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ABSTRACT 

Injury to the lingual nerve can occur during routine oral surgery and may leave the 

affected patients with permanent sensory disturbances, including pain. The medical 

treatments are only partially effective and the mechanisms behind the development of 

persistent neuropathic pain following lingual nerve injury (LNI) are not fully understood. 

An emerging line of investigation has suggested that resolvins (endogenous lipid 

mediators derived from omega-3 fatty acids) may have a crucial role in inflammation- 

and pain-associated diseases. Resolvins mediate their actions through G protein-coupled 

receptors (GPCR): GPR32, BLT1, FPR2/ALX and ChemR23. Recent findings have also 

suggested that microRNAs (miRNA) can contribute to the altered gene expression that 

occur following nerve injury. 

The work reproduced in this thesis used an animal model of neuropathic pain to 

better characterise the effect of LNI in terms of behavioural and microglial response and 

to investigate the expression of resolvin receptors and miRNAs following such injury. In 

addition, human lingual nerve neuroma tissues were analysed to investigate the 

expression of resolvin receptors and miRNAs and relate with clinical pain symptoms. 

The behavioural study showed a reduction in the time and volume of reward 

consumed at specific time-points after LNI. In addition, this injury led to the activation 

of microglial cells in the trigeminal nucleus caudalis (Vc) in early time-points post-injury, 

which decreased overtime, being only mildly activated on day 28 post-injury. Resolvin 

receptors were expressed in specific cells across the nervous system. ChemR23, in 

particular, was up-regulated at specific levels of the Vc up to 28 days following LNI. 

Specific miRNAs were identified after LNI. miR-138 was differentially expressed 

between rat CCI and Sham groups and miR-29a was differentially expressed between 

painful and non-painful human lingual nerve neuromas. Further target prediction studies 

suggested that these miRNAs may regulate genes involved in the inflammatory events 

following LNI, axon re-growth and pain transmission mechanisms.  

In conclusion, the work conducted in this thesis identified a novel behavioural 

model for investigating the potential mechanisms behind the development of chronic pain 

after LNI in the rat. The up-regulation of ChemR23 in the ipsilateral side of the Vc and 

the dysregulation of specific miRNAs at the site of injury following LNI suggest that they 

may be potential targets for improved therapeutics for neuropathic pain, in particular that 

arising from LNI.  



iv 

 

LIST OF CONTENTS 

ACKNOWLEDGMENTS .............................................................................................. ii 

ABSTRACT .................................................................................................................... iii 

LIST OF CONTENTS ................................................................................................... iv 

LIST OF FIGURES ....................................................................................................... ix 

LIST OF TABLES ....................................................................................................... xiii 

LIST OF ABBREVIATIONS ..................................................................................... xiv 

1. GENERAL INTRODUCTION .................................................................................. 1 

1.1. Pain ............................................................................................................................ 2 

 Nociceptive pain pathways ..................................................................................... 3 

 Neuropathic pain ..................................................................................................... 6 

 Mechanisms of chronic neuropathic pain following peripheral nerve injury ......... 7 

1.1.3.1. Peripheral nerve injury and neuroma formation ................................................. 7 

1.1.3.2. Peripheral sensitisation ..................................................................................... 10 

1.1.3.3. Central sensitisation and neuronal plasticity .................................................... 13 

1.1.3.4. Glial cells activation .......................................................................................... 14 

1.2. Resolvin receptors .................................................................................................. 17 

 Resolvins ............................................................................................................... 17 

1.2.1.1. Biosynthesis and identification of different resolvins ........................................ 18 

1.2.1.2. Actions of resolvins in disease models ............................................................... 20 

1.2.1.3. Resolvins mechanisms of action ......................................................................... 22 

 Receptors ............................................................................................................... 25 

1.3. MicroRNA ............................................................................................................... 30 

 miRNA biogenesis and regulation ........................................................................ 30 

 miRNA-mRNA binding and target prediction ...................................................... 33 

 miRNAs in pain .................................................................................................... 35 

 Resolvins and miRNAs ......................................................................................... 37 

1.4. Lingual nerve injury and clinical implications .................................................... 38 

1.5. Animal models of neuropathic pain and behavioural assessment of orofacial 

pain ................................................................................................................................. 41 

1.6. Overview, aims and hypothesis ............................................................................. 42 



v 

 

2. GENERAL MATERIAL AND METHODS ........................................................... 44 

2.1. Introduction ............................................................................................................ 45 

2.2. Animal experiments ............................................................................................... 45 

 Surgical procedures ............................................................................................... 45 

 Behavioural testing................................................................................................ 46 

 Terminal procedures.............................................................................................. 48 

 Collection and preparation of rat tissue ................................................................ 48 

2.3. Human studies ........................................................................................................ 48 

 Human lingual nerve neuromas ............................................................................ 49 

 Human tissue preparation ...................................................................................... 49 

2.4. Immunohistochemical methods ............................................................................ 50 

 Rat tissue ............................................................................................................... 50 

 Human tissue ......................................................................................................... 51 

 Immunohistochemical protocol ............................................................................. 51 

 Specificity controls ............................................................................................... 52 

2.5. Image acquisition and analysis ............................................................................. 55 

 Fluorescence microscopy ...................................................................................... 55 

 Confocal microscopy ............................................................................................ 56 

2.6. miRNA extraction .................................................................................................. 57 

 miRNA extraction from rat tissue ......................................................................... 57 

 miRNA extraction from human tissue .................................................................. 58 

2.7. TaqMan® Low Density Array (TLDA) ................................................................ 59 

 Reverse Transcription to cDNA ............................................................................ 59 

 Preamplification reaction ...................................................................................... 60 

 TaqMan® real-time PCR reactions ........................................................................ 60 

2.8. miRNA validation .................................................................................................. 62 

2.9. Statistical analysis .................................................................................................. 63 

 Behavioural analysis ............................................................................................. 63 

 Quantification from image analysis ...................................................................... 63 

 miRNA analysis .................................................................................................... 64 

 Target prediction and enrichment analysis ........................................................... 65 

2.10. Reproducibility of image analysis ....................................................................... 65 

 



vi 

 

3. EFFECT OF LINGUAL NERVE INJURY ON FEEDING BEHAVIOUR ........ 71 

3.1. Introduction ............................................................................................................ 72 

3.2. Methodological approach ...................................................................................... 72 

 Preliminary studies ................................................................................................ 75 

3.2.1.1. Testing conditions .............................................................................................. 75 

3.2.1.2. Choice of reward ................................................................................................ 76 

3.3. Results ..................................................................................................................... 76 

 Training period and baseline ................................................................................. 76 

 Observational notes ............................................................................................... 80 

 Time drinking post-surgery ................................................................................... 83 

 Number of attempts post-surgery .......................................................................... 90 

 Volume ingested post-surgery............................................................................... 92 

3.4. Discussion ................................................................................................................ 95 

4. CHARACTERISATION OF MICROGLIAL RESPONSE TO LINGUAL 

NERVE INJURY ......................................................................................................... 102 

4.1. Introduction .......................................................................................................... 103 

4.2. Methodological approach .................................................................................... 104 

4.3. Results ................................................................................................................... 105 

 Morphological changes and qualitative analysis................................................. 105 

 Microglia response on day 3 following lingual nerve injury .............................. 115 

 Microglia response on day 7 following lingual nerve injury .............................. 117 

 Microglia response on day 28 following lingual nerve injury ............................ 119 

 Comparison of microglia response over time ..................................................... 121 

4.4. Discussion .............................................................................................................. 123 

5. RESOLVIN RECEPTORS EXPRESSION .......................................................... 128 

5.1. Introduction .......................................................................................................... 129 

5.2. Methodological approach .................................................................................... 129 

5.3. Results ................................................................................................................... 131 

 Expression of resolvin receptors ......................................................................... 131 

5.3.1.1. Human tissue .................................................................................................... 131 

5.3.1.1. Rat tissue .......................................................................................................... 136 

 ChemR23 expression following lingual nerve injury ......................................... 146 



vii 

 

5.3.2.1. ChemR23 expression in the trigeminal nucleus caudalis on day 3 following 

lingual nerve injury ....................................................................................................... 155 

