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Abstract 

Chemotherapy-induced peripheral neuropathy (CIPN) commonly occurs following 

platinum-based chemotherapy (e.g. cisplatin).   Neonatal exposure to cisplatin results 

in a delayed but lasting chronic pain, that persists into adulthood, decreasing quality 

of life.  Presently, there are no preventative treatments and no condition-tailored 

analgesia so current analgesia that are being utilized are either ineffective or result in 

long-term adverse effects.  Furthermore, it may negatively impact on chemotherapy 

treatment, preventing the administration of chemotherapy at the optimal effective 

doses and premature discontinuation of therapy.  If we are able to understand the 

mechanisms involved, then we will be able to develop effective preventative and 

therapeutic strategies.  Previous research has demonstrated the involvement of 

tropomyosin receptor kinase A (TrkA) modulation in causing aberrant nerve fibre 

growth and development of pain.  This thesis investigated the effect of cisplatin 

treatment and the role of TrkA signalling using both in vitro and in vivo analysis.  In 

vitro models were also explored to identify a modulator of TrkA function. 

Firstly, both the in vitro and in vivo models were successfully developed.  Isolated 

dorsal root ganglion (DRG) sensory neurons exposed to varying concentrations of 

cisplatin for 24 hours displayed a decrease in neurite outgrowth with increasing 

concentrations of cisplatin, demonstrating neurodegeneration.  Similarly, following 

24-hours cisplatin treatment, SH-SY5Y cells exhibited a decrease in cell viability with 

increasing concentrations of cisplatin.  Using this cell line model, TrkA expression 

levels appeared to remain unchanged.  However, there was a dose-dependent increase 

in TrkA phosphorylation following 24-hours cisplatin treatment.  In vivo, cisplatin 

resulted in a persistent but delayed onset of chronic pain in the form of mechanical 

hypersensitivity, demonstrating peripheral sensory neuronal sensitization.  Mechanical 

hypersensitivity was accompanied by aberrant nerve fibre growth.  Administration of 

cisplatin along with the TrkA inhibitor GW441756, thereby blocking TrkA signalling, 

ameliorated cisplatin-induced mechanical hypersensitivity and prevented cisplatin-

induced aberrant nerve fibre growth.  Consequently, the next step was to identify a 

possible source of TrkA phosphorylation.  Notably, cisplatin induced a DNA damage 

response, evidence by an upregulation in p53 as well as increased phosphorylation of 

p53 and histone H2A.X, key DNA damage markers. 
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Novel findings included upregulation of the DNA topoisomerase, TOP2, by cisplatin.   

Furthermore, in vitro inhibition of TOP2, using doxorubicin, suppressed both 

cisplatin-induced TrkA phosphorylation in SH-SY5Y cells and cisplatin-induced 

nociceptor activation in DRG sensory neurons.  These results indicate that CIPN is 

TrkA dependent, which is regulated by TOP2, a modulator of TrkA phosphorylation 

and nociceptor sensitization.  Hence a new analgesic target may have been found in 

TOP2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

Acknowledgements 

Firstly, I would like to thank God for sending this opportunity my way and providing 

me with the self-motivation, ambition, discipline and persistence required to complete 

this project and write this thesis.  Thanks to my Director of Studies, Dr Richard Hulse, 

for seeing my potential and accepting me onto this project.  You have taught me so 

much over the years and have definitely shaped the researcher I am today.  Thank you 

for being such a supportive, approachable, open-minded, patient and engaging 

supervisor.  You always valued my research ideas, entrusted me to work independently 

in the laboratory and was always available when I needed assistance.  I could not have 

asked for a better supervisor.  Thanks to the rest of my supervisory team, Dr Amanda 

Coutts, Dr Alan Hargreaves and Dr Carl Nelson, for your guidance and support 

throughout my project.  Additionally, thank you to David Boocock and Clare Coveney 

for your expertise and assistance with the omics work conducted in this thesis.  

I am grateful to all my colleagues in the Interdisciplinary Science and Technology 

Centre (ISTeC) for providing a positive and enjoyable working environment.  Thank 

you to Arnold Tan, Satinderdeep Kaur, Dr Alice Murphy and Dr Awais Younis for all 

your help within the laboratory.  Thank you to Nikita Lad (my Western blotting 

mentor), Cristina Parenti and Merell Billacura for your support and friendship both in 

and out of the laboratory; you made those long and stressful days a bit more 

manageable.  A particular thank you to Lydia Hardowar for welcoming me into the 

Hulse research group; your humour as well as being a fellow horror enthusiast 

definitely allowed me to de-stress and create some memorable moments over the years. 

To the personal trainers at PureGym West Bridgford, thanks for helping me get 

through the writing of my thesis.  Being stuck at home all day, it was refreshing to be 

greeted daily with your friendliness and enthusiasm.  Your classes kept me energized 

and was always the highlight of my days.  Lastly and certainly not least, I am indebted 

to my family; my twin sister, Tineille Valentine-Templeton, my mom, Marilyn 

Valentine and my aunt Roslyn Valentine.  Thank you for always supporting me, 

believing in me and encouraging me to be the best version of myself possible.  Even 

when times got difficult, you guys kept me motivated.  This thesis is dedicated to you 

three as well as my nieces KaliRose and AylaRae, who always kept me smiling even 

in the most stressful of time.  



6 

 

Abbreviations 

AP    Apurinic or Apyrimidinic 

APE    AP endonuclease 

APS    Ammonium persulphate 

ASCO    American Society of Clinical Oncology 

ATF-3    Activating transcription factor-3 

ATM    Ataxia-telangiectasia mutated 

ATP    Adenosine triphosphate 

ATR    Ataxia-telangiectasia and RAD3-related 

AUC    Area under the curve 

BC    Boundary cap 

BDNF    Brain-derived neurotrophic factor 

BER    Base excision repair 

BRCA2   Breast and ovarian cancer susceptibility protein 2 

BSA    Bovine serum albumin 

Ca2+    Calcium ion 

CC3    Cleaved caspase-3 

CCI    Chronic constriction injury 

CCSS    Childhood Cancer Survivor Study 

CDH    Chronic daily headache 

CGRP    Calcitonin gene-related product 

CIPA    Congenital insensitivity to pain with anhidrosis 

CIPN    Chemotherapy-induce peripheral neuropathy 

CNS    Central nervous system 

CO2    Carbon dioxide 

CPT    Current perception threshold 

CREB    cAMP response element-binding protein 

CRPS    Complex regional pain syndrome 

CS    Cockayne syndrome 

DDR    DNA damage response 

DEG    Differentially expressed gene 

DMEM   Dulbecco’s Modified Eagle Medium 

DMSO   Dimethyl sulphoxide 



7 

 

DNA    Deoxyribonucleic acid 

Dox    Doxorubicin hydrochloride 

DRG    Dorsal root ganglion 

dRP    Deoxyribose phosphate 

DSB    Double-strand break 

ECL    Enhanced chemiluminescence 

EORTC   European Organisation for Research and Treatment of    

FBS    Foetal bovine serum 

FC    Fold change 

FD    Familial dysautonomia 

FDR    False discovery rate 

FEN-1    Flap endonuclease-1 

FMN    Facial motoneuron 

GABA    γ-aminobutyric acid 

GEO    Gene expression omnibus 

GG-NER   Global genome nucleotide excision repair 

GO    Gene Ontology 

GPCR    G-protein-coupled receptor 

HBSS    Hanks' Balanced Salt Solution 

HR    Homologous recombination 

HSV    Herpes simplex virus 

i.p.    intraperitoneal 

i.pl.    intraplantar 

i.v.    intravenous 

IASP    International Association for the Study of Pain 

IB4    Isolectin B4 

IENF    Intraepidermal nerve fibre 

IL-    Interleukin- 

KEGG   Kyoto Encyclopedia of Genes and Genomes 

LPS    Lipopolysaccharide 

MAPK   Mitogen-activated protein kinase 

mDNA   mitochondrial deoxyribonucleic acid 

Mg2+    Magnesium ion 

mRNA   messenger ribonucleic acid 



8 

 

Na+    Sodium ion 

NaCl    Sodium chloride 

NCV    Nerve conduction velocity 

NDS    Neuropathy disability score 

NER    Nucleotide excision repair 

NGF    Nerve growth factor 

NGN    Neurogenin 

NHEJ    Non-homologous end joining 

NMDA   N-methyl-d-aspartate 

NPC    No primary antibody control 

NS    Nociceptive specific 

NSS    Neuropathy symptom score 

NT    Neurotrophin 

OCT    Optimal cutting temperature 

PACAP   Pituitary adenylate cyclase-activating polypeptide 

PAG    Periaqueductal grey 

PBS    Phosphate buffered saline 

PCNA    Proliferating cell nuclear antigen 

PFA    Paraformaldehyde 

PGP9.5   Protein gene product 9.5 

PI3K    Phosphatidylinositol 3-kinase 

Pif-α    Pifithrin-α hydrobromide 

PKC    Protein kinase C 

PLC    Phospholipase C 

PNS    Peripheral nervous system 

PPI    Protein-protein interaction 

QLQ    Quality of Life Questionnaire 

QOL    Quality of Life 

RFC    Replication factor C 

RIPA    Radioimmunoprecipitation assay 

R-ODS   Rasch-built Overall Disability Scale 

ROS    Reactive oxygen species 

RPA    Replication protein A 

RUNX    Runt related transcription factor 



9 

 

RVM    Rostral ventromedial medulla 

SAP    Sensory action potential 

SCG    Superior cervical ganglion 

SDS    Sodium dodecyl sulfate 

SEM    Standard error of the mean 

sICAM-1   Soluble intercellular adhesion molecule 1 

SNI    Spared nerve injury 

SP    Substance P 

SSB    Single-strand break 

ssDNA    Single-stranded DNA 

TBS(-T)   Tris-buffered saline (-Tween 20) 

TC-NER   Transcription coupled nucleotide excision repair 

TEMED   Tetramethyl ethylenediamine 

TFIIH    Transcription factor II human 

TNF-α    Tumour necrosis factor α 

TOP    DNA topoisomerase 

Trk    Tropomyosin receptor kinase 

TRP    Transient receptor potential 

TRPA    Transient receptor potential Ankyrin 

TRPC    Transient receptor potential Canonical 

TRPM    Transient receptor potential Melastatin 

TRPML   Transient receptor potential Mucolipin 

TRPP    Transient receptor potential Polycystin 

TRPV    Transient receptor potential Vanilloid 

WDR    Wide dynamic range 

XP    Xeroderma pigmentosum 

 

 

 

  



10 

 

Table of Contents 
Chapter 1: General Introduction......................................................... 17 

1.1 Nociception and pain........................................................................................ 17 

1.2 The somatosensory nervous system ................................................................. 17 

1.2.1 Nociceptors ............................................................................................... 18 

1.2.2 Nociceptor development ........................................................................... 23 

1.2.3 TrkA signalling pathway ........................................................................... 24 

1.3 Neuropathic pain and nociceptor sensitization ................................................ 27 

1.3.1 Neonatal nerve injury versus adult nerve injury ....................................... 31 

1.4 Chemotherapy-induced peripheral neuropathy (CIPN) ................................... 34 

1.4.1 Aetiology and pathophysiology of CIPN .................................................. 36 

1.4.2 Clinical evaluation of CIPN ...................................................................... 38 

1.4.3 CIPN in childhood cancer survivors ......................................................... 40 

1.4.4 Painkilling Treatment ................................................................................ 40 

1.4.5 DNA damage response (DDR) and DNA repair pathways ....................... 42 

1.4.6 Preclinical models of CIPN ....................................................................... 45 

1.5 Research hypothesis ......................................................................................... 47 

1.6 Research objectives .......................................................................................... 48 

Chapter 2: General Methodology ........................................................ 49 

2.1 Animals ............................................................................................................ 49 

2.2 Nociceptive behavioural testing ....................................................................... 50 

2.2.1 Habituation ................................................................................................ 50 

2.2.2 Assessment of mechanical withdrawal threshold ..................................... 50 

2.2.3 Assessment of thermal withdrawal threshold ........................................... 51 

2.3 Rodent models .................................................................................................. 51 

2.3.1 NGF-induced pain model .......................................................................... 51 

2.3.2 Cisplatin-induced pain model ................................................................... 52 

2.3.3 Tissue harvesting and processing .............................................................. 53 

2.3.4 Tissue processing for protein analysis ...................................................... 53 

2.3.5 Tissue processing for immunofluorescence .............................................. 53 

2.4. Cell culture ...................................................................................................... 53 

2.4.1 SH-SY5Y cell culture ............................................................................... 53 

2.4.2 Cell maintenance ....................................................................................... 54 

2.4.3 Primary cell culture ................................................................................... 55 

2.4.3.1 Plate preparation.................................................................................. 55 



11 

 

2.4.3.2 Dorsal Root Ganglia (DRG) isolation ................................................. 55 

2.4.3.3 Splenocyte isolation ............................................................................ 56 

2.4.4 Cell seeding for experimentation .............................................................. 57 

2.5 Immunofluorescence ........................................................................................ 58 

2.5.1 Immunohistochemistry of DRG cell culture ............................................. 58 

2.5.2 Immunohistochemistry of plantar skin ..................................................... 58 

2.6 Cell viability ..................................................................................................... 59 

2.7 Protein expression analysis .............................................................................. 61 

2.7.1 Protein extraction ...................................................................................... 61 

2.7.2 Total protein quantification ....................................................................... 62 

2.7.3 Western blotting ........................................................................................ 62 

2.7.4 Mass spectrometry .................................................................................... 63 

2.7.5 Proteome profiler array analysis ............................................................... 64 

2.8 Calcium activity assay...................................................................................... 64 

2.9 Statistical analysis ............................................................................................ 66 

Chapter 3: Characterization of the cisplatin model for cisplatin-

induced peripheral neuropathy in childhood cancer survivors ....... 69 

3.1 Introduction ...................................................................................................... 69 

3.1.1 Clinical aspects of CIPN ........................................................................... 69 

3.1.2 Preclinical models of CIPN ....................................................................... 71 

3.1.3 DNA damage ............................................................................................. 72 

3.1.4 Hypothesis ................................................................................................. 73 

3.2 Method ............................................................................................................. 75 

3.2.1 Cisplatin induction and behavioural testing .............................................. 75 

3.2.2 Immunocytochemistry of DRG culture ..................................................... 75 

3.2.3 Cell viability .............................................................................................. 75 

3.2.4 Western blotting ........................................................................................ 76 

3.2.5 Data analysis ............................................................................................. 76 

3.3 Results .............................................................................................................. 78 

3.3.1 Cisplatin results in increased mechanical sensitivity ................................ 78 

3.3.2 Cisplatin causes sensory neuronal degeneration in vitro .......................... 79 

3.3.3 Cisplatin induces the DNA damage response (DDR) in neurons ............. 80 

3.4 Discussion ........................................................................................................ 81 

3.4.1 Preclinical models of CIPN ....................................................................... 81 

3.4.2 Cisplatin-induced DNA damage in sensory neurons ................................ 83 



12 

 

3.4.3 Role of inflammatory signalling in the delayed onset of neuropathic pain

 ............................................................................................................................ 85 

3.5 Concluding Remarks ........................................................................................ 86 

Chapter 4: Involvement of NGF-TrkA signalling in the development 

of CIPN ................................................................................................... 88 

4.1 Introduction ...................................................................................................... 88 

4.1.1 Nerve growth factor (NGF) and its association with peripheral neuropathy

 ............................................................................................................................ 89 

4.1.2 Tropomyosin receptor kinase A (TrkA) and its activation ....................... 90 

4.1.3 Hypothesis ................................................................................................. 92 

4.2 Method ............................................................................................................. 93 

4.2.1 Western blotting ........................................................................................ 93 

4.2.1.1 NGF expression and inflammatory profile in splenocytes .................. 93 

4.2.1.2 TrkA and P-TrkA expression in SH-SY5Y cells ................................ 93 

4.2.2 Behavioural testing for mechanical hypersensitivity ................................ 94 

4.2.2.1 Cisplatin induction and TrkA activation inhibition ............................ 94 

4.2.2.2 NGF induction and NGF/TrkA signalling inhibition .......................... 94 

4.2.3 Tissue extraction ....................................................................................... 95 

4.2.4 Immunohistochemistry of plantar tissue ................................................... 95 

4.2.5 Data analysis ............................................................................................. 96 

4.3 Results .............................................................................................................. 98 

4.3.1 Cisplatin treatment does not appear to exhibit an inflammatory aspect in 

our in vitro model ............................................................................................... 98 

4.3.2 Cisplatin activates TrkA receptors in vitro ............................................... 99 

4.3.3 NGF-induced activation of TrkA is prevented in the presence of a TrkA 

inhibitor in vitro ................................................................................................. 99 

4.3.4 NGF induced hyperalgesia and aberrant nociceptor growth ................... 100 

4.3.5 Inhibiting NGF/TrkA signalling prevented NGF-induced mechanical and 

thermal hypersensitivity and reduced nerve fibre growth ................................ 101 

4.3.6 Cisplatin-induced mechanical hypersensitivity is ameliorated by inhibiting 

TrkA activation in vivo .................................................................................... 104 

4.3.7 NGF/TrkA signalling can be linked to apoptosis and DNA repair ......... 106 

4.4 Discussion ...................................................................................................... 109 

4.4.1 Activation and subsequent inhibition of TrkA signalling in vitro .......... 109 

4.4.2 Activation and subsequent inhibition of TrkA signalling in vivo ........... 111 

4.4.3 Cisplatin-induced ion channel activation and DDR signalling ............... 114 

4.5 Concluding remarks ....................................................................................... 115 



13 

 

Chapter 5: Topoisomerase modulation of nociceptor function 

following exposure to cisplatin ........................................................... 116 

5.1 Introduction .................................................................................................... 116 

5.1.1 DNA damage and sensory neuroregeneration......................................... 116 

5.1.1.1 ATF-3 as a marker of nerve injury and regeneration ........................ 117 

5.1.2 TRPV1 dependent nociceptor sensitization ............................................ 119 

5.1.3 Hypothesis ............................................................................................... 120 

5.2 Method ........................................................................................................... 121 

5.2.1 Mass Spectrometry .................................................................................. 121 

5.2.2 Cell viability ............................................................................................ 121 

5.2.3 Western blotting ...................................................................................... 121 

5.2.4 Calcium assay to asses TRPV1 activity .................................................. 122 

5.2.5 Data analysis ........................................................................................... 122 

5.3 Results ............................................................................................................ 124 

5.3.1 Cisplatin upregulates key proteins .......................................................... 124 

5.3.2 Inhibiting topoisomerase II enhances cisplatin-induced ATF-3 

upregulation but prevents cisplatin-induced activation of TrkA...................... 126 

5.3.3 Inhibiting topoisomerase II decreases capsaicin-induced TRPV1 activity

 .......................................................................................................................... 127 

5.3.4 Cisplatin enhances capsaicin-induced TRPV1 activation, which is 

attenuated when topoisomerase II is inhibited ................................................. 129 

5.4 Discussion ...................................................................................................... 130 

5.4.1 ATF-3 induction following cisplatin treatment....................................... 130 

5.4.2 TOP2 inhibition induces ATF-3 ............................................................. 131 

5.4.3 Effect of TOP2 inhibition on TrkA in vitro ............................................ 132 

5.5 Concluding remarks ....................................................................................... 133 

Chapter 6: Concluding Discussion .................................................... 134 

6.1 Topoisomerase II (TOP2): A therapeutic target for nociceptor sensitization 

associated with cisplatin-induced peripheral neuropathy? ................................... 136 

6.2 Doxorubicin as a therapeutic for cisplatin-induced peripheral neuropathy ... 137 

6.3. Future direction ............................................................................................. 138 

6.4. Key observations ........................................................................................... 139 

References ............................................................................................ 141 

 

 



14 

 

List of Figures 

Figure 1.1: A cross-sectional view of the spinal cord................................................18 

Figure 1.2: Classification of somatosensory neurons................................................19 

Figure 1.3: Connections between primary afferent fibres and the spinal cord..........21 

Figure 1.4: The nociceptive pathway.........................................................................22 

Figure 1.5: Diagram of the TrkA receptor.................................................................25 

Figure 1.6: TrkA transduction signalling pathways...................................................26 

Figure 1.7: Difference between hyperalgesia and allodynia......................................28 

Figure 3.1: Cisplatin results in increased mechanical sensitivity..............................78 

Figure 3.2: Cisplatin causes sensory neuronal degeneration.....................................79 

Figure 3.3: Cisplatin induces DNA damage response...............................................80 

Figure 4.1: Cisplatin increases NGF production and changes the inflammatory 

profile..........................................................................................................................98 

Figure 4.2: Cisplatin activates TrkA receptors..........................................................99 

Figure 4.3: NGF-induced activation of TrkA is prevented in the presence of a TrkA 

inhibitor.....................................................................................................................100 

Figure 4.4: NGF-induced mechanical and thermal hypersensitivity are prevented by 

inhibiting NGF/TrkA signalling...............................................................................102 

Figure 4.5: NGF-induced nerve fibre growth is prevented by inhibiting NGF/TrkA 

signalling……………………………………………………………………...........103 

Figure 4.6: Inhibiting TrkA activation ameliorated cisplatin-induced mechanical 

hypersensitivity.........................................................................................................104 

Figure 4.7: Cisplatin-induced nerve fibre growth is prevented by inhibiting TrkA 

signalling...................................................................................................................105 

Figure 4.8: NGF/TrkA signalling can be linked to apoptosis and DNA repair.......107 

Figure 4.9: Pathway and process enrichment analyses of selected upregulated genes 

following 72 hours cisplatin treatment.....................................................................108 

Figure 5.1: Cisplatin upregulates key proteins including topoisomerase II (TOP2) 

and ATF-3.................................................................................................................125 

Figure 5.2: Cisplatin-induced upregulation of ATF-3 is independent of p53..........126 

Figure 5.3: TOP2 inhibition enhances cisplatin-induced upregulation of ATF-3 but 

prevents cisplatin-induced activation of TrkA..........................................................127 

Figure 5.4: Capsaicin-induced TRPV1 activity in primary DRG neurons..............128 



15 

 

Figure 5.5: TOP2 inhibition diminished nociceptor activation................................128 

Figure 5.6: Effect of cisplatin and doxorubicin hydrochloride on nociceptor 

activation...................................................................................................................129 

Figure 6.1: A schematic illustrating TOP2-associated TrkA activation as a proposed 

mechanism of CIPN in childhood cancer survivorship............................................135 

 

  



16 

 

List of Tables 

Table 1.1: Animal models demonstrating neonatal vs adult nerve injury.................32 

Table 1.2: Preclinical models of CIPN involving early life exposure to 

chemotherapy.............................................................................................................47 

Table 2.1: Experimental details for the NGF-induced and cisplatin-induced pain 

models.........................................................................................................................52 

Table 2.2: List of reagents used for immunofluorescence.........................................59 

Table 2.3: List of primary and secondary antibodies used for immunofluorescence 

and Western blotting...................................................................................................60 

Table 2.4: List of reagents used for protein expression analysis...............................61 

Table 2.5: Gel composition of prepared gels for Western blotting............................65 

Table 2.6: List of reagents used for proteome profiler array analysis........................66 

Table 5.1: List of the top 20 upregulated and downregulated proteins....................125 

 

  



17 

 

Chapter 1: General Introduction 

 

1.1 Nociception and pain 

Pain is an acute protective process, playing an essential role in the survival of an 

organism.  It is defined by the International Association for the Study of Pain (IASP), 

as “an unpleasant sensory and emotional experience associated with the actual or 

potential tissue damage, or described in terms of such damage.”  Nociception is the 

neural process by which the body detects and responds to stimuli that are potentially 

tissue damaging and therefore perceived as painful.  This neural process is dependent 

upon function of the somatosensory nervous system, which coordinates our perception 

of pain. 

 

1.2 The somatosensory nervous system 

The somatosensory nervous system contributes to the perception of pain and consists 

of two parts; the central nervous system (CNS) and the peripheral nervous system 

(PNS).  The CNS is made up of the brain and spinal cord, which are involved with the 

processing of sensory information through modulation of neural signals via inhibitory 

and facilitatory processes.  The spinal cord consists of a central core of grey matter 

surrounded by white matter (see Figure 1.1).  The grey matter primarily contains 

neuronal cell bodies and is divided into dorsal horns and ventral horns.  The white 

matter contains bundles of axons.  Dorsal roots extend from the dorsal horns of the 

spinal cord to the dorsal root ganglion (DRG), a cluster of sensory neurons that project 

sensory nerve fibres to all parts of the body to form the PNS.  The DRG is made up of 

a heterogeneous population of cells that includes supporting glia and blood vessels.  

Rodents typically have 30 or 31 pairs of DRGs; 8 pairs of cervical, 13 pairs of thoracic, 

5 or 6 pairs of lumbar and 4 pairs of sacral DRGs [1].  Similarly, humans have 31 pairs 

of DRGs but slightly different numbers; 8 pairs of cervical, 12 pairs of thoracic, 5 pairs 

of lumbar, 5 pairs of sacral and 1 pair of 1 coccygeal DRGs [2].  Nociceptors, “pain-

sensing” neurons, are one of the sensory neuronal subsets located in the DRG.   
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1.2.1 Nociceptors 

Classification of peripheral sensory neurons (Aβ, Aδ and C fibres) are based largely 

on their diameter, myelination state and conduction velocity (which is affected by both 

fibre diameter and myelination state) [3].  The larger the fibre diameter and thicker the 

myelin sheath, the greater the conduction velocity.  A-fibres have large diameters and 

are myelinated while C fibres have small diameters (0.2-1.5 µm) and are unmyelinated.  

A-fibres can further be subdivided into Aβ-fibres, which are larger (6-12 µm) and 

thickly myelinated, and Aδ-fibres, which are smaller (1-5 µm) and thinly myelinated 

[4, 5].  Hence the order of conduction velocity for these fibres from fastest to slowest 

is Aβ > Aδ > C [6].  Aβ-fibres act mainly as low-threshold mechanoreceptors, Aδ-

fibres are both mechanoreceptors and nociceptors, and C-fibres account for the 

majority of nociceptors [7].  More than half of all somatosensory neurons are C-fibres 

[8] and they can be either peptidergic or non-peptidergic [9].  See Figure 1.2 for a 

summary. 
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DRG sensory neurons are pseudo unipolar cells extending projection both to the CNS 

and also primary afferent sensory nerve fibres that possess specialized nerve endings 

to innervate varying tissues including the skin, joints and viscera.  These specialized 

nerve endings contain specific channels and receptors, including voltage-gated sodium 

channels (NaV), voltage-gated potassium channels (KV), voltage-gated calcium 

channels (CaV) and transient receptor potential (TRP) channels, which are directly 

activated by different stimulus modalities (mechanical, thermal and chemical).  

Interaction with the extrinsic and intrinsic environment results in their activation, 

leading to membrane depolarization and transduction of an electrical signal (action 

potential).  This action potential is conveyed and interpreted by the thalamus and 

cortex regions of the brain, allowing us to perceive sensation and pain.  Peripheral 

sensory neurons have the capacity to detect innocuous stimulation (non-painful or not 

damaging to normal tissue such as touch, poke) as well as noxious stimuli (painful or 

damaging to normal tissue such as heat, cold, pinch).  Nociceptors can also be classed 

dependent upon modality;  mechanical (respond to intense pressure), thermal (respond 
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to extreme hot temperatures (> 45℃) or extreme cold temperatures (< 5℃)), mechano-

thermal (respond to both mechanical and thermal stimuli), polymodal (respond to 

noxious mechanical, thermal and chemical stimuli) or silent (insensitive to mechanical 

and thermal stimuli) [3].  Silent nociceptors, however, are thought to become sensitive 

to mechanical and thermal stimulation once sensitized by inflammatory mediators 

such as cytokines, bradykinin, serotonin, histamine, prostaglandins and leukotrienes  

[10].  Based on electrophysiological studies, Aδ-fibres can further be subdivided into 

type I and type II Aδ-fibres.  Type I Aδ-fibres, which are high-threshold mechanical 

nociceptors, respond to both mechanical and chemical stimuli and their heat activation 

temperature thresholds are quite high (> 50 ℃).  However, maintained heat stimulation 

results in decreased activation temperature thresholds and sensitization upon tissue 

injury.  These fibres transmit pain signals in response to noxious mechanical stimuli.  

Type II Aδ-fibres have very high mechanical thresholds and lower heat activation 

temperature thresholds (~43 ℃).  These fibres transmit pain signals in response to 

noxious heat stimuli.  C-fibres are typically polymodal, however some have been 

shown to fall in the other classes described above [10, 11]. 

The expression of numerous biochemical markers such as transient receptor potential 

(TRP) channels are also used to distinguish nociceptor subtypes at the molecular level 

as they are differentially expressed in somatosensory neurons.  TRP channels are non-

selective cation channels which, in mammals, can be classified into 6 subfamilies; 

TRPC (Canonical), TRPV (Vanilloid), TRPM (Melastatin), TRPP (Polycystin), 

TRPML (Mucolipin) and TRPA (Ankyrin) [12].  Primary afferent nociceptors have 

been shown to express TRPV1, TRPV2, TRPV3, TRPV4, TRPM8 and TRPA1; 

sensory transducers for thermal, chemical and mechanical stimuli [13].  All these TRP 

channels are thermos-sensitive with different activation temperature thresholds; 

TRPV1 is activated at temperatures ≥ 42 ℃, TRPV2 at temperatures ≥ 52 ℃, TRPV3 

at temperatures ≥ 33 ℃, TRPV4 at temperatures ~27-34 ℃, TRPA1 at temperatures 

≤ 17 ℃ and TRPM8 at temperatures ≤ 25 ℃ [3, 14].  Furthermore, these ion channels 

are activated by chemicals which can be found in natural products; capsaicin (chilli 

peppers), mustard oil and menthol (mint leaves) activate TRPV1, TRPA1 and TRPM8 

respectively [13, 15].  TRPA1 is activated by garlic/onion [15]. 

TRPV1 is extensively explored as nociceptive DRG neurons are found to have high 

levels of TRPV1 [16].  During development, a wide range of DRG neurons transiently 
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express TRPV1.  However, its expression gradually becomes restricted to the 

peptidergic subset of sensory neurons following downregulation in non-peptidergic 

neurons [17].  A subset of TRPV1-expressing nociceptive sensory neurons also 

express TRPA1 [15, 18].  TRPM8, on the other hand, is not co-expressed with TRPA1 

and TRPV1 [18, 19]. 

As mentioned, DRG neurons are pseudo-unipolar in nature.  They have a single axon 

which bifurcates, sending axonal projections to innervate both the spinal cord (central) 

and the target organ (peripheral).  These primary afferent axons terminate in the dorsal 

horn of the spinal cord [20], which is divided into a series of parallel laminae (I-V) 

[21, 22].  Laminae I and II are located in the superficial dorsal horn while laminea III-

V are located deeper.  Laminae termination pattern varies for the different nociceptor 

subtypes [22, 23] (see Figure 1.3).  Peptidergic C-fibres mainly terminate within 

lamina I and outer lamina II (IIo) whereas non-peptidergic C-fibres mainly terminate 

within inner lamina II (IIi).  Aβ-fibres, which are large but low-threshold, terminate 

within laminae III-IV whereas Aδ-fibres, which are large but high-threshold, terminate 
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mainly within lamina I.  Lamina V receives direct inputs from Aβ-fibres and Aδ-fibres 

and indirect input from C-fibres. 

