H

University of
HUDDERSFIELD

University of Huddersfield Repository

Young, Bethan C

Identification of Novel Biomarkers of Neuropathic Pain: A Translational Study from Rat to Human
Original Citation

Young, Bethan C (2020) Identification of Novel Biomarkers of Neuropathic Pain: A Translational
Study from Rat to Human. Doctoral thesis, University of Huddersfield.

This version is available at http://eprints.hud.ac.uk/id/eprint/35431/

The University Repository is a digital collection of the research output of the
University, available on Open Access. Copyright and Moral Rights for the items
on this site are retained by the individual author and/or other copyright owners.
Users may access full items free of charge; copies of full text items generally
can be reproduced, displayed or performed and given to third parties in any
format or medium for personal research or study, educational or not-for-profit
purposes without prior permission or charge, provided:

* The authors, title and full bibliographic details is credited in any copy;
* A hyperlink and/or URL is included for the original metadata page; and
* The content is not changed in any way.

For more information, including our policy and submission procedure, please
contact the Repository Team at: E.mailbox@hud.ac.uk.

http://eprints.hud.ac.uk/



Identification of Novel
Biomarkers of Neuropathic Pain:

A Translational Study from Rat to Human

Bethan C Young

. ) ©ve’ o
University of ]
HUDDERSFIELD *tete

Inspiring global professionals

CeéioR

A thesis submitted to the University of Huddersfield
in partial fulfilment of the requirements for the degree of Doctor of Philosophy
Supervisor: Dr Patrick C McHugh

The Centre for Biomarker Research at the University of Huddersfield

Word count: 56040



Copyright Statement

The author of this thesis (including any appendices and/ or schedules to this
thesis) owns any copyright in it (the “Copyright”) and s/he has given The
University of Huddersfield the right to use such Copyright for any
administrative, promotional, educational and/or teaching purposes.

Copies of this thesis, either in full or in extracts, may be made only in
accordance with the regulations of the University Library. Details of these
regulations may be obtained from the Librarian. Details of these regulations
may be obtained from the Librarian. This page must form part of any such
copies made.

The ownership of any patents, designs, trademarks and any and all other
intellectual property rights except for the Copyright (the “Intellectual Property
Rights”) and any reproductions of copyright works, for example graphs and
tables (“Reproductions”), which may be described in this thesis, may not be
owned by the author and may be owned by third parties. Such Intellectual
Property Rights and Reproductions cannot and must not be made available for
use without permission of the owner(s) of the relevant Intellectual Property

Rights and/or Reproductions.



Table of Contents

Table Of CONTENES ..ottt st sttt sre e st sar e b eb e sree e 3
T (U] L PP PP PPPUPPPPPPPPRE 9
L] o] LTSV P PP 12
ADDIEVIATIONS .. e s sne s 14
LY o1 1 Tl PSPPSR PP OPRRPRROPON 17
ACKNOWIBAGEMENTS......eeiiiciiiee et et e e re e e et e e et ae e e estseeeessteeeeessaeeeennseeeans 18
(@ o =T o) =T ol I 14 e Yo [F ot [ ISP 20
1.1 Introduction to the Literature REVIEW .........ccovceiiiiiiiiie et 20
1.2 Neuropathic Pain and Its Socioeconomic Implications.........ccccccuviiieeiiiiicciiiiieee e, 20
1.2.1 Prevalence of Neuropathic Pain .........cooiiiiieiii e e e e e 20
1.2.2 Clinical Presentation of Neuropathic Pain ........ccueeiiiiiieiiiiiie e 22
1.2.3 Impact of Neuropathic Pain on Quality of Life.......ccceceieeiiiiiiieiiiee e 23
1.2.4 Healthcare and the ECONOMY........cciiiiiiiee ettt esteee e et e e e e satae e e e saraeeesnes 27
1.2.5 Neuropathic Pain as a Comorbidity in Neurodegenerative Diseases..........cccceeeeeeecnnne 28
1.3 The PhySiology Of Pain .....cuiiiiie ettt et e e e e e e e e e s re e e e e e s e e ennnreaeeeas 29
1.3.1 Injury and NOCICEPLIVE PaiN .......uuuiiieeee ittt cteee e e e e e e s tearree e e e e e e e enenes 29
1.3.2 Peripheral Nociceptors and Pain TranSmisSiON .........ccveeeeecieeeciiieeeeecieeeeeciieeeeesveeee e 29
1.3.3 The Ascending Pain Pathway ........ccoociiiiiiceeeccee e et 32
1.3.4 The Descending Pain Pathway and Pain Modulation ........cccccceeviieiiiiiiiec i 33
1.3.5 Pain and Learning BEN@AVIOUIS.........cciii ittt e e e esvrnre e e e e e e e e eannnne 36
1.4 The Pathophysiology of Neuropathic Pain.......ccccceeeeeiiiieiiiiiic e 37
1.4.1 Insult and INfIammMation ........cocee i e e s 37
1.4.2 Peripheral SENSItISAtioN .....cc.ceiiiciiiei e e e e e e e e ae e e 38
1.4.3 PhenOtyPic SWILCN..ccii ittt e et e e s ebr e e e ertaee e e ereeaeeanes 43
1.4.4 Dorsal Horn Modulation in Neuropathic Pain .........ccccvvvveeiiiecciieieeee e 45
1.4.5 Central SENSItISAtION ..cc..eeiiiieiiiee e e 46
1.5 Current Diagnostic MEethodS..........uuiiiiii ittt e e e e e e eaae s 46
1.5.1 QUESTIONNAITES ....eviiiiiiiiiiiiiice e e e 46
1.5.2 CliNiCal PArameEters ..c..cooeeiieeieeeeseecetee ettt 48
1.6 Treatments for Neuropathic Pain ........occceiiiiiiie ettt 49
1.6.1 Currently Used Treatments for Neuropathic Pain ........ccccceeeeiecciiiieeee e 49

1.6.2 Experimental Drugs Not Currently Available for Clinical Treatment of Neuropathic Pain



1.6.3 Currently Used Non-Pharmaceutical Pain Management...........cccceeveeieeeeviieeescceeeeenns 56

1.7 Animal Models of Neuropathic Pain and Clinical Research.........cccccceeeeeiieeiciiiie e, 57
1.7.1 Types of Animal Models of Neuropathic Pain...........cccevieeiiiiccciiiiee e 57
1.7.2 Ethical Issues with Animal Models of Neuropathic Pain...........cccoceeeeieeiicciiieeeeee e 59
1.7.3 Translational Results from Animal Models to Clinical Neuropathic Pain ...................... 60

1.8 Biomarkers of Neuropathic Pain.........ccccceiiiiiiieeicieec e e 61

1.9 Background on Candidate Biomarkers........cccueeieciieeieiiiieee et 64
1 A 0= T o - 1= PP PPPPPPPPPPPPRE 64
1.9.2 Inflammatory MediatorsS. ...t e e e e e e e e e e re e e e e e e e e eeannnns 66
1.9.3 Other GeNeSs Of INTEIEST ..ccuuieiiie ittt st e e esnee s 68
1.9.4 MHICIORNAS ..ottt ettt et e e s s e e st e e s r e e e s aame e e e snreee e saaneeeesanneeeesanes 70
1.9.5 Olfactory RECEPLOIS .. .uvveiieiiiee ettt e ectie e e e ettt e eee e e e etttee e e eteeeessbaeeeeestaeeesansteaessnsaneesanes 72
1.9.5 HiSTONE PrOTINS...uviiiiiiiiiiiiiiiiitiietieiieereieerrree ettt e rere s reeereretareeeteateesereeesresseseeenee 73
1.9.6 RIDOSOMAI PrOteINS ...ccouviiiiiiiiiiieieee ettt st e e st sar e s e eneeesnee s 75
S TR A Y =T U Lo o =T o 1T UPURt 76
R R - g Y oY T o T =Tt o Rt 76

1.10 AIMS AN ObDJECHIVES....uuriiieciiiie ettt e et e e st e e e eabee e e e tae e e e s abeeeeenseaeeennnenas 78

Chapter 2: Materials and Methods.......cuiiii i e 80

2.1 IMAEEITAIS .ttt st s st e sr e naee 80
2.1.1 ANIMAl MOAEIWOTK ... e 80
2.0.2 ClINICAT WOTK ..ottt st s s e s b e e sane e see e e sreeesanes 80
2.0.3 Cll CURUI. .. ettt ettt et e st s re e s be e e sree e eabeeenneesmneesneeesanes 80

2.2 IMIBENOAS ...ttt sh et s b s n b e nnes 83
2.2.1 Spinal Nerve Ligation (SNL) MOdEl.......ccuuiiiiiiiie ettt 83
2.2.2 Clinical Cohort Recruitment and Blood Collection..........c.cceeveereeneeneeniennic e 84
2.2.3 CIl CUIUIE ettt ettt eabe e s bee s sare e sbe e s eaeeesanes 85
2.2 4 RNA EXEFACHION oottt s e e 86
2.2.5 AffyMELriX IMIICIrOAITAY . uvvieeieeeeeeciitieeeeee e ccte et e e e e e e errre e e e e e e e e snabsaeeeeeseeesnnteseeeaeesennnnnns 87
2.2.6 DNase treatment and cDNA SYNthesis.........ccuieiiiiiiieiiiiiiiccceee e 88
2.2.8 Quantitative Polymerase Chain REACtION ........ccecviiiieiiiiiiieeciiee e 88
2.2.9 Protein EXTraCtion ........ccccciiviiiiiiiiiiiiiiiiiiiic 89
2.2.10 Protein QUAaNTIfiCation ........coecuiiiiiiiiiee et 90
2.2. 11 WeESEEIN BIOt ..t 90
2.2.12 Enzyme-linked IMmMUNOSOIrBENT ASSAY.....ccccuiiiiiciieeeeiiieeecreee e et e e ecree e eseae e s esaaaeeeas 91



2.2.13 Data ANAIYSiS..eeiiiiiieieiiieee e cittee et e re e e et e e s e e e et b e e e s te e e e etbaeeeaataeeannraeeeeraaeeann 92

Chapter 3: Gene Expression Profile of the Dorsal Horn Tissue in the Rat Spinal Nerve Ligation

Model versus Sham-0Operated CONtrol.........ooccciiiiiiiiei e e e e e 96
18 R [ g1 o Yo [¥ T o] o WPV PUPROPSTRPRPUPPIN 96
B2 RESUIES 1.ttt sttt et e h e st e s st a e sttt e e nbe e sneesaeeeaneen 100

3.2.1 Changes to Gene Expression Occurs in the Dorsal Horn after SNL..........ccccceevveeeenneen. 100

3.2.2 Ingenuity Pathway Analysis (IPA®) Software Elucidated Known Interactions Between

(0 [ o [T £ 1 £ <L P U UUUP P UPRUPPTORRIOt 108
3.2.3 Four Interacting Candidates, Caspl, Casp4, Cycs, and Txn1, have at least two Common
Transcription Factor (TF) BiNdiNg SITeS ....cccuviiiiiciiieeeciiee ettt e e et e rae e 114
3.3 DISCUSSION...ceiiiitiiiiiitiie ittt et e s b b e e e e e e s saa b e e s bs e e e sab b s e s s 115
3.3.1 Pathways Are Changed in the SNLModel...........cooiiriiiiiiiieecceee e 115
3.3.2 Differentially Expressed Genes Have a Wide Functional Range.......ccccccoeevvviveeeennnnn. 117
3.3.2.1 Caspase GeNE EXPreSSiON. ...t 117
3.3.2.2 Cycs (Cytochrome C) and NdUfGI3 .........oeeeeciieeiecieeeecceee et veee e 119
3.3.2.3 Txn1, Sh3bgri3, aNd ROMOI .......ccuvveieiiiiei et eteee et e et e et ane e 120
3.3.2.4 N-formyl peptide receptor 2 (Fpr2) and Annexin Al (AnXal) ......cccccoevvveeeecnnnnn.n. 121
3.3.2.5 Alpha 1,3-Galactosyltransferase 2 (A3galt2) .......cceeeecueeeeccieeeeciiiee et 122
3.3.2.6 C-C chemokine receptor type 5 (CCr5) ...ttt 123
3.3.2.7 Cd4 (Cluster of differentiation 4) ...........ooooieeiieeeeie e 124
3.3.2.8 Tmem88 (Transmembrane protein 88) and Plac8 (Placenta-specific 8)............... 125
3.3.2.9 Olfactory Marker Prot@in (Omp)........cccueeeeiciieeeeiiieeeccieee ettt e e eavee e veee e 126
3.3.2.10 Reactive Oxygen Species Modulator 1 (ROMOI)........cceeeecveeeeccieeeeeiiiieeecreenn, 128
3.3.2.11 Other Upregulated GENES.........ccuviiieeeeeieciieeeee et errre e e e e e e e aaee s 128
3.3.2.12 Other Downregulated GENES ........uuvveieii it e e e e reae s 132
3.3.3 Candidate INtEraCtioNS......cc.uiiiiiieeeeceee et s s s 135

3.3.4 Differentially Expressed MicroRNAs Have Downstream Effects on Gene Expression. 137

3.3.5 There is Disruption to Expression of Histone Proteins ..........cccceeeecveeeecciieeecccieee e, 143
3.3.6 There is Disruption to Expression of Ribosome Proteins.........cccccvveeeeeiiiccciciiieeeeeen, 143
3.3.7 Changes to Common Transcription Factors Could be an Upstream Regulator........... 144
3.3.8 Strengths and Limitations of the Methodology.........ccccuviviiiiiiccciee e, 146
34 CONCIUSION .ttt ettt et et she e st s bt e b e b et e e sreesanesaneas 149
Chapter 4: Gene Expression Analysis of Neuropathic Pain Patients..........ccccccvveevecieeeeiiineennns 151
v R oY i oo [¥ ot i [0 ] o E OO PR T UP PRSP 151
B.2 RESUIES .ttt sttt e e e et e st e e s bt e e st e e s bt e e she e e sab et e b et e e ab e e e aneeeanreeenreesares 157



4.2.1 Gene Expression Changes in Clinical Neuropathic Pain Patients vs Controls.............. 157

4.2.2 Gene Expression in High vs Low S-LANSS Scoring Patients........cccccceeeevcveeeccciveeecennen. 160
4.2.3 Gene Expression in Medication GroUPS.........ccccuiiiiieeeeeccciiiirie e ecccrrrrae e e e e e e e enerrae e 162
4.2.4 Receiver operating characteristic (ROC) Curve Analysis........cccceeeecieeeeecieeeeecieee e, 163
4.2.5 Lin€ar REEIESSION .cccc i 166
4.3 DISCUSSION. ..cutiiiiiiiiii ittt bbb s b b s s e b e e s saba s s e s s e e s sabba e e s s aba e e eas 167
4.3.1 Translational RESUIES ......cc.uiiiiiiieiee ettt e 167
4.3.2 S-LANSS SCOMe Cat@gOrIOS cooviiiieieiiieeeie e 169
4.3.3 Receiver operating characteristic (ROC) ANAlYSIS .......cccceveeeeeiieieeeiiie e et 170
4.3.4 Linear Regression Analysis of the Neuropathic Pain Patient Cohort............cccuuueeeee.. 172
4.3.5 MEICAtIONS ..uvtiiiiiieiteeet ettt et ettt e e sre e e sab e e b e e ab e e s re e e s ar e e sareeeanreesaree s 174
4.3.6 CONSIAEIATIONS ..enveeniieiieitie ettt st et sttt e st e s e sb e enees 176
4.3.7 Potential Biomarker and Drug Targeting Candidates ..........ccccceeeeecieieeccieee e, 185
A4 CONCIUSION ..cuitiieitie ettt ettt sttt sa e et e e e bt e s et e as e e s beesanbeesabeesneeesaeeeesneeesanes 186
Chapter 5: Investigation of Cellular Pathways in In Vitro Models of Neuroinflammation........ 188
oI R [ g1 o Yo [V T T o W T T PR PO PPTP 188
51.1 AIMS OF [N VItro WOTK...c.eeeeeiiiieiieeeee ettt s 188
5.1.2 Astrocytes and 1321N1 AStrOCYLOMA ....uuuieeecuiieieiieee et esvre e e snbe e e e 189
5.1.3 Neurones and SH-SY5Y Neuroblastoma ........cccceeveereriieiieneeneeneeeeeeee e 191
5.1.4 Monocytes and the THP-1 monocytic cell iNe ........cccviiiiiiiiieee e, 192
5.1.5 Models of INflammation ..........ccooriiriii e e 194
5.1.7 Gene EXPression CRANGES ......c.ociccciiiiieeeeeecccctittie e e e e eeeeeiittte e e e e e e e s esantnteeeeeeeeesannranesaseaeeeas 196
5.1.8 Protein LeVel Changes.......ccoccuiii ittt ettt e e tae e e e s s aaae e eenre e e s anraas 196
5.2 RESUIES ..ttt ettt e h e st s e sttt e nr e s bt e sneesaneeaneen 200
5.2.1 Cytokine StiMuUIation TESES .....uviiiiiiiieciiee e e et e e 200
5.2.1.1 Cell Viability ASSAYS ......uuuuiiiiieeeeeeiiiiieie e e e eeccttteeee e e e e raeeee e s e eeraaaee e e e esesnssaaaeeas 200
5.2.1.2 1321N1 Astrocytoma Cytokine Stimulation Test........cccccceveeiieccciiieeee e, 201
5.2.1.3 SH-SY5Y Cytokine Stimulation TesSt.......cccoiieciiiiiiie e, 202
5.2.1.4 THP-1 Monocyte Cytokine Stimulation TeSts ......ccccveevviiieiiiiiee e 204
5.2.2 Pilot SEIMUIAtION TESTS ..cuveiruiiiiieieeieteeteest ettt s 206
5.2.2.1 PLACB and ROMOT ELISA.......ooeieieieeteetertte ettt 206
5.2.2.2 Olfactory Marker Protein (OMP) Western Blot ..........cccceeeeeiiiieieiieieeecciiee e, 208
5.2.3 Astrocytoma StiMUIAtioN ........oo o 210
5.2.3.1 Gene Expression Changes in Cytokine-Stimulated 1321N1.......ccccoeveviiveeeninnnennn. 210



5.2.3.2 Protein Expression Changes in Cytokine-Stimulated 1321N1 Astrocytoma Cells 212
5.2.4 Gene Expression Changes to Cytokine-Treated SH-SY5Y Neuroblastoma................... 212
5.2.5 THP-1 Monocyte Cytokine Stimulation............cceeeeiee i 213

5.2.5.1 Gene Expression Changes in the Cytokine and PMA-Treated THP-1 Monocytes. 213

5.2.5.2 Protein Expression Changes in the Cytokine/PMA-Treated THP-1 Monocytes.... 215

5.2.6 Preliminary Mechanical Stress Test in 1321N1 AStrocytes.......ccccecveeeeevcrveeeeecveeecennnn. 216
5.3 DISCUSSION....ciiiiiiiiiiiiiie ittt e a e e e e e s sa b s e st e e s saba e e saes 218
5.3.1 Cytokine Stimulation TESES .....uviiiiiiiieciiee et e e e 218
5.3.1.1 PIlOt RESUIES....eeiiieeiieeeee ettt ettt s s nee s e e sneeeae 218
5.3.1.2 1321N1 Astrocyte Stimulation.........cccceee i 220
5.3.1.3 SH-SY5Y StIMUIAtioN.......ciiiiiiiiieiiee ettt 221

5.3. 1.4 THP-1 STMUIGEION w.eoiiiiiiie ettt 222
5.3.1.5 Mechanical Stress TeSt.....ccuuiriirieiieiieteeteeet ettt 225
5.3.2 CONSIAEIAtIONS ....eeeiiie ettt ettt ettt ettt et e e et e s e s s e e s reeeneeesareesnneenns 226
5.3.2.1 EVOS XL Core Cell IMaging SYStEM ....cccveiiecciiiiiiiee et etree e e e e e ve e 226
5.3.2.2 ClI LINES weeeeiee ettt ettt ettt st s s nee e e e s e 226
5.3.2.3 Protein Concentration......cccccuveiiiiiiiiiiiiiiiiiiiiiincii 228
5.3.2.4 Western BIot and ELISA ......ccc.ooiiiiiiiieiiieetestee et 229
5.3.3 Potential Avenues for Further Investigation.........cccccceeeiiiieiciee e, 230
5.3.3. 1 IMProving Methods.........uuuiiiiiii ettt ee e e e e e rrrr e e e e e e rreaae s 230
5.3.3.2 Alternative Commercial Immortalised Cell Lines..........ccervveveiiieniieeniienierrieene 230
5.3.3.3 Primary Cell CUUIE ...ttt rrre e e e e e ae e 231
5.3.4 FUBUIE WOTK ..ttt ettt st ettt e b ssee e e 232
5.3.4.1 Functional Investigation of Candidates..........ccceeecuieiiiiiiee e 232
5.3.4.2 Pilot Co-Culture Model EXperiment........cccoccveeiiicieie et 232
5.3.5 CONCIUSTION ..ttt et s ee et e s bee s sabe e sabe e sneeesaneesereeenns 236
Chapter 6: General Discussion and Future Perspectives........ccccccveeieeecivieeeeeecccccieeeeee e 237
6.1 Candidate Biomarkers of Neuropathic Pain.........ccccoeeeciiiiiei it 237
6.2 FULUIE WOIK ..ttt st st sttt se e e sbeesmeesneeeaneens 243
MICIORNAS ...t rae s s rae s 243
ClINICATWOTK e ettt s eeene s 244
Hypoxia and OXidatiVe StreSS....cuuii i ettt e e e e e e e e e sra e e ae e e e e 245
Mechanistic Study of Candidates IN Vitro..........ccuueeeeeiii ettt 245

