reduced to 10.0 + 1.9 % in N0 characterised

cells and was not significantly different to the 11.6 + 2.5 % observed in peripherin
characterised cellflowever both values were significantly differémthose obtained from
respective sham opated rats. At 43 days post TNT injury, GAB immunoreactivity
further reduced in both NEOO and peripherin characterised cell populations and was not
significantly different compared to those values obtained from respective sham operated

rats. GAR43 immunoreactivity was observad 8.3 + 1.0%o0f NF200 cells andvas not
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significantly different compared to the 10.0 * 6.4% observed in the peripherin
characterised cells.

A cell sizedistributionanalysis of GAP43 expression in TNT animals revealed a
homogenous distribution in periphericharacteriseaells at all time points Kigure 3.16);
mean cell size are®( 5 0 f) TablaB.3). However a skewed distribution to the left was
observed in large diameter NIDO characterised cell§igure3.17); mean cell size are®(

60 0 2k BeeseeTable 3.3 for mean cell size areas of GAR immunoreactive cells
across time in peripherin/NEOO cells.

GAP-43

Naive
Euir-iggg”n 1.73 1.73.0<JZ0 -<- TNT(Peripherin)
—=—TNT (NF-200)

T 30+ - ~-Sham (Peripherin)
= —%-Sham (NF-200)
8 20 |
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2
= 0
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Day post TNT injury

Figure 3.12 Mean perceratge of total peripherin and NEFDO immunoreactivecells expressing
GAP-43 in TNT, sham, and naive animdissilateral L5 DRG n=31 animals per group). Data
presented as mean + SEM. Statistical test at each time point was conducted using a two way
ANOVA followed by HolmSidak post hoc analysis: *P<0.05 vs. respective sham; +P<0.05 vs.
respective TNT (NFR200) immunoreactivecells. In TNT injured rats,GAP-43 expression in
NF-200 immunoreactivecells demonstrated a significant temporal profile expressiongewhi
GAP-43 expression in peripherimmunoreactivecells did not exhibit a significant temporal

profile.
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Naive

Peripherin

Figure 3.13 Representative images of GAR immunohistochemistry in naiues DRG.
Double labellingwas conducted to identify GAR3 immunoreactivity in botlperipherin

and NF200 subpopulationsof DRG cells;magnification x20
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DAY 1

Peripherin

NF-200

DAY 14

<«=DPeripherin

Peripherin

Figure 3.14 Representate images oGAP-43 immunoreactivityat 1,14 and 43 days post
TNT injury (ipsilateral L5 DRG) in peripherin and N0 neuronal supopulations,

magnification x20. Arrows indicate docalisation of immunolabeling.
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DAY 1

Peripherin

DAY 14

Peripherin

DAY 43

Peripherin

Gap-43 NF-200 Merged

Figure 3.15 Representative images of GAB immunoreactivityat 1, 14 and 43 days post
sham surgery (ipsilateral L5 DRG) in peripherin and-20® neuronal supopulations,

magnification x20.
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Figure 3.16 Percentage cell size distribution of GAB immunoreactivityin peripherinimmunoreactive
cells (ipsilateral L5 DRG) at various time points following TNT/sham surgery and in naive animatist#éh=
number of nucleated peripheimmunoreactiveells).
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Figure 3.17 Percentage cell size distribution of GAB immunoreactivityin NF-200 immunoreactivecells
(ipsilateral L5 DRG) at various time points following TNT/sham surgery and in naive animals (n= total
number of nucleated NEOOimmunoreactivesells).
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3.3.5 NPY exhibits dynamic temporal expression in ipsilateral L5 DRGcells

NPY immunoreactivity in naive ganglia was pndbserved only in few N200
immunoreactive cells (<0.3 %Table 3.2) and not in the peripherin characterised
population.

Following TNT injury, NPY exhibited significant temporal profile expressions in
both NF200 and peripherincharacterisedRG cells Figure 3.18, p<0.05, one way
ANOVA). NPY immunoreactivityremained relatively low in periphergharacterisedells
aaosstime (<6.5%), compared tonmunoreactivityin NF200 cells, which was more
robust (peak of ~51% at 14 days survivalRY immunoreactivitywas cytopastic in nature
(seeFigure 3.20 and Figure 3.21), and someimmunoreactiviy was alditionally observed
in axons Figure3.22).

At one day post TNT injury, NPY immunoreactivity was not observed in injured
ganglia. However, at 7 days post injury NPY immunoreactivity was robustly upredulat
with 51.3 + 4.8 % observed in NFOO characterised cells and was significantly different to
values obtained from respective sham operated rats. NPY immunoreactivity in peripherin
characterised cells at this time point was 2.1 = 0.6 %, a value thatowasgnificantly
different to that observed in respective sham operated rats, but was significantly different
compared to that observed in B0 characterised cells. By 14 days post injury, NPY
immunoreactivity was comparable to that observed at 7 das pmjury. NPY
immunoreactivity was 51.7 = 8.3 % in NIOO characterised cells and significantly
different to values obtained from respective sham operated rats. NPY immunoreactivity in
peripherin characterised cells at this time point was 3.4 + 1.4 %8Jua that was not
significantly different to that observed in respective sham operated rats, but was
significantly different compared to that observed in200 characterised cells. At 28 days
post injury, NPY immunoreactivity had reduced to 27.3 + 3.th%F200 characterised
cells, while immunoreactivity in peripherin characterised cells peaked at 6.5 £ 0.8 %, with
significant differences present between these two cell populations and their respective
sham counterparts. NPY immunoreactivity further mmlat 43 days post injury in NF
200 characterised cells to 14.5 + 2.9 %, while immunoreactivity in peripherin characterised
cells stabilized at 5.0 £ 0.8 %osignificant differences were present between these two cell

populations and their respective shemunterparts.
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A cell size distribution analysis supported immunohistochemical observations
regarding NPYimmunoreactivityfollowing TNT injury inNF2 00 | ar ge di amet e
¢ M) and peripheriimmunoreactivesmall diametercells ( O 6 §)0at adl timepoints
investigated (sedable 3.3 for mean cell size areas of NPY immunoreactive cells across
time in peripherin/NF200 cells, andrigure 3.23 and Figure 3.24 for cell size distribution

analysi3.
NPY
Naive
Peripherin 0%
NF-200 0.28 + 0.2% -<- TNT(Peripherin)
—=—TNT (NF-200)
@0 . ~- Sham (Peripherin)
—»-Sham (NF-200
70 ] * 4 ( )

50
30
10

% of total cells labelled

-10 - 1 7 14 28 43
Day post TNT injury

Figure 3.18 Mean percentage of total peripherin and -R0® immunoreactivecells
expressingNPY in TNT, shamand naiveanimals (ipsilateral L5 DRG n=8 animals per
group). Data presented as mean = SEM. Statistical test at each time point was conducted
using a two way ANOVA followed by Hols®Sidak post hoc analysis:P&0.05 vs.
respective shaniP<0.05 vs.Respetive TNT (peripherin immunoreactivecells In TNT

injured rats,NPY immunoreactivity in botiNF-200 and peripherinmmunoreactivecells

demonstrated significant temporal profgpressioa
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Naive

50 M
N Peripherin Merged

PY
NF-200

Figure 3.19 Representative images of NPY immunohistochemistry in naive L5 DRG.

Double labellingwas conducted to identify NPY immunoreactivityboth peripherinand

NF-200subpopulationsof DRG cells;magnification x20
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DAY 1

‘

NPY
NF-200

DAY 14

Figure 3.20 Representative images of NP¥nmunoreactivity in peripherin (small

diameter) and NR0O (large diameter) neuronal spbpulations at 1 and 14 days
following TNT injury (ipsilateal L5 DRG), magnification x20. Arrows indicate €o

localisation of immunolabeling.
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DAY 43

Peripherin

Day 14 Sham

Peripherin

Figure 3.21 Representative images of NP¥nmunoreactivity in peripherin (small

diameter) and R-200 (large diameter) neuronal spbpulations at 43 days post TNT
injury & 14 days after sham surgery (ipsilateral L5 DRGpggmification x20. Arrows

indicate celocalisation of immunolabeling.
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Figure 3.22 Representative image of NAHMmunoreactivityin the midsection of the L5
DRG at 14 days post TNT injury using rabbit polyclonal antisera. NPY is induced in the
cytoplasm of mainly large diameteellsbut is also inducedchiaxons as indicated by the

red arrows. Neuronalangni fi cation x20, scale bars 50¢&m,.
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Figure 3.23 Percentage cell size distribution of NBR¥imunoreactivityin peripherinimmunoreactivecells
(ipsilateral L5 DRG) at various timpoints following TNT/sham surgery and in naive animals (n= total
number of nucleated peripheimmunoreactiveells).
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Figure 3.24 Percentage cell size distribution of NRMmunaeactivity in NF-200 immunoreactivecells
(ipsilateral L5 DRG) at various time points following TNT/sham surgery and in naive animals (n= total
number of nucleated NEOOimmunoreactivesells).
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3.3.6 Dynamic expression ofjalanin in ipsilateral L5 DRG cells

Galaninimmunoreactivityin naive gangliavas relatively low with0.56+ 0.56 % of
galanin immunoreactivity in peripherimnmunoreactivecells and noimmunoreactivity
present in NFR200 immunoreactive cells (see Table 3.2 for mean percentage
immunoreactivity/mean cell size analysis aR@ure 3.26 for immunohistochemistry
images.