Nociceptors, also referred to as first-order sensory neurons, detect noxious stimuli 

from the periphery and transmit this sensory information to the dorsal horn in the form 

of an action potential.  Excitatory neurotransmitters, primarily glutamate, are released 

from these first-order sensory neurons and activate second-order neurons.  They 

transmit the noxious signal up the spinal cord and into the brain to the thalamus.  Third-

order neurons, which reside in the thalamus, then pass the signals to the relevant 

somatosensory cortex area of the brain where it is perceived as pain [9, 24].  This route 

of signal transmission is the ascending pathway (see Figure 1.4).  A descending 

pathway forms a feedback loop which either facilitates or inhibits pain transmission 

via the release of excitatory (glutamate) or inhibitory (γ-aminobutyric acid (GABA) 

and/or glycine) neurotransmitters respectively [25]. 
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1.2.2 Nociceptor development 

Nociceptors are primary somatosensory neurons that develop from neural crest stem 

cells that migrate out of the neural tube, producing cells of the DRG [26].  Using mice, 

it has been discovered that neurogenesis of sensory neurons occur in two successive 

waves; the first wave occurs between embryonic day (E) 9.5 and E11.5 and generates 

large-diameter tropomyosin receptor kinase (Trk) C+ and TrkB+ neurons and the 

second wave occurs between E10.5 and E13.5 and generates small-diameter TrkA+ 

neurons [27, 28].  Neurotrophic factors act through these Trk receptors [29].  TrkA is 

primarily the receptor for nerve growth factor (NGF), TrkB for brain-derived 

neurotrophic factor (BDNF) and neurotrophin-4/5 (NT4/5), and TrkC for 

neurotrophin-3 (NT3).  The first wave, driven by neurogenin2 (NGN2), produces 

mechanoreceptive and proprioceptive neuronal subtypes whereas the second wave, 

driven by neurogenin1 (NGN1), produces predominantly nociceptive neurons [27].  

These two waves have also been identified in the development of chick DRG [30–32].  

Although such tracing studies have not been performed in human DRGs, Blanchard et 

al., demonstrated similar roles of NGN1 and NGN2 in the subtyping of neurons [33].  

Human embryonic and mouse fibroblasts were selectively reprogrammed into DRG 

sensory neurons following ectopic expression of NGN1 or NGN2 (co-expressed with 

the transcription factor Brn3A).  These induced sensory neurons acquired key 

properties of the three sensory neuronal subtypes and exhibited selective expression of 

Trk receptors.  A later study in mice [34] revealed a third wave which arises 

significantly later, after E11.5, and comes from the boundary cap (BC), a cellular 

structure located at the entry and exit points of peripheral nerve roots.  These BC-

derived cells migrate along the nerve roots and into the DRG, generating mainly small-

diameter TrkA+ nociceptive neurons, as well as satellite cells.  Hence, DRGs can be 

described as the cell body of sensory neurons which are surrounded by a layer of 

satellite glial cells.[2].   

DRG neurons are divided into distinct neuronal subpopulations based on their 

expression of the runt related transcription factors RUNX1 and RUNX3 [35].  RUNX3 

expression has been shown to be confined to TrkC+ proprioceptive DRG neurons but 

not TrkB+ DRG neurons [35, 36].  On the other hand, RUNX1 expression is restricted 

to TrkA+ nociceptors [35, 37].  Initially, all embryonic nociceptors express TrkA [38].  

These nociceptive neurons express the neuropeptides calcitonin gene-related peptide 
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(CGRP) and substance P (SP) [39].  Postnatally, during the 3 weeks after birth in mice, 

TrkA expression is lost in approximately half of all nociceptors as there is a switch 

from expressing TrkA to expressing Ret [39, 40].  This gives rise to two 

subpopulations; TrkA+ peptidergic neurons that express the neuropeptides CGRP and 

substance P, and TrkA- non-peptidergic neurons that bind to isolectin B4 (IB4).  

RUNX1 appears to play a role in this subdivision [35, 37].  Kramer et al. [35] 

demonstrated that subsequent to ectopic expression of RUNX1 in TrkA+ DRG 

neurons,  there was repressed expression of CGRP.  Additionally, Chen et al. [37] 

revealed that persistent RUNX1 expression is responsible for transition from TrkA+ to 

Ret+ nociceptors as lumbar DRG from postnatal day (P) 60 RUNX1-/- mice  displayed 

an increase in the percentage of TrkA+ neurons and a decrease in the percentage of 

Ret+ neurons compared to controls.  RUNX1 appears to suppress TrkA expression and 

promote Ret expression.  Hence, in TrkA+ DRG neurons, maintained expression of 

RUNX1 drives a non-peptidergic phenotype (TrkA-) whereas downregulation of 

RUNX1 expression drives a peptidergic phenotype (TrkA+).  Kramer et al. [35] also 

showed that in addition to not being expressed in TrkB+ DRG neurons, RUNX3 is also 

not expressed in Ret+ DRG neurons. 

 

1.2.3 TrkA signalling pathway 

TrkA, a transmembrane protein belonging to the Trk receptor family, is encoded by 

the NTRK1 gene and located on chromosome 1q21-q22 [41].  Other members of the 

family include TrkB and TrkC which are encoded by the NTRK2 and NTRK3 genes 

respectively.  TrkA consists of an extracellular domain, a transmembrane domain and 

a juxtamembrane  intracellular region that contains the tyrosine kinase domain [42, 

43].  The extracellular domain (ligand-binding domain) consists of a cysteine-rich 

cluster (Trk-d2 or C1), a leucine-rich domain (Trk-d1 or LRR1-3), another cysteine-

rich cluster (Trk-d3 or C2) and two immunoglobulin-like domains (Trk-d4 and Trk-

d5; also referred to as Ig1 and Ig2).  Critical tyrosine residues are located within the 

tyrosine kinase domain; three within the activation loop (Y670, Y674 and Y675) and 

two on either side of the tyrosine kinase domain (Y490 and Y785).  A structure of the 

TrkA receptor is illustrated in Figure 1.5.  These five tyrosine residues have been 

identified as auto-phosphorylation sites [44–46].  Phosphorylation of Y490 is required 

for the binding of Shc and FRS-2 and for activation of the mitogen-activated protein 



25 

 

kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) signalling pathways.  

Phosphorylation of Y785 is required for the binding of phospholipase Cγ1 (PLCγ1), 

which activates protein kinase C (PKC) signalling and can also influence synaptic 

plasticity as it promotes Ca2+ mobilization.  Phosphorylation of the other three tyrosine 

residues, Y670, Y674 and Y675, is associated with Trk activation and enhances kinase 

activity. 

TrkA is regarded as the high affinity receptor for NGF [47–49].  NGF binds to the 

extracellular domain in the Trk-d5 (Ig2) domain of the Trk receptor [50].  The binding 

of NGF to TrkA results in its activation via homodimerization and subsequent auto-

phosphorylation [47, 51].  The NGF-bound TrkA receptors are then internalized.  The 

activation of TrkA triggers intracellular signalling and subsequent activation of 

multiple signalling pathways including PLCγ1-PKC, MAPK (also known as Ras-

MEK-ERK) and PI3K-Akt, which have been shown to promote the growth, survival, 

differentiation and synaptic plasticity of neurons [52, 53].  The various signalling 

pathways are illustrated in Figure 1.6. 
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It has also been shown that TrkA can be activated in the absence of NGF, through the 

G-protein-coupled receptor (GPCR) ligands adenosine and pituitary adenylate 

cyclase-activating polypeptide (PACAP) [54–56].  Using PC12 cells, both ligands 

were capable of activating TrkA receptor in the absence of NGF, although this was 

prolonged compared to NGF activation.   Similar to NGF activation, the use a TrkA 

inhibitor, K252a, inhibited this increased activation.  Furthermore, both adenosine and 

PACAP induced activation of AKT (protein kinase B) and resulted in increased cell 

survival subsequent to the withdrawal of NGF.  In addition, TrkA receptors can be 

auto-phosphorylated by endogenous protein kinases.  This phosphorylated state can 

also be prolonged through either upregulation of theses kinases or downregulation of 

TrkA phosphatases. 

 

 

 



27 

 

Activation of TrkA signalling pathway has proven vital to the sensitization of 

nociceptors [57], growth of sensory neurons [58] and onset of pain and chronic pain 

states [59, 60].  It was discovered that unrelated patients suffering from congenital 

insensitivity to pain with anhidrosis (CIPA), which is characterized by the inability to 

respond to noxious stimuli (insensitivity to pain) [61], all possessed a mutation 

(deletion mutation, splice mutation, missense mutation) in the tyrosine kinase domain 

of the TrkA receptor [62].  Additionally, patients suffering from osteoarthritis, which 

is characterized by pain and stiffness in the joints [63], displayed increased levels of 

NGF and TrkA in their chondrocytes (specialized cells found in cartilage tissue) 

compared to those isolated from normal individuals [64].  Moreover, inhibiting TrkA 

reduced pain in various rat models of arthritis [60] and osteoarthritis [59]. 

 

1.3 Neuropathic pain and nociceptor sensitization 

Neuropathic pain is pain that arises from a lesion or disease of the somatosensory 

nervous system.  Disease of the somatosensory system such as diabetes, Parkinson’s 

disease, Alzheimer’s disease, multiple sclerosis, shingles, neuralgia and HIV infection 

or AIDS can all result in neuropathic pain.  This type of pain is usually chronic as it 

tends to persist.  In the UK, chronic pain affects almost 28 million adults [65].  

Symptoms commonly described by patients include spontaneous pain, hyperalgesia, 

allodynia, dysesthesia (an unpleasant, abnormal sensation) and paresthesia (tingling or 

numbness).  Spontaneous pain is pain that occurs without stimulation and takes the 

form of a shooting, burning or stabbing pain.  Hyperalgesia describes an exaggerated 

pain response to a normal noxious stimulus whereas allodynia describes a pain 

response to an innocuous (non-noxious) stimulus [66].  This can be further defined as 

primary hyperalgesia, when increased perception of pain occurs at the site of injury or 

area exposed to the noxious stimulus, and secondary hyperalgesia, when increased 

perception of pain occurs in the surrounding uninjured area.  In addition to pain, 

patients have also reported experiencing anxiety and depression, fatigue and sleep 

disturbances.  Rodent models subjected to nerve injury have displayed behavioural 

hypersensitivity to both mechanical and thermal stimuli, evidenced by a decrease in 

their withdrawal threshold and withdrawal latency, respectively [67–72].  A graphical 

representation of the difference between hyperalgesia and allodynia can be seen in 

Figure 1.7. 
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These behavioural changes are a consequence of hypersensitivity in the sensory 

nervous system and is in part associated with peripheral nociceptor sensitization.  

Sensitization is the process whereby primary afferent nociceptors have a heightened 

response to stimulation depicted as a nociceptor having a reduced activation threshold 

and/or enhanced response to stimulation due to increased sensitivity.  This heightened 

response can initiate at the peripheral and/or central level.  Primary hyperalgesia is 

predominantly due to peripheral nociceptor sensitization [73] whereas secondary 

hyperalgesia is mediated by central nociceptor sensitization [73, 74]. 

 

 

 

Upon nerve damage, nociceptors become activated, releasing the primary 

neurotransmitter, glutamate as well as the neuropeptides CGRP and SP.  Additionally, 

a nerve trauma, such as a nerve injury, induces local inflammation leading to the 

release of inflammatory mediators including bradykinin, adenosine triphosphate 

(ATP), serotonin, NGF and protons [7, 24, 75–77].  This results in an “inflammatory 

soup” consisting of a wide array of signalling molecules.  These signalling molecules 
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bind to nociceptors, which express one or more cell-surface receptors (TRP channels, 

G protein-coupled receptors, tyrosine kinases) on the peripheral nociceptor terminal.  

In addition, this damage can increase in the concentration of protons (e.g. due to 

mitochondrial mishandling) which in turn increases the acidity of the environment and 

activates TRPV1, accounting for enhanced activation of this channel following nerve 

injury.  Binding of these signalling molecules to the receptors on the peripheral 

nociceptor terminals influences ion channels in close proximity, increasing the influx 

of Ca2+ and depolarizing the membranes, which in turn induces activation of mitogen 

and protein kinases [78].  Subsequent phosphorylation of terminal receptors and 

channels, such as TRPV1, increases excitability of the nociceptors through reducing 

the threshold at which these ion channels open and/or prolonging opening times.  As 

a result, this causes nociceptor sensitization and is referred to as peripheral 

sensitization.  Sensitization of these primary afferent nociceptors increases the 

frequency at which action potentials are generated.  This state of hyper-excitability 

results in a stronger synaptic input being received by the dorsal horn of spinal cord, 

thereby enhancing pain sensation.  Activation of these kinases can also lead to 

activation of various signalling pathways to activate neuron function, for example 

TrkA receptor activation leading to nerve fibre growth (as discussed in section 1.2.3).  

Tissue damage also induces an inflammatory response, initiated by surrounding and 

infiltrating non-neural cells including macrophages, mast cells, neutrophils and 

endothelial cells [9].  These inflammatory cells release inflammatory mediators, such 

as tumour necrosis factor α (TNF-α), interleukin-1β (IL-1β) and IL-6, contributing to 

the “inflammatory soup” and providing an additional source for nociceptor activation 

and subsequent sensitization. 

Similarly, this state of hyper-excitability can be established in the CNS.  When it does, 

it enhances nociceptive processing, leading to central sensitization [79].  There is a 

decrease in the activation threshold for pain stimuli in central second-order neurons 

within the dorsal horn of the spinal cord, causing increased responsiveness to normal 

and/or subthreshold inputs from primary afferents [80].  A number of mechanisms can 

cause enhanced synaptic transfer in the CNS, leading to the development of central 

sensitization, including glutamate/N-methyl-d-aspartate (NMDA) receptor-mediated 

sensitization, disinhibition and microglial activation [9].  During normal nociceptive 

transmission, primary afferent neurons release neuropeptides (CGRP, SP) and the 
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neurotransmitter, glutamate, as a means of transmitting peripheral sensory information 

to the spinal cord and brain.  Glutamate is a major excitatory neurotransmitter in the 

nervous system in vertebrates and is present in high concentrations in the DRG and 

spinal cord [81].  The glutamate receptor, (NMDA), is normally blocked by 

magnesium ions (Mg2+) causing them to be silent [82].  Sustained release of glutamate 

and these neuropeptides is sufficient to depolarize the membrane, removing Mg2+ from 

the NMDA receptor pore and activating the receptor.  The consequence of this is 

increased Ca2+ influx into the central neurons, enhanced synaptic activity and hyper-

excitability, leading to pain hypersensitivity. 

Disinhibition is a decreases in inhibitory transmission [83].  The inhibitory 

neurotransmitters, γ-aminobutyric acid (GABA) and/or glycine are continuously 

released by inhibitory interneurons, under normal conditions, decreasing the 

excitability of output neurons of lamina I and thus protecting against over-excitation  

of neural excitatory circuits [84].  Upon injury, these inhibitory mechanisms can be 

lost, enhancing depolarization and excitation of central neurons [83, 85].  Additionally, 

peripheral nerve injury triggers the release of ATP, which activates microglia via its 

P2X4 receptor, causing the release of BDNF [86, 87].  BDNF has been shown to disrupt 

anion balance and promote hyper-excitability through its interaction with TrkB in 

lamina I neurons, leading to the development of central sensitization and behavioural 

hypersensitivity [86–89].  The cytokines and chemokines released by activated 

microglia can also modulate excitatory and inhibitory transmission across synapses, 

contributing to central sensitization [90]. 

In some instances, a phenomenon known as contralateral sensitization may occur 

whereby a unilateral lesion or injury results in a bilateral effect.  For example, 

peripheral nerve injury in one limb can result in hypersensitivity in both the injured 

and uninjured limb.  This has been observed in clinical patients suffering from 

unilateral osteoarthritis pain [91], unilateral postherpetic neuralgia [92] and complex 

regional pain syndrome (CRPS) [93] as well as in rodent models of monoarthritis [94, 

95] and inflammation [96, 97]. 
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1.3.1 Neonatal nerve injury versus adult nerve injury 

It has been discovered that the age that peripheral nerve damage occurs impacts upon 

somatosensory processing and pain development [98, 99].  Animal studies have 

revealed that unlike adults, peripheral nerve damage early in life (neonates and infants) 

does not elicit neuropathic pain immediately, however, pain hypersensitivity emerges 

later in life [70, 100–102].  Spared nerve injury (SNI) in rat pups aged 3, 10 and 21 

days did not exhibit mechanical allodynia at any time-point up to 28 days post-surgery 

[70, 102].  In contrast, SNI in adult rats aged, P33 and older, resulted in persistent 

mechanical hypersensitivity from 7 days post-surgery, with a decrease in withdrawal 

threshold compared to the controls.  Similar observations were made following chronic 

constriction injury (CCI); surgery at P10 did not elicit a decrease in withdrawal 

threshold at any time-point up to 28 days post-surgery.  However, CCI in adult rats 

resulted in persistent mechanical hypersensitivity from 7 days post-surgery, with a 

decrease in withdrawal threshold by at least 45 % compared to contralateral controls.  

In longer term studies [100, 101], SNI at P10, in both rats and mice, also did not cause 

mechanical hypersensitivity for the first 2-3 weeks post-surgery.  However, at P31, 21 

days post-surgery, significant mechanical hypersensitivity developed and persisted 

until the end of the study at P54 [100].  This delayed onset of mechanical 

hypersensitivity following nerve injury (SNI) at P10 was not only observed in rats but 

mice [101].  Both adult (P33) mice and rats displayed significant mechanical 

hypersensitivity at 4 days and 7 days post-surgery, respectively.  However, SNI at P10 

did not elicit mechanical hypersensitivity until P31 and P35 for mice and rats, 

respectively.  In both studies, though, there was no impact on heat sensitivity.  See 

Table 1.1 for a summary of these animal models. 

Clinical experiences have also revealed that early-life injury has long-term 

consequences on somatosensory processing and pain perception [103, 104].  Flexor 

reflex threshold testing, which is used to measure sensation, was performed on 

premature infants following local tissue damage.  There was a decrease in mean flexor 

reflex threshold to half of that of the contralateral side, indicative of hypersensitivity 

[103].  Similarly, repeated stimulation in infants aged 27.5-35 gestational weeks 

exhibited a significant decrease in mean withdrawal threshold compared to baseline 

[104].  It appears that early life experience of procedural pain alters sensory function 
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in neonates, such that later in life they present with hypersensitivity at the affected area 

but acute pain may also induce global hyposensitivity [99]. 

 

 

 

Activation of inflammatory signalling pathways and neuroplasticity have both been 

attributed to the development of pain hypersensitivity.  Numerous studies have shown 

that unlike adult nerve injury (SNI) which is accompanied by microglia activation 7 

days post-surgery [100–102, 105, 106], subsequent to neonatal nerve injury, there is 

no or very low detection of activated microglia at 7 days post-surgery.  However, two 

of those studies that investigated long-term effects of early nerve injury demonstrated 
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that the delayed onset of hypersensitivity experienced 21 days post-surgery was 

accompanied by increased microglia activation [100, 101].  IBA-1 was used as the 

microglia marker in all studies but one, which used CD68 [102].  Activated microglia 

release proinflammatory cytokines, which is believed to be responsible for this delayed 

onset of chronic pain in adulthood subsequent to infant nerve injury.  Moss et al. [105] 

illustrated microglia activation and mechanical allodynia in P10 rats subsequent to 

intrathecal injection of lipopolysaccharide (LPS).  In another comparison study 

between infant (P10) and adult (P33) rodents [101], infant rodents which experienced 

nerve injury displayed no behavioural pain hypersensitivity until P38 for rats and P31 

for mice.  On the other hand, rapid decrease in mechanical threshold was observed in 

adult rodents within seven days following nerve injury.  A closer look at the 

inflammatory response illustrated an initial anti-inflammatory immune response in the 

dorsal horn following infant nerve injury, which switches to a proinflammatory 

response upon reaching adolescence.  In contrast, nerve injury in adult rodents initiated 

a proinflammatory response.  Furthermore, it was discovered that following early life 

nerve injury, neuropathic pain is not absent but only suppressed, as blocking anti-

inflammatory activity in the dorsal horn of infant rats caused significant decrease in 

withdrawal threshold following nerve injury. 

However, it does not appear that the absence of activated microglia is the issue but 

immaturity of immune response signalling following peripheral nerve injury as Moss 

et al. [105] revealed that intrathecal injection of cultured ATP-stimulated microglia 

did not result in tactile allodynia in P10 rats.  However, injections performed at P16 

and P21 caused allodynia, with injections at P21 producing a similar response to that 

seen in adults.  Furthermore, a study performed by Hathway et al. [107] illustrated this 

difference in neural signalling.  Brief stimulation of rat peripheral C-fibres at low 

frequency evoked long-lasting mechanical hypersensitivity and induced microglia 

activation in the dorsal horn of adult rats but failed to cause hypersensitivity and 

activate microglia in neonatal rats. 

Another difference observed between neonatal and adult nerve injury is the trigger of 

collateral sprouting, whereby intact axons grow into denervated regions [108–112].  

Neonatal nerve injury (from birth to P7) resulted in the sprouting of adjacent intact 

primary afferent terminals into the denervated regions within the dorsal horn, leading 

to abnormal distributions during development when compared to adults.  It was shown 
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that sprouting involved both A-fibres and C-fibres [109, 110].  This declined 

progressively with the age that the nerve injury occurred [109, 113].  Animals 

wounded at P0 or P7 displayed prolonged sprouting, which lasted for several weeks 

after wound healing, as well as long-lasting hypersensitivity and reduced mechanical 

thresholds [109].  On the other hand, animals wounded at P14 and P21 displayed a 

weak sprouting response, similar to that observed in wounded adults.  A study 

illustrated that peripheral injury in neonates resulted in much faster and more extensive 

neuron loss compared to older animals [114].  Studies have demonstrated that these 

new sprouted terminals innervate inappropriate central regions, forming new 

functional connections with neurons in the dorsal horn [108, 110–112], thereby 

possibly contributing to the persistent hypersensitivity observed in adults who have 

experienced neonatal nerve injury.  Studies have revealed that subsequent to peripheral 

nerve injury, low-threshold non-nociceptive Aβ-fibres (which normally reside in 

laminae III-V) sprouted into laminae I and II, forming new connections with 

nociceptive neurons  [115–117].  Such event modified sensory processing, leading to 

the development of pain from innocuous stimuli.  However, it appears that only if the 

injury occurs within the first postnatal week that this central sprouting is observed 

[113]. 

Due to the plasticity of the immature nervous system during the neonatal period, nerve 

damage early in life can disrupt the normal development of nociceptive pathways, 

resulting in prolonged changes in structure and function, altering pain processing, 

which can last into adulthood [99, 118, 119].  These changes include central 

sensitization, neuroimmune priming and collateral sprouting, all of which can lead to 

enhanced sensitivity to pain. 

 

1.4 Chemotherapy-induced peripheral neuropathy (CIPN)  

It has been reported by the World Health Organization that trachea, bronchus and lung 

cancers are one of the top 10 leading causes of death worldwide in 2019, with the 

number of deaths rising from 1.2 million in 2000 to 1.8 million in 2019 [120].  

According to Cancer Research UK, every year in the UK there are around 375,000 

new cancer cases and more than 166,000 cancer deaths (2016-2018) [121].  Macmillan 

Cancer Support estimated that in 2020 there are 3 million people living with cancer in 

the UK and it is predicted that this number will rise to nearly 3.5 million by 2025, 4 
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million by 2030 and 5.3 million by 2040 [122]. Cancer survival is improving and has 

doubled in the last 40 years in the UK [121].  In the early 1970s the median survival 

time after a cancer diagnosis was one year, by 2007 it was six years [123] and by 2011 

it was ten years [124].  This is because of the development of improved treatments and 

diagnostics.  Current and new treatments include radiotherapy, surgical intervention, 

immunotherapy, cryotherapy and chemical intervention such as chemotherapy.  

Unfortunately, despite increasing life expectancy, patients suffer from increasingly 

apparent quality of life issues arising from the disease and/or treatment [125–128]. 

Chemotherapy is a form of chemical drug therapy used for the treatment of cancer.  

These drugs are cytotoxic to rapidly dividing cells.  However, there is no distinction 

between cancer cells and healthy somatic cells.  As a result, healthy cells in the body 

also become damaged during treatment.  The main areas of the body that may be 

affected by chemotherapy include the bone marrow, hair follicles and the digestive 

system [129, 130].  The number of cells produced by the bone marrow can be reduced 

due to chemotherapy.  These include white blood cells, red blood cells and platelets.  

A reduction in white blood cells results in neutropenia, making the individual more 

vulnerable to infections.  Reduced number of red blood cells leads to anaemia and a 

reduction in the number of platelets causes increased bleeding and bruising.  

Additionally, individuals exhibit hair loss due to damaged hair follicles as well as 

nausea, vomiting, constipation, diarrhoea and appetite changes which arise from 

damage to the digestive system. 

Chemotherapy drugs are also known to affect nerve fibres, damaging the peripheral 

nervous system (PNS) resulting in a condition referred to as chemotherapy-induced 

peripheral neuropathy (CIPN).  Commonly used chemotherapeutic agents that give 

rise to CIPN include platinum based drug (cisplatin and oxaliplatin), taxanes 

(paclitaxel), proteasome inhibitors (Bortezomib) and vinca alkaloids (vincristine) 

[131–134].  The platinum based drugs have shown a high incidence of sensory 

neuropathy (70-100 %) [135–137], cisplatin being most neurotoxic compared to 

oxaliplatin and carboplatin [138–141].  Taxanes also have a high neuropathy incidence 

(11-87 %) [135].  Peripheral neuropathy can be classified into three categories; 

sensory, motor and autonomic.  Sensory neuropathy refers to damage to the sensory 

nerves (e.g. touch, temperature and pain).  Common symptoms of sensory neuropathy 

include numbness, tingling in the hands and feet and chronic pain [132, 142, 143].  
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Motor neuropathy occurs when the motor nerves, which are responsible for controlling 

the movement of all muscles under conscious control (e.g. walking, talking and 

grasping), are damaged.  Motor effects such as muscle cramps and distal weakness 

have been experience following treatment with vincristine [132, 133, 143, 144], 

oxaliplatin [133, 145], and taxanes [132, 143, 146].  Autonomic neuropathy refers to 

damage to autonomic nerves, which are responsible for regulating functions of the 

body that people do not control consciously (e.g. breathing, heartbeat and bladder 

function).  Autonomic neuropathy has been rarely observed amount most 

chemotherapy agents, mainly vincristine, which has been reported to result in 

constipation, orthostatic hypotension and urinary retention [131, 133, 147]. 

 

1.4.1 Aetiology and pathophysiology of CIPN 

As mentioned above, a wide range of chemotherapy agents leads to the development 

of CIPN.  However, the molecular targets and mechanisms of action vary between the 

different chemotherapy agents.  One of the main cellular components that are affected 

by the platinum based drugs is the DRGs [148–151].  Cisplatin induces peripheral 

sensory neurotoxicity [138–141] by binding to the deoxyribonucleic acid (DNA) of 

DRGs and forming cisplatin-DNA adducts [143, 148, 152–155].  It has been shown 

that the formation of cisplatin-DNA cross-links structurally distorts the DNA [156] 

and unwinds it [157].  This in turn interferes with its normal functioning, including 

DNA replication and transcription, essential processes for neuronal survival and 

function, eventually resulting in neuronal apoptosis [134, 138, 158]. 

DRGs have increased susceptibility to cisplatin [136, 138, 159, 149, 160–164].  They 

are not protected by the blood-brain barrier because the vasculature within the DRGs 

are “leaky” due to the presence of an abundant fenestrated capillary network [165–

167].  This increased permeability makes these tissues easily accessible to circulating 

compounds [148–151] and therefore allows pharmacological agents and drugs to 

accumulate in these tissues.  Clinical studies [136, 161, 164] and preclinical rodent 

studies [159, 160, 163] have investigated tissue accumulation of the chemotherapeutic 

agent cisplatin, administered via intravenous, intracarotid or internal iliac artery 

injection for clinical patients or intraperitoneal injection for rodents.  These studies 

highlight significant accumulation of cisplatin in DRGs and peripheral sensory nerves 

compared to other tissues following administration.  Those same studies revealed that 
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tissues protected by the blood-brain-barrier, such as the brain and spinal cord, had the 

lowest accumulation of cisplatin.  Therefore CIPN associated with cisplatin is 

characterized as a peripheral neuropathy that includes predominantly sensory 

neuropathy [131, 133, 148, 162, 168–170], as well as motor and autonomic 

neuropathies [133, 169, 171, 172]. 

It has also been suggested that other contributing factors of cisplatin-induced 

neurotoxicity include oxidative stress, mitochondrial dysfunction, changes in Ca2+ 

homeostasis and increased production of pro-inflammatory mediators [163, 173–175].  

Cisplatin also binds to mitochondrial DNA (mDNA) in DRG neurons [150], forming 

cisplatin-mDNA adducts, impairing mitochondrial DNA replication and transcription 

and resulting in morphological changes in the mitochondria [150, 176] as well as 

alterations in protein synthesis and disruption of the electron transport chain [174, 177, 

178].  Neuronal mitochondrial damage leads to cellular ATP depletion and increased 

production of reactive oxygen species (ROS), which in turn can cause oxidative DNA 

damage [150, 158, 179, 180].  All these events lead to mitochondrial membrane 

depolarization, increased intracellular Ca2+ levels and activation of apoptotic pathways 

[150, 176, 181, 182] alongside increased production of pro-inflammatory mediators 

[175], which further damages the mitochondria.  In addition to peripheral 

neurotoxicity, cisplatin has also been reported to cause ototoxicity (hearing loss and 

tinnitus) and nephrotoxicity [183–185]. 

Unlike cisplatin, oxaliplatin induces two clinically distinct forms of peripheral 

neuropathy; acute and chronic [186].  Similar to cisplatin, the chronic oxaliplatin 

neuropathy results from morphologic and functional changes in the DRGs.  On the 

other hand, acute neuropathy is induced by the chelating effect of the oxaliplatin 

metabolite, oxalate, on extracellular Ca2+, which in turn increases Na+ conductance 

[187].  Oxalate also has a direct effect on voltage-gated Na+ channels, resulting in 

prolonged opening of the channels and increased axonal excitability [188, 189].  Both 

vincristine and paclitaxel target β-tubulin [134].  Vincristine inhibits microtubule 

formation, which in turn can lead to mitotic arrest and cell death [148, 190, 191].  In 

contrast, the mechanism behind paclitaxel-induced neuropathy involves microtubule 

stabilization; however, the resulting impact appears similar.  Paclitaxel suppresses 

dynamic instability and depolymerisation of microtubules, preventing its disassembly 

and resulting in cell cycle arrest and ultimately apoptotic cell death [148, 192].  Both 
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vincristine and paclitaxel affect Ca2+ homeostasis [174, 193], through mitochondrial 

dysfunction, leading to abnormal neuronal excitability [142, 177, 194–196].  