6.3 Perspectives and CONCIUSIONS ........ccuiiiiiiiiie et e e e e e ettt ae e s ere e e e seabaeeeeenes 245



Reference List



Figures

Figure 1.1 Neuropathic pain SUMMIAIY ...ttt ee e e st sae e stesbesaeensaerenes 21
Figure 1.2: Maslow’s Hierarchy of NEEAS.........ccocvieiviriciee sttt et st st saesae e 27
Figure 1.3: Action potential propagation along a myelinated axon.........cccceceeeeevecnccece e, 31
Figure 1.4: The dorsal hornin the spinal Cord........umn e e 33
Figure 1.5: Anatomy of the brainSte@m..........oce e st s ee e 34
Figure 1.6: Descending pain pathways and dorsal horn modulation............cccceeiivevn e cececceene 35
Figure 1.7: Peripheral sensitisation at the sensory nerve terminal..........coooovevieieciecieecesieve e 40
Figure 1.8: Schematic of the common models of neuropathic painin rat........ccccceevvveieceneiceens 58
Figure 1.9: The role of Cytochrome Cin apOPtosiS......civvirecieriiesese ettt e sre st ee e e 66
Figure 1.10: Wnt/B-catenin canonical PathWay..........cccooeeueveeecreeeeicree ettt ere e 69
Figure 1.11: Histone proteins and the packaging of the genome.........ccccvvveiriececicccnceece e, 74
Figure 3.1: Principles of the DNA MiCrOarray.......cccevieieiecieeieniessesteeeseesesesesaes e ses e see stestesnesnesreens 99
Figure 3.2: Scatterplot of gene expression changes in Sprague Dawley SNL versus sham........... 101

Figure 3.3: Differential gene expression profile of Sprague Dawley SNL versus sham-operated

Figure 3.4: Flowchart diagram of WOrKFIOW.........cceveiiiie i 108

Figure 3.5: Literature mining of interactions between candidates from top rat array results in
Ingenuity Pathway ANAlYSis (IPA)® ...ttt sttt v sr s s e ste st st e s e teraesans 110

Figure 3.6: Interactions between the genes Cycs, Casp4, Caspl, and Txnl1 and the proteins they

code forinin VItro MOGEIS... ..ot et e s s e e e 111
Figure 3.7: Top canonical pathways in Ingenuity Pathway Analysis (IPA)®.......cccccooeeveveceeernenne 112
Figure 4.1 Patient CoONOrt DIagNOSEs.....ccuciceieiiiiierieieeceeste e steetesteeseesaesaes e e e s e e stestesanessensenses 151
Figure 4.2: SYBR Green | dye mechanism during a quantitative PCR amplification cycle............ 153

Figure 4.2: Expression changes in whole blood samples from neuropathic pain patients versus
NEAITNY CONEIOIS .. oo s e et e ettt s eeae et s s aeabenbesaebenansanes 158

Figure 4.3: Genes with differential expression in the high S-LANSS and low S-LANSS scoring
PATIENTS .ttt sttt st sttt et st e e st e et e she et e et she et et e e eue e et te e sreaesaesreeeeennnn 160

Figure 4.4: Medication and gene expression ChaNnges........ccccceveveveeeieieinrieeseee e s see s essesens 162



Figure 4.5: Receiver operating characteristic analysis of candidate combinations test for S-LANSS

(o= ) = =0 Y75 164
Figure 4.6: Linear regression trends in patient cohort data........ccccoeeveevevieiecccccece e 165
Figure 5.1: Classification of M1 and M2 macrophages.......ccccecevevecceeeeveeceestieie et ste e sre v 192

Figure 5.2: Intracellular secondary messenger pathways of interferon gamma (IFNy) and tumour

NECIOSIS FACTON (TINFQ)...eitiitieeieete ettt ettt eteete st st s s bbb s st easatesbesbe s nesnsasessenbesesseene 194
Figure 5.3: Schematic of Western blot probing methods...........ccoueeeeviiiiiene e 197
Figure 5.4: Schematic of sandwich ELISA Method..........cceooieciie e 198

Figure 5.5: MTT assay results for SH-SY5Y, 1321N1, and THP-1 (non-treated and PMA-

TFEATEM) veeveettiteeeee ettt ettt et et et et eae ettt s bbbt bbb e b et ebeeheeteeassbersbebbesbeabenanenee ehe et ereere es 199
Figure 5.6: Morphology of non-stimulated (A) and stimulated (B) Astrocytes..........cccoeeevvievnenene 200
Figure 5.7: IL1B release in pro-inflammatory cytokine treatment of 1321N1........cccccececierverenene 201
Figure 5.8: Microscopy images of cytokine stimulated SH-SY5Y......ccceuviveveicenieseveeceseieierenene 202
Figure 5.9: IL1B release in pro-inflammatory cytokine treatment of SH-SY5Y.......c.ccccovveveinnnns 202
Figure 5.10: Microscopy images of non-treated and PMA-treated THP-1.......c.ccccceevevevrecreriennnns 203
Figure 5.11: IL6 Release from THP1 Stimulated with IFNy for 24 and 48-hours............cccueueuenee. 204

Figure 5.12: Microscopy Images of A) PMA-Treated Non-Stimulated and B) Stimulated 24-hours

WITN TENY THP=Locoo ettt sttt ettt eb e sttt st b e s bbb et e st st b ebe s ettt et 205
Figure 5.13: PLACS8 ELISA PilOt FESUILS....ccueiieieciece ettt et ste st st s s e e ss s e e e e 206
Figure 5.14: ROMO1 ELISA Pilot r@SUIS.....ccuecuieeeeeeteeee et sttt et st s se e e e 207
Figure 5.15: OMP Western blot on pilot group of stimulated cell lines........cccccccvevveeveiececeeenes 208

Figure 5.16: Gene expression changes in cytokine stimulated 1321N1 astrocytoma cells.........210

Figure 5.17: Annexin Al expression changes at protein level in cytokine-stimulated 1321N1
R o To1Yi o] 1 1= T RO ST OO TSP PP 211

Figure 5.18: Gene expression changes in cytokine stimulated SH-SY5Y.......cccccovveviieccciceeene, 212

Figure 5.19: Gene expression changes in cytokine stimulated and PMA treated THP-1

NIONOCY TS .tiuteeteeies st et tetbes st eteetes sre et tes e sueessbesseesee st sessee sueeestansss sueessses saesrsesssesssesnsaessessueessennsennsenns 213
Figure 5.20: Protein expression changes in ANXA1 and FPR2 in THP-1 stimulation models.......215
Figure 5.21: Mechanical stress test and recovery in 1321N1 astrocytes......cceeeveveveveeceeecrerinnnns 216
Figure 5.22: Schematic of the inflammatory model findings across three cell lines..................... 222



Figure 5.23: Schematic of co-culture model design for the development of an in vitro model of
aT=TUT 0T o= 14 Yol o Y- [ USRS 2

11



Tables

Table 1.1 Types of NeUropathic PaiN.........eie ettt sttt e e e st e 22
Table 1.2: Physiology of Nerve FIBres........ ettt st e e 32

Table 1.3: Role of Inflammatory Mediators in Injury Resolution and Peripheral Sensitisation.....41

Table 1.4: Key Players in Central SeNnsitisation..........ccccevivieiecenieccece e st 46
Table 1.5: Potential Clinical Parameters of Chronic Pain.......ccccceveivinineirene e 48
Table 1.6: Strengths and Limitations for Current Treatments of Neuropathic Pain........................ 50

Table 1.7: Strengths and Limitations of Surgical and Drug-Induced Animal Models (Rat and

Mouse) Of NeUrOPathiC PaiN......c.ci ittt ettt et ettt ste et st e et s s b e eae s saeene 58
Table 1.8: Recurring Candidates in Neuropathic Pain Research........cccoceoveceeceivvviseseccccecee e, 62
Table 1.9: MicroRNASs of Interest and Target GENES.......ccovveeeetiececieecie et et et et 70

Table 3.1: Differential Gene Expression Profile of Sprague Dawley SNL versus Sham-Operated

Table 3.2: Top 20 upregulated gene expression changes in Sprague Dawley SNL versus sham-
(o oT<T =Y (=T Mol ] oY o OO 104

Table 3.3: Top 20 downregulated gene expression changes in Sprague Dawley SNL versus

SNAIM ..ttt e e b e e e b s e s ehe s e e es b st e et be e beae e b s 106
Table 3.4: Additional GeNes Of INTEreSt.....c.cuv et e e e 107
Table 3.5 MicroRNA Expression Changes in Sprague Dawley SNL versus Sham............ccceueevneee. 108
Table 3.6: Molecular and Cellular FUNCEION......c.coccvt i sttt 113
Table 3.7 Physiological System Development and FUNCLION..........ccvevieeiececene st 113
Table 3.8: Common Transcription Factors for Rat Array Hits in IPA Network (Rat Genes)........... 114

Table 4.1: Gene Expression Changes in SNL Rat Model (Microarray) and FDR-adjusted
Neuropathic Pain Patients (Whole Cohort) vs. CONtrols.........cccecueeeinineneece e 157

Table 4.2: Expression on genes associated with caspase cascade in pain patient cohort versus

CONEFONS. ettt ettt sttt et s e et et e s et e et ea st et st e b et se s st ebea se e a b s eaeebennatrens 159
Table 4.3: Receiver Operating Characteristic Analysis ReSUItS.......cccceevevececceiveiceicee e 163
Table 5.1: Astrocyte Function in Health and Reactive
F N o o= 1o 1 {3 OO RO 189
Table 5.2: Mean+SEM for MTT Assay of Cell Culture Stimulation Models..........cccoveeeieenerennne. 199



Table 5.3: MeantSEM for IL6 Release in THP1 Stimulated with IFNy for 24 and 48-hours......... 204
Table 5.4 Mean+SEM of OMP Western Blot on pilot group of stimulated cell lines..................... 209

Table 5.5. Gene expression changes in cytokine stimulated 1321N1 astrocytoma cells

(IMRANZESEIMY)....c vttt et et et ettt e et et s et et e ebesbese st seabasbebaes st easansete st stensensnsasesansans 210
Table 5.6. Gene expression changes in cytokine stimulated SH-SY5Y cells (MeantSEM)............ 212
Table 5.7. Gene expression changes in cytokine stimulated THP-1 cells (MeantSEM)............... 214
Table 5.8: Pilot MOdel REPIICAtES......uicieieie ettt st sttt e e st sre et s 218
Table 5.9: Astrocyte ReaCtiVity TrigErS. ... ce ettt st st e e r e e e e 220
Table 6.1: SUMMArY Of RESUIES......couiiiceie ettt e et st st et st s et et et e e 237

13



Abbreviations

A3GALT2 — Alpha 1,3-Galactosyltransferase 2
ANXA1 — Annexin Al

ATM — Ataxia-telangiectasia mutated

ATP — Adenosine triphosphate

BBB — Blood brain barrier

BDNF — Brain derived neuro

CART — Cocaine and amphetamine regulated transcript prepropeptide
CASP — Caspase

CB - Cannabinoid

CBD - Cannabidiol

C1QTNF3 — C1g and tumour necrosis factor protein 3
CCI — Chronic Constriction Injury

CCK - Cholecystokinin

CCR5 — C-C Chemokine Receptor 5

CD209E - Cluster of Differentiation

CD4 — Cluster of Differentiation 4

CNS — Central Nervous System

CYCS — Cytochrome C

DAMPs — Damage-associated molecular patterns
DEF — Defensin

DH — Dorsal Horn

DMEM — Dubecco’s Modified Eagles Medium
DNA - deoxyribonucleic acid

DPN — Diabetic peripheral neuropathy

DRG — Dorsal root ganglion

ECG - Electrocardiograph

EDTA - Ethylenediaminetetraacetic acid

EEG - Electroencephalograph

EIF — Eukaryotic Initiation F actor

ELISA — enzyme-linked immunosorbent assay
ERK — Extracellular signal-regulated kinases
FBS — Foetal Bovine Serum

FPR2 — N-formyl peptide receptor 2

GABA - gamma-aminobutyric acid

GCPS — Generalised Chronic Pain Scale

GPCR — G-protein Coupled Receptor

HAT - Histone acetyltransferases

HDAC - Histone deacetylases

HOX — Homeobox

ICAM — Intercellular Adhesion Molecule

IFM — Inflammatory mediator

IFNy — Interferon gammma

IL — Interleukin

IMM — Inner mitochondrial membrane

IPA — Ingenuity Pathway Analysis

JNK = c-Jun N-terminal kinases

KCC2 — Potassium/Chloride Transporter 2

LC — Locus Coeruleus



MAPK — Mitogen-activated protein kinase

MCP — Monocyte chemoattractant protein

MS — Multiple Sclerosis

MiRNA - microRNA

MRNA — messenger RNA

MRPL6L — Myosin, light polypeptide 6

MTOR — Mammalian Target of Rapamycin

MYL6L — Mitochondrial ribosomal protein L20

Nay — Sodium Voltage Gated lon Channel

Ndufal13 — Reduced Nicotinamide adenine dinucleotide (NADH):ubiquinone oxidoreductase
subunit A13

NMDA — N-methyl-D-aspartate receptor

NGF — Nerve growth factor

NP — Neuropathic Pain

NRM — Nucleus raphe magnus

NSAIDs — Non-steroidal anti-inflammatory drugs

NT3 — Neurotrophin 3

OMM — Outer mitochondrial membrane

OMP — Olfactory molecular patterns

OR — Olfactory receptor

PAG — Periaquductal Grey

PAMPs - Pathogen-associated molecular patterns

PCS — Pain Catastrophising Scale

PD — Parkinson’s Disease

PECAMS — Platelet-endothelial cell adhesion molecules
PET - Positron emission tomography

PGE — Prostaglandin E

PHN — Post-hepatic Neuralgia

PHQ-9 — Patient Health Questionnaire 9 (Depression)
PKA — Protein Kinase A

PKC — Protein Kinase C

PLAC8 — Placenta-specific 8

P2XR — Purogenic 2 X Receptor

QPCR — Quantitative Polymerase Chain Reaction
REG3B — Regenerating islet-derived protein 3-beta
RNA — Ribonucleic Acid

ROC — Receiver Operating Characteristic

ROMO1 — Reactive Oxygen Species Modulator 1

ROS — Reactive Oxygen Species

RTA — Rat Transcriptome Array

S-LANSS — (Self-assessed) Leeds Assessment of Neuropathic Symptoms and Signs
SDS — Sodium dodecyl sulfate

SGC - Satellite Glial Cells

SH3BGRL3 — SH3 Domain Binding Glutamate Rich Protein Like-3
SNI — Spared Nerve Injury

SNL — Spinal Nerve Ligation

SNRIs - Serotonin—norepinephrine reuptake inhibitors
SSRIs - Selective serotonin reuptake inhibitors

STAT3 - Signal transducer and activator of transcription 3
TAC — Transcriptome Analysis Console (Affymetrix, ThermoFisher Scientific )
TCA — Tricyclic Antidepressant

15



TENS — Transcutaneous Electrical Nerve Stimulation
TF — Transcription Factor

THC — Tetrahydrocannabinol

TMEMB88 — Transmembrane Protein 88

TNFa — Tumour necrosis factor alpha

TRAV3D-3 — T-cell receptor alpha variable

TRK — Tyrosine Receptor Kinase

TRPV1 — Transient receptor potential vanilloid 1
TXN1 - Thioredoxin 1

UCN — Urocortin

VG — Voltage-gated

16



Abstract

Neuropathic pain is a common chronic condition which remains poorly understood. Twenty
percent of patients receiving treatment continue to experience moderate to severe pain, due to
limited diagnostic and symptom management programmes. The development of objective
diagnostic strategies and more effective medications requires identification of robust
biomarkers of neuropathic pain. To this end, several potential biomarkers of chronic
neuropathic pain were identified by assessing gene expression profiles of an animal model of
neuropathic pain, and differential gene expression in patients to determine the potential
translational mechanisms of neuropathic pain in an animal model to a clinical cohort.

Dorsal horn tissue extracted from a Sprague Dawley rat spinal nerve ligation model (35 days
post-surgery, n=8) and sham operated controls (n=8) was used for Affymetrix Rat Transcriptome
Array 1.0 to identify differentially expressed genes. Genes with significant expression changes
(p<0.05, fold change +1.25) were also measured by qPCR in clinical neuropathic pain blood
samples (n=53) and non- neuropathic pain control samples (n=65).

The gene expression analysis revealed a subset of significant differentially regulated genes
involved in inflammatory processes and apoptosis. This demonstrated cross-species validation
of eight genes by assessing their expression in blood samples from neuropathic pain patients.
These include A3GALT2, CASP1, CASP4, CASP5, CCR5, FPR2, SH3BGRL3, and TMEMS88. Molecules
which demonstrate an active role in human neuropathic pain have the potential to be developed
into a biological measure for objective diagnostic tests, or as novel drug targets for improved
pain management. Such developments could help to relieve the social and economic burden of
neuropathic pain by restoring patient health-related quality of life.
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“Of pain you could wish only one thing: that it should stop. Nothing in the world was
so bad as physical pain. In the face of pain there are no heroes.”

— 1984, George Orwell
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Chapter 1: Introduction

1.1 Introduction to the Literature Review

Neuropathic pain occurs when damaged peripheral nerves send pain signals to the brain in the
absence of a painful stimulus. The subjective nature and psychological aspect of the pain
experience make it difficult to objectively assess and can lead to incorrect diagnosis and
inappropriate treatment recommendations. Current treatment strategies are not efficacious or
cost effective. Patients receiving neuropathic pain treatment still experience moderate to severe
pain (O'Connor, 2009, Colloca et al., 2017), and adverse side effects of medications can
compromise patient adherence (Moulin et al., 2007). The literature review gives a detailed
background into pain mechanisms in health, and how neuropathic pain can be established and
maintained. The need for clinical biomarkers to improve diagnostic tools and pain management

programs for neuropathic pain patients will also be explained.

1.2 Neuropathic Pain and Its Socioeconomic Implications

1.2.1 Prevalence of Neuropathic Pain

Neuropathic pain affects approximately 7.4 million people in the UK, and most patients receiving
neuropathic pain treatment still experience moderate to severe pain (O'Connor, 2009). The lack
of effective treatment strategies results in a great social and economic cost and patient quality
of life remains compromised (Figure 1.1). There is some evidence that certain lifestyle and
environmental factors are linked to neuropathic pain, such as the link to high alcohol
consumption and alcoholic neuropathy (Julian et al., 2019). Peripheral neuropathy is common
among smokers, and smoking is a recognised risk factor for neuropathic pain (Celik et al., 2017).
Smoking is associated with a higher risk of peripheral neuropathy in diabetic patients (Clair et

al., 2015). However, it has also been suggested that neuropathic pain increases smoking
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duration and addiction levels (Celik et al., 2017), which may result from individuals with nicotine

addiction seeking the relief that smoking provides to detract from pain.

KI’ ypes of NP \ Socioeconomical Impact
Peripheral Diabetic Neuropathy Loss of independence
Post-Hepatic Neuralgia Psychological distress
Injury-induced NP Diminished quality of life
Trigeminal Neuralgia Inability to work/Loss of productivity
\\Ms-associated NP / Strain on healthcare resources
/ N
Common Symptoms Treatments A
Numbness Antidepressants e.g. SSNRIs
Stabbing pain Anti-epileptics e.g. gabapentin
Burning pain Topical Capsacin/Lidocaine
Spontaneous pain Opioids e.g. oxycodone
Sensitive to touch (allodynia) \
/

Figure 1.1 Neuropathic pain summary

Reported in Woolf & Mannion, 1999, O’Connor 2009, Dworkin et al., 2007

Plant-based diets may improve some pain measures in diabetic neuropathy (Bunner et al.,
2015). Calorie-restricted rats present reduced mechanical and thermal hypersensitivity in the
chronic constriction injury model of neuropathic pain, versus control rats with ad-libitum access
to food (Liu et al., 2018). A calorie-controlled diet may help attenuate symptoms in neuropathic
pain patients, but a randomised clinical trial with a sufficiently large sample size is needed to
assess the efficacy and safety in humans before calorie restriction becomes a realistic
consideration for pain management. Exercise has also been linked to improvements in
neuropathic pain (Dobson et al., 2014) and can delay the onset of neuropathic pain in diabetic
rats (Shankarappa et al., 2011). It is possible that exercise could help neuropathic pain patients
by providing an outlet for the stress and anxiety associated with chronic pain (Stubbs et al., 2017,

Wegner et al., 2014, Stonerock et al., 2015).
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1.2.2 Clinical Presentation of Neuropathic Pain

Neuropathic pain results from damage to the nervous system. It clinically manifests as pain in

the absence of a painful stimulus (spontaneous pain), painful responses to innocuous stimuli

(allodynia), or a heightened pain response (hyperalgesia) (Woolf & Mannion, 1999).