5.3.2.2. ChemR23 expression in the trigeminal nucleus caudalis on day 7 following 

lingual nerve injury ....................................................................................................... 157 

5.3.2.3. ChemR23 expression in the trigeminal nucleus caudalis on day 28 following 

lingual nerve injury ....................................................................................................... 159 

5.3.2.4. Comparison of ChemR23 expression over time ............................................... 161 

5.4. Discussion .............................................................................................................. 163 

6. MICRORNA EXPRESSION FOLLOWING LINGUAL NERVE INJURY .... 169 

6.1. Introduction .......................................................................................................... 170 

6.2. Methodological approach .................................................................................... 170 

6.3. Results ................................................................................................................... 172 

 miRNAs in rat tissues.......................................................................................... 172 

6.3.1.1. miRNA target prediction and gene enrichment analysis.................................. 173 

6.3.1.2. Novel rat miRNAs ............................................................................................. 180 

 miRNAs in human lingual nerve neuroma ......................................................... 182 

6.3.2.1. Clinical data analysis ....................................................................................... 182 

6.3.2.2. miRNA expression analysis .............................................................................. 183 

6.3.2.3. miRNA target prediction and gene enrichment analysis.................................. 184 

6.4. Discussion .............................................................................................................. 190 

7. GENERAL DISCUSSION ..................................................................................... 198 

7.1. Summary of findings ............................................................................................ 199 

7.2. Animal model of neuropathic pain: effect of LNI in feeding behaviour and 

microglia response ....................................................................................................... 200 

7.3. Resolvin receptors and miRNA expression ....................................................... 203 

 Resolvin receptors expression ............................................................................. 203 

 miRNA expression .............................................................................................. 205 

7.4. General approach and study limitations ............................................................ 205 

7.5. Future studies ....................................................................................................... 207 

7.6. Conclusion ............................................................................................................. 208 

 



viii 

 

APPENDIX .................................................................................................................. 209 

Appendix 1: Target genes and pathways predicted to be under control of the 

miRNAs identified. ...................................................................................................... 209 

Appendix 2: Details of the rat diet used in this thesis .............................................. 218 

REFERENCES ............................................................................................................ 219 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

 

LIST OF FIGURES 
Figure 1.1. The main classes of primary afferent neurones and their organisation in the 

dorsal horn. ........................................................................................................................ 4 

Figure 1.2. Schematic representation of peripheral nerve injury and subsequent cellular 

events................................................................................................................................. 9 

Figure 1.3. The sequence of events that lead to peripheral sensitisation. ....................... 11 

Figure 1.4. The sequence of events that contribute to central sensitisation .................... 16 

Figure 1.5. Biosynthesis of resolvins. ............................................................................. 19 

Figure 1.6. Secondary structure common to GPCR. ....................................................... 25 

Figure 1.7. Summary of miRNA biogenesis and regulation of gene expression ............ 32 

Figure 1.8. Types of miRNA-mRNA binding. ............................................................... 34 

Figure 1.9. Lingual nerve, trigeminal ganglion and brainstem. ...................................... 40 

Figure 2.1. Chronic constriction injury of the rat lingual nerve ...................................... 46 

Figure 2.2. The Ugo Basile Orofacial Stimulation Test equipment. ............................... 47 

Figure 2.3. Representation of the serial collection of brainstem sections. ...................... 50 

Figure 2.4. Representation of the serial collection of neuroma sections. ....................... 51 

Figure 2.5. Image analysis using Image Pro-Plus. .......................................................... 56 

Figure 2.6. TLDA microfluidic card. .............................................................................. 61 

Figure 2.7. Scatter plots showing linear relationship between Iba1 initial and repeated 

measurements in sections from control naïve and sham animals. .................................. 67 

Figure 2.8. Scatter plots showing linear relationship between Iba1 initial and repeated 

measurements in sections from injured (CCI) animals. .................................................. 68 

Figure 2.9. Scatter plots showing linear relationship between ChemR23 initial and 

repeated measurements in sections from control naïve and sham animals. .................... 69 

Figure 2.10. Scatter plots showing linear relationship between ChemR23 initial and 

repeated measurements in sections from injured (CCI) animals. ................................... 70 

Figure 3.1. Diagram representing the methodological approach with training, surgery, 

testing and data analysis. ................................................................................................. 74 

Figure 3.2. Example of drinking behaviour recording by the Ugo Basile software. ...... 76 

Figure 3.3. Time drinking during training period and day 0. .......................................... 78 

Figure 3.4. Number of attempts during training period and day 0. ................................. 79 

Figure 3.5. Volume ingested (mL) during the training period and day 0. ...................... 80 

file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260222
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260222
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260223
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260223
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260224
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260225
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260226
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260227
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260228
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260229
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260230
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260231
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260232
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260233
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260234
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260235
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260236
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260237
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260237
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260238
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260238
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260239
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260239
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260240
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260240
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260241
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260241
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260242
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260243
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260244
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260245


x 

 

Figure 3.6. Percentage of body weight gain in average by group at the end of experiment.

 ......................................................................................................................................... 81 

Figure 3.7. Data recorded by ORO software................................................................... 82 

Figure 3.8. Time drinking decreased following lingual nerve injury. ............................ 84 

Figure 3.9. Box plot with total time drinking values within each group. ....................... 86 

Figure 3.10. Maximum contact time. .............................................................................. 87 

Figure 3.11. Box plot with maximum time drinking per testing within each group. ...... 89 

Figure 3.12. Number of attempts. ................................................................................... 90 

Figure 3.13. Box plot of number of attempts within each group. ................................... 91 

Figure 3.14. Volume of reward ingested during the period testing. ............................... 92 

Figure 3.15. Box plot with volume ingested. .................................................................. 94 

Figure 4.1. Lingual nerve and the brainstem................................................................. 104 

Figure 4.2. Microglia response in the trigeminal nucleus. ............................................ 106 

Figure 4.3. Activated microglial cells on day 3. ........................................................... 106 

Figure 4.4. Microglia response in the Vc at 3, 7 and 28 days following LNI (CCI group).

 ....................................................................................................................................... 110 

Figure 4.5. Microglia response in the Vc at 3, 7 and 28 days following sham operation of 

the lingual nerve (Sham group). .................................................................................... 112 

Figure 4.6. Microglia in the control naïve group. ......................................................... 113 

Figure 4.7. Representative images of microglia response (Iba1 expression) to lingual 

nerve injury at 720 µm caudal to obex. ......................................................................... 114 

Figure 4.8. Analysis of microglial response on day 3 by quantification of positive area of 

Iba1 staining. . ............................................................................................................... 116 

Figure 4.9. Analysis of microglial response on day 7 by quantification of Iba1 staining. .

 ....................................................................................................................................... 118 

Figure 4.10. Analysis of microglial response on day 28 by quantification of Iba1 staining.

 ....................................................................................................................................... 120 

Figure 4.11. Comparative analysis of microglia response between time points. .......... 122 

Figure 5.1. GPR32 is co-localised with S-100. ............................................................. 132 

Figure 5.2. GPR32 and PGP9.5 dual labelling in human lingual nerve neuroma. ....... 133 

Figure 5.3. BLT1 and PGP9.5 dual labelling. ............................................................... 134 

Figure 5.4. BLT1 seems to be expressed in Schwann cells. ......................................... 135 

Figure 5.5. FPR2/ALX is expressed in spinal cord dorsal horn neurones. ................... 137 

Figure 5.6. FPR2/ALX is not expressed in spinal cord astrocytes. .............................. 138 

file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260246
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260246
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260247
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260248
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260249
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260250
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260251
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260252
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260253
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260254
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260255
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260256
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260257
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260258
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260259
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260259
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260260
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260260
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260261
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260262
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260262
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260263
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260263
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260264
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260264
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260265
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260265
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260266
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260267
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260268
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260269
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260270
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260271
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260272


xi 

 

Figure 5.7. FPR2/ALX is expressed neurones within brainstem trigeminal nucleus ... 139 

Figure 5.8. ChemR23 is expressed in spinal cord dorsal horn neurones. ..................... 141 

Figure 5.9. Confocal microscopy shows co-localisation of ChemR23 and NeuN........ 142 

Figure 5.10. ChemR23 is not expressed in spinal cord astrocytes. . ............................. 143 

Figure 5.11. ChemR23 is expressed in neurones within the brainstem trigeminal nucleus.