Additionally, vincristine and paclitaxel have shown to induce both oxidative stress and 

inflammation [180, 195, 197–200] as well as cause loss of intraepidermal nerve fibres, 

specifically Aδ and C fibres, leading to cold and heat allodynia [201].  Bortezomib, 

being a proteasome inhibitor, is believed to be associated with proteasome inhibition 

and microtubule stabilization, which in turn gives rise to tubulin dynamics alteration 

[202, 203].  It appears that Bortezomib interferes with microtubule and mitochondrial 

function, increasing microtubule polymerization and decreasing mitochondrial axonal 

transport and function in sensory neurons [204, 205].  Proteasome inhibition has shown 

to induce DNA damage and defective translation of messenger ribonucleic acids 

(mRNAs) in DRG neurons, important contributing factors to the sensory 

pathophysiology observed following Bortezomib treatment [206].  Furthermore, 

Bortezomib leads to an increase in reactive oxygen species in DRG neurons [180, 207, 

208] as well as causes endoplasmic reticulum stress and eventually apoptosis [209].  

Similar to other chemotherapeutic drugs, dysregulation of Ca2+ homeostasis [210] is 

also induced. 

 

1.4.2 Clinical evaluation of CIPN 

The evaluation of peripheral neuropathy involves performing a combination of 

differing measures.  These include nerve conduction study of sensory and motor nerves 

(measures changes in conduction velocity), needle electromyography (measures 

electrical activity in response to a nerve’s stimulation of the muscle) and current 

perception threshold (CPT) testing (selectively evaluates the larger myelinated Aβ 

fibres, the lightly myelinated Aδ fibres and the unmyelinated C fibres in sensory nerves 

through different frequencies of electrical stimulus), as well as deriving a neuropathy 

disability score (NDS) and a neuropathy symptom score (NSS) [211–214]. 

Patients suffering from CIPN tend to demonstrate a decrease in nerve conduction 

velocity due to nerve fibre degeneration, which can result in decreased length, 

decreased diameter and/or demyelination [215].  Needle electromyography is more 

commonly used to assess damage to the motor nerves, with measurements taken at rest 

and with contraction.  The presence of abnormal activity, at rest, denotes active 
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denervation, and little or no response, when the muscle is contracted, is a possible 

indication of peripheral neuropathy [216].  Alternatively, CPT testing evaluates the 

function of sensory nerve fibres.  The different sensory nerve fibres are stimulated at 

different frequencies; 2,000 Hz stimulates the larger myelinated Aβ fibres, 250 Hz 

stimulate the smaller lightly myelinated Aδ fibres, and 5 Hz stimulate the 

unmyelinated C fibres.  A reduced CPT value is indicative of hypersensitivity whereas 

an elevated CPT value is indicative of hyposensitivity, signifying loss of nerve 

function [217].  In clinical patients, there appears to be a correlation between the 

changes in their CPT values and their degree of neurotoxicity [218].  NDS and NSS 

are utilized to assess neuropathy signs and symptoms, with a higher score signifying 

greater severity of neuropathy. 

Furthermore, the functioning of autonomic nerves can be examined by performing 

autonomic function tests and the tilt-table test (measures and monitors heart rate and 

blood pressure under different conditions), urinalysis and bladder function tests and 

gastrointestinal tests [219, 220].  Clinical trials have used the European Organisation 

for Research and Treatment of Cancer Quality of Life Questionnaire for patients with 

chemotherapy-induced peripheral neuropathy (EORTC QLQ-CIPN20) to quantify 

symptoms and impairments of sensory, motor and autonomic neuropathy [221, 222] 

as well as the Rasch-built Overall Disability Scale for patients with chemotherapy-

induced peripheral neuropathy (CIPN-R-ODS) to provide linear measurement of 

CIPN-related disability [223].  Findings have associated CIPN with a decrease in 

quality of life. 

According to Seretny et al.[224], the incidence of CIPN was 68.1 % when measured 

within the first month following chemotherapy, 60.0 % after 3 months of 

chemotherapy and 30.0 % after 6 months or more.  Chemotherapy-induced peripheral 

neuropathy is a dose-limiting effect [131, 143, 148], with symptoms typically 

developing within the first two months of treatment, progressing as chemotherapy 

continues and then alleviating once treatment is completed.  However, cisplatin seems 

to be an exception.  Vincristine-induced neuropathy is usually reversible when therapy 

is discontinued but it can occasionally be irreversible [225–228]. Symptoms of both 

bortezomib-induced neuropathy and taxane-induced neuropathy usually improve or 

resolve within months after treatment has ended [148, 225, 229].  With regards to 

paclitaxel peripheral neuropathy, it appears to persist longer in older patients and in 
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those who experience severe neuropathy [230].  In contrast, a “coasting” phenomenon 

is observed exclusively in platinum-based chemotherapy, particularly cisplatin, 

whereby neuropathic symptoms worsen for weeks or months following cessation of 

therapy [131, 143, 148].  Despite “coasting” being observed after oxaliplatin treatment, 

cumulative oxaliplatin-induced peripheral neuropathy has been reported to be partially 

reversible in approximately 80% of patients and completely resolved in approximately 

40% within 6-8 months once treatment has ended [132].  The higher the dose of drug 

administered and the longer the duration of treatment, the greater the neurotoxicity.  

This has caused increasing clinical concerns regarding the reduction of treatment to a 

suboptimal level or even cessation of treatment [143, 231, 232]. 

 

1.4.3 CIPN in childhood cancer survivors 

CIPN is a common side effect of cancer treatment in both adult [127, 233, 234] and 

paediatric [235–238] patients.  However, symptoms experienced in paediatric patients 

persist into adulthood, with sensory and motor neuropathy, pain and functional 

impairments being observed in adults who survived children cancers [170, 237, 239, 

240].  These individuals were compared with their siblings, who served as controls.  

Pain was reported by ~50 % of childhood cancer survivors [237, 240], which they 

attributed as an adverse side effect of their cancer treatment.  Additionally, it was that 

the younger the age of exposure to chemotherapy, the greater the severity [237].   A 

diagnostic age of ≤3 years was associated with a higher risk of reporting pain 

conditions compared to a diagnostic age of 4-20 years. 

Most instances of CIPN in survivors of childhood cancers have been associated with 

vincristine and the platinum-based agents as they are more routinely used in this 

population [241].  However, vincristine has shown to result in predominantly motor 

deficits in paediatric patients [242].  Furthermore, cisplatin-treated children have 

displayed more severe residual CIPN compared to children treated with vincristine 

[235].   

 

1.4.4 Painkilling Treatment 

Presently, there are no effective preventative strategies or treatment for CIPN [234, 

236, 243, 244].  Several interventions have been trialled but have shown to have low 



41 

 

benefits (acetylcysteine, carbamazepine, glutamate/glutamine, retinoic acid, 

gabapentin and nortriptyline/amitriptyline ) or no evidence of efficacy (acetyl-L-

carnitine, nimodipine, lamotrigine) [233, 243, 245].  Additionally, some of these 

treatments were shown to cause adverse effects such as nausea, vomiting, fatigue, 

dizziness, drowsiness and somnolence [246].  Recently, the use of a range of 

interventions, both pharmacological and non-pharmacological, have been 

recommended against by the American Society of Clinical Oncology (ASCO) [234].  

These include amitriptyline, L-carnosine, cannabinoids, glutathione, glutamate, 

calcium/magnesium infusion, vitamin E, vitamin B, carbamazepine, venlafaxine, 

gabapentin/pregabalin, oxcarbazepine, N-acetylcysteine, minocycline, metformin, 

recombinant human leukemia inhibitory factor, exercise therapy and acupuncture.  The 

use of opioids has been shown to be effective in controlling neuropathic pain [247, 

248], however, there appears to be a high prevalence of opioid addiction [249].  There 

is also concern behind co-administering gabapentin with opioids, as it is associated 

with increased risk of respiratory depression [250].  

According to ACSO guidelines, only duloxetine currently has moderate 

recommendation for the treatment of CIPN [234].  Duloxetine is a serotonin and 

noradrenaline reuptake inhibitor and has shown to help neuropathic pain in established 

CIPN [245, 251–253].  A randomized, double-blinded, placebo-controlled, cross-over 

clinical trial of 231 patients with painful CIPN demonstrated the effectiveness of 

duloxetine for pain management in neuropathy [252].  There was a greater reduction 

in pain in patients who received duloxetine compared to those who received placebo, 

as well as a greater decrease in numbness and tingling.  However, some associated side 

effects of duloxetine include headache, nausea, somnolence, anxiety and dry mouth 

[246]  Although there is no recommendation for acupuncture by ASCO, a systematic 

review, consisting of 19 randomised controlled trials and involving 1174 people, 

illustrated that acupuncture not only significantly improved pain but also NCV [254].  

Additionally, there is growing evidence for the positive effect of exercise on CIPN-

induced symptoms [255–257].  In a randomized controlled trial, the impact of exercise 

on CIPN was investigated in metastasized colorectal cancer patients [257].  In the 

intervention group, individuals who participated in an eight-week supervised exercise 

program, neuropathic symptoms remained stable over time (from baseline to after the 

intervention period, as well as from baseline to a 4-weeks follow-up period).  In 
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contrast, CIPN in the control group significantly worsened over time.  Furthermore, 

the intervention group demonstrated significant improvement in strength and balance 

function, unlike the control group.  Furthermore, the high concentration (8% w/w) 

capsaicin patch (179 mg) has been shown to be effective in providing pain relief in 

CIPN patients [258–261].  There was also evidence of sensory nerve fibre regeneration 

[259, 260], with 93 % nerve fibre recovery observed 24 weeks following exposure to 

the capsaicin patch [259].  Importantly, Bienfait et al. [261] demonstrated significantly 

better efficacy in patients who received repeated applications, particularly three or 

more, compared to patients who received fewer applications. 

 

1.4.5 DNA damage response (DDR) and DNA repair pathways 

The primary mechanism to detect and repair cisplatin-DNA adducts is the nucleotide 

excision repair (NER) pathway [152, 262–264], as it is associated with the removal of 

bulky lesions.  Studies have revealed that the severity of CIPN depends on the 

efficiency of this DNA repair machinery to repair cisplatin-DNA adducts [152, 265].  

Cisplatin not only binds to nuclear DNA, but also to mitochondrial DNA [150, 266, 

267].  Unlike the nucleus, the NER DNA repair pathway is not present in the 

mitochondria [268, 269], accounting for mitochondrial dysfunction as a significant 

contributory factor in cisplatin neurotoxicity.  An increase in the repair of cisplatin-

DNA adducts has also been associated with cisplatin resistance [270, 271].  In addition 

to the NER pathway, it has been revealed that the base excision repair (BER) pathway 

is also involved in the response to cisplatin damage in DRGs [272], which is associated 

with the repair of base modifications and single-strand breaks (SSBs).  Cisplatin results 

in an increase in the production of ROS, which also damages DNA by creating base 

modifications and SSBs [215,216].  Both NER and BER have been linked to p53 

signalling pathway [275, 276].  Furthermore, studies have shown that p53 promoted 

DNA repair and protected against cisplatin-induced DNA damage and apoptosis [277–

279], supporting the involvement of p53 in the modulation of various DNA damage 

response pathways [280].  Other repair pathways including homologous 

recombination (HR) and non-homologous end joining (NHEJ) have been 

demonstrated to be involved in the repair of cisplatin-induced DNA damage [281–

283].  Both processes repair double-strand breaks (DSBs) [284] and cisplatin has been 

shown to produce DNA DSBs [285, 286]. 
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In response to DNA damage and DNA replication stress, ataxia-telangiectasia mutated 

(ATM) and ataxia-telangiectasia and RAD3-related (ATR) are activated [287–289].  

These protein kinases are key regulators of the DNA damage response (DDR), a 

complex signalling pathway which allows for the detection and repair of damaged 

DNA.  When ATM and ATR are activated, DDR is initiated and results in the 

phosphorylation of a spectrum of substrates [288, 290, 291].  Two such substrates 

include p53 [292, 293] and histone H2A.X [294, 295], hence they are often utilized as 

markers of DNA damage. 

In normal cells, the protein level of p53 is low, due to Mdm2; the major regulator of 

p53 which is responsible for its degradation [296, 297].  Following peripheral nerve 

injury, p53 protein levels have been demonstrated to increase [298, 299].  

Phosphorylation of p53 inhibits the binding of Mdm2 and thereby results in its 

stabilization, by preventing its degradation [300].  In response to DSBs, H2A.X is 

phosphorylated at serine-139 to form γH2A.X, accounting for the increased expression 

levels of γH2A.X observed following DNA damage [294, 301–304].  γH2A.X then 

serves as a platform for the accumulation and retention of the numerous coordinators 

of DDR signalling [305–316]. 

The NER pathway, used for the detection and repair of bulky lesions, consists of two 

sub-pathways; global genome (GG-NER) and transcription coupled (TC-NER) [317, 

318].  GG-NER recognizes and repairs lesions anywhere in the genome whereas TC-

NER repairs lesions at actively transcribing genes.  With exception to the mechanism 

by which DNA damage is initially recognized, these two sub-pathways are identical.  

In GG-NER, initial detection of DNA damage involves the xeroderma pigmentosum 

group C protein complex, XPC-RAD23B.  On the other hand, stalling of the RNA 

polymerase II complex initiates TC-NER, which is then displaced by Cockayne 

syndrome (CS) proteins CSA and CSB.  The subsequent steps are identical with the 

binding of XPA and the heterotrimeric replication protein A (RPA) to the damaged 

site and recruitment of the transcription factor II human (TFIIH) complex.  Unwinding 

of the double helix on either side of the lesion is carried out by the helicases XPB and 

XPD, subunits of the TFIIH complex.  The strand with the lesion is then cleaved at the 

3' and 5' ends by the endonucleases XPG and XPF/ERCC1, respectively, removing the 

oligonucleotide containing the lesion.  The detached oligonucleotide is ~30 

nucleotides long.  Using the intact strand as a template, the gap generated is filled by 
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DNA replication proteins including DNA polymerases δ ε, or κ and replication factor 

C (RFC), and sealed by a DNA ligase (ligase I or III). 

The BER pathway, used for the detection and repair of base modifications and SSBs, 

is initiated by DNA glycosylases [319].  These highly specialized enzymes recognize 

and cleave the damaged DNA base, generating an apurinic or apyrimidinic (AP) site.  

An AP endonuclease (APE), APE-1, then cleaves the AP site, creating a 3' hydroxyl 

terminus and a 5' deoxyribose phosphate (dRP) terminus.  DNA polymerase β fills the 

single nucleotide gap as well as removes the dRP residue via its phosphodiesterase 

activity.  As a result, a 5' phosphate end is created, which is sealed by DNA ligase III.  

This is commonly referred to as short-patch repair.  For the replacement of more than 

one base (~2-10 nucleotides), long-patch repair, proliferating cell nuclear antigen 

(PCNA), flap endonuclease-1 (FEN-1), DNA polymerase δ and DNA ligase I are 

involved [320].  PCNA serves as a sliding clamp and FEN-1 excises the dRP residue. 

DSBs can be repaired by either HR or NHEJ [321].  HR requires a homologous DNA 

sequence, usually the sister chromatid, for DNA repair and is error-free.  In contrast, 

NHEJ does not require a DNA template so it is faster, however, it is error-prone.  HR 

commences with the binding of the MRN protein complex (MRE11-Rad50-Nbs1) to 

the damaged DNA.  At the break, a process known as DNA end resection occurs, 

generating 3' single-stranded DNA (ssDNA) overhangs.  The newly created ssDNA 

ends are coated by RPA, stabilizing the ends and protecting them from nucleases.  This 

is called a ssDNA nuclofilament.  Next, Rad51 is loaded onto the ssDNA with the help 

of the breast and ovarian cancer susceptibility protein 2 (BRCA2).  Rad51 replaces the 

RPA, creating a nucleoprotein filament.  Rad51 initiates the search for a homologous 

region on the sister chromatid to serve as a template and is crucial for strand invasion.  

Upon identification of a homologous region, the ssDNA end invades the homologous 

dsDNA, forming a D-loop.  DNA polymerase then extends the 3' of the invading strand 

using the homologous region as a template and DNA ligase I seals the end.  The newly 

repaired DNA strand is an exact replica of the original. 

NHEJ is initiated by the binding of the Ku70/Ku80 heterodimeric protein to the DSB 

site.  Next, DNA protein kinase catalytic subunits, DNA-PKcs, are recruited and attach 

to the Ku proteins.  DNA-PKcs allow for the subsequent recruitment of Artemis, a 

nuclease, and the MRN protein complex.  Artemis is then phosphorylated and the 

Artemis- DNA-PKcs complex, having nuclease activity, cleaves the ssDNA segment 
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from the dsDNA, creating 2 blunt ends.  The ends are joined, resynthesis completed 

by DNA polymerases μ and λ, and then sealed by DNA ligase IV.  In contrast to HR, 

the newly repaired DNA strand does not resemble the original DNA as nucleotides are 

lost via this process. 

 

1.4.6 Preclinical models of CIPN 

Rodent models are used to explore the underlying mechanisms attributed to CIPN.  

From this point onwards, CIPN would be used to signify cisplatin-induced peripheral 

neuropathy.  Rodent models include models that mirror adult and childhood associated 

CIPN, with adult and neonatal rodents.  These approaches consist of interventions that 

consider clinical scenarios [322, 323].  One major issue is the disparities which remain 

across the literature with differing dosing regimens presented [323].  CIPN is a dose-

limiting side effect, which occurs in a dose-dependent and time-dependent manner 

[148, 324].  The severity of CIPN increases with higher cumulative doses and longer 

times of exposure to cisplatin [161, 224].  Dosing schedules utilized include either a 

single administration of the agent [325] or multiple doses per week, over a duration of 

one or several weeks [326–330].  This has resulted in cumulative doses of cisplatin 

ranging from (2-23 mg/kg). 

In vitro models include both neuronal cell lines (SH-SY5Y, PC12, 50B11) as well as 

primary DRG sensory neurons that have been isolated from living tissue or organs.  

These cells are treated with varying concentrations of cisplatin for various time-points, 

usually 24 hours, and subsequently analyzed using an array of techniques, most 

commonly cell viability assays and immunofluorescence to assess the toxicity of 

cisplatin.  This allows investigation of the effects of cisplatin on neuritogenesis and 

neuronal function mediated by an inflammatory response or changes in neuropeptide 

release.  With regards to in vivo rodent models, dosing regimen involves either a single 

dose or multiple doses over a period of one week or several weeks of either intraplantar 

(i.pl.), intraperitoneal (i.p.) or intravenous tail vein (i.v.).  This has led to a wide range 

of cumulative doses being utilized [323].  The rodents are then subjected to pain 

behaviour tests to assess mechanical and thermal hypersensitivity as well as 

electrophysiological test to assess changes in nerve conduction velocity (NCV) [331]. 
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One of the hallmarks of CIPN is peripheral sensory neurodegeneration, which includes 

intraepidermal nerve fibre (IENF) degeneration [332–334].  In vitro, cisplatin 

treatment has exhibited a decrease in the number of neuronal cells demonstrating 

neuritogenesis and a dose-dependent decline in cell viability [335–339].    In vivo, 

cisplatin treatment has shown to result in a reduction in both PGP9.5+ve and 

CGRP+ve IENFs [333–335, 340, 341], indicative of sensory neurodegeneration.  In 

addition, rodents exposed to cisplatin typically display increased sensitivity to 

mechanical stimuli [325, 326, 328–330, 333–335, 340, 342–344, 331, 345–349], either 

as mechanical allodynia or mechanical hyperalgesia.  Rodents also display increased 

sensitivity to heat, thermal hyperalgesia [325, 328, 335, 340, 347].  However, there 

has been conflicting views as some studies have failed to demonstrate thermal 

hyperalgesia [326, 343, 346].  This discrepancy can possibly be accounted for by 

difference in the method of drug administration (intravenous vs intraperitoneal) or 

dosing regimens (resulting in a wide cumulative dose range) employed.  Furthermore, 

electrophysiological testing has demonstrated that cisplatin treatment leads to 

reduction in both motor and sensory NCV [152, 341, 350], which was greater in 

sensory nerves.   

Despite the lack of understanding about the impact of chemotherapeutics on 

nociception and development and childhood cancer survivorship, there are now 

preclinical models exploring this [340, 351, 352].  Early life exposure to chemotherapy 

resulted in a persistent but delayed onset of chronic pain in these rodent models.  In 

the vincristine model [351], neonatal exposure to vincristine (P11) caused a delayed 

onset (P26) of mechanical hypersensitivity that persisted into adulthood (P54).  On the 

other hand, neonatal exposure to cisplatin (P7) [340] caused a delayed onset (P22) of 

mechanical and thermal hypersensitivity, both of which also persisted into adulthood 

(P42).  In the vincristine model, the development of pain was associated with a 

significant reduction in IENF density in the plantar skin (P33).  In contrast, the 

cisplatin model illustrated alterations in IENF density from degeneration shortly post-

treatment (P16), prior to the onset of pain, to aberrant nerve fibre growth subsequent 

to the onset of pain (P45).  See Table 1.2 for a summary of preclinical models of CIPN 

involving early life exposure to chemotherapy.  This increase in aberrant nerve fibre 

growth is thought to be TrkA modulated as it was accompanied by an increase in 

TrkA+ve sensory neurons. According to Fitzgerald [29], during development, there is 
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a switch in the TrkA signal transduction pathway from growth and survival to 

hyperalgesia, providing further support for the involvement of TrkA signalling in the 

onset of neuritogenesis and hypersensitivity observed following cisplatin treatment.  

We wish to now investigate the reason behind this persistent but delayed onset of 

chronic pain following early life exposure to platinum-based chemotherapeutic agents. 

 

 

 

1.5 Research hypothesis 

In this thesis, it was hypothesized that early exposure to cisplatin results in DNA 

damage and modulation of TrkA receptors.  Initially, there is a period of 

neurodegeneration, which triggers a DNA damage response.  The TrkA receptors on 

nerve fibres becomes activated, leading to increased nerve growth and disruption to 

the normal development of nociceptive pathways.  Subsequently, this results in 

peripheral sensory neuronal sensitization and the onset of chronic pain, which is 

experienced by adults following childhood chemotherapy. 
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1.6 Research objectives 

1) Validate that cisplatin treatment results in DNA damage and activation of the TrkA 

receptor. (In vitro model) 

2) Validate that cisplatin treatment induces nerve growth and peripheral sensory 

neuronal sensitization. (In vivo model) 

3) Investigate TrkA signalling to determine its involvement in the development of 

increased sensitivity to pain following cisplatin treatment.  

4) Identify a source of TrkA activation following cisplatin treatment. 

Each results chapter has its own specific hypotheses and experimental aims. 
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Chapter 2: General Methodology 

 

2.1 Animals 

All experimental procedures involving animals were performed in accordance with the 

UK Home office animals (Scientific procedures) Act 1986, under the project licence 

(PPL) P39888F91, and reviewed by Nottingham Trent University Animal Welfare and 

Ethics Review Boards.  All efforts were made to abide by the 3Rs principles of 

replacement, reduction and refinement.  Where applicable, animal work was replaced, 

the number of animals utilized per experiment was reduced to a minimum and 

experiments were refined to minimize pain, suffering and distress of the animals.  

All rodents used in this thesis were purchased from Charles River (Kent, UK).  Male 

Wistars Han rats (~250g, 8 weeks) were used in the in vivo nerve growth factor (NGF) 

studies (n=54).  Male and female neonatal Wistars Han rats (~30g) were used in the in 

vivo studies for the behavioural assessment of cisplatin-induced pain (male n=8, 

female n=10).  Wistar rats were used because the previous cisplatin rodent model [340] 

was created using this breed.  In addition, in house bred C57/BL6J pups (7-14 days) 

were used for in vitro DRG neuron cultures.  These mice were more readily available 

as they were already being utilized in the laboratory for the collection of other tissues.  

All rodents were housed within the Bioscience Support Facility (BSF) at Nottingham 

Trent University, in triplicates, in Techniplast Sealsafe Plus cages.  Each cage was 

equipped with corncob bedding and sizzle-nest (Datesand Ltd., Cheshire, UK).  

Environmental enrichment was provided in the form of wooden chew blocks and 

cardboard fun tunnels (Datesand Ltd., Cheshire, UK).  All rodents were supplied with 

an irradiated Rodent 2018 Envigo Global Certified Diet (Envigo Laboratories U.K. 

Ltd., Oxon, UK) and autoclaved tap water ad libitum.  Environmental conditions were 

all in accordance with the ‘Code of Practice for the Housing and Care of Animals Used 

in Scientific Procedures’ and consisted of targeted parameters for temperature (20-24 

℃) and humidity (45-65 %) and at least fifteen air changes per hour.  At the BSF, all 

rodents received animal technician support care under 12:12 hour light dark cycles 

(light on 7am-7pm) and bedding materials were changed once per week. 

 



50 

 

2.2 Nociceptive behavioural testing 

The mechanical withdrawal threshold was measured using von Frey monofilament 

hairs [353] and the thermal withdrawal latency was measured using the Hargreaves 

test [354].  These tests allowed for the assessment of mechanical and thermal 

hypersensitivity respectively.  All behavioural tests were performed and recorded 

blinded i.e. information regarding treatment groups was unknown by the experimenter 

as references were only made using cage and animal numbers.  Testing was performed 

in a quiet room with ambient lighting.  The plantar surface on both the right and left 

hind paws were subjected to nociceptive testing.  For each experiment, prior to any 

animals being dosed, two reciprocal baseline reading were required.  The animals were 

monitored pre and post behavioural assessment to ensure their welfare.   

 

2.2.1 Habituation 

Prior to the start of any experiment, rats were acclimatized to the research unit and 

personal licence (PIL) holder, myself, by means of animal handling, for a period of 1 

week.  On the day of behavioural testing, rats were allowed 5 minutes of habituation, 

to acclimatize to the testing enclosure and become settled, before any tests were 

performed.  

 

2.2.2 Assessment of mechanical withdrawal threshold 

For the von Freys monofilament hairs test, rats were placed into clear Perspex 

enclosures (Bioseb, USA), which sat on mesh flooring to allow visualization and 

access to the plantar surface of the hind paws from beneath.  Von Frey monofilament 

hairs (Bioseb, USA) of increasing forces were applied to the plantar surface, at right 

angle, until the hair bent.  This meant that a constant force was exerted and allowed 

for differentiation from a prick.  Withdrawal of the paw from the stimuli would 

indicate a positive response and be recorded as “X”.  No response would indicate a 

negative response and be recorded as “I”.  Testing was done in ascending order of 

force and each monofilament was applied a maximum of five times to each hind paw.  

The forces utilized depended on the response of the rats.  It was ensured that both a 0 

% withdrawal response (IIIII) and a 100 % withdrawal response (XXXXX) was 

obtained for each rat.  The forces used ranged from 2-100 g.  As a measure to avoid a 
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false positive reading, testing was only performed when the rat was alert but stationary.  

Three rats were tested simultaneously, allowing time for the paws to recover.  

GraphPad Prism v9.0 was then used to generate a force-response curve, by plotting the 

percentage withdrawal response (ranging from 0-100 %) against the force applied 

(ranging from 2-100 g).  From the sigmoidal curves produced, the logEC50 value was 

calculated; this is the force that resulted in 50 % withdrawal from the stimuli.  The 

logEC50 values were then plotted, as withdrawal threshold (g), against time, to display 

the change in withdrawal threshold over time. 

 

2.2.3 Assessment of thermal withdrawal threshold 

For the Hargreaves test, rats were placed into clear Perspex enclosures (Bioseb, USA), 

which sat on a transparent glass pane.  A mobile infrared heat source was positioned 

under the glass pane, focused on the plantar surface of the hind paw, and a heat 

stimulus at constant intensity (60 units was used throughout this research) was applied.  

Once the heat source was switched on, it started a digital timer which automatically 

stopped when the paw was withdrawn, allowing the withdrawal latency to be recorded.  

Exposure to the heat source was limited to a maximum of 20 seconds to avoid any 

possible sensitization or tissue damage.  Testing was performed three times on each 

hind paw.  Similar to the von Freys monofilament hairs test, three rats were tested 

simultaneously, allowing a period of time between stimulations to prevent 

sensitization.  Additionally, as a measure to avoid a false positive reading, testing was 

only done when the rat was alert but inactive.  Using Excel, the three repeat readings 

per hind paw were averaged and the data for each treatment group merged.  GraphPad 

Prism v9.0 was then used to plot withdrawal latency (s), against time, to display the 

change in withdrawal latency over time. 

 

2.3 Rodent models 

2.3.1 NGF-induced pain model 

A rat model of NGF-induced sensory neuropathy was used to investigate the effect of 

NGF on pain behaviour and IENF nerve growth as well as determine whether 

inhibition of NGF/TrkA signalling, using a TrkA inhibitor (GW441756), could 

prevent or ameliorate those effects.  Wistar Hans rats were randomly separated into 3 
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cohorts (control, NGF and NGF+TrkA inhibitor).  Two different methods of drug 

administration were trialled (see Table 2.1 for experimental details).  All drugs were 

delivered into the right hind paw, midsole, in a total volume of 20 µL.  The left hind 

paw served as a control for each rat. 

 

2.3.2 Cisplatin-induced pain model 

A rat model of cisplatin-induced neuropathic pain [340] was used to investigate the 

effect of cisplatin on pain behaviour and nerve growth as well as determine whether 

inhibition of TrkA signalling, using a TrkA inhibitor (GW441756), could prevent or 

ameliorate those effects.  Wistar Hans rats were randomly separated into 3 cohorts 

(control, cisplatin and cisplatin+TrkA inhibitor).  Rats were then injected 

intraperitoneally (i.p.) with either phosphate buffered saline (PBS) for the vehicle 

control or cisplatin.  At a later time-point, rats in the cisplatin+TrkA inhibitor group 

that were previously treated with cisplatin were i.p. injected with GW441756, a 

selective and potent TrkA inhibitor [355, 356] (see Table 2.1 for experimental details).   
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2.3.3 Tissue harvesting and processing 

Rats were terminally anaesthetised using sodium pentobarbital (i.p, 60mg/kg) and 

death confirmed by cervical dislocation.  Plantar skin was extracted from both the right 

and left hind paws (World Precision Instruments USA).  An appropriate sample was 

removed and any underlying muscle that was attached to the plantar skin was trimmed 

away.  Once retrieved, each piece of tissue was cut vertically into two segments; half 

for protein analysis and half for immunofluorescence. 

 

2.3.4 Tissue processing for protein analysis 

Tissue for protein analysis was placed into a bijou and either stored on dry ice or placed 

into liquid nitrogen.  When frozen, the tissues were transferred to a -80 ℃ freezer for 

storing until required. 