Paraesthesia, the presence of a prickling or tingling sensation without an apparent cause, is

another common symptom. Symptoms vary in intensity over time and between cases. Allodynia

and hyperalgesia are clinical markers of neuropathic pain, and neuropathic pain itself is a

symptom associated with several diseases. These include multiple sclerosis and diabetes, and

can result from physical trauma to nerve endings such as a crush injury or broken bones (Table

1.1).

Table 1.1: Types of Neuropathic Pain

Type Description Characteristics
Peripheral Damage to the peripheral nerves in the hands
60-70% of diabetic patients (Javed et al.,
diabetic and feet due to high blood glycose can cause
2015)
neuropathy pain (Rosenberger et al., 2020)

Postherpetic

neuralgia

Persistent nerve pain caused by shingles (Saguil

etal., 2017)

Can develop in anyone who has had

shingles

Full recovery within 12 months is
common, but symptoms can become

chronic (Johnson & Rice, 2014)

Injury Induced

Damage to peripheral nerves or spinal cord

caused by physical traumatic injury, such as

53% of spinal cord injury patients develop

neuropathic pain (Burke et al., 2017)

33% of lower limb amputees report

NP crush or severance of a nerve (Shiao & Lee- chronic pain (Ahmed et al,, 2017) but
Kubli 2018) e.g. phantom limb pain other reports suggest a higher incidence
(Limakatso et al., 2019)
Compression of the trigeminal nerve in the face
Trigeminal Approximately 10 people in 100,000 in the
causes sudden and severe pain (Maarbjerg et
neuralgia UK develop it each year

al., 2017)
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More common in women aged 50-60

(Obermann, 2010)

Multiple
Nerve damage (Duffy et al., 2018) 25% of MS patients (MS Trust)
sclerosis (MS)
Compression of the median nerve in the wrist Common in people with jobs or hobbies
Carpal Tunnel
that causes numbness and pain in your hand which involve bending the wrist or tight
Syndrome
(Padua et al., 2016) gripping (Burton et al., 2014)
Phantom limb
Nerves are severed during amputation 80% of amputees (Nikolajsen et al., 1998)

pain

Prevalence information from www.NHS.uk: https://www.nhs.uk/conditions/peripheral-neuropathy/
https://www.nhs.uk/conditions/post-herpetic-neuralgia/ https://www.nhs.uk/conditions/trigeminal-neuralgia/
https://www.nhs.uk/conditions/multiple-sclerosis/symptoms/ https.//www.nhs.uk/conditions/carpal-tunnel-
syndrome/ https://www.nhs.uk/conditions/peripheral-neuropathy/

1.2.3 Impact of Neuropathic Pain on Quality of Life

Pain is an aversive experience, and chronic pain can produce prolonged negative emotions such
as anger, fear, and despondency. Biological stress responses to chronic pain and further
contribute to the negative pain experience (Hannibal & Bishop, 2014). This can greatly reduce
patient quality of life, and increases their risk of anxiety, insomnia and depression (Campbell et
al., 2015; Hammen, 2005; Hammen et al., 2009; Sheng et al., 2017). Further, chronic pain can
impair the patient’s ability to perform daily tasks, and in severe cases patients may require the
help of a carer. Reduced independence can also have a negative effect on self-esteem, and
increase depression risk (Biegler, 2008). Depression is a common comorbidity in chronic pain,
with over half of American chronic pain patients also with depression (Lerman et al., 2015).
Studies in animal models of neuropathic pain report depressive behaviours but these do not
appear until after six weeks post-injury (Mitsi et al., 2015, Yalcin et al., 2011) which may indicate

the importance of pain chronicity in depression risk.

Chronic stress is a major risk factor for depression (Hammen, 2005). Anti-depressant
medications including tricyclics (TCAs) (Moore et al., 2015) are often prescribed to chronic

neuropathic pain patients. Though the exact mechanism of action is not known and is thought
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to be independent of the mood effects (Bohren et al., 2013, Mitsi et al., 2015). It is possible that
the concurrent treatment of depressive symptoms and mood improvement benefits also
patients. Treatment of depression has been linked to improved medication adherence in
multiple sclerosis (MS) patients (Mohr 1997), a disease cohort which often experience

neuropathic pain.

Stress, anxiety, and chronic pain can feed into one another and lead to amplification of the
respective states. The stress response involves several neural and hormonal mechanisms that
result in acute heightened awareness that is not sustainable over a prolonged length of time.
Suffering in spinal cord injury patients with neuropathic pain is associated with increased
psychological distress (Gruener et al., 2018) and may contribute to pain catastrophising in which
patients experience heightened emotional response to pain resulting from the anticipation of

pain (Quartana et al., 2009).

The stress hormone corticosterone acts at glucocorticoid receptors (Murphy et al., 1998) and
the glucocorticoid receptor antagonist RU486 prevents stress-induced allodynia in spared nerve
injury (SNI) mice (Alexander et al., 2009). Stress hormones including glucocorticoids and
norepinephrine mediate the activation and proliferation of DH microglia, and this has
implications for stress-induced cognitive impairments and in neuropathic pain (Yuan et al.,
2015). Central glucocorticoid receptor activation also increased the expression of spinal N-
methyl-D-aspartate receptor (NMDA) receptors after spinal nerve injury (Wang et al., 2005),

which contributes to neuropathic pain (Petrenko et al., 2003).

Anxiety is highly prevalent in chronic pain patients, with double the incidence than that seen in
the general population (McWilliams et al., 2003). In a study of both SNI and chronic
unpredictable stress mouse models, gene expression and pathway analysis reported
comparable changes across several brain areas including the nucleus accumbens, the medial

prefrontal cortex, and the periaqueductal grey (Descalzi et al., 2017). In a sustained stress
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response, increased levels of the potent anti-inflammatory neuroendocrine cortisol, could
influence the complex inflammatory mechanisms active in neuropathic pain (Hannibal & Bishop,
2014). It could also contribute to pain catastrophising behaviours given its role in consolidation
of fear and avoidance behaviours. Pain catastrophising is recognised as both a source of
inaccuracy for pain patient questionnaires, and as a contributing factor of the pain experience
and patient discomfort. Catastrophising pain patients have more negative emotions about their
pain than patients who do not catastrophise (Newton, 2013). This practice leads to pain
anticipation and worsening of the pain experience. This is measurable by the pain
catastrophizing scale (PCS), a set thirteen questions answered using a 0-4 scale by the patient
themselves, devised by Sullivan, Bishop and Pivik (1995) and has been adapted further for daily
use (Darnall et al., 2017). The PCS measures three aspects of catastrophizing: magnification,
rumination, and helplessness. PC has been linked to physical disability and insomnia (Glette et
al., 2018). By identifying pain catastrophizing in patients and incorporating suitable approaches
into treatment regimens (e.g. cognitive behavioural therapy, CBT), this could help improve
treatment response and patient quality of life. (Darnall et al., 2014) carried out a pilot study and
reported that CBT reduced pain catastrophising in patients. However, CBT follows a highly

structured format and takes place over multiple sessions and may not be suitable for all patients.

The relationship between stress, depression, and anxiety with chronic pain are therefore likely
to be cyclical in nature and provide a positive feedback mechanism which intensifies both pain
and maladaptive psychological states. Therefore, the multi-faceted psychological component of
the pain experience represents a critical feature of pain management strategies often

overlooked or insufficiently addressed.

Chronic pain is linked to poor sleeping habits and insomnia, which contributes to reduced quality
of life in neuropathic pain patients (Cheatle et al., 2016). Current neuropathic pain medications

have varying effects on sleep; pregabalin improves sleep quality whilst opioids reduce it (Ferini-
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Strambi, 2017). Insomnia has been linked to pain catastrophising (Campbell et al., 2015).
Insomnia can be treated with CBT, though access is limited (Cheatle et al., 2016). Anti-convulsant
medications such as the gabapentinoids are thought to improve sleep disturbances (Roth et al.,
2010), whereas opioid medications can exacerbate them (Trenkwalder et al., 2017). Disturbed
sleeping patterns and circadian rhythm can have knock-on adverse health effects, including
cluster headache risk (Burish et al., 2019), and depression (Boyce & Barriball, 2010). Cognitive
impairment has also been linked to chronic pain, which could impact a patient’s ability to
participate in certain activities and decrease their quality of life (Campbell et al., 2017;
Gorgoraptis et al., 2019; Hill et al., 2017). Cognitive impairment could be a consequence of the

stress response caused by chronic pain (Hart et al., 2003).

Pain is difficult to ignore because the pain signal is immediate, urgent, and overrides other
activities being performed at the time to provoke a reaction to remove the offending stimulus.
Normally, once the stimulus is removed pain stops, and the individual can continue with other
activities. In chronic pain, this process is never completed because the pain signal cannot be
resolved by stimulus removal. Chronic pain can therefore present a barrier to activities
performed in daily life, including tasks that require a higher level of cognition that the patient
would otherwise be capable of doing. According to Maslow’s Hierarchy of Needs (Figure 1.2)
chronic pain patients could become unable to progress through the hierarchy as their
physiological needs (i.e. pain relief) are not sufficiently met. This theory of human motivation
can demonstrate why the daily lives of chronic pain patients are disrupted in many ways,

including the breakdown of relationships and the ability to perform well at work.
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Self Esteem

/ Social Needs \

Safety Needs

Figure 1.2: Maslow’s Hierarchy of Needs. Proposed by Abraham Maslow in 1943 (Maslow, 1943), the Hierarchy of
Needs describes the theory that an individual’s needs must be addressed in the order according to how essential they
are to life. These are physiological needs (food and water), safety (shelter and security), social needs (belonging and
love), esteem (feeling accomplished), and self-actualisation (described as achieving one’s full potential). According to
the theory to progress through the hierarchy an individual must be satisfied at the preceding stage. This framework
remains relevant and popular in sociology and psychological sciences today (Henwood et al., 2015, Healy 2016,

Lussier, 2019).

Chronic pain patients would not satisfy their physiological needs, which prevents subsequent
needs to be achieved including social relationships (Beyaz et al., 2016) and self-esteem (Elton et
al., 1978). When considering these social consequences in a treatment strategy for chronic pain,
it is important to remember that successful management of the pain itself (or causal treatment)
will address these problems. For example, successful treatment of pain improves sleep (Mehta
et al., 2016). Catastrophising is a consequence of chronic pain (not present in all patients) which
intensifies the pain experience, and is therefore worth addressing separately. In the absence of
successful chronic pain management, treatment of symptoms such as stress and insomnia may
be worthwhile to improve quality of life, though (if treated with medication) increases risk of

adverse reactions, and drug interaction in polypharmacy.

1.2.4 Healthcare and the Economy
Chronic pain has a negative impact on a patient’s ability to maintain employment (Alleaume et
al., 2018) which means that neuropathic pain patients find it more difficult to remain in

employment that the general population, reducing independence and quality of life. Patients
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unable to work due to poorly managed chronic pain causes to huge losses to the economy. This
has knock-on effects on close family members, particularly if relatives take on carer

responsibilities for the patient.

Healthcare costs on inefficacious medicines is clearly an ineffective use of funds, and additional
resources are spent to manage the adverse side effects of ineffective medications.
Polypharmacy resulting from the taking of multiple (>5) medications is also a concern, as
patients take additional medications to manage side effects. Polypharmacy in elderly patients,
with weakened excretion systems, increases mortality risk (Hajjar et al., 2007). One study
suggests that by educating neuropathic pain patients about disease pathology and the
mechanism of actions of their medications, their intake of pain medications can be reduced
whilst maintaining the pain attenuation they had previously achieved (Shin et al., 2017).
However, higher medication intake may also reduce adherence in adults, if it becomes difficult

for patients to remember what their medications are taken for (Conn et al., 1991).

1.2.5 Neuropathic Pain as a Comorbidity in Neurodegenerative Diseases

Neuropathic pain is prevalent in neurodegenerative diseases where it can occur as a symptom
of the disease or as a comorbidity. In addition to high prevalence of neuropathic pain among
diabetes and multiple sclerosis (MS) patients, it is also prevalent in Parkinson’s Disease (PD)
patients (Blanchet & Brefel-Courbon, 2018). PD is a neurodegenerative disease which primarily
impairs the motor system (Sveinbjornsdottir, 2016). PD affects around 1% of people over the
age of 65 (Y Yang & Lu, 2009). Symptoms have a slow onset and include tremor, rigidity,
bradykinesia, impaired posture and balance, and speech changes (Sveinbjornsdottir, 2016).
Symptoms are caused by the death of dopaminergic neurons in the substantia nigra of the
midbrain (Michel et al., 2016). Pain is also present in Alzheimer’s Disease (AD) but due to the
nature of the disease and impaired cognition, accurate self-reported data is difficult to obtain

(Frank et al., 2011).
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1.3 The Physiology of Pain

1.3.1 Injury and Nociceptive Pain

Nociceptors are pain-specific sensory neurons which innervate the periphery, including the skin
and internal organs (Dubin & Patapoutian, 2010). Nociceptors specialise in detecting harmful
stimuli by evoking pain to warn of noxious stimuli. They are activated by stimuli likely to cause
tissue damage if exposure is prolonged, to prompt stimulus removal to reduce exposure time
and subsequent tissue damage (Woolf & Ma, 2007). Extremes of temperature, intense pressure
(eg. stretching, pinching, or compression), and noxious chemicals (e.g. extreme pH) activate
their respective nociceptors receptors in the nociceptor endings, to send a pain signal to the
brain. These are thermoreceptors, chemoreceptors, and mechanoreceptors. Nociceptors have
high threshold to prevent pain signals being elicited by touch or non-noxious temperatures

(Woolf & Ma, 2007).

During an inflammatory response, inflammatory mediators (IFMs) released locally during acute
inflammation sensitise the neighbouring nociceptors to reduce the activation threshold
(Lembeck et al., 1976, Juan et al., 1984). This lowered firing threshold in sensitised neurones
causes painful touch, to reduce wound interference and promotes healing. In health, this
mechanism is localised and time-limited, and sensitivity returns to normal after healing. When
this mechanism is prolonged, it can lead to a heightened state of sensitivity and neuropathic

pain (Section 1.4).

1.3.2 Peripheral Nociceptors and Pain Transmission

Nociceptor endings contain voltage and ligand gated ion channels, including the heat and
mechanically sensitive transient receptor potential (TRP) ion channels, and the voltage-gated
(VG) sodium channels (e.g. Na,1.7, Na,1.8, and Na,1.9) (Dubin & Patapoutian, 2010). Opening
these channels polarises the neuronal membrane, as positively charged ions move into the

neuron and trigger an action potential. The action potential propagates as voltage-gated ion
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channels open along the axon (Figure 1.3). Schwann cells are closely associated with neurons
and provide the myelin sheath by wrapping around the axon of A fibres (Table 1.1) (Bhatheja &
Field, 2006). This insulates the axon and allows the signal to ‘jump’ between the gaps, the Nodes
of Ranvier, in the myelin sheath in a process termed salutary conduction (Huxley & Stampfli,

1949).
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Figure 1.3: Action potential propagation along a myelinated axon. A) The resting potential of a neuron is -75mV. As
the membrane potential rises above the threshold of -55mV, the action potential is triggered and Na* voltage gated
(VG) ion channels are opened. Na* ion influx via these channels depolarises the membrane, and the axon becomes
positively charged on the inside and negatively charged on the outside. Resting membrane potential is maintained at
subsequent nodes until Na* diffuse along the axon. B) This change in the membrane potential opens the VG K* ion
channels and K* ions then leave the cell at Node 1. C) Na* ion channels begin to close, and as K* continues to leave
the neuron the membrane potential falls to below that of the resting potential. The resting membrane potential is
restored as extracellular K* diffuses away from the neuron. At Node 2, the intracellular Na* ions open the VG ion

channels and the axon is depolarised here.

Pain signals are relayed through the spinal cord to the brain via two different types of nociceptor
neurone, A and Cfibres (Table 1.2) (Debanne et al., 2011). These have distinct axonal structures
and function. A6 fibres are myelinated with thin diameters for a fast conduction speed, and relay
sharp easy-to-locate distinctive pain (Djouhri & Lawson, 2004). A fibres pain perception usually
occurs when the stimulus is present (Garland, 2012).
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C fibres have a thinner diameter, but the lack of myelination causes a slower conduction
(FitzGibbon & Nestorovski, 2013). C fibre axons are grouped together in Remak bundles with
non-myelinating Schwann cells (Murinson & Griffin 2004). Not all C fibres are nociceptive, some
respond to pleasant touch (Marshall et al. 2009). Nociceptive C fibres are mostly polymodal and
respond to both thermal and mechanical stimuli (Basbaum et al., 2009). In the event of acute
injury from a noxious stimulus, Ad fibres are activated first, and nociceptive C fibres are
subsequently activated if the stimulus strength increases (Dubin & Patapoutian, 2010), and is
often perceived as a slow dull ache and difficult to locate and persists after the stimulus has

been removed.

Table 1.2: Physiology of Nerve Fibres

Conduction
Fibre Myelination Diameter Function
speed (m/s)

Efferent motor neurons, initiates skeletal muscle

Aa Myelinated Thick (15um) 60-80
contraction (Vleggeert-Lankamp et al., 2004)
AB Myelinated Thin (10um) 30-60 Non-noxious touch (Lokan 2009)
Thinner Thermal and mechanical pain signals (Djouhri &
Ad Myelinated 2-30
(2-5um) Lawson, 2004)
Non. Thinnest Carry chemically induced pain often characterised
C 3-15 as a dull ache and poorly localised pain (Staud et al.
myelination

1.3.3 The Ascending Pain Pathway

The pain signal travels from the along the peripheral nociceptor (first order neuron) where it
terminates in the dorsal horn (DH) in the spinal cord (Figure 1.4) of the central nervous system
(CNS). Sensory afferents within cranial nerves of the face, e.g. trigeminal nerve, do not terminal
at the DH, and terminate in the trigeminal nucleus of the brainstem (Gambeta 2020). The spinal

cord encapsulates lateral and anterior spinothalamic tracts, which relay pain/temperature, and
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touch/pressure signals respectively to the anterolateral system in the thalamus (Kerr, 1975).
Third order neurons then project from the thalamus to the area in the cortex corresponding to

injury location and the brain perceives pain (Todd, 2010).

Pain signal ascends to the brain via spinal cord
A

Dorsal horn

e S H
- inal nerve .
S P Spinal cord (transverse plane)

Input from periphery

Figure 1.4: The Dorsal Horn in the Spinal Cord. Pain signals transmitted via the peripheral nerve pass through the
dorsal root ganglion. The second neuron then relays the signal through the brainstem to the thalamus along the

spinothalamic tract. Adapted from (Campbell & Meyer, 2006).

1.3.4 The Descending Pain Pathway and Pain Modulation

The descending pathway modulates the perception of pain by dampening down the ascending
pathway (Millan, 2002) and originates in the somatosensory cortex (Dafny et al., 1996). It
represents a network of interactions between different areas in the brain (Figure 1.5, 1.6). The
brainstem (composed of the midbrain, pons, and the medulla) contains several key areas of the
descending pathway, including the periaqueductal grey (PAG) in the midbrain, and the nucleus
raphe magnus (NRM) in the medulla (Figure 1.5). Serotonergic neurons originating in the NRM
terminate in the DH and modulate the signalling between the first and second order neurons

(Dogrul et al., 2009).
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several key areas of the descending pathway, including the periaqueductal grey (PAG) in the midbrain, and the

nucleus raphe magnus (NRM) in the medulla.

Several neurotransmitters are involved in the descending pathway. Serotonin acts on the first
order neuron and blocks substance P release into the synapse, stimulating enkephalin release
from interneurons (Fischer et al., 2017; Reiser & Hamprecht, 1989). Enkephalin inhibits the
depolarisation of the second order neuron, as well as blocking first order neuron release of
substance P (Gothert et al., 1979). In the absence of a pain signal the serotonergic neurons are

inhibited by GABA releasing neurons (Figure 1.6) (Huang & Grau, 2018). Noradrenaline is also
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synthesised by neurons in the locus coeruleus (LC) in the pons of the brainstem, and acts at the

substantia gelatinosa to suppress pain signals (Figure 1.6) (Mehler & Purpura, 2009).