 ....................................................................................................................................... 144 

Figure 5.12. ChemR23 is not expressed in microglial cells within the brainstem trigeminal 

nucleus........................................................................................................................... 145 

Figure 5.13. ChemR23 expression in the trigeminal nucleus in relation to microglial 

activation. ...................................................................................................................... 147 

Figure 5.14. ChemR23 and microglia following lingual nerve injury. ......................... 148 

Figure 5.15. ChemR23 and microglia expression three days following lingual nerve injury 

in the Vc at 960 um caudal to obex. .............................................................................. 149 

Figure 5.16. ChemR23 in CCI group. ........................................................................... 151 

Figure 5.17. ChemR23 in Sham group. ........................................................................ 153 

Figure 5.18. ChemR23 in the control naïve group. ....................................................... 154 

Figure 5.19. ChemR23 expression on day 3 following lingual nerve injury. ............... 156 

Figure 5.20. ChemR23 expression on day 7 following lingual nerve injury. ............... 158 

Figure 5.21. ChemR23 expression on day 28 following lingual nerve injury. ............. 160 

Figure 5.22. Comparison of ChemR23 expression at different time points. ................ 162 

Figure 6.1. Diagram of the methodological approach................................................... 171 

Figure 6.2. miRNA validation and correlation scatter plots. ........................................ 173 

Figure 6.3. CyTargetLinker analysis and network visualisation of differentially expressed 

rat miRNAs and their predicted target genes. ............................................................... 175 

Figure 6.4. Circos v0.67 plot of rno-miR-138-1 and its target genes. .......................... 176 

Figure 6.5. Circos v0.67 plot of rno-miR-667 and its target genes. .............................. 177 

Figure 6.6. Circos v0.67 plot of rno-miR-138 (blue) and rno-miR-667 (green) and 

regulatory target genes. ................................................................................................. 178 

Figure 6.7. Example of genes and pathways targeted by miR-667 and miR-138. ........ 180 

Figure 6.8. Results of the BLAST search ..................................................................... 181 

Figure 6.9. Pearson correlation scatter plot. .................................................................. 183 

Figure 6.10. miRNA validation and correlation scatter plots. ...................................... 184 

Figure 6.11. CyTargetLinker analysis and network visualisation of differentially 

expressed human neuromas miRNAs and their predicted target genes. ....................... 185 

file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260273
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260274
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260275
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260276
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260277
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260277
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260278
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260278
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260279
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260279
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260280
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260281
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260281
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260282
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260283
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260284
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260285
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260286
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260287
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260288
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260289
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260290
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260292
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260293
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260294
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260294
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260295
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260296
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260297
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260298
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260299
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260299


xii 

 

Figure 6.12. Circos v0.67 plot of hsa-miR-29a and regulatory target genes. ............... 186 

Figure 6.13. Circos v0.67 plot of hsa-miR-500a and regulatory target genes. ............. 187 

Figure 6.14. Circos v0.67 plot of hsa-miR-29a (blue) and hsa-miR-500a (green) and 

regulatory target genes. ................................................................................................. 188 

Figure 6.15. Example of genes and pathways targeted by miR-500a and miR-29a. .... 190 

Figure 7.1. Feeding behaviour and Iba1 and ChemR23 expression following lingual nerve 

injury ............................................................................................................................. 201 

Figure 7.2. Analysis of Iba1 (microglial marker) and ChemR23 expression correlation 

following lingual nerve injury. ...................................................................................... 204 

Figure A1. Details of the rat diet. .................................................................................. 218 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260300
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260301
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260302
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260302
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260303
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260304
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260304
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260305
file:///G:/DTF.thesis-revised.WhiteRose.docx%23_Toc502260305


xiii 

 

LIST OF TABLES 
Table 1.1. The main classes of primary afferent neurones. .............................................. 4 

 Table 1.2. Bio-actions of resolvins. ............................................................................... 24 

Table 1.3. Resolvins and their receptors. ........................................................................ 26 

Table 1.4. Summary of miRNAs altered in different pain models. ................................ 35 

Table 2.1. Details of antibodies and dilutions used in the animal studies. ..................... 53 

Table 2.2. Details of antibodies and dilutions used in the human studies. ..................... 54 

Table 2.3. Reaction mix for miRNA reverse transcription (RT). ................................... 59 

Table 2.4. Parameters used in the thermal cycler for Reverse Transcription ................. 59 

Table 2.5. Preamplification reaction mix. ....................................................................... 60 

Table 2.6. Preamplification parameters .......................................................................... 60 

Table 2.7. TaqMan® array components. ......................................................................... 61 

Table 2.8. Parameters used in the TaqMan® array RT-qPCR amplification. ................. 62 

Table 2.9. Components in miRNA reverse transcription (RT) reaction ......................... 62 

Table 2.10. Parameters used in thermal cycler for miRNA reverse transcription .......... 62 

Table 2.11. Reaction mix for RT-qPCR miRNA validation ........................................... 63 

Table 2.12. Pearson correlations between initial and repeated measurements. .............. 66 

Table 3.1. Measurements. ............................................................................................... 73 

Table 3.2. Characteristics of animals subjects used for the behavioural testing. ............ 75 

Table 4.1. Criteria for qualitative microglia characterisation. ...................................... 105 

Table 4.2. Qualitative analysis of microglial response. ................................................ 108 

Table 4.3. Statistical differences between time points. ................................................. 122 

Table 5.1. Statistical differences between time-points.................................................. 162 

Table 6.1. MiRNAs differentially expressed in the rat lingual nerve. .......................... 172 

Table 6.2. Clinical information of the patients included in this study .......................... 182 

Table 6.3. miRNA differentially expressed in human lingual nerve neuromas ............ 183 

Table 7.1. Fatty acid composition in the rat diet used. ................................................. 207 

 

 

 

 

file:///G:/DTF.thesis-revised2.docx%23_Toc499213499


xiv 

 

LIST OF ABBREVIATIONS 

5-HT                                             

AA  

AMPA 

ASIC                                             

AT-Rv                                                                              

ATP                                               

BDNF 

BL                                            

BLT1 

caMKII 

cAMP 

CCI 

ChemR23 

CL 

CFA 

CGRP                                            

CNS                                               

COX                                         

Cy3                                           

CRG 

DGCR8 

DHA                                         

DRG                                          

ENK 

EP  

EPA  

FITC                                          

FPR  

FPR2/ALX 

GABA  

GAL 

GDNF 

Serotonin (5-hydroxytryptamine) 

Arachnoid Acid 

Amino-Hydroxy-Methyl-Isoxazolepropionic Acid  

Acid-sensing ion channel 

Aspirin triggered- resolvin 

Adenosine 5’-triphosphate 

Brain derived neutrophic factor 

Baseline 

Leukotriene B4 receptor 

Ca2+/calmodulin-depemdemt kinase II 

Cyclic adenosine monophosphate 

Chronic constriction injury 

Chemerin receptor 23 

Contralateral 

Complete Freund’s adjuvant 

Calcitonin gene-related peptide 

Central Nervous System 

Cyclooxygenase 

Indocarbocyanine 

Carrageenan 

DiGeorge syndrome critical region 8 

Docosahexaenoic acid 

Dorsal root ganglion 

Enkephalin 

E prostanoid receptor 

Eicosapentaenoic acid 

Fluorescein isothiocyanate 

N-formyl peptide receptor 

Lipoxin A4 receptor 

Gamma-Aminobutyric Acid 

Galanin 

Glial-derived neuropathic factor 



GFAP 

GPCR 

GPR32 

H 

HSP 

HRP 

IASP   

Iba1 

IL  

IL 

ION 

LNI 

LTB4 

LPS 

MAPK  

mGluR  

MHC 

Min 

MiRNA 

mL 

mRNA 

NEN 

NeuN 

NF-κB 

NGF 

NIC 

NK1  

NMDA  

NO 

NPY 

OCT 

OX-42 

PAS 

 PBS 

Glial fibrillary acidic protein 

G protein-coupled receptor 

G protein-coupled 32 

Hour 

Heat shock proteins 

Horseradish peroxidase 

International Association for the Study of Pain 

Ionized calcium-binding adapter molecule 1 

Interleukin 

Ipsilateral 

Infraorbital nerve 

Lingual nerve injury 

Leukotriene B4 

Lipopolysaccharide 

Mitogen-activated protein kinases 

Metabotropic glutamate receptor 

Major histocompatibility complex 

Minute 

MicroRNA 

Mililiter 

Messenger RNA 

Nerve-end-neuroma 

Neuronal Nuclei, neuronal marker 

Nuclear factor-κB 

Nerve growth factor 

Neuroma-in-continuity 

Neurokinin-1  

N-methyl-D-aspartate 

Nitric oxide 

Neuropetide Y 

Optimal cutting temperature compound 

Anti-Integrin αM CD11b antibody 

Positive area of staining 

Phosphate buffered saline 



xvi 

 