Following TNT injury, galanin exhibited dynamic expression, upregulatrgmilar
levels in wth peripherinand NF-200 characterisedells at 7 and 14 days, before down
regulating at 28 and 43 days post injuRyglre 3.25). These patterns were significant in
both cell populations (p<0.05, one way ANOVAalanin exhibited granular cytoplasmic
staining Figure3.27), not evident in sham controlBigure 3.28).

At one day post TNT injury, galanimmunoreactivitywas <2% inperipherin and
NF-200 cells examined and no different to respective sham operated rats. However at 7
days post injury, galanin immunoreactivity increased th81+ 1.2 % in NF200
characterised cells and 157 2.7 % in peripherin characterised cells. Ehavere no
significant differences in the percentage of galanin immunoreactivity between these two
characterised cell populations, however both values were significantly different compared
to that observed in respective operated sham ratsl4 days posiTNT injury, galanin
immunoreactivity had peaked in both characterised DRG cell populations examined, with
258 + 4.2 % immunoreactivity in NF-200 characterised cells an#l9.3 + 4.8
immunoreactivity in peripherin characterised cells. By 28 days post TNifyjngalanin
immunoreactivity had reduced @8 = 1.60in NF-200 characterised cells and was not
significantly different to thé&.7 + 1.36 observed in peripherin characterised céltsyever
both values were significantly differetd those obtained fromespective sham operated
rats.Percentage galanimmunoreactivityappeared to stabilize at 43 days post TNT injury
with 7.8 + 2.0 % immunoreactivity in NR00 characterised cells which was not
significantly different compared to that observed in respectham operated rats. Galanin
immunoreactivity at this time point was77+ 1.7 % in peripherin characterised cells and
was significantly different compared to that observed iR20B8 characterised cells and to

that observed in respective sham operatesd rat
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A cell size analysis supported immunohistochemical observations regarding galanin
immunoreactivityin NF2 00 | ar ge di &)nardtperipher{rif®muBofeactive m
small diametecells( O 6 G)@t alttime points following TNT injury (se€able3.3 for
mean cell size areas of galanin immunoreactive cells across time in periphe2DONF
cells. The distribution appeared to be homogendugure3.29 andFigure 3.30).

Galanin

Naive
—=—TNT (NF-200)

kA s+ 7 - A Sham (Peripherin)
D —»-Sham (NF-200)

£ 20 -

@

3 10 -

1]

g | N i i

3 1 7 14 28 43

~ 10 -

Day post TNT injury

Figure 3.25 Mean percentage of total peripherin and -R0® immunoreactivecells
expressing galanin iMNT, sham, and naive animgigsilateral L5 DRG n=3! animals
per group). Data presented as mean * SEM. Statistical test at each time point was
conducted using a two way ANOVA followed by HoelBidak post hoc analysisP%0.05
vs. respective sharfP<0.05TNT (peripherin)vs. Sham (pepherin) In TNT injured rats,
galanin immunoreactivity in bothNF-200 and peripherin immunoreactive cells

demonstrated significant temporal profgpressions.
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Naive

w50 M
Galanin Peripherin Merged

NF-200

Figure 3.26 Repreentative images ofajanin immunohistochemistry in naive L5 DRG.

Double labellingwas conducted to identify galanin immunoreactivity in bpénipherin

and NF200 subpopulationsof DRG cells;magnification x20
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DAY 1

w 50 um
Galanin Peripherin Merged

NF-200

DAY 14

Galanin Peripherin

Galanin

Galanin NF-200 Merged

Figure 3.27 Representative images gélaninimmunoreactivityat 1, 14 and 43 days post
TNT injury (ipsilateral L5 DRG) in peripherin and NFOO neuronal supopulations,
magnification x20Arrows indcate colocalisation of immunolabeling.
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DAY 1

Galanin NF-200

DAY 14

Galanin NF-200

DAY 43

Galanin NF-200 Merged

Figure 3.28 Representative images gélaninimmunoreactivityat 1, 14 and 43 days post

sham surgery (ipsilateral L5 DRG) in peripheand NF200 neuronal supopulations,
maghnification x20
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Figure 3.29 Percentage cell size distribution of galammmunoreactivityin peripherinimmunoreactiveeells
(ipsilateral 15 DRG) at various time points following TNT/sham surgery and in naive animals (n= total

number of nucleated peripheimmunoreactiveells).
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Figure 3.30 Percentage cell size tlidution of galaninimmunoreactivityin NF-200 immunoreactivecells
(ipsilateral L5 DRG) at various time points following TNT/sham surgery and in naive animals (n= total
number of nucleated NEOOimmunoreactivesells).
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Naive L5 DRG

Markers Mean % immunoreactivity Mean celi area
ATE-3

Peripherin 0 n/a (0/632)

NF-200 0 n/a (0/326)

GAP-43

Peripherin 0 n/a (0/833)

NF-200 1.73+1.73 997.5 £ 1005 (7/285)
NPY

Peripherin 0 n/a (0/996)

NF-200 0.28 +0.28 1609.1 (1/268)
Galanin

Peripherin 0.56 +0.56 477.2 + 33.0 (6/893)
NF-200 0 n/a (0/345)

Table 3.2 Mean percentage immunoreactivity andare ¢ e | |?) obBATRe3 GAR43MNPY,
and galaninin NF-200 and peripherircharacterised cell populans in naive L5 DRG Data
presented as meanSEM). The numbers of ATE, GAR43, NPY, and galanin immunoreactivity
cell profiles out of the total number of peripherini260 DRG immunoreactive cells are indicated

in brackets (n/a = not applicable asdaia was available).

149



TNT/sham operated animals [me an ¢ e | 3+ standaeda@rroe afmean ]
Markers Dayl Day 7 Day 14 Day 28 Day 43
ATE-3
TNT
Peripherin| 429.1 + 21.2 (50 of 337) | 433.1+ 13.8 (154 of 80) | 366.7+39.9 (94 of 338) | 350.5+ 12.5 (131 of 836) | 416.3 + 15.4 (132 of 615)
NF-200 1773.5+ 42.4 (181 of 252)| 1389.8+ 53.9 (93 of 353) | 1210.5 51.8 (95 of 298) | 997.0+ 43.1 (76 of 370) | 996.5+ 66.5 (37 of 308)
Sham
Peripherin| n/a (0 of 491) 253.1+ 115.9 (2 of 696) | 307.1+ 39.9 (8 of 637) 425.5+ 14.1 (2 of 935) 320.4+ 99.0 (2 of 757)
NF-200 2032.8 (1 of 377) 1141.3 (1 of 203) 1391.1+ 186.9 (10 of 380)| n/a (0 of 325) 1174.5+ 125.8 (6 of 283)
GAP-43
TNT
Peripherin| 442.0 + 7.2 (23 of 543) 427.3+16.2 (73 of 995) | 336.9+ 16.2 (60 of 393) | 401.9+ 15.7 (126 of 1044)| 469.7+ 30.8 (34 of 721)
NF-200 1195.4+ 135.3 (7 of 246) | 609.0 (1 of307) 1024.3+ 59.6 (47 of 296) | 970.6+ 59.2 (33 of 347) 1127.0+ 76.5 (39 of 470)
Sham
Peripherin| 500.1+ 63.6 (9 of 661) 550.5+ 108.9 (2 of 753) | 380.9+ 37.6 (27 of 755) | 471.8+50.3 (6 of 900) 457.1 +50.7 (4 of 552)
NF-200 982.2+ 96.0 (10 of 219) 1218.4 +213.2 (4 of 261) | 1005.2+ 148.9 (13 of 322)| 740.0 (1 of 288) 1385.7 + 101.3 (15 of 427
NPY
TNT
Peripherin| n/a (0 of 218) 574.6+ 75.9 (20 of 1044) | 388.6+ 31.9 (11 of 323) | 564.1+ 24.2(72 of 1050) | 541+ 40.4 (34 of 782)
NF-200 n/a (0 of 268) 1488.3+ 38.0 (208 of 403)| 1323.1+ 34.5 (149 of 270)| 971.0+ 35.9(96 of 354) 1154.2 + 60 (49 of 368)
Sham
Peripherin| n/fa (0 d471) 137.1 (1 of 649) 378.3+£ 63.4 (6 of 618) n/a (0 of 909) n/a (0 of 706)
NF-200 n/a (0 of 419) n/a (0 of 283) 1417.7+ 282.9 (3 of 358) | 1594.0 + 376.1 (2 of 376] 1144.3+ 27.8 (2 of 306)
Galanin
TNT
Peripherin| n/a (0 & 655) 400.2 £12.9 (110 of 696) | 319.8+ 18.2 (76 of 371) | 410.1+ 28.8 (51 of 878) 538.4+ 33.1 (48 of 750)
NF-200 1564.4+ 1071.1 (2 of 259) 1064.8+ 55.2 (34 of 299) | 1190.6+ 48.7 (83 of 321) | 981.5+ 63.5 (20 of 311) | 1292.1+ 78.3 (47 of 561)
Sham
Peripherin| 419.4 (1 6694) n/a (O of 696) 364.7+ 29.1 (29 of 723) | 501.3+ 102.7 (5 of 1046) | n/a(0 of 925)
NF-200 1608.4+ 256.8 (8 of 429) | n/a (0 of 208) 1568.1+ 187.0 (9 of 292) | 1359.1+ 174.4 (4 of 377) | 1282.1+ 117.9 (11 of 403)

Table 3.3 Mean c el f)of ATF8aGAR4S,MNPY, and galanin immunoreactivity NF-200 and periphericharacterised cell populations in
ipsilateral L5 DRG of TNT/sham animals at 1, 7, 14, 28, and 43 days post surgery. Data are presented as means + SftrsSToEALF3, GAP43,
NPY, and galanin immunoreactivity cell profiles out of the total number of peripheF2FDRG immunoreactive cells are indicated in brackets (n/a =
not applicable as no data was available)
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3.3.7 No correlation of investigative markers with mechanical hypersensitivity