Midbrain

Locus Coeruleus

Pons

Brainstem

Medulla

Input from
Peripheral Neurone

—

Substantia Gelatinosa Spinal Cord

Figure 1.6: Descending Pain Pathways and Dorsal Horn Modulation. The pain signal is modulated by the descending
pain pathways, which converge at the synapse between first and second order neurons in the substantia gelatinosa
in the dorsal horn (DH). Glutaminergic neurons are stimulated by the initial peripheral neuron stimulation (1). These
neurons activate noradrenaline release from locus coeruleus neurons (2), which innervate the DH. Release stimulates
enkephalin (Enk) interneurons in the midbrain (3), which inhibits the (inhibitory) GABA signals (4) and allow
glutaminergic neurons to activate (5). These activate enkephalin interneurons in the medulla (6), which inhibit GABA
neurons and allow 5HT neurons to release serotonin (7). This activates enkephalin interneurons in the DH, which acts
on the peripheral and at the synapse (8). Adapted from Michael Bentley [Available at

https://www.youtube.com/watch?v=uCFtvmI|OZTs].

Interneurons are a key component of pain modulation in the DH, and are classed as excitatory
(utilising glutamine), or inhibitory (GABA and/or glycine) neurons (Todd, 2010). Interneurons can
modulate the input signal from a peripheral neuron, in a process called “dorsal horn pain
processing” as the DH integrates afferent signals from the periphery (English et al., 2011; Koos

& Tepper, 1999). The DH substantia gelatinosa contains high levels of opioid peptides and
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receptors making it a key site for pain modulation (Kohno et al., 1999). The descending pain
modulation pathway plays a key role in the Motivation — Decision Model, which evaluates
environmental cues and behavioural outcomes to promote usually pain aversive behaviours in
situations where they can promote survival (Salamone et al., 2018). Pain modification can
explain how people can withstand painful situations to survive, such as Aron Ralston who

amputated his own arm after it became trapped during a canyoneering accident (Botvin, 2003).

1.3.5 Pain and Learning Behaviours

The limbic system of the CNS, including the amygdala and the hippocampus, is involved in
memory formation, emotion, motivation, and arousal (Catani et al., 2013). It mediates the
emotional responses to pain and the avoidance. The amygdala is a key area in emotional
responses, such as fear and anxiety (Ziabreva et al., 2003, Feinstein et al., 2011), and has been
implicated in pain processing (Veinante et al., 2013) and pain chronicity (Andreoli et al.,
2017). Neurotransmitters involved in the descending pathway of pain modulation also

participate in the emotional experience of pain (Bee & Dickenson, 2009).

Pain is perceived as a negative consequence of behaviour (punishment) and learned pain
behaviour enables us to avoid potentially painful stimuli based on experiences (Tyrer, 1986).
Thus, pain relief is perceived as pleasurable and rewarding. The mesolimbic pathway is involved
in reward motivation, and dopaminergic signalling in the nucleus accumbens mediates the
reward associated with pain relief (Taylor et al., 2016). Endogenous opioids also mediate a
reward response, as hedonic pleasure is driven by opioid release in brain several regions
including the nucleus accumbens and amygdala (Le Merrer et al., 2009, Gomtsian et al., 2018).
Motivation to seek pleasure is mediated by mesolimbic dopamine signalling (Berridge, 2004).
Overlap of pain modulation systems with reward pathways has a profound impact on these
patients (Becker et al., 2012), with impaired reward sensitivity and motivation seeking

neuropathic pain (Ozaki et al., 2002).
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1.4 The Pathophysiology of Neuropathic Pain

1.4.1 Insult and Inflammation

Inflammation occurs after injury as the innate immune system is activated to remove infiltrating
pathogens or debris from damaged cells. It begins when local immune cells recognise damage
or pathogen associated molecular patterns (DAMPs and PAMPs) via specialised receptors on
their surface (Amarante-Mendes et al., 2018). These immune cells include tissue-resident
macrophages (which remove debris by phagocytosis), dendritic cells (antigen-presenting cells
which can activate T and B cells of the adaptive immune system), and mast cells (a granulocyte

containing histamine).

Damaged cells release inflammatory mediators (IFMs), including cytokines interleukin-1 (IL-1),
TNFa, vasodilators, and chemokines (Table 1.3). Cytokines facilitate the expression of adhesion
molecules by the endothelial cells that line the blood vessel walls at the injury site (Reglero-Real
et al., 2016). Mast cell degranulation releases tumour necrosis factor alpha (TNFa) and
histamine into the extracellular matrix (Zhao et al., 1996) causing vasodilation and increased
blood flow. This increased vascular permeability allows circulating IFM-producing immune cells
e.g. neutrophils - phagocytes which remove the cellular debris from the injury site (Rosales et

al., 2016) to migrate into the damaged tissue (Aplin et al., 1998).

P- and E-selectins are released from endothelial cells and displayed on the cell surface (Lorenzon
et al., 1998). The selectins attract circulating leukocytes (a process called chemoattraction) to
the site. Leukocytes roll along the vessel wall as the selectins bind to its surface glycoproteins
with low affinity (Langer & Chavakis, 2009). Tight adhesion occurs when integrins on the
neutrophil surface shift from a low-affinity to a high-affinity state in response to chemokines
released by macrophages. The integrins then bind tightly to Intercellular Adhesion Molecule 1

(ICAM-1) on the endothelium (Yang et al., 2005).
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This process of extravasation is a key component in the innate immune response. The leukocyte
cytoskeleton extends out, a process called diapedesis, as the cells pass through the gaps in the
vessel wall. Platelet-endothelial cell adhesion molecules (PECAMs) on endothelial cells and
leukocytes interact and facilitate leukocyte movement through the endothelial layer. Leukocyte
penetration of the outer basement membrane layer of the vessel wall is not fully described or
understood, but proposed theories include physical force and/or enzymatic digestion (Isfahani
& Freund, 2012). Leukocytes continue to migrate towards the injury along an IL-8 chemotactic

gradient.

IFMs, including prostaglandins, sensitise neurons to pain signals and temporarily lower the
activation threshold to discourage wound contact and prevent further injury to the area and
allow healing. Following removal of the insult, inflammation is resolved to limit tissue damage
and allow healing of the injured tissue. This is an active process involving several mechanisms
which halt chemokine signalling and subsequent tissue infiltration of neutrophils (Sugimoto et
al., 2016). Neutrophils apoptose after dealing with the threat in response to anti-inflammation
and attenuation signals, and the debris is removed by macrophages (Fox et al., 2010) which then
transition into the inflammation resolving phenotype (Ortega-Gomez et al., 2013, Michlewska

etal., 2009).

When acute inflammation persists and becomes chronic, the inflammatory mediators
themselves cause further tissue damage, and prolonged sensitivity of the peripheral nerves
occurs. Nociceptors also release neurotransmitters and neuropeptides which modulate
inflammatory immune cells. This crosstalk between the inflammatory and nociceptive systems

can develop peripheral sensitisation.

1.4.2 Peripheral Sensitisation
Peripheral sensitisation describes the series of events which lead to the prolonged reduced

activation threshold in nociceptors in neuropathic pain resulting in allodynia, hyperalgesia, and
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spontaneous pain. This is mediated through gene upregulation of the voltage-gated and ligand-
gated ion channels, and increased concentration at the neuronal membrane (Figure 1.7). Active
nociceptors release IFMs and neurotransmitters at the peripheral terminal in a process known
as neurogenic inflammation (Littlejohn & Guymer, 2018). Substance P is an inflammatory
peptide which causes vasodilation and activates mast cells to produce histamine, released by
inflammatory cells (eg. macrophages) and sensory nerve terminals (Galli et al., 2005, Basbaum,
1999). It is actively involved in peripheral and central inflammatory responses in animal models
(Meert et al., 2003) acting at the neurokinin 1 (NK-) receptor (Gerard et al., 1991). Substance P
or NK-1 receptor knockout causes an inhibited cytokine response in mice granuloma (Garza et

al., 2008), but also prevents normal pain responses (De Felipe et al., 1998).

Substance P has a range of pro-inflammatory effect on immune cells, including inducing the
production of pro-inflammatory cytokines (Rameshwar et al., 1992, Palma & Manzini, 1998) (ie.
from monocytes (Lotz et al., 1988), macrophages (Ho et al., 1996), degranulation and oxidative
burst in lymphocytes (CJ Guo et al., 2002) and neutrophils (Serra et al., 1988). Independent of
NK-1, substance P promotes mast cell activation (degranulation, serotonin and histamine
release) in both human and rat tissues (Shanahan et al., 1985, Repke & Bienert, 1987), and in
murine mast cells induces TNFa gene expression and release (Ansel et al., 1993). Along with
bradykinin, substance P also directly acts on sensory nociceptive terminals and causes

sensitisation (Jessell, 1982).
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Figure 1.7: Peripheral sensitisation at the sensory nerve terminal. The IFMs activate their receptors on the neuronal
membrane, which activates secondary messengers and their associated pathways. Prolonged stimulation of these
leads to increased phosphorylation of transcription factors via secondary messenger pathways. In turn expression the
voltage gated (VG) sodium channels and transient receptor potential vanilloid 1 (TRPV1) channels are upregulated
and expressed at the neuronal surface. With an increased chance of ion influx, the neuron is now more likely to
become depolarised and fire an action potential. This is peripheral sensitisation. TF = Transcription Factor. Adapted

from (Ellis & Bennett, 2013).

IFMs released by the innate immune cells can interact with receptors on the neuronal cell and
alter gene expression via intracellular signalling pathways (Figure 1.7). Increased transcription
and membrane insertion of voltage and ligand gated ion channels (Figure 1.7) alters the ion
trafficking and decreases the activation threshold. In this state neurons are more susceptible to
ectopic axonal firing. For example, TRPV1 is sensitised by bradykinin, ATP (released by lysed ells),
and prostaglandins (Huang et al., 2006, Malek et al., 2015), which are released during the
inflammatory response. This lowers its activation threshold and increases neuronal sensitivity
to thermal stimuli in neuropathic pain. These effects are not limited to damaged neurons, as the
shared inflammatory environment causes sensitisation of neighbouring uninjured neurons (Ma

et al., 2003).
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Some IFMs induce further IFM production and release to maintain the inflammatory state. For

example, prostaglandin E2 (PGE2) synthesis is upregulated in response to IL-1B (Binshtok et al.,

2008), and PGE2 induces mast cell degranulation (Kalinski, 2012). This causes a positive feedback

mechanism and amplification of sensitivity. These effects are not limited to damaged neurons,

as the shared inflammatory environment causes sensitisation of neighbouring uninjured

neurons (Ma 2003). Lower thresholds and inappropriate neuronal activation cause pain signals

to be sent in the absence of a stimulus, and the patient experiences spontaneous pain. When

axonal disruption occurs due to lesion, disease, chemotherapy, or inflammatory response to

infection, the Schwann cells react by expressing IFMs to recruit macrophages and mast cells to

the site (Napoli et al., 2012).

Table 1.3: Role of Inflammatory Mediators in Injury Resolution and Peripheral Sensitisation

Mediator Sources

Function

Mast Cells (Galli et al., 2005), Neutrophils
(Lindemann et al., 1988), Lymphocytes

(Moalem et al., 2004)

Inflammatory cytokine, mediates the acute
phase response and tissue repair (Ishida et al.,

2006)

Stimulates proliferation, maturation, and
activation of T helper cells (Lichtman et al.,

1988)

IL1
Activated macrophages (Parameswaran &
Patial, 2010), CD4+ lymphocytes, NK cells,
neutrophils, eosinophils, mast cells
TNFa (Bissonnette et al., 1995)

Inflammatory cytokine involved in the acute
phase response and immune cell regulation,
tissue repair and apoptotic cell death (Kanaji

et al., 2011) (Leung & Cahill, 2010)

Stimulates further pro-inflammatory cytokine
release from other immune cells e.g.

stimulates production of IL-1 oxidants and
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prostaglandin E2 in macrophages (Bachwich

etal., 1986)

Increases excitatory activity in neurons (Ming

etal., 2013)

T cells (Banning et al, 1998),
macrophages  (Arango  Duque &

Descoteaux, 2014)

Inflammatory cytokine, involved in the acute

phase response (Rose-John 2018)

IL6 Permeates the blood brain barrier (BBB)
contributing to neuroinflammation in the CNS
(Banks et al., 1994)
Mast cells (TC Moon et al., 2014) Vasodilation  and increased  vascular
Histamine

permeability (Panula et al., 2015)

Substance P

Sensory nerve terminals (White, 1997)

Neurotransmitter (Pernow, 1983)

Vasodilation via nitric oxide release (Bossaller
et al., 1992) and stimulates pro-inflammatory
cytokine production (Rameshwar et al., 1992)

(Palma & Manzini, 1998)

Evidence for a key role in neurogenic

inflammation (Donkin et al., 2007)

Analgesic (Harris & Peng, 2020)

Bradykinin

Produced by the kinin-kallikrein system in

the blood (Marcos-Contreras et al., 2016)

Induces the release of endothelium-derived

vasodilators nitric oxide (Palmer et al., 1987)

TRPV1 phosphorylation and contributes to
heat sensitisation (Cesare & McNaughton,

1996)
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Monocyte
chemotactic protein

1(MCP-1)

Neutrophils, mast cells, and macrophages

(Deshmane et al., 2009)

Recruitment of more immune cells (e.g.
macrophages, neutrophils, helper T cells,

microglia) (Deshmane et al. 2009)

BBB disruption (Echeverry et al., 2011)

Prostaglandin E2

(PGE2) (Eicosanoid)

Arachidonic acid, the precursor for
eicosanoids, is released from
phospholipid membranes and converted
to PGE2 by cyclooxygenase 2 (COX2)

enzyme (Heller et al., 1998)

Vasodilation and vascular permeability

(Williams, 1982)

Increases the production of chemokines, mast

cell degranulation (Kalinski, 2012)

Blocks T cell receptor signalling (Wiemer et al.,

2011)

Calcitonin gene-
related peptide

(CGRP)

CGRP is located in the CNS, primarily in C
and A8 sensory fibres originating in the

trigeminal ganglia (lyengar et al., 2014)

CGRP is a key mediator in neuropathic
inflammation and peripheral sensitisation and
is upregulated in both inflammatory and

neuropathic pain. (lyengar et al., 2014)

Key mediator of migraine pain (Buzzi et al.,
1995), released from activated meningeal
nociceptors in the trigeminal ganglia in

migraine (Durham 2006)

1.4.3 Phenotypic Switch

The dorsal root ganglion (DRG) is situated between adjacent vertebrae, as the dorsal (afferent

sensory) gather and meet the ventral (efferent motor) filaments, at each spinal nerve (Figure

1.4), although the exact location varies depending on the section of the spine (there are 31 pairs

of spinal nerves in humans). The structure plays an important part in modulating sensory

processing, including in neuropathic pain (Krames, 2015). From a clinical perspective, the DRG is

a good target for neuropathic pain interventions as it is more accessible than other areas of the

CNS because it lacks the protective blood brain barrier (BBB) and capsular membrane (Sapunar
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et al., 2012). Instead, the DRG is surrounded by permeable connective tissue which contains a
very high density of blood vessels (Jimenez-Andrade et al., 2008). Unlike the spinal cord, the
DRG is not encapsulated by bone. However, this high perfusion is thought to explain why the
DRG is resistant to intraneuronal local anaesthetic, as adequate concentration rates cannot be
reached (Pfirrmann et al., 2001), though the DRG is already an established steroidal drug target

(Manchikanti, 2000).

The DRG contains the cell bodies of the bipolar sensory neuron, which surrounded by satellite
glial cells (SGCs). SCGs respond to and control the extracellular microenvironment and supply
essential nutrients to maintain nerve cell function (Mizisin & Weerasuriya, 2011). SGCs also
physically separate nerve cell bodies from each other and influence neuronal excitability via
controlling the extracellular potassium ion concentration (Hanani, 2005). Abnormal

spontaneous activity in the DRG neurons contributes to neuropathic pain (North et al., 2018).

Upregulated neuronal expression of MCP-1 by primary sensory neurons in the DRG and spinal
cord astrocytes promote the chemotaxis of reactive microglia to the immediate area (Tanaka et
al., 2004) (Gao et al., 2009). Normally, the microglia of the CNS monitors and maintains the
environment required for physiological neuronal functioning (Aloisi, 2001). These cells become
reactive in neuropathic pain (Eggen et al., 2013), exhibiting phagocytic properties (Liu et al.,
1998) and expressing P2X7 and P2X4 (Beggs et al., 2012). ATP activation of these receptors
induces IL-1B release (Clark et al., 2010). Overactive microglia and the subsequent cytokine
production are present in persistent hyperalgesia (Hulsebosch, 2008), after both clinical (AL
Davies et al., 2007) and experimental peripheral nerve injury (Scholz et al., 2008). An increased
noradrenaline release during the stress response may feed into pain modulation pathways

(Pertovaara, 2006).

Neurotrophic factors are upregulated after neuronal injury. Nerve growth factor (NGF) and

neurotrophin-3 (NT3) are increasingly expressed by SGCs in the DRG (Sapunar et al., 2012). NGF

44



is a regulatory protein involved in the growth, maintenance, proliferation, and survival of
neurons (Rocco et al., 2018), and NT3 supports the growth and differentiation of neurons and
encourages the development of new synapses and neurons. The upregulation of these factors
indicates the development of neuronal changes and sprouting, which contributes to neuropathic
pain (Ramer et al., 1999, Siniscalco et al., 2011). Local inflammation in the DRG also contributes
to neuropathic pain development. Li et al. demonstrated that corticosteroid injection near
axotomised DRG in SNL rat models reduced mechanical sensitivity, as well as sprouting and SGC

activation in the DRG, and activation of microglia in the spinal cord (Li et al., 2011).

1.4.4 Dorsal Horn Modulation in Neuropathic Pain

Peripheral nociceptive signals are received and processed at the DH and relayed to the CNS
(Figure 1.4). In peripheral sensitisation, there is increased stimulation at the postsynaptic neuron
in the DH. Intracellular Ca?* levels in the postsynaptic neuron are raised via prolonged activation
of AMPA glutamate receptors (Latremoliere & Woolf, 2009). This results in extended
depolarisation, which removes the Mg?* block from NMDA glutamate receptors (Moriyoshi et
al., 1991), allowing these to be activated and contribute to the inward current. Sustained C fibre
activity at the presynaptic terminals in the DH and subsequent neurotransmitter release,
initiates multiple signalling cascades in postsynaptic neurons. This enhanced activity of the DH

neurons feeds into the underlying mechanisms of central sensitisation.

Brain derived neurotrophic factor (BDNF) is released from presynaptic nerves and acts at
tropomyosin receptor kinase B (TrkB) receptors on the postsynaptic neuron (Coull et al., 2005).
This downregulates potassium/chloride transporter KCC2, which mediates ion efflux (Chamma
et al., 2012). Activation of GABA receptors in response to this gradient shift causes further

depolarising chloride ion efflux (Spitzer, 2010).

45



1.4.5 Central Sensitisation

The increased sensory input leads to central sensitisation of the CNS and brainstem, and this is

critical to the transition to a chronic pain state. Breakdown of the BBB in the inflamed state

(Echeverry et al.,, 2011) allows infiltration of pro-inflammatory immune cells otherwise

prevented in health (Cao & Deleo, 2008).

Table 1.4: Key Players in Central Sensitisation

Mediator Origin

Effect

Sensitised peripheral neurons

Pro-inflammatory (Fregnan et al., 2012)

cytokines e.g. IL1B Activated microglia (Wang et

al., 2015)

Activation of microglia and astrocytes (Zhang & An,

2007)

ATP Cell damage (Burnstock, 2013)

Activation of G-Protein Coupled Receptors P2Y, and
purogenic ligand gated ion channels P2X, on neurons
and glial cells, resulting in the activation of macrophages

(Kobayashi et al., 2011, North, 2002)

Activated microglia (Nakajima
BDNF
etal., 2002)

Functional maturation of astrocytes (Holt et al., 2019)

Involved in synaptogenesis (Gonzalez et al., 2019) and

synaptic plasticity (Yoshii & Constantine-Paton, 2010)

1.5 Current Diagnostic Methods

1.5.1 Questionnaires

There is no exact correlation between the pain experience and disease pathology, so the use of

guestionnaires in the diagnosis of chronic pain, including neuropathic pain, has its limitations.

