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Abstract

Chronic neuropathic pain (CNP) occurs as a consequence of injury to the nervous system. Despite
recent advances, CNBRcks objective diagnostic criteria, is often unrelenting and refractory to
treatment. The primary aims of this thesis are twofold; the identification of CNP biomarkers using
both human cohorts and an animal model (spinal nerve ligation; SNL) of neucqpeith and to

provide clarity on the role of GTP cylcohydrolas&IGH1) in CNP.

Analysis of GCH1land related genes and metabolites was conducted. As biomarkers, nitrite/nitrate
and neopterin did not differentiate controls from CNP patients. Howevairficigt differences
were observed with biopterins, whilst correlations were observed betd@keti, nitrite/nitrate
and neopterin, which were notably stronger in patients than controls. Analysis in human cohorts
and in the SNL model also inferred that deoegulation of GCHFR may contribute to Bkl

synthesis.

In order to provide claritpnthe role of th&CH1 pain protective haplotype, reporter gene assays
were used. This demonstrated a potential regulatieyfor theGCH1 q 613 UV |In

silico prediction of transcription factor binding sites suggested that this may be mediated by the
aryl hydrocarbon nuclear translocator. The use of electrophoretic mobility shift assays showed
strong specific binding with probe pertaining to the major allelether analysis is required to

elucidate transcription factor binding, potentidhgilitated by2D-PAGE and mass spectrometry.

In order to further elucidate potential CNP biomarkers, microarray analysis an@@QRWwere
performed using blood obtained fromNE patients. Data refinement led to the isolation of 27
potential CNP biomarkers, of which several creabdated between cohorts. Microarray data,
literature evidence, and correlations with previous microarrays provided evidence suggestive of a
role for TIMP1. Multiple other genes, includinGQASP5 TLR4 TLR5 MC1RandCX3CR1 were
differentially regulated in CNP. Genes surviving microarray data refinement were subsequently
analysed in the dorsal horn of Sprague Dawley and Wistar Kyoto rats after SNkalSgenes,
includingDpp3 Mcl1randTimpl, were similarly differentially expressed in the rodent SNL model,
which suggests that these genes may be involved in the pathophysiological mechanisms of CNP,

and may also function as potential translational bibers of CNP.

This work provides multiple avenues for expansion and further investigaiiearly, the
challenges associated with biomarker discovery in Gfdfesare considerable, though it is hoped

that this thesiprovides valuable insight and thecessary foundation for future work.
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Chapter 1 , Q W UR/MGLR Q

1.1 Introduction

According to the International Association for the Study of Pain (IASP), pain is described as an
HXQSOHDVDQW VHQVRU\ DQG HPRWLRQDO H[SHULHQFH DVV
RU GHVFULEHG LQ W HIAFPVIORI) M efinitoD pr&saniefl by IASP represents

a culmination of theories presented over several centiMieayediet al.2013) Prior to the gate
FRQWURO WKHRU\ SDLQ zZzDV FRQVLGHUHG WR EH D pVHQV
UHDFVMeR&Nd al. 1965) though the widemulti-dimensional aspects of pain were
subsequently described, encompagsisensorydiscriminative, motivationahffective, and
cognitiveevaluative aspec{€asey 1968, Turkt al.2010) Pain is therefore best summarised as

a ommplex amalgamation of somatic mechanisms and psychological influ@erasett 2011)

The differentiation between pain and nociception has-Binge been establishd®escartes

1662) ZLWK SDLQ UHFHQWO\ UHJDU G HEigd2003) ApkeRpain Ray W D W L
necessary and relatively shdicted indicator of a specific disea®r injury, thereby representing

a vital biological function. However, chronic pain, which persists for at least 3 months and fails to
relent beyond recovery from the causative injury or organic disease, is generally thought to possess
no clearly definediological purpos€Grichnik et al. 1991, Turket al. 2011) It has, however,

been argued that the vital need to avoid potentiallytiifeatening injury places the axis of
sensitivity and specificity within theemvous system towards sensitivity, which may predispose
one to the development of chronic pétodal 2010, Backryd 2015ndeed, the vital importance

of sensitive detection afoxious stimuli is demonstrated in people with a congenital insensitivity

to pain Theyare unable to dect painful stimulifail to undertake appropriate avoidance measures

and subsequently are at great risk of serious and potentialipidateningnjury (Verheyenet

al. 2007, Basbaurat al.2009, Coxet al.2010)

1.2 Chronic Pain

Chronic painis a tremendous global health problem. A staggering one in five adults suffer from
moderate to severe chronic paamd in Europealone one in five of those afflicted with chronic
pain have endured it for over 20 ye@éBseivik et al. 2006) Chronic pain implicates people of all
populations, regardless of ethnicity, age, gendedrgeographical location, although frequencies
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and distributions are not universAlmongst the leading predicted causes of death worldwide by
2030, diseases and incidences associated with chronic pain, including chronic neuropathic pain
(CNP), are highlyrepresenteWHO 2008) These include stroke (central post stroke pain),
diabetes mellitus (painful diabetic peripheral neuropathy), HIV (Bi$gociated neuropathy), lung
cancer (related skeletal metastaaerd chemotherapyduced peripheral neuropathy) and road

traffic accidents

Traditionally perceived as merely a symptom of diseelsgnic and recurrent pain gsadually
becoming considered disease its own righ{Niv et al. 2001) Osteoathritis, herniated discs,
traumatic injury and nerve damage are amongst the most frequent causes of chrdBiepéin

et al.2006) thus highlighting a diverse range of medical specialties wherein patientshnotiic

pain seek treatmernindeed, many clinicians managing patients exhibiting symptoms of CNP are
often restricted by both time and skill to complete extensive neurological examif2eiomettet

al. 2007b) This illustrates the gential for mismanagement, suboptini@atment and failure to
implement optimal and individualised treatment by specialist pain clinicians. Such circumstances

undoubtedly contributet® theimpetus for novetliagnosticomethodology

Whilst acute pain is generally sdifniting with relatively modest or restricted lofigrm health
implications, chronic pain often severely impacts upon Hi@ngn cuality of life. Peoplewith

chronic pain often develop additional physiological manifestati including the loss of weight

due to changes in appetipgornutrition and restricted mobility. Chronpain is also synonymous

with negative psychological changes, including major depressive disorder and #8xietiyet

al. 2013) These are triggered and exacerbated by multiple factors often associated with inaccurate
diagnosis and suboptimal treatment, including loss of employment, social isolation and deprivation

of sleep.

The socioesnomic implications of chronic pain are pronounced. Chronic pain is more common
in manual laborer{Saastamoineret al. 2005) and deprivation was identified as a factor
predisposing patients with type 1 and 2 diabetes mellitus to severe(&hileron et al. 2014,
Andersoret al.2015) Moreover, persons with chronic ramalignant pain were seven times more
likely to cease employment on the basis of poor health than those without chror{Eriaenet

al. 2003) In the United States, the economic costs of persistentgragreater than the cost
associated withother diseases synonymous with major economic implications, including

cardiovascular disease, cancer and diali&@askinet al.2011)
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1.3  Basic anatomy of pain perception

Nociceptive pain is typically divided into somatic and visceral pain. Visceral pain is dull, diffuse
and largely asociated with pathology dhe internal organs. In contrast, somatic pain canreithe
originate in deep tissue, which tends to be relatively dull in nature, or from superficial tissues,
which is comparatively sharp and distinct. Primary nociceptive afferent fibres innervating the head
and body originate from cell bodies located in thgetminal and dorsal root ganglion, respectively.
These nociceptive fibres are excitatory and release glutamate, in addition to neuropeptides,
contributing to afferent central signallin(Pubin et al. 2010) They fall into two main
FODVVLILFDWLRQV $/ DQG & ILEUHV O0O\HOLQDWHG ODUJH
conduction velocity and generally respond to innocuous stimuli such as touch ser{3atiosest

al. 2001) Medium diameHU WKLQO\ P\HOLQDWHG $/ ILEUHV DQG VPDO
are responsive to mechanical, thermal and chemical stimuli. Whilbt&branches are relatively

diffuse and spread widely,-fbres tend to cluster, giving distinct localisationtbé stimulus

(Dubin et al. 2010) 7KH $/ Q R Fthardidam&diaté localised, acute and sharp pain
sensations, whereas C fibres mediate a delayed, comparatively diffuse and dull response to noxious
stimuli (Juliuset al.2001)

Variable transduction mechanisms exist @i@ihg to heat, cold and mechanical stimulation, which

if of sufficient strength, trigger depolarisation and subsequent transduction, thereby conferring
information pertaining to the duration and intensity of the stim(iusbin et al. 2010) The

intricate transduction mechanisms pertaininghesestimuli have beerlescribedDubin et al.

2010) % RWK $/ DQG & ILEUHV H[SUHVV VSHFLILF UHFHSWRL
prostaglandin and aciskensing receptors, promoting impulse transmission to the DRG and
subsequently, to théorsal horn (DH) The DH allows for modulation of signallinggermitting
HIFLWDWLRQ DQG pZUFGreX T RHH LRDVAKILEDWLBQHUHQW QRFLF
fibres) synapse with second afferent neurons inOkg which is histologically divided into

distinct laminae. Specificallythese afferent terminals release excitatory neurotransmitters and
interact with inhibitory and excitatory interneurons and descending pathways, to modulate the
activity of secondary afferent neurons. Second order neurons decussate and travel via the
spinothalamic tract to the ventral posterolateral nucleus of the thalamus. Third order neurons travel
from thalamus to the somatosensory cortex amerior cingulate corticegnabling the sensory

discriminative and affectiveognitive responses to paiilillan 1999)
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Figure 1.1: Basic representation of nociceptive pathways

Pictorial representation of nociceptive pathways with reference to joint fBirNociceptor
sensitisation and spouting may occur within the implicated anatomy folldye@) the
development of central sensitisatigB) Changes in descending activity may alsounaeith
increased excitatory and reduced inhibitor input from the RVM, alonddidalterations in
functional brain connectivity within regions associated with pain processing, such
amygdala and basal ganglia. AbbreviatioDRG, dorsal root gangih; PAG, periaqueducte
grey; RVM, rostroventral medulldmage adapted with permissiofte Lalouviereet al.2014)

1.4  Neuropathic pain

1.4.1 Definition

The unique symptoms associated with neuropathic pain havesiloog been differentiated from
nociceptive pain. In 1872 @ Weir Mitchell detailed the chronicity and psychological
LPSOLFDWLRQV RI QHUYH SDLQ GHVFULELQJ FDXVDOJLD DV
ZRXQG PD\(Miehél L&72) Our understanding of the mechanisms underlying neuropathic
pain have progress significantly more recently, but a clear consensus on an appropriate
definition demonstrates that there is much éodetermined. Neuropathic pain was described by
thelASP L Q daiw initiated or caused by a primary lesion or dysfunction of the nervous

V\V WMdrskeyet al. 1997) This was modified bthe Neuropathic Pain Special Interest Group
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(NeuPSIG ZKLFK WKH UHSODFHG WKH WHUPV pG\WVIXQFWLRQY D
MVRPDWRVHWQNRY\ WHAVSHFWLYHO\ WR UHDG pSDLQ DULVLQJ
GLVHDVH DIIHFWLQJ WK HThe&lPeDalvVROBH Thid Reguired \aVsyetlffe fesion

of the somatosensory system to be identified as the underlying aetiology of neigropiatirather

than generalised dysfunctig@ruccuet al. 2010) The definition was again adjustbg IASP to

define neuropathic pain apain caused by a lesion or diseaseh® somatosensory nervous

V\V W(BeRskret al. 2011) though this has been dered to be somewhat limited in scope
considering the variable aetiologies associated @iif. Indeed, here are argumeni®thfor and

against theverarching classification of neuropathic péennett 2011)

1.4.2 Epidemiology
The population prevalence of neuropathic pain syndromes is difficult to precisely ascertin. Thi
is primarily due toobstacles facing patient presentationprimary care and the subsequent

challenges encountered by primary care physicians in achieving an accurate differential diagnosis

whenusingthe case identification too{sectionl.4.6.3 and clinical standardsurrentlyavailable

(Bennett 2011) Epidemiological studies seeking to determine the frequency of painful
neuropathies have thus far provided a range of approximations, but such studies are not only
constrained by the aforementioned limitations, therealso significant mehodological
heterogeneity between the studies, rendering -Hauedidysis impracticalvan Heckeet al. 2014)
Moreover, multiplestudies are also limited in their potential to reflect the prevalence of CNP in
the general population, as they were conducted on a specific subpopulation, such as those in
secondary carer were inclusive of persons with specific occupatipresy Heckeet al. 2014)

Several studies have sought to determine the incidence of desssas®ated CNP in primary care

using general ntcal practice records. This benefits from not requiring direct patient involvement
and as such, these studies tend to consist of comparatively large sample sizes. Two epidemiological
studies undertaken in théK using primary care records, which encompdsan accumulative
sample size of approximately 10 million patients, sought to determine the incidence of postherpetic
neuralgia(PHN), trigeminal neuralgidTGN), phantom limb pain and painful diabetic peripheral
neuropathy, with notable variatiqilall et al. 2006, Hallet al. 2008) Despite methodological
consistencies between the two studiesylgpawo fold disparity wasobservedn the population
incidence of phantom limb pain (0185 cases per 100,000 patigrears) and painful diabetic
peripheral neuropathy (1525.7 cases per 100,000 patient yeaf$is does, however, depict
relative agreement when compared teeparateostulated incidence rate for painful diabetic
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peripheral neuropathy of 72@&asespe 100,000 patient year®ielemanet al. 2008) When
considering studies with comparable methodolegge variation remains evident with regards to
post herpetic neuralgia (3.9 to 42.0 per 100,000 person y@éaret al. 2009, Koopmaret al.
2009)andTGN (12.6 to 28.9 per 100,000 patient yegispopmanet al. 2009, van Hecket al.
2014)

The general population prevalence of CNP, or chronic pain with a neuropathic component,
regardless of causation or specific pain diagnosis {€&d)), has also been the subject of exa
epidemiological studies. Many of thesteidiesutilised self-reporting questionnaires which clearly
EHQHILWYV IURP WKH LQFOXVLRQ Rl pVLOHQW VXIIHUHUVTY |
which is thought to account for a reputed 22.4%seafgde with chronic pai{MWatkinset al.2006)

One of the main limitations of seléporting screening tools is the potential for misinterpretation.
The sensitivity and specificity of screening tools, such aselfeeporting version of the Leeds
Assessment of Neuropathic Symptoms and SigriSAMSSS), is greater when used in interview
format than unaided completio(Bennett et al. 2005) with both scenarios exhibiting a
compromise from the 85% sensitivity and 80% specificity observed with the LANS@Gtoiett

2001) Two postal surveys, conducted in France andJikededuced the prevalence of chronic
pain with neuropathic characteristics to be 6.9% and 8.2%, using treds@HisteredDouleur
neuropathique en 4 questioidN4) andS-LANSS screening tools, respectivélijorranceet al.

2006, Bouhassirat al. 2008) In contrast, separate studies undertaken in the Americas using the
DN4 screeningdol concluded the prevalence of signs suggestive of neuropathic paii 70396
(Canadian populatign(Toth et al. 2009) and when using the DN4 tool alongside physical
examination, the prevalence oéuropathic p@ was 10% Brazilian population)(de Moraes
Vieira et al. 2012) The Canadian study however, used relatively relaxed inclusion criteria,
SURYLGLQJ WKH '1 VFUHHQLQJ WRRO WR BOQ Q) KBAEBERII G HQ
al. 2009, van Heckeet al. 2014) This was in contrast to an Austrian stugiich deduced a
prevalence of 3.3% but included multiple strict exclusion criteria, including positive response to
over-the-counter analgesia and patients with an undifferentiated cause to th€iGpaiorffet al.

2008, van Hecket al.2014) Two studies undertaken in tbd using medical records determined

he presence of cbnic pain with neuropathic characteristics to be 0.9% and {G8teet al.

2007, Gajriaet al. 2011) However, the use of edical records necessitates accurate diagnosis
followed by the accurate recording of imzation using a recognised medical coding system, such
as Read and OXMIS cod@dammadet al. 2008) in addition to thédundamentaprerequisite of
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patientsneeding toreport their neuropathic symptomis primary care The limitations and
variability between screening methodology was exemplified by an epidemiological and screening
tool analysis undertaken in the USA, which showed that, of 64.4% of responders claiming chronic
pain,13.7% were determined neuropathic® /$166 VFRUH - ZKLFK FRQWUD
by clinical examination, 3% by Berger criteria (medical records) and 12.4% byepelting

(Yawnet al.2009)

Taken together, epidemiological studies providealde estimates for the prevalence of CNP,
ranging from 0.9 to 17.9%Goreet al. 2007, Tothet al. 2009) When considering only studies
utilising screening methods designed and validated for the way in whichwreyusedvan
Heckeet al.2014) the prevalence estimates narsaw more generally accepted estimate$ .6

10% (de Moras Vieira et al. 2012, Yawn et al 2009) The use of standardised screening
methodology would undoubtedly facilitate improvensen epidemiological researchhe current

lack of consistent and comparable epidemiological dapelisapsan indictment of theurrent
diagnostic criteria and tools available to clinicians, with a clear reliance on questionnaire based
case identification tde. The identificabn of novel, reliable and easily accessible diagnostic
biomarkers would undoubtedly provide the necessafoundation for comprehensive

epidemiologicaktudies

1.4.3 Mechanismsof neuropathic pain

Neuropathic pain is maladaptive and often arises through abnormal activation of pain pathways
resulting from injury to the peripheral nervous system or brain and $feneheral nerve injury,

which may, for instance, occur after crush injury, can lead to nociceptor sensitisation, thereby
lowering transmission thresholds in the injured nerve and DRG to various stimuli, including cold,
heat and mechanical force. Such patadischarge is somewhat underpinned by injaduced
sodium channel accumulatiginglandet al. 1996) This accumulation is often localised to the
neuroma, a gathering of regenerative nerve spouts which arises at the proximaturaprafter

injury. Ephaptic crossalk between damaged and undamaged neurons can also occur due to
sproutingrelated increases in the receptive field, leading to synchronous neurotransmission of

damaged and undamaged nociceptihres;ebyincreasing affenat input(Bennett 2011)
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Figure 1.2: Representation of the mechanisms by which allodynia and hyperalgesia occur
after injury

After injury peripheral sensitisation may occur. Subsequent innocuous and noxious stimuli lead to
the development of primary allodynia and hypeegalg, which is mediated by nociceptors/@hd

C fibreg. The development of central sensitisation leads to allodynia resulting from innocuous
stimulus and is mediated by lewWWKUHVKROG QHXURQV HJ $ ILEUHV €
often present. Paimay also occur in the absence of external input due to ectopic activity, leading

to parasthesia, dysesthesia and spontaneoudpaige adapteflCostiganret al.2009b)

Another source of change contributing tevdlopment and maintenance of CNP is central
sensitgation, which is underpinned by CNS plasticity. Central sensitisation may be triggered by

repeated high intensity afferent input from sensitised peripheral nocicfﬁtgm;e 1.2), or a

reduction in inhibitory pathway@Voolf 1983) Moreover, n the norinjured DH, low threshold

$ PHFKDQRUHFHSWRUV WHUPLQDWH Z Lthvesho@ nOdzeptoFD H , , ,
including GILEUHYV -fib@& tédrhinate within laminae | and Il. However, after peripheral
QHUYH L QM Xng\towkrdd/I&mnédimay ocur (Woolf et al. 1992) Such innervion is
WKRXJKW WR FRQWULEXWH WR SDLQIXO @ianoziarRe®el, PHG L
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multiple complex changes occaiter nerve injurysome ofwhich are strongly mediated through

immune cell migration and microglial activatigiRigure1.3).

Figure 1.3: Activation of multiple convergent pathways in the injured nerve and dorsal
horn

(A) The development of neuropathic pain is synonymous with microglial activation, resu
the release of cytokines, chemokines and other-paitulating agents, which increases |
through presynaptic and postsynaptic mectrasi The release of these agents also resul
degree of positive feedback, leading to p38 MAPK activation. (B) At the site of inju
recruitment and proliferation of several cells, including macrophages, T cells and Schwa
are a common feare. These cells release multiple cytokines, chemokines, prostaglandin
and nitric oxide (NO), which contributes to sensory abnormalities. Retrograde transport
contribute to changes in the dorsal root ganglion. AMPA, atihgdroxy-5-methy-4-
isoxazole propionic acid; CCR2, CCL2 receptor; CX3CR1, fractalkine receptor; EAA, exc
amino acids; ERK, extracellular sigragulated kinase; FPRL1, formyl peptide recegitar 1;
MHC, major histocompatibility complex; NGF, nerve growth facttdK1R, neurokininl
receptor; NMDA, NmethytD-aspartate; P2X4, P2X7, ionotropic purinoceptors; p38 M,
p38 mitogeractivated protein kinase; TLR4, Tdike receptor 4. Image and legend adapted
permissionMarchandet al. 2005)
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1.4.4 Common causes of CNP
The underlying causes of nerve damage triggering the development of CNP are both numerous

and diversgTable1.1), and are often categorised as either resulting from central or peatipher

neuropathology. One of the most common causes of peripheral neuropathic pain is diabetes, which
affects around 415 million people worldwidleederation 2015)It is estimated that 180% of

people with diabetes will develop painfiistal symmetricabolyneuropathyTesfayeet al.2013)

which generallyeffects the toes and foot, but masadually progress proximally though the limb
(Schreibert al.2015) The prevalence of painful diabetic neuropathy is gestwaly superseded

by that of CNP associated with the lower ba@&alluzzi 2005) Other reléively common causes
include trauma or injury, often as a consequena@usgh injury oramputation, an®HN, along
termcomplication of herpes zoster. CentcP may emerge after stroke, spinal cord injury or as

a consequence of the pathological proess$ neurological diseases such as multiple sclerosis,

including neuroinflammation, demyelination, and axonal dam#danet al. 2014)

Table 1.1: Various peripheral and central causes of neuropathic pain

Peripheral nervous system Central nervous system
Chemotherapynduced neuropathy Central poststroke pain
Complex regional pain syndrome Multiple sclerosis
Low back pain with nerve root involvemen Spinal cord injury
HIV Spinal cord ischaemia
Neuroma

Painful diabetic neuropathy
Postherpetic neuralgia
Postsurgical pain (e.g. @mtom limb pain)
Trigeminal neuralgia
Tumour infiltration

Table adapted and modifi¢Bennett 2011)

1.45 Common symptoms

The symptoms associated with neuropathic pain are relatively diverse in their presentation. Pain
tends to be either paroxysmal or persistent and is generally categorised into either positive or
negative symptoms. Negative sgtoms include sensory deficits often presented as hypoesthesia
(loss of sensation to sensory stimuRositive symptomgclude allodynia (pain in response to
innocuous stimulus), hyperalgesia (heightened pain sensation in respens@destly painful
stimulus) and dysesthesias (often presenting as incapacitating burning or lancinating pain

response to tough
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1.4.6 Diagnosis

1.4.6.1 Clinical Examination

The purpose of clinical examination when neuropathic pain is suspected, is to determine altered
function of thenervous system in order to obtain supportive evidence, such as that pertaining to a
lesion of the somatosensory system, rather than to reach a definitive diggtampaset al.

2011) Neuropathic pain is best stgibed as a syndrome of multiple signs and symptoms
representative of a wide range of underlyimgiologies. This emphasises the importance of
undertaking the necessary tests, including a comprehensive neurological history and examination,
to reach a r&hble conclusion A grading system for neuropathic pain has been suggested with
three categories; possible, probati@efinite neuropathic paifTreedeet al.2008)

The process of clinical examination is essential and should not be sacrificed for the use of
alternative m#hods such as screening tools. Only clinical examination has the potential to
elucidate the underlying pathological causehef presenting painful complairfuch diagnostic
methodology may also elucidate other symptoms, such as altered muscle tonemesible

overlooked byotherdiagnostic methodgHaanpaaet al.2011)

Sensory testing involves the use of relatively simple utensils for the assessment of several elements
of sensation, including touch, vibratigoinprick and thermaperception(Haanpaeet al. 2011)

Thus, sensory abnormalities pertaining to allodynia can be determined by light contact of the
affected area with cotton wool, which in comparison to a normed, awill cause significant
discomfort. Hyperalgesia can be assessed by using equipment as simplistic as a cocktail stick, but
standardisation of thigechniquemay be improved by using a 23G nee(Ballin et al. 2008)
Surveying of whole areas implicatedtivsomatosensory aberrationc@sidered mandatory, as

the bordering regions of the implicated area may be reflective of the associated peripheral nerve
structure(Haanpaaet al.2011) In unilateral presentations, the observations accrued from sensory
tests in the painful aremay be compared to the contralateral sidewever,it shouldbe noted

that sensory tests provide infioation regarding sensory abnormalitiesit they are of limited

power for the differentiation afion-neuropathicand neuropathic paifRasmusseset al. 2004)

For instance, both allodynia and hyperalgesia are comfieettures of neuropathic pain and are
present in up to 50% of patierftenseret al.2014) yet these features are also obserquhtients

with a predominantly inflammatory component to their g&enet al. 1999)
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1.4.6.2  Screening tools

The use of screening tools for thdferentiationof neuropathic and nocicepé symptoms is
underpinned by thebservationthat verbal descriptors of pain asefficiently discriminative
between neuropathic and naruropathic paifDubuissoret al. 1976, Boureaet al.1990) This,

in paricular, relates to burning, electric shock and tingling sensations, which feature prominently
on several currently validated neuropathic pain screening (Bolshassiraet al. 2005) The
NeuPSIGof thelASP has reommended five screening tools for the identification of neuropathic

pain(Haanpaat al.2011)

1.4.6.2.1 SLANSS

The availability of validated screening tools for the differentiation of neuropathic and nociceptive
pain hasotably increased over the last decade. Fiterii LANSS screening tool was one of the

first such tools and used a combination of five questions describing pain traits and a further two
pertaining to sensory testing, including allodynia and assessmpimt-pfick threshold Bennett

2001) The LANSS test was initially deployed and validatedwo cohorts of nociceptive and
neuropthic patients, with reasonaldensitivity and specificity. Aelfreporting version, the-S
LANSS tool, was developed in order to facilitate screening of neuropathic signs and symptoms
outside of the clinic, thergbfacilitating clinical research and epidemiological studies. It differs
from the LANSStool in that the sensory testing section has been adapted fassegsment, and

the other items weralso modified to improve clarity, but the crux of the questioemained
unchanged. The -BANSS tool identifies pain of predominantly neuropathic origin, and was
initially developed in a cohort of patients with nociceptive or neuropathic pain of various
aetiologies. The use of the-lRANSS tool has shown that varying ehcutoff score provides
different degrees of sensitivity and specificity when the questionnaire is completed in both unaided
and interview situations. A score gifeater thari2 is generally considered indicative of pain with

a considerable neuropathicraponent(Bennettet d. 2005) Although unintended for use as a
measure of treatment efficgadhhe LANSS screening tobks also been shown to be respontive
pharmacological interventiofKhedr et al. 2005, Mercadantet al. 2009) which may reflect a
notable shortcoming of such tools when used in clinical research to differentiate pain types
Critique of the LANSS scale hadsobeen madé referenceWR WKH pRSHQQHVVY RI
the high weighting placed on a question relatio the change of skin colour at the painful area,
which is not a considered essential for the diagnosis of pain with a definite neurological lesion

(Bouhassiraet al.2005)
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1.4.6.2.2 DN4

The 10item DN4 screening tool islesigned for use within the clinical setting and consists of a
simplified scoring system with 3 items relating to clinical examinatiwuhassiraet al. 2005)

Unlike the LANSS/SLANSS screening tools, the itemsthin then DN4 are of equal weighting,

and a score of 4 (out of 10) is sufficient to indicate neuropathic pain. It has been demonstrated that
the use of discriminate pain descriptors, particularly in relatiqgmataesthesiand dysesthesia,

were of parttular valugBouhassirat al.2005) A shortened version, theilem DN4interview,
demonstrated a relatively small reduction in sensitivity and specificity, and may be considered for
alternative purposes, such ggidemiological researcfBouhassiraet al. 2005) A comparative
assessment between the DN4 and ABISS found moderate agreement regarding pain
classification and pain scores, but determined that the respectidf acores may not be
comparabléWalshet al.2012)

1.4.6.2.3 NPQ

The Neuropathic Pain Questionnaire (NPQ) is dté screening tool that incorporates 10 items
pertaining to sensation or sensory response and 2 itégtisgeo affect(Krauseet al.2003) In
contrast to other screening tools such as the DN4 and LANSS, the NPQ tools features a
comparatively complex scoring system. $alaty and specificity is thought to be hampered by

the inclusion of questions implicating the affective dimension of pain, including the rating of
unpleasantness and to what degree is the pain overwhelming, which, in addition to the effect of
meteorologtal changes on pain severity, are considered inadequately discrimiiBdiveassira

et al.2005)

1.4.6.2.4 ID PAIN

The ID-Pain screening tool, designed in order to detect a neuropathic component to pain,
comprises of 8tems, including one item pertaining to whether paing¢ated within the jointif

order toidentify nociceptive pain) and does not require clinical examingfwortenoy 2006,
Bennettet al.2007b) Using a cubff score of 3, the tool was initially used in 3 groups of patients;
those with nociceptivgpain, mixed pain and neuropathic pain. The use of the-RBin tool
suggested a neuropathic components in 22%, 39% and 58% of patients within these groups,

respectivly (Portenoy 2006)
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1.4.6.2.5 painDETECT

The painDETECT questionnaire is at@m selfreporting screeningobl that does not require
clinical examination. It includes 7 items pertaining to sensory descriptors and 2 items relating to
the spatial antemporal characteristics phin(Freynhageret al. 2006, Gauffinet al.2013) The

tool was initially developed in Germany using patients with back piina cohort of
approximately 800 patients with lower back pain, the screening tool achieved a sensitivity of 85%
and specificity of 80%Freynhageret al.2006)

1.4.6.3  Usefulness of sa@ening tools

A systematic review of neuropathic pain screening tools deduced that in many cases, the level of
evidence supporting the use of a given tool was inadequate. The DN4 and NPQ screening tools
possessed the greatest evidence for their measurpnopettieMathiesonet al. 2015) though
preference of screening tool should be given to one which has been validated-equined
languagg(Haanpaeet al. 2011) Oveall, both the LANSS and DN4 screening tools exhibit the
greatest sensitivity and specificity, which has been attributed to the inclusion of items requiring
physical examinatiofCruccuet al.2009) TheStandardized Evaluation of P4BtEP assessment

tool, which comprises of six interview questions ardghysical tests, again ehgssesthepower

of physical examination to provide an accurate assessi@aStEP tool was successfully used

in patients with radiculaor axial (norneuropathic) lower back pain. Patients with radicular pain
were identified with a sensitivity and sjifexity of 92% and 97%, respective{cholzet al.2009)

It should also be noted that, in general, screening tools cledrty fdentify around 120% of
SDWLHQWYV ZKHQ FRPSDUHG WR D FOLQLFLDQYV GLDJQRVL"
supplementary method used to further evaluate and inform diagnosis and treatment strategies,
rather than replacing clinical judgent(Haanpaat al.2011, Mathiesort al.2015) Limitations

of screening tools, including a lack of discriminatory capability and quite possibly, inconsistent or
inadequately comprehensive questions, are palemxplanations for the discrepandy

neuropathic case identification rates

1.4.6.4  Alternative diagnostic methods

There are several other technigaesavailable to assist in the characterisation of CNP, although
their use in the clinigs sporadic. Microneurgraphy is a minimally invasive technique used to
assess single fibre action potentials from peripheral nerves. The inception and subsequent
optimisation of microneurography has provided a degree of insight into nociceptor
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neurophysiology(Hagbarth 2002)It is considered the sole available method of recording and
quantifying sensory phenomena resulting from large myelinated, small myelinated and
unmyelinated fibres(Cruccu et al. 2010) However, microneurography is relatively time
consuming and requires both a specialist investigator and collaborative patient, with ti@s cen
providing the technique worldwid&erra 2009, Cruccet al.2010)

A punch biopsy of the skin may also be considered as a method of determining epidermal nerve
fibre density. Skin biopsies were able to hightiloss of small diameter nerve fibres in patients
with painful or burning feet despite normal sensoeyve conduction resul(siollandet al. 1998)
However, tarity regarding the diagnostiealue of skin biopsyin the diagnosis operipheral
neuropathies is lackingSommer et al. 2007) Imaging studies, usingpositron emission
tomography PET) or functional magnetic resonance imaginiMRI), have demonstrated
observablevariations in both cerebral blood flow and CNS actipidgyternsn patients with painful
mononeuropathy, before and after regional nerve bibiskehet al. 1995) Similar observations
have also beemade in patients with nerve injungingbrushevoked allodynigSchweinhardet

al. 2006, Witting et al. 2006) and in healthy volunteers with capsatomiluced secondary
hyperalgesiéBaronet al.1999) Such methodology is however, largely experimental and has little

use as a clinical utility for the routine diagnosis of CNP.

1.4.7 Neuropathic pain assessment tools

In addiion to the basic pain rating tools, such as the visual analogue scale (VAS), verbal rating
scale (VRS) and the numerical rating scale (NRS), thergpaafically designatetbols available

which permit the assessment of neuropathic padiliamson et al. 2005) However, these tools

are not designed to allow discrimination between neuropathic and nociceptive pain. The
Neuropathic Pain Scale (NP8paler et al. 1997) and Neuropathic Pain Symptom Inventory
(NPSI) (Bouhassiraet al. 2004)assess numerous parameters agsst with pain These include

pain traits such as spontaneous, paroxysmal or evoked pain. The Pain Quality Assessment Scale
was introduced in order to account for perceived limitations in thel NI®3ch include the

omission of several pain qualities comnly observed by patients with nociceptive and

neuropathic paigJenseret al. 2006)

1.4.8 Quantitative sensory testing
Quantitative sensory testing (QST) is a fwowvasive standardised extension of the bedside
examiration with the inclusion of calibrated equipment to provide quantitative assessment, but

remains fundamentally subjective. The purpose of QST is to assess pain perception and thresholds,
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thereby providing evidence for positive and negative sensory ¢iduske et al. 2016) It is
achieved by the application of mechanical and thermal stimuli to examine the funclawgeof

$ DQG diamBt&@ B/ DQG & QHUYH ILEUHV DQG WKKurholsletO D W H C
al. 2012) The magnitude of the appliestimulsis often sequentially increased to determine
thresholds and toleranc€here are a wide range of relatively simple methods available for QST
including von Frey hairs (mechanical sensitivity), thermal probes (thermappeteption and
weightedneedles (pinprick sensitivity)Cruccuet al. 2010) QST is frguently used in clinical
trials andit remains a useful tool in clinical practice to facilitate assessment of the somatosensory
system(Muckeet al. 2016) It has demonstrated particular benefit in the early diagnosis of small
fibre neuropathies, su@s those associated with diabd#ssociation 1993)and in the evaluation
of treatment efficacy on the different modagiof pain, including hyperalgesia and allodynia
(Cruccuet al. 2010) However, sincehanges in QST parameters are also associated with non
neuropathic pair{Pavlakovicet al. 2010) it has little discriminative value in the differential

diagnosis of neuropathic paj@ruccuet al.2010)

1.49 Treatment

The treatment of CNP predominantly entails the use of pharmacotherapy to reduce pain intensity,
rather thanreatmentirected aeralicating the root cause of pgBennettet al.2007b) However,

the pharmacologicahanagemenof CNP is comparativeldistinct from that of nomeuropathic

pain Analgesics, such as paracetamol and the-st@aidal anttinflammatory drugs, have
insufficient supportive evidence in the treatment of CNP. The necessity for alternative analgesics,
which themselves are not entirely effective, emphasises the crucial needu@ta diagnosis and
timely selectiorof clinically appropriate treatmeribdeed, efforts are ongoing to clarify a role for
specific sodium channel antagonists, such ad Manhibitors(Emeryetal. 2016) although such
treatments are yet to receive regulatory approval-pl@armacological methods for amelioration

of CNP include acupuncture atrdnscutaneous electrical nerve stimulation (TENS)

1.4.9.1 Current pharmacotherapy

1.4.9.1.1 Tricyclic antidepressents

Shortly following the serendipitous discovery that an iminodibenzyl derivative, now marketed as
imipramine, caused hypomania and amelioration epressive symptoms in hospitalis

schizophrenic patients, the newly discovered tricyclic antidepressant (¥&3*gonsidered for its

use as an analgeqieaoliet al. 1960) Amitriptyline and fluphenazine, also TCAs, subsequently

29



demonstrated efficacy in a small cohort of patients wefactory painful diabetic neuropathy
(Davis et al. 1977) Severalrandomised, doublblind, placebecontrolled trials have since
cemented the role of TCAs in the treatment of CNP associated with several causative diseases,
including diabetic neuropathjviax et al. 1987) central posstoke pain(Leijon et al. 1989)and

PHN (Rajaet al.2002) TCAs are relatively diverse in their differential inhibition of monoamine
reuptake. Amitriptyline, imipramine and clomipramine all exhibit greater tendency for inhibition

of the serotonin &msporter (SERT), whilst their respective metabolites, nortriptyline, desipramine
and desmethylclomipramine, exhibit comparatively greater inhibition of the noradrenaline
transporter (NATYelative toSERT (Sindrupet al. 2005, Gillman 2007)In addition to inhibition

of presynaptic reuptake of serotonin and noradrenaline, TCAs inhibit-thhethiytd-aspartate
(NMDA) receptor(Sindrupet al. 2005) and the inactivated Na.7 channelDick et al. 2007)

Sodium channel blockade is anticipated at concentrations typical of those present in plasma at
therapeutic doses (Sindrup et al. 2005) TCAs also possess adrenergic, cholinergic and
histaminergic antagonisifLynch et al. 2006) This broad spectrum of pharmacological activity
underpins both the relative effica@nd the profound side effect profile of TCAs. They are
generally poorly tolerated in the elderly, pgorhythmogenic, epileptogenic and exhibit classical

adverse anticholinergic side effects, including xerostomia, constipation and urinary retention.