PCR 

PDCD4 

PDL 

PG 

PGP9.5 

PKA/C 

PNI 

PTX 

PUFA 

RISC 

Rv 

RT  

SAA 

S 

S-100 

SEM 

snRNA 

SP  

TG 

TLDA 

TLR 

TM 

TNF-α                     

TRBP 

TrkA 

TRP 

TTX-R 

TTX-S 

UTR 

VAS 

Vc 

VIP 

VGSC 

WDR 

Polymerase chain reaction 

Programmed cell dearh 4 

Ply-D-lysine 

Prostaglandin 

Protein Gene Product 9.5 

Protein Kinase A/C 

Peripheral nerve injury 

Pertussis toxin 

Polyunsaturated fatty acids 

RNA-induced silencing complex 

Resolvin 

Reverse Transcription 

Serum Amyloid A 

Second 

S-100 proteins 

Standard error of mean 

Small nuclear RNA 

Substance P 

Trigeminal ganglion 

TaqMan® low density array cards 

Toll-like receptors 

Transmembrane 

Tumor necrosis factor alfa 

TAR RNA-binding protein 2 

Tyrosine kinase A 

Transient receptor potential                                

Tetrodotoxin-resistent 

Tetrodotoxin-sensitive 

Untranslated region 

Visual analogue scale 

Trigeminal nucleus caudalis 

Vasoactive intestinal polypetide 

Voltage-gated sodium channels                                     

                   Wide dynamic range 



1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    CHAPTER 1 

1. GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1.1. Pain 

Pain is defined by the International Association for the Study of Pain (IASP) as “an 

unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage”. Pain includes an emotional component 

that inevitably results in a subjective experience generated within the brain (Basbaum et 

al., 2009). The sensory component involves peripheral and central neurones that play an 

active role in pain processing along with glial cells (the cells that surround and interact 

with the neurones in the nervous system) and also components of the immune system 

(Grace et al., 2014). Pain is perceived as a protective mechanism, serving as a threat alarm 

to the body (Guillot et al., 2012). However, when it evolves to a chronic state, pain no 

longer serves any biological function, and it becomes a very complex disease (Pasero, 

2004). Neuropathic pain results from damage directly to the peripheral or central nervous 

system and it is one type of chronic pain. It is estimated that neuropathic pain affects 7-

10% of the world population (Colloca et al., 2017) having a great impact on the quality 

of the patient’s life. In addition, poorly managed pain has socio-economic consequences 

manifested in lost productivity and high healthcare costs. The work described in this 

thesis sought to investigate the expression of resolvins receptors (an emerging class of 

molecules with potential to treat pain-associated diseases) and microRNAs (miRNA) 

following lingual nerve injury (LNI). Both pre-clinical models and human tissues were 

used to study these molecules in an in vivo context and to correlate with clinical pain 

history, respectively. The pre-clinical method, in particular, was characterised in terms of 

feeding behaviour and microglial response.  

 

In this chapter, first, nociceptive pain pathways and the main mechanisms involved 

in peripheral nerve injury and the development of chronic pain are described. Second, the 

literature on resolvin receptors and miRNAs will be reviewed and, finally, the rationale 

for this work with aims and objectives will be explained. 
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 Nociceptive pain pathways 

Nociceptive (or physiological) pain occurs in the presence of an actual or potential 

damaging stimulus (noxious stimulus) (Woolf and Ma, 2007). Pain sensations are 

transmitted from the periphery to central areas via nociceptors (high-threshold sensory 

afferents) that are capable of detecting noxious stimuli. Nociceptive afferents are free 

nerve endings (containing unencapsulated dendrites with unspecialised receptors), and 

they are pseudo-unipolar, meaning that both peripheral and central terminals arise from a 

common cell body (Basbaum et al., 2009). There are three main classes of primary 

afferent neurones: Aβ-nerve fibres, Aδ-nerve fibres and C-fibres (table 1.1). Myelinated, 

and large diameter Aβ-fibres are responsible for low-threshold stimuli such as a light 

touch. Aδ- are lightly myelinated fibres that together with unmyelinated and small 

diameter C-fibres respond to high-threshold stimuli (nociception). Aδ-fibres can be 

further divided into type I and type II. Type I Aδ-fibres respond to mechanical and 

chemical stimuli, and have a high-threshold for heat stimuli (>52ºC). Type II Aδ-fibres 

respond to thermal and chemical stimuli, and are mostly mechanically insensitive (Woolf 

and Ma, 2007). In general, C-fibres respond to mechanical, thermal and chemical stimuli 

and thus, are polymodal (Basbaum et al., 2009). Peptidergic C-fibres are capable of 

releasing neuropeptides (such as substance P (SP) and calcitonin-gene related peptide 

(CGRP)), and express the tyrosine kinase A (TrkA) receptor (targeted by nerve growth 

factor, NGF). In contrast, non-peptidergic C-fibres express G protein-coupled receptors 

(GPCR) of the Mas-related genes family and the purinergic receptor P2X3 (Basbaum et 

al., 2009). C-fibres convey pain sensation slower than Aδ-fibres. Thus, two categories of 

pain can be identified: a first pain described as a distinct and localised sensation, 

transmitted mainly via Aδ-fibres; and a second pain, more diffuse and usually longer 

lasting that is propagated via C-fibres (Moulin, 2013, Bhave and Gereau, 2004). Fibres 

from the body project to the dorsal horn of the spinal cord that is organised in different 

laminae (cytoarchitectonic division first proposed by Bror Rexed (Rexed, 1952)) (figure 

1.1). Fibres from the orofacial region (e.g. trigeminal nerve) terminate in the brainstem, 

which consists of a principal nucleus (descriminative and tactile information) and a spinal 

trigeminal nucleus, which can be divided in three subnuclei: oralis, interpolaris and 

caudalis. Evidence has shown that nociceptive fibres of the trigeminal nerve terminate 

mainly in the trigeminal nucleus caudalis (Vc), which, similarly to the spinal cord dorsal 

horn, is organised in laminae (Sessle, 2005), and therefore has also been designated 

“medullary dorsal horn” (Sessle, 2000). Specific detail of lingual nerve projections to the 
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Vc are described in section 1.4 in this chapter. C-fibres and some of Aδ-fibres project 

mainly to lamina I and II. In contrast, Aβ-fibres that respond to non-noxious stimuli 

project to laminae III, IV and V (Basbaum and Woolf, 1999, Sessle, 2005). Within the 

dorsal horn and Vc, post-synaptic neurones (that will carry the signal to the brain) can be 

specific to each type of fibres input or receive input from all three (wide dynamic range 

neurones, WDR neurones) (Basbaum et al., 2009, Sessle, 2005).  

Table 1.1. The main classes of primary afferent neurones. 

Figure 1.1. The main classes of primary afferent neurones and their organisation in 

the dorsal horn. The unmyelinated, peptidergic C (red) and non-peptidergic C-fibres 

(blue) terminate in lamina I and lamina II. The myelinated Aδ-fibres (purple) project 

mainly to laminae I and V. Innocuous input carried by myelinated Aβ-fibres (orange) 

terminates in laminae III, IV and V. Image taken with permission from: Basbaum et al. 