However, they are widely used as there are no robust objective biomarkers for chronic pain of

any type that can be used for diagnosis. Further, extensive laboratory testing to assess changes

to the nervous system are unsuitable for routine use due to the high cost and time-consuming

nature (Finnerup et al., 2005), (May & Serpell, 2009). Signs and symptoms have limited
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implications for treatment strategy because different underlying mechanisms may produce the
same outward symptom. In the absence of biological diagnostic criteria, pain disorders are
currently assessed by patient interview (Banerjee et al., 2007). Screening tools such as the Leeds
Assessment of Neuropathic Symptoms and Signs (LANSS) pain scale are implemented ( Bennett,
2001). There are several limitations to this approach. Self-assessment is influenced by the
psychological and emotional aspects of pain, which varies within and between cases (Yawn et
al., 2009), and 10-20% of neuropathic pain cases may not be identified this way (Cruccu et al.,

2010).

Patient answers may describe the pain they are experiencing in that moment, thus may be
influenced by their mood or environment, and may not accurately reflect their daily pain
experience. Chronic pain patients often exhibit attentional hypervigilance of pain which
contributes to the phenomenon of catastrophizing, in which patients anticipate pain and
subsequently (He et al., 2014). It is also difficult to assess pain in its raw state without
medication. When the patient focuses their attention on the pain, then the pain is perceived as
more intense (McCracken, 2007), and the opposite is also true with less intense pain reported

when attention is focused elsewhere, or the patient is distracted (Verhoeven et al., 2010).

Inaccurate assessment of the pain can lead to incorrect diagnosis and inappropriate treatment
recommendations from clinicians. Improved diagnostic tools and pain management programs
of neuropathic pain are needed to help relieve the social and economic burden of neuropathic
pain (Dworkin, 2007). For objective diagnoses and effective treatments, comprehensive
understanding of the underlying neuropathic pain mechanisms is essential. To this end, gene
expression studies in animal neuropathic pain models and neuropathic pain patients have been
central, yet distinguishable neuropathic pain biomarkers are yet to be identified. A disease
biomarker is defined as “a characteristic that can be measured and evaluated as an indicator of

normal biologic processes, pathologic processes or pharmacologic responses to therapeutic
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intervention” by the Biomarkers and surrogate endpoints: preferred definitions and conceptual

framework (Biomarkers Definitions Working Group 2001).

1.5.2 Clinical Parameters

Several clinical parameters have been recognised as potential measurable outcomes in pain
diagnosis and monitoring. These include changes to the autonomic nervous system (heart rate
variability, blood pressure changes, and electrodermal activity), biopotentials, and
neuroimaging. The stress hormone cortisol and serum lipid levels have been investigated as
potential biomarkers of chronic pain but are not yet used clinically (Ferrara et al., 2013). Though
these parameters have been investigated in the context of general chronic pain, these may be
relevant neuropathic cases as they measure physiological aspects of the chronic pain state

rather than components of the underlying pathology. These findings are reviewed by Cowen

(2015) and summarised in Table 1.5 (Cowen et al., 2015).

Table 1.5: Potential Clinical Parameters of Chronic Pain

Parameter / Technique

Supporting Key Findings

Considerations

Heart rate variability

Correlates with pain scores (Chang et

al., 2012)

Responds to nociceptive stimulation

(Koenig et al., 2014)

Correlation with noxious stimuli

(Gruenewald et al., 2013)

No correlation with pain intensity

(Meeuse et al., 2013)

Can be measured via blood pressure or

electrocardiography (ECG)

Blood pressure changes

Correlation with noxious stimulation

(Rossi et al., 2012)

Non-invasive, standard procedure that
can be taken relatively easily at different
timepoints to measure response to

treatment

Electrodermal activity

Correlates with pain scores in adults
(Ledowski et al., 2007) and children
(Choo et al., 2010)

Non-invasive procedure
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Results may be influenced by
fluctuations in temperature and

humidity

Biopotentials as measured

by electrocardiography

Predicts intensity of pain perception (G

Huang et al., 2013) (ZG Zhang, Hu, et

Unable to predict motor response to

noxious stimuli (Takamatsu et al., 2006)

al., 2012)
(ECG) or electo- Non-invasive procedure but may be
encephalography (EEG) time-consuming
Correlates  with  opioid system Non-invasive procedure but relatively

Neuroimaging e.g.
positron emission

tomography (PET)

activation and pain scores (Casey et al.,

2000)

Correlates with clinical chronic lower

back pain. (Loggia et al., 2013)

time-consuming and cause discomfort,

requires specialist equipment

Serum cortisol levels

Increases during noxious stimulation

(Greisen et al., 2001)

Measurement of stress hormones could

give insight into patient’s stress levels

Serum lipid levels

Increased during persistent pain

(Krikava et al., 2004)

Adapted from Cowen 2015

1.6 Treatments for Neuropathic Pain

1.6.1 Currently Used Treatments for Neuropathic Pain

Neuropathic pain is currently managed with drugs available for other disorders (Table 1.6),

which have demonstrated varying efficacies in pain management across different types

(Finnerup et al., 2016). First-line treatments include anti-depressants, anti-epileptic drugs, and

topical lidocaine. Opioid analgesics are generally considered second-line treatments.
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Table 1.6: Strengths and Limitations for Current Treatments of Neuropathic Pain

Drug/Drug Class

Mechanism of Action

Strengths

Limitations

Anti-depressants

Tricyclic anti-depressants (TCAs) and
selective serotonin and noradrenaline
reuptake inhibitors (SSNRIs) increase
synaptic levels of these
neurotransmitters in the brain by

inhibiting pre-synaptic reuptake

Use in neuropathic pain is well established and supported

by systematic review evidence (Saarto & Wiffen, 2007)

Inexpensive

Manages psychological aspects e.g. sleep disturbance,

depression, and anxiety (Dworkin et al., 2010)

SSNRIs are more selective and exhibit fewer side effects

than TCA (Dworkin et al., 2007)

Mechanism in neuropathic pain not fully understood

(Kremer et al., 2016)

Adverse reactions include cholinergic effects,
sedation, blurred vision, orthostatic hypotension,
weight gain, heightened suicide risk (Coupland et al.,

2018).

TCA treatment does not differ from placebo in some
neuropathic pain types (Cardenas 2002, Robinson et

al., 2004)

Trials limited in scope and duration
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Anti-convulsants

Gabapentin binds to the calcium channel

a28 subunit, decreasing excitatory
neurotransmitter release and reducing
membrane expression of the voltage-
gated calcium channels (Kukkar et al.,

2013)

Carbamazepine binds to the inactive
voltage-gated sodium channel which
reduces

prevents re-opening and

neuronal excitability (Kawata et al., 2001)

According to Cochrane Review (Wiffen et al, 2017),
support for gabapentin use mostly in studies for

peripheral diabetic neuropathy

Evidence for carbamazepine efficacy in neuropathic pain

(Kawata et al., 2001)

Side effects include dizziness, fatigue, drowsiness,
ataxia, tremor, increased depression risk, and suicidal

behaviours (Patorno et al., 2010)

Arguably weak evidence for gabapentin in
neuropathic pain (Moore 2014) and adverse side

effects occurin 10% of patients who took gabapentin

(Wiffen et al., 2017)

Trials limited in scope and duration

Lidocaine (Topical)

Lidocaine blocks the sodium channels
and prevents the pain signal propagation
along the axon (Tikhonov & Zhorov,

2017)

Lidocaine patch (5%) has proven efficacious across many

neuropathies, including PHN (Davies & Galer, 2004)

Patch method provides a physical barrier provides added
protection against painful touch where allodynia occurs

(Baron et al., 2016)

Milder side effects than other treatments when used

topically

Topical applications are only appropriate where
neuropathic pain occurs in or closely underneath the
skin, not useful in other cases — there is no significant
benefit with intravenous lidocaine in chronic

peripheral neuropathic pain (Moulin et al., 2019)

May cause local erythema and rash in some patients
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Gel application may trigger gate control theory,
overriding pain signals with touch and pressure

stimulation

Opioids

Opioids mimic the effects of endogenous
opiates in the brain, primarily targeting

the p-receptor (Hill, 1981).

Evidence to support the use of some opioids here
including oxycodone and morphine in neuropathic pain

(Rosenblum et al., 2008)

Strongly associated with addiction and overdose risk
(Ballantyne & LaForge, 2007) and therefore
contradicted in patients with history of

addiction/substance abuse

Inadequate study of long-term use in neuropathic
pain (Furlan et al., 2006) but altered structure and
activity of opioid receptors in neuropathic pain limits

efficacy. For Review see (Smith, 2012).

Evidence for causing hypogonadism (Daniell, 2002)

and immunosuppression (Vallejo et al., 2004)

Tramadol exhibits abuse potential and increases the
risk of seizures in susceptible patients (Boostani &

Derakhshan, 2012)
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Medication regimes are often developed through trial and error, as the combination of drugs
with the greatest pain relief and fewest adverse side effects is determined gradually (Dworkin,
2010), delaying symptom management and prolonging patient discomfort. Severe side effects
may also require patients to seek additional medical assistance to manage these effects. There
is an obvious need for more effective treatment and management strategies in neuropathic
pain, with greater safety and tolerability (Dworkin, 2010). This will likely be a multidisciplinary
approach, with specific pharmacological and non-pharmacological regimes (eg. physiotherapy
or counselling) tailored to each patient according to the underlying pathophysiology of their
disease. A curative treatment, rather than symptom management, would help relieve the
economic costs and social burden of neuropathic pain, by eliminating the need for long-term

medication programs.

1.6.2 Experimental Drugs Not Currently Available for Clinical Treatment of Neuropathic
Pain

1.6.2.1 Cannabinoids

The endocannabinoid system in the CNS includes the cannabinoid receptors CB1 and CB2 and
their endogenous ligands anandamide and 2-arachidoylglycerol. CB1 and CB2 are G-protein
coupled receptors, negatively coupled to adenylate cyclase (Rahn & Hohmann, 2009), and are
thought to be involved in several physiological processes including arousal and memory (Broyd
et al., 2016) though research into the endocannabinoid system is ongoing. The endocannabinoid
system has been implicated in pain pathways (Woodhams et al., 2015), as well as diseases
including MS, Huntington’s Disease, and PD (Micale et al., 2007). The Cochrane report on
“Cannabis products for adults with chronic neuropathic pain” (March 2018), “There is a lack of
good evidence that any cannabis-derived product works for any chronic neuropathic pain”.

Despite this, the pain-relieving effects of cannabis is well-known (Li, Vigil, et al., 2019), though
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whether this due to the dissociative effect on the user is not well understood. Medical cannabis
is legal in some US states and is prescribed for painful neuropathies such as MS and spinal cord
injury (Hall 2016). Tetrahydrocannabinol (THC) is the psychoactive ingredient in cannabis that
mediates the effects which promote its recreational use. Cannabidiol (CBD) and hemp (a strain
of cannabis low in THC) have recently entered consumer markets. CBD oils marketed as an over-

the-counter anxiety remedy and hemp is used as a non-dairy alternative to soya products.

THC acts at the CB1 receptor and increases dopamine release (Oleson & Cheer, 2012), thought
to promote recreational use. Cannabinol is a positive allosteric modulator of u and & opioid
receptors, leading to a stronger analgesic effect (Kathmann et al., 2006). THC and cannabinoid
also reportedly potentiate glycine receptors at respective sites (Hejazi et al., 2006, Wells et al.,

2015), causing an analgesic effect by increasing inhibitory signals (Sun et al., 2012).

1.6.2.2 Ketamine

Ketamine is a general anaesthetic and Class B illegal drug in the UK, and is taken recreationally
for its sedative effects. Ketamine has demonstrated efficacy in chronic pain management (Bell
& Kalso, 2018) and has long-lasting and potent anti-depressive effects (Yang et al., 2015). This
means that use of ketamine in neuropathic pain may also address the mood component in
patients. Aside from the lack of confirmatory evidence, ketamine is known to produce
undesirable effects such as abnormal heart rhythms and respiratory depression (Stoker et al.,
2019). Ketamine is a non-competitive NMDA receptor antagonist, binding to the receptor in the
open activated state and prevents the Ca?* channel closing. This is thought to be the primary
mechanism for ketamine efficacy in neuropathic pain, and NMDA receptors in the DH are a key

player in central sensitisation (Petrenko et al., 2003).

1.6.2.3 AT-121
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The experimental analgesic compound AT-121 gained interest in August 2018 when it was
described as a breakthrough non-addictive drug and potential alternative to the likes of
morphine, oxycodone, and fentanyl (Ding et al., 2018). AT-121 targets the p-opioid receptor to
induce pain relief (like traditional opioids), and the nociceptin/orphanin FQ receptor (NOP). NOP
has been a target of interest in substance abuse management for several years due to its role in
the regulation of motivation and reward pathways (Zaveri, 2016). In non-human primates, Ding
et al. report that AT-121 produces pain relief comparable to morphine, at a much lower dose,
without the dangerous side effects including dependence and respiratory depression (Ding et

al., 2018).

1.6.2.4 Nocebo Effect and Other Clinical Trial Considerations

The nocebo effect describes the negative non-pharmacological effects which occur after a drug
therapy. As the opposite of the placebo effect, the nocebo effect is displayed in the increased
frequency of side effects when patients are informed of potential side effects of a given
treatment. Nocebo has been reported in 52% of neuropathic pain cases (Papadopoulos &
Mitsikostas, 2012), with higher prevalence in other neurological diseases such as Parkinson’s
(64.7%), epilepsy (60.8%), and MS (74.4%). Given the well-recognised shortcomings of current
neuropathic pain treatments, it is not unreasonable to assume that some of the reported
adverse reactions to the medications may be due to the nocebo effect. Thus, by reducing the
nocebo effect, patient response to current neuropathic pain medications may be improved and
associated side effects may be reduced. Nocebo may be reduced by improving patient
understanding of how their medication works and the frequency of possible side effects, similar
findings were reported by Shin (2017). There may also be a link between patients susceptible to

PC and prevalence of the nocebo effect, though there are no studies currently published, this
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may represent a potential area for investigation. Jutzeler et al. (2018) also reported that placebo

effects occur regardless of injury characteristics.

1.6.3 Currently Used Non-Pharmaceutical Pain Management

Transcutaneous Electrical Nerve Stimulation

Transcutaneous electrical nerve stimulation (TENS) is a nonpharmacological intervention used
in pain treatment, including chronic pain conditions (Vance et al., 2014). TENS is a small battery-
operated device that delivers small electrical impulses via dermal electrodes. TENS machines
exploit the Gate Control theory by providing mechanical stimulation to block pain signals. The
gate control theory states that non-noxious sensation prevents pain perception by blocking pain
signal transmission to the CNS, as proposed by Melzack and Wall in 1965. This theory can explain
why rubbing a painful area can ease the pain. Melzack and Wall proposed that pain signals from
the periphery, carried by AS and C fibres, could be inhibited by interneuron interference

stimulated by AR fibre activation (Katz & Rosenbloom, 2015).

Tolerance to TENS can develop after repeated application when used at the same frequency and
intensity daily. Systematic reviews have suggested that TENS is effective for PDN and is a widely
available method of pain relief during labour though evidence for its efficacy is limited (Jones et
al., 2012). TENS machines are popular, with one brand called Livia patented in August 2016 and
publicly funded through Indiegogo.com. The element of control may appeal to patients, as they

can configure the intensity and frequency as they desire.

Acupuncture

Acupuncture is the practice of inserting fine needles at specific points on the body derived from
ancient Chinese medicine (Grant et al., 2016). It is thought to stimulate sensory nerves (Haker

et al., 2000). It is currently only recommended by NICE for migraine and tension headaches but
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has demonstrated some efficacy in neuropathic pain relief (Schroder et al., 2007) and is thought
to stimulate the opioid system to inhibit signals in neuropathic pain and facilitate an analgesic

effect (Cidral-Filho et al., 2011).

1.7 Animal Models of Neuropathic Pain and Clinical Research

1.7.1 Types of Animal Models of Neuropathic Pain

There is a vast range of established methods used to produce animal models of neuropathic pain
(Jaggi et al., 2011), where sensory abnormalities in rodents are induced by various surgical
procedures or drugs, and the behavioural characteristics of pain are recorded. The Sprague
Dawley rat strain is commonly used due to its calm nature and ease of handling. The Wistar
Kyoto strain has a more anxious phenotype (Will et al., 2003), which is useful in pain research
because clinical neuropathic pain is associated with depression and anxiety (Sullivan et al.,
2004). The most popular surgical methods are the chronic constriction injury (CCl) model (GJ
Bennett & Xie, 1988) and the spinal nerve ligation (SNL) model (SH Kim & Chung, 1992) (Figure

1.8).
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Figure 1.8: Schematic of the Common Models of Neuropathic Pain in Rat. CCl involves four ligatures tied loosely

around the spinal nerve of mice or rats, whereas in SNL the L5 and L6 spinal nerves are fully ligated. Image from the

British Journal of Anaesthesia (Campbell & Meyer, 2006).

Table 1.7: Strengths and Limitations of Surgical and Drug-Induced Animal Models (Rat and Mouse) of Neuropathic

Pain

Model

Strengths

Limitations

Spinal Nerve Ligation

Model

Surgical model — tight
ligation of L5 and/or L6
spinal nerves (Kim &

Chung, 1992)

Mimics symptoms of human patients after

nerve injury

Produces “large and stable magnitude of

pain behaviour” (Jaggi et al., 2011)

Reproducible (Huang et al., 2016)

Well-established and frequently used

Surgical models have less variability as
damage to each animal is uniform,
compared to drug or chemotherapy

induced models

Lesser degree of allodynia compared

to other models (Jaggi et al., 2011)

Chronic Constriction

Injury CCI) Model

Surgical model — four

loose ligatures around

Reproducible (Huang et al., 2016)

Well-established and frequently used

Mimics clinical post-traumatic painful

neuropathies

Tension of ligations can be a source of
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sciatic nerve (Bennett & Behavioural signs of spontaneous pain Thermal hyperalgesia is displayed
Xie, 1988) in CCl model, which is not a symptom

of clinical neuropathic pain

Chemotherapy-induced Paclitaxel-induced neuropathic pain Vincristine model failed to produce
Model model well established (Liang et al., 2018)  pre-pulse inhibition in rat models

(Borzan et al., 2004)

anti-cancer agents e.g. Highly relevant to chemotherapy-induced

paclitaxel (Hama & neuropathic pain research (HJ Park, 2014)  Relevance may be limited for patients

Takamatsu, 2016) whose neuropathy is not
chemotherapy-induced

Diabetes-induced Relevant to diabetic neuropathy, a Blunted responses to heat (Cheng et

Neuropathy Model common type of neuropathic pain al., 2014)

Steptozotocin-incuded Mechanical allodynia (Cheng et al., 2014)

or genetic models

(Jolivalt et al., 2016)

1.7.2 Ethical Issues with Animal Models of Neuropathic Pain

All research involving animals is associated with ethical issues as animals cannot consent and
will suffer during and after the procedure. These are addressed with by limiting the number of
models used in a study and altering the procedure to keep undue suffering to a minimum if not
eliminated. Neuropathic pain research has additional inherent ethical issues as they involve
establishing chronic pain to the animal. However, animal models, particularly vertebrate models
including rat, are invaluable to neuropathic pain research (Mogil et al. 2010) in the absence of

alternatives with equal relevance to clinical neuropathic pain.

Alternative invertebrate models such as Drosophila or C. Elegans could be used, but these are
of lesser relevance to human disease, and are considered to have a nociceptive, reflexive
response to pain without the emotional component (Hesselson et al. 2020). Currently, a suitable
in vitro model of neuropathic pain does not exist, but potential biomarkers can be investigated

in relevant cell lines under appropriate conditions such as inflammation. Clinical research
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involving patients with neuropathic pain diagnosis also provides valuable data in a real-life
setting, but with disadvantages. The major disadvantage is lifestyle factors such as comorbidities
and diet, cannot be controlled, though they may be accounted for if accurately recorded, and
pain response is difficult to directly measure and monitor in humans (Ong & Seymour 2004).
Animal models provide invaluable insight for gene expression changes in a controlled
environment, and a relevant and appropriate alternative to human research, and remain

necessary for further developments to neuropathic pain research.

1.7.3 Translational Results from Animal Models to Clinical Neuropathic Pain

The role of the immune system in peripheral and central sensitisation is well established in
animal models (Calvo et al., 2012), but to prove applicable to human neuropathic pain
management these biomarkers must be present in humans and serve a similar, disease-
associated pathophysiological function to that in the animal model. Biomarkers of neuropathic
pain are investigated in clinical cohorts by analysing gene and protein expression in samples
from patients, including blood and cerebrospinal fluid (Sisignano et al., 2019) (Davies et al.,

2007), as the blood brain barrier is compromised in neuropathic pain (Yao et al., 2014).