1.4.9.1.2 SSRIFSNRIs

Subsequent to the establishment of TCAs as a prominent pharmacological means for the treatment
of major depressive disorder, rational based drug design led to the discovery of zimeldine, a first
in-class selective serotonin reuptake inhibitor (SSRIthough zimelidine was withdrawn due to
incidences of GuillailBarré syndromgMulinari 2015) multiple SSRIs were subsequently
introduced, including fluoxetine, paretine and citalopram. The si@dfect profile of SSRIs is
comparatively favorable to TCAs, and reflects theestglity of these compounds for SERT
inhibition. These include incoordinatiorsexual dysfunction, and occasionally, serotonin
syndrome. However, evidence supporting the efficacy of SSRIs in the treatment of CNP is
relatively sparse. Following their intradtion, several comparative trials of TCAs and SSRIs were
undertaken, showing zimelidine to beanbr to amitriptyline for PHNWatsonet al. 1985)and

in painful diabetic newpathy, paroxetine was less effective than imiprarftmedrupet al. 1990)
Fluoxetine, which failed talleviate hyperalgesia and allodynia in rat pain mogkdtet al. 1997,

Pal Singhet al.2001) subsequentlgxhibited no greater efficacy than placébtax et al. 1992)

30



Shortly following the introduction of SSRIs, however, comneehbe development of serotonin
noradrenaline reuptake inhibitors, which permit the simultaneous inhibition of SERTAhd N
with a considerably improved side effect profile in compariediCAs. At low doses, venlafaxine
functions predominantly to inhibit $&, but at higher doses, inhibition oA occurgDebonnel

et al. 2007) The importance of NT inhibition, which contrasts SSRIs and SNRIs, may be
reflected in that high doses of venlafaxine provided a similarbeameeded to treat (NNT) to
TCAs, yet low doses were only marginally more effective than pla@@wbothamet al. 2004)
Duloxetine is also effective in the treatment of painful diabetic neuro@bigsteinet al. 2005,
Lunnet al.2014) and possesses tdgtory approval for the treatment of this condit{Giet al.
2012)

1.4.9.1.3 Anticonvulsants

Evidencesupporting the use of anticonvulsants in the treatmen©N® is underpinned by
pathophysiological similarities observed in animal models of epilepsy amdpathic pain
(TremontLukats et al. 2000) Carbamazepine in structurally related to the TCAs, elicits
pronouncedantiepileptogenic effects drhas been considered in ttheatmentof TGN for over

half a centuryBlom 1962) Initial trials demonstrated it carbamazepine was superioplacebo

for TGN (Campbellet al. 1966)and painful diabetic peripheral neuropatRull et al. 1969) but
adverse events were prominent, occasionally requiring withdrawal of treatment. In fact,
carbamazepine remains the currently acceptedlimsttherapy forTGN (Obermann 2010)
although the evidence for its use in other neuropathies is somewhat (mgatbntLukatset al.

2000) After peripheral nerve injury, maladaptive responses, including abnormal sodium channel
expression and accumulation, underpins the use of carbamazepine in CNRedfanism of
action is commonly attributed trequencydependantblockade & voltagesensitive sodium
channels, leading to reduced ectopic discharge, and inhibition of impulse firing and propagation
(Obermann 2010) Carbamazepine, however, is also associated wwgbociated severe
haematological, dermatological and hepatic adverse reactionsoddeand Drug Administration
advocates genotypind Asians for theHLA alleleB*1502due to increased risk oarbamazepine

associatedtevenstdohnson syndrome and toxic epidermal necrolfsesrell et al. 2008)

Phenytoin, aside from its established use as an anticonvulafirst used in the 194@s the
treatment ofTGN (Ryderet al. 2005) However, ts current use is restricted due to questionable

evidence (Birse et al. 2012) and pronounced sideeffects exacerbated byonlinear
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pharmacokineticsA systematic review found no evidence of sufficient robustieeadvocate the
use ofphenytoin in CNRBirse et al. 2012) with modest evidence existing for its use asa co
analgesic(Yajnik et al. 1992) Its use, or that of its prodrug fosphenytoin, is now generally
restricted to intravenous administration in acute flgpe, particularly in relation to acut@sN
crisis (McCleane 1999, Cheshire 2008everal alternative antiepileptic drugs do not possess
sufficiently robust eence supporting their use in CNP, including sodium valpr@aile et al.
2011) levetiracetan{Wiffen et al. 2014 and topiramatéWiffen et al.2013)

The use of the aforementioned antiepileptic drugs, in many instances, has been superseded by the
introduction of gabpentin and pregabalin. They are similar in structuredminobutyric acid
(GABA), but contrary to original repor{§aylor 1997) their mechanism of action is not thought

to be related to modulationf GABA. It is now considered that selective inhibitionwaiitage
JDWHG FDOFLXP FKDQQHOV FRQWDLQLQJ WKH (Sills 2006E X QLW
As second generation antiepileptics, gabapentin and pregabalin are frequently prescribed in the
treatmenbf CNP, and tend to &bit comparatively favourabl®lerability and side effect profiles
(Maizelset al. 2005) However, the NNT for gabapentin in polyneuropathy was comparatively
larger than the antiepileptic sodium channel blockers and TSidrupet al.2000) suggesting

that the improved safety profile may not be coupled with imprafédacy. Current evidence
suggests a role for gabapentin and pregabaliRHN and painful diabetic neuropathy, yet in
general, only one third of patients taking gabapentin will experience a 50% reduction in pain

intensity, and over 50% will not benefitlooreet al.2014)

1.4.9.1.4 Opioids

The endogenous opioid peptid@ H X U R W U D @ndBrphividV éhkieghalins and dynorphins,
provide rapid onset analgesia by exhibiting agonistic action at the three predominantgopioid
proteincoupled receptors, mu, kappa and delta. The exogenous opiates, together with the opioids,
provide the mainstay of treatment in moderate to severe somatic or visceral (nociceptive) pain.
Their efficacy in the treatment of CNP is however, less convin@ngkensonet al. 2005) The
development of neuropathic pain after peripheral or spinal nerve injury results in adaptations
within the opioid system, with particular regards to endogenous opioid synthesis and receptor
density, which confers reduced respeasesdo narcotic analgéss (Przewlockiet al.2005) The

efficacy of opioidsin the treatment ofCNP has demonstrated contradictory outcomes. A

systematic review determined opioids to be of uncertain value in CNP with only half of the
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included studies able to conclude that opioids provided greater perceived analgesia than placebo
(McNicol et al.2013)

In additon to the equivocal evidence regarding the efficacy of opioid€Ni®, prolonged
administration often leads to the development of tolerance and théanésdémand for dose
escalation(Morganet al. 2011) For many patients with chronic pain, opioalatedside effects
become intolerable, and include cognitive defidiigeralgesiasedation anéh excessive doses,
respiratory depression. The opioid analgesics witle@rsdary mechanism of action, namely
tramadol (with serotonergic and noradrenergic pathway enhancé¢raedt methadwoe (which
exhibits NMDA antagonisirmay be ofgreater value in the treatment@RNP, but are not without

significant side effects.

1.4.9.1.5 Other pharmacological targets

Capsaicinthe predominant capsaicinoid derived from @spsicungenus, is a transient receptor
potential vanilloid 1 (TRPV1) agonist used topically for the treatmeRtHN and painful diabetic
peripheral neuropathy. A previous systemeview has highlighted a significant benefit for topical
capsaicin when compared to placéborgeet al.2011) Depletion of substance P wiaaditionaly
attributed ashe mechanism afctionof capsaicinbut it is now considered that capsaicin functions
through defunctionalisation of nociceptor fibres, includangeduction in epidermal nerve fibre
density(Anandet al.2011a)

Topical lidocaine, which selectively blocks sodium channels resulting in reduced peripheral
nociceptor sensitisatiaArgoff 2000), can be applied to the skin in form of plasters. This may be

of benefit in the treatment of CNP localised to distinct areas, such as that observEtHNith
However, the use of systemic lidocaine is severely limited by side effects. Lidocaine congeners,
such as mexiletine, are available and have evidence for amalg®perties, but are similarly

limited by intolerable side effec{€arroll et al.2008)

1.4.10 Prognosis
Although CNP may originate from varioastiologies, it is generally considered that the prognosis

is considerhly worse than that assated with norneuropathic pairCNPgenerally fails to relent

over time (Cohenet al. 2014) and is often refractory to conventional pharmacotherapy. In
comparison to the prognosis associated with a causative disease, such as cancer, diabetes or HIV,
the prognosis pertaining to CNB largely considered of little clinical concern and may be

somewhat disregardediside from the potential for the detrimental physiological changes
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previously described (sectiph.2), consideration shoul@lso be given to the pychological

implications of CNP Evidence exists that patients with widespread pain are more susceptible to
mortality by nondiseases related incidences, such as violence and qitadfarlanest al.2001)

A pertinent summary highlighting the current deficit in pain mamegg, concluding that
MDOWKRXJK IHZ SHRSOH GLH RI SDLQ PDQ\(SieétaLZD0DLQ D

1.5 Biomarkers

1.5.1 Definition, scopeand methods

A biomarker, c ELRORJLFDO P DU N ldHaradtevist that iQdtjectidely megsured and
evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic
UHVSRQVHV WR D WK HGraup DRWQLtHer defimitibhs NaMeb@éh Rraplised over
time, but there remains a strong conserf{sligka et al. 1988) Disease related biomarkers have

the potential to cover a variety of dital functions, including the prediction of future disease
development, the diagnosis of emerging or current disease and in gircgnopredict the course

or outcome of a disease. The use of biomarkers is not a modern concept, and can be traced back
to the inception of medical practice, although the modern concept of a biomarker detected by
analytical methods in the laboratory emerged in the-18id century. Theregular clinical
utilisation of biomarkers subsequently accelerated considerably throutjeolatter half of the

20" century (Jain 2010) Activities incorporating biomarkers icurrentmedical practice range

from the simple recording of blood pressuseam indicator of hypertension and stroke risk, to
genetic testing in order to facilitate the diagnosis of a disease, such as cystic fibrosis, and to predict
drug suitability/respons@Novelli et al. 2008) Indeed, the current clinical landscape now utilises
many of the methods akin to those considered in this thesis. Microarray tech(ichggsulet
2010)and more recently, RNAsd&yron et al. 2016) have both been considered for their value

as clinical utilities to aid diagnostics and therapeutics. Such advances have revolutionised
molecular capabilities, enabling the identification and diagnosis of rare genetic diseases
(Cummings et al. 2017) In addition to emblished PCFbased methods and ELISAs,
advancements in proteomic and metabolomic based biomarker discovery have also been facilitated
by progressive developments in mass spectrometry and associated tec{@igteddieldet al.

2016)
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1.5.2 Blood as a source of nervous system biomarkers

The use of blood as a source of accessible biomarkers is routinely used in clinical practice,
covering a range of medical disciplines. These include troponan raarker of cardiac injury
(Babuinet al. 2005) prostate specific antigen in prostate cancer scredé@iaglonaet al. 1991)

and various, largely immunological biomarkers, for the identification andtang of patients

with HIV (Kanekar 201Q) For many diseases, the discoyeand validationof a sensitive and
specific biomarker to aid diagnosisiform prognosis and assess treatment efficacy, remains
somewhat elusive. This is of particular relevance when considering diseases of the nervous system,
wherein differential diagnds is often protracted, and may require relatively invasive procedures.
For instance, the diagnosis of multiple sclerosis remains notoriously challenging. Diagnostic
methods and techniques suchMRI and lumbar puncture are both highly unpleasant for the
patient and may fail to differentiate multiple sclerosis from other relatively rare diseases, such as
neuromyelitis optica and transverse myel{lislan et al. 2012) Indeed, bod as a source of
multiple sclerosis biomarketsas showrsignificantprogresgSondergaarét al.2013, Dicken®t

al. 2014, Honardoosdt al.2014, Hubeet al.2014, Naghaviaet al.2015)in comparison to urine
(Bielekovaet al.2004, Dobson 2012nd CSHGiovannoni 2006, Fitzneat al.2015) Similarly,
putativeblood biomarkers have been recently described for other diseases with nervous system
LQYROYHPHQW L Q F (DEeBKedd dl. 3007, IO doR t+-H2P1IB) (Delabyet al. 2015)
epilepsy(Changet al.2012) D Q G + X Q WNM&3tiokoRa@ef[al.2015) The suggestion of blood
biomarkers oheuropsychiatric disorders, such as depreq8dello et al.2015, Gottschalkt al.

2015) and attention deficit hyperactivity disordéBasakiet al. 2015) also demonstrates
considerable potential for blood to herald biomarkers for a diverse range of nervous system

pathologies.

1.5.3 Current status of pain biomarkers in humans
The use of animal models aimdvitro studies have letb significant advances in our understanding

of transcriptomic changes caused by inflammation and related nerve (¥pugg et al. 2012)
Several of these genes have been shown to influence pain sen@ttliritgim et al.2008, Young

et al.2012)and of whch, GTP cyclohydrolase is extensively reviewed (se[@idnl). However,

the search for biomarkers of pain has largely folldweargeted rather than exploratory approach
with the analysis opre-defined group of cytokines inblood and more frequently, CSF, with
mixed results. Increased levelslbf8 in CSF(Kotani et al. 2004)and IL-6 in blood(Zhu et al.
2009) have both been suggested as indicators for propensityevelop PHN. However,
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quantification of markers pertaining to various serum Th1l and Th2 cytokines, antibody titres to
varicellazosterand biopsies of zoster lesions found limited evidence for abtelimarker to
predict the emergenad PHN (Zak-Prelich et al.2003)

Similarly, Uceyleret al (2007) sought to determine garoinflammatory cytokine profile to
differentiate patients with painful neuropathy and healthy controls, but also included patients with
non-painful neuropathies. Blood mRNA andofein levels ofiL-2 and TNF- . were elevated in
painful neuropathies, which contrasted to both patients witkpaerful neuropathies and healthy
controls. Furthermore, levels of the amtflammatory cytokine 1E10 were found to be higher in
patients with painless neuropathy tharthose with painful neuropathy and controls, whilséiL
protein levels were also notably higher in all patients with neuropathy, indicating thanty
function as a nogpecific marker of peripheral neuropaityyceyleret al. 2007) Another study,

which compared nerve biopsies from patients with painful anepaorful neuropathies, showed

that patients with painful neuropathies exhibitgdater TNF. immunoreactivity in myelinating
Schwann cells, whilst elevated serum soluble INFUHFHSWRU ZDV REVHUYHG LQ
mechanical allodynigEmpl et al.2001)

It hasalsobeen reported thdevels of serum biomarkers correldteith lower back pain and
subsequent functional impairmég®towaet al.2014) whilst others have observed thia severity

of polyneuropathy is associated with elevaiddF- . and IL-6 (Ludwig et al. 2008) Several
cytokines inthe serum and CSBf patients with lumbar disc herniation and sciatica have been
studied, whicHoundthat only IL-8 levels in CSF waisicreased, albeit not cosséntly. However,

no clear association was found between blood cytokine lemefsmtientswith lumbar disc
herniation and sciatio@risby et al. 2002)

The case of cystatin C igghaps a further indictment tfe current state of pain biomarkers. A
cysteine protease inhibitocystatin G was initially shown to be upregulated in tbd by
persistent noxious input in a carrageenauced animal model of peripheral inflammat{dfang

et al.2001) It was hypothesised that, as cystatin is secreted, its levels in CSF may be representative
of a nociceptive state. Levels of cystatin C in the CSF were indeed higher in persons experiencing
labour prior to anaesthesia for caesarsaction than those with elective caesarean sections
(Manneset al.2003) The validity of cystatin C as a biomarker was subsequently analysed further

in healthy contrts, women with severe labour pain, women undergoing elective caesarean without

pain, and in patients with CNP. Cystatin C levels were elevated in both pregnancy cohorts
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regardless of pain, and did not differ between controls and @iPnts(Eisenactet al. 2004)
The suggestion that cystatin C may function as pain mgManneset al. 2003) and the
methodology used by Eisenaehal (Eisenaclet al. 2004) has been the subject of considerable
criticism (Kalso 2004)

1.5.4 Genes association with neuropathic pain

Genes previously associated with pain in humanesibjare numerouslthough their value as

CNP biomarkers is largely uncomfirme# total of 23 genes were previously summarised with
associations to experimental pain, clinical pain or analgesia, although there is often contradictory
evidence to conclusely attribute a specific gene to changes in pain sensitivity or susceptibility
(Lacroix-Fralishet al. 2009) A further systemic review highlighted a similar number of genetic
associations with CNRsan Heckeet al.2015) Indeed, animal studies have elucidated a plethora

of differentially regulated genes in animal models of pain, but few have been confirmed to be of
direct relevance to pain sensitivity, or are involved in the propensity of CN&logevent in
humangDiatchenkeet al.2005)

Poignant examples of genes with associations to pain phenotype irdteholaming-
methyltransferasedQOMT), melanocortin 1 receptoMC1R), and GTP cyclohydrolase(GCHJ).
COMT has been studied extensively in relation to the associati@@®fT polymorphisms and
pain sensitivity. A common nesynonymous SNP withiCOMT (rs4680;Val158Me} has been
shown to result in a functional protein with similar catalytic attjuut exhibits thermolability at
physiological temperaturékottaet al. 1995) resulting in & to 4fold variation in COMT activity
(Mannistoet al. 1999) The proposed influenag® MC1R on pain sensitivity has been discussed
in detail (6.4.2.3.

1.6 Thesis rationale

Chronic neuropathic pain is protractedtea debilitating, and has consideralsiecioeconomic
implications Persons with CNP are oftdiagrosed with major depression and suffer considerable
deterioration in quaty of life. In contrast to mangimilarly common diseases, the sensitivity and
specificity of diagnostic methodology and the subsequent efficacy of pharmacotherapy is severely
limited. Indeed, advocatgfora uSRVVLEOH SUREDEOH DQG (QJtdede&XLWHY |
al. 2008)is perhaps an indictment of the current state of diagnostic capability. It should also be
considered that the currently available screening tools fail to identify approkir2@te5% of

cases previously identified by clinician diagnosis, though with limited diagnostic methodology
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particularly in primary cardmportantly, both scening tools and clinician diagnosis rely heavily

upon accurate responses to verbal descriptors of pain, which may be of negligible value in certain
patient groups, particularly in those with neurologicahmarbidities such as dementia, which are

of contiruously increasing prevalence. This, in addition to the lack of efficacious treatments and
absence of novel pharmacotherapy targeting the distinct pathophysiological changes associated
with CNP, are the prevailing factopoviding the impetudor the idenification of diagnostic
biomarkers of CNP, which in turn, may assist in the identification of novel drug targets.

1.7 Core thesis aims

x To determine whether tetrahydrobiopterin related genes and molecules are differentially
regulated in the blood of CNP patient

x Improve our understanding of how tl&CH1 pain protective haplotype may confer
reduced sensitivity to pain

x Determine gene expression changes in the blood from two distinct cohorts of patients with
CNP

x Use bioinformaticresources to rationalise changes gene expression, considering
literature evidence and elucidageoups of candidateiomarkers for future validation,
including a consideration for their potential as pharmacological targets for amelioration of
CNP

x Determine whether the candidate biomarkenes function as potential translational
biomarkers by analysis of their expression in theDidtin a commonanimal model of
neuropathic pai
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Chapter2 OHWKRGYV ODWHULDOV
2.1  Cohort specific methods

2.1.1 Discovery cohort

2.1.1.1  Sample acquisition

Blood from 10 individuals withCNP of the back or lower ba¢icNBP) lasting for more tha®
months was obtained through ProteoGenex tissue procurement services (CulveCAJity,
alongside a further 10 age agehder matched controlso acquired through ProteoGenex tissue
procuremenservices. Patients were recruited after clinical assessment of their pain symptoms,
includingcomputed tomographyz(T) and MRI scans, electroneuromyography, microneurography
and assessment of the nociceptive flexion reflex. Pain intensities were detkusing thé&/RS.

All patients were nomesponsive to nenarcotic and antinflammatory analgesics. Plasma was
obtained using BD Vacutainer KRDTA tubes with centrifugation aODO0 xg for 10 minutes and
immediate storage of the plasma&C, alongsiaisolation of buffy coat (for gDNA extraction)
Sampleacquisitionwas also undertakarsingPAXgene Blood RNA Tube@PreAnalytiX GmbH
Switzerlang. Patients with major psychiatric disorders, cancer or diabetes were excluded from
this study. Donor consénvas obtained througRroteoGenex under Protocol REBNG2003/1,

titled: Collection of Tissue, Blood and Bone Marrokerein this cohort will be termed the
discovery cohortDemographics and detaifsertaining to all study participants are detailed
(Appendk 1).

Plasmawas alsabtained froml2 patients with chronic inflammatory back pain (ClB®prder

to perform additional analysis pertaining to TIMP1 in plagseztion2.2.9. Ethics approval was

obtained from Galway Univeity Hospitals(Ref: C.A. 1037and National University of Ireland,
Galway. The absence GNP was determined by clinical asseent, and an-8ANSS score of

less thanl12. Pain severity was determined using the Chronic Pain Grade questionnaire.
Demographicend details pertaining to these participants are detailed (Appendix 1).

2.1.1.2  Extraction of RNA (discovery cohort)

Total RNA was isolated from thtAXgene Blood RNA Tubesising the Preserved Blood\NR

Purification Kit Il (Norgen Canada). The PAXgene tube wlewed to thaw at room tempdtae

before centrifugation at@®0 xg for 10 minutes. The resulting supernatant was discarded and 4

mL of NPX1 reagent added to the pellet, vortexed ulgsolved, and centrifuged a@@0 xg for

10 minutes. The supernatantis discarded and 600 pL of NPX2 mixed with the pellet by
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vortexing until dissolved, followed by cirugation of the lysate at D0 xg for 1 minute. The
supernatant was then transferred acsterile 1.5 mL microcentrifuge tube. Three hundred
microliters of ethanol was added and vortexed before the addition of 600 pL of the resulting lysate
ethanol mix to the columfhe column was centrifuged &0 xg for 1 minute. The column was
then washed by the addition of 400 pf NPX3 and centrifuged at 080x g for 1 minute. For

the removal of gDNA, 15 pL of DNase | was combined with 100 pL of NPX4, mixed gently by
inversion, and applied to the column followed @ntifugation at 1@00 xg for 1 minute. The
eluate containing DNase | was then reapplied @cctilumn and incubated at°®5for 15 minutes.

Four hundred microlitres of NPX4 was addedhe tolumn and centrifuged ateD xg for 1
minute. This step was repeated for a total of 2 wasiilesvied by centrifugation at DO0 xg for

2 minutes to remay residual solution from the column. The column was transferred to a sterile
1.5 mL microcentrifuge tube and RNA eluted by the addition of 50 pL of NPX5 to the column.
Centrifugation was then carried @it200 xg for 2 minutes and D0 xg for 1 minute The eluate
containing the RNA was stored €0°C. RNA concentration was measunesinga NanoDrop
ND2000 ultravioletvisible spectrophotometer Lgbtech International Ltd, UK) and
electrophoresed as describeéc(tior@. RNA integrity was analysed using an Agilent 2100

Bioanalyzer (Agilent Technologies, Amsterdam, The Netherlands).

2.1.1.3  Affymetrix microarray and data analysis

Total RNA was labelled using an Ambion WT Expression kit (Life Technologies, The
Netherlands) and hyllized to Affymetrix Human Gene 1.0 S3xpression arrays (Affymetrix,
USA). Sampldabelling hybridisation to chips, and image scanning were performed according to
the manufacturer's instructions on an Affymetrix GeneTitan instrument by SourceBiosciences
(Germany). Quality control was performed using Affymetrix Expression Console and
interpretation of data was facilitated by Affymetrix Transcriptome Analysis Console 2.0 (TAC
2.0). Transcripts exhibiting a fold change ef.2 and ap YDOXH R ” viete? 9 $
considered differentially expressed and suitable for further andWsiarray files pertaining to

this cohort are available in the electronic supplementary material.

2.1.1.4  Analysis of genegene correlations

A total of 3,900 human-2olor microarray ext ULPHQWY ZHUH GRZQORDGHG |
Expression Omnibus (GEO) and norma&its as described previougiWren 2009). Two-color

arrays were chosen because they reflect how gene exprelé$era between two conditions,

usually experimetal and control, which emphasshow genes are correlated in their response.
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the two genes were present on faene microarray. This work was condutcte collaboration

with Dr J. Wren, an affiliate ofhe Oklahoma Medical Research Foundation, and enables the
identification of gene expression patterns which differ from those normally observed.

2.1.1.5 Analysis of biopterins using HPLC

After collection of blood usingEDTA tubes a proportion of the sample wasoled on ice for 5
minutes Separation of plasma from blood cells was achieved by centrifugatidtC for 10
minutes atL000 xg. A total of 90 uL of blood plasma @as thentransferred into a new, coolédb

mL microcentrifugetube containing 1@l of 10 mM dithioerythritol (DTE) in phosphate buffer
saline (PBS), and stored-80°C.Plasmasamples weréhendiluted 1:10 in icecold resuspension
buffer. To 180 L of all samplesand standards, 20 puL of 10x precipitation buffer was added,
followed by centrifugation at 4°C for 5 minutes at 160@p A total of 100 pL of the supernatant
was injected nto an isocratic HPLC system and quantified using sequential electraahemi
(Coulochem I, ESA Inc.UK) and fluorescence (JasddK) detection. HPLC separation was
performed using a 250 mm, ACE I8 column (HichromUK) and mobile phase comprising 50
mM sodium acetate, 5 mM citric acid, 48 uM EDTA, and 160 uM DTE &#8) (dl ultrapure
electrochemical HPLC grade) at a flow rate of 1.3/min. Quantification of BH was made
directly by electrochemical detectigbackground currents of +500 nA ariiD nA were used for
the detection of Bion electrochemical cells E1 and E2spectively) Biopterinand BH were
measured asseparate chromatographic picks the same sample using a Jasco FP2020
fluorescence detector, serially connected to the electrochemical detBttotrochemical
detection of biopterins in the discovery cdhavas conducted through the Division of
Cardiovascular Medicine at the University of Oxfoael described here and amnilarly as

previously describe{Crabtreest al.2009b)

2.1.2 Discovery/validation methods
2.1.2.1  Sample acquisition
Samples pertaining to the discovery/validation cohort were collected at the University of

Huddersfield (control subjects) and through Ben Managementesvices at Seaoft Hospital
(patients). A total of 24 subjects in each group were included within this thesis. Control and patient
details are describedppendix 3. The screening tool and patient questionnaires (including the
S-LANSS test and Chronic Pain Grade toate included within the electronic supplementary
materials in addition to the study protocol details (including inclusion and exclusion criteria)
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Venous blood was obtained from the antecubital fossa using standard phlebotomy technique. The
BD VacutaineiSafety RNE& EORRG FROOHFWLRQ VHW ZDV XVHG WR G
each volunteer. Ten millilitre BD Vacutainer KREA tubes, 2.5 mL PAXgene Blood DNA tubes
Tubes(PreAnalytiX GmbH Switzerlangland2.5 mL PAXgene Blood RNA tubes were used,

the order described, to collect blood. All PAXgene tubes were stord@P@tfor >24 hours before
transfer ta80°C for longterm storage. BD Vacutainer tubes were immediately centrifuged at 1000

x g for 10 minutes at® and the resulting plasma wasmediately fraen on dry ice followed by
long-term storage aB0°C. Herein this cohort will be termed the discovery/validation cohort.

2.1.2.2  Extraction of RNA (disocovery/validation cohort)

RNA was extracted using the PAXgene Blood RNA &treAnalytiX GmbH Switzerland.
PAXgene Blood RNA tubes were removed fre86°C storage, equilibrated to room temperature,
and incubated for 2 hours to ensure complete cell lysis. The tubes were then centrifuged for 10
minutes at 4000 g. The supernatant was removed by déognbefore the addition of 4 mL of
RNasefree water to each tube and the applicatioafodsh secondary BD Hemogard closure. The
pellet was dissolved by vortexing, and centrifuged for 10 minutes at 490&fter decanting of

the supernatant, 350 pL aksuspension buffer was added to the pellet and vortexed until
dissolved. The sample was then transferred to a 1.5 mL microcentrifuge tube with the addition of
300 pL of binding buffer and 40 pL of proteinase K followed by vortexing for 5 seconds and
incubation for 10 minutes at 36 with shaking (700 rpm). The sample was then transferred to a
PAXgene Shredder spin column and centritlifpr 3 minutes at 16160 g. The supernatant of

the flowrthrough was then transferred to a fresh 1.5 mL microcentrifuige, followed by the
additionof 350 pL of ethanol, vortexeriefly and centrifuged for-2 seconds at 1000g Seven
hundred microliters of the sample was transferred to a PAXgene RNA spin cahalcentrifuged

for 1 minute at 16160 g, followed by the addition of any remaining sample and centrifugation
with identical parameters. Three hundred and fifty microliters of Wash Buffer 1 was adted to
PAXgene RNA spin column followed lmentrifugation for 1 minute at 1616@MxAfter replacing

the processg tube containing the flohrough, 10 yL of DNasé solution was mixed with 70

puL of DNA Digestion Buffer, per sample, in a 1.5 mhicrocentrifuge tube and added to the
column membrane. The spin columns were then incubated at room temperature foutEs.min
Three hundred and fifty microliters of Wash Buffer was added, followed by a further 500 pL of
Wash Buffer. Centrifugation steps for 1 minute at 16160 were carried out, followed by
replacement of the processing tube after each addition of Wastr Baother 500 pL of wash
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buffer 2 was then added, and centrifuged at the same speed for 3 minutes, again replacing the
processing tube. The spin column was then centrifuged for 1 minute at 1§18flex discarding

the eluate, the spin column was @dan a clean 1.5 mL microcentrifuge tube and 40 pL of elution
buffer wasaddeddirectly onto the membrane followed by centrifugation at 1616k 1 minute

This elution step was repeated using the same parameters and the same collection tubeg containin
the previous eluate. The complete Rigédntaining eluate was then incubated for 5 minutes at
65°C, chilled on ice and then stored-80°C until use. RNA was quantified using a NanoDrop
2000 U\WVis spectrophotometerLébtech International LtdJUK). Qualiative analysis was
performed by gel electrophoresis to confirm intac 28d 18Sibosomal RNA(sectioriZ.]r.

2.1.2.3  Affymetrix microarray and data analysis

Analysis of gene expression by microarray was conducted by AROS AppltdcBinology
(Aarhus N, Denmark) using th@eneChip Human Transcriptome Array 2Affymetrix, Santa

Clara, CA, USA) All methodology pertaining to sample processing is included as electronic
VXSSOHPHQWDU\ PDWHULDO HQWLWPHG KIRGEEIRXWtsdl YDO L
was performed using Affymetrix Expression Console and interpretation of data was facilitated by
Affymetrix Transcriptome Analysis Console 2.0 (TAXD). Transcripts exhibiting a fold change

of 1.2and g YDOXH RI " VA) werezonsidered differentially expressed and suitable

for further analysisMicroarray files pertaining to this cohort are available in the electronic

supplementary material.

2.1.2.4  cDNA synthesis

Synthesis of cDNA was performed using 300 ng of RMaially diluted to 11 pL with nuclease
free water. Using théerso cDNA synthesis kit (Thernfcientific, UK) a total of 9 pL of reaction
mix was added to the diluted RNAfter DNase treatment where applicaptnsisting of 4 pL
cDNA synthesis buffer, 2 pL dNP Mix, 0.75 pL random hexamers, 0.25 pL oligo dT, 1 pL RT
Enhancer and 1 yuL Verso Enzyme Mix (no templatetrmd® and reverse transcripti@ontrols
were included).For clinical samples, rpr DNAse treatment was not necessary as this was
complete orcolumn during the extraction process. The reaction was then incubateiCabsd2
hour followed by 95C for 2 minutesAny cDNA not diluted and processed immediately was

subject to shorterm storage aR0°C.

2.1.25 gRT-PCR
Synthesised cDNA was initially dilutett5 (to 100 pL). Aliquots were then further diluted 1:10

(giving a final cDNA dilution of 1:50) prior to qRPCR analysis. Genes were analysed in
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triplicate using a CFX96 instrumerBip-Rad UK), with each 12 pL reaction consisting of 6 pL

RI1 L7DT Es8IQYBR Green SupermiBio-Rad UK), 300 nM of each forward and reverse
primer, nuclease free water and 5 pL of diluted cDNA. Assays incorporating primers supplied by
Primerdesign_Ltd were used at a combined volume of 0.6 pL per 12 pL reaction. Inoubati
consisted of polymerase actiian andinitial DNA denaturation at 9% for 2 mirutesfollowed

by 40 cycles of denaturation at ¥5for 5 seconds witannealing and extension at’@0(unless
otherwise stated) for 30 seconds (unless otherwise statémlvddl by fluorescence detection.
Upon completion of thermal cycling, malurve analysis (and gel electrophoresis) was performed
to confirm reaction specificity. Quality control, baseline subtraction and determination of the
threshold cycle (§ were perfomed usingBio-RadCFX Manager 3.1Rio-Rad UK). Data was
subsequently analysed with gbaseoftware (Biogazelle, Belgium) using an unpaire@st.
Primer detailsand any deviation from the described PCR cycling conditevesalsopresented
(Appendix 9.

2.1.2.6 BRB Array Tools

In order to detamine gene expression correlatiomsh selfreported parameters, the BRB Array

Tools ¢4.5.0) quantitativerait analysis tool was useudthin Microsoft Excel after uploading of

the array filesAll genes initially uploadd to BRB Array Tools were subject to filtering, which
excluded genes wherein less than 20% ef dlgnals were greater than Idd differentially
expression from the media@HDUVRQYY FRUUHODWLRQ YDOXHV EHWZHLE
LANSS score omodified Chronic Pain Gradesult werethenobtained. Thelefault significance
threshold was useggh = 0.00]).

Given that all patients included in the array analysis obtained a minirLAANSS score of 12,
DQDO\VLYV RI 3HDUVRQ Y VVLANSS scdre dntivhhidrdarvaytbased g ehie €xpeession
values could only be achieved using patients with a neuropathic component to their pain. Gene
expression correlation with-BANSS scores therefore seeks to determine genes which correlate
with the weightingpf the neuropathicomponento theirpain, which may be reflected layhigher
S-LANSS score.

In order to determined genes correlating with -sgtforted measures of pain severity, scores
pertaining to three measures of the Chronic Pain Grade quest®ifga@stions 3, 4 and 5), in
addition to two further questions (1 and 2), were combined. This was done to provide a balanced

overview of pain severity which considered various tpo@ts, ranging from the present moment
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to the previous three montt@thermeasures were excluded as they related to the affective aspects

of pain and sought to grade the level of disability and restriction efaldgy activities. Bottihe

S-LANSS tool and Chronic Pain GradgeX HVWLRQQDLUH FDQ EH IRXQG ZLWK
DQG SDWLHQW TXHVWLRQQDLUHY LQ WKH DWWDFKHG VXSS

2.2  Non-specific cohort methods

2.2.1 Agarose gel electrophoresis (RNA)

A 1.5% agarose gel was made byitmg 1.59g of agarose (Thermo ScientifidK) in 100 mL of

1x TBE, followed bythe addition ofL pL of GreenView DNA Gel Stai{lGeneCopedia, USA)r

3 UL of ethidium bromide solutigrand cast into a dedicated RNA electrophoresis system. RNA
samples to be electrophoresed were thawed on ice. One microlitre of RNA sample was added to a
0.2 mL tube per 0.2 of Gel Loading Dye (NEBUK), loaded on to the gel, and electrophoresed

at 60 V for 30 minutes. The gel was visualised and photograpitied ChemiDoc MP Imaging

System Bio-Rad UK).

2.2.2 Literature refinement of microarray data

In order to determine ges®vith the greatest evidence for involvement in CNP, refinement of gene
expression data was undertaken with specific criteria, which includes a greater statistical
stringency, the presence of a gene within correlation analysis, atfiglfimhether there is a body

of literature pertaining to the role of the molecule in established pain pathways. Literature was
searched to include all publications available up to, and including, February 2017, using both
PubMed and general electronicamihation databases with the gene name or symbol, along with
WKH WHUPYV pSDLQY HQHXURSDWKLFYT RU pQHXURSDWKLF SI

2.2.3 Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA) (QiagetdSA) was used to identify pathways and molecular
interactions between fiierentially regulated genes. Initially the data set, directly uploaded after
extraction from thffymetrix TAC2.0, was processeay IPA and genes corresponding to those
within the IPA database were successfullypped by the softwar@\ll genesmapped tdhe IPA
databaseverethen subject tohe insertion of direct and indirect molecular interactions using the
MHFRQQHFW WRROY ZLWK GHIDXOW SDUDPHWHUV S QWHUDEF
molecules were disregarded. Data pertaining to fold gdaegulation was then overlaid on the

network to illustrate changes in gene expression.
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In order to visualise potential interactions between the molecules identified within this study, and

to those assignedlithin thelPA databases particularly perting to neuropathic pain, the mapped
GLITHUHQWLDOO\ UHJXODWHG JHQHYV ZHUH FRPELQHG ZLWK
SDLQYT VHFWLRQ RI WKH p'LVHDVH JIXQFWLRQY WRRO 7R L

were sought and all xenobicsi removed prior to analysis.

2.2.4 Extraction of genomic DNA from blood

In order to extract QNA from peripheral blood mononuclear cells, either 750 uL of whole blood
(discoveryl/validation cohorr buffy coat(discovery cohd) was mixed with 12 mL of reagen

A (red blood cell lysis solution) and placed on a rotating mixer for 4 minutes at room temperature
followed by centrifugation at 3000 g for 5 minutes and discarding of the supernatant. To the
pellet, 1 mL of reagent B (cell lysis solution) was addedi \artexed briefly to resuspend. Two
hundred and fifty microliters of 5 M sodium perchlorate was then added to the resuspended pellet
and mixed by multiple inversions. The solution was then incubated in a water bath for 15 minutes
at 6%C. After allowing b cool to room temperature, 2 mL of iceld chloroform was added and
placed on a rotating mixer for 60 minutes, followed by centrifugation at 240@rx2 minutes.