(2009). 
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When nociceptors detect an intense thermal, mechanical or chemical stimulus, the 

information is converted into electrical signals (transduction) and transmitted along to the 

dorsal root ganglion (or trigeminal ganglion in the orofacial region), where the cell bodies 

are located, and then to central terminals (Woolf and Ma, 2007). The different noxious 

stimuli are transduced by specific receptors present in the nerve end terminals. Ionotropic 

receptors act via the influx of ions (Na+, K+ or Ca2+, Cl-) (Voets et al., 2004). Other 

receptors such as GPCR are metabotropic, acting mainly via activation of the coupled G-

protein. Consequently, different second messengers such as cyclic adenosine 

monophosphate (cAMP) and protein kinases A and C (PKA and PKC, respectively) or 

mitogen-activated protein kinases (MAPK) are activated. These second messengers can 

modulate the activity of ion channels (e.g. phosphorylation) and/or other cell functions 

(Woolf and Ma, 2007). 

Transient receptor potential (TRP) ion channels are key sensory transducers, 

especially for thermal and chemical inputs (Julius, 2013, Patapoutian et al., 2009, Wang 

and Woolf, 2005). Multiple TRP ion channels have been identified, such as TRPV1-4, 

TRPM8 and TRPA1, each responding to specific stimuli. TRPV1-4 are heat-sensitive and 

permeable to Ca2+, but with different threshold for temperature detection (>43ºC, 52ºC, 

31ºC and 25ºC, respectively). In addition, these receptors can also respond to chemical 

stimuli. For instance, TRPV1 detects capsaicin (the pungent ingredient of chilli peppers) 

and H+. This receptor is mainly expressed in Aδ- and C-fibres and produces burning pain 

(Julius, 2013). TRPM8 is cold-sensitive (threshold of <25ªC) and also responds to 

menthol (Frederick et al., 2007). TRPA1 detects noxious cold (<17ºC) and is a non-

selective cation channel permeable to Ca2+, Na+, and K+, that also responds to mustard oil 

(Zygmunt and Högestätt, 2014). It is present in a subpopulation of Aδ- and C-fibres 

(Julius, 2013, Wang and Woolf, 2005). In addition, some TRP receptors such as TRPV4 

and TRPA1 have also been suggested to detect mechanical stimuli and produce 

mechanical hyperalgesia (Wei et al., 2009, Alessandri-Haber et al., 2006).  

Voltage-gated ion channels are ionotropic receptors that upon activation and influx 

of ions can directly generate an action potential, transmitting the pain sensation to central 

terminals (conduction). In this regard, voltage-gated sodium channels (VGSC) have an 

important role (Lai et al., 2004, Wood et al., 2004). VGSC can be divided in tetrodotoxin 

(TTX)-sensitive (Nav1.1, 1.2, 1.3, 1.4 1.6, 1.7) and TTX-resistant (Nav1.5, 1.8 and 1.9) 

(Novakovic et al., 1998, Waxman et al., 1999). Nav1.7, 1.8 and 1.9 are expressed mostly 

in nociceptive neurones and it is believed that they play a pivotal role in pain transmission 
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(Akopian et al., 1996, Wood et al., 2004). Potassium channels are expressed across the 

nervous system and are also capable of modulating action potentials (Busserolles et al., 

2016). Other receptors (e.g. P2X3, ASIC) are also present in peripheral nerve endings. 

They respond to the different mediators that may be produced endogenously in response 

to tissue damage or nerve injury (Basbaum et al., 2009). These mediators can sensitise 

the nociceptors by lowering the noxious threshold and enhancing the pain sensation (this 

topic will be discussed in greater detail in section 1.1.3.2).  

In central synapses, various neurotransmitters and receptors are involved (Pasero, 

2004). Ionotropic receptors such as N-methyl-D-aspartate (NMDA) and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) are Ca2+-permeable channels that 

can encode the signal in seconds. In contrast, multiple GPCR (such as the metabotropic 

glutamate receptor, mGluR) modulate the signal via ligand binding and activation of 

second messengers (thus, slower transmission) (Basbaum et al., 2009). Glutamate is a key 

player in the central transmission (Basbaum et al., 2009). Under normal conditions, 

glutamate induces temporary activation of AMPA (Milligan and Watkins, 2009). The 

information is, then, transmitted to higher parts in the brain where pain sensations are 

perceived. The synaptic connections between pre- and post-synaptic neurones can be 

influenced by inhibitory GABAergic and glycinergic interneurones. GABA (gamma-

aminobutyric acid) and glycine are the major inhibitory neurotransmitters and have 

receptors (permeable to Cl-) present in both pre- and post-synaptic neurones (Lau and 

Vaughan, 2014). Particularly under conditions of injury, glial cells can also be activated 

and influence the pain transmission (further discussed in section 1.1.3.4). 

 

 Neuropathic pain 

Neuropathic pain is the result of a “lesion or disease of the somatosensory nervous 

system” as defined by the IASP. It is estimated to affect 7-10 % of the world population 

(Moulin, 2013). It can result from injury, drug treatment (e.g. chemotherapy), metabolic 

disease, infection and/or inflammation and it is described as burning, shooting, stabbing 

or like an electric shock (Pasero, 2004).  Unlike nociceptive pain, neuropathic pain is 

usually sustained and chronic, undergoing multiple changes that cause abnormal 

processing of the sensory input (Dworkin et al., 2003). Neuropathic pain can be 

characterised by hyperalgesia and/or allodynia. Hyperalgesia consists of an increased 

response to a noxious stimulus, and allodynia corresponds to a noxious response to a 

normally innocuous stimulus (Ji et al., 2011). Moreover, a distinct characteristic of 
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neuropathic pain is the generation of pain in the absence of a detectable stimulus (Woolf 

and Mannion, 1999). Spontaneous pain can arise as a result of abnormal discharges from 

nociceptors or low-threshold Aβ-fibres (Costigan et al., 2009). 

 

 Mechanisms of chronic neuropathic pain following peripheral nerve 

injury 

In the case of nociceptive pain, the nociceptors are activated only in the presence 

of a noxious stimulus and the pain sensation should cease when the initial stimulus is 

removed, and tissues reach homeostasis (Woolf and Ma, 2007). However, in the case of 

chronic pain the mechanisms involved are much more complex. Following peripheral 

nerve injury (PNI), afferent fibres have the ability to change their structure and function, 

eliciting a change in neuronal excitability that can generate action potentials to sub-

threshold stimuli or even in the absence of any detectable stimulus (Vaso et al., 2014). 

This change in excitability is a trigger for chronic pain because it allows the transmission 

of a continuous pain signal to the central nervous system (CNS) that might be further 

amplified, creating a positive feedback loop (Gold and Gebhart, 2010). Chronic pain 

involves not only neurones but also glial cells such as astrocytes and microglia (at least, 

in male subjects). Additionally, Aβ-fibres that typically do not respond to noxious stimuli 

can be sensitised by inflammatory mediators and contribute to the development of 

persistent pain (Costigan et al., 2009, Linley et al., 2010). Following PNI, altered gene 

expression of cytokines, cytokine receptors and voltage-gated channels, increased 

glutamate release and receptor functions also contribute to the changes that enhance the 

pain signal transmission (Xu and Yaksh, 2011).  

 

1.1.3.1. Peripheral nerve injury and neuroma formation 

PNI leads to the release of pro-inflammatory mediators in order to start the 

regeneration process and recruit immune cells. The main cellular events that occur 

following PNI are represented in figure 1.2. At the cellular level, nerve sprouting starts 

within hours following peripheral nerve injury. It is considered that the endogenous 

cellular and molecular signalling response to PNI is critical and correlates with the 

outcome of nerve regeneration (Robinson et al., 2000). When an axon is damaged, the 

associated Schwann cells proliferate and alter their gene expression resulting in up-

regulation of neurotrophic factors (such as NGF) and down-regulation of myelin proteins 

(Steed, 2011). If the axon starts to regenerate, the Schwann cells uncouple, differentiate 
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and re-start synthesis of myelin again; if not, they undergo apoptosis and, therefore, it is 

considered that they may become less suitable to support axon regeneration over time 

(Steed, 2011).  If the axon can reach the distal end, the nerve is regenerated; however, 

nerve regeneration can face many obstacles. If the healing process is not controlled, the 

accumulation of immune cells, Schwann cells, fibroblasts and collagen fibres will 

surround the injured nerve and lead to the formation of a swollen and disordered mass, 

termed a neuroma (Vora et al., 2007). Depending on the extent of initial damage, two 

types of neuroma may emerge. In neuroma-in-continuity (NIC) there is still a connection 

between distal and proximal ends (but it may contain few number of axons); in nerve-

end-neuroma (NEN) there is a complete separation between distal and proximal ends. 