In order to determine if there were a relationship between the temporal expression of
investigative markers in both cell populations (peripherin an€20) and the degree of
behavioural mechanical hypersensitivity, aaRes o n 6 s c ocefficieat! vaas i o n
calculated. The results of the study indicate that there is no correlation between TNT
induced mechanical hypersensitivity and the expression ofATEAR43, NPY, and
galanin (sed-igure3.31 andFigure3.32). However there appears to be a tréomards

an associatiorn both peripherin and NBOO cells with regards to GA®3, NPY, and

galanin and with ATE in peripherin characterizexlls.
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Figure 3.31 Relationship between TNihduced mechanical hypersensitivity and mean
percentagémmunoreactivityof (A) ATF-3, peripherinmmunoreactiveells, (B) ATF-3,

NF-200 immunoreactivecells (C) GAP-43, peripherinimmunoreactivecells (D) GAP-

43, NF200 immunoreactivecells Key:-209) aN& ( dinmumeactive her i n

cells (Ipsilateral L5 DRG n=3! animals per group). Data presented as mean + SEM.
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NPY
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Figure 3.32 Relationship between TNihduced mechanical hypersensitivignd mean
percentagemmunoreactivityof (A) NPY, peripherinimmunoreactivecells (B) NPY,
NF-200immunoreactivecells (C) Galanin, peripherimnmunoreactivecells (D) Galanin,
NF-200immunoreactivecells Key :-200 aft) (NoF)  Pimmungpehctivieells

(Ipsilateral L5 DRG n=3} animals per group). Data presented as mean + SEM.

153



3.4 Discussion

The aim of the investigation was to characterize the behavioural responses to mechanical
and thermal stimuli following TNTnjury and to provide temporal profile expressions of
neurochemical markers in the DRG that have been associated with traumatic nerve injury
using immunohistochemical techniqueBhe other aim of this investigation was to
determine the distribution of tidiaerve neurons in the DRG via FG retrograde tracing.

3.4.1 Distribution of tibial nerve axons in L3-S1 DRGs

At the present time, the tibial nerve distribution between different lumbar DRGs is not
known. Seven days following FG injections into naive animalselling was present in

the L4 and L5 DRGsuggesting that these ganglia receive the majority of tibial nerve
axons. The mean percentage FG/NeuNatelling in the L4 DRG was higher than that
observed in the L5 DRG. This result reflects similar obsematloy Swett et al., 1991
(using retrograde tracer horseradish peroxidase) which reported 99% of labelling in the
L4 and L5 DRGs (with higher proportions in L4 DRG [68%] compared to L5 DRG
[31%]) following injection in to the tibial nerve. Further experingeregarding the TNT
model focused on investigating neurochemical changes in the L5 DRG since the L5 DRG
is bigger than the L4 DRG and more sections could be made which was important given
the number of sections required to complete the study. In addiienmesults could be
compared to other studies involving mixed neuronal injury (i.e. PSNL and CCI) and also
the SNT or spinal nerve ligation (SNL) model where the L5 is commonly assessed. The
variability between the two animals examined limits the sthengtf the study which
could be improved with a larger sample size. | propose two main reasons that could
explain the variability. Firstly, the injected FG may have dispe to the spinal cord
suchtissue samples were not examined in analysis. Secoth@lyfact that some FG
labelled cells did not celabel NeuN meant that thesells were not included in the
analysis and thus likely underestimated the percentage expression. Nonetheless, this tract
tracing study has been an informative approach to estidia& neuronal damage that

occurs following TNT injury.
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3.4.2 TNT associated mechanical hypersensitivity

Behavioural mechanical hypersensitivity in the +pldntar paw was assessed using an
electronic von Frey device. In the acute stages of TNT injury (dpgst surgery),
mechanical hypersensitivity was not eviddidbwever, at 7 days following TNT injury,

and at subsequent time points (day 14, @8d 43), animals demonstrated a robust
mechanical hypersensitivity that was not apparent in sham ani@rwds stablished, the
mechanical hypersensitivity remained persistent. These results are in concordant with
previous findings which depict mechanical hypersensitivity following TNT surgery
(Andrews et al., 2011;Lee et al., 2000;UQavik and Oaklander, 2011Although it is

to be noted that there are some differences regarding the site of sensory testing. In the
present study the miplanta region of the paw (which receives tibial nerve innervation)
was used tmeasureébehavioural responses towards a mechanical stimulus, a method that
mirrors that of Andrews et al., 2011. However other studies have used the lateral part of
the paw which isnnervated by the sural nerve. This lateral part of the paw is reported to
be the initial hypersensitensive part since it remains surgically irftast et al.,
2000;UnalCevik and Oaklander, 2011)he advantage of the assessing the-phachtar

part of the paw is that it is moeecessibléhan the lateral part of the wdor testingand

the results areomparable to other studies that mostly assess thelamdar paw. The
disadvantagef assessinghe midplantar paw, with respect to the TNT model, is tihat

paw maybe hyposensitive, whereas the lateral paw maypesensitive with an
appropriate respongethe lateral paw is less accessible than the-pfadtar paw and

more patience and time is required during testing to reflectDbispite the differences at

the site of stimulation, the latency to the onset of raewal hypersensitivity in the
current study is comparable to what has been described in other studies that has been
reported to be as early as(@nalCevik and Oaklander, 201Bnd 4 daygLee et al.,

2000) post injury. The lack obehavioural hypersensitivity in the acute stageresve

injury (day 1 post TNT injury) may be related to the lack of sensory input that is likely to
occur following the transection of the tibial nerve. Alternatively, this occurrence maybe
explained by delayed neurochemical changes in the DRG that amdétlie behavioural
hypersensitivity At days 28 post TNT surgery in the contralateral paw, animals
demonstrated 82.8+ 18.8 %increase irPWTs Sham animals at 43 days post surgery
demonstrate@ 46.5 + 8.0 %ncreasen the ipsilateraPWT from basefie. These resuls

may be explained by an increase in the weight of the animals vshicbequentlyesults
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in increases in PWTs over time, a phenomenon thatseemecur at longer time points
This is further discussed iBection 6.6.1 of the general discussiorasessment of

mechanical hypersensitivity) context of study limitations.

3.4.3 TNT injury induces transient thermal hypersensitivity

In this study, thermal PWLs were assessed using a Hargreaves d®liceing TNT

injury thermal hypersensitivity was only apparent in the day 28 group (29% decrease
from baseline). Severahodels of peripheral nerve trauma injug.g. partial sciatic
nerve ligation PSNL; chronic constriction injury QCI), and spinal neve
transectiontNT)) are known to exhibit thermal hypersensitivity of similar magnitudes
and therefore this observation falls in line with previous findi(Bsnnett and Xie,
1988;Kim and Chung, 1992;Seltzer et al., 19%Mhough, in one articular study, there
were no reported changes in PWL followiggared nerve injurySNI) or sciatic nerve
crush, but an increase in duration of withdrawal was obsegi©edosterd and Woolf,
2000) The results of the current study are the first to describe thermal hypersensitivity in
the TNT model. However this hypersensitivity was not consistent across time points.
TNT animals at 7 and 14agis post injury demonstrated a decreasing but not significant
trend in PWLs. There appeato be large standard deviation values that reflect the
variations amongst PWL readings. The reason for this is not clear but may relate to
alterations in thermal cany as a consequence of nerve injury. Thermal hyperalgesia is
not thought to be a common feature of neuropathic ipamansand this inconsistency

may reflect this notion(Koltzenburg, 1998) Data from animal studies suggests
inflammation may play a role and has been shown to be critical for the development of
thermal hypersensitivity in the CCI modéClatworthy et al., 1995)Moreover the
administration of 110, an antinflammatory cytokine at the site of injury can reduce the
thermal hypersensitivity associated with C@Vagner et al., 1998and adds further

weight to this argument.

3.4.4 Temporal profile expressionof ATF-3

ATF-3 was examined because it is a widely used marker of damaged DRG neurons
following peripheral nerve injury. In this study, AF3Fexpression was not observed in

the L5 DRG of naive animals, which is in agreement with previous observéismgo
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et al., 2000) After TNT injury, ATF3 was robustly upregulated in ipsilateral L5 DRG in
both peripherin and Nf200 cells The percentage immunoreactiviiy peripherin/NF

200 diametercells remained sintar and constant across time {28%), except at the
acute stage of nerve injury (day 1), wh@ercentage immunoreactivity wasidently
greater inNF-200 cells(71%). The robust upregulation of AT3has been observed in
various types of peripheral nerirgury (Averill et al., 2004;Averill et al., 2002;Djouhri

et al., 2006;Fukuoka et al., 2012;0bata et al., 2003;Peters et al., 20088hettal.,
2006;Tsujino et al., 2000;Wright et al., 2004)he method used to quantify ATF
expression (i.e. double labelling to determine phenotype) differs to that of previous
studies. The majority of studies calculate the percentage expressi@ntofahnucleated
neuronal DRG population. The percentage expression ofAV&ries amongst the use

of different trauma models. For exampl&hortland et al., 2006sing the SNT model
demonstrated greater expression levels than that observed in thet stesky (L4/L5