An example of good example of model to human translation is the melanocortin-1 receptor
(MC1R) knockout animal models a as MC1R loss of function variants (rs1805007, rs1805008, and
rs1805009) in humans, and demonstrate similar pain responses (Mogil et al., 2003). These MC1R
variants are responsible for red hair (Rees et al., 1999) and are associated with reduced
sensitivity to noxious stimuli and increased responsiveness to p-opioid analgesics (Lacroix-
Fralish et al., 2009). The melanocortin system, which primarily involved in skin pigmentation, is

thought to modify pain via the opioid system (Vrinten et al., 2003).

Biomarkers are used clinically in several diseases. Cerebrospinal fluid and blood biopsies are

sometimes used in the diagnosis of Alzheimer’s disease, to measure levels of CNS plaque and
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tangle components, beta-amyloid 42 and tau (Olsson et al. 2016). A well-known genetic variant
used in clinical diagnosis and prognosis is the number of CAG (cytosine, adenine, and guanine)
trinucleotide repeats in the HTT gene for Huntington’s disease (Dayalu & Albin 2009). Tumour
biopsies from cancer are widely-used patients are taken to diagnose the cancer types and
determine the most appropriate treatment course. For example, the monoclonal antibody
trastuzumab is only appropriate for herceptin positive tumours and is effective at improving
long-term disease-free survival (Cameron et al., 2007). Biomarkers can also be used as surrogate
endpoints to monitor disease progression and response to treatment, such as in heart failure

(Nadar & Shaikh, 2019).

1.8 Biomarkers of Neuropathic Pain

Several studies have proposed molecules as potential biomarkers of neuropathic pain (Table
1.8). Some biomarkers for pain have been subsequently disproven, as in plasma Cystatin C first
described as a plasma marker of renal function by (Shimizu-Tokiwa et al., 2002) and proposed
as a pain biomarker by (Mannes et al., 2003) in a small study of women in prolonged labour pain.

This was then disputed after a validation study in a larger cohort (Eisenach et al., 2004).

There are several molecules which recur in publications in neuropathic pain research (Table 1.8).
TNF-a, IL-1B, and IL-6 levels are often measured as a surrogate marker for neuropathic pain
(Hong et al., 2019). Ding performed a series of investigated and found that TNFa induces the
upregulation of Na,1.6 via the STAT3 pathway (Ding et al., 2019). In the rat L5 ventral root
transection model of neuropathic pain, both Na,1.6 were upregulated STAT3, and TNFa

incubation of primary cultured DRG neurons upregulated Na,1.6 expression.
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Table 1.8: Recurring Candidates in Neuropathic Pain Research

Candidate

Methods and Evidence

TRPV1in the brain

CCl mouse model (Arribas-Blazquez et al., 2019)

Highly expressed in microglia, and stimulation of microglial TRPV1
enhances neuronal glutamatergic transmission in CCl mice (Marrone et

al., 2017)

p38 MAPK activation increases TRPV1 membrane expression and

contributes to pain hypersensitivity (Ji et al., 2002)

Direct phosphorylation by PKA induces neuropathic pain in models

(Chen et al., 2011)

Block by antagonist AMG-517 promotes axonal regeneration in sciatic

nerve injury rat model (Bai et al., 2018)

Voltage Gated Sodium Channels (e.g.
Nay1.7, Nay1.8, and Nay1.9)

Neuronal excitation and the generation of action potential is mediated

by voltage-gated sodium channels in nociceptors (Jurcakova et al., 2018)

Gain of function mutations in NaV channels results in hyperexcitable

nociceptors (Garrison et al., 2014)

Presence of Nav1l.8 and Nav1.9 in painful human lingual nerve
neuromas, with correlation of pain sympotoms and Nav1.8 expression

(Bird et al. 2013)

Inhibitors attenuate mechanical allodynia in rat models of neuropathic

pain (Suter et al., 2013)

Purogenic receptor P2X7

Important mediator of neuropathic pain following nerve injury (Li et al.,

2017)

Implicated in PDN and comorbid depressive symptoms, which can be

reduced with P2X7 antagonist treatment (Guan et al., 2019)

Selective antagonists demonstrate dose-dependent antinociceptive
effects in both neuropathic and inflammatory models (Carroll et al.,

2009)

Previous work by members of the Centre for Biomarker Research at the University of

Huddersfield has identified several potential biomarkers. Buckley et al. 2017 identified strong
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upregulation of tissue inhibitor of matrix metalloproteinase-1 (Timpl) and melanocortin-1
receptor (Mc1r) in rat SNL models, with increased TIMP1 levels in plasma samples of chronic

neuropathic pain patients (Buckley et al., 2017).

Thus far no potential biomarkers of neuropathic pain have been developed clinically for use in
neither diagnosis nor treatment. There are major challenges for the clinical translation of
potential biomarkers which have inhibited this process. These include the complex and dynamic
nature of neuropathic pain which involves changes in pathophysiology over time (e.g early
stages post-injury, wound healing, and pain chronicity), etiological differences, and response to

medications (including tolerance e.g. opioid analgesics).

The biomarker evolution pipeline involves:

1. Identification of potential biomarkers (candidates)

2. Determination of the best candidate and best assay

3. Scientific validation of biomarker and assay performance (e.g. sensitivity and
reproducibility)

4. Demonstration in clinical population

5. Biomarker becomes accepted as a clinical endpoint by regulators

These are outlined in the review by Borsook and colleagues (Borsook et al., 2011). Once a
biomarker candidate is identified, it is essential to fully investigate its function in both health
and disease. This allows the changes in its expression or function to be accurately utilised to
assess clinical state in a patient. A biomarker may be differentially expressed at different stages
of the neuropathic pain disease states, or could be a gene with alleles or mutations associated

with increased risk of neuropathic pain development.
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If a biomarker is directly involved in the development of neuropathic pain may also have
potential for pharmaceutical knockdown in the early stages of the disease, for either the
prevention of further development or to slow it down. Such a biomarker would also have to be
detectable in earlier stages of neuropathic pain. There is the additional challenge that patients
may only seek medical help for pain once it presents outward symptoms or becomes chronic,
which may be too late for such pharmaceutical intervention. Given that there is strong evidence
that nervous system plasticity is the driving force behind neuropathic pain (Costigan et al., 2009),
it is possible that neuropathic pain may be reversed. This is an active area of research (Moutal

et al., 2018) (Dugan et al., 2020) (Noor et al., 2020).

1.9 Background on Candidate Biomarkers

This section provides information on the candidate biomarkers identified during this study.
1.9.1 Caspases

Caspases exist as inactive pro-caspases until they are activated by another caspase as part of an
activation cascade. Activated caspases must then dimerise to form the active site, which is
forced by induced proximity. In apoptosis, executioner caspases cleave specific substrates
leading to the activation of other pro-apoptotic proteins and the degradation of integral cellular
structures such as cytoskeletal proteins. Given their role in inflammation and cell death,

differential expression of several caspases is to be expected in a model of chronic pain.

Caspl and Casp4 are cysteine-aspartic acid protease (caspase) pro-enzymes belonging to
inflammatory group 1 (Munday et al., 1995). Caspases exist as zymogens, and activation of
procaspase 1 and procaspase 4 is mediated by the inflammasome formation by cleavage
(Martinon & Tschopp, 2004). Rat Caspl has a human orthologue and Casp4 is represented by

CASP4 and CASP5 in humans. In humans, caspases 1, 4, and 5 form part of the inflammasome,
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an important innate component of the inflammatory response and apoptosis (Tournier et al.,
2007). As part of the inflammasome, caspase 1 activates inflammatory cytokines IL1B (Martinon
et al., 2002) and IL18 (A Lu et al., 2016). Caspase 4 feeds into these pathways by activating

caspase 1 (Akhter et al., 2012).

The inflammasome is a multi-protein complex activated by the intrinsic or extrinsic pathways
during the early stages of the inflammatory response (Lang et al., 2018). The intrinsic pathway
is triggered by internal cellular distress signals, such as damage-associated molecular patterns
(DAMPs) from damage to genomic DNA or mitochondria (Tummers & Green, 2017). The
damaged outer mitochondrial membrane allows the contents of the inter-membrane space to
spill out into the cytosol, and cytochrome c is released (Figure 1.9). Cytochrome c is a haem
group containing redox-active protein, and haem group switching between Fe?* and Fe*
oxidation states is a key part of the electron transport chain (Kranz et al., 2009). Cytosolic
cytochrome c binds to apoptotic protease activating factor 1 (APAF1) adaptor protein and
facilitates the formation of an APAF1 heptamer, exposing the caspase recruitment domains
(CARDs) to which caspase 9 molecules bind to (Zou et al., 1999). Induced proximity of the
caspase 9 molecules lead to its activation and the caspase cascade is triggered (Salvesen & Dixit,

1999).

The extrinsic pathway is triggered upon the activation of receptors on the cell surface, and the
transduction of intracellular effector molecules (Creagh, 2014). For example, TNF receptors (a
Death receptor subfamily) can be activated by TNFa during an inflammatory response. All death
receptors contain a ‘death domain’ within the cytoplasmic tail, which in receptor activation
allows adaptor protein recruitment (e.g. FADD). These adaptor proteins contain death-effector
domains which recruit pro-caspase 8, which becomes activated by induced proximity and

dimerization and forms initiator caspase 8. This activated complex comprising of death
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receptors, FADD, and caspase 8 is known as the death-inducing signalling complex (DISC). Active

caspase 8 goes on to cleave and activate executioner caspases (3, 6, and 7) (Figure 1.9).

APAF-1

— ‘ Apoptosome:

. Procaspase 9

Cytochrome C
. Activated caspase 9
Procaspase 3 ‘ . Active caspase 3
Procaspase 7 . ‘ Active Procaspase 7

Apoptosis

Figure 1.9: The Role of Cytochrome C in Apoptosis. Cytochrome c is a component of the electron transport chain
anchored within the inner mitochondrial membrane. Cytochrome cis released into the cytosol under oxidative stress,
and here it forms part of the apoptosome complex by binding to apoptotic protease activating factor 1 (Apaf-1) and

procaspase 9. Procaspase-9 is activated and forms caspase 9, which in then activates caspases 3 and 7.

1.9.2 Inflammatory Mediators

Thioredoxin (TXN, sometimes denoted as Trx) is a class of two proteins (thioredoxin 1 and
thioredoxin 2) that are fundamental to all life (Wollman et al., 1988). These are oxidoreductase
enzymes which reduce other proteins by cysteine thiol-disulfide exchange, a are essential for
mammalian development (Nordberg & Arner, 2001). The thioredoxins are cytoprotective
against oxidative stress (Yoshida et al., 2005), and upon binding to apoptosis signal-regulating

kinase 1 (ASK1) promotes its ubiquitination and degradation (Liu & Min, 2002). Thioredoxin

66



Bethan C Young Supervisor: Dr P C McHugh

inhibition of ASK1 decreases release of the electron transport chain component cytochrome ¢
from the mitochondria to the cytosol (Andoh et al., 2002); both anti-apoptotic properties. The
ASK1 apoptosis pathway is induced by oxidative stress, which may occur as part of the
inflammatory response in neuropathic pain (Hattori et al., 2009). TXN also promotes the binding
of the transcription factor NF-kB and activator protein 1 (AP1) to DNA (Hirota et al., 1997). These
factors regulate transcription of an array of genes for various outcomes including cell survival
and apoptosis (Gilmore, 2006) and are induced after brain injury to promote neuronal survival

and repair (Pennypacker et al., 2000).

CCR5 is expressed on the surface of macrophages, dendritic cells, eosinophils, T cells of the
adaptive immune system, and microglia in the CNS, and facilitates chemotactic cell trafficking
(Chtanova & Mackay, 2001, Waller & Sampson, 2018). It also promotes secretion of IL1B (Zhou
et al., 1998), and caspases 3, 8, and 9 (Ma et al., 2006) (Ma et al., 2005) indicating both pro-
inflammatory and pro-apoptotic roles. To support this, CCR5 upregulation has been reported in
human rheumatoid arthritis, an inflammatory joint disease (Auer et al., 2007) with which

neuropathic pain is often reported (Ahmed et al., 2014, Koop et al., 2015).

Cluster of differentiation 4 (CD4) is a glycoprotein co-receptor expressed on the surface of T-
helper (Th) cells, also known as CD4+ T cells (J Zhu & Paul, 2008). These cells assist the adaptive
immune system in several functions, including antigen presentation, B cell antibody class
switching, and cytotoxic CD8+ T cell maturation, as well as macrophage function in pathogen

destruction (Taams et al., 2005). These activities make CD4+ T cells are pro-inflammatory.

Romo1 protein reactive oxygen species modulator 1 (ROMO1) induces reactive oxygen species
(ROS) production and has been linked to TNF-alpha-induced ROS production that in turn triggers

apoptosis (JJ Kim et al., 2010). ROMO1 has previously been implicated as a diagnostic and

67



Bethan C Young Supervisor: Dr P C McHugh

prognostic marker in lung and colorectal cancers (HJ Kim et al., 2017, SH Lee et al., 2017) and as

a druggable target (Kim, Lee, et al., 2018).

Fpr2 codes for the G-protein coupled receptor formyl peptide receptor 2 (FPR2) involved in the
attenuation of the inflammatory response and limits tissue damage by neutrophil response
attenuation (Martini et al., 2016, Dakin et al., 2014). FPR2 has several known ligands including
annexin Al and lipoxin A4. Annexin Al is a Ca?*-dependent phospholipid-binding protein which
suppresses eicosanoid production and inhibits leukocyte adhesion in the acute phase of
inflammation (Perretti & Dalli, 2009). Lipoxin A4 is a product of arachidonic acid and suppresses

the expression of pro-inflammatory genes (Chandrasekharan & Sharma-Walia, 2015).

1.9.3 Other Genes of Interest

Four genes of interest, A3galt2, Sh3bgri3, Tmem88, and Plac8, represent potential novel
biomarkers due to their functionality not currently being fully understood, particularly with
regards to pain mechanisms. Alpha 1,3-Galactosyltransferase 2 (A3galt2) is involved in the Globo
Sphingolipid Metabolism and Glycosphingolipid biosynthesis pathways. A3galt2 synthesises the
galactose-alpha (1,3)-galactose group on isogloboside 3 (iGb3) and catalyse the addition of
galactose to iGb3 itself to form polygalactose structures. ABO is a paralog of A3galt2, which
codes for the proteins of the human blood group system (Cid et al., 2019), and A3galt2 has
implications for immunological compatibility in xenotransplantation (SE Kim, Kang, et al., 2018).

The iGb3 protein is recognised by natural killer (NK) cells (D Zhou et al., 2004).

Sh3bgri3 codes for the SH3-Domain-Binding Glutamate-Rich Protein Like 3 (SH3BGRL3), also
known as tumour necrosis factor-alpha inhibitory protein, TIP-B1 (Berleth et al., 2000). This
protein is anti-inflammatory, and thioredoxin-like but cannot reduce other proteins, as it lacks
the CXXC motif (Mazzocco et al., 2002). TMEMS8S is a known inhibitor of the Wnt/B-catenin

canonical pathway (Figure 1.10), which is involved in neural development and plasticity in
68



Bethan C Young Supervisor: Dr P C McHugh

embryogenesis and in adult brains (Chenn, 2008) and has been implicated in the production of

hyperalgesia and allodynia in rat models of neuropathic pain (Zhang et al., 2013).

On
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Without Wnt, B-catenin is degraded before it can B-catenin moves into nucleus and can promote
reach target genes transcription of target genes

Figure 1.10: Wnt/B-catenin Canonical Pathway. In the absence of Wnt, B-catenin is phosphorylated and targeted for
degradation by proteasomes. This inhibits transcription for genes which require B-catenin. In the presence of Wnt, -
catenin is dephosphorylated and can move into the nucleus to promote transcription of target genes. Therefore, Wnt
is an essential factor in the transcription of B-catenin targeted genes. Fzd = Frizzled Receptors, GSK3B = Glycogen

synthase kinase 3.

Plac8 codes for the cysteine-rich placenta-specific 8 protein (also known as onzin), involved in
differentiation of adipocytes, and nasopharyngeal cancer (Huang, et al., 2019), and has a role in
the regulation of autophagy. Recently a PLAC8 protein-motif has been described by (Cabreira-
Cagliari et al., 2018) to be conserved in a protein group of which there are three types: type | in
mammals, fungi, and plants, and types Il and Il exclusive to plants. This PLAC8 motif-containing
protein group is involved in a range of activities, including detoxification and infection response,

and Ca*" influx (Cabreira-Cagliari et al., 2018).
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1.9.4 MicroRNAs

MicroRNAs are small non-coding chains of approximately 18-22 nucleotides, which bind to
messenger RNA (mRNA) of a target gene to block translation and protein synthesis (Olsen &
Ambros, 1999). This reduces expression of the target gene and marks the mRNA for degradation
(Bagga et al., 2005). Differential expression of microRNAs has implications in disease, and even
small changes to the microRNA profile have the potential to have knock-on effects with clinically
relevant results. Simultaneous changes to several regulatory microRNAs for a target gene may

also be indicative of its functional importance in a disease, e.g. neuropathic pain.

Table 1.9: MicroRNAs of Interest and Target Genes

MicroRNA Targets Target Function

Beta-secretase 1 iS @ transmembrane protease,

involved in the formation of amyloid beta peptide
from amyloid precursor protein in Alzheimer’s

mir29¢ Bacel, Mcl1 disease pathology (Vassar et al., 1999).

MCL1 codes for the BCL2 family apoptosis regulator,

an anti-apoptotic protein (Michels et al., 2005).

The notch signalling pathway is highly conserved in
mammals (Artavanis-Tsakonas et al., 1999), and is
involved in critical cell communication during growth

Notch1 (Bae et al,, 2012), Bcl2 (Slaby et and differentiation in many tissue types. In neuronal

mir34c ; ; ; ; ;
al., 2009), tissue, there is evidence for its role in the
maintenance of neuronal stem cells (Aguirre et al.,
2010; Hitoshi et al., 2002).
Bcl2 is a cell death inhibitor (Skommer et al., 2010).
mir19b1 Bacel (Hebert et al., 2008) See mir29c

The E2fs are a family of transcription factors involved

mir181b1 Bcl2 (W Zhu et al., 2010), Noval (zhi et in regulation of cell cycling and apoptosis (Slaby et al.,

al., 2014), E2f1 (Slaby et al., 2009) 2009). Neuro-oncological ventral antigen 1 (target of

hsa-Mir181b1) is an RNA binding protein which
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regulars alternative splicing and is exclusive to

neurones (Zhi et al., 2014).

Casp3, Casp8, (Tsang & Kwok, 2008) Caspases 3 and 8 in humans involved in inflammatory
mir Let 7a2 IL6 (lliopoulos et al., 2009), E2f2 (Dong  processes
etal., 2010)

CARD10, caspase recruitment domain family
Mir1843b Card10
member 10 (Wang et al., 2001)

Phosphatase and tensin homolog (PTEN) is a tumour
Pten (Qu et al., 2012), IL24 (Majid et suppressor, involved in the regulation of cell cycling

hsa-Mir205
al., 2010) and apoptosis. 1L24 is a pro-inflammatory cytokine

with tumour suppressive effects.

Changes to Mir29c expression has been linked to psoriasis (Zibert et al., 2010), Parkinson’s
disease (Pasinetti, 2012), and schizophrenia (Perkins et al., 2007). Mir34c upregulation has been
linked to Alzheimer’s disease (Satoh, 2010, Zovailis et al., 2011), as is mir19b1 downregulation
via increased Bacel (Beta-secretase 1) activity. Beta-secretase 1 is a transmembrane protease,
involved in the formation of amyloid beta peptide from amyloid precursor protein in Alzheimer’s
disease pathology (Vassar et al., 1999). Bacel is also targeted by miR29c (Zong et al., 2011), as
well as the Mcl1 gene, which codes for the anti-apoptotic protein BCL2 family apoptosis

regulator (Michels et al., 2005).

The notch signalling pathway is highly conserved in mammals and is involved in critical cell
communication during growth and differentiation in many tissue types (Artavanis-Tsakonas et
al., 1999). In neuronal tissue, there is evidence for its role in the maintenance of neuronal stem
cells (Aguirre et al., 2010, Hitoshi et al., 2002). Mir34c also targets Bcl2, a cell death inhibitor
protein which promotes cell survival (Cleary et al., 1986), which makes has implications for an

anti-apoptotic role of mir34c.
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It is reasonable to suggest that an altered microRNA expression profile may contribute
to neuropathic pain pathology through pro-inflammatory and pro-apoptotic mechanisms.
Changes in target gene expression are not necessarily reflected in the microRNA data because
regulation is post-transcriptional. As particular microRNA profiles have already been recognised
as unique to pathologies, including cancers and cardiovascular diseases (Bonci et al., 2016, Min
& Chan, 2015), there is evidence to support their potential use as biomarkers. CSF microRNA
profiles have demonstrated use in identifying AD with 95.5% accuracy (Denk et al., 2015), and
lung cancer has been detected experimental using the plasma microRNA signature with 81%
specificity (Sozzi et al.,, 2014). MicroRNA-targeting drugs are being developed, including
miravirsen, a short RNA molecule which targets miR-122 in the human liver, which despite
concerns of inducing herpetic cancer (due to the protective role of miR-122), has demonstrated
safety in chronic hepatitis C patients (van der Ree et al., 2014) and the drug remains in Phase 2

clinical trials.