PNI leads to intensified transcription of proteins necessary for axonal regeneration and 

the dysregulation of receptors that transmit sensory information together with changes in 

number, diameter and excitability may contribute to the sensory disturbances reported by 

the patients (Rosén et al., 2016). The persistent inflammatory process also contributes to 

the continuous activation of receptors at nerve end terminals (peripheral sensitisation). In 

addition, the transmission of a continuous pain signal may create an amplified signal in 

central neuronal circuits (central sensitisation).  
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Figure 1.2. Schematic representation of peripheral nerve injury and subsequent 

cellular events. Injury to a peripheral nerve (A) leads to the release of pro-inflammatory 

mediators that will not only activate receptors present at nerve end terminals (peripheral 

sensitisation) but also recruit immune cells to start the healing process (B). (C) Schwann 

cells start to proliferate to support the starting of the axon sprouting. If the axon can re-

grow and reach the distal end, the nerve is regenerated successfully (D). The uncontrolled 

accumulation of immune cells and fibrotic connective tissue can obstruct the axon from 

reaching the distal end, forming instead a disordered mass termed neuroma (E). This 

process is complemented with altered gene expression and the transmission of a 

continuous pain signal may be further amplified in central terminals (central 

sensitisation). 
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1.1.3.2. Peripheral sensitisation 

PNI induces an inflammatory process that is coordinated by multiple inflammatory 

mediators released at the site of injury by recruited immune cells and also nerve end 

terminals (Cheng and Ji, 2008). The main events that lead to peripheral sensitisation are 

described in figure 1.3.  

Bradykinin (that is produced by proteolytic enzymes within the fluid exudate) 

activates mast cells. Upon activation (degranulation), mast cells release pro-inflammatory 

mediators such as histamine and tumour necrosis factor alpha (TNF-α) that will, 

subsequently, recruit neutrophils and macrophages. In addition, histamine will act on H1 

receptors and increase the permeability to Ca2+. TNF-α is also known to induce pain 

behaviours such as hyperalgesia and allodynia (Sorkin et al., 1997, Wagner and Myers, 

1996). Platelets (and also mast cells in rats) release serotonin that directly sensitise 

nociceptors by binding to 5-hydroxytryptamine (5-HT) receptor. Neutrophils contribute 

to the recruitment of macrophages by releasing cytokines such as interleukin (IL)-1β. 

Macrophages are important in the process of phagocytosis of dead tissue and apoptotic 

neutrophils. However, they can also release prostaglandins (PG) such as PGE2 that 

sensitise the receptor E prostanoid (EP), causing hyperalgesia. As a result of exocytosis 

or cell lysis there is an outflow of adenosine 5’-triphosphate (ATP) (Fabbretti, 2013). 

ATP activates P2X3 receptors, inducing transmission of pain signals (Barclay et al., 2002). 

In fact, different studies have shown that ATP applied to the skin or injected intradermally 

induces pain (Bleehen and Keele, 1977, Burnstock and Wood, 1996, Dunn et al., 2001).  

Schwann cells release neurotrophic factors (such as NGF) which are important for 

nerve regrowth after injury (Gaudet et al., 2011). However, highly increased NGF levels 

in inflamed or damaged tissue (Frade and Barde, 1998) can activate the TrkA receptor, 

promoting the release of SP and CGRP (Weidner et al., 2000). Consequently, these factors 

will further cause vasodilation and plasma extravasation, amplifying the inflammatory 

process. A common characteristic in many inflammatory exudates is low pH (high H+), 

which activates directly acid-sensing ion channels (ASIC) (Sutherland et al., 2001). H+ 

also activates TRPV1 (Smith et al., 2002).  

This ‘soup’ of inflammatory mediators contributes to the sensitisation of 

nociceptors (defined by the IASP as an increased responsiveness to a noxious stimulus, 

and/or recruitment of a response to a normally innocuous stimulus (IASP, 2014)).   
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Figure 1.3. The sequence of events that lead to peripheral sensitisation.  Following nerve injury, multiple inflammatory mediators released at 

the site of injury by recruited immune cells and nerve end terminals will induce an inflammatory process that will lead to the sensitisation of 

nociceptors. Adapted with permission from Bird (2004) (thesis). 
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The role of TRPV1 in heat-evoked pain and inflammatory pain has been particularly 

studied. For instance, a study carried out in TRPV1 knock-out mice showed that TRPV1 

is important in inflammation-induced heat hyperalgesia (Caterina et al., 2000). In addition, 

this receptor can be sensitised by different mediators released during an inflammatory 

process (see figure 1.3). The role of TRPV1 in neuropathic pain is not fully understood. 

Hudson et al. (2001) and Walker et al. (2003) have shown the accumulation of TRPV1 at 

the injury site (partial sciatic nerve ligation). A study performed by Biggs et al., (2007a) 

in adult ferrets demonstrated that TRPV1 was increased in the early stages after a LNI 

but decreased to a basal level by 3 months. In addition, studies carried out in human 

tissues, specifically in lingual nerve neuroma, showed that TRPV1 levels were not 

correlated with the symptoms of pain reported (Biggs et al., 2007b). Taken together, these 

studies suggest that TRPV1 may be involved in the initiation but does not necessarily 

play a role in the maintenance of neuropathic pain. Evidence suggests that TRPA1 is 

activated by bradykinin and ATP and contributes to the generation of pain (Bandell et al., 

2004, Jordt et al., 2004). TRPA1 is also increased after a nerve injury and has been 

associated with the generation of hyperalgesia (Frederick et al., 2007). However, studies 

conducted in human lingual nerve neuromas did not show a correlation between TRPA1 

expression levels and the symptoms of pain (Morgan et al., 2009). Sodium channels such 

as Nav1.7, 1.8 and 1.9 can be altered as to their level of expression and location after an 

injury (Ji et al., 2011, Kuner, 2010, Linley et al., 2010, Bhave and Gereau, 2004). Under 

normal conditions, they are distributed throughout the neuron, but studies conducted in 

both human and animal tissues have shown that after PNI they accumulate in abnormally 

high concentrations at sites of injury (Coward et al., 2000, Devor et al., 1993, Devor et 

al., 1989, Kretschmer et al., 2002, Bird et al., 2013, Bird et al., 2007, Davies et al., 2006). 

In fact, two studies conducted in human tissues by Bird et al., (2007) and (2013) 

demonstrated that, particularly, Nav1.7, 1.8 and 1.9 were expressed in human lingual 

nerve neuroma, and Nav1.8 levels of expression were correlated with symptoms of pain 

following LNI. Sodium channel, voltage-gated, type III, alpha subunit (Nav1.3) levels of 

expression in the peripheral nervous system decrease following birth (Suzuki et al., 1988), 

but it has been demonstrated that after a peripheral injury the expression of Nav1.3 

increases in dorsal root ganglion (DRG) neurones (Waxman et al., 1994, Dib-Hajj et al., 

1999, Black et al., 1999). In contrast, the expression of Nav1.3 in trigeminal system does 

not seem to be correlated with injury (ferret trigeminal nerve injury) (Davies et al., 2006). 

Sodium Channel, Voltage-Gated, Type VII, Alpha subunit (Nav1.7), in turn, has been 
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suggested to play a role in inflammatory but not in neuropathic pain (Nassar et al., 2005, 

Nassar et al., 2004), as Nav1.7 knockout mice still develop mechanical allodynia after 

spinal nerve injury. 