DRG 1 and 14 days post injury, >98%). Obata et al., 2003 using the CCI model nhoted 9
39% ATF3 expression in L4/L5 DRG 14 days post injury. Other studies involving
complete axotomy of the sciatic nerve have demonstrated differing levelpEssion:
Averill et al., 2002 (L5 DRG, within 30 days of injury, 58%), Averill et al., 2004 (L4
DRG,14 days post injury, 82%) and Linda et al., 201:(BDRG, 121 days of injury,
4560%). The reason for the variability between studies is note@ntalear, but |
propose three plausible arguments. Firstly, the nature of the nerve injury varies between
studies and more severe injuries may increase-3€kpression. Secondly, there may be
differences in the level of surgical expertise; less expeztoperators are more likely to
incur unnecessary collateral damage that may influence-A€kpression. Lastly, the
potential differences in response to nerve injury amongst various rat strains could be an
influential factor. The results of the study iodie that the large diameter neurons are
primarily responsible for the dowmegulation that is commonly observed following
ATF-3 induction, areflection on the differing degrees of injury sustained between small
and large diameter neurons. In certain typésierve trauma injury, large myelinated
fibres incur massive microscopic damage and degeneration with less severe changes
evident in smaller unmyelinated fibréBasbaum et al., 1991;Munger et al., 1992)
Though such changes have been observed -d#4 1fays post injury, similar process
could occur in the in the early part of TNT injury, leading to increased- & &kpression
(indication of rerve damage). The subsequent daegulation of ATF3 observed at 7

days post TNT injury could be due to a loss of some large diameter neurons, a
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phenomena that has been observed in certain neuropathic€@geeshall et al., 1993)
This finding is suggeie of a partial recovery. Double labelling experiments, in
conjunction with the cell size distribution analysis reinforced the evidence regarding the
downregulation of ATF3 in largecells. Despite this dowanegulation, ATF3 expression

is still evidentin the chronic stages of nerve injury which ties in with the persistent
mechanical hypersensitivity observed 43 days post TNT injury. TheA&¥pression at
this stage may be suggestive of other processes. For exampled Ad$-been linked to
regeneratin of peripheral sensory neurofidunt et al., 2004;Saito and Dahlin, 2008)
When the sciatic nerve is transected and reattactlieshing the regeneration of axons,
ATF-3 expression downregulates 30 days post surgérunt et al., 2004)Transgenic
studies have revealed that the over expression of-Ti# norinjured adult mice is
associated with an increased rate of gezipl nerveregeneration comparable to nerve
injured animals, although not through GAB mechanisms but through the expression of
another growth associated protein named smadline rich protein 1A (SPRR1A
(Seijffers et al., 2007)ATF-3 may even bind with the closely relategua protens
(Chen et al., 1994;Hai and Curran, 198ijce they have been shown tclgoalize in

the injured DR Tsujino et al., 2000and therefore this could precipitate regeneration.
The cotransfection of ATF3 and eJun into neuronal cell lines has been shown to
produce greater neurite outgrowth thaansfection with either genes alo(feearson et

al., 2003)and therefore a plausible hypothesis. The expression of3AiFFthe DRG
could also indicate neuroprotective strategies. The over expression of3 ABF
sympathetic neuranvia a viral vector has been shown to reduce cell death associated
with growth factor depriation, and additionally enhancedurite outgrowth by a specific

pathway involving gun protein(Nakagomi et al., 2003)

3.4.5 Temporal profile expression of GAR43

Following traumatic peripheral nerve injury, damaged neurons have the capacity to
regenerate and this has been associated with an increased expression4# BARe

L4/L5 DRG (Woolf et al., 1990) GAP-43 has also been identified in the growth cones of
regenerating axons in cultu¢®eiri et al., 1988;Meyer et al., 98) andin vivo (Hall et

al., 1992)which can influence neuron survivalvivo (Aigner et al., 1995)The results of

this study show that GAR3 was expressed at low levels in naive L5 DiGue (0%,

Peripherin; <2% NFf200). Previous studies have shown higher expression levels in naive
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animals: ~35% lightlylabelledand <10% heavilyabelledin L4/L5 ganglia,(Schreyer

and Skene, 1991and 50%0f GAP-43 expression in large diametslls (Sommervaille

et al., 1991) However, observations by Schreyer and Skene, 1991 included lightly
labelled cells which were omitted in the current study due to the ambiguous
immunoreactivity. This could additionally explain discrepancies regarding observations
by Sommeruaille et al., 1991Following TNT injury, GAR43 was upregulated in both
peripherin and NF200 cellsin ipsilateral L5 DRG; temporal profile expressions were
similar amongst both cell populations. These observations were reinforced by the cell
size distrilution analysis. The mean size of GAB immunoreactivecells in peripherin

and NF200 cells throughoutth st udy wa® d <5 Q°GaSpativaly.Past
research findings have shown GAB expression inpredominantly smalimedium
diameter neurons durintdpe early stages (4 days) oérve injury(Woolf et al., 1990)
which correlates with the observations of this study at 7 days post TNT injury. The
temporal expression pattern also corroborates with data from in situ hybridizatiors studie
showing GARP43 mRNA upregulation in initially smaltells before a subsequent
increase in large diameteells after unilateral ligation of the sciatic neng@Viese et al.,
1992) Peak GAP43 mRNA expression in Wiese et al., 1992 was observed at 10 days in
both small andarge cells which arecomparable to the peak expression time of 14 days
observed in the current study. Although it is to be noted that leedis did not
demonstrate similar intensities of hybridisation signal when compared to so®llfer
Previous stdies have shown higher percentages of G8Rexpression following nerve
injury. For example, Schreyer and Skene, 1991 demonstrated ~45% of L4/LE&IRG
expressing high intensitiabelling of GAP-43, 7 and 14 days following nerve crush
injury (compared @ ~15% observed in both cell populations in TNT animals).
Sommervailleet al (1991) examined the expression of GAR in RT 97 labellectells
(large diameter cells), in the ipsilateral L5 DRG at various time points following sciatic
nerve section injuryl.n the acute stages of nerve injury (4 days), G8Rexpression was
reported to be 8% in large diameter cells, a figure that is greater than the 3.2 % observed
at in the current study (day 1 post TNT). Moreowtr 14 days post sciatic nerve
transection, 29%f the GAR43 labelledcellswere found to be in large diametlls a
figure once more greater than th6.9% observed in NBOO immunoreactivecells at
identical time points in the present studyie comparatively modest GAFB expression

observed (cmpared to literature findings) may be explained by the differing nature of
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the nerve injury, since sciatic nerve transection arguably results in greater proportions of

axotomized axons than TNT injury.

3.4.6 Temporal profile expression of NPY

The results ofte study demonstrated that in naive animals, NPY is not expressed in L5
DRG. After TNT injury, NPY was robustly upregulated in ipsilateral L5 DRG, exhibiting

a dynamic temporal profile expression which was predominaNf#200 characterised
cells(~30-51%). An increase in NPY immunoreactivity was additionally observetien
smaller peripherin immunoreactive ceflsnongst the various time points-§15%) and

was confirmed via a cell size distribution analysis. These results are consistent with
previous firdings regarding NPY expression following nerve injyia and Bisby,
1997;0hara et al., 1994;Wakisaka et al., 1991;Wakisaka et al.,,18€8®)ugh the
method of analysis used to quantify NEXpression differs amongst the various studies.
For example, Ma and Bisby (1997) calculated the total percentage expression in
ipsilateral L4/L5 ganglia, comparing three different types of sciatic nerve injury;
complete sciatic nerve transection (CSNgartial sciatic nerve transection (PSNT), and
CCl injury. NPY expression was found to be similar amongst the nerve injury types (~7
10%). In a model oEomplete median nerve transection where C6 and C7 DRGs were
examined, NPY expression remained ~70% a2@% amongst medium and large
diameter fibres respectively across various time tgowmithin a 20 week time period
(Tsai et al., 2007)Finally, in experiments condted by Brumovsky et al., 2004, the
number of NPY immunoreactive profiles per 100,000 micrometers method was used to

guantify expression in L4 and L5 DRG following single ligature C( 1.

While there have been contradictory reports regarding the effects of NPY, much of the
evidence points towards NPY eliciting anticiceptive actiongHua et al., 1991;Intondi

et al., 2008;Taiwo and Taylor, 2002hrough the NPY Y1 & Y2 recepto(mtondi et al.,
2008;Naveilhan et al., 2001;Shi et al., 200&fter peripheral nerveinjury the

Y1 receptor,normally present on small DRG neurons, is down regulated, and the Y2
receptor is robustly upegulated on large diameter neurg@hang et al., 1997)A
proposed mechanism of neuropathic palates to ectopic discharges originating from

large diameter fibres gohenotypic switching sthat they begin to convey nociceptive
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signals (Devor, 2009) The increased NPY observed in large diamegls upon
release, may represent aneatpt to reduce this ectopic activity by acting on the Y1
receptors, thus restoring normal nociceptive processing. It has been argued that NPY
enhances the effect of noradrenaline in peripheral nerve injury, increasing the discharge
rate of damaged neuroiiBenoliel et al., 2001)a facet of sympathetically maintained
pain. While this may be a phenomenon observed in some traumatic models (e.g. PSNL
and CCI) (Shir and Seltzer, 1991}t is unlikely in the TNT model which has been
described as a sympathetically independent modeéopherial nerve injuryLeeet al.,

2000)