 

2.3.5 Tissue processing for immunofluorescence 

Tissue for immunohistochemistry was fixed by submerging in 4% paraformaldehyde 

(PFA) for 24 hours at 4 ℃.  Following PFA submersion, tissues were cryoprotected in 

30 % sucrose and stored at 4 ℃ overnight.  Plantar skin tissues were then embedded 

in optimal cutting temperature (OCT) (VWR International, UK) and either stored at -

80 ℃ or processed for cryosectioning.  20 µm thick sections of plantar skin were 

sectioned onto labelled SuperFrost Plus Microscope Slides (VWR International, UK) 

using Leica cryostat CM1860 UV (UK), which was set to -20 ℃.  Three to four 

sections were mounted onto each slide.  Slides were stored in slide boxes at -80 ℃ 

until required for immunohistochemistry staining. 

 

2.4. Cell culture 

2.4.1 SH-SY5Y cell culture 

The human neuroblastoma cell line, SH-SY5Y, was obtained from Dr. Amanda Coutts 

(Nottingham Trent University, UK).  Due to Covid-19, rodents were no longer easily 

accessible.  To salvage the remaining time, our primary cell model was substituted 

with a cell-line model. We were given a frozen cryovial containing 1 ml of SH-SY5Y 

cell suspension in freezing medium: 90 % foetal bovine serum (FBS) and 10% 
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dimethyl sulphoxide (DMSO).  Prior to collection, cell culture medium was prepared 

by supplementing Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, UK) with 10 

% FBS and 1X penicillin/streptomycin.  This was then filtered using a 0.2µm Minisart 

filter unit (Sartorius Stedim Biotech, UK) fixed onto a 50 ml luer syringe. 

Frozen cryovials were thawed rapidly, by putting into a 37 ℃ water bath, transferred 

to 75 cm2 cell culture flasks containing pre-heated cell culture medium and placed into 

an incubator at 37°C in a humidified environment containing 5% carbon dioxide (CO2) 

and the cells allowed to grow.  If not otherwise stated, all incubations were performed 

in this incubator at the stated settings.  The following day, the medium was discarded 

and replaced with fresh cell culture medium to get rid of any residual DMSO.  Cells 

were left to grow, in the incubator, in 75 cm2 cell culture flasks until they reached 90-

100 % confluency, at which point they were split and seeded onto cell culture plates 

or gelatin-coated 90 mm petri dishes for further experiments.  The type of plate and 

number of cells seeded were based on the experiment to be performed.  Cell culture 

medium was replaced every 2-3 days. 

 

2.4.2 Cell maintenance 

For cell maintenance and passaging, the cell culture medium was removed and the 

cells washed with 4 ml PBS.  Next, 4 ml of 0.05% Trypsin (Sigma-Aldrich, UK) was 

added to the cell culture flask and the flask incubated for 2-3 minutes.  This was done 

to enzymatically dissociate the cells.  After incubating, the flask was removed from 

the incubator, gently tapped to assist with detachment of the cells and visualized using 

a brightfield light microscope to confirm that the cells were detached.  Once 

confirmed, enzymatic dissociation was stopped by adding 8 ml of cell culture medium 

to the flask.  The cell mixture was transferred to a 15 ml falcon tube and centrifuged 

at 1000 x g for 2 minutes.  The supernatant was discarded and the pellet re-suspended 

in 12 ml cell culture medium.  At this point, if more cells were required, 1 ml of cell 

suspension was transferred to a new 75 cm2 flask containing 14 ml pre-heated cell 

culture medium. 

For cell counting, 10 µl of cell suspension was pipetted under a sterilized 22 x 22 mm 

glass coverslip (VWR International, UK) into one of the chambers of a 

haemocytometer (Mill Science Neubauer) and the number of cells present in the four 

corner regions of the centre grid were manually counted using a light microscope 
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(Leica DM IL).  The value obtained was averaged and multiplied by 104 to give the 

total number of cells/ml.  The cell suspension was then thoroughly, but gently mixed 

and seeded at the required density onto gelatin-coated 90 mm petri dishes or cell 

culture plates containing fresh pre-heated culture medium.  At the first splitting event, 

some cell suspension was left in the falcon for freezing.  This was centrifuged at 1000 

x g for 2 minutes, the supernatant discarded and the cell pellet re-suspended in 1 ml of 

freezing medium.  This was then transferred to a cryovial and stored at - 80 ℃ 

overnight.  The following day, the cryovial was moved to a liquid nitrogen tank. 

 

2.4.3 Primary cell culture 

2.4.3.1 Plate preparation 

For immunofluorescence of DRG cell culture, coverslips were first sterilized by pre-

soaking in 70 % ethanol for 10 minutes, washed with PBS and transferred to the wells 

of a transparent, flat bottom 24-well plate (Corning Costar, Fisher Scientific, UK).  

The plate was then pre-treated with 300 µl of poly-L-lysine (Sigma-Aldrich, UK, 

P4707) and incubated overnight at 37 ℃.  The following day, the poly-L-lysine was 

removed, the wells washed with 300 µl sterile distilled water and allowed to air dry.  

The wells were then coated with 300 µl laminin (5 ug/ml prepared in PBS) (Sigma-

Aldrich, UK, L2020) and incubated at 37 ℃ for a minimum of 2 hours.  Prior to using, 

the laminin was removed and the wells allowed to air dry. 

For calcium assay, a 96-well plate was pre-treated with 50 µl of poly-L-lysine and 

incubated overnight at 37 ℃.  The following day, the poly-L-lysine was removed, the 

wells washed with 50 µl sterile distilled water and allowed to air dry.  The wells were 

then coated with 50 µl laminin (1 ug/ml prepared in PBS) and incubated at 37 ℃ for 

a minimum of 2 hours.  Prior to using, the laminin was removed and the wells allowed 

to air dry. 

 

2.4.3.2 Dorsal Root Ganglia (DRG) isolation 

C57/BL6J mice (P7-14 male and female), were decapitated via Schedule 1.  Dissection 

tools were disinfected using 70 % IMS, prior to the start of dissecting and between 

mice.  Once the mice were terminated, they were collected.  A laminectomy was 

performed to retrieve the spinal column.  The mouse was laid on its front, facing 
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downwards.  The skin was separated from the dorsal muscle by inserting a scissors, 

from the neck, between the skin and dorsal muscle and opening it.  The skin was then 

cut along the dorsal midline, from the neck down to the tail, revealing the muscular 

structure and connecting tissues surrounding the spinal column.  An incision was made 

above the tail bone to separate the spinal column from the tail bone.  The ribs on both 

sides were cut and connective tissue dissected away, allowing the spinal column to be 

removed.  Once retrieved, the spinal column was placed in a bijou containing Hanks' 

Balanced Salt Solution (HBSS) (Gibco, UK) and stored on ice for further dissecting.  

The spinal column was then opened by cutting along both sides of vertebral bone from 

the cervical end straight down until the sacral region.  The spinal cord was gently 

removed, revealing the DRGs and connecting nerves.  As many DRGs as possible were 

collected and placed into a bijou containing cold DRG prepared medium: Ham’s F12 

medium (Gibco, UK) supplemented with 1X N2 supplement (Gibco, UK), 0.3 % 

bovine serum albumin (BSA) (Sigma-Aldrich, UK, A9576) and 1X 

penicillin/streptomycin (Gibco, UK).  DRGs were then enzymatically dissociated by 

incubating in 0.125 % collagenase solution (Sigma-Aldrich, UK, C9407) at 37 ℃ for 

a maximum of 2 hours. 

Following incubation, the cells were mechanically broken down by trituration to form 

a single cell suspension, and transferred to a falcon tube containing a 15 % BSA 

cushion (1 ml 30 % BSA solution and 1 ml cell culture medium).  The cell suspension 

was then centrifuged at 1600 revolutions per minute (rpm) for 10 minutes at room 

temperature with no brake, using an Eppendorf Centrifuge 5702 (UK).  The 

supernatant was discarded, along with the myelin interface and any debris, and the 

pellet re-suspended in DRG culture medium.  The cell suspension was then distributed 

equally among the wells of a cell culture plate.  Plates were kept in an incubator and 

the cells allowed to grow.  DRG culture medium was replaced every 2-3 days. 

 

2.4.3.3 Splenocyte isolation 

C57/BL6J mice (P7-14), were decapitated via Schedule 1 procedure by a third party.  

Dissection tools were disinfected using 70 % IMS, prior to the start of dissecting and 

between mice.  Once the mice were terminated, they were collected.  The mouse was 

laid on its back, facing upwards.  An incision into the skin was made using scissors.  

The skin was then pulled back, separating it from the underlying muscle and exposing 
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the peritoneal cavity.  The spleen is located on the left side of the mouse so the mouse 

was laid on its right side.  A small snip into the muscle wall on the left side was made 

and the spleen removed.  Any connective tissue was trimmed off and the spleen was 

placed into a bijou containing cold washing medium: RPMI 1640 medium (Invitrogen, 

UK), penicillin-streptomycin (Sigma-Aldrich, UK) and foetal bovine serum (FBS) 

(Invitrogen, UK).  The spleens were mechanically broken down into a single cell 

suspension and strained through a 40 µm cell strainer (Fisher Scientific, UK) into a 

falcon tube.  Splenocyte culture medium: RPMI 1640 medium, penicillin-

streptomycin, FBS, l-glutamine (Invitrogen, UK), sodium pyruvate solution (Sigma-

Aldrich, UK) and monothioglycerol (Sigma-Aldrich, UK) was added to the falcon tube 

and the cell suspension centrifuged at 1500 rpm for 3 minutes at room temperature 

with no brake.  The supernatant was discarded and the pellet re-suspended in red blood 

cell lysing buffer (Sigma-Aldrich, UK, R7757) for a maximum of 30 seconds.  The 

cells were then washed twice by adding splenocyte culture medium, centrifuging at 

1500 rpm for 3 minutes at room temperature with no brake and discarding the 

supernatant.  After washing, the pellet was re-suspended in splenocyte culture medium 

and distributed equally among the wells of a 6-well plate.  Plates were kept in an 

incubator and the cells allowed to grow.  Splenocyte culture medium was replaced 

every 2-3 days. 

 

2.4.4 Cell seeding for experimentation 

Prior to cell splitting, the required number of petri dishes were coated with 5 ml of 

0.15 % gelatin (Sigma-Aldrich, UK, G9391) and incubated for 30 minutes.  The gelatin 

was then removed and the petri dishes allowed to air dry.  For protein analysis, SH-

SY5Y cells were seeded at ~1x106 cells per petri dish.  Splenocytes were equally 

distributed among the wells of a 6-well plate.  For cell viability assays, SH-SY5Y cells 

were seeded at ~3x104 cells per well of a 96-well plate.  For calcium assays, DRGs 

were equally distributed among the wells of a 96-well plate.  For immunofluorescence, 

DRGs were equally distributed among the wells of a coverslipped 24-well plate.   
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2.5 Immunofluorescence  

2.5.1 Immunohistochemistry of DRG cell culture  

All incubation steps at room temperature were performed on the bench top.  DRG 

culture medium was removed and cells washed once with 300 µl of PBS for 5 minutes.  

The cells were then fixed to their coverslips by incubating in 300 µl of 4 % PFA for 

15 minutes at room temperature.  The PFA was removed and the cells washed again 

with 500 µl of PBS for 5 minutes.  The cells were then permeabilized in 500 µl of 

permeabilizing solution (Table 2.2) for 5 minutes.  Subsequently, non-specific binding 

sites were blocked by incubating in 300 µl of blocking solution (Table 2.2) for 1 hour 

at room temperature.  After blocking, the cells were incubated in primary antibody 

(Table 2.3) overnight at 4 ℃.  Primary antibodies were diluted in blocking solution.  

The following day, the primary antibody was removed, cells washed three times using 

500 µl of PBS for 5 minutes each and incubated in secondary antibody (Table 2.3) for 

2 hours at room temperature, protected from light.  Secondary antibodies were diluted 

in permeabilizing solution.  Cells were then washed three times using 500 µl of PBS 

for 5 minutes each.  For the final wash, DAPI (Table 2.2) was added to the PBS in a 

1:1000 dilution.  The coverslips were then carefully removed from the wells and place 

cell-side down onto SuperFrost microscope slides upon a drop of Vectashield anti-fade 

mounting media (2BScientific, UK, H-1000-10).  The coverslips were gently pressed 

against the microscope slides to release any air bubbles.  2-3 coverslips were added 

onto each slide.  Slides were labelled and stored at 4 ℃ until they were ready to be 

imaged. 

 

 2.5.2 Immunohistochemistry of plantar skin  

All incubation steps at room temperature were performed on the bench top.  Tissue 

sections mounted on microscope slides were placed onto a humidified Simport stain 

tray system (Scientific Laboratory Supplies, UK, MIC4162), which contained water 

to provide a humidified environment.  A no primary antibody control (NPC) was 

included as a negative control.  An ImmunoPen (Millipore, UK) was used to draw a 

hydrophobic ring around the mounted tissue on each slide.  Tissue sections were 

washed three times with PBS for 10 minutes each.  Tissue sections were then 

permeabilized in permeabilising solution (Table 2.2) for 5 minutes.  Subsequently, 

non-specific binding sites were blocked by incubating in blocking solution (Table 2.2) 
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for 1 hour at room temperature.  After blocking, tissue sections were incubated in 

primary antibody (Table 2.3) for 72 hours at 4 ℃, except for the NPC which remained 

in blocking solution as primary antibodies were diluted in blocking solution.  After the 

incubation period, the primary antibody (or blocking solution for the NPC) was 

removed, tissue sections washed three times with PBS for 10 minutes each and 

incubated in secondary antibody (Table 2.3) for 2 hours at room temperature, protected 

from light.  Secondary antibodies were diluted in permeabilising solution.  Tissue 

sections were then washed three times with PBS for 10 minutes each.  For the final 

wash, DAPI was added to the PBS in a 1:1000 dilution.  Slides were carefully dried, 

1-2 drops of Vectashield anti-fade mounting media were added onto each slide and 

glass coverslips were delicately placed on top of the slides.  The coverslips were gently 

pressed against the microscope slides to release any air bubbles.  Slides were labelled 

and stored at 4 ℃ until they were ready to be imaged. 

 

 

 

2.6 Cell viability  

Cells were seeded in a 96-well plate at a concentration of 3 × 104 cells per well, in 100 

µl of culture medium.  The following day, cells were treated as required, in a total 
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volume of 100 µl per well.  Once treated, cells were incubated for 24 hours at 37°C 

and 5% CO2.  The following day, 10 µl of Cell Proliferation Reagent WST-1 (Roche 

Diagnostics, UK) was added to each well and cells were placed in an incubator for 4 

hours at 37°C and 5% CO2.  After 4 hours, the plate was shaken on a shaker for 1 

minute and the absorbance for each well measured using the Tecan plate reader Infinite 

200Pro (Life sciences, UK).  The measured absorbance directly correlates to the 

number of viable cells.  The wavelength setting was selected as 440 nm.  A row of 

wells containing only culture medium, 100 µl per well, was used as the blank control. 
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2.7 Protein expression analysis 

2.7.1 Protein extraction 

SH-SY5Y cells were lysed, on ice, using radioimmunoprecipitation assay (RIPA) 

lysing buffer (Sigma-Aldrich, UK, R0278).  RIPA buffer was supplemented with a 

protease/phosphatase inhibitor cocktail (Cell Signaling Technology, UK, 5872S).  Cell 

culture medium was removed from each petri dish and cells washed once with 5 ml of 

cold PBS for 5 minutes.  The PBS was removed and the cells incubated in lysis buffer 

(Table 2.4) for 10 minutes at 4 ℃, swirling the plates occasionally.  The cells were 

then rapidly scraped off the petri dishes using cell scrapers (Sigma-Aldrich, UK, 

CLS3010), transferred to cold 1.5 ml Eppendorf tubes and incubated for a further 30 

minutes at 4 ℃.  All samples were then centrifuged at 14,000 rpm for 15 minutes at 4 

℃.  The protein lysate was transferred to new cold 1.5 ml Eppendorf tubes and either 

the total protein quantified immediately or stored at -80 ℃ for protein quantification. 
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2.7.2 Total protein quantification 

Total protein quantification was performed using the Bradford protein assay.  If 

samples were frozen, the were first thawed at 4 ℃.  In new 0.5 ml Eppendorf tubes, 

each sample was appropriately diluted using distilled water.  Protein standards (0, 0.05, 

0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 mg/ml) were prepared using BSA powder.  10 µl of each 

standard and sample was pipetted, in triplicate, into individual wells of a transparent, 

flat bottom 96-well plate.  200 µl of protein assay dye reagent concentrate (Bio-Rad, 

UK), diluted 1:5 in distilled water and filtered, was added to each well containing 

standard or sample.  The plate was then incubated on a shaker (100 rpm) at room 

temperature for 8 mins before placing into the Tecan plate reader Infinite 200Pro.  The 

wavelength was set at 595 nm and colorimetric analysis performed.  Optical density 

measurements provided were exported to Microsoft Excel.  A standard curve plot was 

generated and used to calculate the total protein concentration of the samples through 

interpolation.  Once determined, the values were multiplied by the dilution factor to 

give the final concentration. 

 

2.7.3 Western blotting 

For each experiment, equal amounts of protein were utilized for each sample.  The 

volume of cell protein lysate required were calculate before the start of each 

experiment.  Cell protein lysate were mixed with 4x Laemmli buffer (Bio-Rad; UK), 

to which 10% 2-mercaptoethanol (Sigma-Aldrich, UK, M6250) was added prior to 

using.  Samples were briefly vortexed, denatured on a heating block at 95 ℃ for 5 

minutes and briefly centrifuged.  The protein ladder (Table 2.4) and samples were 

loaded on manually prepared gels (see Table 2.5 for composition) and ran in running 

buffer (Table 2.4) at 90 V until sufficient separation was achieved, usually between 

90-105 minutes.  Proteins were then transferred from the gels onto methanol pre-

soaked PVDF membranes (Sigma-Aldrich, UK) via wet transfer.  This was ran in 

transfer buffer (Table 2.4) at 90 V for ~90 minutes, on ice.  Following the transfer 

process, the membranes were soaked in Ponceau S solution (Sigma-Aldrich, UK, 

P7170) to confirm that protein transfer was successful.  Upon confirmation, the 

membranes were washed using washing buffer (Table 2.4) until all the staining was 

removed and blocked by incubating in blocking solution (Table 2.4) for 1 hour at room 

temperature, on a rocker (75 rpm).  The membranes were then incubated overnight in 
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primary antibody (Table 2.3) at 4 ℃, on a roller (30 rpm).  Primary antibodies were 

diluted in blocking solution (Table 2.4). 

The next day, the membranes were washed three times in washing buffer (Table 2.4) 

for 10 minutes each, shaking at 75 rpm.  Following washing, the membranes were 

incubated in secondary antibody (Table 2.3) for 1 hour at room temperature, on a roller 

(30 rpm).  Secondary antibodies were diluted in blocking solution (Table 2.4).  The 

membranes were then washed three times in washing buffer (Table 2.4) for 10 minutes 

each, shaking at 75 rpm.  During the final wash, the enhanced chemiluminescence 

(ECL) mix (Table 2.4) was prepared.  The membranes were visualized using the gel 

documentation system and GeneSys software.  Images were exported and saved for 

densitometry analysis.  In some instances, once the membranes have been visualized, 

they were washed three times in washing buffer (Table 2.4) for 10 minutes each, 

shaking at 75 rpm, and re-probed with a housekeeping gene antibody (Table 2.3) as 

described above.  This served as a loading control.  Densitometry analysis was 

performed using the Fiji software (Image J2) version 2.15.0 

(https://imagej.net/software/fiji/). 

 

2.7.4 Mass spectrometry 

Lysates prepared from SH-SY5Y cells (50 µg protein) were purified and digested 

(Trypsin) using Protifi S-Trap Micro Spin columns.  See sections 2.7.1 and 2.7.2 for 

details on sample preparation.  Digested peptides were re-suspended to a final 

concentration of 5% (v/v) acetonitrile in 0.1% (v/v) formic acid (Fluka Analytical, 

Buchs, Switzerland) for liquid chromatography separation using an Eksegent expert 

nano LC 452 upstream of a Sciex TripleTOF 6600 mass spectrometer.  Samples (4 µl) 

were injected and separated on a YMC Triart-C18 pre-column (5 mm, 3 µm, 300 µm 

ID) at a flow rate of 10uL/min and 57 min gradient elution.  Acquisitions were made 

both in data dependent (IDA) as well as independent (SWATH) manners.  Raw data 

was searched against Swissprot export of the human proteome June 2021 using 

DIANN. 

 

https://imagej.net/software/fiji/
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2.7.5 Proteome profiler array analysis 

2 ml of Array Buffer 6 (Table 2.6) was pipetted into each well of the 4-well multi-dish 

containers provided.  A membrane was then placed into each well, the dishes covered 

and the membranes incubated for 1 hour on a rocker.  This served to block the 

membranes.  During membrane blocking, samples were prepared by adding the 

required volume of each sample (maximum 1 ml) to 0.5 ml of Array Buffer 4 (Table 

2.6), in separate tubes.  The content of each tube was then adjusted to a final volume 

of 1.5 ml using Array Buffer 6 (Table 2.6).  Following this, 15 µl of reconstituted 

detection antibody cocktail (Table 2.6) was added to each sample, the samples mixed 

well and incubated for 1 hour at room temperature.  Once incubation was complete, 

Array Buffer 6 (Table 2.6) was removed from each well of the 4-well multi-dish 

containers, the prepared sample/antibody mixtures added onto the membranes and the 

dishes covered.  These were then incubated overnight at 4 ℃, on a rocker. 

The next day, the membranes were washed three times in 1X Wash Buffer (Table 2.6) 

for 10 minutes each, shaking at 64 rpm.  Following washing, the membranes were 

incubated in Streptavidin-HRP (Table 2.6) for 30 minutes at room temperature, on a 

shaker.  The membranes were then washed three times in 1X Wash Buffer (Table 2.6) 

for 10 minutes each, shaking at 64 rpm.  Excess wash buffer was removed from each 

membrane before they were placed on the bottom sheet of the plastic sheet protector.  

Chemi Reagent Mix (Table 2.6) was prepared and 1 ml was pipetted onto each 

membrane.  The membranes were then covered with the top sheet of plastic sheet 

protector, air bubbles removed and membranes incubated for 1 minute.  Following 

incubation, the top plastic sheet protector was removed, excess Chemi Reagent Mix 

blotted off and the membranes covered with plastic wrap.  The membranes were then 

visualized using the gel documentation system and GeneSys software.  Images were 

exported and saved for densitometry analysis.  Densitometry analysis was performed 

using the Fiji software (Image J2) version 2.15.0 (https://imagej.net/software/fiji/). 

 

2.8 Calcium activity assay 

TRPV1 activity in DRG cell cultures was measured using the Fluo-4 Direct calcium 

assay kit (Intvitrogen, US).  Prior to the assay, cells were seeded to a minimum of 2000 

cells/well in a flat-bottom 96 well plate.  Cells were treated for 24 hours, in a total 

https://imagej.net/software/fiji/
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volume of 100 µl.  2X Fluo-4 Direct calcium reagent loading solution was prepared 

by adding 10 ml of Fluo-4 Direct calcium assay buffer and 200 μl of 250 mM 

probenecid stock solution to one bottle of Fluo-4 Direct calcium reagent.  Any 

remaining solution was stored at -20 ℃ for future use.  From each well, 60 µl of  

 

 

medium was removed, leaving 40 µl.  To each well, 2X Fluo-4 Direct calcium reagent 

loading solution was added and the plate incubated for 1 hour at 37 ℃, 5 % CO2.  

During incubation, the agonist (capsaicin) was prepared at 5X concentration in a new 

flat-bottom 96 well plate.  Following incubation, fluorescent readings before and after 

the addition of capsaicin were measured using the Tecan plate reader Infinite 200Pro, 

which was pre-heated to 37 ℃.  Wavelength settings selected were 488 nm excitation 



66 

 

and 516 nm emission.  Before the addition of capsaicin, baseline fluorescence readings 

were taken.  20 µl of capsaicin was then added to all treatment groups, down column 

1, and fluorescence responses at 10 second intervals over a 300 second time period 

were immediately measured.  Hence the baseline fluorescence reading would be at t=0 

and the first reading following capsaicin stimulation would be at t=10.  This process 

was repeated across the columns of the plate for 6-8 repeats.  A multichannel pipette 

was used to ensure that all treatment groups were measured simultaneously.  

Precaution was taken not to disturb the cells or introduce air bubbles when adding 

capsaicin. 

 

 

 

2.9 Statistical analysis 

For cell viability assays, the average absorbance reading was calculated for each 

treatment group and that of the blank control was subtracted from all treatment groups 

to account for background absorbance.  All average absorbance readings were then 

normalized to that of the vehicle control, as a percentage, and plotted using GraphPad 

Prism v9.0.  Standard curve plots for total protein concentration were generated in 

Microsoft Excel by plotting absorbance against concentration (mg/ml) and drawing a 
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line of best fit.  The protein concentration of each sample was determined by 

substituting its absorbance value into the equation of the line of best fit. 

Images obtain from immunofluorescence, Western blotting and proteome profiler 

array experiments were analyzed using the Fiji software (Image J2) version 2.15.0 

(https://imagej.net/software/fiji/) and the data exported to GraphPad Prism v9.0.  For 

densitometry analysis of Western blots, a box was first drawn around each band.  The 

software measures the density of the band and subtracts the local background, 

producing a peak.  For each experimental run, the area under the peaks for each 

treatment group was calculated and expressed as a percentage of the total size of all 

the peaks in that run.  These values were used as the band intensities.  The band 

intensity of the target protein was divided by that of the loading control, β-actin, 

thereby normalizing protein expression levels.  For phosphorylated proteins, this 

normalized expression level was then expressed relative to that of the total.  For 

densitometry analysis of proteome profiler array spots, a box was first drawn around 

each pair of duplicate spot representing each cytokine.  Similar to Western blotting 

analysis, the area under each peak generated was calculated and these values were used 

as the spot intensities.  The intensities for each cytokine pair was averaged and average 

intensity of the negative control spot (PBS) was subtracted from that of all the other 

cytokine spots. 

For the calcium assays, all fluorescence readings were exported into Microsoft Excel.  

The lowest fluorescence reading was selected as the background reading and 

subtracted from all other fluorescence readings.  For each run, the time course 

fluorescence readings following the addition of capsaicin (t=10 until t=300) were 

divided by their own respective baseline fluorescence reading to give a fold change of 

capsaicin-induced calcium fluorescence intensity (F/F0).  Using GraphPad Prism v9.0, 

the mean fold change for each treatment group was plotted against time.  The measure 

of TRPV1 activity was interpreted as the area under the curve (AUC) of this time 

course. 

GraphPad Prism v9.0 was used for the plotting of graphs and statistical analyses.  The 

error bars on graphs were presented as mean ± standard error of the mean (SEM).  The 

n value represented the number of individual animals or individual cultures in a 

treatment group.  Comparisons between groups were done using either a t-test 

(compares the means of two groups), a one-way ANOVA (compares multiple groups 

https://imagej.net/software/fiji/
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with only one variable e.g. treatment) or a two-way ANOVA (compares multiple 

groups with only one variable e.g. treatment over time).  For multiple comparisons, 

the Bonferroni method calculated adjusted p-values, which were used to determine 

statistical significance as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001(***) and p < 

0.0001(****). 

For mass spectrometry, differentially expressed genes (DEGs) were selected using a 

fold change (FC) of 1 (i.e. log2FC ≥ 0) and an adjusted P < 0.05.  A clustergram was 

generated in MATLAB. 
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Chapter 3: Characterization of the cisplatin model for cisplatin-

induced peripheral neuropathy in childhood cancer survivors 

 

3.1 Introduction 

Cisplatin induces peripheral sensory neurotoxicity [138–141] by binding to the DNA 

of dorsal root ganglia sensory neurons (DRGs) and forming cisplatin-DNA adducts 

[143, 148, 152–155].  This in turn damages the DNA and eventually results in neuronal 

apoptosis [134, 138, 158].  DRGs and peripheral sensory nerves, which relay sensory 

neural messages from the periphery to the central nervous system, have increased 

susceptibility to cisplatin [136, 138, 159, 149, 160–164], allowing for its accumulation 

in these tissues [136, 159–161, 163, 164].  Therefore CIPN associated with cisplatin 

is characterized as a peripheral neuropathy that includes predominantly sensory 

neuropathy [131, 133, 148, 162, 168–170], as well as motor and autonomic 

neuropathies [133, 169, 171, 172].  CIPN is a common side effect of cancer treatment 

in both adult [127, 233, 234] and paediatric [235–238] patients.  However, fewer 

studies have explored the underpinning mechanistic causation of paediatric CIPN.   

 

3.1.1 Clinical aspects of CIPN 

Common symptoms of sensory neuropathy include numbness, tingling in the hands 

and feet which progresses in a “glove and stocking” distribution to the wrists and 

ankles, and chronic pain [132, 137, 142, 143, 244, 357, 358].  A “coasting” 

phenomenon is observed exclusively in platinum-based chemotherapy, particularly 

cisplatin, whereby neuropathic symptoms worsen for weeks or months following 

cessation of therapy [131, 143, 148, 225, 244, 357].  In relation to paediatric patients, 

these individuals present symptoms that tend to persist into adulthood, with sensory 

and motor neuropathy, pain and functional impairments being observed in adults who 

survived children cancers [170, 235, 237, 239, 240].  These individuals were compared 

with their siblings, who served as controls.  Childhood cancer survivors have shown 

to display symptoms of CIPN >7 years post treatment [359, 360].  A clinical follow-

up study to evaluate the adverse late effects of early exposure to chemotherapy 

(median age at diagnosis 5 years) was conducted in adult survivors (median age 32 

years) of childhood cancer (extracranial solid tumours), who were at least 10 years 
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post-diagnosis [170].  Sensory impairment was assessed using the sensory subscale of 

the Total Neuropathy Score and the prevalence of sensory impairment was evidenced 

by a score of ≥1.  The study found that in the patients who were treated with cisplatin, 

20 % of the survivors had sensory impairment a median of 25 years from diagnosis.  

Despite this known clinical phenomenon, little is known about how these cytotoxic 

agents impact the developing human and in particular the somatosensory nervous 

system. 

As mentioned, chronic pain is a typical adverse effect of CIPN which develops as a 

consequence to peripheral sensory neuron damage [127, 169, 237, 242, 361–366].  

Pain was reported by ~50 % of childhood cancer survivors [237, 240], which they 

attributed as an adverse side effect of their cancer treatment.  Additionally, the younger 

the age of exposure to chemotherapy, the greater the severity [237].  A diagnostic age 

of ≤3 years was associated with a higher risk of reporting pain conditions compared to 

a diagnostic age of 4-20 years.  This pain can presents as allodynia or hyperalgesia 

[246, 367].  Allodynia is pain due to a stimulus that does not normally provoke pain 

whereas hyperalgesia (sometimes referred to as hypersensitivity) is an increased 

sensitivity to a painful stimulus.  Furthermore, following cisplatin treatment, patients 

have experienced nerve conduction velocity (NCV) changes [358, 368–371], 

exhibiting decreased sensory NCV and reduced sensory action potential (SAP) 

amplitude along the nerves.  Axonal degeneration, evident by loss of nerve fibres 

alongside secondary damage to myelin sheath, have been demonstrated from nerve 

biopsies [136, 164, 371, 372], possibly accounting for these NCV alterations. 