 

1.1.3.3. Central sensitisation and neuronal plasticity 

In central terminals, as a result of the hyperactivity of nociceptors, there is an 

increased release of neurotransmitters and neuromodulators such as glutamate, SP, CGRP 

and ATP (figure 1.4).  This leads to the hyperactivity of second-order neurones and 

facilitates the transmission of pain information to the brain (central sensitisation) (Guillot 

et al., 2012, Kuner, 2010). The NMDA receptor is blocked by Mg2+ under normal 

conditions (Milligan and Watkins, 2009). A co-release of glutamate and neuromodulators 

such as SP and CGRP mediates NMDA activation (loss of Mg2+ block) leading to cell 

depolarisation and influx of Ca2+. The AMPA receptor is also sensitised by glutamate, 

and the accumulation of intracellular  Ca2+ activates multiple Ca2+-dependent signalling 

pathways and second messengers such as Ca2+/calmodulin-dependent kinase-II (caMKII) 

(Basbaum et al., 2009). These events can further sensitise AMPA and NMDA receptors 

and induce the release of neurotransmitters and neuromodulators (Woolf and Salter, 

2000). Activation of other receptors such as purinergic receptors by ATP, mGluR by 

glutamate, neurokinin 1 receptor by SP, calcitonin receptor-like receptor (CRLR) by 

CGRP and the release of brain-derived neurotrophic factor (BDNF) contribute to 

increased pain transmission. In addition, neural plasticity (i.e. the capacity of neurones to 

alter their function, chemical profile, or structure) is necessary for the maintenance of 

persistent pain (Woolf and Salter, 2000). Long-term changes include modifications in 

gene expression at the transcriptional level (Costigan et al., 2009, Woolf and Ma, 2007). 

This will result in an increase in the production of receptors and ion channels (e.g. TRP 

channels and VGSC) and central mediators (BDNF, SP) leading to phenotypic changes 

within the nociceptive system that contribute for an established phase of chronic pain 

(Woolf and Salter, 2000). Another important component for central sensitisation is 

disinhibition. Under normal conditions, the release of GABA and glycine from inhibitory 

interneurones decreases the excitability of nociceptors. However, under conditions of 

injury, this inhibition can be lost, contributing to hyperalgesia (see figure 1.4) (Lau and 

Vaughan, 2014). For instance, the release of PG such as PGE2 and BDNF in central 

terminals seems to block inhibitory neurotransmission (Basbaum et al., 2009, Ahmadi et 

al., 2002).  
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1.1.3.4. Glial cells activation 

Glial cells (oligodendrocytes, astrocytes and microglia) are part of the CNS 

corresponding to around 70% of the total cell population. These cells surround neurones, 

and besides providing protection/nutrition, they also play an important role in the 

generation and maintenance of persistent pain (Guillot et al., 2012). Oligodendrocytes are 

responsible for the production of the myelin sheath in the CNS and a direct role in chronic 

pain has not been reported to date. Microglial cells correspond to 5-10% of the glia 

(Moulin, 2013). Microglia express the major histocompatibility complex (MHC), which 

has a role in presenting antigens to T lymphocytes, and they also release several mediators 

under conditions of inflammation and injury (Piehl and Lidman, 2001). Astrocytes 

correspond to the largest population of glial cells in the CNS. They regulate extracellular 

pH, ion and neurotransmitter concentration (such as glutamate), thus are essential for the 

maintenance of homeostasis (Milligan and Watkins, 2009).  

Under normal conditions, microglia and astrocytes are quiescent but upon 

activation they undergo hypertrophy, proliferate and increase expression of different 

proteins and mediators. For instance, astrocytes increase the production of glial fibrillary 

acidic protein (GFAP; it is used as an astrocyte marker).  

Evidence has suggested that the proliferation of astrocytes starts relatively late and 

progresses slowly, but is sustained for a longer period when comparing with the 

microglial response (Raghavendra et al., 2003, Hashizume et al., 2000). Both astrocytes 

and microglia express receptors capable of detecting multiple mediators (figure 1.4). For 

instance, following peripheral nerve injury, nociceptor terminals release fractalkine (a 

membrane-bound chemokine) that activates the chemokine receptor CX3CR1 (Verge et 

al., 2004) and heat shock proteins (HSP) that can bind to toll-like receptors (TLR) (Tanga 

et al., 2005), leading to mobilisation of internal Ca2+. As a consequence, pro-

inflammatory cytokines such as TNF-α, IL-1β and IL-6 are released from microglial cells 

(Winkelstein et al., 2001), creating an excitatory positive-feedback loop that contributes 

to central sensitisation (Ji et al., 2013). In addition, ATP binds to P2X4 in microglia 

causing the release of BDNF that will interfere in the inhibitory actions of GABA (Coull 

et al., 2005). In astrocytes, there is also a reduction in the uptake of glutamate, leading to 

hyperexcitability of post-synaptic neurones (Ji et al., 2013).  

Of note, the role of microglial cells in pain has been particularly studied over the 

past few years and evidence suggests that they may be implied in pain sex differences. 

Work conducted by Sorge et al. (2011) has demonstrated that Toll-like receptor 4 
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(expressed in microglial cells) contributed to the development of neuropathic pain 

sensitivity only in male mice, in a mechanism dependent on testosterone. Further studies 

also concluded that P2X4R-induced release of BDNF by microglia was only present in 

male mice (Sorge et al., 2015). It has been suggested that female mice use a different 

mechanism, as equal levels of pain behaviour were observed in both male and female 

mice. Female mice seem to use preferentially adaptive immune system, with infiltrating 

T cells being present following injury. Interestingly, T cell-deficient female mice respond 

to a glial inhibitor and reverse the pain behaviour (Sorge et al., 2015). Microglia activation 

will be further discussed in more detail in chapter 4, in particular, in response to the LNI 

in the male rat.  
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Figure 1.4. The sequence of events that contribute to central sensitisation. 1) Increased release of neurotransmitters and neuromodulators 

and increased activity of post-synaptic receptors. 2) Loss of GABA and glycine inhibition (disinhibition). 3) Glial cells activation (microglia 

only in male subjects).  
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1.2. Resolvin receptors 

 Resolvins 

Resolvins were originally isolated from inflammatory exudates in the murine 

air pouch model of acute inflammation (after injection of TNF-α) (Serhan et al., 2000, 

Serhan et al., 2002) and later they were also found in human blood (Arita et al., 2005b, 

Hong et al., 2003, Mas et al., 2012). Resolvins are endogenous lipid mediators derived 

from the omega-3 polyunsaturated fatty acids (PUFA) present in dietary essential fat 

(Serhan et al., 2002). The benefits of omega-3 PUFA on human health have been 

known since the beginning of the twentieth century. It was demonstrated that the 

exclusion of lipids from the diet resulted in several pathologies and premature death 

(Burr, 1929). More recently, the ‘Gruppo Italiano per lo Studio della Streptochinasi 

nell'Infarto Miocardico’ (GISSI; Italian group for the study of the survival of 

Myocardial Infarction) recruited over 11,000 patients who had survived a myocardial 

infarction. In a randomized trial, they were supplemented with 1 g daily of omega-3 

PUFA (in addition to aspirin treatment). The results revealed that the risk of death in 

the group treated with omega-3 PUFA was significantly decreased (GISSI, 1999). 

Several explanations were presented for such benefits: omega-3 PUFA function as 

direct antagonists of arachidonic acid (AA), thus, inhibiting the formation of PG or 

leukotrienes, or serve as alternative substrate generating less potent products, among 

others (Connor, 2000). However, the lack of molecular evidence together with the 

high doses required, led scientists, particularly in the Serhan laboratory in Harvard 

Medical School, to question whether the omega-3 PUFA intake would be metabolised 

into bioactive compounds. By means of an unbiased system approach with liquid 

chromatography tandem-mass spectrometry (LC-MS/MS) based lipidomics it was 

possible to identify different bioactive products during the resolution phase of acute 

inflammation (after injection of TNF-α). These molecules activated mechanisms of 

resolution and therefore were named specialised pro-resolving mediators (Arita et al., 

2005a, Hong et al., 2003, Serhan et al., 2002, Serhan et al., 2000). Among these 

mediators are resolvins and so called because they are produced during the resolution 

phase of inflammation via cell-cell interactions (Serhan et al., 2000). 
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1.2.1.1. Biosynthesis and identification of different resolvins 

The omega-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) are enzymatically metabolised to E-resolvins and D-resolvins, respectively, in 

a multi-step reaction during endothelial cell-neutrophil interactions that occur in the 

resolution of inflammation (figure 1.5). Resolvins derived from the omega-3 EPA (E-

series) are metabolized via acetylated cyclooxygenase 2 (COX-2) or cytochrome P450 

and 5-lipoxygenase (LOX). Resolvins derived from the omega-3 DHA (D-series) are 

metabolised via 15-LOX and 5-LOX. D-series resolvins can also use the biosynthetic 

pathway of the acetylated COX-2 and 5-LOX to obtain aspirin triggered (AT)-

resolvins (for a complete review, please, see Bannenberg and Serhan, 2010). It is 

believed that the treatment, in particular, with aspirin enhances the production of these 

molecules (Serhan et al., 2002). The acetylation of COX-2 by aspirin stops the 

production of prostaglandins but the acetylated enzyme is still able to generate other 

bioactive compounds, such as resolvins (Arita et al., 2005b, Bannenberg and Serhan, 