The upper phase was transferred to new tube followed by the addition of 3 micofdethanol

and gentle inversion to precipte DNA. PrecipitatedNA was then transferred to a 1.5 mL
microcentrifuge tube, briefly allowed to air dry, and resuspended in 200 uL of TE blifier.

method was adapted from a protocol described elsewBartettet al.2014)

2.2.5 Genotyping of GCH1

The GCH1 genotype pertaining tothe pain protective haplotype (rs8007267, rs3783641,
rs10483639) was determined for both the disopyer= 20) and discovery/validatiom & 47)
cohorts using the PCGRestriction fragment length polymorism (RFLP) method. DNAwas

extracted as describédection2.2.4 and diluted to a working concentration of 5 ng/pL using

nuclease free water. Each 10 uL PCR consisted of 3.92 yL water, 2 L 5x Phire Reaction Buffer,
1 pL dNTPs (2 mM), 0.5 uM of forward and reverse primer, 2 pL of gDNA and 0.08 pL Phire
Hot Start Il DNA PolymeraseThermo Scientificc UK). The annealing tempedtae for each
reaction wasnitially optimised by gradient PCR. Cycling conditions for all reactions consisted of
98°C for 30 seconds followed by 35 cycles oP@8or 5 seconds, 598 for 5 seconds and T2

for 10 seconds, terminating with 1 cycle oPCZor 1 minute. Restriction digest was undertaken
directly after PCR by the addition of 20 uL consisting of 2 pL of 10x CutSmart Baiffér2U of

either BcoDI (rs10483639), BstZ171 (rs8007267)TspRI (rs3783641) (NEBJK) followed by
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incubation at 37C (BcoDI and BstZ171) or 6% (TspRI) for 3 hours. After incubation, 6 pL of

6x loading dye was added atitt samplelectrophoresed in a 3% agarose gel at 90 V for 1 hour

(section2.4.9 followed by imaging using &hemiDoc MPImaging SystemRio-Rad UK).

2.2.6 Plasma TIMP1 ELISA

In orderto determine if circulating levels of tissue inhibitor of matrix metalloproteiia3@MP1)

varied between patients with CNBR=% 10), CIBP (= 12) and healthy controls € 10), a total

of 32 gdasma samples from the discovery cohort were subject to a TIMP1 efinkee
immunosorbent assay (ELISA) (InvitrogebK). This was subsequently repeated with the
discovery/validation cohort, comprising of patients with CNR @4) and controlsn(= 24).The
DvvD\ zDV SHUIRUPHG DFFRUGLQJ WR PDQXIDFWXUHUTYV L
diluted to 200 pL prior to the procedure using the Standard Diluent Buffer, and 50 pL of a sample,
standard (€5 ng/mL) or blank (Standard Diluent Buffer), wapplied to a 9&vell plate in
duplicate Fifty microlitres of human TIMPR (biotin conjugate) was added to all liqgadntaining

wells and incubated at room temperature for 2 hours. The solution was then decanted from the
wells and the wells washed 4 time#h wash buffer. One hundred microlitres of Streptavidin

HRP was then added to all wells originally allocated as sarsgaladard or blanknd incubated

at room temperature for 30 minutes. The solution was then decanted and the wash step repeated.
One hundred microlitres of Stabilised Chromogen was added to all wells, including 2 wells without
prior sample or standard addition. The plate was incubated at room temperature for 20 minutes
and 100 pL of Stop Solution added to each well. Absorbancendegtabtained using an Infinite

F50 microplate reader (TecadK) at 450 nm. After subtraction of background absorbance and

the chromagen blank, absorbance data was converted into plasma TIMP1 levels (correcting for the

initial plasma dilution) and analysed wi@raphPad Prisr.0.

2.2.7 Griess assay

Total plasma nitte, after reduction ohitrate to nitrite¢ was quantified using the Nite/Nitrate
Colourmetric Assay Kit (Cayman ChemicllK). Plasma from control subjedits= 8) and CNBP
patients { = 8) in the disceery cohort, and control subjedis= 23) andCNP patients ( = 23)
from thediscoveryyalidation cohort wereinitially allowed to thaw. A&er which 800 uL was
immediately transferred to an Amicon UlaCentrifugal Filter Unit (1&Da) (Merck Milllipore,
USA). Sanples were centrifuged at 3800g«for 20 minutes Each sample was analysed in
duplicate with a total of 4QL of filtrate, diluted to 8QuL with assay buffer, per 9&ell. The plate

was incubated for Bours at room temperature aftbe addiion of 10uL of nitrate reductase
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cofactors and 1QuL of reconstituted nitrate reductase to all wells, except the blank which
comprised of 20QIL of assay buffer. After incubation, . GriessReagent R1 (sulphanilamide)
and 50 pL of Griess Reagent R2-(Nhapthylethylenediamine) wasdded to all samples and
standards, incubated for 10 minutes, and absorbance was recordedratisifg a Tecan Infinite
F50 microplate reader (TecddK). Data was analysed @raphPad Prisrf.0 using an unpaired

t-test.

2.2.8 Analysis of neopterin using HPLC

Plasma was initially allowed to thaw at room temperature, after which 300 pL of 5% (w/v)
trichloroacetic acidTCA) was added to 300 uL of plasma, vortexed feebonds, and centrifuged

at 12000 xg for 5 minutes. The supeaitant was then processed through a 0.45 pM RC membrane
(4 mm) syringe filter (PhenonomeklK). HPLC was performing using a mobile phase consisting
of 20 mM potassium dihydrogen phosphate @H at a flow rate of 1 mL/min with a
6SKHUH&ORQHE —a@.6thnecolumncpupled to a SecurityGuard guard cartridge
(PhenonomexUK). Each sample was analysed in triplicate with an injection volume of 60 pL.
An Agilent Technologies 1100 HPLC system was used, comprising of a degasser (G1322A),
quaternary pump (G13A), autosampler (G1329A) and a 1260 Infinity Fluorescence Detector
(G1321B) with an excitation and emission of 353nm and 438nm respectively.

2.2.9 DAVID bioinformatics resource

The Database for Annotation, Visualization and Integrated Discovery (DAVID) is éhassu
bioinformatics resource for functional annotation and classification of microarrayClatset

al. 2007) Genes with @ YDOXH RI ” DQG D IROG FKDQJH RI
Affymetrix TAC software into DAVID (v6.7) using the probe ID or gene symbol. Default
parameters for analysis in DAVID were maintained, including a minimum count of 2 genes and
an EASE scorehteshold (modified Fisher Extragt value) of 0.1.A total of 421 and 189
differentially regulated genes were exported from Affymetrix TAC software, and of which, 354
and 126 were successfully mapped by DAVID, for the discovery and discovery/validatartscoh

respectively.

2.3  Translational biomarker discovery

2.3.1 Animal husbandry
Adult male Spragu®awley (= 18)and Wistar Kyotorf = 18) rats(matched at-B weeks of age
upon delivery and 258509 atthetime of experimentation; HarlablK) were housed singlyvith
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food and water availabled libitumand maintained at constant temperature (22G&) Ander 12

hour cycling of lightdark eposure (lights on at 07.00 hyhe experimental procedures were
approved by the Animal Care and Research Ethics CommittemnblaUniversity of Ireland,
Galway, and carried out under license from the Department of Health in the Republic of Ireland
and in accordance with EU Directive 2010/63. One week following delivery and acclimatisation
to the animal unit, animals underwenirgery after allocation into eitheblspinal nerve ligation
(SNL) 5 (n = 10) or shamn(= 8) groupdor both rat strainslin brief, the rats were anaestised

under isoflurane anaesthesia (3% induction;224% maintenance in 0.5 L/min2Dand upon
exposire of the left L5 spinal nerve, a ligature was applied. Sham rats were treated identically,
aside fromthe application of a ligaturéAnimals were maintained until 35 days pestgery at
which point euthanasia was performed by decapitation and tissueamested from the spinal

cord DH ipsilateral to the & of nerve injury, snafrozen on dry ice and stored -80°C. RNA

was extracted from tissue using the NucleoSpin® RNA kit (MaciNagel Germany with on
column DNase treatment followed by storae80°C. The work describederewas undertaken
byProfD. Finn ofthe National University of Ireland. Further work on the extracted RNA described
herein was undertaken at the University of Huddersfield.

2.3.2  Whole transcriptome amplification

A total of 25 ng 6RNA from eachDH sample was used for reverse transcription and subsequent
amplification using the QuantiTect Whole Transcriptome Kit (QiadéK). An appropriate
volume of RNA was made to a volume of 2.5 pL with nuclease free water. A combination of 2 pL
of T-Script Buffer and 0.5 pL of -Bcript enzyme were added to the RNA for reverse transcription
and incubated at 3C for 30 minutes then 96 for 5 minutes. Ligation of the cDNA was then
performed by adding a combination of 3 uL of Ligation Buffer, 1lgation Reagent, 0.5 pL of
Ligation Enzyme 1 and 0.5 p&f Ligation Enzyme 2, followed by incubation at°€2for 2 hours.
Amplification of the ligated cDNA was then undertakanadding a combination of 14.5 pL of
REPLIg Midi Reaction Buffer and 0.5 pulREPLIg Midi DNA Polymerase, followed by
incubation at 3 for 8 hours and 9& for 5 minutesAmplified cDNA was the stored shetgérm
at-20°C until use.

2.3.3 gRT-PCR (animal pain model)
After serial dilution of the amplification product (1:200(8ection|2.3.3, qRT-PCR was

performed using a CFX96 instrumeig-Rad UK). Analysis of samples was performed in

triplicate as previously describedetion2.1.2.9. Upon completion of thermal cycling, mel
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curve analysis (and gel electrophoresis) was performed to confirm reaction specificity. Baseline
subtraction and determination of the threshold cyclg (@s performed usingio-Rad CFX
Manager 3.1Bio-Rad UK). Data was subsequently analysed with ghasoftware (Biogazelle,
Belgium) using an unpairedtéest.

2.3.4 Droplet digital PCR
A total of 20 ng of RNA was reverse transcribed using the Verso cDNA synthesis kit as previously

describedsection2.1.2.3, with the exception #it all reaction components were used at half the

previouslydetailed volumesThe cDNA was subsequently diluted to 300 Further dilutions

were performed for the reference geRgdl3aandUbcto avoid saturation of the ddPCR system.

Each 20 pL PCR consed of 10—/ RI1 4; & GG3&5C& (YDJUHHQ 6XSHUP
forward and reverse primer, 5 yL of diluted cDNA and nuclease free water. This was loaded in to
D'* ®€® &DUWULGJH ZLWK DFFRPSDQ\LQJ '* & *DVNHW DQG

Oil for Evagreen forsubsequenGURSOHW JHQHUDWLRQ XVLQJ T™ed6 & 'U]
ZHOO SODWHYV ZHUH WKHQ VHDOHG XVLQJ SLHUFHDEOH IRL
7 & 7KHUPDO &\FOHU ZDV XVHG ZLWK WKH IRO®@R®DLE)J F\F(
minutes at 9%C, followed by 40 cycles of denaturation at°@5for 30 seconds and
annealing/extension at 80 for 1 minute. Signal stabilisation was achieved by cooling@ofdr

5 minutes and heating to @ for 5 minutes. A ramp rate of@/sec was required for each step in

WKH 3&5 'DWD ZDV WKHQ REWDLQHG XVLQJ D 4; €& 'URSOH
2LO DQG 4XDQWDG6RIWAH equRpnerd @nd Heagénts were provided by-Rexd

(UK). Normalisation of data was performed hyiding the total numbeof transcript copies per

20 pL reaction, by the geometric meanRypl13aand Ubc. Data was analysed using GraphPad

Prism6.0 using an unpairedtést.

2.4  Molecular cloning

24.1 PCR

Multiple PCRswere undertaken in order to enable cloning aubsequent reporter gene assays
The primer sequences, reactioonstituents and PCR cycling conditions are detailed (Appendix
3). Sanger sequencing gburified PCR productsand plasmids was undertaken through

SourceBioscience (CambriddgK).
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2.4.2 PostPCR purification
After completion of PCR cycling and electrophordsiction2.4.9, the gel was briefly visualised

on a UV Transilluminator 2000B{o-Rad UK), and the agarose gel containing the band
corresponding to the corregtolecular weight was excised using a clean scalpel and placed in a
1.5 mL microcentrifuge tube. DNA was then extracted using the GeneJET Gel Extraction Kit
(Thermo Scientific,UK) by the addition of 100 pL of Binding Buffer per 100 mg of excised
agarose deand heated to 36 with intermittent inversion until the gel slice was fully melted. The
homogenous solution was then transferred to a GeneJET purification column and centrifuged for
1 minute at 12000 g. All further centrifugation steps were carriedtausing these parameters.
After discarding of the eluate, 700 pL of wash solution was added to the column and centrifuged,
followed by a further centrifugation step to remove residual wash solution. DNA was eluted from
the column into a clean 1.5 mL micentrifuge tube by the addition of 20 L of ultrapure water

to the membrane, incubation for 1 minute, and centrifugation. The elution step was repeated with
a further 1620 pL of ultrapure water if eluate from the first centrifugation step containedisutfic

DNA (>30 ng/pL). DNA was then quantified using§lanoDrop ND2000 ultraviolexisible
spectrophotometet.@btech International LtdJK).

2.4.3 Restriction enzyme digests

A restriction enzyme digest of the purified PCR product and plasmid was performedamdoallo
ligation of the PCR product into the multiple cloning site of the plasmid. A total2fid of
plasmid DNA and 42 pug of PCR product was digested with the appropriate restriction enzyme(s)
(20U/ug DNA) (NEB, UK) andreactionbuffer in separat60-100 pL reaction (depending on the
initial DNA concentration). The reaction was incubated &C3dvernight. If a single restriction
enzyme was used, U of shrimp alkaline phosphatase (rSAREB, UK) per 1 pnol of DNA

ends was added directly to the plasmastriction enzyme digest after overnight incubation (e.g. 2
pg of a 5.4 kb plasmid corresponds to 1.12 pmol DNA emdsjder to preventecircularisation

of the plasmid backbonelhe dephosphorylation reaction was incubated &C 3ér 1 hour
followedby heat inactivation of rSARt 63C for 5 minutes. An appropriate volume of 6x loading
dye was added to the digested plasmid and PCR product, followed by electrophoresis and gel
extraction as described. Quantification was undertaken using a NanoDrop INDI2@@iolet+
visible spectrophotometekdbtech International Ltd)K). An additional quantification step was
used if those obtained by spectrophotometry were low (~3Lhgr lacked a defined peak at

260nm.In such cases, proportion of the eluate {& puL) was subject to gel electrophoresis

51



alongside 5 pL of MassRuler Express HR Forw&NA Ladder (Thermo ScientificUK).
Assessment of DNA concentratiainen was performed by densitometry analysis using a
ChemiDoc MP Imaging SysterBip-Rad UK).

2.4.4 Ligations

Ligation of the restriction enzyme digested and column purified plasmid and PCR product was
carried out using T4 DNA ligase (NEBK). Each 10 pL reaction typically consisted of 500

ng of total DNA, comprising of 205 ng (typically 30 ng) of plasmiiDNA at molar ratios
(plasmid : PCR product) of 1:1, 1:2, 1:3 and 1:5. The remainder of the reaction consisted of 1 pL
of 10x T4 DNA Ligase Buffer, 200 U of T4 DNA ligase and nuclease free water. Reactions were
also included with the absence of inseestriction-digestedPCR product) or the lack of DNA
ligase, in order to assess background ligation actiMitinstances wheligations and subsequent
transbrmation efficiency appeared to Wienited by factors such as the size of the plasmid
backbone ad PCR product, 2000 of Quick Ligasewas usedNEB, UK). In both instances,
incubationof the ligationwas carried out overnight at ~1%5

2.4.5 Post ligation screening
After incubationof the ligation reaction overnight pL was added to 1 —/ RI1 '+ .&E

competent cellgsection2.4.7 in a 0.2 mL tube followed by incubation on ice for 2.5 hours. The

competent cells were then subject to heat shock by incubatioPGafat215 seconds, followed by
storing on ice dr 5 minutes. The entire competent cell solution was then subject to 30 minutes
outgrowth in 300 pL of LB, after which 350 pL was spread onwwaemed LB(Luria-Bertani)

agar selection (ampicillin) plates. For transformations limited in efficiency byrcohsize, the

use of super optimal broth (SOB medium), rather tharbtd®h, seemingly improved recovery

after transformation. In both instances, agar plates were subsequently incubated overnight, upside
down, at 37C.

Resulting colonies were inoculatedo 5 mL of LB broth containing 5 pL of(1000x)ampicillin
solution and incubated overnight af@#Avith shaking (250pm). After centrifugation at@O0 xg

for 5 minutes, the cell pellet was resuspended with 350 pL STET buffer and transferred to a 1.5
mL tube containing 25 pL of lysozyme solution. After incubation for 40 seconds inl&@®C

water bath, 10 pL of RNase A solution was added followed byribegation for 15 minutes at
16160 xg. The supernatant was mixed with 400 uL isopropanol by regeéaversion and further
centrifuged at 1660 xg for 10 minutes to pellet DNA. After removal of the supernatant, 1 mL of

70% ethanol was added acentrifuged for 10 minutes ab@0 xg. The ethanol was completely
52



removed before dissolvingf the pelletedDNA in 50 pL of ultrapure water. The plasmid DNA
was then quantified usinjanoDrop ND2000 ultraviole¥isible spectrophotometet_dbtech
International Ltd UK).

In order to screen for successful insertion of the restrictigasted PCR product into the
linearisedplasmid a confirmatoryrestriction digest was performed. Each 30 pL reaction typically
consisted of 20@00 ng of extracted DNA, 3 pL of the appropriate buffer (commdiOy
CutSmart Buffe), 510 U of restriction enzyme (commonly KpiF and/@ Xhol) (NEB, UK)

and ultrapure water. The reaction was incubated &C 3or 3 hours followed by gel

electrophoresi¢section2.4.9.

2.4.6 Mutagenesis
Mutagenesis of constructs was undertaken using two distinct methods. The pregettaining
to mutagenesigl) relate tothe initial assessment of the pain protectmaplotype asdescribed

(section2.4.6.3, and corresponds teeactions 1 to 3 (Appendi¥). An alternative method was

used (sectiol2.4.6.3 for mutagenesis of the 15 kb constraonotatecasreaction 4 (Appendix
5).

2.4.6.1 Mutagenesis (1)

Mutagenesis of plasmid constructs encompassedsimoltaneous?’CRs. For each plasmid, 25

UL reactionswere preparedonsistingof 14.5 uL nuclease free water, 2.5 pL of lf®action
buffer, 5 uL GC Solution, 500 ng plasmid DNA, 0.25 pL Pwo DNA polymerase (Ragkgand

2.5 uM of either forward or reverse primer. Each pair of reactions were subjectGdd@530
seconds followethy 18 cycles of 9% for 30 seconds, 56 for 1 minute and PZ for 7 minutes.

Both reactions were then combined and incubat®8°C for 5 minutes, S for 1 minute, 88C

for 1 minute, 76C for 30 seconds, 8Q for 30 seconds, 8G for 30 seconds arfthally, 40°C for

30 seconds. After completion of cycling, 1.5 (@0 U) of Dpnl (NEB, UK) was added to the
reaction and incubated overnight ab@7Three microlitres of the reaction was added to 50 pL of
FRPSHWH @ and incubated on ice for 5 mitas followed by heat shock at%@for 45
seconds and incubation on ice for 5 minutes. After incubation, the cells were added to 350 pL of
LB brothand shaken (250 rpm) for 30 minutes. Three hundred and fifty microlitres were spread

on a selection plate antaining ampicillin and incubated at®7 overnight.
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2.4.6.2 Mutagenesis (I)
A PCR was undertakemsing theparametersidescribed (Appendipd) with the 15 kb GCH1
promoter construct as a template. The resukargple was then subject to gel electrophoresis and

extracted as describddection2.4.3. The eluate was then diluted to 67 ngdprocessed with

the Q5 SiteDirected Mutagenesis Kit (NERIK). A single 10 pL reaction was prepared consisting
of 1 pL (67 ng)of amplified plasmid DNA, 5 pL of 2x reaction buffer, 1 pL of enzyme mix
(kinase, ligase and DPNI) and 2 pL nuclease free water. The reaction was incubatéd at 22

overnightand trangbfrmedusing the procedure describestion2.4.9.

2.4.7 Competent cells
Competent cellsvere JHQHUDWHG E\ LQRF X O D W LBKQin ImL+tof L&bretH O O V

in a 15 mL tube followed by shaking incubation (250 rpm) overnight ®t.3&fter which, 1 mL

of the LBbrothwas transferred to 100 mL of Lothin a concal flask, which washensubject

to shaking incubation (250 rpm) at°®7for 2.5 hours. Fifty millilitres of the cell suspension was
then transferred to each of two 50 mL tubes and centrifuged at 1§30rx5 minutes. After
discarding the supernatattie bacterial cell pellet was resuspendeddmnmL of 100mM calcium
chloride solution (ice cold) by repeated inversion and centrifuged at 1§®r> minutes. The
supernatant was discarded and the cell pellet resuspended in 8 mL of the same cabciden chl

solution. Cells were then stored in ice, withir2eB{C) refrigerator, for up to one week.

2.4.8 Agarose Gel electrophoresis (DNA)

A 1.5% agarose gel (containifigb pL of GreenView DNA Gel Stain or 5 pL of ethidium bromide
solution) was made by melting.25g agarose in 150 mL dixTBE or 1XTAE. The percentage of
agarose was varied-@%) depending on the anticipated molecular weight of the electrophoresed
DNA. An appropriate volumeof 6x loading dye was added thhe sample followed by
electrophoresis at90V for ~1 hourThe gel was visualised and photograpbsithg aChemiDoc

MP Imaging System (BioRadlK).

2.5 Cell culture

2.5.1 Thawing
To thaw cells from liquid nitrogestoragethe cryovialwas placedn a 3PC water batHor the

minimum required timeOnce thaved, the cells were transferred into & of warmedcell culture

medium in a 15 M tube and centrifuged &00x g for 5 minutes After removal of thenedg, the
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cells were resuspended aulture cell medium. The cell suspension wilen transferred to a

suitably sized cell culture flask and placed in a humidiB&eC incubator for expansion.

2.5.2 Maintenance cell culture

Cdl culture was undertaken using using several cell lines maintainechimidified37°C cell
culture incubatorHuman embryonic kidney tie 293 (HEK293) and a mouse macrophage cell
line (RAW264.7)were cultured in DMEM (SigmdJK) containing 10% heat inactivatéstal calf
serum(FCS)(Sigma,UK) and penicillin/streptomycin (SigmelK). Heat inactivation of FCS was
carried out by increasinits temperature to 36 for 30 minutes, followed by gradual cooliriche
neuroblastoma derived cell line, S&¥5Y, wasculturedina EDVH PHGLXP FRQVLVWL(
F-12 (SigmaUK) and DMEM at a 1:1 ratio with 10% FCS and penicillin/streptomyeooled
human umbilical vein endothelial cells (HUVECS€]l Applications USA) were cultured in
Endotelial Cell Growth Medium (Cell Applications$JSA). Population doublingsf HUVECs
were monitored and cslallowed to expand until the %loubling, after wiih they were not used

for experimentation.

Cell culture media was replenished every4d®hours, depending upon confluentyhen cell

reached ~70% confluency or when required, cells were passaged as describeg2(5egtieside

for RAW264.7 cells wherein a cell scraper was used to detach cells inARBSresuspension of

the cell pellet in the desired media, ~20% of the cells were seeded for continuation of culture. The
remainder was used as required and/or discaftigticounting was performed by the addition of

30 pL of trypan blue (SigmaJK) to 30 uL of cell suspension in a 1.5 mL microcentrifuge tube
The resulting solution was transferred beneath 2 haemocytometer cover slips. Cells withiha 1 mm
grid were counted. Ae average number of cells (X@L) from two counts was doubled to

account for the initial trypan blue dilution.

2.5.3 Freezing

For longterm storage media was removed and cells washed with 5 mL of 1x PBS followed by the
addition of 5 mL of 1x tryps#EDTA soluiion (appropriatelydiluted with PBS) (SigmaJK) and
incubation for 35 minutes in 87°C incubator After complete detachment, cells were transferred

to a tube containing 10 mL of complete cell culture me@ialls were then centrifuged &00

1000 xg for 5 minutesthe supernatant discardaadcellsresuspendeith ~5 mL of the appropriate

freezing media (sectio®.9). One millilitre was then transferred ¢ach cryovial and placed at

8C°C in an isopropandayeredcontaine enabling acontrolledrate of cooling. The following day
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the cryovials were transferred to liquid nitrogen for kiegn storageThe volumes detailed here

are applicable to a 75¢mell culture flask

2.6 Transfection

2.6.1 Extraction of DNA for transfection (HEK 293 & SH-SY5Y cells)
In the event of successful ligatiamd mutagenesi$ L of the plasmid DNA wasansformed in
WR '+ .& FRPSHWHQW FHO Glgschbéd(sectiof2d g ekdeiR FoH&GrEduded

incubation time of 30 minutes. Following overnight incubation, one colony was then inoculated

into 20 mL of LBbrothcortaining 20 pL ampicillinsolution in a 50 mL tube, and incubated with
shaking (250rpm) overnight at &7. A stock for longterm storage was then made by mixing 750

uL of culture with 750 pL of 30% (v/v) sterile glycerol solution and store@@C. The renaining
culture was then centrifuged at 300@or 5 minutes and the supernatant discarded. Plasmid
DNA was extracted using the GeneJET Plasmid Miniprep Kiefmo Scientific UK). Thecell

pellet was resuspended in 350 pL of Resuspension Solutionmagta00 pg/mL RNase A. After
transfer to a 1.5 mlmicrocentrifugetube, 250 pL of Lysis Solution was added and mixed
thoroughly by repeated inversion, followed by 250 pL of Neutralisation Solution to precipitate cell
debris. All centrifugation stepwere carried out at 1200 x g. Cell debris was pelleted by
centrifugation for 5 minutes and the supernatant (~800 uL) transferred to a GeneJET Spin Column.
After centrifugation for 1 minute, the flothrough was discarded followed by two cycles of 500

uL of Wash Solutionand centrifugationResidual Wash Solution was then removed from the
column by centrifugation for 1 minute. DNA was eluted from the silica membrane into a clean 1.5
mL microcentrifuge tube by the addition of 50 pL of ultrapure water to the masmapincubation

for 2 minutes and centrifugation for 2 minutes. The eluate was stor@@@t DNA obtained

using this extraction method was used to transfect HEK293 BrEYS5Y cells.

2.6.2 Transfection and DualGlo Luciferase Assay

For the transfection of EK293 and SHSYS5Y cells, plasmids were extracted using@eneJET
Plasmid Miniprep Kit as described (sect@. DNA was then quantified 5 times using a
NanoDrop ND2000 ultravioletisible spectrophotometétabtech International LtdJK). The

firefly (pGL4.26 [minimal promoter]backboneconstructy and Renilla (pRL-TK) luciferase
encoding plasmids were then combined at a predetermined(5atib) and diluted to a final
concentration 060 ng/pL. Cells wereseededy the additiorof 100uL of cell suspension onto a

NUNC 96-well white cell culture plate at a density of 1xt@lls/mLand incubated for 24 hours.
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After 24 hours the media was replaced with |0 of the same media. Forty microliters of
transfecton complex was then formed by the addition oful6(800 ng)of DNA to 21.6 uL of
(serum and antibiote IUHH '0(0 RU '0(0 D Q &2) $0dinéd by the addition of
2.4pL of Fugene 6 transfection reagéRtomega, USA)The transfection miwasgently agitated

and allowed to complex at room temperature for 15 minutes. Transfections were then undertaken
in triplicate(on three occasiondy the addition of 1L of complex (containing 200 ng DNA) to
each well After incubation for 24 hours, assessmehteporter gene expression was undertaken
with the DualGlo Luciferase Assay (Promega, USAI reagents were equilibted to room
temperature before us€ells were lysed by the addition ah appropriate volume (equal to the
culture mediavolume) of Dwal-Glo Reagent and incubated f60 minutes before recording of
firefly luminescence using a FLUOstar OPTIMA Microplate Reader (BMG Labtech, Germany)
Luminometersettingsincludeda 0.5 second delay and a 9.5 seciotelgrationtime. The Dual

Glo Stop & Qo Substrate was then diluted 1:100 in an appropriate volume of@&aabtop &

Glo Buffer and a volume equal to the origicall culture mediavzolume (100 puL) was added to
eachwell. Renilla luminescence was then recorded after the same incubatiarsimgehe same
luminometer settingdData was then exported and background recordings (observed from wells
treated as described with the exception of DNA in the transfection mix) subtracted. Firefly
luciferase was then normalised to thaRehilla luciferase, followed by expression of data as a

percentage of normalised pGL4.26 lumiteasce. Data was analysed@naphPad Prisr6.0.

This method was subsequently modified with the following adaptations in order to permit efficient
transfection of the 15 kb pGL20-GCH1 construcinto HEK293 cellsTwenty four hours prior to
transfection, 531L (22000 cells) of cell suspension (4x¥1€ells/mL) was seeded in complete
growth mediumThe media was replaced immediately prior to transfection. The firefly (pGL4.20
baclkbone constructs) arf@enilla(pRL-SV40) luciferase encoding plasmids were then combined
at a predetermined ratio (10:1) and diluted to a final concentration of 100 mgAnansfection
complex was then formed consisting of @0 DMEM, 10 puL (1 pg) DNA and 2.5 pL of X-
tremeGENE HP DNA Trariection Reagent (Roche&lK). After incubation at room temperature

for 15 minutes, 2QuL of transfection complex (containi@P0 ng DNA) was added to each of
three wells A total of 75uL of eachluciferase assageagent vas used and all other parameters

remained as previolysdescribed within this subheading.
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2.6.3 Extraction of DNA for transfection (HUVECS)

For the transfection oHUVECS a previously detailed method for the transfection of RAW264.7
cells was adapteCheunget al.2015) DNA was extracted in &step process tenhance purity
andminimise residual endotoxin. The first step used the PureLink HiPure Plasmid Midiprep Kit
(Thermo Scientific UK), followed by a second step of phembiloroformisoanyl alcohol
purification. After inoculabn of 25 mL LB broth ontaining 25 pL of ampicillin solution and
overnight incubation at 3C with shaking (250 rpm)he culture was centrifuged a®@0 xg for

10 minutes and the supernatant removed. The ceditpedis resuspended in 4 mL of Resuspension
Buffer containing 150 pg/mL RNase A. An equal volume of Lysis Buffer was added followed by
mixing by inversion and incubation for 5 minutes, after which 4 mL of Precipitation Buffer was
added andagain mixed by rgeated inversion until homogenous. The resulting solution was
centrifuged at 16000 x for 10 minutes at %. The supernatant was transferred to a pre
equilibrated column (equilibrated by the application of 2 mL of Equilibration Buffer to the column
and alowing the buffer to drain through) and allowed to drain by gravity flow, thus binding DNA
to the column membrane. A total of 10 mL of Wash Buffer was added to the column, allowed to
drain by gravity flow, and repeadfor a total of 2 washes. A sterile &L tube was placed under

the column and 5 mL of Elution Buffer added to the column and allowed to drain by gravity flow.
Precipitation was performed by the addition of 3.5 mL of isopropanol to the eluate and
centrifugation at 16000 g for 30 minutes at%C. After removal of the supernatant, 3 mL of 70%
ethanol was added to wash the pellemt@igation was repeated atd®@ xg for 5 minutes at

4°C. The supernatant was removed and the DNA pellet allowed to air dry, followed by the addition
of 200 uL of TE buffer.

For the second phase of plasmid purificati 200 pL of phenethloroformisoamyl alcohol
(25:24:1, viv)(Thermo Scientific, UKwas added to the DNA, followed by repeated mixing for

15 seconds and incubation for 5 minutes at room temperdtaeemixture was centrifuged at
13000 xg for 10 minutes at room temperature. One hundred and forty microliters of the upper
aqueous phase was transferred to a fresh 1.5 mL microcentrifuge tube. To the remaining lower
organic phase, 140 uL of TE buffer wagdded with mixing, incubation and centrifugation as
previous. The subsequent upper aqueous phase (140 pL) was combined with the initial 140 pL of
upper aqueous phase containing the DNA. Precipitation of DNA was carried out by the addition
of 28 pL of 3 M ®dium acetate (pH 5.2) and 280 pL of isopropanol. The sample was mixed by
repeated inversion and incubated at room temperature for 10 minutes, followed by centrifugation
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for 10 minutes at room temperature. The supernatant was removed and 200 pL of #8l etha
was added to the DNA pellet, vortexed, and centrifuged at 50§dox 5 minutes at room
temperature. The supernatant was removed, and the pellet allowed to air dry. One hundred
microliters of TE buffer was added to dissolve the DNA. Dissolution op#ileted DNA was
facilitated by heating to 5C for 10 minutesDNA was quantified using a NanoDrop 2000 UV

Vis spectrophotometdtabtech International LtdJK).

2.6.4 Transfection of HUVECs

Transfection of HUVECswvas carried out using the Cytofect HUVEC Traetion Kit (Cell
Applications, USA) Cells were cultured until ~75% confluency in a T75 cell culture flask
(population doubling <10)Endothelial Cell Growth Medium (Cell ApplicationslSA) was

removed, cells washed with PBS,gsinised and pelleted agmpstandard protocgkection2.5).

The cells were resuspended in a small volume (~2 mL) of antibiotie€Endothelial Cell Growth
Medium and dilutedfurther in the samenedium to a concentration of 1X¥16ells/mL. One
hundrel microlitres of the resulting cell suspensidix10* cells) wasdistributed per well of 86-
well cell culture plateand incubated for 284 hours. The firefly (pGL4.2pGL4.26 backbone

constructs) andRenilla (pRL-SV40) luciferase encoding construciguantified as described

(section[2.6.9, were then combined at a predetermined ratio (50:1) and diluted to a final

concentration of 50 ng/uL. The following quantities equate to the transfection volumes required
for each well. Adtal of 3.6 uL (180 ng) of DNA was diluted in 56.4 pL of Transfection Medium
and mixed gently by repeated flicking. The transfection complex was prepared by the addition of
0.12 L of Cytofect2 (mixedgently by repeated flicking) and then 0.12 uL of PdptEnhancer
(mixed gently by repeated flicking). The DNAransfection reagent mix was then incubated at
37°C in a water bath for 25 minutes. After which, tedl culture media was aspirated from the
cells, and 60 pL of transfection complesas pipetted ito eachwell and incubated under normal

cell culturing conditions for 1 hour. The transfection complex was then aspirated and replaced with
100 L of antibioticsfree Endothelial Cell Growth Mediurgwith or without 40 ng/mL TNF.

and 100 ng/mL IFN). Thecells were then incubated for 24 hours until ly$imnsfections were

conducted in triplicate for each condition on three separate occasions.

2.6.5 Dual-Luciferase Reporter Assay
The DuaiLuciferase Reporter Assayi(omega, USA was carried out in order to maxise

luminescentsignal. After transfectio of HUVEGs as described (sectigia6.3 and subsequent

incubationfor 24 hoursmedia was aspirated from ea@&well and gently replaced withOO pL
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of PBS to removed residual medidhe PBS was then entirely aspirated and 25 pL of 1x Passive
Lysis Buffer was addetb each well and incubated witientke rocking at room temperature for

30 minutes. The lysate was then storedB@C until analysis. After thawing to room temperature,

10 yL of homogenoudysate was transferred to a single hafl a 96well NUNC white plate.

Firefly and Renilla luminescence was recorded using a GloMé&xMicroplate Luminometer
(PromegalJSA). Using the automated injector system, a total of 50 L of recotestiLuciferase
Assay Substrate was injected into each well, with a 2 second delay between reagent addition and
initiating luminescence detection and a 10 second integration time. Immediately after recording of
firefly luminescere, 50 puL of Stop & Glo Ragentwas injected andRenilla luminescence
recorded usingdenticalluminometermparametersEachtransfection was undertak@mtriplicate,

on three occasion®ata was then exported and background recordings (observed from wells
treated as described withhe exception of DNA in the transfection mix) subtracted. Firefly
luciferase was then normalised to thatR#nilla luciferase. Normalised firefly luminescence
pertaining to the construct with tli&CH1 promoter (pGL4.285CH1-3.4kb)was expressed as a
perentage of pGL4.20 relative luminescence. As the pGL&GEWBI1-3.4kb construct
subsequently formed the backbone for the addition of multiple regions@dHé intron, relative
luminescence pertaining to these stoacts was expressed as a percentage o#[BBIGCHI-

3.4kb, in the presence or absence of cytokiDesa was analysed fBraphPad Prisr6.0.

2.6.6 Fluorescent microscopy

For the purpose of optimisatiotiansfections were undertaken as described (s¢2téd with

the following adaptations. After resuspending of cells tmacentration of 1xX0cells/mL. Two
hundred and fifty microlitres of the resulting cell suspensias distributed per well of a 48ell

cell culture plate and incubated for-28 hoursThe following vdumes equate to the transfection
volumes required for each well. A total of 300 ng of D& pres®on vector encoding a GFP
tagged arbohydrateesponsive elemeitinding protein)was diluted in 100 uL of Transfection
Medium and mixed gently by repeatedtking. The transfection complex was prepared by the
addition of 0.25 pL of CytofeeR (mixed by repeated flicking) and then 0.25 pL of Peptide
Enhancer (mixed by repeated flicking). The DittAnsfection reagent mix was then incubated at
37°C in a water b for 25 minutes. After which, the culture media was aspirated from the cells,
and 100 pL of transfection complex was pipetted into the well and incubated under normal cell

culturing conditions for 1 hour. The transfection complex was then aspirate@@aded with
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250 pL of antibioticsfree Endothelial Cell Growth Medium. The cells were then incubated for 24

hours until visualisation.