Childhood cancer survivors affected by CIPN also suffer from increasingly apparent 

quality of life (QOL) issues that present later in life [239, 360, 373, 374].  CIPN has 

been known to cause fatigue, cognitive and psychological impairment as well as 

negative social outcomes, which will impact upon education and work as these 

children develop.  The prevalence of a chronic condition in childhood cancer survivors 

who were 5-14 years post diagnosis was 68 % [360].  This increased with increasing 

age to 77 % at 15-24 years post diagnosis, 85 % at 25-36 years post diagnosis and 88 

% at 40-49 years post diagnosis, respectively.  In addition, other symptoms which have 

been described include paresthesia, muscle cramps and distal weakness as well as 

constipation, orthostatic hypotension and urinary retention [131–133, 143].  However, 

no standardized measurement for the assessment of CIPN exists [375–377], resulting 
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in a variety of objective clinical-rated tools and subjective patient-reported outcome 

scales being utilized.  Evaluation of these tools and scales have revealed a significant 

discrepancy between the clinician-based and patient-reported measures, with 

clinicians often underestimating the severity of the patient experience [377, 378].  

Furthermore, there was low correlation among scales that currently used to measure 

CIPN as well as issues with validity, reliability, sensitivity and reproducibility [376, 

377, 379] 

 

3.1.2 Preclinical models of CIPN 

Rodent models are used to explore the underlying mechanisms attributed to CIPN.  

These include models that mirror adult and childhood associated CIPN, with adult and 

neonatal rodents.  These approaches consist of interventions that consider clinical 

scenarios [322, 323].  One major issue is the disparities which remain across the 

literature with differing dosing regimens presented [323].  CIPN is a dose-limiting side 

effect, which occurs in a dose-dependent and time-dependent manner [148, 324].  The 

severity of CIPN increases with higher cumulative doses and longer times of exposure 

to cisplatin [161, 224].  Dosing schedules utilized include either a single administration 

of the agent [325] or multiple doses per week, over a duration of one or several weeks 

[326–330].  This has resulted in cumulative doses of cisplatin ranging from (2-23 

mg/kg).  

One of the hallmarks of CIPN is peripheral sensory neurodegeneration, which includes 

intraepidermal nerve fibre (IENF) degeneration [332–334].  Cisplatin treatment, in 

both rodent models and cell lines, has shown to result in neurodegeneration [333, 334, 

340, 335, 338, 380].   For one in vitro study [335], 50B11 cells (embryonic rat DRG 

neuronal cell line) treated with 2-10 µg/ml cisplatin exhibited decreased neurite 

growth, with a reduction in total growth per cell and a decrease in the percentage of 

cells demonstrating neuritogenesis.  In another study using DRG explants from rats 

and different strains of mice [338], cisplatin treatment inhibited neurite outgrowth in 

a dose-dependent in all DRGs.  A similar effect of reduced neurite length following 

cisplatin treatment was observed in both PC12 cells (rat pheochromocytoma cell line) 

and rat DRG neurons [380].  In rodent models that were administered cisplatin over a 

period of 3 weeks (cumulative dose ranging from 12-23 mg/kg) [333–335], plantar 

skin was collected and IENF examined.  There was evidence to suggest a reduction in 
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PGP9.5+ve IENF in the cisplatin-treated cohort compared to the vehicle control.  To 

explore nociceptors, researchers have studied the effect of cisplatin treatment on 

CGRP+ve IENFs [340, 341].  The data also suggested a reduction following cisplatin 

treatment. 

In addition, rodents exposed to chemotherapeutic agents typically display increased 

sensitivity to mechanical stimuli following cisplatin treatment [325, 326, 328–330, 

342–344, 331, 345–349], either as mechanical allodynia or mechanical hyperalgesia.  

The rodent models mentioned above [333–335, 340] were all subjected to pain 

behaviour tests prior to tissue removal.  This involved the application of a pin-prick to 

the hind paw and measurement of withdrawal threshold.  Cisplatin treatment resulted 

in either mechanical allodynia [333–335] or mechanical hyperalgesia [340], evident 

by a decrease in the withdrawal threshold of the rodents.  Additionally, thermal 

hyperalgesia [335, 340], increased sensitivity to heat, is common and was observed in 

the cisplatin-treated groups compared to the controls.  However, there has been 

conflicting views with regards to whether cisplatin results in thermal hyperalgesia 

[325, 328, 347] or not [326, 343, 346].  Comparing the experiments, different methods 

of drug administration (intravenous vs intraperitoneal) as well as dosing regimens 

(cumulative dose ranging from 2-23 mg/kg) were utilized.  It is uncertain whether this 

contributed to the difference in results obtained, illustrating the importance of 

standardization when performing these assessments. 

 

3.1.3 DNA damage 

As mentioned above, the primary neural tissue affected by the platinum based 

chemotherapy agents is the DRG [148–151].  It has been shown that the formation of 

cisplatin-DNA cross-links structurally distorts the DNA [156] and unwinds it [157].  

This in turn interferes with its normal functioning, including DNA replication and 

transcription, essential processes for neuronal survival and function.  It has also been 

suggested that other contributing factors of cisplatin-induced neurotoxicity include 

oxidative stress, mitochondrial dysfunction and changes in Ca2+ homeostasis [163, 

173, 174].  Cisplatin also binds to mitochondrial DNA (mDNA) in DRG neurons 

[150], forming cisplatin-mDNA adducts, impairing mitochondrial DNA replication 

and transcription and resulting in morphological changes in the mitochondria [150, 

176] as well as alterations in protein synthesis and disruption of the electron transport 
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chain [174, 177, 178].  Neuronal mitochondrial damage leads to cellular adenosine 

triphosphate (ATP) depletion and increased production of reactive oxygen species 

(ROS), which in turn can cause oxidative DNA damage [150, 158, 179, 180].  All these 

events lead to mitochondrial membrane depolarization, increased intracellular Ca2+ 

levels and activation of apoptotic pathways [150, 176, 181, 182] alongside increased 

production of pro-inflammatory mediators [175]. 

Cisplatin treatment has been shown to cause an increase in the number of cleaved 

caspase-3 positive (CC3+ve) neurons, both in cisplatin-treated cells [335] as well as 

DRGs extracted from cisplatin-treated rodents [340].  However, despite this increased 

expression of CC3, a marker of apoptosis (programmed cell death), following cisplatin 

treatment, there was no effect on DRG cell populations [340].  In response to DNA 

damage and DNA replication stress, ataxia-telangiectasia mutated (ATM) and ataxia-

telangiectasia and RAD3-related (ATR) are activated [287–289].  These protein 

kinases are key regulators of the DNA damage response (DDR), a complex signalling 

pathway which allows for the detection and repair of damaged DNA.  When ATM and 

ATR are activated, this initiates the DDR and results in the phosphorylation of a 

spectrum of substrates [288, 290, 291].  Two of these substrates include p53 [292, 293] 

and histone H2A.X [294, 295], hence they are often utilized as markers of DNA 

damage. 

In normal cells, the protein level of p53 is low, due to Mdm2; the major regulator of 

p53 which is responsible for its degradation [296, 297].  Following peripheral nerve 

injury, p53 protein levels have been demonstrated to increase [298, 299].  

Phosphorylation of p53 inhibits the binding of Mdm2 and thereby results in its 

stabilization, by preventing its degradation [300].  In response to double-strand breaks 

(DSB), H2A.X is phosphorylated at serine-139 to form γH2A.X, accounting for the 

increased expression levels of γH2A.X observed following DNA damage [294, 301–

304].  γH2A.X then serves as a platform for the accumulation and retention of the 

numerous coordinators of DDR signalling [305–316]. 

 

3.1.4 Hypothesis 

Early life exposure to cisplatin induces DNA damage, leading to neurodegeneration of 

the peripheral sensory nerve fibres and subsequent disruption in the normal 
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development of nociceptive pathways.  Approaching adulthood, chronic pain ensues 

in the form of pain hypersensitivity.  This delayed onset of chronic pain is 

characteristic of the CIPN which develops in childhood cancer survivors following 

cisplatin treatment.  

 

Specific Hypotheses 

5) Cisplatin treatment is cytotoxic, resulting in sensory neuronal degeneration and 

cell death. 

6) Damage to the peripheral sensory neurons following early life exposure to cisplatin 

causes a delayed onset of chronic pain, depicted by increased sensitivity to pain. 

7) Cisplatin treatment induces a DNA damage response. 

 

Experimental aims 

1) To assess the cytotoxicity of cisplatin and determine an effective dosing 

concentration. 

2) To develop an in vitro model of CIPN and utilize it to validate that cisplatin 

treatment results in neurodegenerative and induces a DNA damage response. 

3) To develop an in vivo model of CIPN and utilize it to validate that early life 

exposure to cisplatin causes a delayed onset of chronic pain. 
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3.2 Method 

3.2.1 Cisplatin induction and behavioural testing 

Neonatal Wistar Hans rats (weaned at P21, see chapter 2 for animal details) were 

injected twice on non-consecutive days with cisplatin (0.1mg/kg, i.p., n=4) at Postnatal 

day (P) 14 and 16).  An additional cohort of age-matched rats was injected with PBS 

(i.p., n=3) and were used as vehicle controls.  Mechanical withdrawal thresholds (using 

von Frey monofilament hairs test) were measured as described in Section 2.2.2.  

Testing was performed pre-dosing to obtain a baseline value, 24 hours post-dosing and 

then twice a week for 3 weeks. 

 

3.2.2 Immunocytochemistry of DRG culture  

DRGs were extracted from neonatal (P7) C57/BL6J mice and cultured on coverslips 

in 24-well plates (see Sections 2.4.3.1 and 2.4.3.2 for full details).  After 6 days, the 

cultures were treated with varying concentrations of cisplatin (0, 5, 10 and 20 µg/ml) 

for 24 hours.  Immunofluorescence staining was then performed using primary 

antibodies targeted to Beta (β)3-tubulin and cleaved caspase-3 (CC3) and suitable 

secondary antibodies, Alexa Fluor 488 Goat anti-Guinea Pig and Alexa Fluor 555 

Donkey anti-Rabbit, respectively (see Section 2.5.1 for immunofluorescence and 

antibody details).  Cells were additionally incubated in a nuclear stain DAPI.  DRG 

neurons were visualized using the EVOS M7000™ Imaging System microscope 

(ThermoFisher Scientific; USA) and images obtained were processed and analysed 

using the Fiji software (Image J2) version 2.15.0 (https://imagej.net/software/fiji/).  

Neurite length was measured using the Neurite Tracer plugin 

(https://imagej.net/plugins/snt/).  Cells were selected at random and the free hand 

drawing tool was used to trace along the lengths of neurites (stained by β3-tubulin). 

 

3.2.3 Cell viability 

SH-SY5Y cells were cultured as described in Section 2.4.1 and treated the following 

day with varying concentrations of cisplatin (0, 0.1, 1, 2, 5 and 10 µg/ml) for 24 hours.  

A cell viability assay was performed using Cell Proliferation Reagent WST-1 (see 

Section 2.6 for full details). 

 

https://imagej.net/software/fiji/
https://imagej.net/plugins/snt/
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3.2.4 Western blotting 

Protein was extracted from SH-SY5Y cells treated with varying concentrations of 

cisplatin (0, 1, 2 and 5 µg/ml) and quantified using the Bradford assay (see Sections 

2.7.1 and 2.7.2 for full details).  Western blotting was performed for determining 

protein expression of p53, phospho-p53 (P-p53) and γH2A.X (see Section 2.7.3 for 

protocol and antibody details).  The housekeeping protein, β-actin, was used as the 

loading control.  For p53 and P-p53, 30 µg of protein was loaded into each well and 

for γH2A.X, 50 µg of protein was loaded into each well.  The protein expression levels 

of all target proteins were normalized to that of β-actin.  For P-p53, this normalized 

expression level was then expressed relative to that of total p53.  All graphs were 

plotted using GraphPad Prism v9.0.  A one-way ANOVA was performed for the 

analysis of p53 and P-p53 expression levels whereas a t-test was performed for the 

analysis of γH2A.X expression level. 

 

3.2.5 Data analysis 

For the behavioural test, withdrawal threshold (g) was plotted against time (Postnatal 

Day) using GraphPad Prism v9.0 and analysis performed using a two-way ANOVA, 

compared to the vehicle control. 

For immunofluorescence of the DRG cell culture, the neurite lengths obtained for each 

cisplatin concentration were averaged and a graph plotted using GraphPad Prism v9.0.  

Analysis was performed using a one-way ANOVA, compared to the control (0 μg/ml).  

Prior to any measurements being done, the scale bar was calibrated to a known length.  

For immunohistochemistry of plantar tissue, IENF density was determined by 

counting the number of nerve fibres per 1000 µm, for a minimum of three randomly 

selected areas, for each treatment group.  A branch-point was denoted by a “V” shape.  

The number of branch-points per 1000 µm was counted.  For each result, a graph was 

plotted using GraphPad Prism v9.0.  Analysis was performed using a one-way 

ANOVA, compared to the control.   

For cell viability, a graph of Cell Viability (%) versus Cisplatin Concentration (µg/ml) 

was plotted using GraphPad Prism v9.0 and analysis performed using a one-way 

ANOVA, compared to the control (0 μg/ml). 
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For Western blotting, graphs of protein expression level versus cisplatin concentration 

(μg/ml) were plotted.  GraphPad Prism v9.0 was used to plot all graphs.  Analysis of 

p53 and P-p53 expression levels were performed using a one-way ANOVA, whereas 

a t-test was implemented for γH2A.X expression level; all comparisons were done to 

the control (0 μg/ml). 
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3.3 Results 

3.3.1 Cisplatin results in increased mechanical sensitivity 

There was a significant effect of treatment on the development of mechanical 

hypersensitivity [F (1,22) = 70.92, p < .0001].  As previously demonstrated [340], 

administration of cisplatin in neonatal rats resulted in a delayed onset of mechanical 

hypersensitivity, which was observed from P23 (**p<0.01) and continued until the 

end of the experiment at P38 (****p<0.0001) (Figure 3.1).  The cisplatin-treated rats 

experienced a significant decrease in mechanical withdrawal threshold compared to 

the vehicle controls (P23 vehicle 31.667±5.667 g vs cisplatin 11.667±1.054 g 

**p<0.01; P25 vehicle 37.333±7.168 g vs cisplatin 12.333±0.919 g ****p<0.0001; 

P28 vehicle 31.667±5.667 g vs cisplatin 14.167±0.833g **p<0.01; P30 vehicle 

37.333±7.168 g vs cisplatin 11.333±1.202 g ****p<0.0001; P35 vehicle 31.667±5.667 

g vs cisplatin 10.167±1.046 g ***p<0.001; P38 vehicle 37.333±7.168 g vs cisplatin 

11.667±1.054 g ****p<0.0001). 
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3.3.2 Cisplatin causes sensory neuronal degeneration in vitro 

Treatment also had significant effects on both neurite length [F (3,177) = 4.008, p < 

.01] and cell viability [F (5, 48) = 9.056, p < .0001].  DRG sensory neurons, which 

were isolated, cultured and treated for 24 hours with varying concentrations of 

cisplatin, showed a decrease in neurite outgrowth following cisplatin treatment when 

compared to the vehicle control (vehicle 135.97±12.827 g; 10 µg/ml cisplatin 

99.582±8.841 g, *p<0.05; 20 µg/ml cisplatin 99.901±7.026 g, *p<0.05). (Figure 3.2A-

E).  There was no effect observed on average neurite length following treatment with 

5 µg/ml of cisplatin (control 135.97±12.827 g vs. 5 µg/ml cisplatin 138.572±15.322 

g).  No CC3 staining was detected.   
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The human neuroblastoma cell line, SH-SY5Y, exhibited a decline in cell viability 

following 24-hours treatment with increasing concentrations of cisplatin (Figure 3.2F).  

In a dose-dependent manner, cell viability was reduced following 24-hours treatment 

with 5 µg/ml cisplatin (34.956±7.57 % cell viability, **p<0.01) and 10 µg/ml cisplatin 

(2.395±1.212 % cell viability, ****p<0.0001). 

 

3.3.3 Cisplatin induces the DNA damage response (DDR) in neurons 

Cisplatin had significant effects on both p53 [F (3, 12) = 7.529, p < .01] and P-p53 [F 

(3, 12) = 3.412, p < .01] expression levels.  24-hours treatment with 5 μg/ml cisplatin 

induced DNA damage response in SH-SY5Y cells (Figure 3.3A-C).  There was a dose-

dependent increase in both p53 and P-p53 expression levels, with significant increase 

following treatment with 5 µg/ml cisplatin, when compared to the vehicle control (p53 

= 361.312±121.7 **p<0.01; P-p53 = 263.956±140.181 **p<0.01).  Additionally, 24-

hours treatment with 5 µg/ml cisplatin led to a significant increase in γH2A.X 

expression level (271.276±224.795 ***p<0.001), compared to the vehicle control 

(Figure 3.3D). 
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3.4 Discussion 

Early life treatment with cisplatin results in alterations in nociceptive behavioural 

withdrawal responses in rodents, comparative to those clinical signs described by adult 

survivors of childhood cancer.  Neonatal exposure to cisplatin leads to a prominent 

remodelling of the peripheral sensory nervous system, depicted by alterations in 

sensory neuritogenesis and IENF innervation.  This remodelling occurs in conjunction 

to a prominent cisplatin-induced DNA damage response, implicating this pathway in 

the development of cisplatin-induced sensory neuropathy. 

 

3.4.1 Preclinical models of CIPN 

As highlighted in the clinic, young patients are exposed to cytotoxic agents that include 

the outlined chemotherapeutic agents.  Young individuals are growing at an enormous 

rate, which includes the developing sensory nervous system.  Studies have shown that 

pain and nerve injury early in life, both in rodents and humans, causes long-term 

changes to a developing somatosensory and pain systems [29, 98, 99].  As a result, 

neuropathic pain is rarely observed in children before adolescence, however, neonatal 

injury tends to trigger neuropathic pain in adults [101, 381, 382], accounting for this 

delayed and long-lasting pain phenotype observed following early life exposure to 

chemotherapy.  A correlation between the incidence of neuropathic pain and the age 

at which nerve damage occurred was also observed [382].  According to the Childhood 

Cancer Survivor Study (CCSS) [383], a large multi-institutional cohort study of 5-year 

survivors of childhood and adolescent cancer, the age of diagnosis which contained 

the highest number of participants was 1-3 years.  In our rodent model, dosing 

commenced at P14, which is equivalent to a human age of 1 month - 2 years [384–

386], making our model comparable for the evaluation of CIPN associated with early 

life exposure to chemotherapy.  In our preclinical cisplatin model, we also 

demonstrated a persistent, but delayed onset of chronic pain following early life 

exposure to cisplatin, complementing these clinical studies as well as exhibiting the 

“coasting” phenomenon that has been reported to be observed exclusively in platinum-

based chemotherapy [131, 143, 148, 225, 244, 357].  Research has also illustrated this 

coasting phenomenon in adult cancer patients whereby adult survivors of testicular 

cancer have experienced peripheral neuropathy which persisted longer than 10 years 

after cisplatin treatment [387, 388].   
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In our model, rodents exposed to cisplatin early in life developed mechanical 

hypersensitivity.  This increased sensitivity to mechanical stimuli was evident by a 

decrease in withdrawal threshold when compared to the vehicle control.  These 

findings coincide with that of numerous other researchers whose rodent models also 

demonstrated delayed onset of mechanical hypersensitivity subsequent to cisplatin 

treatment, despite differences in species of rodents (rats [329, 330, 343, 348, 349] 

versus mice [327, 331, 344, 346, 389]), age (neonatal [340] versus adult [325, 326, 

328, 335]), method of dosing (intraperitoneal [326, 328, 331, 343, 344, 389] versus 

intravenous [325]) as well as dosing size and regimen (cumulative doses <5 mg/kg 

[325, 348] versus 5-15 mg/kg [327, 330, 335, 340, 346, 349] versus >15 mg/kg [328, 

329, 331, 389]).  In our rodent model, a small cumulative dose of 0.2 mg/kg, 

administered as two intraperitoneal injections of 0.1 mg/kg each, was sufficient to 

produce a similar effect as the larger doses reported.  In a similar experiment performed 

using neonatal rats [340], whereby cisplatin was administered as five intraperitoneal 

injections of 1 mg/kg, given from P7, for five consecutive days (cumulative dose 5 

mg/kg), the mechanical hypersensitivity which developed was delayed until P22.  In 

our model, even though a lower dose of cisplatin was administered and dosing began 

at a later age (P14), mechanical hypersensitivity was also delayed until P23.  

Additionally, there was no difference in body weight between the control animals and 

the cisplatin-treated animals, meaning that our rodents did not lose weight following 

treatment.  The cisplatin dose that was administered here (human equivalent dose 

0.912 mg/m2 [390]) is much lower than that which is typically given in a clinical 

setting (mean dose of 429.4 mg/m2) [170], however, the welfare of the rodents has to 

be taken into consideration.  Due to the difference in body size between rodents and 

humans, the dosing needs to be more appropriate for the rodents.  When it comes to 

administering cytotoxic agents to animals, animal welfare requires monitoring through 

clinical signs including body weight.  A loss in body weight greater than a certain 

criterion will require the experiment to be terminated and the animals killed [391].  

Therefore, it is crucial to use the most appropriate drug regimen to induce the expected 

phenotypes whilst bearing in mind those welfare considerations.  Here, we were able 

to develop a suitable CIPN model for childhood chemotherapy whereby sensory 

neuropathy was induced with the administration of a lower dose of cisplatin, thereby 

sustaining the welfare of the rodents utilized in this study.  However, this has to be 

taken into account when it comes to translatability.  The typical higher doses that are 
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administered in the clinic would be of greater toxicity and hence result in more severe 

symptoms.  

In the clinic, cumulative doses of chemotherapy administered to children vary greatly 

between patients [170, 383].  As seen in a study performed by Ness et al. [170], 

cumulative doses ranged from 92.7-1045 mg/m2 for cisplatin and from 1.5-95.9 mg/m2 

for vincristine.  The CCSS study [383] showed the 10th percentile and 90th percentile 

cumulative doses of cisplatin to be 171.1 mg/m2 and 848.1 mg/m2 respectively.  The 

cumulative dose depends on the dose and duration of drug administration, which in 

turn is influenced by the stage of cancer; the later the stage, the higher the dose and/or 

the longer the cycles of drug administration.  In a study performed by Gregg et al. 

[161], a linear relationship between cumulative dose of cisplatin administered and 

tissue platinum levels was observed in neural tissue.  Cisplatin neurotoxicity was also 

demonstrated to correlate with tissue platinum levels.  Consequently, the higher the 

dose of cisplatin administered, the greater the neurotoxicity [392].  DRGs are the 

primary neural tissue affected by platinum based chemotherapy agents [148–151].  The 

higher the dose of cisplatin administered, the greater the concentration of cisplatin that 

accumulates in the DRGs, increasing sensitivity to the agent.  This can possibly have 

an effect on the molecular mechanisms involved, accounting for the difference in 

symptoms observed in the clinic as well as the severity of these symptoms (acute 

versus chronic).  Researchers need to keep this in mind when developing rodent 

models because it will impact on the outcome of pharmacological experiments 

performed as well as translatability [185]. 

 

3.4.2 Cisplatin-induced DNA damage in sensory neurons 

It is believed that neuropathic pain is a result of sensory neuronal damage depicted by 

reduction in IENF [68, 98, 393].  In this study, the in vitro models consisted of both 

primary DRG dissociated cell cultures and the human neuroblastoma cell line, SH-

SY5Y.  DRGs were utilized to evaluate the cytotoxicity of cisplatin due to their 

increased susceptibility to accumulating cisplatin.  Following cisplatin treatment, the 

primary cell cultures illustrated a dose-dependent decrease in neurite length and 

neurite outgrowth with increasing concentrations of cisplatin, which coincides with 

the findings of other researchers [335, 338, 339, 394–396].  In the clinic, skin biopsies 

with measurement of IENF density are utilized to evaluate patients with peripheral 
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neuropathy [244, 379, 397].  These assessments have revealed significant reduction in 

IENF density in patients with neuropathic pain [164, 398–403].  Additionally, IENF 

loss following cisplatin treatment has been demonstrated in rodent models [404–406].  

Comparative studies performed have proven the reliability of IENF density 

quantification as well as showing that it significantly correlates with changes in 

sensory NCV [405, 407]. 

Similar to the DRGs, a cell viability assay performed on SH-SY5Y cells supported the 

toxic nature of cisplatin, as there was a decrease in cell viability with increasing 

concentration of cisplatin.  This result coincides with the findings of other studies 

which also demonstrated cisplatin to be cytotoxic [408–410].  These studies utilized a 

variety of human cancer cell lines including SH-SY5Y, A549, PC3 and A2780-cp 

cells.  For my research, the SH-SY5Y cells were not differentiated because 

differentiation generates cells that express mature neuronal markers [411].  However, 

we are investigating childhood chemotherapy so we deemed undifferentiated cells to 

be more representative.  For future research we can attempt differentiating the cells 

subsequent to cisplatin treatment, as a means of signifying development from 

childhood to adulthood. 

In these in vitro neuronal models there is a prominent DNA damage response occurring 

represented by the induction of p53 following 24 hours cisplatin treatment, as well as 

increased phosphorylation of the DNA damage markers, p53 and histone H2A.X.  

Cisplatin binds with DNA, forming cisplatin-DNA adducts.  The primary mechanism 

to detect and repair these adducts is the nucleotide excision repair (NER) pathway 

[152, 262–264], which is believed to be regulated by p53 [275, 276, 412].  Studies 

have revealed that the severity of CIPN depends on the efficiency of this DNA repair 

machinery to repair these cisplatin-DNA adducts [152, 265].  An increase in the repair 

of cisplatin-DNA adducts has also been associated with cisplatin resistance [270, 271]. 

The DDR pathway consists of different families of proteins that have varying roles; 

damage sensors, signal transducers and effectors [413].  Damage sensors identify 

damage signals and initiate cell signalling transduction.  Signal transducers then 

transduce DNA damage chemical signals, activating downstream effectors.  Effectors 

regulate various cellular processes including DNA repair and apoptosis.  It is believed 

that cells undergo apoptotic cell death when the amount of DNA damage present 

exceeds the ability to achieve repair [414, 415].  One explanation for the absence of 
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CC3 staining in our cisplatin-treated DRGs could be that the neurons do not die but 

are only damaged following cisplatin treatment.  However, there are some limitations 

to our experiment.  There was no cell body (DAPI-staining) count performed for the 

DRG neurons in Figures 3.2A-D so there is no confirmation that the neurons are not 

dying.  Additionally, there was no positive control staining for CC3 hence there is the 

possibility that there could have been an issue with the antibody.  Studies have shown 

that p53 promoted DNA repair and protected against cisplatin-induced DNA damage 

and apoptosis [277–279], supporting the involvement of p53 in the modulation of 

various DNA damage response pathways [280].  Furthermore, p53 has been associated 

with cisplatin resistance [278, 416].  In experiments performed by Chee et al. [416], 

increased resistance to cisplatin was observed in human non-small cell lung carcinoma 

H1299 cells expressing high levels of both exogenous wild-type p53 and mutant p53.  

In a comparative study where cells expressing wild-type and mutant p53 were treated 

with an inducing agent to express p53 for 24 hours prior to cisplatin exposure, the 

induction of p53 resulted in better cell recovery when compared to cells that were not 

induced. Moreover, significantly higher density of cell growth was observed when p53 

was induced in cells contained a mutant p53.  This increased resistance to cisplatin 

was due to an inhibitory effect of p53 on caspase-9, an initiator caspase which has been 

shown to be required for apoptosis [417, 418].  Other investigations using various 

cancer cell lines have also associated p53 mutation with the development of cisplatin 

resistance and decreased susceptibility to apoptosis [419, 420].  Hence DDR and p53 

may play a role in the onset of CIPN and should be explored further.  

 

3.4.3 Role of inflammatory signalling in the delayed onset of 

neuropathic pain  

The delayed onset of neuropathic pain observed following neonatal exposure to 

chemotherapeutic agents is believed to be a consequence of a change in the 

neuroimmune profile [98, 101].  An investigation into the gene expression signature 

of CIPN following cisplatin treatment revealed gene expression changes associated 

with a mixed inflammatory and neuropathic phenotype [421], hence supporting the 

involvement of inflammatory signalling in cisplatin-induced peripheral neuropathy.  In 

a comparison study between infant (P10) and adult (P33) rodents [101], infant rodents 

which experienced nerve injury display no behavioural pain hypersensitivity until P38 
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for rats and P31 for mice.  On the other hand, rapid decrease in mechanical threshold 

was observed in adult rodents within seven days following nerve injury.  A closer look 

at the inflammatory response illustrated an initial anti-inflammatory immune response 

in the dorsal horn following infant nerve injury, which switches to a proinflammatory 

response upon reaching adolescence.  In contrast, nerve injury in adult rodents initiated 

a proinflammatory response.  It is believed that this delayed onset proinflammatory 

response is responsible for the delayed onset of neuropathic pain observed subsequent 

to infant nerve injury.  Furthermore, it was discovered that following early life nerve 

injury, neuropathic pain is not absent but only suppressed, as blocking anti-

inflammatory activity in the dorsal horn of infant rats caused significant decrease in 

withdrawal threshold following nerve injury. 

A comprehensive network of contextualized protein-protein interactions (PPIs) 

specifically associated with pain [422] revealed NGF as one of the most enriched 

proteins in the network as well as one of the four proteins that more significantly 

regulate other proteins.  Analysis of subnetworks specific to inflammatory and 

neuropathic pain showed that NGF was present in both pain datasets.  Additionally, 

from anatomical categorization, NGF and BDNF were the only two found to be 

enriched in the brain, spinal cord and peripheral nervous system.  As a result, the 

involvement of NGF and inflammatory signalling in CIPN will be investigated further 

in chapter 4. 