3.4.7 Temporal profile expression of galanin

Galanin expression in naive L5 DRG was low (<1%) in hmehipherin and Nf200

cells a figure comparable the 36 expression observed by Hokfelt et al (1987) but less
then that observed kyla and Bsby, 1997 in L5 DRG~12%) and Shortland et al 2006

in L4 DRG (10%). After TNT injuy, galanin was upregulated in peripherin and20©
cellsin ipsilateral L5 DRG with expression peaking at 14 days in both cell populations
(~20%) before dramatically redimg at 28 and 43 days post injury (<10%le temporal
expression profiles remained similar between both cell populations. A cell size
distribution analysis indicated a uniform distribution of galanin immunoreactivity in
peripherinimmunoreactivecells acoss all time points studied. Although in KBO
immunoreactivecells (most notably at day 7 and 14 post TNT injury), the distribution
was slightly skewed to the left indicating that these were most likely medi@meter

cells The mean size of galanimmunoreactivecells in peripherin and Nf200 cells
throughout the ?sanuddy §edpsctively6 The aipregulation of
galanin has been observed at various time points in several models of peripheral nerve
injury, mainly in small diametecells (Averill et al., 2002;Fukuoka et al., 1998;Hokfelt et
al., 1987;Hokfelt et al., 994;Holmes et al., 2003;Ma and Bisby, 1997;Shi et al.,
1999;Shortland et al., 2006;Villar et al., 1988) the acute stage of nerve injury (one day
post TNT injury), like NPY, galanin expression is no different to sham operated or naive
control rats inperipherin/NF200 cell populations (<2%).This percentage expression of
galanin, one day after nerve trauma differs markedly from those reported by Villar et al
1989 (~25% after sciatic nerve crush), Averill et al., 2002 (22.5% after CSNT), and
Shortland etal 2006 (17% after L5 SNT). One possible explanation for this is the
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differing nature of the nerve injury. SNT surgery involves the removal of L6 transverse
process (hemaminectomy) and extensive manipulation of muscle which increases the
likelihood of wllateral damage that could enhance nerve injury, thus increasing galanin
expression. SNT is also more robust in terms of the nerve injury since the nerve damage
iIs more proximal to the DRGs compared to the TNT model where the nerve injury is
more distal.This may additionally explain the lower galanin expression observed at 14
days post TNT injury in the current study {26%) compared to that observed by
Shortland et al 2006 (77% after L5 SN'Ma and Bisby, 1997~50-60% after CSNT,
PSNT and CCI); Hokfelet al., 1994 (4&0% after CSNT); and Shi et al., 1999 {20%

after PSNL and CCI,). Theensitivity of the immunohistochemical techniques between
studies also cannot be ruled out when explaining variability amongst stDdigste this
disagreement, msesults are in concord with other studies that have reported the peak of
galanin expression to be at 14 days post nerve ifAwegrill et al., 2002) Although the
expression of galanin dowegulates 14 days post TNT injury, expression is still
maintained at chronic stages of nerve injury (43 days post TNT surgery) when pain
relaied behaviours are still evident. These findings differ to that reportédilby et al
1989,in which a return of galanin to near normal expression levels in L4/L5 ganglia was
observed 45 days following sciatic nerve transection. Again, the nature oietie

injury differs here. Nevertheless, it is conceivable that the galanin protein is expressed at
43 days post TNT injury and beyond, given the mRNA for galanin is still abundant at 60

days after traumatic peripheral nerve injivilar et al., 1989)

3.4.8 Mechanisms underlying neuropeptide upregution

Following peripheral nerve injury many neuopeptides in the DRG become dysregulated
(Maratou et al., 2009;Valder et al., 2003;Wang et al., 20@2)ell known regulatoy

factor of DRG neuropeptide expression risrve growth factor NGF) (Pezet and
McMahon, 2006) The decreased expression safbstance PSP and calcitonin gene
related peptide(CGRP and the increased expression of galanin, NPY and other
neurop@tides (e.g.Vasoactive intestinal peptid@/IP) and cholecystokinin(CCK)) in

DRG cells following axotomy are attenuated by the administration of exogenous NGF
(Verge et al., 1995)The evidence from the literature supports a negative regulation of
NPY and galanin with NGF. It is possible that following TNT injury, the resulting

decrease in NGF release deprives peripheral axonsogfctrsupport, causing an
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increased synthesis of NPY and galanin in the DRG. Galanin could be more affected here
given that the TrkA the receptor for NGF, is present predominately on small diameter
DRG cells (Verge et al., 1992)Further evidence regarding the role of NGF is supported
by experiments demonstratiag increase in C@hduced NPY expression following the
administration of antisera against N@bBbata et al., 2004)0Other growth factors have
been implicated such abrain derived neurotrophic factor(BDNF), glial derived
neurotrophic facto(GDNF), Neurotrophir3 (NT-3), and leukemia inhibitory factor
(LIF) (seeFigure3.33). Under normal circumstances, BDNF is constitutively expressed
in 11-38% of DRG neurons, mainly in small Trkgositive neurongMichael et al.,
1999) After a peripheral nerve transaction, BDNF mRNA is upregulated mainly in
mediumlarge diameter neurons expressing the TrkB and TrkC receptors {NGF
insensitive) (Fukuoka et al., 2001BDNF can stimulate the rpmoter for NPY
(Minthworby, 1994;Wernersson et al., B3@illiams et al., 1998Wwhich may result in
increased NPY protein production. GDNF, like NGF, is critical for the maturation of
sensory neurons in development and may play a role in the regulation of NPY and
galanin following nerve injury. Intrathecal dhistration of GDNF (or NGF) via an
osmotic pump to nerve injured rats (L5/L6 SNT) can prevent the upregulation of NPY
and galanin (and ATB) in the DRG and additionally prevent the development of pain
related behaviouréWang et al., 2003a)The predominant expression of NPY in large
diameter neurons observed in the current study may be explained by a lossooihe

trophicfactor 3 (NTF3), which can suppress NPY expresdi®Gmara et al., 1995)
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Figure 3.33 The neurotrophin interactions of the Trk receptors. Nerve growth factor
(NGF) is the preferred ligand for trkA, neurotropldifb and brairderived nerve factor
(BDNF) are the preferred ligands at the trkB receptor, and neurotr8pNiT-3) is the
preferred igand at the trkC receptor, although it will bind to all the trk receptors (albeit
with different potencies). All the neurotrophins bind the p75 receptor with equal affinity.
NGF negatively regulates NPY, galanin, and A3Fexpression and therefore is a
proposed main mechanism regarding their dysregulation. Image taken from Wall and
Melzacks Textbook of Pairf"Edition.
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After peripheral nerve injury, Wallerian degeneration takes place and there is a reduction
in the release of N'B from theendonerium(Ji et al., 1994a)This reduction may result

in reduced activation of trkC (the receptor for {8)Y which is expressed predominately

on large diameter neurofdendry et al., 1992)indeed the exogenous administration of
NT-3 through nerve grafting in sciatierve transeted ratshas been shown tattenuate

the upregulation of NPYSterne et al., 1998 he reduced presence of MTat the site of

injury will additionally affect adjacent neaxotomised neurons, which could lead to
upregulation of NPY in noimjured neurons. In regard to galanin, evidence from
previous studie has demonstrated that galanin upregulation is impaired in mice lacking
the gene for LIHRao et al., 1993and IL-6 (Murphy et al., 1999)This suggests that

LIF andor IL-6 is required for galanin to be expressed and is likely that this is the case in
the TNT injured animals since LIF and-B.are upregulated in Schwann cells following
traumatic nerve injuryMurphy et al.,, 1993;Murphy et al., 1999;Sun and Zigmond,
1996)Bot h i ntact and injured sensory neurons
(Scott et al.,, 2000)The presence dflF and IL-6 can also elicit the releasof galanin,
therefore its upregulation could have potential consequences of modulating nociceptive
processingMcMahon et al., 2005)NGF can negatively regulate the expression of LIF
(Corness et al., 1998}t is likely that a reduction in NGF expression following TNT
injury could initiate an increase in LIF synthesis, thus leading towards increased galanin
production in thecell soma. The dowregulation of both NPY and galanin at day 43 post
TNT injury suggests there is a partial reversal of nerve injury and is supported by the
downregulation of ATF3 this time point. Regenerated axons may restore the normal
expression lesis of neuroptopic factors thus leading to a normal expressitmatiic
factors, and a reduction of NPY and galanin expression. However the reduction of
neuropeptide expression over time did not result in a reduction of TNT induced
mechanical hypersensity, which indicates that other factors must be involved in

maintaining chronic neuropathic pain responses.
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3.4.9 ATF-3, GAP-43, NPY, and galanin do not correlate with mechanical

hypersensitivity

Data from this study indicates a lack of correlation leemv the temporal profile
expression of investigative markers (i.e. ABFGAR43, NPY and galanin) in both
peripherin and Nf200 DRG cells and the degree of mechanical hypersensitivity
exhibited after TNT injuryAlthough there was a noticeable trend todgaan association

in both peripherin and NBEOO cells with regards to GA®3, NPY, and galanin
immunoreactivity and alsavith ATF-3expressionin peripherin characterizecells. A
significant association may have been a possibilityough the use oincreased
experimental group size¥he nervous system is extremely plastic and pain as well as
being highly sensory/discriminative, also involves both affeaetiedivational and
cortical processing, so perhaps such a correlation was oversimplified. The obaekved

of correlation regarding ATR is consistent with previous observations using the SNL
model (Djouhri et al., 2006;Shortland et al., 20G6)d CCl mode(Obata et al., 2003)

Of interest,Obata et al., 2003 examined the relationship betw&etomized neurons
andthe incidence of painelated behavior by dividing rats into three groups according to
the percentage of AFB expression (group 1 <12.5%, group 2 12586, group 3
>25%). Mechanical and thermal hypersensitivity were observed in group 2 and 3 animals
(ATF-3 expressior»12.5%). Interestingly, no pairelated behaviour was observed in
animals exhibiting ATF3 expression <12.5%.he expression of GAR3 may be related

to the interruption ofixonal transport as a consequence of nerve injury. The inhibition of
axonal transport via capsaicin or vinblastine is enough to induce43AdXpression to
similar levels observed following nerve crush injyioolf et al.,, 1990) The lack of
correlation regarding NPY and galanin are supported by previous s({it#iesnd Bisby,

1997) In another study of a differing nature, Benoliel et al (2000) examined the
expression of NPY in the trigeminal ganglia at 14 days post infraorbital CCI injury and
indicatal no correlation between expression and the degree of mechanical
hypersensitivityin the vibrissal padsShi et al 1999 reported anverse relationship
between galanin expression and the degree of mechanical hypersensitivity across various
models PSNL, GSNT, and CClI ) i . e. l ow galanin expressi:
galanin expression was always found to be greater in the nerve injured animals which did
not display mechanical hypersensitiviggl0% with PSNL, ~20% with CCI and ~35%
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greater with total axoimy). This finding conflicts withboth personal observations and

that of other research groups and warrant further investigation.