Transfected cells werthenimaged using an EVOS FL Cell Imaging Systérhdrmo Scientific

UK) equipped with DAPI and EP EVOS LED Light Cubes. For images incorporating both DAPI

and GFP cubes, celgere maintained for 24 housdter transfection before fixation, permeation

and the application of 4,8iamidinc2-phenylindole (DAPI)dihydrochloride After removal of

cell aulture media, 500 pL of 4% formaldehydeas added to each well of the-24Il cell culture

plate and incubated at room temperature for 15 minutes. The formaldehyde solution was removed
and cells waskd twice with 500 pL of 1x Tribuffered saling Thermo Sientific, UK), after

which 500 pL of 1x Permeabilisation BufféEFhermo Scientific, UKwas added and incubated at
room temperature for 15 minutes. Cells were then washed once with 1xoll@&&ed by the
addition of 200 pL of DMEM containing 5 pg/mL DARlihydrochloride.

2.7 EMSA

2.7.1 Cell culture and drug treatment
In order to obtain nuclear protein, HEK293 cells were maintained as described @tion

Several permutationsere considered based upon Mapector analysis (sectil@.SA. Initially

the effect of different concentrationsMEBio (exogenou®\hR agonistere assessed GCH1
andCYP1Al(positive control) expressioim addition td_-kynureninglendogenous AhR agonist)
and CH-223191(AhR antagonist) This was similarly repeated in the case of cobalt chloride (a
chemical mimetic of hypoxia) by the analysisG€H1andVEGFA(positive control) expression.
Cells were seeded in 500 df DMEM into a 24well cell culture plate at a density 26x10
cells/mL After 24 hours, media was replaced with media containing vehicle only (control) or drug
containing media. Gene expression analysis was conducted aitéres 4 hours by lysis of cells

in 500 uL TRI ReagentSigma,UK) asprocessed adescribed (sectig.8.2

In order to conduct the EMSAglts in two T75 cell culture flasks were expanded to ~70%
confluency and subject to media replacement with either complete DMEM or complete DMEM
containing250 uM of cobaltchloride and cultured for a further 24 hours prior to extraction of

nuclear proteims described (secti@7.. This was also performed with respect to MeBio, which

wasused at final concentration of 1 pM.
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2.7.2 Isolation of nudear protein
Nuclear protein from HEK293 cells (passage <30) was isolated 8@ (5E& 1XFOHDU DC
Cytoplasmic Extraction Reagerfehermo ScientificlUK). Cells were grown t870% confluency

and harvesteds described (sectih5.3. The resulting cell pellet was then resuspendedmL

of PBS and transferred to a 1.5 mL microcentrifuge tube followed by centrifugation ag300 x

3 minutes. After removal of the entire supernatant, an appropriate volume (100 pL per 0 pL o
packed cell volume) of iceold CER1 was added to the cell pellet followed by 1 pL of Protease
Inhibitor Cocktail (SigmaUK) per 100 pL of CER1. The cell pellet was resuspended by vortexing
for 15 seconds, and incubated on ice for 10 minutescdlte CERII was then added at a ratio of
5.5 pL per 10 pL of original packed cell volume, followed by vortexing for 5 seconds, incubation
on ice for 1 minute and centrifugation48C for 5 minutes al6000 xg. The entire supernatant
(cytoplasmic isolate) wasansferred to prehilled 1.5 mL microcentrifuge tube for storage at
80°C. An appropriate volume (50 uL per 10 L of original packed cell volume) efatd NER

was added to the pellet, followed by 1 pL of Protease Inhibitor Cocktail per 100 uL NER. The
nucleircontaining pellet washen vortexed for 15 seconds and incubated on ice for 40 minutes
with intermittent vortexing for 15 seconds at 10 minute intervals, followed by centriguaith at

for 10 minutes a16000 xg. The supernatant (nuclear extrasgs then transferred to poilled

1.5 mL microcentrifuge tube for immediate storageB&C until use.

2.7.3 Protein quantification

Quantification of nuclear protein was undertaken using the Bradford Assay. Ten microliters of
nuclear extract was diluted to @@L with ultrapure water to bring the concentration within the

linear range of the assay. Standards were made by dissolving 1 mg of bovine serum albumin (BSA)
(Sigma,UK) in 1 mL of ultrapure water. Serial dilutions of BSA ranged from 0 ug/mL to 1000
pg/mL. Ten microliters of standards and samples were disdeims@uplicate, into a 9&ell plate.

Bio-Rad protein assay reagent (5xBi¢-Rad UK) was diluted with water to its working
concentration and to each well containing a standard or unknown, 200thke diluted assay

reagent was added. The plate was incubated at room temperature for 5 minutes and absorbance

read at 59%m usingan Infinite F50 microplate reader (Tec&iK).

2.7.4 Annealing of oligonucleotides
Ten microliters of the forward and reversegohucleotides (50 uM each) were diluted with 70 pL
of ultrapure water and 10 pyL of f0annealing buffer in a 0.2 mtube. Annealing of the

oligonucleotides was achieved by heating t6@@%or 5 minutes, followed by a controlled
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temperature reduction oPQ per minute, for 70 minutes, usingBdo-Rad T100 thermal cycler.
Annealed oligonucleotides were then aliquoted and stored02€ until use.Oligonucleotide

sequences are detailed (Appen@)x

2.7.5 Native polyacrylamide gel

Preparation of a nativi%) polyacrylamide gel was performed by mixing 16.6 mL &fapure
water with 2.5 mL of 5 BE. A total of 3.75 mL of 40% acrylamidBip-Rad UK) and 2 mL of

2% bisacrylamide Bio-Rad UK) were added, followed by 125 pL of 10% w/v ammonium
persulfate (Sigma, UK) and finally, 25 pL of the polymerisation catalyst
tetramethylethylenediamine (TEMEDBIip-Rad UK). The solution, sufficient for two gels, was
immediately transferred tthe gel casting apparatus and allowed to set for 1 hour at room

temperature before electrophoresingf the gel for 30 minutes at 70V.

2.7.6 EMSA

The electrophoretic mobility shift assay (EMSA) was performed with the Infrared EMSAIKIt

COR, USA. To each of three tubgerbinding analysis, an appropriate volume of ultrapure water
(such tfat the total volume reaches 20 yL) was added to a 0.2 mL tube, followed by 2 pk of 10
binding buffer. Two microliters of 25 mM DTT/2.5% Tween®2Q pL of 1 pg/uL Poly (dI-dC)

and 1 pL of 100 mM MgClwerethenadded to all binding reactions. To the thintbe, 1 pL of

10 uM excess unlabelled competitor probe was added. Nuclear protein was allowed to thaw on ice
and 5 pg was added to the second and third tubes, followed by 2 pL of 50 nM Cy5 labelled probe
to all tubesFor the supeshift assay, a forth twwas included with the sangenstituentsas the
second tubegxcept forthe addition of 2.5uL of HIF-1. antibody (s¢10790; Santa Cruz
Biotechnology, USA All reactions were incubated at room temperature for 30 mintitge
microliters of 1& Orange Loding Dye was added to each reaction before loading onto a pre
electrophoresed polyacrylamide gel. Electrophoresis was performed at 70V in the dark until the
dye front reached approximately two thirds distance. The polyacrylamide gel was then carefully
excised from the cast and imaged using the Cy5 setting ©GheaniDoc MP Imaging System
(BioRad,UK).

2.8 Other methods

2.8.1 Genomic DNA extraction from cultured cells
Extraction of gDNA from cultured cells was carried out using the GeneJet Genomic DNA
Purification Kit(Thermo Scientific UK). Adherent cells (~5x2) were tryspinised and pelleted
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as describeg@section2.5. After decanting of the supernatant, cells were resuspendechindd

PBS and centrifuged at 500gdfor 5 minutes. Thentire supernatant wakenremoved and the

cell pellet resuspended in 200 pL of PBS and transferred to a 1.5 mL microcentrifuge tube,
followed by the addition of 200 pL of Lysis Solution and 20 plpofteinase K. The sample was

then incubated at 86 for 10 minutes with occasional vortexing. Twenty microliters of RNase A
solution was then added, mixed by vortexing, and incubated at room temperature for 10 minutes.
Four hundred microliters of 50% ethanol was added, mixed by vortexing, and transferred to a
purification column before centrifugation at 600Q for 1 minute. After discarding of the eluate,

500 pL of Wash Buffer | was added to the column and centrifuged at 8@0fdrx1l minute,
followed by the addition of 500 pL of Wash Buffer Il and centrédtign at 16160 g for 3 minutes.

The column was then placed in a sterile 1.5 mL microcentrifuge tube and incubated for 2 minutes
at room temperature after the addition of 100 pL of Elution Buffer. The gDNA was eluted by
centrifugation at 8000 g for 1 minute followed by quantification usinganoDrop ND2000
ultravioletvisible spectrophotometekdbtech International LtdJK) and stored a20°C.

2.8.2 RNA extraction from monolayer cellsand removal of DNA

Following removal of cell culture media, cells wereshad twice with DEPC treated PBS. Afte

the addition of 1 mL of TRI Reagepéer 10 cr of culture plate surface area, the resulting lysate
was passed subject to repeated pipetting to ensure homogeneity. The entire lysate was then
transferred to a 1.5 mL wriocentrifuge tube and 0.2 mL of chloroform added per 1 mLRif
Reagentfollowed by vigorous shaking for 15 seconds. After allowing phase separation for 5
minutes, the resultqnmixture was centrifuged at @20 xg for 15 minutes at room temperature.

The resulting upper aqueous layer containing RNA was then transferred to a new 1.5 mL
microcentrifugetube containing 0.5 mL of isopropanol per 1 mL of the initiédRl Reagent
volume. The sample was mixed by repeated inversion and allowed to settle fant&snhiefore
centrifugation at 1200 x g for 10 minutes at room temperature. The resulting supernatant was
then removed leaving the RNA pellet. This was washed by the addition of 1 mL of 75% ethanol,
followed by vatexing and centrifugation ab00 xg for 5 minutes. Excess ethanol was removed

and the RNA pellet allowed to air dry forl® minutes until minimal residual ethanol remained

on the pellet. An appropriate volume of nuclease free/DEPC treated water was added to the pellet
followed by incubation ab5°C for 10 minutes. The RNA was then quantified usiapnoDrop
ND2000 ultravioletwisible spectrophotometet.gdbtech International LtdJK) and stored at

8C°C. Carry overDNA was then removed by DNase | treatment prior to cDNA synthesis. After
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extraction up to 1 pg of RNA was diluted to 8 pL with RNagee/DEPC treated water and 1 pL
of 10x reaction buffer added, followed by 1 yL (1 U) of DNase I. After incubation®& ®¢ 1
hour, 1uL of 50 mM EDTA was added and incubated at@®%or 5 minutes. Ifite input RNA

was less than 500 ng, the aforementioned volumes were reduced [Syh#iesis of cDNA was

then carried out as described (seqoh.2.4

2.8.3 Western blot
Cultured HUVECswere expanded on T7#ell culture flasksuntil 60-70% confluent and subject
to treatment with vehicle (PBS) or cytokine stimulation (40 ng/mL TN Q G QJ-P/ )1

for 24 hours. Media was aspirated, cells washed, trypsinised and centrifuged as désstimed

2.5.3. The supernatant was discarded, and thepe##ét washed by resuspensiarb mL of PBS.

The cells were again pelleted by centrifugation at 596x 5 minutes. Afteremoval of the entire
supernatant, 120 uL of RIPA bufféBigma,UK) was added tehe cell pellet (containing 5x20
cells), mixed briefly by pipetting, and incubated & 4or 30 minutes. fie lysate was centrifuged
at 1M00 x g for 10 minutes and the supernatant stored-88C until analysis. Protein

guantification was performed ugithe Bradford assay as descril(naebtiorl%.?.ﬁ , to ensure equal

loading. A total of 82.5 ulof sample (correlating to 82.5 pg protein) was mixed with 27.5 uL of
4x laemmli sample loading buffer, followed by incubation at°@@or 10 minutes. Forty
microlitres (~33 pg) of the sample was loaded in a single (ivelliuplicate)of a 420% Mink
PROTEAN TGX gel Bio-Rad UK) followed by electrophoresis (35mA, 250V) for 45 minutes
using a Mini Protean Tetra System dndris-glycine-SDS TGS) buffer Bio-Rad UK).

After completion of electrophoresis the polyacrylamide gel was removed and placed on an Immun
Blot PVDF membraneBio-Rad UK), pre-soaked in methanol and then washed in transfer buffer.
The PVDF membrane was then placgn a piece of extra thick blot pap8id-Rad UK) pre
soaked in transfer buffer. A further piece of blot paper was placed over the polyacrylamide gel and
the stack placed in a Tra@dot Turbo Transfer System (25V, 1.0A, 30 mieg. The PVDF
membraneavas then blocked in a 10% milk powder solution for 30 minutes with rocking followed
by a rinse in TBST and a further wash in TBST for 10 minutes with rocking. Primary antibodies
for GAPDH (s¢25778; Santa Cruz Biotechnology, Usand GTPCH g¢134574; Sara Cruz
Biotechnology; USA werediluted in 1% milk powder in TBS (to a final dilution of 1:500) and
rocked overnight on iceith the membranelhe PVDF membrane was then subject to two brief
rinses in TBST, washed in TBST for 5 mates one brief rinse antivo washes with rocking for
10 miruteseach. The secondary antibodiédeka Fluor 546yoat antirabbitandAlexa Fluor 647
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goat antimous¢ (Thermo ScientificlJK) were then dilute¢1:10000)in 1% milk powderapplied

to the PVDF membrane, and rocked fohour. The membrane was then briefly rinsed in TBST
twice, and wastewith rocking a further 10 minuteA final wash was done with TBS. The PVDF
membrane was then visualisesing aChemiDoc MP Imaging SystenBip-Rad UK).

2.8.4 Matl nspector

In-silico analsis of transcription factor binding sites pertaining to the pain protective jpplot

was conducted using the Miaspector facility, which is available within the Genomatix Software
Suite (v3.8). Wildtype and variant sequences of DNA, each consistin{ftgf nucleotides
IODQNLQJ ERWK ¢ DQG inflivieuallWwupldaded tto Mddpéctor using the
Transcription factor binding sites (weighted matrices) library (v10.0). All matrices from the
HM*HQHUDO &RUH 3URPRWHU (O IreRnd@ied VATdéleQIGC queddihilanitid (Ehe) D W H
degree of sequence similarity of the highly conserved matrix positions when compared to the DNA
input sequence) of 0.75 was selected. The Matrix similarity was maintained at the default
H2SWLPLVHG T ueeHase\positive disRovey.G

2.9  Stocks, solutions and reagents

Agarose gel1% w/\V): 1 g of agarose heated in 100 mL of 1x TBE 1XTAE until dissolved,
followed bytheaddition of 1uL of GreenView DNA Gel StaifiGeneCopedia, USA) or |8 of
ethidium bromde solution.

Ammonium persulfate (10% w/v}L0O0 mg of ammonium persulfai&igma,UK) dissolved in 1

mL of ultrapure water

Ampicillin solution (1000x) 500 mg of ampicillin sodiunfThermo ScientificJUK) dissolved in

5 mL of ultrapure water, and storetl2a8°C for up to 2 weeks

Annealing buffer (10x) 1 mL of 100 mM trisHCI (pH 7.5), 200 pL of 10 mM EDTA (pH8.0)
and 1 mL of 500 mM NacCl, diluted to 10 mL with ultrapure waterd filtered to remove

particulates

Calcium chloride (100mM): 7.359 of cakcium chloride thydrate(Sigma,UK) dissolved in 500

mL of ultrapure water, and sterilised by autoclaving

CH-223191 10 mM): Dissolveal 1.67 mg of CH223191 (TocrisJJK) in 500uL of DMSO and
stored at2(°C.
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Cobalt chloride (00mM): 238 mg of cobalt chiide hexahydrate (Sigma, UK) dissolved in 10

mL of ultrapure water and sterile filtered.

DAPI (1 mg/mL): Dissolvel 1 mg of DAPIdihydrochloride $anta Cruz BiotechnologySA) in
1 mL of distilled water, further diluted to a working concentration by trtiad of 5 uL per

millilitre of media

Dithioerythritol (1000%: 154.25 mg oDTE (Sigma UK) dissolved in water with heating to %5

to facilitatedissolution if necessary, followed by storage8&eC.

EDTA, pH 8.0 (0.5M): 18612 g of EDTA disodiumsal (dihydrate)(Sigma,UK) dissolvedin
800 mL of ultrapurewater, pH adjustedwith sodium hydroxide pellets, and autoclavedafter

makingto afinal volumeof 1 L.

Ethidium bromide (0 mg/mL): 50 mg of ethidium bromide dissolved in 5 mL of ultrapure water,
and stored a2-8°C in the dark

Freezing media50 mL of freezing media was prepared by the addition of 5 mL of DMSO to 45
mL of the appropriate basal cell culture medium.

Freezing media (HUVEC)20 mL of freezing medidor HUVECswas prepared by the atidn
of 2 mL of DMSO to18 mL heatinactivatedFCS

Glycerol solution (30% v/\)30 mL of glycerol Thermo Scientific UK) mixed with 70 mL of
ultrapure water and sterilised by autoclaving

L-kynurenine (50 mM) Dissolval 5.21 mg of Lkynurenine (TocrisUK) in 500uL of ultrapure

water, sterile filtered, and stored-a6rC.

Laemmli sample loading buffer (4x)For 50 pL of hkemmli sample loading buffeadded5 pL of
-mercaptoethanol (SigmblK) to 45 pLof laemmli sample buffefBio-Rad UK).

LB agar: 10g of LB (Sigma,UK) and 7.53 agar (SigmaUK) dissolved in 500 mL of ultrapure
water and sterilised by autoclavirkpr selection platesftar cooling to 50C, 500 pL of ampicillin

solution was added he resulting mixture wathenpouredinto petri disiesand allowedto set

LB broth: 10 g of LB broth powder(Sigma,UK) dissolved in 500nL of ultrapure wateand

sterilised by autoclaving
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Loading dye 25 mg of bromophenol blue didged in 7 mL of ultrapure watemd added to 3 mL

of glycerol (Thermo Sentific, UK).

Lysozyme (10ng/mL): 20 mg of lysogme (Amresco, USAdissolved in 2 mL of 10 mM tris
HCI pH 8.0 and stored at&C for up to 1 month

MeBio (10 mM): Dissolvel 1.85 mg of MeBio (TocrisUK) in 500uL of DMSO and stored at
20°C.

Milk powder solution (1% wi/v) 75 mg of dried skimmed milk (Mrvel, Ireland) in 7.5 mL of
TBS.

Milk powder solution (10% w/v)1 g of driedskimmed milk (Marvel, Ireland) i@0 mL of TBST.

Mobile phase (4.): 50 mM sodium acetate, BIM citric acid, 48uM EDTA (36 mg), 160uM
DTE (49.4mg), pH5.22.

NaCl (5 M): Dissolvel 29.22g of sodium chloriden 100 mL of ultrapure water

Phosphate buffered saline:5 PBS tablet§Thermo Scientific UK) dissolved in 500 mLof

ultrapure water and sterilised by autoclaving

Potassium dihydrogen phosphatgH 7.4 (20 mM): 2.72g of potassium dihydrogen phosphate

dissolved in 900 mL of ultrapure water, pH corrected, and made to a final volume of 1 L.

Precipitation buffer. 8.17g of trichloroacetic acid (2 M), 1.71 mL of 85% phosphaoid (2 M)
and 25 uL of IM DTE (1 mMfinal concentratiojy made taa final volume o5 mL with PBS.

Reagent A10mL of 1 M tris, 109.54g of sucrog, 470 mg of magnesium chloridad 10 mL of
Triton X-100(Sigma,UK) to 800 mL of ultrapure water. Adjtexito pH8.0 and made to 1 L with

ultrapure water. Autoclagkat 10 p.s.i. for 10 minutes.

Reagent B 400 mL of 1 Mtris (pH 7.6), 120 mL of 0.5 M EDTA (p#8.0), 8.76g of sodium
chloride, and adjustent topH 8.0 before makingp afinal volume ofl L with ultrapure water.

Autoclavel for 15 minutes at 15 p.s.i. ad@ g of sodium dodecy! sulphatzlded

RNase A solution250 mg RNase AThermo ScientificUK) dissolved in 25 mL of 10 mM trds
HCI pH 7.5. The ®lution wasthen boiled for 15 minutesnd cooéd to room temperate before
centrifugation at 1200 xg for 5 minutes to removanyprecipitate. Aliquotsverestored at20°C.
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Resuspension buffer20 mL of 50 mM PBS20 pL of 1000x (1 M) DTE and 10QL of 100uM
EDTA.

SOB media 20gtryptone, 53 yesst extract, 2 mhof 5 M NaCl, 2.5 mL of 1 M potassium chloride,
10 mL of 1 M magnesium chlorigd&0 mL of 1 M magnesium sulphate and made to a final volume

of 1 L with ultrapure water

Sodium chloride (5 M) 1469 of sodium chloride dissolved in 1 L of tdpure water and sterilised

by autoclaving

Sodium perchlorate (SM): 70 g of sodium perchlorate monohydrate dissolved in 80 mL of

ultrapure water, then made tdimal volume of 100 mL

STET buffer. 409 of sucrose, 25 mL of Triton 400, 25 mL of IM tris-HCI pH 8.0 and 50 mL
of 0.5M EDTA pH 8.0, topped up to 50@L with ultrapure water and sterilised by autoclaving

TAE (50x): 24.2¢ tris (Sigma UK), 5.71 mL glacial acetic acid, 10 mL 04 EDTA (pH 8.0)

and ultrapure watdp a final volume of 100 mL

TBE (5x): 5.4gtris (Sigma UK), 2.75¢g boric acid (SigmaUK) and 375 rg EDTA disodium salt
(Sigma,UK) were addedmade taa final volume of 100 mlwith ultrapure wateand filtered to

remove particulates

TBE (10X): 54 g tris (Sigma UK), 27.5g boric acid (SigmaUK) and 3.75 EDTA disodium salt

(Sigma, UK)were added taltrapure wateto a final volume 06500 mL

TBS: 50 mL tis-HCI pH 7.4 (1 M) and 30 mL sodium chloride (5 M), madedtume ofl L with

ultrapure water

TBST: 50 mL tis-HCI pH 7.4 (1 M), 30 mL sodium chloride (5 Mand 1 mL Tweef20 (Thermo

Scientific, UK),to a final volume ofl L with ultrapure water

TE buffer, pH 7.6 10 mL of 1 M tris-HCI pH 7.6, 2 mL of 0.5 M EDTAultrapure wateadded
to 900 mL, pH adjustmentto 7.6 and rade to a final volume ofl L with ultrapure water.

Autoclavel for 15 minutes at 15 p.s.i.

Trichloroacetic acid (5% w/\v)500 mg of trichloroacetic acid was dissolved in 10 mL of ultrapure

water
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Tris-HCI, pH 4, 7.5,7.6 and 8.0(1 M): Dissolveal 121.1g of tris (Sigma UK) in 800 mL of
ultrapure water, adjustipH as necessayynd madéo a final volume ofLL with ultrapure water.

Autoclavel to sterilise.

Tris-HCI pH 8.0 (10mM): Dilution of 10 mL of1 M tris-HCI pH 8.0 with 990 mL of ultrapure

water.
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Chapter3 7TKHREOH/ RVWKUGOURELRS YWHHKVR QL F
I1HXURSDWKLF 3DLQ

3.1 Introduction

Sensitivity to pain, the propensity to develop chronic pain and the subsequent potential for variable
response to pharmacotherapy highlights great challenges for the climicagement of patients

with chronic pain, with potential implications for accurate diagnosis, prognosis and treatment
efficacy (Lacroix-Fralish et al. 2009) It is common for individuals to regard themselves as
particularly sensitive or sensitive to pain, though beyond quantitative sensory testing, it is
difficult to ascertain the mechanisms underpinning such clé@aghill et al. 2003) Indeed, the
somewhat subjective nature of reporting usiaghpntensity scales has been ameliorated by the
identification of correlations between the extremes of pain sensitivity and observations from

functional magnetic resonance imaging of the b{@oghill et al.2003)

One such apparent, and somewhat unexplained variation, is the likelihood for an individual to
develop chronic pain. After trauma, or the onset of a disease or infection associated with chronic
pain, such as stroke, herpes zoster or diabetes melliidgzshave consistently highlighted that

only a proportion of these patients will ultimately develop chronic pandersenet al. 1995,

Yawn et al.2007)(Davieset al.2006) This suggests a prominent role for genetic predisposition,
with chronic pain more likg to result from an insult to the nervous system in susceptible patients
(Lacroix-Fralishet al.2009) Interestingy, heightened sensitivity to experimentally induced pain,

or a diminished paimhibitory system, has been associated with greater propensity to develop
severe chronic paifEdwards 2005)It has been considered that patients with chronic pain who
disclose chronic pain as a common teatin their family history may have impaired function of

the endogenous opioid pathway, thereby suggesting an underlying genetic basis for variation in
pain sensitivity and susceptibili{druehlet al. 2006)

Studies analysing experimental pain sensitivity have highlighted that the majority of the measured
response to painful stimuli is underpinned by the individual subject, rather than the stimulus
parameter or intensitfNielsenet al.2005) Multiple factors, including gender, ethnicity, cultural
beliefs and behaviours, and temperament have been shomfluence pain sensitivitgEdwards

et al. 2001, Rahirwilliams et al. 2007) potentially through interactions with genotyf@m et

al. 2004, LacroixFralishet al.2009. Studies incorporating monozygotic and dizygotic twins have
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generally demonstrated considerable genetic contribution towards experimental pain sensitivity
(Norburyet al.2007, Nielseret al.2008) yet others ave attributed experimental pain sensitivity

to familial influences orbehavioural patterns, rather than a predominantly genetic contribution
(MacGregoret al. 1997) Estimates of heritability associated with nociceptive sensitivity and

analgesic efficacy in mice has varied widely between 28% andV&sigil 1999)

3.1.1 Tetrahydrobiopterin
3.1.1.1  Tetrahydrobiopterin synthesis

Thede novadiosynthesis of BiHrequires three enzymatic steps, initiated by GTREBuUfe3.1).

Active GTPCH is a homodecamieric tunifgld protein with a quaternary structure formed
through the fac¢o-face dimerisation of two pentamdidar et al. 1995) The GTPCHmediated
biosynthesis of 7:8lihydroneopterin triphosphate (DHNTP) from guanosine triphosphate (GTP)
represents the committing and riteiting step of BH synthesis. The fate of DHNTP s
bidirectional and is influenced by the cell type and the relative expressi@pwafuvoyt
tetrahydropterin synthase (PTPS), a homohexamer consisting of six actis@Naitt al. 1994)
Oxidation and dephosphorylation of DHNTP leads to the production of neopterin, which functions
as a marker of GTPCHctivity. This occurs at the expense of Bsynthesis, which reqres the
PTPSmediated conversion of DHNTP to-pgyruvoyttetrahydropterin. Sepiapterin reductase
(SPR), a homodimdgAuerbachet al. 1997) subsequently undertakes the final enzymatic process
in the de novopathway,synthesising Bkl from 6-pyruvoyktetrahydropterinHowever, there is
DOVR D VHFRQGDU\ URXWH WKH pV b®nthesidHn $B svdazdd SPR ZK L F
deficiency. This involves both aldose reductase (AR) and carbonyl reductase (CR) restiigng
synthesis of 7 &lihydrobiopterin (BH) synthesis, which is then converted to i NADPH-
dependent dihydrofolate reductase (DHFEEJtremoliereet al.2011)

Feedback regulation of GTPCH activity amdiatedBH4 synthesis wa initially attributed to BH
(Bellahseneet al. 1984) based on thebdlity of BH4 to reduce urinary neopterin in patients with
atypical phenylketonuria (PKUNiederwieseret al. 1982) However, it was later determined that

a protein, termed p35 (GTP cyclohydrolase 1 feedback regulatory protein; GFRP), was required
alongside BH to facilitate complex formation with GTPCfHaradaet al. 1993) In the presence

of BHs, one GFRP pentamer complexes with a single GTPCH pentamer resulting in the formation
of a complex which inhibits GTPCH activitfHaradaet al. 1993, Yoneyamaet al. 1997)
Moreover, it was also found that inhiloiti of GTPCH by complex formation with GFRP andsBH
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was inhibited by phenylalanine, thereby promotingsBlithesis and subsequent conversion of

phenylalanine to tyrosine in situations of elevated phenylaldhiagdaet al. 1993)

Regeneration orecycling of BH; is a critical process allowing maintenance of basal cofactor
levels. After oxidation of Bl which occurs during its use as a cofactor, pterircarbinolamine

is formed. This is subsequently converted to quinonoid dihydrobiopterinjd8Hpterin 4 .-
carbinolamine dehydratase (PCBD1). Quinonoid dihydrobiopterin is then convertec toyBH
dihydropteridine reductase (DHPR), or undergoes spontaneougnagmatic oxidation to
biopterin. The final step of BHegeneration is mediated by DHERichol et al. 1985)

Figure 3.1: Mechanisms involved in tetrahydrobiopterin synthesis

The de novo synthesis of BH involves sequential enzymatic reactions invotyi GTP
cyclohydrolase | (GTPCH),-pyruvoyltetrahydropterin synthase (PTPS) and sepiapterin reductase
(SPR). Instead of conversion via the final step mediated by SPRu@yl-tetrahydrobiopterin
can be converted to BHby aldose reductase (AR/AKR) or banyl reductase (CB/CBR),
followed by dihydrofolate reductase (DHFR). Regeneration ofy Bl40 occurs via pterin
4acarbinolamine dehydratase (PCBD1/PCD) and dihydropteridine reductase (QDPR). GTPCH
activity is regulated by GTP cyclohydrolase feedback etgul(GFRP) in conjuction with the
effector molecules, BHand phenylalanine. Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan;
Arg, arginine; Cit, citrulline; PAH, phenylalanine hydroxylase; TH, tyrosine hydroxylase; TPH,
tryptophan hydroxylase; NOS,tnc oxide synthase;-®H-Trp, 5-hydroxytryptophan; AADC,
aromatic amineacid decarboxylase; DBH, dopaminéhydroxylase; NAT, Nacetyltransferase;
NAS, N-acetylserotonin; HIOMT, hydroxyindol®-methyltransferase. Permissions obtained
(McHughet al.2011)
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3.1.1.2  Role of tetrahydrobiopterin

Tetrahydrobioptin, a reduced and biologically active form of biopterin, was initially identified as
the necessary cofactor for the production of nitric oxiKleon et al. 1989, Tayelet al. 1989) It

is also an essential cofactor for several other enzymes, including phenylalanine hydroxylase,
tyrosine hydroxyhse and tryptophan hydroxylase and is therafdegyral to the synthesis of the

monoamine neurotransmitters dopamine, serotonimaratirenaline, in addition to phenylalanine

hydroxylation{Figure3.1).

In addition to its central role ascafactor BHs has been associated with multiple and variable
cellular roleslt has been suggested that AHediategherelease of neurotransmittarsluding
dopamine, serotonin and glutamate, independent of its cofactor activity, thereby regulating
neuronal activityMatagaet al. 1991, Wolfet al. 1991, Koshimuraet al. 1992)

3.1.1.3 Inherited deficiencies of tetrahydrobiopterin

Phenylketonuria (PKU) is an autosomal recessive disorder, most frequently associated with
missense mutations in the phenylalanine hydroxylase gene, which catalyses the hydroxylation of
phenylalanine to tyrosin@Villiams et al. 2008) PKU is therefore a consequence of reduced
enzymatic activity leading to an accumulation of phemylade. Phenotypically, PKU is of
variable severity, but typicall presents as stunted growttievelopmerdl retardation and
neurological signs such as seizures. Patients tend also to be of fair skin, due to restricted melanin
synthesigFarishianet al. 1980) However, early diagnosis and dietary modification can provide

symptomatic amelioration.

Given that BH functions as a necessary cofactor for phenylalanine hydroxylase, deficiencies in
the function of thede novosynthesis or regeneration of Bhhave variable phenotypic
presentations. Mutations in the genes responsible fatem®vaddiosynthesis and regenamat of

BH4 are autosomal recessiaed have been extensively descril§€tony et al. 2006) Of 104

GCH1 mutations previously described, only Shave been linked with autosomal recessive
hyperphenylalaninemia, alongside deficiencies in monoamine neurotransmitters, whereas the
majority of the remaining mutations are autosomal dominant and result irrekgnsive
dystonia (DRD) with comparativelyeduced penetrand@hony et al. 2006) DRD typically
emerges after one year of age and gradually worsens, with a dystonia and parkinsonism like
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symptoms featuring diurnal variation, increasing in severity towards the evening and alleviating
after sleedBlauet al.2001)

3.1.1.4  Role of tetrahydrobiopterin in neuropathic pain

The degree of interest pertaining to Bynthesis in neuropathic pain was greatly accelerated by
the determinatiothat two genes within theée novoBH4 synthesis pathwayschlandSpr, were
differentially regulated in theDH after sciatic nerve injuryCostiganet al. 2002) Further
investigation highlighted significant upnélgtion ofGchlin the L45 dorsal root ganglion (DRG)

after spared nerve injury (SNI), alongside more modest increaSgs amd Qdpr (Tegederet al.

2006) Similar outcomes have been observed in multiple stuthelsiding the determination that
Gchlis upregulated in macrophages proximal to peripheral nerve injury, and in injured neurons,
which remained ansistent from 7 to 21 days aftarjury (Latremoliereet al. 2015b) This
highlights the potential for immunological contributions to localised Btéduction, which may
subsequently faciiate the development of CNP. Indeed, mice withciilknockout specific to
sensory neurons showed similar signs of thermal hyperalgesia after CFA injection, suggesting that
infiltrating immune cells may be a dominant contributor tosBirbduction(Latremoliereet al.
2015b) In addition toGchlupregulation, elevations in neopterin dodpterin were also observed,
indicating increased GTPCH activifyegederet al.2006) Moreover Gchfris alsoknown to be
differentially regulated after nerve injury, thus potentially altering the stoichioméglance
leading to BH accumulation and increases in nitric oxide and monoamine neurotransmitter
synthesigTegederet al.2006)

The mechanism underpinning the role of Bidpain sensitivity is therefore @ attributed to its

role as a cofactor. After intrathecal administration of,BHcreases in response to noxious radiant

heat in naive rats and increased sensitivity to painful stimuli have been observed in neuropathic

(SNI) and inflammatory (complete éund's adjuvantCFA) animal pain model§Tegederet al.

2006) After SNI, both tryptophan hydroxylase and neuronal nitric oxide syntiNcssl)(were

upregulated, although phenylalanine hydroxylase and inducibie wixide synthaseNos2)

remained unchanged, and tyrosine hydroxylase was downregulated. Although serotonin in the

DRG remained undetectable after injury, eased nitric oxide was observé&devatiors in nitric

oxide were strongly attenuated by the potypical GTPCH inhibitor 24liaminc6-

K\GUR[\S\ULPLGLQH '$+3 ZKLOVWitrtVKargirir2emetiylkeser f&V RU 1

NAME), also ameliorated mechanical and cold allodynia after Gigederet al. 2006)

Administration of DAHP failed to significantly decrease serotonin concentrations in the spinal
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cord and brain stem, suggesting that changes to descending inhibitory pathways were not
responsible for the efficacy of DAHP. It was therefore concluded ghBHainduced pain is of

rapid onsetindis underpinned by a mechanism that does not encompass transcriptional changes,
neuronal cell death or microglia activatipiregedeset al.2006) Moreover, the efficacy of BHP

in the formalin test, a model of peripheral inflammation, endhultiple models of neuropathic

pain, points to a common BHiependent mechanism in a diversaige ofpain aetiologies
(Tegederet al. 2006) Thae are multiple suggested mechanisms for increased pain perception
resulting from heightened nitric oxide synthegiBegederet al. 2006) including protein
nitrosylation(Haraet al.2005) interaction with NMDA receptor activitfLipton et al. 1993)and

increasing glutaminergic neurotransmissfbawin et al. 1999, Tegedeet al.2004)

Aside from the reputed role of BHh nitric oxide synthesist ihas also been demonstrated that
BH4 induces calcium influx, which is influenced-rart by nitric oxide synthesi@egederet al.

2006) The BH-inducedcalcium influx, in conjunction with TRPV1/TRPAL results in PI3K
pathway activation which is associated with hypersensitivity in patients with neuropathic pain
(Zhuanget al.2004, Latremolieret al.2011)

3.1.1.5 Inhibition of tetrahydrobiopterin synthesis

Pharmacological inhibition of Bisynthesis has been shown to alleviate pain in various animal
models, including those pertaining to pain of neuropathic and inflammatory (ragiemoliere

et al.2015b) Thus far research has focussed on inhibition of Bjhthesis by targeting of tiue

novo syrhesis pathway. Whilst knockdown of GTPCH and DHFR both resulted reductions in
BH4, only DHFR knockdown resulted in notable increases in:Bthereby diminishinghe
BH4/BH: ratio, which has been discussed (se¢8c¢h3. TheBH4/BHzratiois a key determinant

of nitric oxide production and reductions in the rd#icilitate uncoupling ofNOS and subsequent

superoxide production, promoting endothelial cell dysfundfi@ralireeet al.2009a)

Administration of DAHP has been shown to successfully reverse mechanical and cold
hypersensitivity after SN(Tegederet al. 2006) It has been demonstrated that DAHP inhibition
occurs indiretty, requires GFRP, and is reversed byphenylalanine. It is #refore considered

that the degree of DAHRediated inhibition of GTPCH will be greatest in cells with
comparatively high expression of GFRP and relatively low levelsgienylalanin€Kolinsky et

al. 2004) Treatment with DAHP also ablated injurinduced elevations in neopterin, whilst

attenuatingncreases irbiopterin levels which were maintainetd a degreethrough continued
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BH4 regeneration. Tére was also no distinguishable change in mechanical or heat pain sensitivity
in uninjured animals, with no apparent negative effects of DAHP administration. Administration
of DAHP was also efficacious in reducing heat hyperalgesia after intraplantdioimjet CFA,
suggesting that BHmay be implicated in pathways that converge betvpagm ofpredominantly

neuropathior inflammatoryorigin (Tegederet al. 2006)

Of thede novaBH4 synthesis pathway enzymes,gany of active sites led to the conclusion that
both GTPCH and SPR exhibit promising druggabi{faylor et al. 2010) However, the risk of
pronounced side effects and the relative inaccessibility of GTPCH activedsiéet, their inward
facing position, has made the prospect of analgesia by GTPCH inhibition less enticing
(Latremoliereet al. 2015b) In contrast, inhibition of SPR will continue to permit limited BH
synthesis by aldose reductase and carbonyl reductase, altttosigiathway will of limited
function in the CNS due to a relative deficiency of DHBRu et al.2001, Costigaet al.2012)
Similarly, administration oN-acetylserotonifNAS), an SPR inhibitor and metabolite formed in

the melatonin synthesis pathwéd¢atohetal. 1982, Harukiet al.2015) reduced mechanical and
cold allodynia after SNI and thermal hyperalgesia after intraplantar CFA injédegederet al.