 

3.5 Concluding Remarks 

Cisplatin is cytotoxic in nature and causes sensory neuronal degeneration.  Damage to 

the peripheral nerves early in life results in a delayed onset of chronic pain, exhibited 

as mechanical hypersensitivity.  It is apparent that early life exposure to cisplatin 

disrupts the normal development of nociceptive pathways, heightening nociceptive 

processing and causing increased sensitivity to pain. The damage which ensues, 

induces DNA damage response pathways, leading to the activation of numerous 

downstream signalling pathways. Previous research has demonstrated an association 

between the TrkA receptor and chronic pain as well as implicated the type of 

inflammatory response as a cause for this delayed onset of chronic pain.  Furthermore, 

NGF has been shown to be enhanced during inflammation, which induces nerve fibres 

to synthesize and release neurotransmitters and neuropeptides.  This in turn can 
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activate receptors located on these nerve fibres.  As a result, we decided to explore the 

mechanistic role of NGF-TrkA signalling in peripheral neuropathy. 
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Chapter 4: Involvement of NGF-TrkA signalling in the 

development of CIPN  

 

4.1 Introduction 

Early life exposure to cisplatin damages the peripheral sensory nerves and causes 

increased sensitivity to pain.  This onset of chronic pain is delayed until adulthood and 

appears to involve an inflammatory component during development.  McKelvey et al., 

[101] illustrated that there is an initial anti-inflammatory immune response in the 

dorsal horn following infant nerve injury, which switches to a proinflammatory 

response upon reaching adolescence, initiating neuropathic pain later in life.  In 

contrast, nerve injury in adult rodents initiated a proinflammatory response from the 

outset, therefore is associated with the immediate onset of neuropathic pain 

behavioural phenotypes.  Studies of patients and rodent models of inflammatory and 

chronic pain conditions [423–426, 64, 427] have demonstrated that inflammatory 

cytokine signalling can promote neurite growth and peripheral sensory neuronal 

sensitization.  One such example is nerve growth factor (NGF), a neurotrophin 

essential for the growth, development and functioning of the nervous system [428] that 

acts via the receptor tyrosine TrkA signalling.  Plantar skin retrieved from the hind 

paw at different time-points (P16 and P45) from a rodent model exposed to 

chemotherapy early in life and allowed to reach adulthood [340], demonstrated a 

change in nerve growth from degeneration at P16 to regeneration at P45.  At P16, there 

was a decrease in intraepidermal nerve fibre (IENF) in the cisplatin-treated rats when 

compared to the vehicle controls.  However, at P45, there was an increase in IENF in 

the cisplatin-treated rats when compared to the vehicle controls.  Additionally, in 

DRGs, there was no change in TrkA+ve sensory neurons between vehicle control and 

cisplatin treated rats at P16.  However, at P45, there was an increase in TrkA+ve 

sensory neurons in the cisplatin-treated group compared to the vehicle control group.  

Since this regeneration coincided with an increase in the number of DRG sensory 

neurons that express TrkA, it is believed to be modulated by TrkA dependence.  

However, it must be noted that during CIPN, recruited peripheral immune cells (such 

as macrophages and monocytes) as well as central glial cells [242, 429, 430], are 

potential sources of NGF [431, 432].  
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4.1.1 Nerve growth factor (NGF) and its association with peripheral 

neuropathy 

NGF is one of four members of the neurotrophin family [433], essential for the growth, 

development and functioning of the peripheral nervous system [428].  During 

embryonic development, sensory DRG neurons, exclusively small diameter neurons, 

depend on NGF for survival [434].  In vivo, NGF knockout mice displayed extensive 

loss of DRG sensory and sympathetic neurons [435].  In vitro treatment with NGF 

stimulated neurite outgrowth in PC12 rat pheochromocytoma cells [436], superior 

cervical ganglion (SCG) [437] and DRG explants[438] in a dose-dependent and time-

dependent manner.  As a result, NGF has been trialled as a therapeutic in diabetic 

polyneuropathy [439].  Patients with stage 2 diabetic neuropathy were recruited, 

randomly divided into three groups and administered either a placebo or recombinant 

human NGF (rhNGF) at a dose of 0.1 µg/kg or 0.3 µg/kg.  They were assessed 6 

months later.  Global symptom assessment, a measure of overall symptoms based on 

the subjects’ perspective, revealed a greater global improvement in neuropathic 

symptoms in patients who received rhNGF treatment (73 % for the 0.1 µg/kg rhNGF 

group and 76 % for the 0.3 µg/kg rhNGF group) compared to the placebo group (42 

%).  Quantitative sensory testing, a measure of small diameter sensory fibre function, 

and neurological examination demonstrated more substantial improvements in both 

rhNGF treated groups compared to the placebo.  However, rhNGF treatment did result 

in some adverse effects such as the development of myalgia (muscle aches and pain) 

and injection site hyperalgesia. 

Two NGF-dependent neuropeptides are calcitonin gene-related peptide (CGRP) and 

substance P (SP) [440, 441].  Neuropeptides are messenger molecules that are 

produced and released by neurons to modulate synaptic activity.  Examination of 

rodent models and patients of various disease conditions exhibited a direct correlation 

between NGF level and neuropeptide levels (CGRP and SP).  Freund’s adjuvant-

induced paw inflammation in rats [442, 443], a rat model of chronic pancreatitis [444], 

patients with surgical degenerate intervertebral disc (IVD) [445] and patients with 

chronic daily headache (CDH) [446] all displayed increased levels of NGF, CGRP and 

SP.  In vivo, intraplantar injection of NGF into rats stimulated neuropeptide 

production, evident by increased levels of CGRP and SP in the sciatic nerve [442, 

447].  In streptozotocin-induced diabetic rat models [440, 448], chemotherapy-induced 
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neuropathy mice models [449, 450] as well as following sciatic nerve injury [451], the 

reduction in CGRP and SP levels detected in sciatic nerve and DRGs was prevented 

by the administration of rhNGF.  In fact, in the diabetic models, NGF stimulated CGRP 

and SP levels to that greater than the control group.  Hence CGRP and SP are widely 

used as a marker of peripheral sensory neuropathy. 

Studies have also demonstrated NGF as being neuroprotective against the 

neurodegenerative effect of various chemotherapeutic agent, including cisplatin, 

vincristine and taxol [437, 438].  Co-treatment of SCG and DRG explant cultures with 

NGF and a chemotherapeutic agent promoted neuritogenesis.  There was increased 

neurite outgrowth and neurite density compared to the culture treated with only the 

anti-cancer drug.  Furthermore, the use of an anti-NGF antibody had the ability to 

block this regenerative effect of NGF.  In contrast to developing DRG sensory neurons, 

NGF appears to only be required for the normal functioning of adult sensory neurons 

such as neurotransmitter production, not survival [452].  This was evident by reduction 

in substance P in the absence of NGF, without any effect on the survival or size of 

sensory neurons.     

In addition to neurite growth, NGF has been implicated in the induction of pain.  NGF 

levels, as well as those of CGRP and substance P, have been shown to increase in 

chronic pain states such as inflammation, rheumatoid arthritis, osteoarthritis and 

chronic pancreatitis [442–444, 453].  In both the clinic and animal models, the 

administration of a NGF neutralizing antibody has been trialled as a therapeutic to treat 

these chronic pain states [454–457], exhibiting reduction in nerve fibre growth, 

decreased levels of CGRP and SP and pain relief.  In this chapter, we explored the 

involvement of NGF in the chronic pain which develops in CIPN and its link to the 

regeneration of sensory IENFs demonstrated by Hathway et al., [340]. 

 

4.1.2 Tropomyosin receptor kinase A (TrkA) and its activation 

NGF binds to two receptors; TrkA, which is a high affinity receptor and p75NTR, 

which is a low affinity receptor [47–49].  TrkA, is expressed predominantly on small-

diameter sensory neurons, some of which are nociceptors [5, 458].  45 % of sensory 

neurons and 95 % of sympathetic neurons express TrkA [435].  During development, 

TrkA is expressed in all nociceptors and by about 80-85 % DRG sensory neurons [47, 
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40].  Postnatally, during the 3 weeks after birth in mice, TrkA expression is lost in 

approximately half of all nociceptors as there is a switch from expressing TrkA to 

expressing Ret [39, 40].  This gives rise to two populations; TrkA+ peptidergic neurons 

that express the neuropeptides CGRP and substance P, and TrkA- non-peptidergic 

neurons that bind to isolectin B4 (IB4).  Another difference in these two subsets is that 

TrkA-expressing neurons terminate in lamina I and the outer region of lamina II of the 

dorsal horn whereas IB4-binding neurons project to the interior of lamina II [39, 40, 

459].  Nociceptors depend on TrkA signalling [460–462].  In mutant mice in which 

the trkA gene was inactivated (trkA -/-), thereby abolishing NGF/TrkA signalling, 

small DRG sensory neurons were eliminated [463].  The trkA -/- mice also exhibited 

a massive depletion in small myelinated and unmyelinated axons as well as a massive 

loss of small diameter peptidergic (CGRP+ve and SP+ve) neurons.  Furthermore, 

primary afferent projections to laminae I and II of the dorsal horn were absent in trkA 

-/- mice.  Similar results of extensive loss of small diameter DRG neurons in trkA -/- 

mice were demonstrated by Smeyne et al. [464].  Not only did these mutant mice 

experience severe sensory and sympathetic neuropathies; by P20, about half of them 

had died and none survived beyond P55.  As a result, the focus of this research is on 

the TrkA+ peptidergic neurons as they are modulated following early life exposure to 

cisplatin. 

The binding of NGF to TrkA results in its activation via homodimerization and 

subsequent autophosphorylation and intracellular signalling [51].  It has also been 

shown that TrkA can be activated in the absence of NGF, through the G-protein-

coupled receptor (GPCR) ligands adenosine and pituitary adenylate cyclase-activating 

polypeptide (PACAP) [54–56].  Using PC12 cells, both ligands were capable of 

activating TrkA receptor in the absence of NGF, although this was prolonged 

compared to NGF activation.   Similar to NGF activation, the use a TrkA inhibitor, 

K252a, inhibited this increased activation.  Furthermore, both adenosine and PACAP 

induced activation of AKT (protein kinase B) and resulted in increased cell survival 

subsequent to the withdrawal of NGF.  Studies have also evidenced elongator complex 

protein 1 (Elp1) in the survival of TrkA neurons [465] and TrkA receptor 

phosphorylation [466].  In one study, Elp1 knockout caused TrkA neuron loss [465].  

In another study [466], Elp1 was shown to bind to internalized TrkA receptors, in a 

NGF-dependent manner, and it maintained TrkA receptor phosphorylation by 
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negatively regulating the phosphatase activity of Shp1 (PTPN6).  Furthermore, 

premature dephosphorylation of TrkA receptor was detected in Elp1-deficient 

neurons.  Consequently, the NGF/TrkA signalling pathway was investigated both in 

the presence and absence of NGF to explore exogenous and endogenous activation of 

TrkA signalling. 

 

4.1.3 Hypothesis 

Cisplatin-induced DNA damage activates NGF-TrkA signalling, leading to 

neuritogenesis and the induction of neuropathic pain.  

 

Specific Hypotheses 

1) Cisplatin treatment results in the modulation of TrkA receptors. 

2) Cisplatin induces nerve fibre growth and peripheral sensory neuronal sensitization 

by activating TrkA signalling. 

3) Inhibition of TrkA signalling reduces this nerve fibre growth and ameliorates pain 

induced by peripheral sensory neuronal sensitization. 

 

Experimental aims 

1) To determine the effect of cisplatin treatment on TrkA receptors using SH-SY5Y 

cells. 

2) To corroborate that in our cisplatin rodent model, the delayed onset of behavioural 

hypersensitivity observed following early life exposure to cisplatin is accompanied 

by nerve fibre growth. 

3) To explore the involvement of TrkA signalling in these CIPN-associated 

phenotypes by using a model of NGF-induced TrkA activation. 

4) To validate the involvement of TrkA signalling by investigating whether inhibiting 

this pathway in both models, thereby blocking TrkA activation, reverses these 

CIPN-associated phenotypes. 
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4.2 Method 

4.2.1 Western blotting 

4.2.1.1 NGF expression and inflammatory profile in splenocytes 

Splenocytes were isolated from neonatal mice, cultured as described in Section 2.4.3.3 

and allowed to grow.  Approximately 1-week later, the cultures were treated with 

cisplatin (0 and 5 µg/ml) for 24 hours.  Protein was extracted and quantified using the 

Bradford assay (see Sections 2.7.1 and 2.7.2 for full details).  Western blotting was 

performed for determining protein expression of NGF (see Section 2.7.3 for protocol 

and antibody details).  The housekeeping protein, β-actin, was used as the loading 

control.  Between 30-50 µg of protein was loaded into each well.  The protein 

expression level of NGF was normalized to that of β-actin.  A graph was plotted using 

GraphPad Prism v9.0.  A Mann-Whitney t-test was performed for the analysis of NGF 

expression level. 

The extracted protein was also analyzed for 40 different cytokines and chemokines 

using the mouse cytokine array kit, ARY006 (R&D Systems; USA) (see Section 2.7.5 

for full protocol).  For each sample, 150 µg of protein was utilized.  A graph of the 

protein expression levels was plotted using GraphPad Prism v9.0 and analysis 

performed using a two-way ANOVA. 

 

4.2.1.2 TrkA and P-TrkA expression in SH-SY5Y cells 

SH-SY5Y cells were cultured as described in Sections 2.4.1 and 2.4.2.  Upon reaching 

90-100 % confluency, cells were treated as followed: 

Experiment 1: Varying concentrations of cisplatin (0, 1, 2, 5 µg/ml) for 24 hours 

Experiment 2: 26.5 ng/ml NGF for different timepoints (0, 5 and 10 mins) 

Experiment 3: Control vs NGF (26.5 ng/ml) vs TrkA inhibitor (100 nM) vs NGF + 

TrkA inhibitor 

Protein was extracted and quantified using the Bradford assay (see Section 2.7.1 and 

2.7.2 for full details).  Western blotting was performed for determining protein 

expression of TrkA and P-TrkA (see Section 2.7.3 for protocol and antibody details).  

The housekeeping protein, β-actin, was used as the loading control.  Between 30-70 

µg of protein was loaded into each well.  The protein expression levels of all target 
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proteins were normalized to that of β-actin.  For P-TrkA, this normalized expression 

level was then expressed relative to that of total TrkA.  All graphs were plotted using 

GraphPad Prism v9.0.  A one-way ANOVA was performed for the analysis of TrkA 

and P-TrkA expression levels. 

 

4.2.2 Behavioural testing for mechanical hypersensitivity 

4.2.2.1 Cisplatin induction and TrkA activation inhibition 

Neonatal Wistar Hans rats (weaned at P21, see chapter 2 for animal details) were 

randomly separated into 2 groups and injected twice on non-consecutive days with 

cisplatin (0.1mg/kg, i.p.) at Postnatal day (P) 14 and 16).  An additional cohort of age-

matched rats was injected with PBS (0.01 M, i.p.) and were used as vehicle controls.  

Mechanical withdrawal thresholds (using von Frey monofilament hairs test) were 

measured as described in Section 2.2.2.  Testing was performed pre-dosing to obtain a 

baseline value, 24 hours post-dosing and then twice a week until the presentation and 

maintenance of pain at approximately P23-25.  At this point, one group of cisplatin-

treated rats were injected with a TrkA inhibitor, GW441756 (0.5mg/kg, i.p.).  

Behavioural testing for mechanical hypersensitivity was continued for 4 hours and 24 

hours post-dosing.  Experiments were performed in both male and female rats (see 

table 2.1 for number of animals per group). 

 

4.2.2.2 NGF induction and NGF/TrkA signalling inhibition 

For this study, two methods of dosing were utilized.  Wistar Hans rats (8 weeks, see 

chapter 2 for animal details) were randomly separated into three groups and treated as 

followed: 

Experiment 1: One cohort was injected with PBS (i.pl., n=6) and was used as vehicle 

controls.  A second cohort was injected with NGF (1 µM, i.pl., n=6) followed by PBS 

(i.p.).  A third cohort was injected with NGF (1 µM, i.pl., n=6) followed by a TrkA 

inhibitor, GW441756 (2mg/kg, i.p.). 

Experiment 2: One cohort was injected with PBS (i.pl., n=6) and was used as vehicle 

controls.  A second cohort was injected with NGF (26.5 µg/ml, i.pl., n=8).  A third 
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cohort was injected with a mixture of NGF (26.5 µg/ml) and a TrkA inhibitor, 

GW441756 (100 nM) (i.pl., n=8). 

Mechanical withdrawal thresholds (using von Frey monofilament hairs test) and 

thermal withdrawal thresholds (using Hargreaves test) were measured as described in 

Sections 2.2.2 and 2.2.3 respectively.  Testing was performed pre-dosing to obtain two 

reciprocal baseline values, 4 hours post-dosing and then 24 hours post-dosing.  

Recordings were obtained for both the ipsilateral and contralateral hind paws. 

 

4.2.3 Tissue extraction 

For immunohistochemistry analysis, animals were terminally anaesthetized (i.p. 

sodium pentobarbital/dolethal), death confirmed by cervical dislocation, and plantar 

skin extracted.  Tissues were either frozen and stored at -80 ℃ or submerged in 4 % 

paraformaldehyde (PFA) for 24 hours at 4 ℃.  Following PFA submersion, tissues 

were cryoprotected in 30 % sucrose and stored at 4 ℃ overnight.  Plantar skin was 

then embedded in OCT and either stored at -80 ℃ or processed for cryosectioning.  20 

µm thick sections of plantar skin were sectioned onto labelled microscope slide (see 

Section 2.3.5 for details) and stored in slide boxes at -80 ℃ until required for 

immunohistochemistry staining. 

 

4.2.4 Immunohistochemistry of plantar tissue 

20 µm thick plantar skin sections on microscope slides (see Section 2.3.5 for tissue 

preparation) were immunostained using primary antibody targeted to CGRP, followed 

by the addition of an anti-Rabbit biotinylated antibody and then secondary antibody 

Alexa Fluor 555 streptavidin (see Section 2.5.2 for immunofluorescence and antibody 

details).  Tissue sections were additionally incubated in a nuclear stain DAPI.  Plantar 

skin was visualized using a Leica SP5 confocal microscope (Germany) at X20 

magnification and images obtained were processed and analysed using the Fiji 

software (Image J2) version 2.15.0 (https://imagej.net/software/fiji/).  IENF density 

and number of branch-points were calculated using randomly selected regions. 

 

 

https://imagej.net/software/fiji/
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4.2.5 Data analysis 

For Western blotting, graphs of protein expression level versus cisplatin concentration 

(μg/ml) and protein expression level versus treatment group were plotted.  For 

inflammatory profile analysis, protein expression levels for each target protein were 

plotted.  GraphPad Prism v9.0 was used to plot all graphs.  Analysis of the expression 

levels of TrkA, P-TrkA and the various inflammatory marker were performed using a 

one-way ANOVA, whereas a t-test was implemented for NGF expression level; all 

comparisons were done to the control, or 0 μg/ml where applicable. 

For the behavioural tests, GraphPad Prism v9.0 was used to plot withdrawal threshold 

(g) against time-point for mechanical hypersensitivity and withdrawal latency (s) 

against time-point for thermal hypersensitivity.  Analysis was performed using a two-

way ANOVA, compared to the NGF-treated group at each time-point. 

For immunohistochemistry of plantar tissue, IENF density was determined by 

counting the number of nerve fibres per 1000 µm, for a minimum of three randomly 

selected areas, for each treatment group.  A branch-point was denoted by a “V” shape.  

The number of branch-points per 1000 µm was counted.  For each result, a graph was 

plotted using GraphPad Prism v9.0.  Analysis was performed using a one-way 

ANOVA, compared to the NGF-treated group.   

For microarray data analysis, the GSE125003 dataset was downloaded from the Gene 

Expression Omnibus (GEO) database [421]. GEO is a database repository of high 

throughput gene expression data and hybridization arrays, chips, microarrays.  This 

dataset was based on the platform GPL19057 (Illumina NextSeq 500). The data 

presented was the gene expression signatures of chemotherapy-induced neuropathy 

induced by cisplatin.  Whole DRGs (L3-L5) were extracted from either control groups 

(5 % glucose, n=3) or cisplatin-treated (40 µg, i.pl. n=3) C57BL/6J mice, 8-10 weeks 

old, 72 hours following treatment.  Extracted DRGs underwent total RNA isolation 

using the Rneasy Mini kit (Qiagen) and RNA-Seq analysis performed.  A differential 

expression analysis was performed using MatLab and Hochberg's Method.  

Differentially expressed genes (DEGs) were selected using a fold change (FC) of 1 

(i.e. log2FC ≥ 0) and an adjusted P < 0.05.  Pathway and process enrichment analyses, 

of selected upregulated genes, were carried out with Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways [467] as well as Gene Ontology (GO) molecular 
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functions and cellular components [468].  Protein–protein interaction enrichment 

analysis was carried out using STRING (https://string-db.org/). 
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4.3 Results 

4.3.1 Cisplatin treatment does not appear to exhibit an inflammatory 

aspect in our in vitro model 

Splenocytes extracted from neonatal mice were treated 5 μg/ml cisplatin to investigate 

whether cisplatin treatment induces NGF production (Figure 4.1A).  Following 24-

hours cisplatin treatment, no significant difference in NGF expression levels was 

observed (vehicle control = 1±0.095 and cisplatin = 1.2±0.087).  We then explored the 

effect of NGF on the inflammatory profile.  Similarly, there was no significant change 

in the inflammatory profile following 24-hours cisplatin treatment [F (1, 28) = 0.1505, 

ns] (Figures 4.1B-D).  Only a significant increase in soluble Intercellular adhesion 

molecule 1, sICAM-1 (CD54) expression level was observed in the cisplatin treated 

splenocytes (7454.898±201.616 *p<0.05), compared to the vehicle control 

(6386.692±335.89) (Figure 4.1D).  sICAM-1 has been shown to promote both pro- 

and anti-inflammatory responses [469]. 
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4.3.2 Cisplatin activates TrkA receptors in vitro 

SH-SY5Y cells treated with varying concentrations of cisplatin (0, 1, 2 and 5 µg/ml) 

illustrated no change in TrkA expression [F (3, 12) = 0.3889, ns] (Figure 4.2A).  

However, there was a dose-dependent increase in activated TrkA signalling after 24-

hours cisplatin treatment [F (3, 12) = 3.229, p < .05] (Figure 4.2B), with significance 

observed at 5 µg/ml cisplatin (P-TrkA = 2.04±0.33 *p<0.05) when compared to the 

vehicle control (1±0.103).  According to the data, it can be interpreted that there may 

be endogenous phosphorylation of the TrkA receptor. 

 

 

 

4.3.3 NGF-induced activation of TrkA is prevented in the presence of 

a TrkA inhibitor in vitro 

The impact of inhibiting NGF/TrkA signalling on NGF-induced activation was then 

investigated (Figure 4.3).  SH-SY5Y cells were firstly treated with NGF (26.5 ng/ml) 

for 5 mins and 10 mins to determine if NGF induces TrkA activation (Figures 4.3A 
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and B).  There was a trend of a time-dependent increase in both TrkA and P-TrkA 

following NGF treatment but the changes were not statistically significant.  Next, it 

was investigated whether inhibiting NGF/TrkA signalling could prevent NGF-induced 

activation of TrkA (Figures 4.3C and D).  The NGF-induced activation of TrkA 

observed (control = 0.875±0.152 and NGF = 6.122±3.197, *p<0.05) (Figure 4.3D), 

was prevented in the presence of a TrkA inhibitor, GW441756 (100 nM) (control = 

0.875±0.152 and NGF+TrkA inhibitor = 0.935±0.353). 

 

 

 

4.3.4 NGF induced hyperalgesia and aberrant nociceptor growth 

There was a significant effect of treatment on the development of both mechanical [F 

(2, 29) = 4.521, p < .05] and thermal hypersensitivity [F (2, 27) = 3.441, p < .05].  NGF 

treatment (black) induced both mechanical [Figures 4.4A and E] and thermal [Figures 

4.4B and F] hypersensitivity within 4 hours of dosing for both experiments.  For 

mechanical hypersensitivity experiment 1, withdrawal threshold of the vehicle was 

18.537±1.774 g while that of the NGF group was 11.267±1.141 g (*p<0.05) and for 

experiment 2, withdrawal threshold of the vehicle was 19.028±4.337 g while that of 

the NGF group 7.297±4.608 g (***p<0.001).  For thermal hypersensitivity experiment 

1, withdrawal latency of the vehicle was 9.684±1.403 g while that of the NGF group 
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was 7.037±1.697 g (*p<0.05) and for experiment 2, withdrawal latency of the vehicle 

was 10.408±3.079 g while that of the NGF group was 7.144±1.574 g (*p<0.05).  

Mechanical hypersensitivity was also observed in the untreated paws 4 hours post-

dose for both experiments; experiment 1, (vehicle 21.893±3.103 g; NGF 10.162±1.112 

g, *p<0.05) and experiment 2 (vehicle 19.995±7.675 g; NGF 13.9±6.956 g, **p<0.01) 

[Figures 4.4C and G respectively].  This was not observed with thermal sensitivity for 

either experiment; experiment 1 (vehicle 11.198±1.432 g vs. NGF 8.685±1.045 g) and 

experiment 2 (vehicle 10.449±3.222 g vs. NGF 8.118±2.046 g) [Figures 4.4D and H 

respectively].  The rodents recovered from NGF-induced mechanical sensitization 

within 24 hours, was evident in both the ipsilateral and contralateral hind paws.  

However, when it came to thermal sensitivity, for experiment 2, hypersensitivity 

disappeared within 24 hours (vehicle 11.605±2.278 g vs. NGF 8.573±1.767 g) [Figure 

4.4F] whereas for experiment 1 it was still evident 24 hours following dosing (vehicle 

12.454±2.955 g; NGF 8.551±1.603 g, *p<0.05) [Figure 4.4B].  Furthermore, NGF 

induced nerve fibre growth with regards to increased IENF density (vehicle 

1.862±0.372 IENF/100 µm; NGF 7.3±0.606 IENF/100 µm, F (2, 33) = 16.91, 

****p<0.0001) and increased branching (vehicle 0.186±0.186 branch-points/100 µm; 

NGF 3.724±0.695 branch-points/100 µm, F (2, 33) = 7.231, **p<0.01) [Figure 4.5]. 

 

4.3.5 Inhibiting NGF/TrkA signalling prevented NGF-induced 

mechanical and thermal hypersensitivity and reduced nerve fibre 

growth 

Inhibiting NGF/TrkA signalling by administrating NGF in combination with a TrkA 

inhibitor, GW441756, ameliorated the NGF-induced mechanical hypersensitivity 

which occurred at 4 hours post-dose [Figures 4.4A and E].  For mechanical 

hypersensitivity experiment 1, withdrawal threshold of the NGF group was 

11.267+1.141 g; while that of the NGF+TrkA inhibitor group was 25.68+0.14 g, 

(*p<0.05) and for experiment 2, withdrawal threshold of the NGF group was 

7.297+4.608 g while that of the NGF+TrkA inhibitor group was 16.797+9.997 g, 

(***p<0.001).  Alternatively, the TrkA inhibitor did not appear to prevent thermal 

hypersensitivity [Figures 4.4B and F], there was a trend of increasing withdrawal 

latency but no significance.  For thermal hypersensitivity experiment 1, withdrawal 
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latency of the NGF group was 7.037+1.697 g while that of the NGF+TrkA inhibitor 

group was 10.972+3.01 g and for experiment 2, withdrawal threshold of the NGF  

 



103 

 

group was 7.144+1.574 g while that of the NGF+TrkA inhibitor group was 

9.299+3.487 g.  The effect of the TrkA inhibitor in preventing mechanical sensitization 

was also observed in the contralateral, untreated paws for experiment 1 (NGF 

10.162+1.112 g; NGF+TrkA inhibitor 15.32+0.14 g, *p<0.05) but not for experiment 

2 (NGF 13.9+6.956 g; NGF+TrkA inhibitor 19.367+5.567 g) [Figures 4.4C and G 

respectively].  Additionally, administering NGF along with a TrkA inhibitor resulted 

in reduced nerve fibre growth (NGF 7.3+0.606 IENF/100 µm vs NGF+TrkA inhibitor 

4.171+0.55 IENF/100 µm, F (2, 33) = 16.91, ***p<0.001) and branching (NGF 

3.724+0.695 branch-points/100 µm vs NGF+TrkA inhibitor 1.788+0.419 branch-

points/100 µm, F (2, 33) = 7.231, *p<0.05) [Figure 4.5]. 
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4.3.6 Cisplatin-induced mechanical hypersensitivity is ameliorated by 

inhibiting TrkA activation in vivo 

We then investigated whether the cisplatin-induced mechanical hypersensitivity and 

nerve fibre growth observed in rodents following cisplatin treatment (0.1 mg/kg) in 

chapter 3 (Figure 3.1) could also be prevented by inhibiting TrkA activation (Figure 

4.6).  There was a significant effect of treatment on the development of mechanical 

hypersensitivity [F (1, 24) = 64.85, p < .0001].  As previously demonstrated, the 

administration of cisplatin at P14 and P16 resulted in a delayed onset of mechanical 

hypersensitivity, which was observed from P21 (P21: males, control 24.167±1.833 g; 

cisplatin 15 g **p<0.01; females, control 22.333±2.319 g; cisplatin 11.625±1.017 g 

**p<0.01) (P25: males, control 22.333±2.319 g; cisplatin 11.667±1.054 g **p<0.01; 

females, control 31.667±5.667 g; cisplatin 9.5±0.327 g **p<0.01). 
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Introducing a TrkA inhibitor, GW441756 (0.5mg/kg) [Figures 4.6C and D] at P25 

ameliorated the mechanical hypersensitivity within 4 hours (males, cisplatin 

12.333±0.919 g vs cisplatin+TrkA inhibitor 35.5±7.94 g #p<0.05; females, cisplatin 

13.125±0.915 g vs cisplatin+TrkA inhibitor 37.333±7.168 g #p<0.05).  The 

withdrawal threshold of those cisplatin-treated rodents returned to that of the vehicle 

control (sham).  There were also no gender-associated differences. 

 

 

 

Additionally, the cisplatin-treated rodents illustrated increased nerve growth with 

regards to increased IENF density (vehicle 5.329+0.492 IENF/100 µm; cisplatin 

9.282+0.625 IENF/100 µm, F (2, 41) = 7.012, **p<0.01) and increased branching 

(vehicle 1.203+0.464 branch-points/100 µm; cisplatin 3.61+0.554 branch-points/100 
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µm, F (2, 39) = 6.669, **p<0.01), which was prevented when a TrkA inhibitor was 

introduced (IENF density, cisplatin 9.282+0.625 IENF/100 µm vs cisplatin+TrkA 

inhibitor 5.959+0.912 IENF/100 µm, **p<0.01; and branching, cisplatin 3.61+0.554 

branch-points/100 µm vs cisplatin+TrkA inhibitor 1.466+0.475 branch-points/100 

µm, **p<0.01) [Figure 4.7].  Treatment did not result in any weight loss throughout 

the experiment [Figure 4.6B]. 