3.4.10 Conclusion

To conclude, in this chapter | have characterized the temporal profile expressions of
markers commonly dysreguéat after nerve injury, namely, ATE, GAP-43, NPY, and
galanin. In addition, | have correlated the expression profiles with the associated
mechanical hypersensitivity. To summarize, in the acute stages of nerve injury, large
diameter fibres were more prapionally affected (i.e. high percentage of cells
immunoreactive for ATE3 - an indicator of nerve damageyhich is a novel finding. The
neuropeptides NPY and galanin were robustly upregulated once neuropathiidkeain
behaviours were established, botenwnstrating a dynamic expressiomith NPY
particularly abundant in large diametgF-200 immunoreactive cells'he upregulation

of GAP-43 in injured ganglia provides evidence of nerve regeneration. There were no
correlations between mechanical hyperdernisi and the markers investigated
suggesting their expression is not critical towards the magnitude of neuropathic pain

states.
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Chapter 4

4 Evaluation of DRG neurochemical markers in an animal model of
antiretroviral drug d4T -induced peripheral toxic neuropathy
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4.1 Introduction

The introduction of highly active antiretroviral therapy (HAART) for the treatment of
human immunodeficiency virugHIV) infection/acquired imm nodey ci ency syn
has resulted in improved patient clinical health and increased surviva{Bec& et al.,
1999;Brinkman et al., 1998;Verma S et al., 2007Mhe drugs belonging to the group
nucleoside reverse transcriptase inhibitors (NRT®mMf an integral component of

HAART, which acts to suppress HIV replication, therefore reducing the viral load and

the deterioration of the immune systé8hafer and Vuitton, 1999 he development of
peripheral neuropathies is a known consequence of HIV diseaseyéioihie prevalence

has increased in association with the widespread use of NRTIs, particularly zalcitabine
(ddQ), stavudine (d4T) and didanosindd{) (13% in 1993 vrs 42% in 2006pmyth et

al., 2007) and is now recogned as the disorder antiretroviral toxic neuropathy (ATN)
(Bacellaretal.,1994) These treatments can cause a §pr
of small diameter unmylenated sensory neurons, that is associated with a reduced IENF
density and significant pain in patierfdardo et al., 2001)The degeneration of sensory

nerve fibers is usually bilateral, symmetrical, and distal in nature affecting those with the
longest axons typically in the hands and feet. The symptoms expeegriry patients

include numbness, burning pain, and paraesthesiae, with motor dysfunction being
relatively rare, but reduced or absent deep tendon reflexes can be olfserved et al.,

2004) The pain that results from antiretroviral therapies has a detrimental effect on the
pate nt 6s quality of |l ife and is often a mo
(Pandya et al., 2005)The use of ddC, one of the most neurotoxic NTRIs, has been
phased out of use in both developsud developing countries, and been replaced by

other less toxic NRTIs such as zidovudine (AZT) or tenofovir (TDF). The use of d4T has

also been indicated to be phased out of use by the \Wat@ although less toxic drugs

are available, d4T is still widelysed in resource limited settings due to its low cost and
widespread availability(Cherry et al., 2012;Gilks et al., 2006;Makinson et al.,
2008;Renaud hery et al., 2007)There are currently 34 million people worldwide living

with HIV, and much of the sociconomic burdens of HWelated sensgy neuropathies

are in SubSaharan Africh From the 34 million people worldwide living with HIV,

approximately 6.6 million individuals are receiving antiretroviral therapy,5ahanillion
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of those are in SuBaharan Africh therefore this region are most risk from
developing painful neuropathies as a consequence of continued exposure to treatment.
Previous research has already indicated that the incidence ohddded neuropathy is
related to both the dose and length of ¢Sempson and Tagliati, 1995Although
symptoms can improve upon ces$sat of treatment(Petersen et al.,, 1995})his
improvement is often preceded by a permidaugmented symptoms that may last
several weekqSimpson and Tagliati, 1995)therefore treatment strategies remain
challenging. Althoughthe prevelance ofllV related sensory neuropatimas increased
since 1993 (pre HAART era) amongst the use of d4T and other NRTIs such as ddl and
ddC, the prevelase has remained unchanged from 2001 (44%) to 2006 (42%) despite the
generaldecreased use MNRTIs (Smyth et al., 2007)There may be various factors
involved to explain this outcomeThis finding could be indicative of thelirect
neurotoxicity associated with HIV disease, or could indicate an inability of peripheral
nerves to regenerate and recover from the effecigrefiousexposure toneurotoxic

NRTIs, and therefore the neuropathic symptoms persist.

d4T chemistry
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d4T is a synthetic pyrimidine nucleoside analogue and is a potent inhibitor of HIV
replicationin vitro in human cells(Guimaraes et al., 201.0When administered to a
subject, d4T enters cells by néacilitated diffusion where it is converted into its active
triphosphate formd4T competes for the binding site of HIV reverse traqgese
enzyme with the normal cellular triphosphates needed for DNA synthesis therefore
mimicking their action. This disrupts H\everse transcriptase activity, resulting in the

termination of viral DNA replication

! World health organizatiorProgress report 2011: Global HIV/AIDS response
(http://www.who.int/hiv/pub/progress_report2011/summary_erapdéssed 17/2/2012)
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4.1.1 Effects of antiretroviral toxic neuropathy

The exact pathogenesis of painful ATN to date remains unclear and is the topic of many
investigations. The elucidation of specific mechanisms regarding ATN in human subjects
is confounded by the concurrent viral (HIV) interaction with peripheral sgmsurons,

and their supporting cells, which has also been identified to precipitate small fibre
peripheral neuropathy in itself. The use of preclinicakitro andin vivo studies has
therefore provided a platform to which direct mechanisms can be tigatesl
independently of HIV influence.

Effects of NRTIsin vitro

When primary DRG cultures are exposed to NRTIs they elicit a dose dependant toxicity
which is characterized by neuronal cell death, decreased total number of neuritis per
neuron, and racted neurite lengtiCui et al., 1997;Keswani et al., 2003&educed

soma size has additionally been observed in feline DRG culidheset al., 2007)The

NRTI induced cell death is reported to involve bapoptotic and necrotic types of cell
death. Evidence of necrotic cell death derives from the increased size of dead cells and
the lack of TUNEL labelling in ddC treated DRG cultures, a common method for
identifying apoptosigKeswani et al., 2003aExposure ofldl to neonatal DRG cultures

can induce a-dun Nterminal kinase depdendent apopotdBiedner et al., 2004)This

NRTI toxicity is associated with a reduced rate of glycolosis and a akexteellular
content of mitochondrial DNA upon continuous expos(@en and Cheng, 1989;Cui et

al., 1997) which can be reversed following NRTI remov@hen and Cheng, 1989)
These results are suggestive of a mitochondrial toxicity mechanism which has become a
recognised avenue of investigatiolntiretroviral drugs can at mitochondrial DNA
(mtDNA) content by inhibitingDNA pol y mer ase 0 the enzyme
replication of mtDNA(Brinkman et al., 1999)Studies using various cell lines (e.g. T
lymphoblastic cells, human myocytasplated rat mitochondria from brain, liveand
skeletal muscle) have demonstrated differing levels of potency regarding DNA
polymerase inhibition with some minor discrepancies depending on the cell line used and
NRTI concentration. The NRTddC, whichis beingphased out of use, demonstrates the
most potencyChen et al., 1991 )ollowed by d4T andidl which are still widely used

(Kakuda, 200Q) Other studies have reported ultrastrudtumbnormalities following
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NRTI treatments in DRG culture such as loss of cristae in mitochondria, and the
clustering of microtubules in neurorsiu et al., 2008) NRTI toxicity has been
associated with a reduced expression of mRNAbi@in derived neurotrophic factor
(BDNF) and its receptor, TrkBZhu et al., 2007)BDNF is an important modulator of
peripheral neuronal function, released by neurons, provigport and encouraging
growth and differentiation of new neurons ayhapsegPezet and McMahon, 20Q6)

The sustained neuronal toxicity induced by NRTIsybeaa due to a lack dfophic
support as a direct consequence of their inability to produce and respond to growth
factorssuch as BDNKZhu et al., 2007)