2006) However, the systemic use of NAS is restricted duedaversion to melatonin by
acetylserotonin methyltransferas@satremoliereet al 2015b) A more potent SPR inhibitor,
SPRIi3, has been shown to reduce allodynia in models of neuropathic pain and attenuate thermal
hyperalgesia after CFA injection, without implicating nociceptive flaatremolierest al.2015b)

Repurposing of drugs with current regulatory approval for alternative indications poses a multitude
of benefits over the conventional drug discovery pro¢@gseaet al.2012) The opportunity for
the targeting of Bl synthesis with such compounds is prominent. It has been determined that
sulfasalazine and its metabolites, sulfapyridine and mesalamine, inhibit SPR, which has been
considered as a ptial mechanism contributing to the clinical efficacy of these compounds
(Chidleyet al.2011) It is also thought that SPR inhibition by these compounds, and other similar
sulfacompounds, may be responsible $eweral documented side effects caused by these drugs
(Yanget al.2015) It has been notetthat the CNS side effects of sulfamethoxazole, a potent SPR
inhibitor with notable CNS penetration, overlap with those of SPR deficiency, which may be
exacerbated by a relatively low expression enzymes involved imdgjgneration, such as DHFR,
in the CNS (Blau et al.2001, Chidleyet al.2011) Further scrutiny has also elucidated a range of
other sulfabased drugs, including the antidiabetic sulfonylureas, as inhibitors of (5 RKi et
al. 2013)Interestingly, sulfamethoxazole ised in combination with trimethoprim, an inhibitor
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of DHFR, in the treatment of bacterial infection. Considerable CNS side effects are observed at
higher doses, which may result from dual inhibition okBlhthesigHarukiet al.2013) Latterly,
methotrexate, another inhibitmf DHFR, has been scrutinised in various animal models of
neuropathic pain, although DHFR inhibition was overlooked as a rationale for the observed

reduction in neuropathic pain behavig8cholzet al. 2008)

3.1.2 The pain protective haplotype

The GCH1 gene(Figure 3.17) consists of a single haploblock spanning 72(kbgederet al.

2006Wwith four transcipt variants, of which variant 1 and 2 encode for the functional GTPCH
protein (isoform 1). Transcript variants 3 (encoding isoform 2) and 4 (encoding isoform 3) result
in nonfunctional proteins. It was suggested that, given the potential role of GTP@Hinn
sensitivity in animal models, polymorphisms within, or flamgk GCH1, may confer a
distinguishable pain phenotypm vitro analysis of cultured white blood cells (WBCs) from
patients with varying copies of tipain protectivéhaplotype émonstratediat GCH1 expression

did not differ between carriers and roarriers of thepain protectivehaplotype. However, after
forskolin treatmentGCH1 expression was significantlglevated in cultures from nesarriers

which became incrementally reduced withragasing copies of thpain protectivehaplotype
(Tegederet al.2006) As such, surgical discectomy patients with persistent lumbar root pain due
to intervertebral disc herniation were originally genotyped foriridles nucleotide polymorphisms
spanningsCHL It was determined that 5 SNPs were significantly associated with leg pain severity
scores one year after surgery and 2 SNPs (rs8007267 and rs3783641) were associated with low
pain scores. A specific haplotypeith an allelic frequency of 15.4%, was strongly predictive of
low leg pain scoreéTegederet al.2006) It has been suggested that plaén protectivéhaplotype
results in changes to the transcriptional regutetbGCHZ1, and this regulatory modification was
likely to be either inth&aCH1 1 IODQNLQJ UHJLRQ RU ZLWKLQ WKH ODU
taking into consideration the loci of the two SNPs (rs8007267; rs3783641) exclusively present in
the pain prdective haplotype (Tegederet al. 2006) Further scrutiny of the pain protective
haplotype illustrated that, after accounting for linkage disequilibrium, three (rs80@=24,
rs3783641A>T andrs1048363L>G) or fewer SNPgFigure3.17) were sufficient to identify the

pain protective haplotype. Indeed, the use of any one of these SNPs alone conferred >95%

sensitivity and specificity for identification of the pain protective haplofyi¢schet al.2007)

A vast array of studiegTable 3.1) have been undertaken to find associations betweepathe

protectivehaplotype and pain susceptibility associated with disease @ngem, acute painful
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events (e.g. labour) and sensitivity in experimental pain tests. Notable variation exists between
studies, including the target population, type of pain (which may be underpinned by variable
pathophysiological mechanisms) and inherehfferences in the methodology used for
population/patient screening and pain assessment. Such contrast between studies complicates the
feasibility of metaanalysis, leaving the evidence for the role of paén protectivehaplotype in

pain sensitivity/ssceptibility somewhat suggestive, rather than established.

Considering theGCH1 pain protectivehaplotype appears to reduce the susceptibility and
sensitivity to pain in animal models, and carriers of the haplotype do not have a clearly
distinguishable pénotype, it is proposed that pharmacologically replicating the effect pkihe
protective haplotype by attenuating increases ide novo BHs synthesis may ameliorate
neuropathic pain with few adverse effecighilst leaving acute nociceptive pain sersyi
unaltered Tegederet al. 2006, Latremolieret al.2015b)
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Table 3.1: Comprehensive summary ofesearchseeking to determine associations betweearious pain aetiologiesand GCH1 genotype

Cohort Size Ethnicity/

Origin of Pain . GCH1SNPs Pain Measures Outcomes Reference
Population
Coital pain (measured No association between the
by visual analgue pain protective haplotype an
scale) and pressure pa sensitivity to preasre
. . rs8007267 thresholds. induced pain or coital pain. -
Sinicarce was observed ({e0dnet .
rs10483639 between a subset of patients
taking hormonal
contraceptives anGCH1
genotype.
Labour related Homozygous carriers of the
rs8007267 arameters (e ain protectivehaplotype (Daboet al
Labour pain 676 cases Caucasian rs3783641 P lgesia. d 9. pain p likel plotype '
(510483639 2nalgesia, l_Jratlon, were more likely to require 2010)
cervical dilation). secondine analgesia.
rs752688 CapsaiciAinduced pain Three SNPsré3783641,
Experimental . N rs4411417 (measured by visual rs4411_41?_and r375268_8) (Campbeliet
pain models 39 subjects Any ethnicity  rs8007201 analogue scale). were significantly associated al. 2009)
rs3783641 with lower pain ratings. '
rs8007267
131 Questionnaire for No association between the
(recurrent assessmeraf pain protectivehaplotype and
Pancreatitis acute) and Caucasian rs8007267 pancreatitis, including recurrent acute pancreatitis, (Lazarevet al.
265 (chronic) rs3783641 the duration and chronic pancreatitis or pain  2008)
cases, 236 severity of pain. severity.
controls
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Pain questionnaire and No asso@tion between the

Chronic 197 cases, Prlmarl[y rs8007267 body manlklns (using pain protective haplotype an (Holliday et
widespread pain 197 controls Caucasian rs3783641 American College of  pain sensitivity or al. 2000)
P P population rs10483639 Rheumatology susceptibility to chronic '
Criteria). widespread pain.
Cutaneous Carriers of the pain protectiv
10 inflammation, haplotype were less sensitivi
(homozygous capsicin-induced to mechanical pain and to
Experimental pain thermal pain, capsaiciAinduced pain (Tegedert al
ail?1 models protective Caucasian 15 SNPs mechanical pain, following sensitisation. No 200%) '
P haplotype), pressure pain and association was found for
22 non tolerance to electrically heat, pressure and electrical
carriers induced pain. induced pain without
sensitisation.
Analgesia related The interval betweaecancer
parameters, including diagnosis and opioid therapy
steady state morphine initiation was sequentially
rs8007267 . . :
, , concentration, pain longer in homozygous (Lotschet al.
Cancer pain 251 cases Caucasian rs3783641 . . . .
(510483639 severity assessment  carriers of the pain protective 2010)
(Brief Pain Inventory  haplotype than in
guestionnaireand time heterozygous and nen
since diagnosis. carriers.
Pain intensity and No associations were
Ady a”C‘?d cancer Not stated . rs8007267 opioid requirement observed wittGCH1 .
pain patients with (study based ir (Matic et al.
inadequate 240 cases The rs3783641 were ass_essed after  genotype. 2017)
analgesia Netherlands) rs10483639 interventions by a

palliative care team
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Analgesia medication
(including opioid

Patients with the pain
protective haplotype requirec

Pain thera rs8007267 doses), pain treatment comparatively shorter (Doehrirg et
re uiremerpl?/ 424 cases Caucasian rs3783641 duration and 24 hour  durations of specialised pain al 2009r)g
9 rs10483639 pain intensity score (O therapy, and tended to requi
10 rating scale). lower opioid doses and had
lower 24 hour pain scores.
(s10483639 Perlph(_aral neuropathy Patlents_ with the pain
_ (s750688  Screening to_oI and protective haplotype or & 6
HIV -associated sensory testing. SNPGCH1hagotype had a
. rs4411471 o (Wadleyet al.
sensory 159 cases Black African reduced pain risk.
rs8007201 C ; .. 2012)
neuropathy Associations did not persist
rs3783641 :
(s8007267 after correction for age,
gender and CD4-€ell count.
Thermal and cold No associations were found
Experimental . stimuli, extration of betweenGCH1genotype and
. 735 subjects ; ; : o .
pain , impacted third molar. measures of pain sensitivity. (Kim et al.
(221 molar Varied 38 SNPs ) . :
models/molar . Pain ratings obtained 2007)
. extractions) o
extraction with visual analogue
scale.
Severity of pain after  The pain protective haplotyp
: discectomy. Healthy = was associated with
Surgical . o .
: 147 cases . volunteers were subjec significantly lower pain
discectomy for . Caucasian . :
: 547 subjects to heat, mechanical an« scores postliscectomy.
chronic lumbar (cases), not . . . (Tegedett al.
: (both cohorts 15 SNPs ischaemic pain. Healthy controls homozygou
root pain and d stated for th ) . 2006)
experimental pain . assesse (subjects) or the pain protective
individually) haplotype exhibited greater

models

tolerance to exgrimentally
induced pain.
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Eighteen tender points The investigated
assessed by survey.  polymomphisms did not

rs3783641 influence the clinical features
Fibromyalgia 409 cases Korean rsg841 of fiboromyalgia or prescribin¢ (Kim et al.
syndrome 422 controls  population rs752688 of medication. A specific 2013)
rs4411417 GCH1haplotype was
associated with reduced pait
sensitivity.
McGill Pain No associations were found
. . 51 cases (20 Questionnaire, pain betvyeerGCH; genotype and
Persistent pain with rs8007267 severity (measured by persistent pain after breast (Leeet al
after breast . Caucasian rs3783641 visual analogue scale), surgery. '
persistent . : 2103)
surgery pain) rs10483639 analgesia reqw_rement
and hyperalgesia near
surgery site.
Back pain sverity An association was observel
Lumbar (measured by numerice between the minor allele of ¢ (Kim et al
degenerative disc 69 cases White only 15 SNPs rating scale). GCHZ1polymorphism 2010) '
disease (rs998259) and reduced
disability and pain scores.
Emergency departmen: Two GCH1 polymorphisms
298 presentation or (rs8007267 and rs7147286)
cases L : )
Pain crises (sickle  (discovery), y DNA hosplta!lsanon due_to were associated with the cas (Belferet al.
cell anaemia) 513 cases African sequencing acute sickle cell pain.  cohort. Boh aGCH16-SNP 2014)

(replication)

haplotype and the rs800726
major allele were associated
with severe painful events.
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McGill Pain

Questionnaire, pain
severity (measured by

No association was observe:
between the studied SNPs o
thepain protectivenaplotype

E)(Ielfvl;tnegn}uprﬁlbnar 53 cases Not stated ::ggg;éiz visual analogue scale), and limited pain pesistence. (Hegartyet al.
discectomy rs10483@9 RolanglMorr_|s 2012)

Questionnaire and

thresholds to electrical

stimulation.

Brief Pain Inventory An interaction between
Post questionnaire. patients homozygous for the
arthroscropic . rs3783641 rs3783641 minorleele and  (Georgeet al.
shoulder surgery 150 cases  Any ethnicity anxiety was observed, 2016)
pain predicting pain ratings at 12

months possurgery.
Labour pain rating An association was observel
Swedish rs8007267 (visual analqgue scale) between th@ain prptective (Petterssomt
Labour pain 97 cases population rs3783641 and analgesia haplotype and an increased al. 2016)
rs10483639 requirement. requirement for secorkhe '
analgesia.

McGill Pain The presence of the major

Questionnaire, pa allele for each SNP correlate
Postoperative Whi _ (8007267 sgverity (measured by to a sho_rter duration of

. ite (Irish visual analogue scale) analgesia use after surgery. (Leeet al.

pain (molar 100 cases ancestry) 53783641 and analgesia Patients lacking thpain 2011)
extraction) rs10483639

requirement.

protectivehaplotype also
exhibited a reduakperiod of
analgesia use after surgery.
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No associations were found
between the studie@CH1

Opioid requirement,
pain intensity (Brief

- . rs3783641 . : .
Opioid use in 2201 cases Caucasian (4411417 Pa_ln Inventor_y) and polyr_norphlsr_ns and op|0|_d (Klepstadet
cancer pain pain mechanism requirement in cancer pain. al. 2011)
rs752688 .
(Edmonton Staging
System).
McGill Pain No associations were found
Mastectomy 42 cases Not stated 18007267 Quesponnalre, pain between the pain protective
: (10 controls ) severity (measured by hapldype and pain measure: (Hickeyet al.
related persistent (based in rs3783641 .
) for QST visual analogue scale) 2011)
pain . Ireland) rs10483639
analysis) and thresholds to
electrical stimulation.
HIV -associated Pain severity (measure No associations were found (Hendryet al
sensory 158 cases Black African 31 SNPs by numerical pain betweenGCH1 SNPsor 2013) y '
neuropathy rating scale). haplotypes and pain intensit
Questionnaires No associations found
pertaining to the fear ol between rs3783641 genotyp
pain and pain and exercisénduced
Exerciseinduced - rs3783641 catastrophizing. shoulder pain. (Georgeet al.
shoulder pain 190 cases  Any ethnicity Exerciseinduced 2014)
mugtle injury and Brief
Pain Inventory
guestionnaire.
Tender points assessel An interaction was observed
Temporomandibu by examination, between th€ OMT metllele
p thermal pain threshold, and theGCH1rs10183639 .
lar disorder and 200 cases, . e . (Smithet al.
: : White only 10 SNPs central sensitisation minor allele (homozygotes
experimental pain 198 controls 2014)

model

(measured by numerice only). Increase mechanical
rating scale) and
pressure pain.

pain thresholds were
observed with this genotype.
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3.1.3 Neopterin
3.1.3.1  Role of neopterin
Neopterin,pyrazinepyrimidine derivative was firstisolated from urine in 196{Sakuraiet al.
1967)and was identified as the fluorescent constituent of urine previdestgted in mice with
Ehrlich ascites tumour, and in humans with malignant disgdaerlinck 1999)Neopterin is
synthesised from GTP by GTPCH which cleaves the purin leading to the production of DHNTP,
followed by dephosphorylation to,&dihydroneopterin and subsequent oxidation to neopterin
(Murr et al.2002) The biological roles of neopterin have been summarised in significant detail
(Hamerlinck 1999) Neopterin production is increased following upregulation of GTPCH, a
consequencef stimulaion though multiple pathways, commonly via FNNeoptein is therefore
considered an indicatof endogenous IFN U H (iiHubDevetlal. 1983, Hubeet al. 1984, Widner
et al. 2000, Feldman 2004and consequently of -€ell activation Both neopterin and,8
dihydroneopterin have been shown to activatexegmsitive transcription fact®rAR-1 and NF

% UHVXOWLQJ LQ FKDQJHV Ne2upregliationfNotrhaRget al P& X GL Q.
Baier-Bitterlich et al. 1997).

3.1.3.2  Neopterin as a clinical utility

Research seeking to determine the value of neopterin, as an indicatonwhe activation in

various infections and diseasélsurished in the late 20century.As a marker of IFN DFWLY LW\
neopterin poseses sigificant advantages in that the measurement of circulating |Rihich

can be complicated by complexation with diéuand cell surface receptors, leadiagariations

in measurable IFN DQG VXEVHTXHQW IPiedMaDalidyait Quadiern®D WtRrsim
neopternandIFN FRUUHODWHG ZLWK UH M HuiadilitfroDndo@drd RIGHEY W K|
purposeremainedwhen IFN levels fell below the limit of detectiof\Woloszczuket al. 1986)

This illustrates the potential advantagedor circulating neopterin levels to reflect

pathghysiological and immuneelatedchanges in isolated tissues.

Subsequentesearch hagd to a wealth of studieonsderinga diverse range of conditions. These
include changes in neopterin levels due to chronic infections such as tuber(felos$iset al.
1984) HIV (Fuchset al. 1987) as a marker ofdisease progression and as bottredictor and
indictor of treatment efficacy in hepatitis(Eeldman 2004)Similaly, changes in neopterin were
alsodetectedn nontinfectious conditionsNeopterin has been investigatesda marker of coronary

disease and its severttiyyu et al.2015) a differentiator of acute coronary syndrome and chronic
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stable angina pector{&aski et al. 2005)and as a predictive marker of major coronary events in
chronic stable angina patienfdvanzaset al. 2005) More recently, circulating and urinary
neopterin levels have been shown to be elevated in relation to CNS disorders and disease, including
major depressive disordéraymuret al. 2015) ParkinV RQ 1V GAidhdrietvaH 2002) and

multiple sclerosigBagnatoet al. 2003) which highlights the potential for neopterin levels to

reflect CNSdisease

In addition, neopterin levels are also known to reflect pharmacological modulation of the immune
system, which both allows for the monitoring of treatment efficacy, but also complibateise

of neopterin as a biomarker of disealdasurprisingly, atients receiving cytokintherapy may
exhibit elevated neopterin levelPattaet al. 1987, Durastantet al. 2011) whilst the opposite
effectis observed in patients receiving an immungsegsant, such as ciclospofiehrmanret

al. 1987, Hamerlinck 1999, Feldman 2004)s perhaps more pertinent to consider that neopterin
may vary with more common cditions, such as psoriagiSanchezReganat al.2000) and may
even increasafter strenuous exercig8prengeret al. 1992) It is also noteworthy that peaks in
neopterin levelgre generallpbserved in subjects uad18 and above 75 years of diytaloney

et al. 1997, Hamerlinck 1999with increased body mass indé€&penceret al. 2010) smoking
status(Djordjevic et al. 2008)and exhibit a degree of diurnal variati@@arciaGonzalezet al.
2006)

3.1.4 Nitric oxide

3.1.4.1  Synthesis and key function®f nitric oxide

Nitric oxide is a key effector moleaziin variousphysiobgical process and changes in nitric oxide
regulation have been associated wstveraldiseasestates The production of nitric oxide is
mediated by the nitric oxidgynthases (NOSSs), a family of enzymes which catalyse the conversion
of L-arginineto citrulline, leading to the release of nitric oxide. Of the three NOSs, endothelial
(eNOS) and neuronal (nNOS) are generally considered to be constitutively expressed and their
activity is dependent on intracellular &&almodulin, whereas inducible NEXiNOS) functions
independent of CG&calmodulin is induced by inflammatory processasd can be upregulated

in immune cells, such as macrophages and glial (&ledtet al. 1994, Peth@t al. 2012) Nitric

oxide facilitates arange of physiological effects, including vasodilati@ruetteret al. 1979)
plasma extravasation and cytotoxicity, in addition to implications on neurotransmission
(Garthwaiteet al. 1995)
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3.1.4.2 Role of nitric oxide in disease

The role ofnitric oxide in the CNS is diverse and has been shown to implicate a range of
physiological processeNltric oxideis potentially neurotoxic and neuroprotective in str@&arry

et al.2015)and bothproconvulsive and anticonvulsive in epileg®anachet al.2011) Inducible

NOS and the subsequent increasaitric oxide production has been shown to implicate wound
healing and regeneration of tiss(éamasakiet al. 1998) and afte experimentally induced
traumatic brain injury in mice, the administration of iINOS inhibitors resulted in reduced cognitive
function when compared ndreated miceg(Sinz et al. 1999) Both plasma neopterin andeth
citrulline-arginine ratio, amdicator of nitric oxide synthesis, were decreased in bipolar affective
patients, indicating reduced Bldctivity (Hoekstraet al.2006) although somewhat contradictory
observations have been magdénik et al. 2004) Moreover, serum nitrite/nitrate waslako
distinguish active and inactive inflammatory bowel disease with reasonable sensitivity and
specificity (Avdagic et al. 2013) whilst significantly higher plasma nitrite/nitrate levels were

detected in untreated coeliac dise@darray et al.2003)

3.1.5 Aims and objectives
The overall aims and objectives of chapter 3 are as follows:

X To determine whether molecsl@ertaining to the tetrahydrobiopterin synthesis pathway
may be differentially abundant in the plasma of patients with CNP, when compared to
health controls

x To determine whether tH@CH1pain protective haplotype may influence circulating nitric
oxide andpterin levels in patients with CNP, when comparebdalthycontrols

X Use reporter gene assays to predict whether specific polymorphisms within the pain
protective haplotype may influen@CH21 expression

x Formulate potential hypotheses relating to the ofl¢he pain protective haplotype by
considering reporter gene assay data, transcription factor binding prediction tools and
ESMAs

3.2 Methods

Specific methods relating to this chapter are detailed within chapter 2.
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3.3 Results

3.3.1 Nitric oxide analysis

3.3.1.1  Nitric oxide method development

Nitiric oxide is a highly unstable free radical with poor agueous solubility. The physiological half
life is typically less than a second, withnomolar plasma concentrations, which means accurate
routine quantification lacks feasibilitAutoxidation of nitric oxide in aqueous media occurs at a
rate which is inversely proportional to its concentratieordet al. 1993) leading to théormation

of nitrite (NO*), which itself exhibits a relatively short hdife of 110 seconds in blood and a
typical plasma concentration of 800 nmol/L. Further oxidation leads to the formation of nitrate
(NO*) which is comparatively stable in cirating blood with a halfife of up to 58 hours and a

plasma concentration of 38D pumol/L (Kelm 1999)

The Griess test was first developed in th& C&nturyby Peter Griess. It usesdiazotization
reaction whichallows for thecolourmetricdetermination of nitrite in agqueous solutif@riess

1858, Griess 1879)nitial assessment of the Griess agbayebresought taclarify the feasibility

of nitrite quantification in plasma, without nitrate reduction to nitrite. Using the Griess Reagent
System (Promegd)SA), plasma was thawed on ice, followed by the addition ofilb®f 1%
sulphanilamide (in 5% phospho acid) to 5QuL of plasma in a 96vell assay plate. The plate was
incubated for 10 minutes at room temperature in the dark. Fifty microliters of 0-1% N
napthylethylenediamine was added followed bycsphotometric analysis at 570n usinga
Tecan lrinite F50 microplate readdiTecan,UK). There was no discernible colour change or
increase irbaselineabsorbanceA slight elevation of baseline absorbance was observed with non
deproteinised samples. Herein plasma was invariably deproteinised to treeleffect of sample
turbidity and the interference of precipitated proteins on the g§bfashageet al. 1995, Guevara

et al. 1998) although this process did not facilitate the Griess reaction using the afticeradn
methodology There are several methods used to deproteinise plasma, but acid precipitation must
be avoided to prevent aeidduced conversion of nitrite to dinitrogen trioxide, which leads to the
release of nitrogen dioxid@Miranda et al. 2001) Therefore, aotal of 1 mL of plasmawas
centrifuged a#i°C for 20 minutes at 3800 gusing an Amicon Ultral (10 kDa)Centrifugal Filter

Unit (Sigma, UK. The clear filtrate was analysedlsing the protocol descriled for the Griess
Reagent System (Promega, USAhere was naliscernible colour changdt was therefore

confirmedthat the Griess assay method musiraelified for the reduction of nitrate to nitrite.
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Reduction of nitrate is typically undertaken chertjcaith reducing metals or with a nitrate
reductase system. The use of chemical methods with biological samples usually centres on
cadmium (Caseyet al. 2000) though as with many chemical methods, there are fsigni
drawbacks. Cadmium, aside from the associated chemical hazards, is capable of further reducing
nitrite to nitric oxide leading to erroneous quantification and is susceptible to experimental
variation depending on multiple factors, such as pH andaldenium surface area to sample
volume ratio(Sunet al.2003) Cadmium reduction has also been shown to correlate poorly with
other methods at low néte concentrationfMarzinzig et al. 1997) Another chemical method
involves the use ofanadium (lll) chloride which exhibits some advantages over cadmium.
Vanadium (lll) chloride is able to readily reduce nirdb nitric oxide at high temperatures
(Bramanet al. 1989)but at lower temperatures, the reaction leads to the steady accumulation of
nitrite (Mirandaet al.2001) In contrast to cadmium, vanadium (1) chloride is also less toxic and
does not require removal prior to analy&lsing a previously described method for serum analysis
with slight modificationgKalugalageet al. 2013) plasma was thawed on ice anddaled by the
addition of 10uL of zinc sulphate heptahydrate (hnlL) for deproteinisation. The sample was
vortexed forl minute, and centrifuged abom temperature for 10 minutes at 10000.X he
supernatant was separated from the precipitate, folldyddrther centrifugation using identical
conditions. To 5QuL of the supernatant, 56 of a vanadium (lll) chloride (8ng/mL) solution

in 1 M hydrochloric acidwas added, alongside 30 of sulphanilamide and 5QL of N-1-
napthylethylenediamin@PromegaGriess Reagent Systenihe reaction was allowed to preck
atroom temperaturéor 30 minutes, but colour change was not discernifihe rationale for a

lack of reactivity using this method is unclear, but this may be explained by the susceptibility of
vanadium to oxidatiofMirandaet al.2001) by rapid reduction of nitrate to nitric oxi¥anget

al. 1997)or due to the documented low reaction efficiency of this mefBadciaRobledoet al.

2014)

Another method consisting of nitrate reductasediated reduction of nitrate to nitrite was
considered an as alternative to the afoentioned methods. This has been shown to provide
adequate sensitivity for the quantification of nitrite and nitrate in biological fl@dshamet al.

1996) One potential disadvantage of the nitrate reductase method is the necessity for NADPH
which can interfere with the Griessaction, although this can be circumvented by limiting the
amount of NADPH alongside the use of a catalytic system for recycling of NARADPH

(Verdonet al. 1995, Mirandeet al. 2001) The use okinc sulphatdor deproteinisation has been
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associated with a decline in assay reproducibility when used in combination with nitrate reductase
and NADPH, so this was avoidéGuevaraet al. 1998) Using the Nitrie/Nitrate Colourmetric

Assay Kit (Cayman ChemicallK) DFFRUGLQJ WR PDQXIDFWXUHUYTV LQ
filtration of plasmasa definitive colour changeas obsered, equating to a plasma total nitrate
concentration of 48M. There was no difference in the absorbance readings with filtered and non
filtered ultrapure water, whicdemonstrated that contact with the filtration membrane does not

contribute to sample mite and nitrate quantitationThe complete method for nitrite/nitrate

quantification is described (sect|@rR2.7).

3.3.1.2  Nitric oxide
Analysis of plasma nitrite/nitrate as a surrogate marker of nitric oxide production in the discove

cohort showed a med#hiSD)in healthy controlsn(=8) of 17.10 £13.45) uM (range: 1.19@0.09
pUM). The mean(xSD) in patients with CNPr(= 7) was 34.31 (£26.62) uM (range: 12-88.32
pMM). Statistical analysis (unpaireetdst) highlighted a trend wards significancep(= 0.129)

Figure3.2). An insufficient quantity of plasma prevented deproteinisation and analysis of both
healthy controlsr{= 2) and patients with CNmE 3).

Figure 3.2: Analysis of plasma nitrate levels in healthy control and neuropathic pain patients
in the discovery cohort

After isolation of plasma and removal of proteins using a 10 kDaf€diiter, analysis of the
nitrite/nitrate concentration within the filtrate was conducted by enzymatic reduction of nitrate to
nitrite followedby the Griess reaction (secti@2.3. Absorbance data was analysed by unpaired
t-test (xSD). n.s: rtostatistically significantData is available in the electronic supplementary
PDWHULDO ZLWKLQ WKH IROGHU HQWLWOHG plLWULF 2[LGH
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The discovery/validation cohort was sufficiently sized to perform additional analysisdaay
the result of the $ANSS test. Thanean(xSD) nitrate level in healthy control$ & 23) was
23.53 ¢£2.69) uM (range: 9.1®1.76 uM). In patients with chronic neuropathic pair=@23), the
mean(+SD) level was 22.817.52) uM (range: 13.4835.45uM). For those with CNP, patients
with an SLANSS result of <12r{= 8) had a mea(tSD)nitrate level of 22.23 (£8.70) uM (range:
13.4535.45 uM) whilst those with an-3$166 U HV X OW 18) had a meatSD)level of
23.53 £12.90) uM (range: 14.287.24 uM). Statistial analysis (unpairetitest) highlighted no

significance between healthy control and CNP=(0.820) (Figure 3.3). There was also no

difference when comparing healthy control and CNP patients withLaANSS result of <12
= 0.952) or between healthy control and those with-ar$3 6 6 V F R U HpR0.862)(Figure

3.3). Similarly, no difference was observed between patients withladNSS result of <12 and

- p=0.789).

Figure 3.3: Analysis of plasma nitrate levels in healthy control and neuropathic pain patients
in the discovery/validation cohort

After isolation of plasma and removal of proteins using a 10 kDa filter, analysis of the nitate/nitr
concentration within the filtrate was conducted by enzymatic reduction of nitrate to nitrite
followed by the Griess reaction (secti@2.7. (A) Healthy controls and patients with CNP were
analysed followedby (B) separation of the neuropathic pain cohort BLABISS score.
Absorbance data was analysed by unpautestt (+SD). n.s: not statistically significabtata is
DYDLODEOH LQ WKH HOHFWURQLF VXSSOHPHQW®H{ PRW KWL
D ILOH QDPH Rvhligatio"fF RY HU \
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3.3.2 Neopterin analysis

3.3.2.1  Neopterin method development

In order to quantify plasma neopterin levels using high performance liquid chromatography
(HPLC), a number of additional factors mustthereforeconsideed before the processing of
samples in preparation for analysis. Blood plasma is an abundant source of circulating metabolites
and as a clinical utility, provides a wealth of information pertaining to underlying disease.
However, plasma is also highly cohap, consisting of a wide range of organic andrganic
molecules, with a 20fld lower concentration of neopterin than urine, which complicates analysis
(Hamerlinck 1999, Daykimet al. 2002) Proteins are a highabundant constituent of plasma and

of which, albumin comprises of approximately 55% of the t@tatholsonet al. 2000) In order

to allow for analysis using HPLC, the primary consideration must be given to plasma
deproteinisation. Early deproteinisation methods involved the use of iomregelsolid phase
extraction allowing isolation and concentration of neoptéWerneret al. 1987b) but such
methodology is now considered unreliaffitavall et al.2008) More recently, deproteinisation of
plasma for HPLC purposes has been achieved using a variety of chemicals and sobheditsgi
ethanolLeeet al.1992) methano(Continet al.2008) acetonéKwadijk et al.2002) acetonitrile
(ACN) and trichloroacetic acid (TCA)Flavall et al. 2008) The use of such solvents and acids
facilitate the precipitation of plasma proteins by causing alterations in solubility. It is a noteworthy
consideration that proteins will vary significantly in their solubility under a geetiof conditions,

and thus the analytes solubility and potential for ligaratein ceprecipitation should also be
consideredDaykin et al.2002)

Initial method development involved the replication of a presiypalocumented method using

ACN as the deproteinising agdiftlavall et al. 2008) Comparative studies seeking to determine
optimal HPLC conditions using ACN and TCA deduced that the former improved the-&ignal

noise ratio angroduced larger neopterin peak ar@asvall et al. 2008) although this has not

been universally observédqilli et al.2012) Therefore, plasma (or standard) was combined with
acetonitrile at a 1:1 ratio, vortexed for 5 seconds and centrifuged for 10 minutes ak 0200

isocratic mobile phase csisting 0f5% methanol in 20 mM ammonium phosphate (pH 6.0), with

a flow rate of 1 mL/min, was used. A single peak was initially observed with neopterin standards,
and adequate separation was achieved with deproteinised plasma. However, after semabtiluti
neopterin standard, a linear association between peak area and neopterin concentration was not

observed. This was particularly apparent at physioldlgicalevant concentrations, 610 nM
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(Feldman 2004)and was attributed to the presence of an overlapping peak which remained present
wheninjecting a sample consisting of 1:1 mobile phase and acetonitrile. The presence of the peak
persisted despite the use of alternative solvent and buffer sources, and the peak area declined
disproportionately when the 1:1 dilution of acetonitrile was coetbiwith an equal volume of

mobile phase, given a total final concentration of 25% acetonitrile. This suggested interference by
MVA\VWHP SHDNVY PD\ KDYH RFFXUUHG GXH WR HTXLOLEULXF
composition of the sample and bile phase.

Further analysis was carried out using a method previously des¢@bedi et al. 2004) which
involved the deproteinisation of plasma with an equal volume of 5% TCA, followed by vortexing
for 10 secods, centrifugation at@®O0x g for 10 minutes and dilution of 50 pL of supernatant with
200 pL of ultrapure water. Due to inadequate chromatographic separation the proportion of ACN
in the mobile phase was increased incrementally to 3% but as the pnomdrA&N increased,

negative peak formation became problematic and interfered with neopterin quantification.

Due to apparent interactions between the mobile phase solvent and the injected sample, a fully
agueous mobile phase was considefaaviously, ume (Werneret al. 1987a, Groetsclet al.

1991, Ziset al.2017)and serun{Groetschet al. 1991)neopterin analysis has been achieved using

a mobile phase comprising of potassium phosphate and in the case of serum, acid precipitation
with TCA was used. Indeed, urinary neopterin analysis using similar methodology was achieved
in a separate study prior to quantification of plasma neopterin fé& Ribimarker identification

(Zis et al.2017) Therefore, a method comprising of deproteinisation with an equal volume of 5%
TCA, and a 15mM potassium phosphate mobile phase #) was used. This provided clear

peak separation for plasma samples with no overlapping peaks previously observed with
acetonitrile. Peak shape was subsequently enhanced by shifting of the pH to 7.4, and increasing

the cacentration of potassium phosphatehe mobile phasto 20 mM. The complete method

for neopterin quantification is described (seg#o?.§.

In order to quantify plasma neopterin levels using high performance liquid chromatography
(HPLC), a number of additional factors mustthereforeconsdered before the processing of
samples in preparation for analysis. Blood plasma is an abundant source of circulating metabolites
and as a clinical utility, provides a wealth of information pertaining to underlying disease.
However, plasma is also highlpmplex, consisting of a wide range of organic amarganic
molecules, with a 20fdld lower concentration of neopterin than urine, which complicates analysis
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(Hamerlinck 1999, Daykimt al. 2002) Proteins are aighly abundant constituent of plasma and

of which, albumin comprises of approximately 55% of the t@t@tholsonet al. 2000) In order

to allow for analysis using HPLC, the primary consideration must be given to plasma
deproteinisation. Early deproteinisation methods involved the use ofxahramge solid phase
extraction allowing isolation and concentration of neoptéWerneret al. 1987b) but such
methodology is now considered unreliaffiéavallet al.2008) More recently, deproteinisation of
plasma for HPLC purposes has been achieved using a variety of chemicals and, sobhediisg
ethanol(Leeet al.1992) methano[Continet al.2008) acetonéKwadijk et al.2002) acetonitrile
(ACN) and trichloroacetic acid (TCA(Flavall et al. 2008) The use of such solvents and acids
facilitate the precipitation of plasma proteins by causing alterations in solubility. It is a noteworthy
consideration that proteins will vary significantly in their solubility under amgset of conditions,

and thus the analytes solubility and potential for liganatein ceprecipitation should also be
consideredDaykin et al.2002)

Initial method developmerthereforenvolved the replicationf a previously documented method

using ACN as the deproteinising agdftavall et al. 2008) Comparative studies seeking to
determine optimal HPLC conditions using ACN and TCA deduced that the former impreved th
signalto-noise ratio angoroduced larger neopterin peak ar@aavall et al. 2008) although this

has not been universally observgdilli et al. 2012) Therefore, plasma (or standard) was
combined with acetonitrile at a 1:1 ratio, vortexed for 5 seconds and centrifuged for 10 minutes at
10300x g. An isocratic mobe phase consisting &% methanol in 20 mM ammonium phosphate

(pH 6.0), with a flow rate of 1 mL/min, was used. A single peak was initially observed with
neopterin standards, and adequate separation was achieved with deproteinised plasma. However,
after serial dilution of neopterin standard, a linear association between peak area and neopterin
concentration was not observed. This was particularly apparent at physilyjogetavant
concentrations, of10 nM (Feldman 2004)and was attributed to the presence of an overlapping
peak which remainegresent when injecting a sample consisting of 1:1 mobile phase and
acetonitrile. The presence of the peak persisted despite the use of alternative solvent and buffer
sources, and the peak area declined disproportionately when the 1:1 dilution of aleetoastri
combined with an equal volume of mobile phase, given a total final concentration of 25%
DFHWRQLWULOH 7KLV VXJJHVWHG LQWHUIHUHQFH E\ pVvV\VW

disruption caused by the contrasting solvent composition afaimple and mobile phase.
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Further analysis was carried out using a method previously des¢@Gbed et al. 2004) which
involved the deproteinisation of plasma with an equal volume of 5% TCA, followed by vortexing
for 10 seconds, centrifugation @@ x g for 10 minutes and dilution of 50 pL of supernatant with
200 pL of ultrapure water. Due to inadequate chromatographic separation the proportion of ACN
in the mobile phase was increased incrementally to 3% kthegzroportion of ACN increased,

negative peak formation became problematic and interfered with neopterin quantification.