1.9.5 Olfactory Receptors

Olfactory receptors (ORs) are typically localised in sensory organs where they detect numerous
ligands associated with odour within the compact cilia. ORs are Gs-coupled proteins activating
adenylyl cyclase and increasing cyclic AMP levels, which targets an olfactory-specific cyclic

nucleotide gated ion channel, allowing cation influx and depolarisation.

Expression of so-called ‘ectopic’ ORs and their downstream signalling molecules have been
reported in human CNS neurons and other tissue types (Ferrer et al., 2016). Olfactory Marker
Protein (OMP), a plasma membrane protein which functions as a potassium-dependent
sodium/calcium exchanger and a Ca?*-ATPase, found in mature neurons of vertebrates and

regulates OR expression (Pyrski et al., 2007). OR expression is dysregulated in other neurological
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diseases, including Parkinson’s disease and Alzheimer’s disease (Ansoleaga et al., 2013, Grison

etal., 2014)

1.9.5 Histone proteins

Histone proteins package nuclear DNA in eukaryotic cells. DNA is wound around histone
octamers to form nucleosomes, compacting the DNA. Histones exist in the forms H2A, H2B, H3,
and H4 are core histones, and H1/H5 are linker histones (Bhasin et al., 2006). Histone proteins
bundle DNA into nucleosome units, the first component of DNA packaging in the nucleus (Figure
1.11). Histones are proteins which DNA coils around to tightly compart. Together, histones and
DNA form the nucleosome, a key component of the chromatin structure. Histones play a key
role in DNA accessibility, through post-translational modifications, such as acetylation and
phosphorylation, to their structure known as histone code. These mechanisms alter the
tightness of the chromatin and thus DNA accessibility and transcription. The packaging of DNA
is a fundamental part of genome regulation, as access of transcriptional machinery to the DNA

can be tightly controlled.
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Coils Supercoils Chromosome

Figure 1.11: Histone Proteins and the Packaging of the Genomic DNA. Histone proteins H2A, H2B, H3, and H4 form
octamers which the DNA wraps around to form the nucleosome complex. The H1 proteins sits outside the structure
to keep it intact. These form the so-called “beads on a string” structure, which coils up twice to form a supercoil. The
supercoil them folds several times over to form the recognisable chromosome structure of packaged DNA. These

structures unravel to expose the DNA strand during transcription and replication (Verdone et al., 2006).

Chemical modifications to histone proteins has a key role in gene expression regulation, altering
access to DNA by transcription machinery. Acetylation and deacetylation of histone lysine
residues are key gene regulation processes, carried out by the enzymes histone
acetyltransferase (HAT) and histone deacetylase (HDAC). These processes are involved in gene
expression changes in disease states, including inflammation (Barnes et al., 2005), and altered
activity of HAT enzymes and HDACs have been linked to asthma and chronic obstructive

pulmonary disorder (Mroz et al., 2007).

Histone acetylation occurs in vivo as a method of transient gene expression modification,
induced in response to changes in the extracellular environment. Addition of the acetyl groups
to histone tail lysine residues is catalysed by HATs (Robison & Nestler, 2011), and their removal
by HDACs catalyse the removal of acetyl groups from histones (Kouzarides, 2007). Together,
these enzymes tune gene expression; histone acetylation loosens the chromatin, whereas acetyl

group removal causes the chromatin to tightly condense, making the DNA inaccessible to
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transcription factors (Kuo & Allis, 1998). Thus, acetylation and deacetylation promote and
restrict gene transcription and expression respectively (Bowman & Poirier, 2015). Dysregulated
histone protein modification results in defective chromatin remodelling, DNA replication and
repair, and epigenetic regulation of genes (Chen et al., 2014). Histone deacetylation has been
implicated as a critical step in the development of pain resulting from nerve-injury, with
deacetylation inhibitors blocking chemokine and cyclo-oxygenase-2 upregulation and relieving
pain (Khangura et al., 2017, Danaher et al., 2018). Sanna et al. describe the effect of the selective
HDACL1 inhibitor, LG325, in dose-dependently reducing mechanical allodynia in mouse SNI
(Sanna et al., 2017). HDACS is implicated in both depression-related behaviours in rat models,

and in the SNI model of neuropathic pain (Descalzi et al., 2017).

Histone modification and release is also seen in other disease states. For example, in PD histone
acetylation levels are higher in midbrain dopaminergic neurons than controls (Park et al., 2016),
and histones can be released by damaged cells can serve as DAMPs (Qaddoori et al., 2018).
Histones are also involved in DNA repair and the recruitment of repair proteins to sites of double

stranded breaks (Uckelmann & Sixma, 2017), an important mechanism in cell health.

1.9.6 Ribosomal Proteins

Ribosomal proteins make up the ribosomal subunits involved in translation in protein synthesis
and are highly conserved in all species. Differential expression of ribosomal protein genes occurs
in organ development, for example RPL24 in ovary and testis in marine shrimp (Zhang et al.,
2007). Stress-specific changes to the expression of ribosomal proteins have been reported in
plant roots (Wang et al., 2013), and in 2015 Saisu et al. reported expression changes in ribosomal
proteins in the amygdala of SNL mice. It is possible that the large-scale changes involved in the
shift of an organism into a hypersensitive state induces or requires changes to transcriptional
machinery such as ribosomes.
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1.9.7 Pseudogenes

A high number of pseudogenes are differentially expressed in the SNL versus
sham. Pseudogenes are segments of genes that are related to protein-coding genes with high
sequence similarity, do not produce a protein (Tutar, 2012). This loss of function may be due to
premature stop codons or frameshift mutations (Zheng et al., 2007). In humans there are
approximately twenty thousand pseudogenes in the genome, compared to twenty-seven
thousand protein-coding genes (Han et al., 2011). Pseudogenes however are not always non-
functional and may perform some regulatory functions similar to that of other non-coding DNA
segments such as small interfering RNAs (siRNAs). Some pseudogenes lack promoter regions and
introns termed “processed pseudogenes”, which have been incorporated into the chromosome
from mRNA (Harrison et al., 2005). Differential expression of pseudogenes in the SNL model
may either have functional relevance in the pathophysiology of neuropathic pain or may result
from other regulatory changes. In the microarray, changes to expression of pseudogenes are not

reflected in their coding gene counterparts.

1.9.8 Transcription Factors

Transcription factors (TFs) represent an important mechanism for gene expression control, and
common TFs amongst differentially expressed genes in a disease can be indicative of important
mechanisms. These are proteins that bind sequence-specific segments of DNA or messenger
RNA (mRNA) (Latchman, 1997). They bind to enhancer or promoter regions of DNA upstream of
the gene, and they can either promote or block gene transcription (Gill, 2001). TFs achieve this
by stabilising the binding of RNA polymerase to the DNA for transcription, or by blocking it.
Coactivators and corepressors are accessory proteins recruited by the transcription factors
which enhance or decrease transcription rates respectively (Xu et al., 1999). Transcription

factors are important for cellular response to environmental cues, as well as in cell
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differentiation in development and gene expression changes during the cell cycle. Four TFs are
of interest to this study, representing common upstream regulators of for our candidate

biomarkers of neuropathic pain.

Pax-6 is active during embryonic development and neurogenesis (Heins et al., 2002). It contains
a paired box domain and a homeobox domain both of which act as transcription factors. This
protein is important for neural development. Brn-2, a POU-III class protein involved in neuronal
differentiation ensures Schwann cell development and myelination in the absence of Oct-6
(Jaegle et al., 2003). It also enhances activation of genes regulated by corticotropin-releasing

hormones (Ramkumar & Adler, 1999).

Mesoderm posterior protein 2 (MESP2) belong to the basic helix-loop-helix (bHLH) family of TFs,
and controls Notch signalling pathways, which has been previously implicated in the
establishment and maintenance of neuropathic pain (Yan-Yan 2012). Notch pathways are highly
conserved proliferative signalling pathways involved in neurogenesis. MESP2 is principally

involved in somitogenesis in embryonic development (Maroto et al., 2012).

Homeobox transcription factor Gsx-2 (formerly Gsh-2) is expressed during CNS development
(Pei et al., 2011), and is active during the lateral ganglionic eminence (LGE) in the ventral
telencephalon (Szucsik et al., 1997), an area which later forms the basal ganglia, where it
promotes the maintenance of LGE progenitors and prevents differentiation (Pei et al., 2011).
Gsx2 mutants exhibit a larger volume of oligodendrocyte progenitor cells in mice embryos
(Chapman et al., 2018). Gsx-2 is also expressed in mouse olfactory bulb stem cells (Mendez-
Gomez 2012 (Mendez-Gomez & Vicario-Abejon, 2012) and is required for olfactory bulb
neurogenesis (Waclaw et al., 2009). As olfactory receptor expression is abhorrent in the SNL

model, it is possible that Gsx-2 may be in part facilitating these changes. It is possible these TFs
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are active in the neuropathic pain state as structural changes and plasticity occur subsequent to

injury, and these factors may be (in part) facilitating such changes.

1.10 Aims and Objectives

This project aims to identify biomarkers of chronic neuropathic pain with potential for the
development of improved diagnostic techniques and targeted pharmaceutical treatments. This
may include novel proteins not previously linked to neuropathic pain, or proteins with known

functions in either pain or inflammation, but not explicitly chronic neuropathic pain.

More specifically, this project aims to:

1. Identify candidate biomarkers, using differential gene expression in the ipsilateral dorsal
horn tissue in SNL rat model of neuropathic pain versus sham-operated control.
Consider fold change, significance level, and known biomarker function and interactions
with other genes and pathways reported in the literature.

2. Validate the candidate biomarkers in a clinical cohort of neuropathic pain patients, by
assessing differential gene expression by gPCR from whole blood samples, by
comparison of patients and healthy controls without neuropathic pain.

3. Measure expression changes of ‘validated’ candidates at both gene and protein level in
inflammatory cellular models relevant to the central nervous system or the immune
system, to elucidate their response to inflammatory conditions for comparison to data

from neuropathic animal models and patients.

Candidates which demonstrate differential gene expression in both the SNL model and clinical
cohort could have a significant role in either the development or maintenance of the

neuropathic pain state. This cross-species validation will provide strong evidence for a role in
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the pathology of neuropathic pain. Though extensive functional analysis of the candidates will
be required to assess their full potential as biomarkers for neuropathic pain, and will provide
essential groundwork for the biomarker development pipeline into clinical tools, this project
aims to fulfil the first stage of the pipeline by identifying candidate biomarkers. The goal of this
work is to contribute to the identification of a biomarker or biomarkers which can be developed

into a clinical tool for accurate diagnosis of neuropathic pain.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Animal Model Work

o Sprague Dawley rats supplied by Harlan, UK
e Rat Transcriptome Assay (RTA) 1.0 Arraychip (Affymetrix, Santa Clara, USA) was
performed by AROS Applied Biotechnology (Aarhus, Denmark) on an Affymetrix

GeneTitan instrument.

2.1.2 Clinical Work

e Patient questionnaire included the (Self-reported) Leeds Assessment of Neuropathic
Symptoms and Signs (S-LANSS) (Bennett, 2001), Patient Health Questionaire-9 (PHQ-9),
and Generalised Chronic Pain Scale (GCPS)

o Clinical samples collected at Seacroft Hospital, Leeds

o Control Samples Collected at the clinical facilities at University of Huddersfield Podiatry
Clinic, Huddersfield

e PAXgene Blood RNA Tubes purchased from Beckton Dickinson and Company (BD)
Diagnostics (Wokingham, United Kingdom)

e LC480 LightCycler and LightCycler® 480 SYBR Green | Master Roche Life Science (Basel,

Switzerland)

2.1.3 Cell Culture

e Human Astrocytes 1321N1 purchased from Sigma Aldrich (St Louis, USA)

e SH-SY5Y, SK-N-SH, and THP-1 cells purchased from ATCC®
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e Cell culture vessels including flasks (T25, T75, T175) from Corning® Sigma Aldrich (St.
Louis, MO, USA), and plates (6 well, 12 well, 24 well, 96 well) from Starstedt (Nimbrecht,
Germany)

o Cell culture media including Dulbecco’s Modified Eagles Medium, Roswell Park
Memorial Institute (RPMI) 1640, and Ham's F-12 Nutrient Mixture were purchased from

ThermoFisher (Waltham, MA, USA)

In Vitro Work
e GeNorm Reference Gene purchased from PrimerDesign (Southampton, UK)
e Primers purchased from Eurofins (Luxembourg)
e iTaq Bio-Rad Laboratories, Inc. (Hercules, CA, USA)
e CFX96 Bio-Rad Laboratories, Inc.
e Infinite® F50 Absorbance Microplate Reader and Magellan™ data analysis software,

Tecan Life Sciences (Mannedorf, Switzerland)

Western Blot
e FiveEasy Standard pH Meter Mettler-Toledo Ltd. (Leicester, United Kingdom)
e Millipore H,O Purification System, Merck (Darmstadt, Germany)
o The following were purchased from Bio-Rad Laboratories, Inc.
o Gel casts, plates, and well combs
o Mini-PROTEAN Tetra Vertical Electrophoresis Cell
o PowerPac Universal Power Supply

o Transblot Turbo Transfer System
o ChemiDoc XRS+ Imaging System
o 4x Laemmli Sample Loading Buffer

o Immun-Blot® PVDF Membrane
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o Blot Absorbent Filter Paper

o Clarity Western ECL Blotting Substrates

2-Mercaptoethanol (Sigma-Aldrich)

SDS-PAGE Gels made in-house:

40% Acrylamine ThermoFisher

2% Bis solution Bio-Rad Laboratories, Inc.

Tris Solution pH 8.8 and pH 6.8 made in-house: Tris Base (ThermoFisher, Waltham, MA,
USA) plus Hydrochloric Acid and Sodium Hydroxide solutions (ThermoFisher) for pH
change

10% SDS Solution Sigma Aldrich (St. Louis, MO, USA)

TEMED Bio-Rad Laboratories, Inc. (Hercules, CA, USA)

TBS-T: NaCl 137mM, KCl, 2.7 mM, Tris Base 19nM, Tween 20 (x20) ThermoFisher

(Waltham, MA, USA)

Running Buffer made in-house: 144g Glycine, 30g Tris Base, 10g SDS, ThermoFisher (Waltham,

MA, USA), Millipore H,0 adjust to 1 litre (Merck, Darmstadt, Germany)

Transfer Buffer made in-house: 3g Tris Base, 14.4 g glycine, 200 ml methanol ThermoFisher

(Waltham, MA, USA), Millipore H,0 adjust to 1 litre (Merck, Darmstadt, Germany)

Antibodies

Anti-ANXA1 Rabbit Polyclonal Antibody (ab137745) Abcam (Cambridge, UK)

Anti-FPR2 Rabbit Polyclonal Antibody (STJ192622) St John’s Laboratory (London, UK)
Anti-OMP Rabbit Polyclonal Antibody (STJ13100243) St John’s Laboratory

Goat Anti-Rabbit Alexa 546 Fluorescent Secondary Antibody (A-11035) ThermoFisher
(Waltham, MA, USA)
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o Goat Anti-Mouse Alexa 647 Fluorescent Secondary Antibody (A-21245) ThermoFisher

o Horseradish Peroxidase (HRP) Conjugated Secondary Antibody Goat Anti-Rabbit (GtxRb-
003-DHRPX) Immunoreagents Inc (Raleigh, NC, USA)

e Horseradish Peroxidase (HRP) Conjugated Secondary Antibody Goat Anti-Mouse

(GtxMu-003-DHRPX) Immunoreagents Inc
ELISA Kits

e Human IL-6 DuoSet ELISA R&D Systems Inc., Bio-Techne (Minneapolis, USA)
e PLACS8 FineTest (Hubei, China)

e ROMOL1 Elabscience (Houston, TX, USA)

2.2 Methods

2.2.1 Spinal Nerve Ligation (SNL) Model

The spinal nerve ligation (SNL) model of neuropathic pain in adult male Sprague Dawley (Harlan,
UK) provided the spinal cord dorsal horn tissue for this project. Animal husbandry, surgery, and
tissue harvest procedures were approved by the Animal Care and Research Ethics Committee,
National University of Ireland (NUI), Galway, Ireland, and carried out under license from the
Department of Health in the Republic of Ireland and in accordance with EU Directive 2010/63.
Rats were housed singly with free access to food and water, under a controlled temperature (21
1 2°C) and 12-hour light-dark cycling. After one week, animals underwent surgery, either L5 SNL
(n=10) or sham (n=10) and maintained until 35 days post-surgery. Euthanasia by decapitation
was performed and tissue was harvested from the spinal cord DH ipsilateral to the side of nerve
injury was snap-frozen on dry ice and stored at -80°C. These preparations are matched for age

and weight.
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Establishment of the model, maintenance, behavioural tests, and dorsal horn tissue extraction
were performed by collaborative colleagues in Prof. David Finn group at NUI, Galway.
Behavioural tests include von Frey test, Hargreaves test, and acetone test, method as previously

described in Moriarty et al., 2016.

2.2.2 Clinical Cohort2.2.2 Recruitment and Blood Collection

Fifty-three adult neuropathic pain patients were recruited from Seacroft Leeds Teaching
Hospital (Ethics NHS - 14/YH/0117). Questionnaires completed at time of blood collection
included screening questions for exclusion criteria (fiboromyalgia, cancer, multiple sclerosis, and
diabetes patients were excluded), the pain assessment (self-reported) Leeds Assessment of
Neuropathic Symptoms and Signs (S-LANSS), Patient Health Questionaire-9 (PHQ-9), and
Generalised Chronic Pain Scale (GCPS) were completed by the patients. Data concerning the
nature of the pain was also collected, including diagnosis, number of months since pain began,
current medications, and comorbidities. Current relevant medications were categorised as i)
anti-inflammatory drugs including non-steroidal anti-inflammatories (NSAIDs) and paracetamol,
ii) anti-depressants, including tricyclic anti-depressants (TCAs), selective serotonin reuptake
inhibitors (SSRIs), and serotonin and norepinephrine reuptake inhibitors (SNRIs), iii) anti-

convulsants, and iv) opioid analgesics.

Sixty-five age and sex-matched controls were recruited from Huddersfield, UK. The control
cohort also completed the questionnaire without the pain assessment. Informed consent was
obtained for both cohorts prior to participation. Questionnaires were completed by participants

themselves.

Blood samples from both cohorts were collected in PAXgene Blood RNA Tubes (BD diagnostics,
Wokingham, United Kingdom) from the antecubital fossa using the standard phlebotomy

technique. Blood collection was performed by trained phlebotomists Catherine McHugh, Laura
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Clayton, and Kristen Hawkins at the University of Huddersfield. Samples were stored at -20°C for

<24 hours prior to long term storage at -80°C.

2.2.3 Cell culture

Human Astrocytes 1321N1 (Sigma Aldrich, St Louis, USA) were cultured in Dubecco’s Modified
Eagle’s Medium High Glucose supplemented with 10% FBS (Gibco™, ThermoFisher) and 10nM
L-glutamine (Sigma Aldrich, St Louis, USA) at 37°C, 5% CO;, 25% O,. Astrocytes were plated in 6
well tissue culture plates (Starstedt) at seeding density 1x10°. After 24 hours, FBS supplement
was reduced to 3% to slow further growth and inflammation was induced. Tumour necrosis
factor alpha (TNFa) (400uM) and interferon gamma (IFNy) (100uM) (ThermoFisher) were added

to the media and cells were incubated for a further 48 hours.

SH-SY5Y (ATCC® CRL-2266™) were cultured in Dubecco’s Modified Eagle’s Medium High Glucose
supplemented with 10% FBS (Gibco™, ThermoFisher) and 10nM L-glutamine (Sigma Aldrich, St
Louis, USA) at 37°C, 5% CO,, 25% 0,. Cytokine treatment included 100uM IFNy for 24 or 48

hours.

SK-N-SH (ATCC® HTB-11™) were grown to 80% confluency in 6-well plates in DMEM media
supplemented with FBS (10%) and 10uM L-glutamine. Once confluent, media was removed and
replaced with low serum media (5% FBS) to inhibit proliferation. Retinoic acid was added at
concentration 10uM. Negative controls included no addition of retinoic acid and the addition of

a DMSO bolus for volume adjusted control.

THP-1 cells (ATCC® TIB-202™) were maintained in RPMI media supplemented with 10% Fetal
Bovine Serum (FBS) and L-glutamine 10mM (all from ThermoFisher). Cytokine treatment

included 100uM IFNy for 24 or 48 hours.
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The pilot mechanical stress test was performed on 1321N1 cells at 90% confluency. A 10ul
pipette tip was used to scrape vertically and horizontally in a grid-like formation. Cells were
photographed at x20 magnification 24 hours, 48 hours, 72 hours, and 96 hours EVOS XL Core

Imaging System.