Effects of NRTIsn vivo

In the earliest animal model of ATN, taits were exposed to chronic administration of
oral ddC which resulted in reduced conduction velocities and amplititudes in the sural
nerve compared to contrgldnderson et al., 1992)In parallel to the observations made

in vitro, these animals exhibited evidence of neuronal damage which included myelin
splitting, intramyelinic oedma, demyelination, and axonal loss. Similar observations
have been made regarding chronic exposures ir{atsmued et al., 1996) his chronic
exposure ofddC also elicits a reduction imtra-epidermal nerve fiborélENF) density
(Wallace et al., 2007hb)hich corresponds to the clinical situation of small fibre loss of
distal axons and associated pétardo et al., 2001;Polomano et al., 20@é&creases in

the conduction velocitiefChen and Levine, 2007)and morphological changes
including mitochondrial damagdVan Steenwinckel et al., 2008have been observed
within a week of a single dose dtiC in rats. This indicates that acute exposures are
sufficient to elicit a neuropathy, which reflects the clinical scenario. However it is to be
noted that some reports indte that this acute exposure is not associated with the
induction of demyelination and axonal degenera{iBhangoo et al., 2007;Van et al.,
2008) or decreases in palENF density in the paws that is evident updmronic
exposuregSiau et al., 2006)

Despite an array of studies demonstratingivo models of ATN, other resezhers have
been unable to replicate the model, and have highlighted potential difficulties that may be
related to species differences or varied drug treatment regihes.and colleagues

(2007) failed to induce nerve fibre loss, electrophysiological ckangr reductions in

172



IENF density in cats administered odall daily for 6 weeks. Furthermore, no evidence
of neuropathy was reported in monkeys administetgidon a daily basis for 1 year
(Kaul et al., 1999)pr rabbits for administeredd! for a 24 week periogWarner et al.,
1995) It is not clear why this is thease. Mnetheless it seems that rat models
demonstrate more consistency regarding peripheral neuropathies upon exposure to
NRTIs. While biochemical studies in animals have revealed some aelgifects of
NRTIs that underlies ATN, including, most importantly, mitochondrial toxi¢@perry
and Wesselingh, 2003;Dalakas et al., 2001;Kakuda, 2000;Keilbaugh et al., th897)
mechanisms underlying the pain experienced by these patients on these omedisati
yet to be fully elucidated. Sever&boratories have now developed and reproduced
models of ATN following injections with NRTIs (e.g. d4@ddC ddl) that develop a
dosedependent indices of pamelated behaviou(Bhangoo et al., 2007;Dorsey et al.,
2009;Joseph et al., 2004;Wallace et al., 2007b;Zheng et al., 20hkse bhaviours are
also associated with reductions in IENF den@allace et al., 2007b)he nature of the
pain related behaviours may be related to the expression of particular markers known to
be dysregulated following traumatic nerve injury that nadtgr neuronal excitabil/
(Lacroix-Fralish et al., 2011;Woolf @hSalter, 2000;Zimmermann, 200Mhese include
markers of cell injury/stress.g.activating transcription facte8 (ATF-3), neuropeptides
e.g. galanin and neuropeptid8RY), Vgf, regenerating gene proteih(Reg?2), and
vasoactive intestinal peptid®IP). Further evidence for their involvement derives from
the closely related model of gp120 athdiC combined toxicity, in which such proteins

are upregulate(Maratou et al., 2009;Wallace et al., 20Q7b)

Why d4T?

Since the use of d4T is still prevalentr@source limited settingend has beersaociated

with nerve damage and significant pain in humans, it is worth investigating the
mechanisms associated with d4T use in order to reduce the clinical burden associated
with HIV disease. Neurochemical marker dysregulation is a major consequenaeeef ne
traumaand is associated with paielated mechanical hypersensitivitjowever these
neurochemical markers have not been comprehensively investigated -tnanomatic

nerve injury models such as the d#iluced neuropathy model where nerve damage and

painrelated behaviours are also evident.

173



4.1.2

Aims of the study

There are a number of aims in the following study:

6)

7

8)

9)

Characterize behavioural responses towards mechanical stimuli following
treatment with d4T at acute and chronic time points

Provide atempoal profile expression of AT, NPY, galanin, and GAR3 in

the L5 DRG using immunohistochemical techniques and characterize the
phenotype of those immunoreactive neurons via dolallelling using markers

for peripherinandNF-200

Perform a cell size atysis of investigative markers as a quality control for
immunohistochemical data

Provide a comparison with the effects of traumatic nerve injury as described in
Chapter 3.
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4.2 Results

Animals wee sacrificed at days 7, 21, and 43 post initial d4T injections, shortly after
recording of mechanical behavioural responses, and immunohistochemistry fe8, ATF
GAP-43, NPY, and galanin was performed in the left L5 DRG of d4T/saline treated
animals. Doul# labelling with each investigative marker was conducted using antisera
for peripherin and Nf200, as well as a cell size analysis. Following injectionsnals
exhibited no obvious signs of motor impairment; this was assessed by observing gait
when animés were freely moving within the cage. Phenotypic changes were only
evident upon formal behavioural testing. A total of 28 animals were used in this study
(Figure4.1).

Total animals used in
study: (n=28)

[ d4Tstud)I/: (n=24) ] [ Naivegrolup:(n:4) ]

I |
/d4T group (n:12)\ /Saline group (n:12)\

Day 7 n=4 Day 7 n=4
Day 22 n=4 Day 22 n=4
Day 43 n=4 Day 43 n=4

- NG )

Figure 4.1 A breakdown of the numbers of animals used in the study. Animals were
divided into two groups: d4T groups (n=12) and saline groups (n=12) and further sub
divided according the time of sacrifice (7, 22, and 43 days post ojgchlaive animals

were used as additional controls
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4.2.1 d4T induces bilateral mechanical hypersensitivity

At 7, 22, and 43 days post initial d4T injection, rats exhibited significant bilateral
mechanical hypersensitivity in the mpdantar region of the hd paws with respect to
baseline valuesHigure 4.2A-C). The PWTs in the left hind limb of animals at baseline
and at day 7 post initial d4T injections were 47.5 + 1.2 g and 32.7 + 0.7 g respectively,
representingag mean percentage decrease of 30.9 = 3.1 (*p<0.01). This was similar to the
right hind limb which was 45.1 + 0.8 g and 31.0 + 0.4 g at baseline and at day 7 post
initial d4T injection respectively with a mean percentage decrease of 31.2 + 2.0
(*p<0.01). Bdavioural mechanical hypersensitivity reached a peak in both hind limbs at
22 days post initial d4T injection. The PWTs in the left hind limb of animals at baseline
and at day 22 post initial d4T injections were 47.9 + 1.1 g and 24.7 + 0.5 g respectively,
representing a mean percentage decrease of 48.3 £ 1.4 (*p<0.01). The PWTs in the right
limb at baseline and at day 22 post initial d4T injections were 45.8 + 1.6 g and 24.3 + 1.6
g respectively (mean percentage decrease from baseline of 46.7 £ 3.5, ¥p<0.01
Behavioural mechanical hypersensitiviay day 43then reduced to values below that
observed at day 7 and day 22 post d4T injection. The PWTs in the left hind limb at
baseline and at day 43 post initial d4T injection were 46.9 + 0.5 g and 38.5 £ 0.7 g
respectively (mean percentage decrease from baseline of 17.9 £ 1.2, *p<0.05). Similarly,
the reductions in the PV in the right hand limb wer@entical to that of the left with

the baseline and day 43 values 45.1 + 1.7 g and 37.8 £ 2.1 g respectively (mea
percentage decrease from baseline of 16.0 + 3.6 g, *p<0.01). Significant hypersensitivity
in saline treated animals was only observed at day 22 in the right hind limb (mean
percentage decrease from baseline, 5.9 = 1.8, *p<0.05). There were significant
differences in the mean percentage decrease from baseline when comparing the left or
right paws of d4T animals and their saline counterparts at all study groups (day
7,**p<0.01; day 22, **p<0.01; and day 43, *p<0.05 post initial d4T injectiéigure

4.3).
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(a) Day 7 (b) Day 22

**% *
60 - fH fL\ 60 - fL\ fL\ fH
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0 20 | 0 20 |
10 1 10
0 0
NNE e DAY DAL W€ L ane DAL DAL
Qat 5?,8“ Sa‘Rg ot \,e“ ot 58\\,6"‘ ST \ﬁ“
(c) Day 43
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Figure 4.2 Mean paw withdrawal thresholds (PWT) punctatemechanical stimuli
measured using an electronic von Frey device at theugatime point post d4T/saline
injections in left and right hind limbs. Data presented as mean + SEM<0*®1 and
*P<0. 05 vs. respective basel i ne Anvuadsuale
significant hypersensitivityn saline treated animalsasobserved at day 22 in the right
hind limb.
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A Post operative day
7 22 43

% change in
left hind limb PWT

**

-60 - *%
B Left DAT O Left Saline

Post operative day
7 22 43

% change in
right hind limb PWT

60 - **
ERight DAT ORight Saline

Figure 4.3 Mean percentage change in PWTs from baseline at various time points post
d4T/saline injection in (A) the left paw ar{®) the right paw using an electronic von
Frey device. *P<0.001l and P<0. 05 v s. respective baselin

paired t test.
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4.2.2 Temporal profile expression of ATR3 in left L5 DRG

ATF-3 has been described as a marker of neuronal injuryisarat normally expressed

or is present in low levels in uninjured animélsujino et al., 2000)ATF-3 was not
detected in the DRG of naive animadedFigure4.4 andTable3.2). Statistical analysis
revealed that there were no significant differences in the temporal profile expression of
ATF-3 in peripherin and NR200 characterisectells (p>0.05, one way ANOVA). No
significant differencesvere observed with sham DRG at respective time points (p>0.05,
two way ANOVA). Following the administration of d4T to rats, the mean percentage
ATF-3 immunoreactivityin peripherin and Nf200 characterisedells was <1% across

all time points Figure4.4); a figure comparable to that of saline treated rats. Seven days
following d4T administration, ATRB was expressed ifew DRG cells Figure 4.5) -