Due to apparent interactions between the mobile phase solvent and the injected sample, a fully
agueous mobile phase was considef@dviously, urine(Werneret al. 1987a, Groetsclet al.

1991, Ziset al.2017)and seruntGroetschet al.1991)neopterin analysis has been iavled using

a mobile phase comprising of potassium phosphate and in the case of serum, acid precipitation
with TCA was used. Indeed, urinary neopterin analysis using similar methodology was achieved
in a separate study prior to quantification of plasmeptextn for CNP biomarker identification

(Zis et al.2017) Therefore, a method comprising of deproteinisation with an equal volume of 5%
TCA, and a 15mM potassium phosphate mobile phase #) was used. This prmled clear

peak separation for plasma samples with no overlapping peaks previously observed with
acetonitrile. Peak shape was subsequently enhanced by shifting of the pH to 7.4, and increasing

the cancentration of potassium phosphatehe mobile phasto 20mM. The complete method

for neopterin quantification is described (segt?.§.

3.3.2.2  Neopterin quantification
Analysis of plasma neopterin as an indicator GTPCH activity in the discovery cohort showed a
mean(xSD) level in healthy controlsrf = 8) of 22.86 £22.15) nM (range: 9.735.25 nM). The

mean(xSD) in patients with CNPr(= 10) was 29.97 (x22.82) nM (range: 1084.88 nM).
Statistichanalysis (unpairetitest) highlighted a lack of statistical significanpe=(0.515) (Figure

3.4). An insufficient quantity of plasma prevented neopterin quantification in a proportion of

healthy controlsr(= 2).
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Figure 3.4: Analysis of plasma neopterin levels in healthy control and neuropathic pain
patients in the discovery cohort

After isolation of plasma and removal of proteins by acid precipitation, HPLC was performed
(sectiof2.2.§ using a 20 mM potassium dihydrogen phosphat&/pHnobile phasél mL/min),
6SKHUH&ORQHE —O0 2'6column nd BrRgilent Technologies 1100 HPLC
system Neopterin was quantified by fluorescence detectith an excitation and emission of
353nm andt38nm) respective}. Data was analysed by unpaire@s$t (+SD). n.s: not statistically
significant. Data is available in the electronic supplementary material within the folder entitled
Neopterinf DQG KIHV @DHAH RI fi'LVFRYHU\

In the discovery/Madation cohort, thenean(£SD)neopterin level in healthy controls £ 24) was
13.02 ¢7.27) nM (range: 5.1227.70 nM). In patients with CNFh & 23), themean(+SD) level
was 9.78 £6.59) nM (range: 1.585.45 nM). For those with CNP, patients with ah/ANSS
result of <12 i = 8) had a mea(tSD) nitrate level of 6.97 (x3.71)M (range: 1.58.2.38 nM)
whilst those withan§$166 UHV X O 1B)lhad a meagSD)level of 10.73£7.15) nM
(range: 4.0825.45 nM). Statistial analysis (unpaired-test) highlighted a trend towards
significance beveen healthy control and CNIp € 0.117). There was a significant difference
when comparing healthy control and CNP patiemts an SLANSS result of <12 = 0.033)

Figure3.5). In contrast, there was no statistical significance between healthy controls and those
with an SLANSS scoreR | « p=0.352) or between patients with arLANSS result of <12
DQG p=0.200).
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Figure 3.5: Analysis of plasma neopterin levels in healthy control and neuropathic pain
patients in the discovery/alidation cohort

After isolation of plasma and removal of proteins by acid precipitation, HPLC was performed
(sectiof2.2.§ using a 20 mM potassium dihydrogen phosphat& gihobile phasél mL/min),
SphereCIQHE —0 2'6 [ coluPd and armAgilent Technologies 1100 HPLC

system Neopterin was quantified by fluorescence detectwth an excitation and emission of

353nm and 438nnrespective). Healthy controls and patients with CNP were analysed (A)
followed by separation of the neuropathic pain cohort-bABSS score (B). Data was analysed

by unpaired-test (£SD). n.s: not statistically significant, * dengtes ” Data is available in

the electronic supplementary material within the folder eédt® epgdterinf DQG KDV D ILOH C
M'LVFRYHU\ YDOLGDWLRQT

3.3.3 Biopterin

Quantification of reduced and oxidised biopterins highlighted significant variations between
groups within the discovery cohort. The méagD) plasma biopterin concentration £ 10) was
3.00 €¢0.81) nM (range: 1.88.41 nM) in healthy controls and 1.748)(78) nM (range: 0.73.11
nM) in CNP patientsrn(= 10). When considering the same subjects; Bkels were similar, with

a mean level of 10.52:2.90) nM (range: 6.946.77 nM) inthe control groups, compared to a
mean of 12.02#2.95) nM (range: 7.788.11) for CNP patients. Moreover, the mean plasma BH
concentration in the control cohort was 41.435.68) nM (range: 18.486.33 nM) whereas the
mean level in the CNP group was @3..£11.18) nM (range: 8.742.98). Similarly, the mean
total biopterin levels in healthy controls was 54.826.49) nM (range: 29.3002.30) compared

to CNP patients wherein a mean of 35.443.86) nM (range: 20.083.64) was observed. Both
biopterin = 0.002) and BH (p = 0.038) showed significant downregulation in CNP patients.
There was no difference in BHevels p = 0.268), although total biopterin strongly trendpd-(

0.054) towards downregulation in CNP patie(fisgure 3.6). The mean ratio of neopterin to

biopterin (N/B) in the healthy controls was 0.475. In contrast, the mean ratio for CNP patients was
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0.922, although this was not statistically significgmt= 0.180). Moreover, the mean BBH:
ratio in healthy cotmols was 4.046, which was significantly greafer0.010) than the mean ratio

in CNP patients of 1.76Eigure3.6 .

Figure 3.6: Analysis of pterins in healthy control and neurgathic pain patients in the
discovery cohort

After isolation of plasma and removal of proteins, HPLC was conducted (sgtfiaghj.
Quantification was enabled by sequential electrochemical and fluoresceeciodefl he mobile

phase consisted of 50 mM sodium acetate, 5 mM citric acid, 48 uM EDTA, and 160 uM DTE (pH
5.2) at a flow rate of 1.3 mL/min. Quantification of BiWasenabledy electrochemical detection
(background currents of +500 nA asD nA). Biogerin and BH were measured as using a Jasco
FP2020 fluorescence detectoAnalysis was undertaken with consideration for (A) the
neopterin/biopterin ratio, (B) the tetrahydrobiopterin/dihydrobiopterin ratio and (C) between the
plasma levels of biopterirBj, dihydrobiopterin (BH) and tetrahydrobiopterin (Bfiin healthy

controls and CNP patients. Data was analysed by unpaiest (-SD). TB: total biopterins. n.s:

not statistically significant, * denotgs ” G HQ@ RWH VData is availablen the
HOHFWURQLF VXSSOHPHQWDU\ P DBWptésindy OD @ IGWHEIMEMBWOKIH R C
HM'LVFRIYHU\
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3.3.4 Pain protective haplotype

Genotyping of heallly controls and CNP patients for three SN{Ps8007267, rs3783641,
rs1083639 permitted smeening for the pain protective haplotype in both discovery and
discovery/validation cohorts. In the discovery cohort, four subjects were carriers péithe
protective haplotype (20.00%), of which one was homozygous (5.00%). In the
discovery/validation @hort, nine healthy controls (37.50%) were carriers of the pain protective
haplotype, of which one was homozygous (4.17%). Se\&h43%) CNP patients were
homozygous for the pain protective haplotype. Allele and genotype frequencies were determined
for the three SNPs VHH HOHFWURQLF VXSSOHPHQWDU\ PDWHULD
| UHT X BH.QFehdtypifig data pertaining to the discovery/validation cohort was subsequently
used for categorisation of healtbgntrols and patients for analysis of plasnit@ate, neopterin
andGCH1 expression. However, there were insufficient data points to pérrtiier analysis of

CNP patientsby categorisedof the S-.LANSS score. One patient with CNP in the

discovery/validation cohort could not be genotyped due tacdlffes obtaining venous blood.

3.3.4.1  Pain protective haplotype *nitric oxide
After grouping all study participants in the discovery/validation cohort according to genotype,
carriers of the pain protective haplotype=(15) had a meaSD) nitrate level of 292 (+13.53)

UM (range:10.17-61.76 uM). Similarly, noncarriers (= 31) had a mea(tSD) nitrate level of
21.84 (¥8.52) uM (range:9.10-38.98 uM). The mean(xSD) nitrate level in healthy controls
assigned as carriers € 8) was 275 (+17.90) uM (range:10.17-61.76 uM) whereas the mean
(xSD) nitrate level for norcarriers (1 = 15) was 2133 (x9.29) uM (range:9.10-38.98 uM).
Chronic neuropathic pain patients with the pain protective haplotype/§ had a meatSD)
nitrate level of 234 (+6.70) UM (range:13.94-33.01uM). Similarly, noncarriers with CNPr{=

16) had a mearfzSD) level of 22.32(+8.01) uM (range: 13.45-35.45 uM). There was no
significant difference between carriers and 4earriers for all study participantg € 0.218),
controls alonép = 0.273) or CNP aloneg(= 0.647)(Figure3.7).
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Figure 3.7: Analysis of plasma nitrate in the discovery/validation cohort according t&CH1
genotype

After isolation of plasmaral removal of proteins using a 10 kDa filter, analysis of the nitrite/nitrate
concentration within the filtrate was conducted by enzymatic reduction of nitrate to nitrite
followed by the Griess reaction (sectifh2.d. Genotypes pertaining to the pain protective
haplotype were determined (secf@:2.9 followed by assessment of plasma nitrate atiogrto
genotype in (A)xontrols subjects only, (B) CNP patients oahyd (C) with all study participants
grouped together. Absorbance data was analysed by unpaestd(+SD). n.s: not statistically
significant.

3.3.4.2  Pain protective haplotype tneopterin

All healthy controls and patients were initially grouped together agekgated into those who
were carriers of the pain protective haplotype=(16) and those without a single copy< 31).
The mean (xSD) neopterin levelaarrierswas12.48 (+6.93) nM (range4.72-27.70 nM). Innont
carriers the mean (xSD) level wd®.® (£7.18) nM (range: 1.6-26.93 nM). When considering
only healthy controls for categorisation by genotype, carriers) had amean (£SD) neopterin
level of 1248 (£6.84) nM (range5.67-27.70 nM)whilst noncarriers ( = 15) had anean (xSD)
neopterinlevel of 13.35 (£7.72) nM (range:5.18-26.93 nM). Patients with CNP designated as
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carries (1 = 7) had amean (xSD) neopterin leveff 1251 (x7.57) nM (range:4.72-23.11 nM)
whilst noncarriers i = 16) had a mea(tSD) neopterin levebf 8.59 (x5.98) nM (range:1.56-
25.45 nM). There was no significance observed between carriers andanoers when
considering all participantg (= 0.468), controls alonep(= 0.784) or CNP alonep(= 0.196)
Figure3.8).

Figure 3.8: Analysis of plasma neopterin levels in healthy control and neuropathic
pain patients in the discovery/validation cohort

After isolation of plasma and removal of proteins by acid precipitation, HPLC was performed
(sectd using a 20 mM potassium dihydrogen phosphat& @hhobile phas€¢l mL/min),
6SKHUH&ORQHE —O0 2'6column &nd BrRgilent Technologies 1100 HPLC
system Neopterin was quantified by fluoresme detectiorwith an excitation and emission of
353nm and 438nnprespectivel. Genotypes pertaining to the pain protective haplotype were
determined (sectid@.2.9 followed by assesment of plasma neopterincaaling to genotype in

(A) controls subjects only, (B) CNP patients only and (C) with all study participants grouped
together. Data was analysed by unpairggbt (£SD). n.s: not statistically significant.
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3.3.4.3  Pain protective haplotype GCH1 expression
Analysis of GCH1expression and the influence of the pain protective haplotypearaucted in

gbase+(section(4.1.2.3. There was no significant difference € 0.416) betweenGCH1

expression in carriers € 16) than norcarriers (n = 32) of the pain protective haplotype. The fold
change in carriers indicated a marginal upregulatioG@H1 (fold change: 1.5). In contrast,
analysis of healthy control participants showed a signifigart@.018) upregulation in carriers
(n=9)when compared to necarriers (1 = 15), though a similar small fold chang@as observed
(fold change:1.13. Participants with CNP who were carriers £ 7) of the pain protective
haplotype did not have significantly differeqt£ 0.649)GCH1expressionhan healthy controls

(n = 17). There was a marginal downregulation in CNP patients separated by geriolype (

change: 1.0b Figure3.9r.

Figure 3.9: Analysis of GCH1 expression n healthy control and neuropathic pain patients in
the discovery/validation cohort according to genotype

After extraction of RNA (sectiof2.1.2.3 and subsequent gRACR (section2.1.2.9, the
expression oCH1was determined and normalised to the geometric me@ GflandYWHAZ
Genotypes pertaining to the pain protective haplotype were determined (&2t@rfollowed

by assessent of plama nitrate accaling to genotype in (A) controls subjects only, (B) CNP
patients only and (C) with all study participants grouped together. Absorbance data was analysed
by unpaired-test (xSD). n.s: not statistically significant.éribtepp ” Individual genotypes
areDYDLODEOH LQ WKH HOHFWURQLF VXSSO HGH®®phDTUD @ G W H
hasafOH QDPH RI §*HQRW\SHYV
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3.3.5 Correlation analysis

Correlation analysis of multiple parameters, including plasrrdaefnitrate and neopterin, were
XQGHUWDNHQ WR GHWHUPLQH LI YDULDWLRQV LQ 3HDUVRQ
correlations incorporating either all participants, healthy controls alone or patients with CNP were
performed using datadm the discovery cohort, which included parameters pertaining to plasma

biopterins|Table3.2). A relatively strong positive correlation was present between plasma nitrate

and neopterin levels when grouping healthy controls anB @atients(= 0.701,p = 0.008).
However, when analysing both groups independently, the positive correlation between nitrate and
nitrate was considerably stronger in CNP patients(.811,p = 0.027) than healthy controls £

0.547,p = 0.259). Corredtion analysis incorporatinGCH1 expression could not be performed

due to insufficient data points.

Data correlation in the discovery/validation cohort was performed as described in the discovery
cohort, although the CNP group was also further categodepdnding on the-BANSS score

Table 3.3). In contrast to the discovery cohort, there was no strong correlation between nitrate

and neopterin with all permutations, though a weak positive correlation was observed in CNP
patientswith an SLANSS score ofe12 (r =0.219,p =0.432). In contrast, clear correlations were
observed when analysing nitrate aB€H1 and between neopterin a@CHL The degree of
positive correlation between nitrate aB&€H1 was notably greater in CNP patients=(0.396,p

= 0.055)than health controlg & 0.041,p = 0.855) with a further clear distinction between those
with an SLANSS score of <12r(= 0.284,p = D QG r<=0.585,p = 0.022). Similar
results were observed between neopterin@@til, wherein the positivearrelation was greater

in CNP patientsr(=0.623,p=0.001) than in healthy controls£ 0.156,p = 0.468) whilst analysis

of patients with CNP alone showed that those with ah$3 66 VFRUH R -« KDG D
stronger correlationr (= 0.773,p = 0.00])) than those scoring <12 £ 0.297,p = 0.497).

104



Table 3.2: Pearson correlation analysis of pterins ad nitric oxide in the discoverycohort

Total

Nitrate vs. BHa vs. BH4vs. Biopterin vs BHd(3H2+B) BH4_/BH2 Vs
Neopterin Neopterin Nitrate N o vs. Nitrate Nitrate
eopterin
Pain and
healthy control
N 13 18 15 18 15 15
Correlation(r) 0.701 -0.182 -0.145 -0.164 -0.194 -0.229
p 0.008 0.469 0.607 0.516 0.489 0.411
Healthy control
N 6 8 8 8 8 8
Correlation(r) 0.547 -0.283 0.005 -0.250 -0.174 -0.203
p 0.259 0.498 0.991 0.551 0.680 0.629
Pain
N 7 10 7 10 7 7
Correlation(r) 0.811 0.165 0.047 0.128 0.353 0.389
p 0.027 0.649 0.921 0.726 0.438 0.388
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Table 3.3: Pearson correlation analysis of neopterin, nitric oxide an€&CH1 in the discovery/validation cohort

Nitrate vs.Neopterin

Nitrate vs. GCH1

Neopterinvs. GCH1

Pain and health control

n 47 47 48

Correlation(r) 0.080 0.193 0.439

p 0.593 0.194 0.002
Healthy control

n 23 23 24

Correlation(r) 0.058 0.041 0.156

p 0.794 0.855 0.468
Pain only

n 24 24 24

Correlation(r) 0.123 0.396 0.623

p 0.577 0.055 0.001
Pain with S.LANSS <12

n 8 8 8

Correlation(r) -0.037 0.284 0.297

p 0.930 0.495 0.497
PainwithS-/$166 -

n 15 15 15

Correlation(r) 0.219 0.585 0.773

p 0.432 0.022 0.001
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3.3.6  Transcriptional regulation in the synthesis of tetrahydrobiopterin
Differential regulation of genes encoding for enzymes involvedeimovoBH4 synthesis ad
regeneration of BHwere analysed. In the discovery cohort, no single gene was found to be

significantly differentially regulated, though a trend towa@dd3Rdownregulation was observed

in CNP |Table 3.4). Analysis in the disavery/validation cohort showed significant down

regulation olGCHFRIin CNP patients${able3.5). Several other genes trended towards differential

regulation, in particulaPCBD1and PTS both of which were margingl upregulated in CNP

patients.

Table 3.4: Expressionof genes involved in BH systhesis in the discovergohort

Accession Gene Name Gene p value FCin CNP
Number Symbol (QRT-PR) (QRT-PCR)
NM_000791 Dihydrofolate reductase DHFR 0.413 ;
NM_000161 GTP cyclohydrolase | GCH1 0.905 9
NM_005258 TP cyclohydrolase | GCHFR 0.905 ;
feedback regulator
Pterin4 alphacarbinolamine ,
NM_000281 dehydratase 1 PCBD1 1.000 ;
NM 000317 6-pyruvoyltetrahydropterin PTS 0.111 . 75
- synthase
NM_000320 Quinoid dihydropteridine QDPR 0.063 ;
reductase
NM_003124 Sepiapterin reductase SPR 0.286 ,

Gene expression analysis was conducted by-BRR.Data was normalised to the geomet
mean ofATP5B SHDAandYWHAZusing gbase+ after gelm analysisLinear fold change:
andp values are shownMannWhitney).p "~ F Réped Istatistally significant Data
files, including geNorm analysis, are available in éhectronic supplementary materiatder
the file path; gRTPCR > ClinicalSamples > Discovery.
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Table 3.5: Expression of genes involved in BHsysthesis in the discovery/validation cohor

FCin p value FCin

Accession Gene Name Gene p value CNP (QRT- CNP
Number Symbol (array) (array) PCR) (QRT-
y PCR)

NM_000791 Dihydrofolate reductase DHFR 0.555 9 2 0.607 9
NM_000161 GTP cyclohydrolase| GCH1 0.204 ; 12 0.192
GTP cyclohydrolase |

NM_005258 GCHFR 0.801 1.00 0.038 ;
feedback regulator
Pterin4 alpha

NM_000281 carbinolamine PCBD1 0.975 9 1 0.066 9
dehydratase 1
6-

NM_000317 pyruvoyltetrahydropterir PTS 0.027 9 6 0.087 9
synthase
Quinoid

NM_000320 dihydropteridine QDPR 0.042 ; 03 0.184 ;
reductase

NM_003124 Sepiapterin reductase SPR 0.493 9 2 0.254 ;

Gene expression analysis was conducted by microarragRRPCR. Data obtained by gT
PCR was normalised to the geometric mea@¥€ClandYWHAZusing gbase+ after geNor
analysis.Fold changes angd valuefor microarray data (ANOVA) and gRPCR (unpaired ¢
test) are shownp( ” F R Q VL G Hddly Ggrifivem)\Dhaty tNesare available in the
electronic supplementary mateniadder the file path; gRPCR > Clinical Samples > Discove
validation > Group 3 (Bhpathway)

3.3.7 Luciferase reporter assays

3.3.7.1  Stimulation and transfection development

In order b confirm a suitable method to analyse the potential impact of stimulation upon the
luciferase reporter assay constructs, stimulation of HUVEC and RAW264.7 cells was conducted
with reference to a previous study seeking to elucidate the molecular mechahiSad1
upregulation upon stimulatigihiang et al.2013)

Initially, stimulation of RAW264.7 cells was conducted with lipopolysaccharide ((Bigna,

UK). Cells were seeded at a density of 2xd€lls/mL in 1 nb. of complete DMEM on a 24vell

plate for 24 hours before complete replacement with media containing a range of LPS
concentrations, varying between 0 and 1000 ng/mL. Similarly, to determine the deGi€gl bf
upregulation in responseto TNFD QG- ,)#89(&V ZHUH V H-Wel pl&e Rith 10nL

of cell suspension at a density of 5%tells/mL. After 24 hours, the media was changed and the
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cells subject to 1 mL of equivalent media containing varying eotnations of TNF. ,)-1 RU
a combination of both cytokines. Data analysis revealed an upregulatézhbfn the presence

of LPS I@Error! Reference source not found), ranging from a 2.88 fold with 100
ng/mL LPS to a 3.71 fd upregulation with 1000 ng/mL. After incubation for 24 hours, RNA was

extracted as described (sectihB.g using 500 pL Tri Reagent (Sigma, UK) followed by DNAse
treatment (sectiq@.8.9, cDNA synthesis (sectig@.1.2.4 and gRFPCR (sectio[2.1.2.9. Data

was analysed using Biead CFX Manager 3.1 and the data extracted for graphical representation
in GraphPad Prism 6.0.

Figure 3.10: The effect of LPS onGchlexpression in cultured RAW264.7 cells

Cultured RAW264.7 cells were subject to different concentrations of LPS for 24 hours
PCR was then used to detereuiGchl expression relative to that @apdh and expresse
relative to control. Data was exported from #tad CFX Manager for analysis in GraphF
Prism 6.0 (x SEM).

Universal upregulation ofGCH1 was observed in all cells exposed to cytokinégyre

3.11Error! Reference source not found). The applicationof TNF. UHVXOWHG LQ WKH O]

of upregulation, ranging from 2.57 fold with 20 ng/mL to 5.46 fold at 100 ng/mL. Similar response
was also observed when using FFN D O R QhHa makximal observed response, a 22.00 fold
upregulation, at 100 ng/mL. However, as previously descfidadnget al.2005) a combination

ofIFN- DQG-71)HVXOWHG LQ DQ XSUHJXO D \aateRtQarRv@erbusing D O H
IFN- D Q G -7 D O.R @drhbination of TNF. QJ P/ DQG ,)@QJ P/ UHVXOWH«
181.37 foldGCH1 upregulation. This was increased to 269.77 fold and further to 313.90 fold as
bothIFN DQG-7TFHRQFHQWUDWLRQV LQFUHDVHG
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Figure 3.11: Relative normalised expression oGCH1 illustrating upregulation in

HUVECSs exposed to cytokines

Cultured HUVECSs were subject to different concentrations of IFlD @ GNF. IR U
hours. gRTPCR was then used to determir@@H1 expression relative to that GAPDH
and expressed relative to control. Data was exported froARBtbCFX Manager for analysi

in GraphPad Prism 6.0 (£ SEM).

Cytokineinduced upregulatioof GTPCH was then confirmed using western blot, as detailed

section2.8.3. Two polyacrylamide gel lanes consisting of protein from-stomulated cells and

cytokine stimulated cells were used. Two distinct bands correspoted@§PCH were present in

the stimulated cells alone, which corresponded to GT

not found.).

T 3. 12

Error! Reference source
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Figure 3.12. Western blot of HUVEC lysate after cytokine simulation

HUVECs were cultured until near confluent on two T75 cell culture flasks, with (+) and without

(-) cytokine treatment (40 ng/mL of TNE DQ G QJ P/ RIIRU KRXUV 3URW
then isolated and a westen blot performed (in duplicatejescribed (secti¢@.83). Primary
antibodies for GTPCH and GAPDH (loading control) were used. Images and densitometry
analysis were obtained usingGhemiDoc MP Imaging SystenBip-Rad UK). Densitometry

analsis of GAPDH bands showed an average volume intensity of 34,598,120 fstimohated

cell extract and 27,628,196 for protein extract from stimulated cells, thereby illustrating that any
differences in protein loading cannot be attributable for the absehbands corresponding to
GTPCH in nomstimulated cells.

3.3.7.2 Transfection

3.3.7.2.1 Chemical transfection

Both RAW264.7 and HUVECs are generally considered difficult to efficiently transfect. Initial
attempts to assess reporter assay signal included the transfectRAW264.7 cells using
luciferase reporter constructs established for assessmeACHIL stimulation. These vector
constructs were extracted using the GeneJet Plasmid Miniprep kit (Thermo Scientific, UK) as
described (sectio@. Multiple transfection parameters were considered for each reagent,

including those suggested in the manufacturers protocol in addition to further adaptations for
optimisation. The Dualluciferase Reporter Assay System was used rather than theGlual
Luciferase Assay System due to increased sensitivity, and a greater luminescent output, associated
ZLWK WKH plODVKY NLQHWLFV RI WKLV DVVD\ 7UDQVIHFW
multiple transfection reagent#cluding X-tremeGENE HP (Rdwe, UK), polyethylenimine

(Polyscience Inc, USA), Fugene 6 (Promega, USA) and Fugene HD (Prddt#4ga However,
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all luminescence recordings were consistently intystishable from background lev&8imilarly,
transfection of HUVECs was carried out asalidged for RAW264.7 cells, aside from variations

in cell culture produces (Sect1@r15.2 . There was a distinct lack of luminescent signal which was

relatively inconsistent between replicates and often indistinguishable froitramsfected cells.
Transfections were subsequently undertaken with TrahstRat (RAW264.7 only) (Mirus, USA)

and TranslT2020 (Mirus, USA). Despite a comparative increase in luminescent signal with
TransIT-2020, this was insufficient and did not impedwy varying DNA concentration, changing
transfection reageriDNA ratios, alongside media changes at either 4 or 8 hourgrpostection

to minimise toxicity. Only when transfecting 250 ng (perwdl) of pRL-SV40 or pR=CMV

alone was luminescent signaliably observed, thereby illustrating low transfection efficiency
coupled with comparatively low transcriptional activity of B€HZ1firefly vector constructsAs

such, RAW264.7 and HUVE@ansfections werealso performed using an expression vector
enmding GFRtagged carbohydrateesponsive elemeiitinding protein (ChREBP) toallow
visualisation of transfection efficiency using fluorescent microscoporeover, the
aforementioned transfections procedures were also repeated with DNA extracted using the
PureLink HiPure Plasmid Midiprep Kifollowed by solvent precipitation (secti@. Such

methodology has been described in detail for the successful transfection of RAW264.7 cells

(Cheunget al. 2015) butfailed to distinguishably improve transfection efficiency when using

previous methodology.

3.3.7.2.2 Electroporation

Transfection of RAW264.7 and HUVECs by means of electroporation was consittatiatly,
HUVECs were resuspended in OMEM reduced sem media(Thermo Scientific, UK) to a
concentration of 1P cells/mL. Two hundred microliters of cell suspension was transferred to an
electroporation cuvette containing 5 pg of plasmid DNA encoding either firefly/Renilla luciferase
or ChREBRGFP.Electroporatiorwas then carried out using a Gene Pulser XCell Electroporation
System (BieRad, UK). Multiple parameters were varied in order to optimise transfection
efficiency whilst maintaining sufficient cell viability. Two decay patterns were used; square wave
and exonential wave. Multiple parameters were initially considered, including varying the square
wave pulse duration, ranging betweenZBbmilliseconds (ms) and between 28@0 microfarads

(uF), and varying the exponential wave pulse from-260 V and 250, 50 or 950 pF. The
extremes of these parameters tended to either fail to transfect HUVECs (e.g. 15 ms, 200 uF) or

left few viable cells after electroporation (e.g. 25 ms, 300 uF), as observed by (fluorescent)
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microscopy. The amount of DNA was also varied{ ba clear advantage was observed. The
optimal electroporation parameters, which are similar to those previously described for RAW264.7
cells (e.g. 20 ms/250 pF or 225 V/950 pF), resulted in a distinct agglomeration of dead cells and
whilst many remainedegmingly viable. The transfection efficiency remained inadequate.

3.3.7.2.3 Cytofect HUVEC

Transfection of HUVECs with the Cytofect HUVEC Transfection Kit (Cell Applications, USA)
was performed using several luciferase reporter construd&dbil analysis, extracteusing the
GenelJet Plasmid Miniprep kit as described (sef@iénl). Multiple parameters were considered

for optimisation, including the incubation time after transfection (12, 18, 24, 36 or 48 hours), the
duration of incubabn with the transfection complex (1 hour or 2 hours), the volume of transfection
complex (as per protocol, or double volume) and the ratio of fireflReailla (pRL-SV40).
Fluorescent microscopy of cells transfected with GFP encoding vector showedsfevwepells,
indicating low transfection efficiency. This was reaffirmed by low luminescent signals, though

Renillaluminescence was observed. However, the use d?iheLink HiPure Plasmid Midiprep

Kit (section2.6.3 dramaically improved transfection efficiency, as demonstrated by fluorescent

microscopy |Figure 3.13trror! Reference source not found). This was also reflected by a

dramatic increase in firefly anRenilla luminescence. The transfection optaiion process
described above was subsequently repeated before commencement of reporter assays to asses

GCH1 polymorphisms and intronic regions under cytokine stimulation. Transfection of HUVECs

using this methodology is detailed within the methodolagptien (sectiof2.6.4.
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Figure 3.13 Fluorescent microscopy of transfected HUVECs after DAPI staining

Visulisation of transfection efficiency was carried out with an expres&otovencoding GFP
taggedChREBR followed by DAPI stainingHUVECs were transfected as described (sec
[2.6.4and2.6.9 with DNA obtained using different extraction methods. Cells were eithe
subject to the transfection reagents in the absence of DNA (negative control), (B) tran
with 300 ng of DNA extracted using tieneJET Gel Extrion Kit (sectiof2.6.3 or (C) with
the PureLink HiPure Plasmid Midiprelit followed by an addition solvent purification st
(section2.6.3. Images were obtained with &vOS FL Cell Imaging System.
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3.3.7.3  Luciferase assays and the pain protective haplotype

Initial luciferase reporter assays using tlonstructs representing the three SNPs constituting the
pain protective haplotype (rs8007267, rs378364rshd48363pwere performed using HEK293
celIs@ . After normalisation of firefly tdRenilla(pRL-TK), data aalysis highlighted a

significant reduction in relative luminescence for the variant construct represent@gHie

SNP (rs8007267). There was no significant difference between constructs relating to the intronic
uv D @sG048B639 SNPs. Tihs was subsequently repeated usingS¥bY cells,

yielding similar results with a significant reduction in relative luminescence pertaining to the

(rs8007267) variant constru. Both the wildtype and variant pGL4.2GCH1-10kb

constructs (consisting of 10.1 kb of tB€H1 § UHJLRQ ZHUH WKHQ DQDO\VHG

Figure3.14). Again, relative luminescence was significantly reduced in cells transfected with the

(rs8007267yariantcongruct.
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Figure 3.14: Luciferase assays assessing the potential regulatory role of the pain protective
haplotype onGCH1 expression

Trarsfections were undertaken using both-CA HEK293 cells and (BF) SHSY5Y cells
followed by luminesence assays (sectifh6.3d to determine the regulatory potential of the
constructs representing the pain protectiveldtgpe (rs10483639, rs3783641 and rs8007267).
This was also regated (G) using HEK293 cells with the constructs pertainingiG@tél 613
(rs8007267) cloned within ~10 kb of tieCH1 § UHJLRQ )LUHIO\ OXFLIHUDVH
that ofRenilla, either encoded by @) pRL-TK or (G) pRL-SV40, followed by represgation of
data as a percentage of control (pGL4.20 or pGL4 R63ayswere conducted in triplicate on
three separate occasions. Statistical analysis was undertaken (unypestid.s: not statistically
significant. * denotep ” G H® RW H\Raw datais available in the electronic
VXSSOHPHQWDU\ PDWHULDQLuZitela'S€l @ QWK KDHR @CHH RIQ M/ XWIOI
dataf
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Further analysis was then carried out with HUVECSs, in the absence and pre6éNEe D QG
TNF-. (Figure 3.15). The pGL4.26*&+ FRQVWUXFWV SHUWD1@BZB3H WR W
showed significantly lower relative luminescence with the variant construct regardié#s- of

and TNF. $ JHQHUDO Ekl@ive)lthiinésternc® wls observed in both aifae and

variant constructs in the presence INFDQG -71),Q FRQWUDVW UHODWLYH
reduced with the wildype construct representing the intronic SNP (rs3783641), though statistical
significarce was only observed in the presence of-INFDQG -71)/KH YDULDQW FRC
SHUWDLQLQJ WR WKH ¢ 613 UV ZLWK WKH S*/ EDF
relative luminescence regardless of INFDQG-71PDOWKRXJK WKH SddnrbtablQ FH R
reduced overall relative luminescence. Latterly, the \yifte and varianpGL4.20GCH1-10kb

constructs showed no difference under normal conditions, yet a significant reduction in relative

luminescence was observed with the variant constrabeipresence dNF- D Q G - 7(Figure

3.15).
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Figure 3.15: Luciferase assays assessing the potential regulatory role of the pain protective
haplotype onGCH1 expression

Trarsfections were undeaken using HUVECs (secti¢®.6.4 under cytokine stimulation4Q
ng/mLTNF. DQG QJ -P/follpwed by luciferase assays (secf@u6.9 to determine

the reguhtory potential of the constructs representing the pain protectiviotygy (A)
rs10483639, (B) rs3783641 and (C) rs8007267. This was also repeated (D) with the constructs
pertainingto th&&CH1 1 613 UV FORQHG ZLGCHKL J &dd.NieflRl WKH
luciferase was normalised to that of Renilla (p&£40), followed by representation of data as a
percentage of control (pGL4.20 or pGL4.26). Assays were conducted in triplicate on three separate
occasions. Statistical analysis was undertakapdued ttest). n.s: not statistically significant. *
GHQRWHYV S ” GHQRWHYV S " Raw datals avQIIROIE ih\theS ”
HOHFWURQLF VXSSOHPHQWDU\ P DM\cHdesd OD @ IGWHIEmBWKIH | R C
M/ XFLeédad) vV

118



3.3.7.4  Luciferase reporter assays andsCH1 regulation

Initially the pGL4.20GCH1-3.4kb promoter construct was transfected into HUVECs in the
absence and presence of NFDQ G-71% KLIJKO\ VLIJQLILFDQW UHGXFWLRQ
was observein the presence ofINF DQG-71YKLV FRQVWUXFW WKHQ IRUPHC
for multiple segments agsCH1intron 1@ . A total of nine vector constructs were then
analysed@. There was a clear trend towards reduced relative luminescence in the
presence of INF DQG -71)Q DOO SHUPXWDWLRQGCHB3KbUNVIAIURP S
wherein a slight nomsignificant trend towards increased relative luminescence was observed in
thepresence of INF DQG-71$300 RWKHU FRQVWUXFWY DSDUW |IURP
and Int.1D, showed a statistically significant reduction in relative luminescence in the presence of
INF- DQG-71)
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Figure 3.16. Luciferase assays for the assessment of immune regulation GICH1 via
regulatory elements in the promoter and intronic regions

Trarsfections were undertaken using HUVECs (secfib6.4 followed by luciferaseassays
(sectio2.6.9 to determine the influence of cytokine®(ng/mL TNF . and 100 ng/mL IFN

on the firefly luciferase expression with cloned regions of thed8H1promoter and (BI5CH1

first intron. Firefly luciferase was normalised to that Rénilla (pRL-SV40), followed by
representation of data as a percentage ofalqipGL4.20 or pGL4.265CH1-3.4kb).Assaysvere
conducted in triplicate on three separate occasions. Statistical analysis was undertaken (unpaired
t-test).n.s: not statistically significant. * denotps ” GHR RWHYV GHEEFRWHYV

" 1. Raw datas available in the electronic supplementary material within the folder entitled
uciferasef DQG KIHV @DHH RI p/X¥LIHUDVH GDWD
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Figure 3.17: Diagrammatic representation of theGCH1 intronic cloning process used in preparation for luciferase reporter assays

A modified caption from the UCSC genome browdstps://genome.ucsc.euGCHL LYV UH S UHV H QWRHUG. H @WDpoWhdroQisms
of the pain protective haplotype aepreseted by asteriss located directhabovethe GCH1transcript as represented within the genome brow
The narrow coloured lines directlypeneaththe GCH1 transcriptare representative of the PCRsdertaken to derive the different lucifere
constructs ath arelocated in order to encompass a large proportion of the first intron with consideration for regmosiofentDNase |
hypersensitivity and histone acetylatidrhnese coloured linemre proportional to the PCR amplicon size arelalscannotated rad represented o
a larger scale within the centre of the figure.
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3.3.8 Transcription factor binding site analysis