2.2.4 RNA Extraction

2.2.5.1. RNA Extraction of Rat Dorsal Horn Tissue

Total RNA extraction was performed by Dr David Buckley (McHugh group) at the University of
Huddersfield using PAXgene Blood RNA Tubes using the Preserved Blood RNA Purification Kit Il
(Norgen, Biotek, ON, Canada) according to the manufacturer’s instructions. RNA was treated
with DNAse and purified on columns. RNA concentration was measured on a NanoDrop ND2000

ultraviolet—visible (UV) spectrophotometer (Labtech International Ltd, UK)

2.2.5.2. RNA Extraction of Whole Blood

Total RNA was extracted using the Preserved Blood RNA Purification Kit Il (Norgen, Biotek, ON,
Canada) according to the manufacturer’s instructions. In brief, the RNA was treated with DNase
(Thermo Fisher Scientific) and purified on columns. RNA extraction from clinical samples was
performed by Catherine McHugh (McHugh Group) at the University of Huddersfield. Final RNA
concentration was measured on a NanoDrop ND2000 UV spectrophotometer. Complementary
DNA (cDNA) was prepared from the 500ng extracted RNA using the Verso cDNA Synthesis kit

(Thermo Fisher Scientific) according to the manufacturer’s instructions.

2.2.5.3 RNA extraction from Tissue Monolayers

Adherent cells were washed twice with DEPC PBS and lysed on the culture dish using 1ml of TRI

Reagent (ThermoFisher) per 10cm? of glass culture plate surface area. Cell lysate was mixed by
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pipette to form a homogenous lysate and incubated at room temperature for 5 minutes. For
suspension cells, the media containing the cells was centrifuged at 300g for 10 minutes. Media
was removed and cells were resuspended in DEPC PBS. This process is repeated once before
final centrifugation and resuspension in 400ul TRI Reagent and incubated at room temperature

for 5 minutes.

Chloroform was added to the cells at a ratio 1:5 to TRl Reagent. Samples were shaken vigorously
for 15 seconds and incubated for 15 minutes at room temperature. Samples were centrifuged
at 12,000g for 15 minutes. The upper aqueous phase was transferred to a fresh 1.5ml tube
containing isopropanol at 1:2 ratio to TRI Reagent, mixed by pipette, and incubated 10 minutes
room temperature. Samples were then centrifuged at 12,000g for 10 minutes. Supernatant is
removed by pipette and the RNA pellet is washed with 75% ethanol at 1:1 ratio to TRl Reagent,
after the addition of which the tubes are centrifuged 7,500g, or 12,000g if RNA pellet floats, for
5 minutes. RNA pellet was air-dried for 10 minutes and then resuspended in DEPC H,0 (30-50ul
depending of pellet size). To facilitate dissolution sample tubes were mixed in a shaking

incubator at 55—-60 °C for 15 minutes.

2.2.4.4 RNA Quality Control

RNA concentration of each sample was analysed by NanoDrop ND2000 UV Spectrometer and

S5ul was run on a 1.2% agarose gel, prepared with DEPC TBE, to assess RNA integrity.

2.2.5 Affymetrix Microarray

RNA library was prepared by Dr. David Buckley and samples were posted to AROS Applied
Biotechnology (Aarhus, Denmark) for RNA quality control and microarray on Rat Transcriptome
Assay (RTA) 1.0 Arraychip (Affymetrix). Total RNA was labelled using an Ambion WT Expression

kit (Life Technologies, Bleiswijk, The Netherlands) and hybridised to Affymetrix Rat
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Transcriptome Array (RTA) 1.0 (Affymetrix, Santa Clara, CA, USA). Sample labelling, hybridization
to chips, and image scanning were performed according to the manufacturer's instructions on
an Affymetrix GeneTitan instrument by AROS Applied Biotechnology (Aarhus, Denmark). Quality
control was performed using Affymetrix Expression Console and interpretation of data was
facilitated by Affymetrix Transcriptome Analysis Console 2.0 (TAC2.0). The term ‘transcript’ is
used here to refer to cDNA sequences on the microarray transcriptome chip and includes genes,
microRNAs, and non-coding transcripts. Genes that belong to Rattus norvegicus are written
according to the proper nomenclature e.g. ‘Fpr2’. Non-italised coded refer to the protein
product of these genes: ‘Fpr2’. When genes and proteins are discussed in the context of the
work of others, the appropriate nomenclature will be used to refer to the candidate according

to the species in which the experiment was performed.

2.2.6 DNase treatment and cDNA Synthesis

The following protocol was carried out on RNA from tissue monolayers and RNA extracted from
clinical blood. Approximately 500ng RNA in DEPC H,0 (<4yl) is used for cDNA synthesis. DNase
buffer x1 (0.5ul) and DNase (1U) is added and the sample is incubated at 37°C for 60 minutes.
Thereafter 0.5ul x1 EDTA is added followed by 65°C incubation for 10 minutes. The Verso cDNA
Synthesis Kit (ThermoFisher) was used for cDNA synthesis. To each sample 2ul x5 reaction
buffer, 1ul dNTP mix (final concentration 500 uM each), 0.75ul (400 ng/uL) 300ng random
hexamers, 0.25pl (500 ng/uL) 125ng anchored oligo dTs, and 0.5ul Verso enzyme (units not
specified by kit), is added. Samples are then incubated 42°C for 60 minutes followed by 2

minutes at 95°C.

2.2.8 Quantitative Polymerase Chain Reaction
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For clinical samples, gPCR was performed on the Roche LC480 system in a 96-well format.
Reaction mix of 10ul per well was prepared with 1ul diluted 1:50 cDNA, 0.3uM forward and
reverse primers and 5ul x2 Roche Mastermix containing SYBR Green | dye. Cycling conditions
were as follows: one cycle of pre-incubation 95°C for 5 minutes, 45 cycles of amplification
including 10 seconds at 95°C, 10 seconds at 60°C, and 10 seconds at 72°C, followed by the
melting curve protocol of 5 seconds at 95°C and 1 minute of 65°C, and finally cooling at 40°C for

30 seconds.

For cell culture samples, primers were designed for optimal performance using web-based
Primer 3 software [primer3.ut.ee]. For the cell culture samples, gPCR was performed on the
BioRad CFX96 Reaction mix of 10ul per well was prepared: 5ul cDNA, 0.3uM forward primer,
0.3uM reverse primer, and 5ul x2 iTag Mastermix containing SYBR Green | dye. Cycling
conditions were as follows: one cycle of pre-incubation 95°C for 5 minutes, 45 cycles of
amplification including 10 seconds at 95°C, 10 seconds at 60°C, and 10 seconds at 72°C, followed
by the melting curve protocol of 5 seconds at 95°C and 1 minute of 65°C, and finally cooling at

40°C for 30 seconds.

A GeNorm analysis was carried out on 6 samples to determine the most stable reference genes
in the samples using gbase+ software (Biogazelle, Belgium). Data was then normalised to 2-3
reference genes with stability criteria (M value <0.5, CV <25%). Log normalised gene expression
data was output from gbase+ for further data analysis discussed below. GeNorm analysis was

performed on each cell line, THP-1, PMA-treated THP-1, SHSY5Y, and 1321N1.

2.2.9 Protein Extraction

Growth medium was removed from the cells by pipette aspiration. Adherent cells were washed

twice with PBS. Suspended cells were transferred to an Eppendorf and spun for 10 minutes at
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5,000g. Ice cold PBS (1ml) was added to the well and the cells were scraped from the well by
pipette and transferred to an Eppendorf. For suspended cells ice cold PBS was added to the tube

and the pellet was resuspended. Samples are then spun down at 1000 x g for 5 min.

Appropriate volume of RIPA Buffer (Sigma-Aldrich) (~50-200ul) and protease inhibitor (Sigma-
Aldrich) (1ul in 100ul RIPA) was added to each sample, which was then incubated at 4°C) for 20
minutes. The samples are then centrifuged at 10,000 x g for 10 minutes. The supernatant was

transferred to a fresh tube and Bradford Assay is performed. Proteins are stored at -80°C.

2.2.10 Protein Quantification

Bradford Assay was performed on 1ul of protein extract in a 96 well flat-bottomed plate with
200ul of Bradford Assay Reagent (BioRad). Standard curve protein samples were prepared using
Bovine serum albumin (Sigma-Aldrich) 10mg/ml stock dilution within a 1mg — 62.5ug/ml range.
Absorbance was measured using the Tecan Plate Reader at 595nm and Magellan™ data analysis
software. Protein concentrations for each extract sample was then calculated using the standard

curve readings.

2.2.11 Western Blot

Plasma and protein samples were prepared at 20ug in 15ul with 5ul 4x laemmli sample buffer
(LSB) (BioRad) with B—mercaptoethanol (Sigma Aldrich) and boiled at 100°C for 10 minutes.
Protein samples were run on a 12% SDS PAGE separating gel and 6% acrylamide stacking gel by
electrophoresis at 35mA with Precision Plus Protein Standard (BioRad). Proteins were then
transferred onto a polyvinylidene fluoride (PVDF) membrane using the Transblot® Turbo™
(BioRad). The membrane was blocked for 1 hour with 5% Marvel dried skimmed milk powder in

TBS-T blocking buffer at room temperature on a seesaw rocker.
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Primary antibody was prepared in a 1:1000 dilution in 1% milk blocking buffer, added to
membrane and incubated on ice overnight rocking. Fluorescent antibodies for the protein of
interest (rabbit host) and reference protein B Actin (mouse host) (1:2000) are prepared in the

same solution and incubated with the membrane simultaneously.

The membrane was then washed in six changes of TBS-T with 5-minute incubation per change.
The membrane is then incubated for 1-hour rocking with the secondary antibody in a 1:2000
dilution in blocking buffer. TBS-T washing step is repeated with a final wash in TBS without
Tween 20. ECL substrate solution is prepared 1:1 (BioRad) and membrane is imaged and

quantified on Chemidoc Imaging System (BioRad) using the appropriate channel (e.g. Alexa 647).

For the enhanced chemiluminescence (ECL) method, the membrane is stripped of all antibodies
and re-probed with the primary antibody for the reference protein. Membrane is washed TBS-T
and incubated in Restore™ stripping buffer (Thermofisher) at room temperature for 30 minutes.
Protocol is repeated from blocking step. Incubate with primary for the reference protein, wash,
incubate with secondary antibody, wash, and imaged as described. Western blot quantification
for both methods was performed on the Chemidoc Imaging System (BioRad) software, and

normalised to the loading control in MS Excel.

2.2.12 Enzyme-linked Immunosorbent Assay

The Sandwich ELISA kit for ROMO1 (Elabscience, Houston TX USA) was used according to the
manufacturer protocol. In brief, 100ul prepared standards (10-0.16ng/mL) and samples (500ng)
was added to each well and plate was sealed and incubated for 90 min at 37°C. The samples and
standards were then removed by inverting the plate on a paper towel, and 100uL Biotinylated
Detection antibody was added per well for 1-hour incubation at 37°C with plate sealed. The plate

was then aspirated and washed thrice with wash buffer, then 100ul HRP-Conjugate per well was
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added and the plate was sealed and incubated for 30 min at 37°C. The plate was then aspirated
and washed five times with wash buffer, and then 90ul of substrate reagent was added to each
well for a 15-minute incubation at 37°C with plate sealed. Thereafter 90uL TMB Substrate is
added to each well and the plate was sealed and incubated for 30 minutes at 37°C. Finally, 50uL
Stop Solution was added to each well and the plate was read immediately at 450nm using the

Tecan Magellan Infinite® F50 microplate reader.

The PLACS8 Sandwich ELISA kit (FineTest, Hubei, China) was used according to the manufacturer
protocol. In brief, plate was washed twice, standards (1000-15.625pg/ml) and 500ng of protein
samples were prepared and 100uL standard or sample was added to each well, plate was sealed
and incubated for 90 minutes at 37°C. Biotin-labelled antibody 0.1 ml working solution added
into above wells (standard, test sample & zero wells). Plate is sealed with a cover and incubated
at 37°C for 60 min. Plate is aspirated and washed plates 3 times, with wash buffer incubating for
1 minute at room temperature with each wash. SABC Working Solution 100puL is added to each
well, and plate is sealed and incubated for 30 minutes at 37°C. Plate is then aspirated and
washed as before five times, and 90uL TMB Substrate is added to each well. Plate is then sealed
and incubated for 30 minutes at 37°C. Finally, 50uL of Stop Solution is added and the plate is

read at 450nm immediately.

2.2.13 Data Analysis

2.2.12.1 Statistical Analysis of Microarray Data

A Gene Level Differential Expression Analysis was executed in Affymetrix Transcriptome Analysis
Console 2.0 (TAC2.0) (ThermoFisher Scientific). A One-Way Between-Subject ANOVA (unpaired)

with the criteria (fold change > + 1.25 and p value < 0.05) applied. Alternative Exon Splice
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Analysis was also executed in Affymetrix Transcriptome Analysis Console 2.0 (TAC2.0)

(ThermoFisher Scientific).

Data was further analysed using QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood

City, www.giagen.com/ingenuity) to identify. The p value of overlap between the dataset and

existing literature finding is calculated in IPA® using a right-tailed Fisher’s Exact Test where
significance level threshold of < 0.05 was applied. The IPA® database searches publications
across all species, and the human nomenclature. From this analysis, genes of interest were
selected according to the known protein function and interactions for testing in clinical samples
by gPCR. Common transcription binding sites among genes of interest in Homo sapiens were
identified using Matlnspector™ software (Genomatrix, Munich). The core similarity value
indicates degree of core sequence match for the transcription factor and gene. The core
sequence is defined as the highest conserved positions in the transcription factor. The maximum

value of 1 represents a full match.

2.2.12.2 Statistical Analysis of Clinical Samples

A GeNorm analysis was carried out on 12 samples to determine the most stable reference genes
in the samples using gbase+ software (Biogazelle, Belgium). Data was then normalised to the
reference genes TOP1 and YWHAZ, which met the stability criteria (M value <0.5, CV <25%). Log
normalised gene expression data was output from gbase+ for further data analysis discussed
below. Normalised data was analysed using covariate analysis with Bonferroni correction and
age and gender controlled for, in IBM ® SPSS Statistics Software (Armonk NY, USA) (p <0.05)
with 95% confidence interval. Graphs were made in GraphPad Prism 7 (GraphPad Software Inc.,
San Diego CA). To determine whether each differentially expressed gene may be contributing to

nociceptive or neuropathic pain, the whole patient cohort was split according to their S-LANSS
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score. High scores (>12) are indicative of neuropathic pain and low scores (<12) are indicative of

nociceptive pain. Samples sizes are as follows: n = 13 low score and n = 38 low score.

The data which met the appropriate criteria was analysed to investigate the possibility of gene
expression changes in the administration of drug groups by one sample t-test, and patient
questionnaire data was analysed by linear regression. using IBM ® SPSS Statistics Software

(Armonk NY, USA).

2.2.12.3 Statistical Analysis of Cell Culture

Mean+SEM was calculated in Microsoft Excel. Kruskal-Wallis was performed on Western blot
and gbase+ data with Dunn’s correction in GraphPad Prism 7 (GraphPad Software Inc., San Diego

CA). Graphs were created using GraphPad Prism 7.
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Chapter 3: Gene Expression Profile of the Dorsal Horn
Tissue in the Rat Spinal Nerve Ligation Model versus
Sham-Operated Control

3.1 Introduction

Gene expression changes in an animal model of neuropathic pain could be indicative of which
molecular pathways are active or inactive in the disease. Animal models of neuropathic pain
have been developed since the 1970s, and modern surgical models involve peripheral nerve
ligation to produce the neuropathic pain phenotype in rat or mouse. The L5/6 spinal nerve
ligation (SNL) model in male Sprague Dawley rats, a popular choice for the study of neuropathic
pain, was used to study differential gene expression in the dorsal horn (DH). Initially developed
by (Kim & Chung, 1992), SNL involves ligation of L5 and L6 lumbar spine nerves under isoflurane
anaesthesia. Sham-operated control rats underwent the same procedure without ligation to
control for the effects of surgery. Behavioural tests are used to evaluate the success of the
neuropathic pain model in producing the desired phenotype. These tests assess specific
neuropathic pain symptoms including hot and cold sensitivity, allodynia, and hyperalgesia.
Techniques elicit pain responses in the model and measure e.g. time to response, strength of
response, and specific nocifensive behaviours such as licking. In this study the Von Frey assay
for mechanical allodynia, the Hargreaves assay for heat sensitivity, and the acetone spray test
for cold allodynia were used. Results of the behavioural tests for this dataset are owned by the

collaborator of this work Prof. David Finn at National University of Ireland, Galway.

The manual Von Frey assay assesses mechanical sensitivity on the hind paw in response to
pressure from Von Frey filaments (small nylon rods) of varying diameter. Pain responses (e.g.

paw withdrawal and other nocifensive behaviours) are expected to occur at a lower pressure as
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Von Frey filaments become narrower. In mechanical sensitivity the threshold for pain responses
is lowered. The animal is elevated on a mesh platform and the filaments are inserted through
the mesh onto the hind paw. This approach negates the risk of handling-induced stress which
could influence results, though it is necessary to acclimatise the animal to the cage beforehand
(Chaplan et al., 1994). Natural grooming behaviours could be interpreted at false negative
responses (e.g licking) and exploring behaviours could provide false positive responses (e.g.
avoidance). There is also the possibility that rodents respond to the initial touch of the filament
if it is not applied smoothly, or if it causes scratching. Responses could be difficult for less
experienced experimenters to distinguish and this has implications for data quality. This can be
improved by training and experience, or video recording for two-person validation. Alternative
methods of measuring mechanical sensitivity in animal models include the electrical Von Frey
fibre method, an automated system which applies a single filament to the hind paw over a range

of pressure.

The Hargreaves assay allows quantification of heat threshold and thermal sensitivity using a
high-intensity beam of light on the hind paw (Hargreaves 1988). Time to hind paw withdrawal is
measured, and this is expected to decrease with increased sensitivity. Although a modified
Hargreaves test has been developed which uses a glass floor to smoothly apply the heat source,
it is not yet commercially available (Banik & Kabadi, 2013). Alternative tests for heat stimuli
sensitivity in animal models include the tail flick test (which uses a light beam) (D'amour & Smith,
1941), hot plate test (Woolfe and Macdonald, 1944), and thermal probe test (Deuis & Vetter,

2016).

The acetone test involves exposure of the hind paw to acetone. It is used for measuring the
threshold to cold stimuli and measures cold sensitivity (cold allodynia) (Vissers & Meert, 2005).

Though there is concern that results of this test could be confounded by reactions to the smell
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and sound of the acetone (Colburn et al., 2007). However, this assay has been validated in
several neuropathic pain models (Carlton et al., 1994). Video recording is often required to
accurately quantify nocifensive responses. A temperature preference test could also be used as

a marker for thermal aversion (Moqrich et al., 2005).

DH tissue was chosen for gene expression analysis because there is evidence for this area of the
central nervous system (CNS) being a key player in the establishment of neuropathic pain
(Ossipov et al., 2010). The DH of the spinal cord is where peripheral nerves synapse with CNS
neurones, and is an important area for pain modulation (Todd, 2010). The DH tissue is a grey
area of the spinal cord (no myelinated axons), comprised of the termini of primary afferent
neurons, interneurons, secondary projection neurones, satellite glial cells (SGCs), and microglia
(Meneses et al., 2017, Haring et al., 2018). Further details of the role of the DH in neuropathic

pain is discussed in Chapter 1, Section 1.4.4.

Global gene expression in the DH tissue was measured using the Affymetrix Rat Transcriptome
Array (RTA). Microarray measures global gene expression measurement in one sample, which is
useful for comparing gene expression across groups e.g. SNL model versus sham-operated
control. Microarray exploits the hydrogen bonding of complementary nucleotides between two
DNA strands. The microarray chip contains thousands of spots on its surface (Figure 3.1). Each
spot contains ‘probes’, which are DNA oligonucleotides complementary to sequences within the
target gene. The sample is prepared with fluorescent labelling, in this case cDNA prepared from
the DH tissue. The closer the probe sequence complements its target in the sample, the higher
the number of hydrogen bonds formed between the two cDNA strands. When the chip is washed
weakly complementary sequences are broken and non-specific strands are removed; only

strongly matched hybridisations remain. Probe-target hybridisations are detected and
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quantified by fluorescent signalling as a measure of gene expression in the sample. The greater

the fluorescent signal in each spot, the higher the gene expression in the sample.

1) Microarray chip with spots 2) Dye-labelled sample

cDNA is added to the chip

4) Hybridised spots emit a
fluorescent signal
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