 

4.3.7 NGF/TrkA signalling can be linked to apoptosis and DNA repair  

To further explore the damaging effect of cisplatin, data mining was performed on 

some RNA-Seq data retrieved from a Gene Expression Omnibus (GEO) database 

[GEO submission number: GSE125003] [421].    Samples consisted of whole DRGs 

(L3-L5) extracted from either control groups (5 % glucose, n=3) or cisplatin-treated 

(40 µg, i.pl. n=3) C57BL/6J mice, 9 weeks old, following 72 hours of treatment.  From 

the RNA-Seq data, upregulated genes associated with NGF/TrkA signalling, apoptosis 

and DNA were identified using the criteria log2FC ≥ 0 and adjusted P < 0.05.  STRING 

analysis of these selected upregulated genes illustrated that TrkA can be linked to ion 

channels activation (including NGF and TRPV1), apoptosis and DNA repair [Figure 

4.8].  The colours of the lines identify how the genes are linked and are as follows 

[470, 471]; known interactions from curated data are light blue (―), known 

interactions experimentally determined are pink (―), predicted interactions due to 

gene neighbourhood (similar genomic context in different species suggest a similar 

function of the proteins) are green (―), predicted interactions due to gene fusions 

(proteins that are fused in some genomes are very likely to be functionally linked as in 

other genomes where the genes are not fused) are red (―), predicted interactions due 

to gene co-occurrence (proteins that have a similar function or an occurrence in the 

same metabolic pathway, must be expressed together and have similar phylogenetic 

profile) are blue (―), other interaction due to text mining (A large body of scientific 

texts are analyzed to search for statistically relevant co-occurrences of gene names) 

are light green (―) and other interaction due to co-expression (proteins that have a 

similar function or an occurrence in the same metabolic pathway, must be expressed 

together and have similar phylogenetic profile) are black (―). 
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Pathway and process enrichment analyses are illustrated in Figure 4.9.  KEGG 

pathways associated with the upregulated DEGs included non-homologous end 

joining, homologous recombination, apoptosis - multiple species, p53 signalling 

pathway and platinum drug resistance.  GO analysis identified molecular functions 

associated with cysteine-type endopeptidase activity involved in apoptotic signalling 

pathway, 5′-deoxyribose-5-phosphate lyase activity, nerve growth factor binding, 

neurotrophin receptor binding and four-way junction DNA binding.  Furthermore, 

associated cellular components included Ku70:Ku80 complex, RAD51B-RAD51C-

RAD51D-XRCC2 complex, ERCC4-ERCC1 complex, non-homologous end joining 

complex, nucleotide-excision repair complex and DNA repair complex; all complexes 

involved in DNA repair.  The false discovery rate (FDR) is the ratio of the number of 

false positive results to the number of total positive test results, giving an indication of 

any associated false positives. 
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4.4 Discussion 

Splenocytes treated with 5 µg/ml of cisplatin for 24 hours did not exhibit a significant 

change in NGF levels or the inflammatory profile (Figure 4.1).   Only sICAM-1 

(CD54) expression level was significantly increased following cisplatin treatment.  

sICAM-1, has been deemed an inflammatory biomarker [469], with elevated levels 

being identified in patients suffering with various inflammatory conditions such as 

coronary heart disease [472], pulmonary artery hypertension [473], atherosclerosis 

[474], asthma [475], intermediate uveitis [476], sepsis [477], rhinovirus infection 

[478] and cancer [479, 480].  However, sICAM-1 has been associated with promoting 

both proinflammatory [469, 481] and anti-inflammatory responses [469, 482].  A 

possible explanation for this lack of significance could be the low sample size utilized 

as each group only had an n number of 3. 

 

4.4.1 Activation and subsequent inhibition of TrkA signalling in vitro 

Our data supports a cisplatin-induced phosphorylation of receptor tyrosine kinase, 

TrkA.  SH-SY5Y cells treated for 24 hours with increasing concentrations of cisplatin 

displayed no change in TrkA expression levels but a dose-dependent increase in 

activated TrkA signalling (Figure 4.2).  This denotes endogenous activation of TrkA 

since this is an exclusive cell line system with no NGF present.  Research by 

Fernandez-Calle et al. [487] discovered ethanol-induced activation of TrkA in SH-

SY5Y neuroblastoma cells.  Similarly, there was significant increase in 

phosphorylation of TrkA at Tyr 490 with no effect of treatment on total TrkA protein 

levels.  This supports endogenous phosphorylation of the TrkA receptor, which was 

revealed in our in vitro model. 

Activation of TrkA signalling pathway has proven vital to the sensitization of 

nociceptors [57], growth of sensory neurons [58] and onset of pain and chronic pain 

states [59, 60].  In this chapter we investigated the impact of blocking this TrkA 

signalling pathway using the TrkA inhibitor, GW441756.  NGF is known to 

phosphorylate TrkA [488].  In our experiment, exposure to NGF (26.5 ng/ml) in vitro, 

for only 5 minutes and 10 minutes, did not result in a significant change in TrkA and 

phosphorylated TrkA expression levels, however, there was a trend of a time-

dependent increase in both TrkA and P-TrkA following NGF treatment. (Figure 4.3A 
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and B).  Following a longer incubation period of 24 hours, NGF caused a significant 

increase in phosphorylated TrkA (Figure 4.3D), however, there appeared to be no 

impact on TrkA levels after 24 hours (Figure 4.3C).  Firstly, we will discuss NGF 

treatment and TrkA expression level.  In our experiments, there was a trend of 

increasing TrkA expressing levels following 5-minutes and 10-minutes treatment with 

NGF however, 24-hour NGF treatment displayed no change in TrkA expression levels.  

In a study conducted by Chang et al. [489], PC12 cells treated with 50 ng/ml of NGF 

for varying time-points, ranging from 5 minutes to 7 days, displayed no significant 

change in total TrkA levels.  In contrast, a study conducted by Zhou et al. [490], also 

using PC12 cells and the same concentration of NGF (50 ng/ml,) showed that after 5 

minutes treatment with NGF, TrkA expression levels remained unchanged.  In this 

same study, the effect of prolonged NGF exposure on TrkA was also investigated.  

Beyond 5 minutes (30 minutes and 60 minutes), there was a rapid downregulation of 

TrkA receptor, with only 33 % of that present before treatment detected subsequent to 

60 minutes NGF treatment.  However, NGF treatment for 2 days onwards displayed 

increased levels of TrkA receptor, but the TrkA level at 2-days exposure did not reach 

the level present as in the untreated cells.  Thus TrkA receptor was down-regulated at 

24-hours NGF exposure, compared to the untreated cells.  On the contrary, another 

study [491], demonstrated that 24-hour treatment with 5 µg/ml β-NGF caused transient 

upregulation of TrkA receptor in HTB114 cells.  As one can see, there is inconsistency 

in the literature when it comes to the effect of NGF on TrkA levels in vitro. 

Previous studies, using different cell lines, have demonstrated rapid (within 5 minutes) 

tyrosine phosphorylation of TrkA by NGF [488, 490, 492, 493], which coincides with 

our study.  However, this was achieved with 50-100 ng/ml NGF, higher concentrations 

than were utilized in our study.  One study illustrated TrkA phosphorylation in PC12 

cells using as little as 0.1 ng/ml NGF following 30 minutes incubation [488]. However, 

a comparison study [492] in which NGF-induced tyrosine phosphorylation was 

attained in both PC12 and SH-SY5Y cells following 5 minutes NGF treatment (100 

ng/ml), showed that there was lower level of phosphorylated TrkA in the SH-SY5Y 

cells.  It was insinuated that SH-SY5Y cells express about fourfold less trk mRNA 

than PC12 cells and this accounted for the lower level of phosphorylated TrkA.  Hence, 

the lack of significance in our experiment can be due to the lower NGF concentration.  

In PC12 cells, maximum level of phosphorylation was reached after 5 minutes of NGF 
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treatment (50 ng/ml) [488], but decreased following prolonged incubation period (60 

minutes, 2 days and 7 days).  Nonetheless, a signal was still detected at all the time-

points, validating our NGF-induced TrkA receptor activation following 24-hours NGF 

treatment.  Using cultures of rat sympathetic neurons [494], tyrosine phosphorylation 

of TrkA was achieved using a wide range of NGF concentrations (10-200 ng/ml).  This 

occurred in a dose-dependent manner.  These cultures, however, were initially grown 

in medium supplemented with 200 ng/ml of NGF for 2 weeks.  Medium was then 

replaced with NGF-free media for 2-4 hours prior to NGF treatment experiment.  It is 

uncertain whether this initial exposure to NGF impacted on the experiment.  As a 

recommendation, for the TrkA inhibitor study, treatment with 100 ng/ml NGF for 5 

mins could be employed to achieve a stronger signal.  

The TrkA inhibitor, GW441756 has been successfully used to inhibit TrkA signalling 

pathway [491, 495, 496].  In these studies, concentrations of GW441756 utilized 

ranged between 0.5-10 µM.  In our experiment, a lower concentration of the TrkA 

inhibitor (100 nM) was sufficient to prevent TrkA activation.  Similarly, to NGF, there 

was no significant effect on TrkA expression levels following 24-hours treatment 

(Figure 4.3C).  This coincides with the literature [491] which shows GW441756 (0.5, 

5.0, 10.0 µM) had minimal effect on TrkA expression; only treatment with 10 µM for 

48 hours produced a minor, but significant downregulation of TrkA.  Finally, the TrkA 

inhibitor prevented TrkA activation in the presence of NGF and absence, corroborating 

our concept of endogenous TrkA activation.  Accordingly, the in vivo models were 

developed using 1 µM NGF and 100 nM TrkA inhibitor (GW441756) as the welfare 

of the animals were of utmost importance. 

 

4.4.2 Activation and subsequent inhibition of TrkA signalling in vivo 

In vitro, we demonstrated that both cisplatin and NGF have the ability to activate the 

TrkA receptor (Figures 4.2 and 4.3 respectively).  In chapter 3, we also showed that 

cisplatin treatment resulted in mechanical hypersensitivity (Figure 3.1).  Hence, we 

wanted to determine if activation of TrkA signalling in vivo, via treatment with NGF 

(Figure 4.4), would have a similar effect as cisplatin.  In our study, NGF caused both 

mechanical and thermal hypersensitivity within 4 hours post injection, which, in most 

cases, lasted for less than 24 hours.  NGF has been shown extensively to cause both 

mechanical [497–505] and thermal [497, 499–504, 506–508] hypersensitivity.  The 
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onset of both mechanical and thermal hypersensitivity has been seen as early as 1 hour 

post injection [497, 501].  Administration of a single dose of NGF (0.3-5 µg, i.pl.) into 

adult male rats [497] induced mechanical hypersensitivity within 1 hour, which 

persisted for at least 1 week with all doses utilized (0.3, 1, 3 and 5 µg).  At higher 

concentrations (3 µg and 5 µg), mechanical hypersensitivity was still detected 2 weeks 

post injection.  With regards to thermal hypersensitivity, it also developed within 1 

hour and persisted for at least 3 hours with all doses utilized.  However, only at the 

highest concentration (5 µg) was hypersensitivity still detected at 24 hours post 

injection, which resolved by 48 hours.  In another study [502] a single injection of 

NGF (1 µg/g, i.p.), at P35, resulted in a later onset of mechanical hypersensitivity at 

6.5 hours post injection.  Maximum hypersensitivity was reached between 24-48 

hours, persisted for 3 days and was absent after 7 days.  On the other hand, thermal 

hypersensitivity was induced much earlier at 15 mins post injection and reached max 

at 50 mins, but also persisted for 3 days and was absent after 7 days.  Similarly, Rueff 

et al. [504] detected mechanical hypersensitivity at 7 hours post injection (i.p.) of both 

1 mg/kg and 0.1 mg/kg NGF (1 mg/kg ≡ 1 µg/g).  The decrease in withdrawal threshold 

was greater following 1 mg/kg NGF and persisted longer (4 days) compared to 0.1 

mg/kg NGF, which only persisted for 50 hours.  Likewise, to the previous study, 

thermal hypersensitivity developed earlier at 30 mins post injection but persisted for 

100 hours (just over 4 days).  In both studies, the onset of thermal hypersensitivity was 

sooner compared to mechanical hypersensitivity but both sensitization persisted for 

the same duration.  In contrast, another study using the same dose but mice instead of 

rats and a different route of administration, a single injection (i.v.) of l µg/g NGF [508] 

did not observe any significant effect on thermal threshold.  As one can see, species, 

dose and route of drug administration can all impact on results obtained, hence 

emphasizing the importance of standardization. 

The phenomenon of contralateral sensitization, which has been demonstrated in 

various models [509–513], was observed in our study; hypersensitivity was also 

exhibited by the uninjected paw (Figures 4.4C and G).  However, only contralateral 

mechanical hypersensitivity was detected, without contralateral thermal hyperalgesia.  

Similar findings were displayed by Chillingworth et al. [509] in mice that were induced 

with chronic inflammatory arthritis via intradermal injection of Freund’s complete 

adjuvant around the left tibiotarsal joint, resulting in unilateral arthritis.  A decrease in 
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mechanical withdrawal threshold was seen in both the ipsilateral and contralateral hind 

paws but only the ipsilateral hind paw showed a decrease in thermal withdrawal 

latency.  Likewise, animal models of chronic muscle pain [510], induced by 

carrageenan injection into the left gastrocnemius muscle, resulting in unilateral 

inflammation, presented with bilateral decrease in mechanical withdrawal threshold.  

Contralateral sensitization is sometimes referred to as ‘mirror pain’ and is believed to 

be a form of secondary hypersensitivity, arising due to central sensitization in the 

spinal cord (explained in more detail in Section 1.3.1).  In our study, however, 

contralateral hypersensitivity was inconsistent between experiments as it was not 

apparent in all rats. 

Compared to humans, intradermal injection of 25 µg/ml NGF lead to both mechanical 

and thermal hypersensitivity within 1 hour [501].  However, it was still present at 24 

hours post injection.  In another study [514], patients receiving NGF at doses above 

0.1 µg/kg (both i.v. and s.c.), described the onset of diffuse myalgias (muscle aches 

and pain).  Following 1.0 µg/kg (i.v.) NGF, diffuse myalgias developed within 1-1.5 

hours after dosing, worsened over the next 4-6 hours and resolved slowly over 2-8 

days.  Patients who received the same dose but via s.c. injection experienced mild 

diffuse myalgias which developed within 5-7 hours after dosing and resolved over 2-

5 days.  Similarly, injection of 1 or 3 µg of NGF into the skin resulted in both 

mechanical and thermal hypersensitivity within 3 hours of dosing and persisted to 21 

days [500].  All these studies validate our rodent model as being representative to what 

occurs in human. 

The administration of the TrkA inhibitor prevented mechanical hypersensitivity, 

regardless of whether it was given in combination with NGF (i.pl.) or immediately 

after (i.p.).  Conversely, the TrkA inhibitor had no significant effect on preventing 

thermal hypersensitivity, however there appears to be a trend.  The increase in 

sensitivity was accompanied by increased nerve fibre growth.  This is believed to be 

linked to the onset of pain as the TrkA inhibitor also reduced nerve growth.  Since the 

administration of NGF and cisplatin both resulted in mechanical and thermal 

hypersensitivity, we investigated whether blocking TrkA signalling, using a TrkA 

inhibitor, would have the same effect, which it did.  Injection of a TrkA inhibitor 

ameliorated cisplatin-induced mechanical hypersensitivity within 4 hours of dosing.  

Furthermore, the associated nerve growth following cisplatin treatment was reduced 
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when NGF was given along with a TrkA inhibitor.  These rodent models confirm the 

involvement of TrkA activation in cisplatin-induced pain.  The next step will be to 

determine a source of this activation. 

 

4.4.3 Cisplatin-induced ion channel activation and DDR signalling  

Nociceptors express numerous TRP channels that allow us to identify different 

noxious stimuli such as heat, cold and mechanical.  Various ion channels were 

upregulated following cisplatin treatment, including the mechanosensitive ion 

channels TRPV1 (capsaicin receptor), TRPM8 (cold receptor) and Piezo2 

(proprioception and touch sensation channel).  These TRP channels are modulated by 

TrkA which, from this dataset, seems to be possibly controlled by this DDR pathway.  

Of these, TRPV1 has been linked to mechanical and thermal hyperalgesia [515].  

TRPV1 has been demonstrated to be key in the conduction of nociceptive signals [516, 

517], with its phosphorylation resulting in sensitization.  Both NGF and TrkA have the 

ability to activate TRPV1 [516].  TrkA activation promoted TRPV1 sensitization by 

NGF, in a time-dependent manner.  There is also evidence that this TrkA-mediated 

sensitization of TRPV1 requires its downstream PI3K and MAPK signalling pathways 

[517].  Hence, the activation of TRPV1 to investigate cisplatin-induced TrkA 

activation is utilized in the next chapter. 

The cisplatin-DNA adducts which form subsequent to cisplatin treatment damages the 

DNA, initiating DDR [318].  The efficiency to repair these adducts contributes to the 

severity of CIPN [152, 265] and is instrumental in cisplatin resistance [270, 271].  

Studies have shown that p53 plays a role in both DNA repair [277] and cisplatin 

resistance [416].  In our in vitro neuronal model, 24 hours cisplatin treatment resulted 

in the induction of p53 (Chapter 3, Figure 3.3A).  Additionally, there was increased 

levels of both phosphorylated p53 and phosphorylated histone H2A.X (Chapter 3, 

Figure 3.3B and D), signifying a prominent DNA damage response.  Cisplatin has been 

shown to produce DNA double-stranded breaks (DSBs) [285, 286], which can be 

repaired by non-homologous DNA end joining (NHEJ) and homologous 

recombination (HR) [284]. The repair of cisplatin-DNA adducts also involves both the 

nuclear excision repair pathway (NER) and base excision repair (BER) pathway [152, 

272, 518], both of which have been linked to p53 signalling pathway [275].  When the 

amount of DNA damage present exceeds the ability to achieve repair, cells undergo 
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apoptotic cell death [414, 415].  These events are supported by the STRING analysis 

performed on the RNA-Seq data retrieved from the GEO database (GSE125003) as 

those pathways were highlighted as key KEGG pathways.  Furthermore, most of the 

associated molecular functions and cellular components highlighted from GO analysis 

are linked to DNA repair and the various DNA repair pathways [519–524], 

strengthening the involvement of DDR signalling. 

 

4.5 Concluding remarks 

In vitro, both NGF and cisplatin activated TrkA signalling.    In vivo, both NGF and 

cisplatin induced mechanical and thermal hyperalgesia, which was accompanied by 

aberrant nerve fibre growth.  Furthermore, inhibiting TrkA signalling using a TrkA 

inhibitor ameliorated this pain and reduced nerve fibre growth.  These findings support 

our hypothesis that subsequent to cisplatin treatment, TrkA receptors on sensory 

neurons are activated.  Activation of TrkA signalling then leads to peripheral sensory 

neuronal sensitization and induces neuritogenesis, resulting in increased sensitivity to 

pain.  In our in vitro model, there was endogenous activation of the TrkA receptor 

following cisplatin treatment.  If we are able to identify this mediator of TrkA 

activation, it can potentially be used as a therapeutic target.  The next chapter explores 

a possible source for the activation of TrkA signalling. 
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Chapter 5: Topoisomerase modulation of nociceptor function 

following exposure to cisplatin 

 

5.1 Introduction 

5.1.1 DNA damage and sensory neuroregeneration 

Thus far, we have identified that cisplatin treatment damages DNA, initiates DDR, 

activates the TrkA receptor, sensitizes nociceptors and causes pain.  We also 

demonstrated that in vivo, subsequent to cisplatin treatment, there was increased nerve 

fibre growth (Figure 4.7).  Studies have demonstrated topoisomerase inhibitors as 

inducers of the regeneration marker, activating transcription factor-3 (ATF-3) [525–

528], onset by the generation of DNA DSBs.  Since cisplatin has been shown to cause 

DNA DSBs [285, 286], it is then plausible that cisplatin treatment induces ATF-3, 

indicative of the nerve fibre growth observed. 

Topoisomerases play an important role in various processes including DNA 

replication, transcription, genome stability and DNA repair [529–532].  They relieve 

DNA supercoils by transiently forming breaks in the DNA strand and then resealing 

them.  In the absence of topoisomerase, DNA would supercoil and ultimately break, 

resulting in DNA damage.  There are two types of DNA topoisomerases, TOP1 and 

TOP2.  TOP1 generates single-strand breaks whereas TOP 2 causes double-strand 

breaks.  These two types of topoisomerases can be further classified into four 

subfamilies; TOP1α, TOP1β, TOP2α and TOP2β. 

Following the inhibition of topoisomerase, DNA breaks are induced and are 

accompanied by an upregulation of both γH2A.X and activating transcription factor-3 

(ATF-3) [525–527].  Furthermore, Cheng et al. was able to link topoisomerase 

inhibition and peripheral nerve injury to ATF-3 expression and axonal regeneration 

[525].  It was discovered that subsequent to a sciatic nerve injury, the administration 

of a topoisomerase inhibitor (2 mg/kg; i.p.; given 30 mins after the injury and then for 

5 consecutive days) resulted in axon regeneration as well as accelerated functional 

recovery.  Additionally, inhibiting topoisomerase enhanced DNA breaks in injured 

DRG neurons.   This enhancement occurred at the gene locus of ATF-3, further 

increasing ATF-3 expression.  It is believed that this induction of ATF-3 promoted the 

axon regeneration that was observed.  However, the elevation in ATF-3 expression 
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occurred only within 18-24 hours of nerve injury and had returned to levels similar to 

that of the vehicle controls at 36 hours after injury.  Although this study investigated 

the TOP1 inhibitor camptothecin, both TOP1 and TOP2 inhibitors were identified as 

activators of ATF-3. 

ATF-3, a basic leucine zipper transcription factor, is a member of the cAMP response 

element-binding protein (CREB)/ATF family of transcription factors.  ATF-3 is 

induced in response to stress stimuli and cellular damage and has been demonstrated 

as being both pro-apoptotic [528, 533–535] and anti-apoptotic [536–540].  When it 

comes to neurons though, induction of ATF-3 expression has been closely linked to 

survival and regeneration [541].  In uninjured neurons, ATF-3 is either not expressed 

or expressed at very low levels [537, 542–546].  However, following peripheral axonal 

injury, but not central axonal injury, ATF-3 has been shown to be rapidly upregulated 

in all injured DRG neurons and downregulated after reinnervation of their target [545, 

547].  Hence ATF-3 has been regarded as a marker of nerve injury [545] and 

regeneration [548]. 

 

5.1.1.1 ATF-3 as a marker of nerve injury and regeneration 

Numerous studies have demonstrated an upregulation of ATF-3 following nerve injury 

[537, 542–546, 549, 550].  Some of these studies have also illustrated nerve 

regeneration as a result of ATF-3 induction or ATF-3 overexpression.  Facial nerve 

transection in wild type mice resulted in increased ATF-3 expression in facial 

motoneurons (FMNs) [542], with maximal levels observed at 3 days post lesion.  At 7 

days post lesion, the number of ATF-3 positive FMNs was slightly reduced and after 

21 days post lesion, ATF-3 expression was no longer detected in FMNs.  A comparison 

was performed between these wild type mice and atf3 mutant mice, which showed no 

ATF-3 expression at 3 days post lesion.  Axonal regeneration, which was observed in 

the wild type mice, was reduced in the atf3 mutant mice.  At 23 and 31 days post lesion, 

facial muscles in wild type mice were re-innervated by regenerating axons at 65 and 

82 % respectively.  Conversely, in atf3 mutant mice, the percentage of regenerated 

FMNs at 23 and 31 days post lesion were 45 and 60 % respectively.  Furthermore, 

DRG neurons cultured for 24 hours displayed strong neurite growth, which was 

decreased by approximately 40 % in atf3 mutant DRGs.  In this same study, rodent 

and human Schwann cells also exhibited ATF-3 induction after peripheral nerve 
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injury.  Schwann cells myelinate peripheral nerves and support cells of peripheral 

neurons [551].  Studies conducted by Seijffers et al. [543, 552], revealed that ATF-3 

enhanced DRG neurite elongation in vitro and promoted peripheral nerve regeneration 

in vivo.  ATF-3 delivered to cultured adult DRG neurons via a viral vector (herpes 

simplex virus (HSV) based amplicon vector), resulted in enhanced neurite outgrowth 

[543].  In addition, ATF-3 transgenic mice, which constitutively express ATF-3, 

showed increased peripheral nerve regeneration following sciatic nerve injury 

compared to controls [552].  However, both studies illustrated that in contrary to a 

peripheral nerve transection which induced ATF-3 expression in adult rodent DRG 

neurons and caused enhanced regeneration, injury to central axons of DRG neurons 

led to ATF-3 induction in only a few isolated neurons and no regeneration was 

observed following dorsal column injury.  Hence ATF-3 is a suitable marker for 

peripheral nerve injury and regeneration. 

Additionally, models of various disease states including ischemia [553], monoarthritis 

[554] and neurodegenerative diseases such as Huntington's disease [539] and 

amyotrophic lateral sclerosis (ALS) [555] have all resulted in the induction of ATF-3.   

Huntington's disease is caused by a polyglutamine expansion near the N-terminus of 

huntingtin.  In a PC12 cell model of Huntington's disease [539], mutant huntingtin 

(Htt) resulted in cell death and significantly increased expression of ATF-3 at both the 

mRNA and protein level.  It was observed that overexpression of ATF-3 protected 

against mutant Htt toxicity whereas knock down of ATF-3 enhanced mutant Htt 

toxicity.  Similar effects were seen in an ALS mouse model [555].  These mice 

exhibited neuromuscular junction denervation and axonal degeneration, which 

resulted in motor neuron loss and loss of motor function.  Overexpression of ATF-3 in 

the motor neurons of an ASL mouse model delayed neuromuscular junction 

denervation and muscle atrophy, improved muscle strength and function and delayed 

disease onset and mortality.  However, lifespan was only slightly increased.  Moreover, 

toxins such as cisplatin [346, 408], paclitaxel [556] and the DNA topoisomerase (TOP) 

inhibitors doxorubicin [557] and camptothecin resulted in ATF-3 induction both in 

vitro and in vivo. 
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5.1.2 TRPV1 dependent nociceptor sensitization 

Transient receptor potential vanilloid 1 (TRPV1), a nociceptive ion channel [12, 558], 

is highly expressed in small diameter sensory neurons [517, 559], predominantly in 

peptidergic C-fibres [560, 561].  In addition to significant increase in AFT-3 following 

cisplatin treatment, studies have also demonstrated increased TRPV1 expression upon 

exposure to cisplatin [347, 562–564].  TRPV1 has been shown to be activated by 

inflammation and heat [565, 566] and its activation has been linked to the mediation 

of pain [567–569].  TRPV1 phosphorylation results in its sensitization, which, in DRG 

neurons, have been exhibited to be evoked by NGF [570–572].  Studies have revealed 

that NGF-induced sensitization of TRPV1 is mediated through the TrkA receptor [516, 

517, 570, 571, 573].  Pre-treatment of adult rat DRG neurons with a TrkA receptor 

inhibitor abolished NGF-induced sensitization of TRPV1 [517].  Using African naked 

mole-rats, Omerbasic et al. [573] showed that NGF alone did not sensitize TRPV1 in 

isolated nociceptors.  Furthermore, TRPV1 sensitization and subsequent NGF-induced 

hyperalgesia was decreased by reduced TrkA function.  In a related study [497], a 

TRPV1 antagonist caused partial inhibition to the development of mechanical 

hypersensitivity as well as reduced the development of thermal hypersensitivity.  

However, the exact mechanism behind NGF-induced sensitization of TRPV1 is still 

unclear and a bit controversial [574] as the activation of TrkA leads to the activation 

of multiple major signalling pathways; phospholipase C (PLCγ), p42/p44 mitogen-

activated protein kinase (MAPK, also referred to as Ras/MEK/ERK) and 

phosphoinositide-3-kinase (PI3K) [575].   There is evidence supporting PLCγ [576], 

Ras/MEK [577, 578] and PI3K [516, 570, 579] in TRPV1 sensitization. 

Studies have also shown that TRPV1 plays a crucial role in cisplatin-induced thermal 

hyperalgesia in vivo [347, 580].  This receptor was upregulated following cisplatin 

treatment, leading to hypersensitivity to heat stimulation.  However, in the absence of 

TRPV1 (TRPV1-/-), cisplatin-induced thermal hyperalgesia was not exhibited, as was 

seen in the cisplatin-treated wild-type group.  Additionally, the cisplatin-treated 

TRPV1-/- group was less sensitive to heat pain than the wild-type control group.  

Researchers have also demonstrated normal heat response or increased withdrawal 

latency in TRPV1-/- mice compared to wild-type mice [347, 565, 566, 580, 581], 

suggesting that although the ability to respond to noxious heat may not dependent on 

TRPV1, the absence of this receptor impairs nociception to thermal stimuli. 
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In chapter 4, our rodent models showed that inhibiting NGF/TrkA signalling 

ameliorated both NGF-induced mechanical and thermal hypersensitivity as well as 

cisplatin-induced mechanical hypersensitivity (Figures 4.4 and 4.6 respectively).  

TRPV1 is often used as a tool to look at nociceptor sensitization.  Hence, in this 

chapter, TRPV1 activation in mice DRG neurons was utilized to explore TrkA 

activation following cisplatin treatment and determine a possible inhibitor to this 

activation. 

 

5.1.3 Hypothesis 

Research has suggested that DNA topoisomerases modulate nociceptor activity under 

stress and damage.  Therefore, it is possible that a DNA topoisomerase could be 

mediating TrkA activation.  

 

Experimental aims 

1) To use mass spectrometry to identify if any DNA topoisomerases are upregulated 

following cisplatin treatment, thereby being a possible mediator of TrkA 

activation. 

2) To select a potential candidate and investigate whether inhibiting that protein in 

SH-SY5Y cells prevents cisplatin-induced TrkA activation. 

3) To validate that cisplatin results in TRPV1 sensitization in DRG neurons by using 

an in vitro model of nociceptor sensitization; a capsaicin model. 

4) To utilize the capsaicin model to investigate whether inhibiting the potential 

candidate identified in experimental aim 2 reduces cisplatin-induced TRPV1 

sensitization, thereby serving as a potential therapeutic target. 
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5.2 Method 

5.2.1 Mass Spectrometry 

SH-SY5Y cells were cultured as described in Sections 2.4.1 and 2.4.2.  Upon reaching 

90-100 % confluency, cells were treated with cisplatin (0 and 5 µg/ml).  Protein was 

extracted and quantified using the Bradford assay (see Sections 2.7.1 and 2.7.2 for full 

details).  Lysates (50 µg of protein) underwent proteomics analysis using mass 

spectrometry.  See section 2.7.4 for full protocol details.  In brief, lysates were purified, 

digested and then re-suspended for liquid chromatography separation using an 

Eksegent expert nano LC 452 upstream of a Sciex TripleTOF 6600 mass spectrometer.  

Data analysis was performed in both IDA and SWATH modes. 

 

5.2.2 Cell viability 

SH-SY5Y cells were cultured as described in Sections 2.4.1 and 2.4.2 and treated the 

following day as shown below: 

Experiment 1: Varying concentrations of a TOP2 inhibitor, doxorubicin hydrochloride 

(Dox: 0, 0.5, 1, 2, 5, 10, 20 and 50 µM), either in the absence or presence of 5 µg/ml 

cisplatin, for 24 hours. 

Experiment 2: Varying concentrations of a p53 inhibitor, pifithrin-α hydrobromide 

(Pif-α: 0, 0.5, 1, 2, 5, 10 and 20 µM), either in the absence or presence of 5 µg/ml 

cisplatin, for 24 hours. 

A cell viability assay was performed using Cell Proliferation Reagent WST-1 (see 

Section 2.6 for full protocol).  In brief, following 24 hours of treatment, Cell 

Proliferation Reagent WST-1 was added to each well and cells were incubated for 4 

hours.  The plate was then shaken and absorbance for each well measured, which 

directly correlates to the number of viable cells.  