Analysis of predicted changes in transcription factor binding based uportypédor variant
alleles associated with the pain protectivelbigpe highlighted multiple potential changeghin
MatinspectoffTable3.6). A change was observed in relation to @&H1 Y 6 1(310483639)
variant allele whereim PAX-3 binding site is createdhich meets the required coaed matrix

similarity with results of 1.0 and 0.77espectively. An SP1 protaoncogene binding site is also
predicted with the wilgype allele only, with relatively strong core and matrix similarities of 1.00
and 0.992, respectively. Similarly, mul@ppotential changes were observed with regards to the
GCH1intronic SNP (rs3783641). A Tax/CREB complex binding site is present only with the wild
type allele, scoring a high core similarity@Q), yetmodest matrix similarity (0.71Moreover, a
nuclearfactor 1 binding site showed high core similarity (.@nd matrix similarity (0.97with

the wild-type allele, but did not reach thresholds with the variant aes#tight decrease in matrix
similarity, but not core similarity, was predicted for a PTtiding site with the variant allele. A
near identical variation was also observed with a slight reduction in SRY box 9 matrix similarity,
but not core snilarity, when compared to wiltype. A similar reduction in matrix similarity, but

not core similaty, was observed foZinc finger protein GHl, with reduced binding affinity
predicted with thewvild-type allele.Latterly, changes relating to tli@CH1 § 613 UV

were also observed, including a small reductioRBAE2F1/DP-1 heterotrimeric complex matrix
similarity with the variant allele, though no difference in core similarity was predicted. Binding of
aryl hydrocarbon receptor/ARNT heterodimers was strongly predicted with thetyyéd
sequence with high core similarity (0)0and matrix sintarity (0.93), whilst the variant allele

failed to meet predetermined thresholds.
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Table 3.6: MatIinspector analysis highlighting dfferences in transcription factor binding
predictions for the three SNPs in he pain protective haplotype

Matrix Information C.O re Ma_ltrlx Sequence
sim. sim.
rs10483639 major allelgC)
Pax3 paired domain protein, expressec
in embryogenesis, mutations correlate { 1.00 0.77 tTCGTctcaggctattgat
Waardenburg Syndrome
rs3783641 majo allele (A)
Tax/CREB complex 1.00 0.71  cccacd GACtcatttgc@g
PTF1 binding sites are bipartite with an
E-box and a Tébox (RBRJ/L) spaced 1.00 0.86 cccaCCTGactcatttgcag
one helical turn apart
g:?ens-pallndromlc nuclear factor | binding 1.00 0.97 acctgactcattECCAgtga
g.RY (sexdetermining region Y) box 9, 75 75 acTCAttgedgtgatitctat
imeric binding sites
rs3783641 minor allelgT)
PTF1 binding sites are bipartite with an
E-box and a Teébox (RBRJ/L) spaced 1.00 0.82 cccaCCTGactcatttgcag
one helical turn apart
i.RY (sexdetermining region Y) box 9, 5 75 g9 aCTCAtttgedgtgatttctat
imeric binding sites
rs8007267 major allelgG)
ﬁ?{é?gg:ﬁgibon receptor / Amt 1.00 0.93 ctgaagtttgg¢ GT Gtactgttcaa
RB/E2F1/DP-1 heterotrimericomplex 0.77 0.75 gtitgGCGT gtactgtt
rs8007267 minor allelgA)
RB/E2F1/DP-1 heterotrimeric complex 0.77 0.72 gtttgGCGT gtactgtt

The information presented within this table represents the predicted differences in trans
factor binding between themajor and minor allelles of the SNPs within t@B&€H1 pain
protective haplotype. In cases where a transcription factor is only presented once for a
SNP, this indicates that the minimum thresHoldtranscription factor bindingzas not met for
the other allele. For instance, AhR/ARN3indingis strongly predicted for the major allele
rs8007267 but fails to meet the gtetermined cubff (Core sim: 0.75) and is therefore r
displayed.The locus of the SNP in question is denoted by highlightedTle Core similarity
(Core sim) is an indicator of similarity betwettie input DNA sequence and the bases wi
the ideal binding motif with the highest degree of conseudindicated in bold) The Matrix
similarity (Matrix sim) is an indicator afimilarity between the input DNA sequence and
entire predicted binding motif (sequence).
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3.3.9 Electrophoretic mobility shift assays and related gRTPCR
3.3.9.1  Effect of AhR modulation and hypoxia onGCH1 expression
Prior to completion oklectrophoretic mobilityshift assays (EMSAs)RT-PCR analysis was

undertaken in order to clarify whether dudation of AhR or the use offeypoxia mimetic resulted

in changes iIrlGCH1 expressionFigure 3.18). Matinspector analysis (secti@8.4 highlighted

thatthe aryl hydrocarbon receptor (AhR) may interact with the locus pertainifgGhd. § 613
(rs8007267). The effect of hypoxia was considered as both AhR and HHIFKDUH WKH VI
binding partner (ARNT)It was demonstrated that MeBio had no distinguishable effeG@idl
expression, with apparent decreases in MéBxogenous AhR agon)sat higher concentrations,

a probableonsequencef cell death due to toxicity and/or visable precipitation of MeBio. A more
pertinent observation was made with the AhR antagonistZ€3191), wherein a significant
increase INGCH1 expression was obsenvén contrast to a significant decreaseGiYP1Al
expressionMeanwhile all concentrations of cobalt chloride resulted in upregulation of3soitlL
andVEGFA
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Figure 3.18: Effect of cobalt chloride and AhRmodulation on GCH1 expression

Analysis was undertaken to determine whethbypoxia mimetic (cobalt chloride), egenous

AhR agonist (MeBio), endogenous AhR agoniskgnurenine) and AhR antagonist (€223191)
influenced transcripticd regulation of GCH1. HEK293 cells were subject to different
concentrations of (A) MeBio and (B) cobalt chloride for 24 hours. Multiplenptations were

then considered (C) including MeBio (1 uM);Kynurenine (50 uM) and C#223191 (10 uM).

Gene expression data was normadigo that ofCYCland is represented as relative to control
(vehicle only). Positive controls were included to verify the effect of the compound on an
established transcriptional targ&€{P1Aland VEGFA. * denotesp GHRRWHYV
” netesp 7 “6(0

3.3.9.2  Electrophoretic mobility shift assays
Electrophoretic mobility shift assays (EMSAS) consistently showedific proteinDNA binding
of greater intensity with the probe representing the major allele @@té¢l § 613 U \67)

Figure3.19’. Multiple permutations were considered, including the use of nuclear protein derived
from HEK293 cells exposed to cobalt chloride, with or without-dilF D Q W I-PEgBr@B.lQP,
and the usef the AR agonist MeBiqgfigure3.20).
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Figure 3.19: Effect of ahypoxia mimetic on protein-DNA binding by EMSA

TheEMSA was performed as described (seq®or). Four binding reactiwere used for eac
parametefA-D). In addition to the basic reaction components (s€@i@rg, thefollowing was
added;(A-D) 2 pL of 50 nM Cy5 labelled prohé€B-D) nuclear protein extradrom HEK293
cells (subject to mediavith or without250 uM cobalt chloridg, (C) 1 pL of 10 uM excess
unlabelled competitor prokend (D) 2.5uL (500 ng) of HIF1 . antibody. Electrophoresend
detectionwas performed as described (secf@@.g. Arrows highlight potential areas
specific proteinlDNA binding which appear to contrast between the presented permutatic

Figure 3.20: Effect of an AhR agonist on proteirDNA binding by EMSA

The EMSA was performed as described (sectiori. Three binding reacti@were used fol
each parameter ¢&). In addition to the basic reaction components (sg2tio®, thefollowing
was added; (AC) 2 pyL of 50 nM Cy5 labelled prohgB-C) nuclear protein extract fror
HEK293 cells (subject to media with or withouptlid MeBio) and (C)1 uL of 10 uM excess
unlabelled competitor prob&lectrophoresis and detection was performed asideddsection
[2.7.9. Arrows highlight potential areas of specific prot@iNA binding which appear t
contrast between the presented permutations.
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3.4 Discussion

3.4.1 Nitric oxide

The role of nitric oxide in pain is diverse, withultiple reputedimplications of elevated nitric
oxide at various sites within the nervous system. Evidence exists suportilegfor nitric oxide

both contributing towards and preventioflammation and related inflammatory pdDurateet

al. 1990, Duarteet al. 1992, PaulClark et al. 2001) through a wide range of suggested
mechanisms on primary afferent neurghsvy et al. 2004) Animal models have demonstrated
that nerve injury results in localised elevations in nerve blood flow which were subject to reduction
by broad spetrum NOS inhibition, but not selective inhibition of NNOS and iNOS, thereby
implicating eNOS, which has been identified as expressed proximal to the site of CCl, although
evidence suggests this is shiived (lalenti et al. 1992, Levyet al. 2004) However, during
Wallariartlike degeneration, both Schwann cells and migrating macrophages contribute
significantly to nitric oxide production through iINOS upregulation which is likely to contribute to
a degree of pergmnce in elevated nitric oxidéevy et al.2004) Upregulation ohNOS has also

been observed in the tBIDRGafter peripheral nerve injury (and to a lesser degree with peripheral
inflammation) and has been shown to localise to interneurons withibDHh@/ergeet al. 1992,
Terendni et al. 1993, Vizzardet al. 1995, Lamet al. 1996, Levyet al. 2004) Indeed,reduced
spinal inhibition evoked through the nitric oxide/cGMP pathwalyich leads to PK@nediation
phosphorylation of membrane proteing|s been suggested as a contribwitovards central
sensitisatior(Lin et al. 1999, Levyet al.2004)

Analysis of plasma nitrate, after reduction of nitrite, highlighted a trend towards statistical
significance in the discovery cohort. Howeversthias not replicated in the discovery/validation
group, nor were significant differences in plasma nitrate observed when categorising participants
by the SLANSS score. The potential of plasmdrite/nitrate as a marker of CNP is somewhat
underpinned by idruption of the bloodhervebarrier (BNB), and subsequent macrophage
infiltration, which, as desgbed, is associated with nerve injury during Wallerian degeneration
(Fregnaret al. 2012, Limet al.2014) Upreguation of INOS in macrophages and Schwann cells
has been observed after CCl leadintptialised elevations dfitric oxide, increasing nerve blood

flow and contributing to the localised inflammatory respdihsey et al. 1999, Naiket al. 2006)

Therefore, should the increased BNB permeability permit dissemination of activated macrophages
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or inflammatory mediators, it is perhaps feasible that an increase in plasma nitrate may reflect
ongoing neuropathic pain. Indeed has been shown that neuroimmune stimulation and nitric
oxide can alter BBB permeabiliyrhiel et al. 2001)with transmembransecretion and crossing

of cytokines in both bloothrain and brairblood directions(Banks 2009) Moreover brain
microvascular endothelial cells may produce and secrettagtasdins, nitric oxide and cytokines
(Banks 2009)For instance, it has been shown that exposure of the adluminal surface membrane
of BBB endothelial cells to LPS result@d a drastic increase in 16 release from the luminal
surface membrané/ermaet al. 2006) which lends support to the hypothesis that localised
neuroimmune interactions may lead to systemic dissemination thdiffiggion and interactions

via microvascular endothelial barrietadeed, a reduction in plasma nitrate has previous been
used as an indicator of clinical improvement in distinct localised inflammekanygegRochaet

al. 2015)

A plethora of studies utilising anirhaodels have highlighted that nerve injury induces a localised
increase in nitric oxide through upregulation of NOS isoform(s). Upregulatidlos? elevated

NOS catalytic activityand increased nitrite/nitrate have all been observed in the DRG oc sciati
nerve tissue after nerve injuf€izkovaet al.2002, Naiket al.2006, Tegedeet al.2006) though

none of the models used in these studies surpassed 21 dagargesy. Therefore, observations

of elevated ririte/nitrate may reflect acute changes associated inflammation and the development
of neuropathic pain, rather than reflecting the chronicity of neuropathic pain. Interestingly, the
study by Naiket alalso sought to determine changes in serum nitritateitafter CClI, but found

no variation when comparing sham and CCI (hisik et al. 2006)

Whilst BHs is a necessary cofactor for oxidation eatginine to L-citrulline (Tayehet al. 1989)
it is noteworthy to consider whether elevatettite/nitrate is a consequence of GTPCH and/or
NOS upregulation, particularly as GTPCH has been regarded as the rate limiting component in
nitric oxide synthesi¢Goldereret al. 2001) Indeed, both GTPCH and iNQfay beco-induced
(Galleyet al.2001) The utilisation of hpL mice, which exhibit a relative BHleficiency, have
shown reduced cerebellar nitric oxide/cGMP pathway function resulting from decreased nitric
oxide production(Brandet al. 1996) thereby illustrating the consequence of reduced IBtls
on NOS activity. However, contrasting conclusions have been drawn with regards to the influence
of excess Bklconcentration on NOS caydilc activity. Whilst the addition of Blthas been shown
to augment IL  -induced nitric oxide production irat glomerular mesangial cellsuhl et al.
1994) Shimizuet al used rataorta and demonstrated that -P8uced the expression Gichl
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(and subsequently BjfandNos2 resulting in Larginineinduced tissue relaxation. Although a
high concentration DAHP diminished Btnd prevented relaxation, normalisation of elevated
BH4 by DAHP did not attenuate relaxaiti of rat aorta, indicating that additional Bttas not
required for Larginineinduced relaxatior(Shimizu et al. 1999) However, considering clear
physiological variation, it is unclear whether this system iglgvancdo neuropathic pain as it
does not account for both elevated NOS expression and nitric oxide prod&taelet al. 1994,
Cizkovaet al.2002)andthe efficacy of DAHPand NOS inhibitorgfter nerve injry (Tegederet

al. 2006, Annedet al. 2011, Annedet al. 2012) Clearly changes in nitrate within both cohorts

were not pronounced, though correlations analysis (sg&t80§ suggets that particularly in CNP

patients, increased nitric oxide production may be-Bependent.

3.4.2 Neopterin

Neopterin, a marker of immune activation, is produced as a consequence of increased GTPCH
activity. Plasma neopterin levels have been shown to beaitiek of a plethora of medical
conditions. It is unclear whether neuropathic pain may lead to significant increases in circulating
neopterin levels, and whether such increasmsld beconsequence of indirect systemiocesses

or the dissemination of higevels of localised neopterinhis is reaffirmed by the lack of evidence

from animal models which are of insufficient duration to demonstrate persistent upregulation of

Gchlafter nerve injuryTegedert al.2006).

It is pertinent to consider that unlike HUVEQsinscheidet al. 1998) and certain other nen

neuronal cell§Werneret al. 1990, Latremolieret al.2011), cytokine stimulation does ntiigger

upregulation of PTPS activity in the DR&sulting in rapid neopterin accumulatidinis can lead

to potentially toxic neopterin accumulatiofWeisset al. 1993)which may contribute to the onset

of neuropathic pairfLatremoliereet al. 2011) Although there was no clear difference between

plasma neogtin when comparing healthy controls and CNP patients in both cohortsywhsae

slight trend for elevated neopterin in patients with adi$166 R LQ FRPSDULVRAQ

scoiing <12. Taken alone, this result may suggest that neopterin holds discrimivalioeyto

potentially differentiate CNP from pain which is predominantly-nearopathic. However, this is

perhaps of limited clinical value as plasma neopterin was indissimgole between healthy

controls and those with an-lANSS of >12. This, in addition to the significant difference

observed between plasma neopterin in healthy controls and subjects WHbANSS score of

<12, suggests that a pathological or clinical ouwmality may exist between patients in the group

scoring <12. Consideration may be given to the potential for pharmacotherapeutic influences on
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neopterin levels. Indeed, nateroidal antinflammatory drugs have been shown to inhibit
upregulation of monagic genes, such abBNF, in response to LP8Housbyet al. 1999)whilst
WUDPDGRO ZKLFK LV WDNHQ E\ RI SDWLHQWYV VFRULQ.
has been shown to reduced FNFOHYHOV LQ S D \Kiaktc@Qetget alZ2009K & 13

3.4.3 Biopterin

Analysis of biopterins yielded variable results. There was significantly higher plasma biopterin
and BH: in healthy controls, than in CNpatients. No significant difference was observed with
BH> levels. As such, total biopterin strongly trended towards higher overall levels in healthy
controls. Considering the relatively small sample size, the observed variationss magtbe
influencedby underlying diseases or confounding environmental factors. For instance, certain
diseases, such as diabetes and atherosclerosis, are associated with increased oxidative stres
(Channon 2004)thereby promoting oxidation of BHo BH.. Indeed, both Bkland BH; have
similar affinities for eNG, although intemction with BH leads to peroxide release rather than
NO, thereby exacerbating oxidative strlsstremoliereet al.2011) As such, it is considered that
BH4/BH> ratio, rather than BlHalone, is crucial for eNOS functidi€rabtreeet al. 2009a) The
BH4/BH> ratio was notably reduced in the CNP group, though whether this is attributable to
neuropathic pain is unclealt is noteworthythat superoxidend peroxynitrite rather tha just

nitric oxide, arecapable of inducing hyperalgesia after Sahd contribute to neuropathic pain
(Kim et al.2009c, Janest al.2012)

In addition, an apparent trend towards downregulatidp@PRin CNP paients may further lead
to elevations in oxidative stress by permitting2Bidcumulation, as occurs in hypertensive patients
(Leeet al.2009) although animal models have demonstrated contrasting data, illugstratisient

upregulation ofQdpr after nerve injuryalbeit in the DRGTegederet al. 2006)

3.4.4 Correlaton analysis

Taken alone, relatively little variation was observed between plasma neopterin, nitrite/nitrate and
GCH1 expression. However, a range of positive correlations were observed throughout both
cohorts. In the discovery cohort, nitrate and neopterin were positively correlated, which was
notably stronger in CNP patients than healthy controls. Similar outcoeresobserved between
nitrite/nitrate andGCHZ1, and neopterin an@CHY, in the discovery/validation cohort. In both
instances, CNP patients displayed stronger positive correlations than healthy controls and within
the CNP group, correlations were notalilpsger in those with an-BANSS score indicative of

neuropathic pain. The rationale for such observations may be underpinned by tight regulation of
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GCH1 expression in the absence of stimulatory factors, in order to maintain basad\é
(Latremoliereet al. 2011) Such regulation o6GCH1 coupled with a wide normal variation in
nitrite/nitrate due to genotype, diet or comorbidifjdganget al. 1997, Ersoyet al. 2002, Shiekh

et al.2011) may lead talack of dicernible correlation. Howevechanges itcCH1transcripton
coupled with subsequerthangesin neopterin or nitrite/nitrate may ameliorate the overall

contributions of basal variation, leading to comparatively remarkable carnsat

3.4.5 Insilico analysis

In order to assess the potential functional role of the SNPs within the pain protective haplotype,
the luciferase reporter assay was used to determine changes in relative luminescence. Analysis of
relative luminescence obtainedaftransfection into the HEK293 cells, a relatively sirvipte
transfect embryological kidney cell line, and -SM5Y, a neuroblastoma cell line, showed a
significant difference in relative luminescence for the vector constructs relating ®CiHé

SNP ¢s8007267). In both instances there was a significant decrease in relativeshenoes

relating to the mutatedonstruct, reflecting the minor allele. There was no significant difference
SHUWDLQLQJ WR WKH LQWURQLIF18§48863% €loning and Rutayémnesis 1 61
was subsequently repeated for B€H1 T UHJLRQ VSDQQLQJ NE 7UDQ
constructs using HEK293 cells resulting in a Adantical outcomeFurther analysis in cytokine
stimulated HUVECs demonstrated a cleaduction in relative luminescence pertaining to the
FRQVWUXFW UH S U H x%HQ@386BR) althdughHthisfocéuri@d at a similar magnitude
regardless of cytokine exposure. Further analysis with thgtroots representing theCH1 |

SNP indicated imilar observations to those made in HEK293 and#Y cells although a
significant difference was only observed with cytokines in the mutated construct harbouring 10.1
NE RI WKH *&+ It WadUtheddfdReQdeduced that the SNP may function to esthe
transcription ofGCHL1 Changes in transcription factor binding were subsequently assessed using

the Matlnspector tool.

3.451 rs10483639

A PAX3 binding site was predicted with the minor allele of @@H1 9§ 6 1Studies have
highlighted the role oPax3in early neurogenesi&ouldinget al. 1991)and differentiation of
peripheral neurongKoblar et al. 1999) Differential regulation ofPax3 has been observed in
Schwann cells at the distal nerve stump during regeneration, tiRax@was not induced in the
DRG after nerve crush injufYogelaaret al.2004). The precise mechanism for changes in relative

luminescence when transfecting HUVECS, rather than HEK293 é8'85Y cells, and the role of
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PAX3, remains uncleaparticularly agytokine stimulation had little impact upon the pattern of
relative lumnescence between construcEurther anlysis would be necessary to eluaid

whether PAX3 binding occurs, and the potential impact of this SNBGQiA1regulation.

3.45.2 rs3783641

Nuclear factor 1 (NF1) is ubiquitously expressed and consists of four subtypessaription
factors which share the same DNA binding md@aussinet al. 2012) NF1 promotes
transcription and DNAaplication (Mermod et al. 1989) and prevents gene silencing through
interactions with chromatin structur@Sausin et al.2012) The multiple roles of NF1 have been
extensively reviewed, includinthose relatedo spinal cord developmeiliiMasonet al. 2009)
Current data does not infer dedor this SNP irGCH1regulaton, although further analysis may
be prudent to determine whether CREB binding occurs in the absence of Taxdaadpabtein),
which arepredictedbinding partners with the major alldby Matinspectarindeed, a pletharof
evidence exists for a prominent role of CREB in modula@@H1 expressionincluding through
nitric oxide and estradiol, leading to elevatedsBKumaret al.2009, Suret al.2009) and with

regards to aninlanodels of neuropathic pa{iMa et al.2001, Songet al.2005)

3.45.3 rs8007267

A clear change in transcription factor binding was predicted. The DNA sequence consisting of the
PDMRU DOOHOH IRU WK Hryl fiyddcarbién. ieEeptar JIRWARNET let@rodimer
binding site with relatively high matrixrailarity. In contrast, Mathspector analysis of the minor
allele failed to predict AhR/ARNT binding due to a nucleotide changaiwihe core sequence
Figure3.21).
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Figure 3.21: DNA binding motif illustrating the relative requirement of each nucleotide
for AhR/ARNT binding

The DNA binding motif for AhR/ARNT illustrating the flankingandRelUH  § *&*7*
%LQEGLQJ RI $517 RFFXUALWHWKIWEKH ZIK KODOW WKKHH -$ite

1T 7 &7 *& 7KLV LV VLPLODU WR WKH FRWYHS &1LAFkel
nucleotide representing the investigated SNP ghllghted. Images were obtained from 1
Matlnspector database.

The AhR has generally been associated with mediating the response to xenobiotics and is known
to induce transcriptional changes after binding to the potent carcind8rv,8
tetrachlorodilenzep-dioxin (TCDD) (FernandefSalgueroet al. 1996) The dioxin response
element (DRE), xenobiotic responsive element (XRE)/AhRE (aryl hydrocarbon responsive
element) are used interclggably to describe DNA elements under the influence of the AhR
(Beischlaget al. 2008) Deletion analysis of th€YP1Alpromoter elucidated an AhR/dioxin

enhancer region, termed the dioxin responsive ele(entin et al. 1987)

Ligand binding to AhR, which requires HSPYWhitelaw et al. 1995) leads to nuclear
trarslocation(CarlstedtDuke et al. 1981) It has been suggested that phosphorylation of HSP90
may influence the transcription activity of the AflBgisoet al.2004) The core XRE was initially
identified as «T/GCGTG- « HPEROGHQHG WH[W SHUWDLQV WR VLWH
sequences flanking the core element were also shown to have great influence (goadptioan

in reporter assay studig®enisonet al 1988, Denisoret al. 1989) The putative XRE was
subsequently expanded to incorporate flanking nucleotiddsSTGCGTGAGAA- «(Bacsiet al.

1995) Importantly, the binding of AhR taryl hydrocarbon receptor akear translocatoqfARNT,;

HIF- SUHFHGHV LQWHUDFWLRQ ZLWK '"1$ ZKLFK PD\ UHVXC
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protein complexes, including eictivators and complexes relating to chromatin remodelling
(Beischlaget al.2008) It has been demonstrated that ARNT, which interacts with 438 G-
site within the core sequen¢8wansoret al. 1995) also functions as dimerisation partner for
hypoxia inducible fadrs and singleninded 1 (SIM1YWoodset al.2002)

There are documented and hypaiked interactions between the AhR, which is widely expressed
in the CNS(Cuarteroet al. 2014) and inflammatory processes. Indeed, inflammation has been
shown tomodify the rate of drug mabolism, at least in paoly modulation of CYP450 expression
(Morgan 1997) Indeed |localisation and ovelapping of elements pertaining & (% 3. ZKLFK
has also been identified akey enahancer for the regulation®€CH1 (Liang et al. 2013) and

AhR in the glutathione &ansferase Ya promotéPimentalet al. 1993) Interactions are also
suggested to occur between the AhR complex &nd % 3. L QYRPLKIdromoter(Shinet al.

2005) A multitude of hypotheses have been reviewed which suggest that interactions occur
between the AhR ligand TCDD, AhR/ARNT and inflammatory cytokifBzsschlaget al.2008)
including suggestins of convergendaetween inflammatory and AhR signalling pathwéysin

et al.2002) Indeed, binding of AhR/ARNT to elements in the promoters of oth | DQ & , /
have been describétahotiet al.2014)

Of particular interest is the potential for Bihdependent feedback processes, thereby modulating
BH4 synthesisindoleamine 2,3lioxygenase 1 (IDO1) functis as the ratBmiting enzyme in
the degradation of tryptophan along the kynurenine pathway. IDO1 is upregulated by
proinflammatorycytokines and exerts an immunosuppressive effect through kynurenic acid,
thereby regulating the immune resporidtandi et al. 2012) Upregulation of IDO1 results in
elevations in tryptophan metabolites, includingyinurenine and xanthurenic adidaruki et al.
2015) Although D GLYHUVH UDQJH RI HQYLURQPHQWDO $K5 uDF
(Beischlaget al. 2008) identification of endogenous AhR ligands hastil recently,proven
somewhaelusive with suggestions that the AhR is capable of modulating transcriptional activity
in the absence of ligand bindirflylurray et al. 2005) However, theryptophan metabolite, -L
kynurenine, habeenidentified as an endogenous AhR liggBessedet al.2014)whilst another
kynurenine pathway metabolite, xanthurenic acid, functess potent SPR inhibitor, thereby
potentially bridging two pathways upregulated by inflammatory procdstesiki et al. 2015)
Moreover L-kynurenine promotes the transcription of6lthrough AhR/ARNT signalling, which
leads to autocrine activation of IDOXeteby representing a mechanisin maintenance of
increased expressiofLitzenburge et al. 2014, Wirthgenet al. 2015) It may therefore be
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hypothesised that cytokinaduced upregulation of IDO1, which results in increased L
kynurenine levels, leads to activation and translocation of AhR. DNA interactions with the
AhR/ARNT complex athe locus pertaining to theCH1 § 613 PD\ WKHQ UHVXOW |
GCHJ1transcription, with variable magnitudes of upregulation in accordance to the genotype and

the degree of IDO1 upregulation.

Given the plausible relationship betwe&CH1 expresion ard the AhR/l-kynurenine, it is
noteworthy that theobservations made in this thesis are not necessarily supportive of this
hypothesisthough they can not be discountadaddition to the lack of variation observed with

the EMSA, mth MeBio and kkynurenire failed tonotably upregulateGCH1 However, of
potential relevancethe AhR antagonist, G223191, downregulate@YP1Alexpression and
upregulatedGCHL1 expression Such observationsuggest that the AhR antagonist may either
increase unbound ARNT levefser binding with the appropriate ligan@.g. HIF- . +;)

SIM1 or SIM2 which inturn regulatesGCHL1 transcription, or alternatively, magrevent
AhR/ARNT binding and increagke potential for theinding of an alternative transcription factor

In contrast, cobalt chloride upregulated bBGFA and GCHY, although the EMSA utilising
nuclear protein isolatefrom cells subject to normoxia and hypoxia illustdagtrong specific
binding with the probe represmgy the major allelewhen incubated with nuclear extract
originating from normoxic condiins. This may suggest that hypoxic conditions restUONA -

protein binding bydepletion ofunboundARNT throughcobalt chlorideinduced stab#isation of
complexation withHIF- ., or that hypoxia may downregulatbe protein implicated in DNA
binding with the probeClearly, the gRTPCR provides insight into wheth&CH1 may be
regulated by the factors uncovered by Matinspector analysis, but does not elucidate whether such
regulation is mediated through the given polymardbcus(rs8007267). In contrast, the EMSA
elucidated strongly specific and selective Digfotein binding with the probe representing the
major allele. This was seemingly reduced by dlddition of HIF . Btibody, although this is

likely to be a consequence of changes to the composition of the binding reaction as a distinct shift
was not observed-urther work towards theléentification of the implicated transcription factor

will undoubtedly aid in decipherg whether this SNP is implicated @CH1 transcription,
whether the pathophysiological changes associated with CNP are likely to implicate transcription
factor expression or activity and latterly, whether modulation of this transcription factor may
facl LWDW Hk LLQPIMPRF WKH SDLQ SURWHFWLYH KDSORW\SH
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3.4.6 Regulation of tetrahydrobiopterin synthesis

Tetrahydrobiopterisynthesis is tightly regulated and differential expression of genes associated
with BH4 de novosynthesis and regeneration have been widegumentedn animal models of
neuropathic painincluding Gehl, Dhrf, Spr and QdpTegederet al. 2006, Latremolieret al.
2015b) Upregulation of the ratkmiting enzyme inde novoBHs synthesis, GTPCH, has
consistently been observed in various experimental systeweriéty of studies have shown that
upregulation occurs in the presence FTNfMilstienet al.1993) IFN-  / 3(&anekoet al.2001)

IL- (Fransciniet al. 2003)and nerve growth factqHirayamaet al. 1995) Both nitric oxide
(Sunet al. 2009) and oestrogengSerovaet al. 2004) are thought to positivelyegulateGCH1
through the cAMP/CREB pathwaySnider et al. 2002, Hannilaet al. 2008) whilst the
phosphatidylinositeB kinases (PI3K) pathway, which may contribute to the development of
neuropathic pairgXu et al. 2007) is activated by Blinduced C#&" influx via TRPV1/TRPA1
(Zhuanget al. 2004, Latremolieret al. 2011)and has beeshown to upregulat&CH1 (Ishii et

al. 2001) Indeed, stimulation of macrophages with LPS, acting via interactions with LPS binding
protein, CD14, TLR4 and ME, leads to activation of multiple signalling cascades including
p38/MAPK, JNK, MEK and NF %Beutler 2000) There are clearly a multitude of mechanisms
by which GTPCH can by differentially regulated, without considering -pastscriptional
modifications(Li et al.2016b) posttranslational phosphorylatiqitiesslingeet d. 1998, Lapize

et al. 1998) and factors, such as melator(ifanget al. 2000) and leukocyte inhibitory factor
(Stegengaet al. 1996) which downregulat&CH1 expression.

Analysis ofchanges in reportggeneassay expression using tt€€H1 9§ UHJLRQ DQG ILUV
was conducted in order to elucidate regulatory elements which may contribute to differential
regulation of GCH1 in the event of nerve injury. Given the multitude of fastorvolved in
modulating the expression G&fCH1, it may be expected that a range of contrasting regulatory
elements exist. Analysisf downstream interactions resulting from exposure of HUVECR wit

IFN- D Q G -71gs previouslyhighlighted NF B and STAT1/STAT3 as central signalling
cascades resulting iI6CH1 upregulation(Huanget al. 2005) Furthermore,the transcription

factors ATF2 and NFY were showno upregulateGCH1, through interaction with the 14gp

proximal promoter, after exposure of a neuroblastoma cell line to a CAMP ghiiagamaet al.

2001) Similar conclusions were also reached by analysihefratGechl  ITODQNLQJ UH.
(Kapatoset al.2000) Exploratory analysis of a small proportion of B€HL1first intron (~3 kb)

has previously been conducted using various methodologies, including reportes, assay
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culminating in the description of two highly conserved loci proposed as responsil@ it
upregulation, evidenced by significantly increased relative luminescence in transfected
RAW264.7 and HUVECs, exposed to LPSand TNF )1 U HV S HEaMNdeY &. @013) It
was demonstrated that, in contrast to previous studies which have described the ra&G¥i the

1 10D QN L (Xapatdsel aIR2Q00, Huanget al. 2005, no increase in luciferase activity was
observed in LPSreated RAW264.7 celldiang et al.2013) Further analysis elucidated Ets and
C/EBP binding motifs, within the identified loci, as integral to the effgfcstimulation on
luciferase reporter activity. Indeed, C/EBPLV D WUDQVFULSWLRQ IDFWRU V\Q
gene expression in response to immune activéRopeet al. 1994) It has been documented that
C/EBP- D Q G -3 @ind to theGCH1 promoter(Kapatoset al.2007) leading to suggestions of
promoterenhancer interactions mediated by these transcriptions faetbilst the Etsfamily
members, Etd and PU.1may interact via their respectively binding domains within@®@&H1
intron (McNagnyet al. 1998) which is particularly pertinent considering the identified Ets and
C/EBP binding sites are separated by only ~10(Lizng et al.2013)

In order to significantly expand on the scopéhafwork by Lianget al(Lianget al.2013) cloning

of 28.6 kbof the GCH1 promoter and first introwas conductedThe impetus underpinning this
approach was to broaden understanding of the regions or elements of potential regulatory function,
contributing to differential GCH1 regulation. Identification of enhancer regions using this
approach may alsaugle the identification of SNPs which result in changes in transcription factor
binding. This is pertinent as although data is suggestivaite&®NPs within theyain protective
haplotype may influenc&CH1regulation, it is feasible that these SNPs maycfion as marker

for anotherfunctional SNRs) in strong linkage disequilibriuntor instance, th&CH1 § 613

within the pain protectivehaplotype is in strong linkage with another SNP (rs841), which is
VLWXDWHG ZLWeEHLQran§@iptSvaRdnt land with the intron of the other transcript
variants. This SNRvas found to be predictive of several cardiovascular parameters, and was
associated with significantly reduced urinary nit@eanget al.2007) Functional analysis using
luciferase reporter assays also demonstrated reduced relative luciferase activity with the construct
representing the minor allefghanget al.2007) It has been suggested that this SN mediate
cytokineinduced alternative splicingGoldereret al. 2001, Zhanget al. 2007) Interestingly,
identification of potential transcription famt binding sites with this SNRustrated binding of

HIF- . $517 RQO\ ZLWK WKH PDMRU DOOHOH ZKLFK DJDLQ KL
factor.
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Analysis of thepGL4.20-GCH1-3.4kb vector construct highlighted a significant reduction in
relative luminescence in transfected cebgposed to cytokines. This was somewhat contrary to
previous observations which have shown a lack of differential luminescence after transfection of
vector constructs pertaining to tCH1 promoter, and subsequent cytokine stimulafidang

et al. 2013) Indeed, cAMP and nerve growth factor, but ndi4F 7 1-). (Liang et al. 2013)

have been shown to interact with tBeh1promoter in previous reporter gene asq#apatoset

al. 2000, Hirayamaet al. 2001) Subsequentrealysis of the nine vector constructs consisting of
sequential and overlapping segments of&@H1 intron showed similar results, with cytokine
stimulation seemingly downregulating firefly reporter gene expression. This was particularly
evident for consticts pGL4.20GCH1-3.4kb-Int.1E to 4ntll. Although constructs pGL4.20
GCH1-3.4kb-Int.1B to #nt1l.D similarly showed overall reductions in relative luminescence,
albeit not meeting conventional statistical significance, it is perhaps noteworthy thatehe sol
construct to buck this trend was pGL4.@CH1-3.4kb-Int.1A. Cells transfected with this vector
construct and exposed to cytokines demonstrated-aigaificant trend towards increased relative
luminescence, thereby inferring that this region may beoresple for upregulation dCH1in
responseto IFN 71-). 21 SDUWLFXODU QRWH WKLV FRQVWUXFW D
regions previously considered to be responsibl&fdH1upregulation in response to IFN 7 1-)

. (Liang et al. 2013). The rationale for the general downregulation of reporter gene expression in
the presence of cytokines may be duectovation of repressor elemen@onsideringhe apparent
downregulation occued amongstthe majority of constructs, it may be sugged that the
magnitude of the apparent increase in reporter gene expression observed with f&CAR0
3.4kb-Int.1A in the presence of cytokines may be significantly greater, and similar to previous
observationgLiang et al. 2013) Whilst the luciferase assay is a valuable tool for assessing
potential DNA regulatory regions, it should also be considered that assay is incapable of
replicating gDNA complexity. Therefore, DNAranscription factor interactions that ear
influenced by epigenetic modifications, or prometahancer interactions requiring specific
chromatin structureor those separated by large regions of DNA, are unlikely to be accurately
represented in this assayariability may occur in relation to eer copy number due to multiple
binding events with transcription factors, potentially depleting the availability of specific

transcription factors.
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3.4.7 Limitations and future considerations

The primary limitationsnclude factors such aohort size, which wuld increase the robustness

of thestudydata, whilst also alloug categorisation of patients by diagnosis/phenotype. This is
clearly a pertinent considation due to the cleasariation in results between both cohorts, which
may be underpinned by distindifferences in paimetiologiesIn relation to the value of pterins

and nitric oxide products as circulating biomarkers, there is no overwhelmingly clear association
with CNP observed within this thesislthough further analysis allowing for categatisn of
patients will undoubtedly add clarity. Considering the multitude of roles for nitric oxide, and the
existing evidence for changes in circulating neopterin in various infections and diseases, the
inclusion of disease controls would be a pertinemisceration to identify biomarker limitations.