ATF-3 immunoreactivitywas 2.1 + 1.2 % ad 1.6 = 0.6% in NF-200 and peripherin
characterisedells respectively. At 22 days following d4T administratiok]F-3 was
expressed in 1.Z 0.5 % and).1.+ 0.1 % of NF200 and peripherigharacterisedells
respectively. Lastly, at 43 days post d4T adstration, ATF-3 immunoreactivity was
0.45% 0.45 % and ® £ 0.5 %in NF-200 and peripherioharacterisedellsrespectively.
ATF-3 immunoreactivitywas only observed in neuronal cells only, and thedells that

were ATF3 immunoreactive were observedn | ar ge si 2) efwhighithes ( > 9
immunoreactivitywas nuclearThe @ll size distribution analysis can be viewacloss

the various time point®r ATF-3 immunoreactivityin Figure4.6 for peripherin cells and
Figure 4.7 for NF-200 cells. See Table 4.1 for mean cell size areas of A1F

immunoreactive cells across time in peripherin/R0 cells.
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ATF-3

Naive
Peripherin 0% -<- D4T(Per|pher|n)
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b 24 . ~-Saline (Peripherin)
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Q
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X
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Day post D4T injury

Figure 4.4 Mean percentage of total peripherin and-200 immunoreactivecells
expressing ATE3 in d4T, saline, and naive animals (Left L5 DRG n=4 animals per

group). Data presented as mean + SEM.
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d4T

NF-200

Saline

NF-200

Figure 4.5 Representative images &TF-3 immunohistochemistryin L5 DRG of
d4T/salinetreated animals (day 7) in peripherin and-R® neuronal supopulations,

maghnification x20.
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ATF-3: Peripherin
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Figure 4.6 Percentage cell size area distribution analysis of -BT& peripherin
immunoreactivity (ir) in the left L5 DRG at 7, 22, and 43 days post initial d4T/saline

injections, and in na®& animals, (n= total number of nucleated peripherin

immunoreactivecells).
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ATF-3: NF-200
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Figure 4.7 Percentage cell size area distribution analysis of -BT& NF-200
immunoreactivity (ir)in the left L5 DRG at 7, 22, and 43 days post initial d4T/saline
injections and in naive animals, (n= total number of nucleate@ MHmmunoreactive

cells).

183



4.2.3 Temporal profile expression of GAR43 in left L5 DRG

GAP-43 immunoreactivity in the L5 DRGfaonaive animals only ctocalised with
peripherinimmunoreactivecells (1.73 = 1.73 %), and no GA®3 immunoreactivity was
observed in the NRO0O characterisedpopulation (see Figure 4.8 and Table 3.2).
Following administration of d4T, asignificant temporal pattern was observed in
peripherincharacterisecells but not in NF200 cells (p<0.05, one way ANOVA). A
significant temporal pattern was also observedNFR200 cellsof saline treate rats
(p<0.05, one way ANOVA). There were nsignificant differences INnGAP-43
immunoreactivityin d4T treated animals with respect to saline contrBlgufe 4.8).
GAP-43 immunoreactivityin the left L5 DRG of d# and saline treated rats was variable,
but the temporal expression remained <6% in Ipathpherin and NF200 characterised
cells Seven daysollowing d4T administration, GAR3 immunoreactivity was 2.0 £
1.2 % andl.6 + 0.6 % of NF200 and periphericharacterisedells respectively. At 22
days following d4T administratioiGAP-43 immunoreactivity wad.1+ 0.5 % and.1+
0.1 % inNF-200 and periphericharacterisedells respectively. Lastly, at 43 days post
d4T administrationGAP-43 immunoreactiiiy was observet 0.45+ 0.45 % and ®. +
0.5 % of NR200 and peripherincharacterised cells respectively. GAP-43
immunoreactivitywas present mainly ithe cell soma but immunoreactivitywas also
observed in axong-{gure4.9). The @ll size distribution analysigcross the various time
pointscan be viewed for GAB3 immunoreactivityin Figure 4.10 for peripherin cells
and Figure 4.11 for NF-200 cells.SeeTable 4.1 for mean cell size areas of GAR

immunoreactive cells across time in peripherin/R0 cells.
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Figure 4.8 Mean percentage ofotal peripherin and NE200 immunoreactivecells
expressing GARI3 in d4T, saline, and naive animals (Left L5 DRG n=4 animals per

group). Data presented as mean + SEM.
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-

Peripherin

Figure 4.9 Representative images of GARB immunohistochemistryn L5 DRG of
d4T/salinetreated animals (day 7) in peripherin and-RI® neuronal supopulations,

maghnification x20. The arrowheads representomalisation ofimmunoreactive cells
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Figure 4.10 Percentage cell size area distribution analysis of @3R& peripherin
immunoreactivity (ir) in the left L5 DRG at 7, 22, and 43 days post initial d4T/saline
injections ad in naive animals, (n= total number of nucleated periphemnunoreactive

cells).
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Gap-43: NF-200
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Figure 4.11 Percentage cell size area distribution analysis of @3P& NF200
immunoreactiviy (ir) in the left L5 DRG at 7, 22, and 43 days post initial d4T/saline
injections and in naive animals, (n= total number of nucleate@ MHmmunoreactive

cells).
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4.2.4 Temporal profile expression of NPY in left L5 DRG

NPY immunoreactivity in the & DRG of naive animals only docalised with NF200
immunoreactivecells (0.28 = 0.28 %), and no NPY immunoreactivity was observed in
the peripherin characterisedoopulation (see Figure 4.12 and Table 3.2). Following
administration of d4Tno significant differencein the temporal profile expression of
NPY were observed in both NEOO and peripherinells (p>0.05, one way ANOVA). No
significant differences were observeaimparedvith shamDRG at respective time points
(p>0.05, two way ANOVA). NPY immunoreactivity remained low across all time points
in both d4T and saline treated r&9.5%), a figure comparable thatobservedn saline
treated rats (<0.2%) andlso naive rats (Figure 4.12). Seven daysfollowing d4T
administration, NPY immunoreactivity was presentin 0.15 + 0.136 of NF200
characterisedcells and no NPY immunoreactivity was observed in peripherin
characterisedells (Figure4.13). At 22 and 43 days following d4T injurthere were no
NPY immunoreactivecells in both NF-200 and peripherircharacteriseccells NPY
immunoreactivity was ytoplasmic and was identified mainly the cell somahowever
someimmunoreactivity was observed in axoiitie cll size distribution analysigcross
the various time pointsan be viewed for NPYmmunoreactivityin Figure 4.14 for
peripherin cells anéFigure4.15 for NF-200 cells.SeeTable4.1 for mean cell size areas

of NPY immunoreactive cells across time in peripherir20 cells.
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Figure 4.12 Mean percentage of total peripherin and-200 immunoreactivecells
expressing NPY inl4T, saline, and naive animals (Left L5 DRG n=4 animals per group).

Data presented as mean + SEM.
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Figure 4.13 Representative images of NR¥Mmunohistochemistryn L5 DRG of d4T
treated animals (day 7) in peripherinand NF200 neuronal subopulations,

maghnification x20.
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Figure 4.14 Percentage cell size area distribution analysis of NPY & peripherin
immunoreactivity (ir) in the left L5 DRG at 7, 22, and 43 days post initial d4T/saline
injections and in naive animals, (n= total number of nuclepéegherinimmunoreactive

cells).
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Figure 4.15 Percentage cell size area distribution analysis of NPY &28F
immunoreactivity (ir) in the left L5 DRG at 7, 22, and 43 dagstpnitial d4T/saline
injections and in naive animals, (n= total number of nucleate@ MHmMmunoreactive

cells).
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4.2.5 Temporal profile expressionof galanin in left L5 DRG

Galanin immunoreactivity in the L5 DRG of naive animals was relatively low Qvi6

+ 0.56 % of galanin immunoreactivity in peripherimmunoreactivecells and no
labelling present in NF200 immunoreactivecells (see Figure 4.16 and Table 3.2).
Following d4T admirstration,no significant differencewas observedn the temporal
profile expression of galanin iperipherinor NF-200 cells (p>0.05, one way ANOVA).
No significant differences were observed with sham DRG at respective time points
(p>0.05, two way ANOVA). The mean percentage galanimmunoreactivity in
peripherinor NF-200 cellsremained low (<2%) in all experiment@ie groups(Figure
4.16). The few cells with galanin immunoreactivigxhibited granular appearan&even
daysfollowing d4T administration, galanimmunoreactivity wasn 0.94 + 0.74% of
peripherincharacterisedells and no galanin immunoreactivity was observed in208
characterisectells (Figure 4.17). At 22 days following d4T administratiorgalanin
immunoreactivity was preserm 1.3 + 0.8% of peripherircharacterisectells and no
galanin immunoreactivity was observed in-R60 characterisedells Lastly, at 43 days
post d4T administrationgalanin immunoreactivity was presenn 1.7 £ 0.3% of
peripherincharacterisedells and no galanin immunoreactivity was observed in208
characterisedells The @Il size distribution analysiacross the various time pointan

be viewed for galanimmmunoreativity in Figure 4.18 for peripherin cells andrigure
4.19 for NF-200 cells.SeeTable4.1 for mean cell size areas of galanin immunoreactive

cells across timeniperipherin/NF200 cells.
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Galanin

Naive
Peripherin ~ 0.56 + 0.56%6
NF-200 0%

Figure 4.16 Mean percentage of total peripherin and-200 immunoreactivecells
expressing galanin id4T, saline, and naive animals (Left L5 DRG r4&&nimals per

group). Data presented as mean + SEM.
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