 

5.2.3 Western blotting 

SH-SY5Y cells were cultured as described in Sections 2.4.1 and 2.4.2.  Upon reaching 

90-100 % confluency, cells were treated as followed: 

Experiment 1: Control vs Cisplatin (5 µg/ml) for 24 hours 
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Experiment 2: Control vs Dox (0.5 µM) vs Cisplatin (5 µg/ml) vs Cisplatin + Dox 

Experiment 3: Control vs Pif-α (1 µM) vs Cisplatin (5 µg/ml) vs Cisplatin + Dox 

Protein was extracted and quantified using the Bradford assay (see Sections 2.7.1 and 

2.7.2 for full details).  Western blotting was performed for determining protein 

expression of TOP2 and ATF-3, for experiment 1, TrkA, P-TrkA and ATF-3, for 

experiment 2 and ATF-3 for experiment 3 (see Section 2.7.3 for protocol and antibody 

details).  The housekeeping protein, β-actin, was used as the loading control.  Between 

50-60 µg of protein was loaded into each well.  The protein expression levels of all 

target proteins were normalized to that of β-actin.  For P-TrkA, this normalized 

expression level was then expressed relative to that of total TrkA.  All graphs were 

plotted using GraphPad Prism v9.0.  A Mann-Whitney t-test was performed for the 

analysis of TOP2 and ATF-3 expression levels in experiment 1 and a one-way 

ANOVA was performed for the analysis of TrkA and P-TrkA expression levels in 

experiment 2 and ATF-3 expression levels in experiment 3. 

 

5.2.4 Calcium assay to asses TRPV1 activity 

DRGs were isolated and cultured as described in Sections 2.4.3.1 and 2.4.3.2 and 

treated the next day as followed: 

Experiment 1: Varying concentrations of Dox (0, 0.5, 1 and 2 µM) for 24 hours 

Experiment 2: 5 µg/ml cisplatin with varying concentrations of Dox (0, 0.5, 1 and 2 

µM) for 24 hours 

After treatment, a calcium assay was performed using the fluo-4 direct assay (see 

Section 2.8 for full details).  In brief, capsaicin (5 µM) was used to evoke TRPV1 

activity and the resulting changes in Ca2+ ion influx and efflux were calculated as a 

measure of the changes in fluorescence using a Tecan Infinite 200 Pro microplate 

reader over a 300 second time frame. 

 

5.2.5 Data analysis 

For mass spectrometry, differentially expressed genes (DEGs) were selected using a 

fold change (FC) of 1 (i.e. log2FC ≥ 0) and an adjusted P < 0.05.  A clustergram was 

generated in MATLAB. 



123 

 

For cell viability, graphs of Cell Viability (%) versus Drug Concentration (Log µM) 

was plotted using GraphPad Prism v9.0 and analysis performed using a two-way 

ANOVA, compared to the vehicle. 

For Western blotting, graphs of protein expression level versus cisplatin concentration 

(μg/ml) and protein expression level versus treatment group were plotted.  GraphPad 

Prism v9.0 was used to plot all graphs.  Analysis of TOP2 and ATF-3 expression levels 

in experiment 1 were performed using a Mann-Whitney t-test, whereas a one-way 

ANOVA was implemented for ATF-3, TrkA and P-TrkA expression levels in 

experiment 2 and ATF-3 expression level in experiment 3; all comparisons were done 

to the control (0 μg/ml). 
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5.3 Results 

5.3.1 Cisplatin upregulates key proteins 

Quantitative mass spectrometry detected 1638 proteins.  Following 24 hours cisplatin 

treatment, 908 proteins were upregulated and 730 proteins were downregulated. The 

clustergram illustrates the upregulation and downregulation of differentially expressed 

proteins (Figure 5.1A).  The rows (genes) and columns (samples) are ordered 

according to hierarchical clustering; the groups are clustered together based on the 

similarity of their gene expression patterns.  This helps in identifying samples that are 

more similar to each other based on their overall gene expression patterns.  As you can 

see, the cisplatin treated group forms a cluster that is distinct from the control group.  

The cluster of genes that are upregulated in the cisplatin treated samples are 

downregulated in the control samples, and vice versa.  Some key proteins that were 

upregulated following cisplatin treatment include p53 (p=1.07E-13, log2FC=2.7798), 

histone H2A.X (p=0, log2FC=2.7454) and TOP2 (p=1.79E-26, log2FC=3.7008 for 

TOP2A_HUMAN and p= 3.99E-18, log2FC= 3.1682 for TOP2A).  These results were 

validated using Western blotting (see figure 3.3 for p53 and histone H2A.X).  A list of 

the top 20 upregulated (red) and downregulated (green) proteins are provided in Table 

5.1.  The full list can be found using the link: Full List of DEGs Following 24 hours 

Cisplatin Treatment.xlsx.  Following cisplatin treatment, there was a significant 

increase of TOP2 expression (12.780±2.755, **p<0.01), compared to the control 

(Figure 5.1B).  Activating Transcription Factor 3 (ATF-3), a marker of regeneration 

[548, 552], was also significantly increased following cisplatin treatment 

(32.680±12.461, ****p<0.0001), compared to the control (Figure 5.1C).  The 

upregulation of ATF-3 expression observed was independent of p53 (Figure 5.2B).  

Pifithrin-α hydrobromide (Pif-α) was used to inhibit p53.  Under normal conditions, 

Pif-α did not have much of an effect on cell viability (Figure 5.2A).  A decrease in cell 

viability was observed in the cisplatin treated cells, which was worsened when p53 

was inhibited.  In the absence of Pif-α, cisplatin caused a 60 % decrease in cell viability 

(control 100±6.066 % vs. cisplatin 59.479±5.286 %, **p<0.01); data not shown due 

to logarithm axis.  This decrease in cell viability was worsened when p53 was inhibited 

(at 1 µM Pif-α: control 94.644±5.150 % vs. cisplatin 40.615±1.678 %, ****p<0.0001).  

Cisplatin treatment resulted in upregulation of ATF-3 to a similar degree both in the  

 

file:///F:/NTU/Project%20Stages%20and%20Assessments/Thesis/Full%20List%20of%20DEGs%20Following%2024%20hours%20Cisplatin%20Treatment.xlsx
file:///F:/NTU/Project%20Stages%20and%20Assessments/Thesis/Full%20List%20of%20DEGs%20Following%2024%20hours%20Cisplatin%20Treatment.xlsx
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presence and absence of p53 (control 1.000±0.433 vs. cisplatin 9.478±3.145 vs.  

cisplatin+Pif-α 13.397±6.198, both *p<0.05 compared to the control) (Figure 5.2B). 

 

 

 

5.3.2 Inhibiting topoisomerase II enhances cisplatin-induced ATF-3 

upregulation but prevents cisplatin-induced activation of TrkA 

Under normal conditions, doxorubicin hydrochloride (Dox) resulted in a dose-

dependent decrease in cell viability (Figure 5.3A).  At the 2 µM dose, less than 50 % 

of the cells were viable (43.680±4.066 %).  In the cisplatin treated cells, a decrease in 

cell viability was observed which was exacerbated when TOP2 was inhibited.  In the 

absence of Dox, cisplatin caused a 50 % decrease in cell viability (control 100±1.566 

% vs. cisplatin 51.989±0.945 %, ****p<0.0001); data not shown due to logarithm axis.  

This decrease in cell viability was exacerbated when TOP2 was inhibited (at 0.5 µM 

Dox: control 66.157±5.192 % vs. cisplatin 12.613±0.773 % and at 2 µM Dox: control 

43.680±4.066 % vs. cisplatin 5.143±0.461 %, both ***p<0.001).  Cisplatin treatment 
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resulted in upregulation on ATF-3 (control 1.000±0.203 vs. cisplatin 4.472±1.218, F 

(3, 16) = 2.417, *p<0.05), which was enhanced when cisplatin was given 

simultaneously with Dox (control 1.000±0.203 vs.  cisplatin+Dox 5.177±0.836, 

**p<0.01) (Figure 5.3B).  In contrast, cisplatin-induced activation of TrkA (control 

1.000±0.079 vs. cisplatin 2.010±0.412, *p<0.05) was prevented subsequent to TOP2 

inhibition (control 1.000±0.079 vs. cisplatin+Dox 1.421±0.110, ns) F (3, 12) = 3.271 

(Figure 5.3D).  There appeared to be no effect on TrkA (control 1.000±0.041 vs. 

cisplatin 0.875±0.096, vs. cisplatin+Dox 0.888±0.039, ns) (Figure 5.3C).     

 

 

 

5.3.3 Inhibiting topoisomerase II decreases capsaicin-induced TRPV1 

activity 

Capsaicin evoked an increase in calcium fluorescence over 300 seconds (Figure 5.4A).  

The AUC, interpreted as a measure of TRPV1 activity, illustrated capsaicin-induced 

TRPV1 activation (capsaicin = 12.948±3.675, ****p<0.0001) (Figure 5.4B).  In the 
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absence of capsaicin, no noticeable effect on calcium fluorescence was observed.  This 

capsaicin-induced TRPV1 activation (capsaicin = 13.703±3.910, **p<0.01 compared 

to control) was significantly diminished when TOP2 was inhibited (capsaicin+0.5 µM 

Dox = 2.144±2.189 and capsaicin+1 µM Dox = 2.500±1.940, both *p<0.05 compared 

to capsaicin only) F (4, 61) = 4.142, p < .01 (Figure 5.5B). 
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5.3.4 Cisplatin enhances capsaicin-induced TRPV1 activation, which 

is attenuated when topoisomerase II is inhibited  

Capsaicin evoked an increase in calcium fluorescence over 300 seconds in both the 

vehicle and cisplatin groups (Figure 5.6A).  Capsaicin-induced TRPV1 activation was 

greater following cisplatin treatment (control = 5.405±2.471 vs cisplatin = 

15.840±3.176, **p<0.01) (Figure 5.6B).  Capsaicin-induced TRPV1 activation was 

attenuated when TOP2 was inhibited (cisplatin+0.5 µM Dox = 8.246±2.746, 

cisplatin+1 µM Dox = 8.767±2.561 and cisplatin+2 µM Dox = 8.066±4.520); levels 

returned to almost that of the vehicle control (Figures 5.6C and D). 
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5.4 Discussion 

5.4.1 ATF-3 induction following cisplatin treatment 

In our cisplatin rodent model, an increase in nerve fibre growth was observed 

subsequent to cisplatin treatment.  Cisplatin causes DNA DSBs [285, 286].  

Additionally DSBs have been shown to induce ATF-3 activation and promote 

regeneration following nerve injury [525].  Hence the induction of ATF-3 is indicative 

of nerve growth.  Cisplatin treatment in SH-SY5Y cells significantly induced ATF-3, 

which have been demonstrated both in vitro and in vivo [346, 408].  ATF-3 was 

significantly induced in various human cancer-derived cell lines following 24-hours 

cisplatin treatment [408].  The cell lines utilized were MCF-7 (breast 

adenocarcinoma), A549 (lung carcinoma), SKOV-3 (ovarian carcinoma), PC3 

(prostate carcinoma), and A2780-cp (ovarian carcinoma) and ATF-3 induction was 

evidenced at both the mRNA and protein levels.  Treatment with 10 µg/ml cisplatin 

for 24 hours induced AFT-3 in all cell lines whereas 1 µg/ml, a non-cytotoxic dose, 

only induced ATF-3 in the SKOV-3 cell line.  In our cell model, treatment with 5 

µg/ml cisplatin increased ATF-3 expression by more than 30-folds.  In chapter 3, this 

concentration of cisplatin decreased cell viability by about 40 % (Figure 3.2) as well 

as induced a DNA damage response (Figure 3.4).  ATF-3, being a marker of nerve 

injury [545], it is not surprising that there was such a significant increase in ATF-3 

expression.  Cisplatin also resulted in a significant upregulation of p53 (Figure 3.4A) 

as part of the DNA damage response.  Inhibiting p53 under normal conditions did not 

impact on cell viability because in normal cells, the protein level of p53 is low, due to 

Mdm2; the major regulator of p53 which is responsible for its degradation [296, 297].  

Since ATF-3 expression levels following cisplatin treatment were not impacted when 

p53 was inhibited, cisplatin-induced upregulation of ATF-3 was independent of p53.  

This coincides with the findings of St. Germain et al. [408], which also illustrated that 

the induction of ATF-3 by cisplatin was independent of a p53 mechanism as cisplatin 

induced ATF-3 in two p53 functionally null cells lines (SKOV-3 and PC3).  However, 

studies have shown that ATF-3 stabilizes and activates p53 by blocking its 

ubiquitination [582, 583]. 
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5.4.2 TOP2 inhibition induces ATF-3  

Another protein which was significantly increased following cisplatin treatment was 

Topoisomerase II (TOP2).  TOP2, which has two isoforms, TOP2α and TOP2β, 

catalyses double stranded breaks by transiently cleaving a pair of complementary DNA 

strands; a process that is essential for preventing supercoiling of DNA [584].  

Topoisomerases play an important role in various processes including DNA 

replication, transcription, genome stability and DNA repair [530–532, 585, 586].  In 

vertebrate cells, TOP2α and TOP2β have similar structure and function but different 

biological roles [529].   TOP2α is essential for proliferation [587] whereas TOP2β has 

a critical role in neural development [588].  Inhibiting TOP2 inhibits the resealing of 

cleaved DNA strands, resulting in increased DNA fragmentation and cell death [589].  

In our study, the TOP2 inhibitor, doxorubicin hydrochloride, resulted in a drastic 

decrease in cell viability in SH-SY5Y cells.  Combining with cisplatin exacerbated 

cytotoxicity.  Other studies have also exhibited the toxicity of doxorubicin in a dose-

dependent manner [557, 590, 591].  The sensitivity of SH-SY5Y cells to doxorubicin 

appeared to be similar to that of the gallbladder cancer cell line OCUG-1 [591], which 

had an IC50 of 1.5±0.04 µM.  On the other hand, HK-2 cells, a proximal tubular cell 

line derived from normal kidney [557] ,and NOZ cells, a gallbladder cancer cell line 

[591], were both more resistant to doxorubicin cytotoxicity than the SH-SY5Y cells.  

A dose of 8 µM Dox (maximum dose utilized in the study) caused only a 60 % decrease 

in cell viability in HK-2 cells whereas NOZ cells had an IC50 of 16.1±0.02 µM. 

Studies have shown that doxorubicin induces ATF-3 in a dose-dependent and time-

dependent manner [557, 590].  Doxorubicin treatment also brought about an increase 

in the DNA damage markers p53 [557] and γH2AX [590], denoting activation of a 

DNA damage response, similar to what was observed in our in vitro model following 

cisplatin treatment (Figures 3.4A and D).  Since ATF-3 is regarded as a marker of 

nerve injury [545], it is not surprising that doxorubicin induced ATF-3.  In our study, 

doxorubicin resulted in elevated levels of ATF-3, however, it was not significant (p = 

0.0646, one-way ANOVA).  This may be due to sampling variability between the 

samples.  Although, a t-test between the two groups (control vs Dox) indicated 

significance (**p = 0.0079). 

In contrast to p53 inhibition, inhibiting TOP2 enhanced cisplatin-induced ATF-3 

upregulation.  As it has been evidenced that both cisplatin and doxorubicin are 
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cytotoxic and they both induce ATF-3, it is conceivable that they can have a synergistic 

effect, producing more damage in combination and hence increased upregulation of 

ATF-3.  The fact that ATF-3 expression levels were upregulated following cisplatin 

treatment and enhanced when TOP2 was inhibited in combination with cisplatin, but 

unaffected when p53 was inhibited, supports the notion that the increase in ATF-3 was 

in response to DNA damage. 

 

5.4.3 Effect of TOP2 inhibition on TrkA in vitro 

In our study, Dox did not appear to impact upon TrkA and P-TrkA (as a ratio to TrkA) 

levels in SH-SY5Y cells.  This coincides with the recent findings of Cappabianca et 

al. [592], which also demonstrated that Dox (0.5 and 1 µg/ml) did not induce TrkA 

phosphorylation.  The only difference with this study and ours is that treatment was 

only performed for 6 hours as opposed to 24 hours.  Contrary to our findings, a study 

performed by Liao et al. [593], illustrated a significant decrease in the levels of TrkA 

and P-TrkA/TrkA ratio in rat cardiomyocytes following doxorubicin treatment (total 

dose 17.5 mg/kg, i.p.).  The disparity between the work of Liao et al., 2019 and our 

work may result from the different types of cells utilized for the study as well as 

method of treatment.  With regards to cisplatin given in combination with Dox, 

cisplatin-induced activation of TrkA was prevented. 

Neonatal primary DRG neurons were then used to further investigate the effect of 

TOP2 inhibition in combination with cisplatin treatment.  TRPV1 is activated by 

capsaicin [569, 594], which results in an influx of Ca2+ into the cell, leading to 

depolarization of the neurons, generation of an action potential and finally sensation 

[595].  In our study, under normal conditions, capsaicin evoked TRPV1 activation.  

However, in the presence of Dox, this capsaicin-induced activation of TRPV1 was 

significantly decreased.  In contrast, doxorubicin treatment in human breast cancer 

MCF-7 cells  activated TRPV1 [596].  This discrepancy can possibly be accounted for 

by the difference in cell type.  Cisplatin treatment caused greater TRPV1 activation 

compared to the control.  It is believed that this is attributed to the activation of TrkA, 

which was demonstrated to be induced subsequent to cisplatin treatment (Figure 4.2).  

Studies have linked TRPV1 sensitization to TrkA activation [516, 517, 570, 571, 573].  

Additionally, TRPV1 activation has been implicated in the development of mechanical 

and thermal hypersensitivity as a TRPV1 antagonist caused partial inhibition to the 
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development of mechanical hypersensitivity as well as reduced the development of 

thermal hypersensitivity [497].  As evidenced by our cisplatin rodent model, cisplatin 

treatment resulted in increased sensitivity to mechanical sensitization (Figure 3.1), 

which was ameliorated when TrkA activation was inhibited (Figure 4.6). 

Similar to what occurred under normal conditions, Dox attenuated cisplatin-induced 

TRPV1 activation, to levels almost back to that of the vehicle control.  In our cell 

model, we demonstrated that Dox prevented cisplatin-induced TrkA activation, which 

can possibly account for the diminished TRPV1 activation.  If this is the case, it can 

be hypothesized that TOP2 may be a source of cisplatin-induced TrkA activation and 

thereby a contributing factor to nociceptor sensitization and cisplatin-induced 

survivorship pain. 

 

5.5 Concluding remarks 

In vitro, following cisplatin treatment in SH-SY5Y cells, there was increased 

activation of TrkA, alongside upregulation of TOP2 expression levels.  When TOP2 

was inhibited using Dox, in conjunction with cisplatin treatment, this cisplatin-induced 

activation was prevented.  In DRGs, cisplatin treatment resulted in capsaicin-induced 

TRPV1 activation.  Inhibiting TOP2 during cisplatin treatment attenuated TRPV1 

activity to levels almost back to that of the vehicle control.  It appears that TOP2 is 

mediating TrkA activation following cisplatin treatment and a probable facilitator of 

nociceptor sensitization and cisplatin-induced survivorship pain.  As a result, TOP2 

inhibition can be explored as a possible therapy for cisplatin-induced peripheral 

neuropathy. 
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Chapter 6: Concluding Discussion 

 

The work in this thesis corroborates the involvement of TrkA signalling in the 

induction of aberrant nerve growth, nociceptor sensitization and the development of 

chronic pain subsequent to neonatal cisplatin treatment.  Furthermore, the findings in 

this thesis have identified topoisomerase II as a potential target for inhibiting TrkA 

activation and doxorubicin as a potential therapeutic agent for alleviating nociceptor 

sensitization and thus cisplatin-induced peripheral neuropathy. 

Both in vitro and in vivo modelling systems were utilized to investigate the effects of 

cisplatin treatment and the role of TrkA signalling in the development of cisplatin-

induced peripheral neuropathy.  In vitro, the cytotoxic effect of cisplatin was 

demonstrated.  Following 24-hours cisplatin treatment, DRG sensory neurons 

underwent neurodegeneration in a dose-dependent manner; there was a decrease in 

neurite outgrowth with increasing concentration of cisplatin.  Similarly, SH-SY5Y 

cells displayed a dose-dependent decrease in cell viability.  This cisplatin-induced 

sensory neurodegeneration and pain was associated with the initiation of DDR 

signalling, evidenced by upregulation of p53, phosphorylated p53 and γH2A.X.  In 

vivo, administration of cisplatin to neonatal rats resulted in a persistent but delayed 

onset of chronic pain.  Rodents presented with increased sensitivity to mechanical 

stimuli (mechanical hypersensitivity).  These models confirmed the hallmarks of 

CIPN, neurodegeneration and peripheral sensory neuronal sensitization. 

This persistent but delayed onset of chronic pain that was observed subsequent to 

cisplatin treatment in neonatal rats was accompanied by aberrant nerve fibre growth.  

Inhibiting TrkA signalling via the introduction of a TrkA inhibitor ameliorated the 

cisplatin-induced mechanical hypersensitivity as well as prevented the accompanying 

aberrant nerve fibre growth.  Moreover, these events coincided with those observed 

following NGF-induced activation of TrkA, further supporting the involvement of 

TrkA signalling in nociceptor sensitization, the induction of aberrant nerve fibre 

growth and the onset of chronic pain, all of which are linked to CIPN. 
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In vitro, 24-hours cisplatin treatment of SH-SY5Y cells triggered endogenous 

activation of the TrkA receptor.  Topoisomerase II was identified as a potential source 

of TrkA activation and doxorubicin a potential therapeutic agent for alleviating 

nociceptor sensitization and thus cisplatin-induced peripheral neuropathy.  SH-SY5Y 

cells treated with cisplatin for 24 hours exhibited upregulated levels of both ATF-3 

and TOP2.  Inhibiting TOP2 using doxorubicin enhanced cisplatin-induced 
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upregulation of ATF-3 but prevented cisplatin-induced activation of TrkA.  In 

addition, DRG sensory neurons displayed capsaicin-induced activation of TRPV1, 

which was increased following 24-hours cisplatin treatment, demonstrating 

sensitization of nociceptor activity subsequent to cisplatin treatment.  Under normal 

conditions, TOP2 inhibition diminished nociceptor sensitization which was induced 

by capsaicin.  Furthermore, giving cisplatin concomitantly with doxorubicin, thereby 

inhibiting TOP2 activity, suppressed the activity of these nociceptors down to normal 

levels.  A schematic is presented in Figure 6.1. 

 

6.1 Topoisomerase II (TOP2): A therapeutic target for nociceptor 

sensitization associated with cisplatin-induced peripheral 

neuropathy? 

Literature has shown that DNA topoisomerases modulate nociceptor activity under 

stress and damage [525].  Topoisomerase inhibitors were demonstrated to be 

neuroprotective and induced neuroregeneration in an ATF-3 dependent manner.  This 

work wanted to explore how DNA topoisomerases were modulating TrkA function as 

our cisplatin rodent model revealed an association between TrkA signalling and 

aberrant nerve fibre growth with the development of chronic pain.  Using proteomics, 

topoisomerase II (TOP2) was identified as a key protein that was upregulated 

following cisplatin treatment.  The study conducted by Cheng et al. [525] named 

doxorubicin as one of the topoisomerase inhibitors capable of inducing ATF-3 and 

promoting neuroregeneration.  Furthermore, similar to this study, inhibiting TOP2 in 

the presence of damage enhanced ATF-3.  The work in this thesis has demonstrated 

the involvement of TrkA signalling in the development of CIPN and shown the 

effectiveness of inhibiting TrkA activation in providing pain relief.  In vitro, inhibiting 

TOP2 successfully prevented cisplatin-induced TrkA activation in SH-SY5Y cells as 

well as suppressed cisplatin-induced TRPV1 activation and subsequent nociceptor 

sensitization in DRG sensory neurons.  It is possible that a novel target has been 

discovered that is capable of promoting regeneration whilst simultaneously providing 

pain relief. 

However, there is a caveat.  Doxorubicin is shown to be toxic.  There is a possibility 

though that this toxicity may be only short-lived and once washed out, the stressed 
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incurred may be relieved.  Doxorubicin also appears to inhibit the catalytic cycle of 

TOP2 via two different mechanisms depending on the concentration utilized, with low 

concentrations (<1 µM) producing a more toxic outcome than higher concentrations 

(>10 µM) [597].  Hence, a concentration of doxorubicin greater than 10 µM may be 

less toxic in nature.  Otherwise, an alternative drug that inhibits TOP2 may need to be 

considered for in vivo analysis.  

 

6.2 Doxorubicin as a therapeutic for cisplatin-induced peripheral 

neuropathy 

DNA damage following cisplatin treatment has been shown to induce a state of 

senescence [598–600].  Recent studies have associated CIPN with the induction of 

senescence [601, 602].  One study revealed that cisplatin induced DDR activation and 

upregulation of p21, which lead to senescence as opposed to apoptosis [601].  DRG 

sensory neurons isolated from cisplatin-treated mice that developed CIPN showed 

upregulation of the cyclin-dependent kinase inhibitor 1a (Cdkn1a) gene, increased 

expression levels of p21, phospho-H2A.X and nuclear factor kappa B (NfκB)-p65 as 

well as significantly higher senescence-associated β- galactosidase (SA-β-Gal) 

staining, all of which are senescence hallmarks.  Additionally, there was no difference 

in protein expression levels of cleaved caspase-3 (CC3).  In another study, clearance 

of senescent-like cells from DRG sensory neurons of mice, using genetic and 

pharmacologic methods, reversed CIPN that was induced by cisplatin [602].  

Cisplatin-induced upregulation of p21 and p16 expression levels also returned to levels 

similar to that of the control group control subsequent to the clearance of senescent 

cells.  Doxorubicin has been demonstrated to be one of the most efficient cytotoxic 

drugs against senescent cells [603]. 

It has been revealed that post-mitotic cells can undergo senescence [604], which is 

associated with the acquisition of a senescence-associated secretory phenotype 

(SASP).  Cells of post-mitotic cellular senescence secrete high levels of inflammatory 

cytokines, growth factors and proteases.  These can contribute to the “inflammatory 

soup” (discussed in section 1.3), providing an additional source for nociceptor 

activation and subsequent sensitization.  Henceforth, possible removal of senescent 

cells by doxorubicin could have led to a reduction in the levels of pro-inflammatory 
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SASP components, preventing activation of TrkA receptors.  A further investigation 

into the mechanism behind the prevention of cisplatin-induced TrkA activation and 

the suppression of cisplatin-induced neuronal activation of DRG sensory neurons by 

doxorubicin is recommended.  Exploring the effect of an alternative TOP2 inhibitor, 

as suggested in section 6.1, can provide an answer to this concept. 

 

6.3. Future direction 

The work in this thesis provides the first evidence that doxorubicin treatment prevents 

cisplatin-induced activation of TrkA and suppresses cisplatin-induced neuronal 

activation, which leads to nociceptor sensitization and development of CIPN.  Two 

mechanisms of action of doxorubicin have been presented; TOP2 inhibition, 

implicating TOP2 as a source of TrkA activation, and senolysis, implicating cellular 

senescence as the contributing factor to the activation of TrkA receptors.  There is also 

the possibility of a synergistic effect; both mechanisms working together to produce 

the observed outcomes.  Much of this work, however, was performed in vitro and 

requires further validation in vivo.  Once the mechanism of action of doxorubicin has 

been established, a suitable drug delivery system for in vivo investigation can be 

developed.  This work provides the basis for the following experimental hypotheses to 

be tested. 

1) Doxorubicin suppresses cisplatin-induced nociceptor activation by inhibiting 

TOP2 and/or via senolysis. 

2) Doxorubicin treatment alleviates the symptoms of CIPN in rodent model. 

Testing of experimental hypothesis one would involve trialling an alternative TOP2 

inhibitor, presumably one that is less toxic.  If TrkA activation is also suppressed, this 

strengthens the evidence of TOP2-mediated TrkA activation as a mechanism of long-

term pain in childhood cancer survivorship.  A less toxic drug would also be more 

favourable when it comes to in vivo analysis.  Furthermore, inhibiting TOP2 enhanced 

cisplatin-induced ATF-3 upregulation.  Cheng et al. demonstrated that topoisomerase 

inhibition, in the presence of peripheral nerve injury, had a regenerative effect in 

sensory neurons [525].  Taking this into account, it is possible that an analgesic with 

the ability to promote regeneration may have been discovered, thereby not only 

focusing on treating the symptom but the source.  In contrast, if TOP2 is not the target, 
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this can be interpreted as doxorubicin possibly being a therapeutic agent.  One 

challenge for the future would be developing an effective delivery system for the drug.  

TOP2 plays an important role in various processes including DNA replication and 

transcription so complete inhibition would detrimental.  Instead, the drug would need 

to be delivered to a targeted region; perhaps the DRGs as they have been shown to 

have increased susceptibility to cisplatin. 

One limitation of the study is that the in vivo analysis was performed in rats whereas 

the capsaicin model consisted of DRGs isolated from mice.  Podratz et al. 

demonstrated that neurotoxicity to the DRG neurons varied between rodent strains 

following cisplatin treatment [338], with mice displaying greater sensitive to cisplatin 

than rats.  At the time, mice were more readily available as they were already being 

utilized in the laboratory for the collection of other tissues.  Additionally, more tools 

exist that are compatible with mice, such as neuron isolation, and we were planning 

for single cell sequencing.  However, due to time constraints, we were unable to 

perform those experiments.  Prior to in vivo experiments, the effect of the TOP2 

inhibitor should be investigated on rat DRG neurons to validate TOP2-mediated TrkA 

activation subsequent to cisplatin treatment.  Another limitation is the much lower dose 

of cisplatin used in the rodent model compared to what is administered in the clinic.  

CIPN is a dose-limiting side effect, which occurs in a dose-dependent manner.  The 

severity of CIPN increases with higher cumulative doses so the higher the dose of drug 

administered, the greater the neurotoxicity.  This needs to be taken into consideration 

when it comes to the in vivo studies as mechanisms of action may vary with varying 

drug concentrations. 

 

6.4. Key observations 

1) Cisplatin resulted in neurodegeneration in DRG sensory neurons and a dose-

dependent decrease in cell viability in SH-SY5Y cells 

2) Cisplatin induced a DNA damage response with upregulation of p53, P-p53 and 

γH2A.X in SH-SY5Y cells 

3) Cisplatin induced TrkA activation in SH-SY5Y cells 

4) In vivo, cisplatin treatment resulted in mechanical hypersensitivity which was 

accompanied by aberrant nerve fibre growth.  Similar phenotypes were observed 

following NGF-induced TrkA activation, supporting the hypothesis of cisplatin-



140 

 

induced TrkA activation as a possible instigator in the onset of cisplatin-induced 

peripheral neuropathy 

5) Administration of the TrkA inhibitor GW441756, thereby inhibiting TrkA 

activation, ameliorated cisplatin-induced mechanical hypersensitivity and 

prevented cisplatin-induced nerve fibre growth.  Similar outcomes were observed 

in our NGF model, providing further evidence for the involvement of TrkA 

activation in the onset of cisplatin-induced peripheral neuropathy 

6) Cisplatin treatment upregulated TOP2 and ATF-3 in SH-SY5Y cells.  This 

upregulation in ATF-3 was independent of p53 

7) Inhibiting TOP2 using doxorubicin hydrochloride enhanced cisplatin-induced 

ATF-3 upregulation and prevented cisplatin-induced TrkA activation in SH-SY5Y 

cells 

8) Cisplatin enhanced nociceptor activation in DRG sensory neurons, which was 

attenuated when TOP2 was inhibited. 
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