This would, for instance, seek to determine whether the level of specific biomarker (e.g. neopterin)
was significantly differentiable between persons with CNP and those with CNP and a comorbidity

associated h changes in neopterin, such as cardiovascular digease et al.2015)

In terms of experimental processes, there are several necessary avenues for further research. In
relation to biomarker data, analysisbadpterins in the discovery/validation cohort is desirable, as

this could not be completed due to lack of a functional electrochemical detection facility. This will
allow further assessment of Blds a biomarker, and to validate previous observatioredation

to the BH/BH: ratio. Moreover, several avenues remain unexplored in relation to the pain
protective haplotype. Considering the observed variability with the reporter gene assays, lack of
clear influence for an AR agonist and hypoxia with EMSAsnd thelimitations of transcription

factor binding prediction too]sfurther eperimentationshould beinformed by analysis of
transcription bindingtotheCH1 § ORFXV SHUWDLQLQJ @GhRP-d¢(Mundade HL WK
et al. 2014)or 2D-PAGE and subsequent mass spectrom@isieady 2011)Further workmay
encompass reporter gene transfections in the presence of AhR agonists or cobalt chloride,
including the influence of the-kynurenine pathway on both reporter gene egpion andsCH1
expression. Latterly, further analysis pertaining to the identification of intronic enhancer regions
within GCH1 may be modified or enhanced by achieving efficient transfection in a different cell
line, such as RAW264.7, by simulation withediators targeting alternative pathways of
upregulation,and by further dissection of the cloned intronic regionorder to identify the
implicated transcription factor binding motifs, and whether such motifs are localised with SNPs
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3.5 Conclusion

Analysis of the tetrahydrobiopterin pathway and the regulatory influence of the pain protective
haplotype has demonstrated mixed outcommbere was a lack of siernible difference in plasma
nitrite/nitrate and neopterin in both cohorts, although subsequentatmmehnalysis highlighted
significantly stronger correlations in those with CNIfdis suggests that whilst the regulation of
the BH: pathway genes, in addition to nitrite/nitrate, may not function as biomarkers of CNBP or
of CNP of mixed aetiologies, iairses the possibility of ongoimgathophysiologicamechamsms
pertaining to BH synthesisFurther analysis of the pain protective haplotype using the luciferase
reporter gene assay highlighted multiple results of potential functional significanceulpdstic

with regards to th&&CH1 9 613 UV In silico methods, qRIPCR and EMSAs were
using to assist in the prediction of transcription factor identificatyservations suggested that
whilst the AhR/ARNT complex may not regulateCH1, the use ban AhR anagonist
differentiually regulated5CH1 expression and manipulation of ARNT with a hypoxia mimetic
notably decreases DNprotein binding in the EMSAFurther analysis, preferably incorporating
2D-PAGE and mass spectrometry, would be requirefhdditate identification of the relevant

transcription factor and enable subsequent analysis of a rGIE1 regulation.

3.6  Summary points

x Analysis of GCH1 transcriptional reglation, in conjunction with plasma nitrate and
neopterin, did nothighlight a pdential biomarker of CNBP or of CNP of various
aetiologies

x Plasma nitrate and neopterin did not clearly vary according to the pain protective
haplotype, althouglisCH1 was upregulated in haplotype carriers when considering all
participants in the discovemadlidation cohort

x Further analysis highlighted multiple correlations which became sequentially stronger in
patients with CNP and in those with asLANSS scoreR | e, thereby inferring ongoing
pathophysiological processes which when taken alone, may be difficult to distinguish from
natural variation

x The BH/BH: ratio was notably lower in patients with CNBP, an indicator of oxidative
stress and NOS uncoupling

x Sewral genes in the BHsynthesis pathway were differentially tdgied in CNP patients,
in particularQDPRandGCHFR
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X Luciferase reporter assays highlighted significant reductions in relative luminescence with
reference to the cositicts representing theCHL ¢ 613 UV LQ +(. 6 -
SY5Y and cytokinestimuated HUVECs

x In silico work using Matlnspector, supported by gRTR and EMSAS, highlighted that
regulation oilGCH1at the polymorphic locus (rs8007267) may occur through AhR or HIF

LQ FRQMXQFWLRQ ZLWK $517 DOWKRXJK UHVXOWYV Z

x Analysis of theGCH1 intronic region for enhancer regions provided the basis for future
work. Despite unexplained increases firefly luminescence across the majority of
constructs, a trend towards elevated luminescence was observed within Int.1A, which

corresponds to previous observations
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Chapter4 7UDQVFULSWRPLEI HRRPBRSNDMWWK\YF 3

4.1 Introduction

4.1.1 Microarrays

The study othe transcriptome, which is defined as the entire RNA component of @ artjet

al. 2011) has been greatly facilitated by revolutionary advances in genomic technologiés whic
allow us to perform largscale higkthroughput analysis of the mRNA transcripts within a
SDUWLFXODU VDPSOH 7KH WHUP pPLFURDUUD\VY DQG WK
expression was first coined by Browhalin 1995 who determined diffeential expression of 45
Arabidopsis genes by tweolour fluorescence hybridisatiggchenaet al. 1995) a feat that was

to be superseded 2 years later with the use of microarray technology for yeast whole genome
expression analysitashkariet al. 1997) Sequencing of the human genofWenteret al.2001)

and advances in microarray production technologBesngarner 2013have subsequently led to

the widespread commercialisation and availability of microarray tecieslowith greater
reproducibility and standardisatiBammleret al.2005) The GeneChip® Human Transcriptome
Array 2.0 (HTAZ2.0) is indicative of such developments. It contains over 6 million probes targeting

coding and norcoding transcripts, in addition to exemon splice junction@Palermaet al.2014)

4.1.2 qRT-PCR

The first documented use of PCRaikiet al.1985) and the subsequent emergence of quantitative
PCR (gPCR) as a method for nucleic acid quantificafi®orcheret al. 1992) has provided the
foundation for decades of sengéiquantification of RNA sgcies whereimRT-PCRremains the
mainstay method for analysis. Early use of PCR for quantitative purposes uggsairdrahalysis

to determine mRNA abundan{é/anget al. 1989) Although progressive, such methodology is
vulnerable to inherd variabilitiesin reaction efficiency, the emengee of factors limiting the
PCR (such as dNTPs)and limitations in the sensitivity of peBICR quantification. This
methodology is now largely reservim use when binary outcomes are sought, such as validation
of gene knockout model@/anGuilder et al. 2008) However, the introduction of gRPCR
subsequently permitted the analysis of transcript abundance by monitoring of accumulating
fluorescent signal during the exponential phase of ¢aetion, therefor@o longer necessitated
postamplification sample handling and the subsequent risk of @arey contaminatiofHiguchi

et al. 1993, Chianget al. 1996, Heidet al. 1996) This method, with increased precision and a
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wider dynamic range, is extensivelyedsas the mainstay and gathndard of smalio-medium

scale gene expression studies, including validation of microarray@ateleset al. 2006) In

order to improve the reliability and consistency of repogBd-PCR experiments, Bustiet al
SURGXFHG WKH pOLQLPXP ,QIRUPDWLRQ IRUTIM@XECRLFDW L
([SHULPHQWVY 0,4 (BusliX etGaH @009) Hkese guidelines were subsequently

summarisedd describe a refined list of minimum required stand@Bdstinet al. 2010)

4.1.2.1  Normalisation processes

Normalisation of gene expression data in ¢RIR is an absota requirement in order to account

for multiple sources of experimental variation, ranging from RNA dfieation and integrityto

the robustness of reverse transcription, including the presence of reaction infyaioten Berg

et al.2015) Experimental andiblogical implications are also of consideration. Fatamce, equal
volumes of blood acquired from different HIV patients may contain variable cell numbers in a
given volume of blood, depending upon disease staging, and subsequently, variable RNA yields
would be anticipate@Lorachet al. 2015) Whilst absolute quantification necessitates the use of a
dilution series from a known entitp produce a standard curve, followed by interpolation of the
unknown samplejuantification cyclg(Cg) value relative normalisation ansiders the use of at

least oe reference (housekeeping) gene. This gdroelld be consistently expressed amongst all
samplesindeed, i is broadly accepted that the use of reference genes is the optimal approach to

account forthe aforementioned experantalvariability (Huggettet al. 2005)

One of the most common strategies useddtative normalisation is theleltadeltaCt (0 0 & 7

model (Livak et al. 2001) This method calculates the difference between thealties for the

JHQH RI LQWHUHVW DQG UHIHUHQFH JHQH ZKLFK SURYLGH)
RI D FRQWURO DQG WUHDWPHQW GLVHDVH WKH 0&7 YDOXI
WUHDWPHQW GLVHDVH \L e qarity valué it thendeZlculatédibaséet Qmphv

the 2'00&gquation(VanGuilderet al. 2008) Other data angsis methods have been proposed

(Pfaffl 2001, Schefet al 2006) Although the Pfaffl model represented an improvement over the
classical 0 0 & Todel, it was unable to manage multiple reference genes required to perform
accurate normalisation when seeking subtle changes in gene expi@&siiesompelet al.

2002)

4.1.2.2 Reference ger selection
The selection of a suitable reference gene relies on several criteria. These include that the candidate

reference gene should bepegssed in relative abundanoet be subject to ecegulation with the
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gene of interesaindshould display miniral innate variability(Chervonevaet al.2010) It is also

critical that the expression of the selected reference gene(shssstemt between different
experimental groups with minimal variation between different tissue and disease states within an
organism. On the other hand, the reference gene should also robustly account for technical
variation in procedures, ensuring tkath variation equally impacts upon the gene of interest and

the reference gen@ozeraet al. 2013) Reference genes associated with lasic processes of

cell survival were initially established as suitabéndidategenes for normalisation, and termed
HKRXVHNHH{Thélihet HIQINT+RZHYHU XVH RI WKH WHUP pKRXV
discouraged, as many of these genes are not only involved in basic metabolic processes, and are

not suitable for normalisation in all experimentarsariogBustinet al.2009, Kozeraet al.2013)

Glyceraldehydes-phosphate dehydrogenaseAPDH) is a classic example of a comnipaised
reference gendéde Jongeet al. 2007) It is often used successfully to obtain reliable gene
HISUHVVLRQ GDWD EXW FRQWUDU\ WR WKH VXJIJHVWLRQ
constant level without influence from experimental proceslor disease, stark chandesve been
observed. For instance, an extensive analysBAd?DHexpression in 72 different human disea

free tissues showed up to idd difference in mMRNA levels between tissues, and also notable
variation within the same tige obtained from different dono(Barber et al. 2005) Aside for

natural variation, one mustso consider that the expression of a reference gfemdd not vary
between different experimental parameterscontrol/disease groups in clinical studies. The
expression o6Gapdhhas been shown tme upregulated in hypoxia bativivoandin vitro (Yang

et al. 2008, Higashimurat al. 2011) Such susceptibility for variation is exemplified by a study
assessingl_-4 expression in pulmonary tuberculosis whghowed that the arbitrary selection of
GAPDH as the sole reference gene led to false negative results for tuberculosis and failed to
differentiate between treatment groups, when compared to the use of a validated reference gene
(Dhedaet al. 2005) Such research does not discredit the us€MAPDH, but emphasises the
necessity of reference gene validation before- R (Fink et al.2008)

The stability of reference genased within an experiment ikereforea critical consideration to
ensure the outcome of normalisation accurately reflects changes in gene expression and
importantly, the magnitude of such changéhisis of particular importance whegenerating
conclusims based omelatively subtle fold changes. Many studies utilising ¢RIR have
selected a single reference gene for normalisation on a somewhat arbitrary basis, often based on
previous literature and without validatiqiKozera et al. 2013) Notwithstanding the lack of
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informed reference gene selection, the use of a single gene, rathenuhgle reference genes,

may beassociated wit notable normalisation err¢g¢andesompelet al. 2002, Dmitrievet al.
2007)and was previouslya highly prominent feature of qRFCR methodologyMeaseet al.

2007, van dn Berget al. 2015) As eluded to, the selection of at least two validated reference
genes is particularly poignant when seeking to determine potentially small changes in expression,
as a distinguishable variation in reference gene expression may olemdientially meaningful
findings (Vandesompelet al. 2002, Dhedat al.2005)

4.1.2.3 geNormand gbase+

The selection of suitable, stably expressed, reference geriearlya necessary requirement for
accurate datanalysis. Vandesomped¢ alpreviously developed a measure of candidate reference
gene stability based on norormalised data, which relied on the principle that the expression ratio
between two ideal candidate reference genes should not vary betweeaol camd
experimental/disease groups. As such, increasingly contrasting ratios between two genes is
indicative of unstable expressi@tross the sample set. The pairwise variation is determined for a
given candidate reference gene against all remainingdatedreference genes as the standard
deviation of the logarithmically transformed expression ratios. Gene stability is subsequently
assigned arM value depicting the pairwise variation of a candidate reference gene with the
remaining candidate referencergs. Thus, genes with the lowddtvalues are most stably
expressed across the sample ggtandesompelet al. 2002) The degree of gene expression
stability is therefore demonstrated using the gene stability valllesnd coefficients of variation

(CV). For homogeneousamples (e.g. blood from healthy subjects)Mhealue and CV limits are

0.5 and 25%, respectively. When using heterogeneous samples (e.g. diseases tissuesl¢he

and CV limits are increased to 1 and 50%, respect{Beaynettet al.2007c, Gardineet al.2007,
Hellemanset al.2007) Assessment of reference gene stabdég be used prior to an experiment

to inform and optimise reference gene selection, or after experimentation to verify the stability of
selected reference gen€Bennettet al. 2007a) A geNorm analysis prior to experimentation
should therefore cover a wide range of reference genes corresponding to a variety of functional
groups ad pathways in ordeto avoid ceregulated gened he assessment should also include a
sample set representative of that to be analyfedoftware package, gbase+ (Biogazelle,
Belgium), which incorporates thgeNormalgariithm, is available. gbase+ tevelopedo facilitate
gRT-PCR data analysis and data management. The calculations within gbase+ are based on the
2100&method, though modified to permit the use of multiple reference genes. The extensive

145



background calculations performed by gbase+ have been describedilinHell@amanset al.
2007)

The transcriptomics component of this theébereforeaims toelucidate a panel of potential CNP
biomarkersisolated from human blogdnd to consider thieinctional relevance anabtential of
these molecules as therapeutic targetis expansion ofjfene expression analysis usqiiT-PCR
In a subsequent chapter, &k applicable, the genes identifiéebre will be assessed as

translational biomarkers an animal model of neuropathic pain.

4.1.3 Aims and objectives
The overall aims and objectives of chapter 4 are as follows:

x Use microarrays to determine differentially risgad genes in the blood of patients with
CNP, when compared to healthy controls, in two distinct patient cohorts
x Validate findings from microarray analysis across both cohorts usiAg@H and ddPCR
X Use bioinformatic tools, including Ingenuity Pathway A& and DAVID, to analyse
microarray data, thereby facilitating hypotheses pertaining to specific genes and their role
in pain
4.2  Methods

All methods relating to this chapter are presented within chapter 2.

4.3 Results

4.3.1 Microarray analysis

Analysis of gene expssion changes in the discovery cohort identified 515 differentially regulated
genes in peripheral blood mononuclear cells of patients @NHBP, based on a minimum fold

change of 1.2 and@value of "0.05. Of which, 313 genes were downregulated. Simyjlading

identical filtering criteria, a total of 332 genes were identified as significantly differentially
regulated in the discovery/validation cohort. Of these genes, 105 were downregulated. $he gene
identified hereDUH GHVFULEHG XQ GIHQH VOKN W OHLWRP®E WKH HOHF'
data andvere subsequently exported for analysisigsiarious computational tools

4.3.2 Candidate biomarker selection
Selected genes (sect (4!8? were subject tdurther scrutiny anénalysis in the SNL model of

neuropathic pain by meeting pspecifiedrefinementriteria. These included@YD O XH R 7
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DQG D IROG FKDQJH RI - +RZHYHU VKRXOG D -genr¢eHQ JH
correlations (within the discovery leort only), or have prexisting associations with pain,
statistical thresholds were relaxed to include genes with eithealae in the range of 0.06&05

DQG D IROG FKDQIHYD®IXH RIRU D DQG D IROG FKIDEQASH LQ Wi

result of gene expression refinement, 15 g¢hablé4.1) in the discovery cohort were highlighted

as potential biomarkers of CNBP. Similarly, a total of 12 gemablé4.2) satisfiedthesecriteria

within the discovery/validation cohort. These genes were subsequently carried forward for
consideration as biomarkers of CNP, and to determine, where applicable, whether these genes
represent translational biomarkers of CNP through analysierme expression in theH after

SNL
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Table 4.1: Candidate biomarkers differentially regulated patients with CNPin the discovery cohort

Accession

p value

FCin

Array ID Number Gene Name Gene Symbol CNP CA Literature
(de Rivero Vaccaret al. 2008,
7951385 NM_004347 Caspase 5 CASP5 0.045 9 No Lukkahataiet al. 2013)
8149927 NM_001831 Clusterin CLU 0.049 9 No (Liu et al.1995)
. . . (Leeet al. 1982, Satet al.2003, Barsun
2
7941621 NM_005700 Dipeptidytpeptidase 3 DPP3 0.003 9 No et al. 2007, Bezerrat al. 2012)
7908793 NM_004433 E74like factor 3 ELF3 0.010 9 No (Rajuetal.2014,Li et al.2015)
Family with sequence
7937707 NR_026643 similarity 99, member FAM99A 0.002 9 No -
A
8070720 NM 015259  nducible Feelico g 70104 9 No (Graceet al.2012)
stimulator Igand
80611  NM_024674 tigﬁ]gmo'og AC | Nn2sa 0018 No (Yueet al.2014)
Melanocortin 1 (Liem et al.2005, Mogilet al.2005,
7998055 NM_002386 receptor MC1R 5.0x10* 9 No Delaneyet al.2010, Junet al.2010,
P Andreseret al.2011, Aroutet al.2015)
NLR family CARD
8051396 NM_021209 domaincontaining NLRC4 0.044 9 No (Lopeset al.2015)
protein 4
8157450 NM_000608 Orosomucoid 2 ORM2 0.023 9 Yes -
7982287 NM_001039841 ~no GTPase ARHGAP11B 0003 9  No -
activating potein 11B
8075477 NM_152267  ~ingfingerpotein  pyrqgs 0.003 No -

185
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RNA, U6 Small

7967972 NG_043316 nuclear 76, RNUG76P 0.005 ; No -
pseudogene
(Rodriguez Parkitnat al. 2006,
TIMP Kawasakiet al.2008a, Huangt al.
8167185 NM_003254 metalloproteinase TIMP1 0.005 9 Yes 2011, Sandhiet al.2011, Kimet al.
inhibitor 1 2012, Rojewskat al.2014, McKelveyet
al. 2015, PopiolekBarczyket al.2015)
7924499  NM_003268 Toll-like receptor5  TLR5 0.043 9 No (Stokeset al.2013)
Genes documented here and subsequently analysed in the SNL model either expibdake ANOVA) R1 D(iip&ar)iold change
)& R o RU ZHUH SUHVHQW LQ RXU FRUUHO DVal&d 0DEX0S avd4dld dhdngeRU W H U GREKO
RI " Df@ddzhBngeof 1.2-1.5.Microarray files are availab H LQ WKH HOHFWURQLF VXSSOHPHQWDU\ PL

and thesubfolder, W' LVFRYHU\Y
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Table 4.2: Candidate biomarkers differentially regulated patients with CNPin the discover/validation cohort

Accession Gene p value .
Array ID Number Gene Name Symbol Literature
(Vergeet al.2004, Zhuangt al.2007,
Chemokine (€X3-C Stanilandet al. 2010, Clarket al.2011, Zhuet
TC03001304.hg.1 NM_001171174 motif) receptor 1 CX3CR1 0.002 al. 2013, Clarket al.2014, Oldet al., Bianet
al. 2015, Liuet al.2015, Liet al.2016a)
Interleukin 2 receptor (Yaoet al.2002, Rottyet al.2006b, Uceyleet
T€22000722.hg.1 NM_00088 subunit leta IL2RB 0.002 al. 2007, Nissenbauret al.2010)
TC12001202.hg.1 NM_oo22sg  Killer cell lectinlike ) ppq 0.002 -
receptor B1
TC01002764.hg.1 NR_031664 MicroRNA 1262 MIR1262  0.005 -
TC11001015.hg.1 NM_000615 Neural cell adhesion NCAM1L 0.001 (Sakaiet al.2008a, Sakaet al.2008c, Patikt
- molecule 1 al. 2011)
TC02002865.hg.1 NM_006056 Neuromedin U NMURL 0.004 (Caoet al.2003, Wanget al.2014, Martinezt
receptor 1 al. 2015)
TC04000410.hg.1 NM_002620 \F/’;?itaer']‘itlfacm“‘ PFAVI  0.003 (Jinet al.2013, Lukkahataét al.2013)
TC19001593.hg.1 NM_002659 Plasmlnogen activator PLAUR 0.001 (GarciaMoncoet al.2002, Rivelliniet al.
urokinase eceptor 2012)
Prostaglandin D2 (Minami et al. 1996, Eguchet al. 1999, Popp
TC14000305.5.1 NM_000953 receptor PTGDR 0.004 et al. 2009, Jocet al 2012)
i (Bettoniet al.2008, Sorget al.2011, Jieet al.
TC09000601.hg.1 NM_138554 Toll-like Receptor4  TLRA4 0.036 2012, Linet al. 2015, Jurgat al. 2016)
TC01002763.hg.1 NM_024911  /ntless Wntligand —,, o 0038 9 (Petkoet d. 2013, HerrereTurrion et al. 2014)

secretion rediator
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TC01001469.hg.1 NM_002995  <-C motif chemokine -, 0.003

ligand 1 ; (Daweset al.2013, Zychowskat al.2016)

Genes documented here and subsequently analysed in then@&Ml either exhibited pvalue(ANOVA) RI ” DQG D IROG
. RU ZHUH SUHVHQW LQ pvdauk f b.aOB\OSaddHoldidianpERIT Z £ W KRBDD XH R1 " fold dhapgsofll.2

1.5.Microarray filesare aDLODEOH LQ WKH HOHFWURQLF VXSSOHPHQWDU\ P D Wblfolded @' 12\ MR
validation
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4.3.3 Literature and general genegene correlations

TIMP1, DPP3and MC1Rall exhibited a strong basis of literature supporting role of these
genes in pain pathways within the discovery cohort. Similar supportive literature was found in
relation to several genes in the discovery/validation cohort, incl@48CR1andTLR4 In terms

in genegene correlationgrigure4.1), TIMP1, ORM2andPROX1were present in the correlation

analysis, althougPROX1did not meet any of our other refinement criteria.

Figure 4.1: Prior transcriptional correlations between a subset of (A) highly

downregulated and(B) upregulated genes in CNBP patients using 3,900 humanrcdlour
microarrays.

Using a matrix of transcriptional correlations derived from the analysis of 3,900 hucatou?

PLFURDUUD\V IURP 1& %@ @nibtsQHEQ)| &hidd Mdludes data from a var
of control and experimental samples, geshelQH 3HDUVRQYV FRUUHO
determined. In the 3,900 microarrays used to perform-gene correlationd®2ROX1 ORM2
and TIMP1 were found to pogively correlate with each othetn the 2colour microarray
analysis,severalother upregulated genes, includi@®T1 SLC12A9CDK17, ARMCX6 were
usually negatively correlated (green)RROX1 ORM2andTIMPL1 (the brightest red squart
are the selsef comparisons along the diagonal). Howeverther analysis highlighted the
both groups of genes were upregulated, thus providing evidencOfMg, TIMP1 and to a
leser degree PROX1 which are highly correlated in previous experiments, may be atsw:
with the pathophysiology of CNP and may function as CNP biomarHRdrs. work was
conductd in collaboration with Dr J. Wren, an affiliate #fe Oklahoma Medical Resear
Foundationwhom conducted thie silico data processing
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4.3.4 Microarray cross-validation

Crossvalidation between the discovery and discovery/validation cohorts was performed in order
to determine genes differentially regulated in both cohorts. Thresholds were mainain€dds,

fold change= 1.20) for the first cohort analysed dmelaxed for the second cohopt£ "0.15,

fold change= +1.10). A total of 19 genes were differentially regulated across both cohorts with
the discovery cohort as the first coh@ , of which 10 genes &re differentially regulated

in the same directioof fold changeWhen considering the discovery/validation cohort as the first

cohort, 19 genes were differentially regulated across both cqfiatée@d.4), of which 12 genes

exhbited regulaibn in the same directioaf fold change
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Table 4.3: Cross validation of potential CNP biomarkers in the discovery cohort with those observed in the discovery/validation cohort

Discovery DiscoveryNalidation
Array Accession Gene Name Gene Symbol pvalue FCIinCNP pvalue FCinCNP
ID Number
7982287 NM_001039841 Rho GTPase activating protein 11B ARHGAP11B 0.003 1.57 0.037 1.12
7951385 NM_004347 Caspase 5 CASP5 0.045 2.23 0.001 1.41
8081214 NM_005290 G proteircoupled receptor 15 GPR15 0.043 -1.70 0.108 1.46
7918379 NM_000849 Glutathione Sransferase mu 3 (brain) GSTM3 0.045 -1.43 0.139 1.14
8117594 NM_003521 Histone cluster 1, H2bm HIST1H2BM 0.029 -1.54 0.067 1.14
8031344 NM_ 012312 Killer (_:eII immunoglobulin Iike_rece_ptor, two Ig KIR2DS?2 0.031 167 0.073 131
domains and short cytoplasmic tail 2
8031344 NM_001242867 er cell immunoglobulin like receptor, three 19\ pap) 5 0.031 1.67 0.049 1133
- domains and long cytoplasmic tail 2
8042283 NM_014181 Lectin, galactosidéindinglike LGALSL 0.029 1.49 0.119 1.15
8054611 NR_024204 long intergenic noprotein coding RNA 152 LINC00152 0.034 1.48 0.085 1.10
7998157 NM_001077350 NPR3like, GATOR1 complex subunit NPRL3 0.010 -1.63 0.0 1.41
7971075 NG_032625 RNA, 7SK small nuclear pseudogene 1 RN7SKP1 0.017 3.62 0.036 1.12
8107857 NG_033689 RNA, 5S ribosomal pseudogene 191 RNA5SP191 0.003 1.38 0.062 1.20
7938070 NG_033478 RNA, 5S ribosomal pseudogene 329 RNA5SP329 0.026 -1.30 0.026 1.12
8025990 NG_033692 RNA, 5S ribosomal pseudogene 466 RNA5SP466 0.009 -1.27 0.044 1.12
8092763 NG_032598 RNA, U1 small nuclear 20, pseudogene RNU120P 0.004 -1.20 0.033 1.19
7950810 NM_032943 Synaptotagmin like 2 SYTL2 0.040 -1.23 0.072 -1.16
8129608 NR_028511 Trace amine associated receptor 3 TAAR3 0.045 -1.69 0.131 1.11
7924499 NM_003268 Toll-like receptor 5 TLR5 0.043 1.75 0.053 1.14
7923967 NM_018566 YOD1 deubiquitinase YOD1 0.006 -1.73 0.060 1.19
Genes described satisfied two criteria. Geglgd UH GLIITHUHQWLDOO\ UHJXODWHG LQ WKH GLVFRYHU\ FR/|
(ANOVA) p YDOXH RI1 7 6 XFK JHQHV ZHUH W kdlidaticnedh@pt\AsLdiffereatiallyQegulkted With YeBR édistatisticalgenc

FRQVLVWLQJ RI D IROGpRKIDMXIH RIl ™ D Q@saijfersntdl\weg@atia) in the same directadriold changen both cohorts
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Table 4.4: Crossvalidation of potential CNP biomarkers in thediscovery/validation cdort with those observed in thediscovery cohort

DiscoveryNalidation Discovery

Array ID Accession Gene Name Gene p value FC In p value FC In

Number Symbol CNP CNP
TC11003322.hg.1 NM_004347 Caspase 5 CASP 0.010 141 0.045 2.23
TC06004150.hg.1 NM_004117 FK506 binding protein 5 FKBP5 0.047 1.24 0.061 1.39
TC04001226.hg.1 NM_001553 Insulin like growth factor binding protein 7 IGFBP7 0.021 -1.23 0.102 1.10
TC19002658.hg.1 NM_001242867 ‘her cell immunogldulin like receptor, — \\pap) 5 0049  -133 0031 -1.67

three Ig domains and long cytoplasmic tail

TC07000288.hg.1 NR_037596 'iggg intergenic nomprotein coding RNA ) |yco1061  0.004 1.40 0057 1.40
TC03001450.hg.1 NR_029660 microRNA let7g MIRLET7G 0.032 1.21 0.089 1.13
TC20001202.hg.1 NM_006097 Myosin light chain 9 MYL9 0.028 1.27 0.072 1.77
TC05000307.hg.1 NM_004536 NLR family, apoptosis inhibitory protein ~ NAIP 0.025 1.46 0.064 1.34
TC19000886.hg.1 NM_004829 Natural cytotoxicity triggering receptdr NCR1 0.010 -1.20 0.118 1.23
TC11001015.hg.1 NM_000615 Neural cell adhesion molecule 1 NCAM1 0.001 -1.23 0.090 1.16
TC04000410.hg.1 NM 002619 Platelet factor 4 PF4 0.017 1.30 0.065 1.57
TC01001619.hg.1 NM 130782 Regulator ofg protein signalling 18 RGS18 0.043 1.22 0.133 1.19
TC13000759.hg.1 NG_033512 RNA, 5S ribosomal pseudogene 33 RNA5SP33 0.030 1.24 0.060 -1.23
TC04000587.hg.1 NG 043463 RNA, U1 small nuclear 138, pseudogene RNUZL138P 0.033 1.25 0.121 1.20
TC05001337.hg.1 NG_044479 RNA, U6 smallnuclear 480, pseudogene RNU6480P 0.044 1.20 0.122 -1.12
TC11001303.hg.1 NG_045859 RNA, U6 small nuclear 1143, pseudogene RNU61143P  0.029 1.21 0.088 -1.21
TC16000357.hg.1 NR_002966 Small nucleolar RNA, H/ACA box 30 SNORA30 0.003 1.23 0.093 1.14
TCO0X00(®38.hg.1 NM_017698 Transmembrane protein 164 TMEM164 0.041 1.26 0.130 -1.52
TC01001469.hg.1 NM_002995 X-C motif chemokine ligand 1 XCL1 0.003 -1.35 0.105 -1.45

Genes describeshtisfied two criteriaGenes werdifferentially regulated in the discovevglidation cohort according to a (linear) fold change (F
of « Oand (ANOVA)p YDOXH R1 ” 6 X Rienddeqtificdn Zhid disdovery cohort with reduced statistical stringency consisting
IROG FKDQQUahdRd ¥D O XH RGréentext demtes differential regulation in the same directadriold changen both cohorts
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4.3.5 Microarray correlations with pain measures
Several genes were found to significantly correlate with general pain severity in the
discovery/validation cohort, asssessed by a modified Chronic Pain Grade questionnaire. Of

particular note, botleCH1andCX3CR1were present within the strongest correlalesb(e4.5).

Both genes were antorrelated with the accumulative seaf the 5 paiseveritymeasures. These
genes, and their respective associations ®P, have been discussed extensively within this
thesis. Several transcripts were also found to significantly correlate with-tANSS score
Table4.6).

Table 4.5: Correlations between gene expression angain severity measuresin the
discovery/validation cohort

Gene Correlation Parametric
Rank ProbeSet GeneName Coefficient
Symbol 0 p value
1 [TC10001535.hg{l |[MYOH  Myoferlin -0.945 3.81x10°
2 [TC14002019hgll [GcHY °'F -0.9% 118104

cyclohydrolase 1
Chemokine (€X3-
C motif) receptor 1
Cannabinoid

3 [TC03001304.hg{l [CX3CR1 -0.918 1.8%10*

4 |TC06003759.hgil. CNR1 0.916 1.9810%
receptor 1
5 [TC14002210.hg} 0.888 6.04x10*
Major
TC6 mann hap40Q([HLA- histocompatibilit
6 161.hg.1 DRB4 complex,pclass IK -0.886 6.33%10*
DR beta 4

Microarray data was uploaded into BRB Array Tools (se¢2dn2.6 alongsideaccumulative
pain s&erity scores relating to the five measures of severity (questidhsvithin the modified
ChronicPain Grade tool. Pearson correlationsere determined with a thresholdpof 0.001.
*These transcripts are incompletely annotated within the Affyxeatabase, UCSC Genon
Browser and NCBI database. Annotations have been completed manuakypessble.
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Table 4.6 Correlations between gene expression anthe SLANSS score in the
discovery/validation cohort

Correlation

Rank ProbeSet Gene Gene Name Coefficient Parametric
Symbol " p value
1 |TC07000989.hgil Transfer RNA Cys 0.942 4.76x10°
2 TC06001905.hgft -0.907 2.8%10%
Annexin A2
3 |TC09001017.hgjl ANXA2P2 pseudogne 2 0.902 3.61x10*
(ncRNA)
4 TC09000770.hgfl 0.901 3.7810%
5 TC14001314.hgt 0.895 4.6%104
6 TC12001810.hgl snoU13 0.893 5.0%10*4
ATP-binding
cassette, sufamily
7 |TC21000582.hgljl [(ABCC13 C (CFTR/MRP), 0.890 5.5510*
member 13,
pseudogene
8 TC0X001192.hg.l [MIR361 microRNA 361 0.883 7.10x10%
9 TC06001402.hgft Transfer RNA Ser 0.880 7.84¢10%
10 [TC10000866.hgll [MIR4681 microRNA 4681 -0.877 8.610%
11 |TC06002441.hgll ([LTA| Lymphotoxin alpha  0.873 9.65%10*
RNA, U6 small
12 |TC06000300.hgfl nuclear 98, 0.872 9.9%10*
pseudogene

Microarray data was uploaded into BRB Array Tools (section 2.1.2.6) alongsi@l#hHSS
score Pearson correlations) (were determined with a thresholdpst 0.001. *These transcript
are incompletely annotated within tAéfymetrix database, UCSC Genome Browser and NI
databaseAnnotations have been completed manually when possible.

4.3.6 Ingenuity Pathway Analysis

A total of 515 transcripts within the discovery cohort were uploaded to IPA, of which 345 were
successfully idetified and mapped by the software. After generation of molecular networks both
CD40 and PIK3CA featured multiple interactiodgppendix 7, Figure A Upon addition of the
appropriatanoleculedinked with CNP from the IPA database, miR3-3p formed a cemal focus

of molecular interactionsAppendix 7, Figure B In the discovery/validation cohort, 332
transcripts were similarly uploaded, of which 157 were mapped by IPA. Formation of molecular
networks between these molecules illustrated TLR4 as integatargely indirectly, with several
other moleculesAppendix 7, Figure L Latterly, the addition of molecules associated with CNP

from the IPA database also resulted in multiple predicted interacagasmfrequently featuring
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miR-103-3p (Appendix 7,Figure D. Further scrutiny with regards to miE03-3p in a similarly

sized but unrelated cohort pertaining to multiple sclerosis also highlighted multiple interactions
(data not shown). This suggests the observed frequency of molecular connectionssigreviou
observedvith miR-103-3p may not baunderpinned by CNP.

4.3.7 DAVID bioinformatics and gene ontology analysis
4.3.7.1 Biological processes
Analysis of oveirepresented biological processes related to differentially expressed gehes i

discovery cohort elucidated multiple core cellular processes, including mitosis, nuclear division

and nucleosome assemijable 4.7). In contrastimmune response and cell surface receptor

linked signal transduction were pominently ovesrepresented processes in the

discovery/validation cohojfTable 4.8). Both werealsohighly significanly associatedwith each

category comprising of 189% and 20.64% of thietal gene input, respectively.

Table 4.7: Biological processes associated with the differentially regulated ges in the
discovery cohort

Percentage Fold
Term of Total p value : Bonferroni
Enrichment
Genes
Category: GOTERM_BP_FAT
GO:OOO§220~pyrlmld|ne nucleotide 112 0.015 759 1.000
metabolic process
G0:0048285~o0rganelle fission 2.53 0.019 2.69 1.000
GO:000708~microtubulebased 169 0.025 363 1.000
movement
G0:0006334~nucleosome assemb 1.41 0.034 4.07 1.000
G0:0031497~chromatin assembly 1.41 0.038 3.93 1.000

This table has been reduced in size and dataildepicts the five most significant associat
A full table is available in the electronic supplementary material within the folding e
H'3$9,'Y DQG KDV D ILOH QDPH RI W'LVFRYHU\ %9LRORJL
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Table 4.8: Biological processes associated with the differentially regulated genes in the
discovery/validation cohort

Percentage of Fold

ferm Total Genes pvalue Enrichment Bonferroni
Category: GOTERM_BP_FAT

GO:0006955~immune respons 13.49 3.14 x1¢P 4.02 0.003
G0:0007166~cell surface

receptor linked signal 20.64 6.52 x10° 2.28 0.058
transduction

G0:0006968~cellular defense 3.97 5 03x10" 13.36 0.369
response

G0:0006821~chloride transpor 3.97 5.03x10* 13.36 0.369
G0O:0015698~inorganic anion 397 0.002 8.76 0.893

transport

This table has been reduced in size and dataildepicts the five most significant associatic
A full table is available in the electronic supplensay material within the foldeentitled
H'$9,'f DQG KDV D ILOH QDPH Rl pW'LVFRYHU\ YDOLGDYV

4.3.7.2  Cellular component

Allocation of differentially expressed genes to their reputed cellular function highlighted
contrasting results between both cohorts. In the discovehprt; overrepresented cellular
functions were similar to those presented in the biolbgitacesses analysis and included
functions pertaining to DN#protein complexes, chromatin and nucleosm@. Genes

pertaining tohistones are a prominent feature amongst all-ceresented cellular functions.

Cellular functions overepresented in the discovery/validation cohort were highly associated with

the plasma membrandable4.10). The three mostignificant functions were representative of
36.5143.65% of the differentially regulated gene imported to DAVID.
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