2010, Serhan et al., 2002). Several resolvins have been identified, each with a unique 

structure and a stereospecific activity. Within the D-series, resolvin (Rv) D1 was the 

first resolvin identified (Serhan et al., 2002). It was primarily isolated from 

inflammatory exudates in vivo (murine air pouch model of inflammation) and later in 

human blood (Mas et al., 2012). It was also found in trout brain (Hong et al., 2005), 

suggesting the evolutionary conservation of this resolvin. AT- RvD1 differs from 

RvD1 in the stereochemistry of the 17-OH group. Even though, evidence suggests that 

both RvD1 and AT-RvD1 do not show significant differences in potency, AT-RvD1 

seems to be more resistant to catalyse than RvD1 (Sun et al., 2007). Additional 

members of this family - RvD2, D3 and D5 - were identified, arising from similar 

routes, but with a distinct chemical structure and other potential roles (Dalli et al., 

2013, Chiang et al., 2012, Spite et al., 2009, Mas et al., 2012). 
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For instance, RvD3 and AT-RvD3 appear in the late phase of resolution of 

inflammation (Dalli et al., 2013). In the E-series, RvE1 was the first resolvin identified in 

exudates from murine dorsal pouches after treatment with aspirin and EPA (Serhan et al., 

2000). In humans, RvE1 was also identified in individuals taking aspirin (Arita et al., 

2005a). RvE1 is also produced by Candida albicans (Haas-Stapleton et al., 2007). More 

recently, RvE2 and RvE3 have also been identified (Isobe et al., 2012, Tjonahen et al., 

2006). Further studies in healthy volunteers have characterised the presence of resolvins 

in human blood and breast milk. Psychogios et al. (2011) reported that RvE1 and RvD1 

were present in plasma collected from healthy volunteers taking omega-3 PUFA. Mas et 

al. (2012) identified RvD1 and RvD2 in human plasma and serum following 

supplementation. More recently, Weiss et al. (2013) demonstrated the presence of 

resolvins in human milk during the first month of lactation.  The levels of resolvins seem 

to reflect omega-3 dietary intake (Arita et al., 2005a), and during an inflammatory 

response the biosynthesis of resolvins increases with time (Mas et al., 2012). However, 

due to an increase in the sensitivity of the LC-MS-MS technique, a recent publication has 

reported the presence of some resolvins (such as RvD1 and RvE1) in human blood of 

healthy volunteers in picogram to nanogram range (bioactive range) without known 

Figure 1.5. Biosynthesis of resolvins. Resolvins are derived from omega-3 PUFA 

prevenient from dietary essential fat (especially enriched in fish). Multiple synthetic 

enzymes, including COX-2, cytochrome P450, and 5- and 15-LOX are involved. RvD1 

and AT-RvD1 are derived from DHA, whereas Rv1 is derived from EPA. For a detailed 

review of the biosynthesis of resolvins please see Bannenberg and Serhan, 2010. Image 

taken with permission from Ji et al. (2011). 
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supplementation with omega-3 PUFA (Colas et al., 2014). In addition, resolvins were 

also identified in lymphoid tissues in the bioactive range of action (Colas et al., 2014). 

Because resolvins were originally isolated from inflammatory exudates during the 

resolution phase, their role in the regulation of inflammation and associated diseases has 

been particularly studied (discussed in section 1.2.1.2). However, further investigation is 

required, for instance, to evaluate whether diseases characterised by persistent 

inflammation result from failure in the resolution because of the absence of specific 

mediators (e.g. resolvins) or because of changes in their receptors and pathways (Fredman 

et al., 2012). In addition, resolvins are endogenous lipid mediators and, thus are rapidly 

metabolised (Hong et al., 2008). Therefore, some studies have focused in the synthesis of 

more stable analogues (Ji et al., 2011). For instance, adding substitutes to the C18 makes 

RvE1 analogues resistant to oxidation but keeps similar activity to RvE1 in vivo (Arita et 

al., 2006). In fact, an RvE1 analogue is in clinical trials for ophthalmic indications (Serhan, 

2014). 

 

1.2.1.2. Actions of resolvins in disease models 

Resolvins have both anti-inflammatory and pro-resolution actions: they block the 

production of pro-inflammatory mediators, regulate leukocyte trafficking to 

inflammatory sites and, at the same time, promote the clearance of neutrophils (Serhan et 

al., 2008). In addition, recent studies have shown that resolvins can attenuate chronic pain 

without affecting basal pain sensitivity (Xu et al., 2013, Ji et al., 2011). A summary of the 

main actions of resolvins is described in table 1.2. 

 

Anti-inflammatory and pro-resolving actions of resolvins 

Inflammation is characterised by the release of several pro-inflammatory mediators 

derived from AA, such as PG and leukotrienes that regulate oedema and neutrophil 

recruitment (Serhan and Savill, 2005). With time, leukocyte recruitment increases and 

monocytes and macrophages appear. After the initial pro-inflammatory events, there is a 

class switch and mobilisation of omega-3 PUFA from circulation and formation of pro-

resolving mediators (Mittal et al., 2010). The acute inflammatory response has a 

protective role that will culminate in the restoration of tissue homeostasis (Freire and Van 

Dyke, 2013). However, if left uncontrolled, this response fails to exert the protective 

function, and results in several chronic conditions (Bannenberg et al., 2007, Freire and 

Van Dyke, 2013). The resolution of inflammation is now understood as an active process 
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rather than the traditional view that consisted in the simple termination of pro-

inflammatory events (Fredman et al., 2012, Freire and Van Dyke, 2013). Resolution 

involves the biosynthesis of specialised molecules such as resolvins (Serhan and Chiang, 

2013). Inflammation is a common component in many diseases and, in fact, a growing 

body of evidence is suggesting that the failure in the resolution process  of inflammation 

may result in several chronic pathologies such as atherosclerosis (Tabas, 2010) and 

Alzheimer’s (Wang et al., 2015). The role of resolvins in treating inflammatory conditions 

has been demonstrated through several studies using well-characterised animal models of 

inflammation. In a mouse air pouch model (inflammatory model that allows the isolation 

of contained inflammatory exudates and their direct lipidomic analysis), RvD1 and RvE1 

(100 ng/mouse) were able to stop neutrophil recruitment after TNF-α injection (Serhan et 

al., 2002, Serhan et al., 2000). In a zymosan-induced peritonitis model, RvE1 regulated 

cytokine and chemokine expression; RvE1 was also responsible for stopping neutrophil 

infiltration, induced macrophages phagocytosis, and regulated dendritic cell migration 

(Arita et al., 2005a). Krishnamoorthy et al. (2010) showed that RvD1 promotes 

macrophages phagocytosis and reduces actin polymerization (an important event for 

neutrophil recruitment). Inflammation is highly associated with adipose tissue 

(Bannenberg et al., 2005). In obese-diabetic mice, RvD1 reduced the accumulation of 

macrophages in the adipose tissue and improved insulin sensitivity (Hellmann et al., 

2011). RvD2 regulated leukocytes and controlled microbial sepsis (Spite et al., 2009). 

RvD3 application resulted in decreased neutrophil infiltration and stimulation of IL-10, 

in both murine peritonitis and dorsal skin pouches (Dalli et al., 2013). In a murine 

peritoneal E. coli infection, RvD5 promoted phagocytosis of E. coli and led to the 

inhibition of TNF-α (Chiang et al., 2012). In the same study, RvD5 reduced the antibiotic 

requirements for bacterial clearance.  

 

Analgesic actions of resolvins 

The presence of multiple mediators that characterises an inflammatory process, can 

lead to the sensitisation of nociceptors, and in the particular case of inflammatory pain, 

inflammation is a crucial component (Sommer and Birklein, 2011). In 2010, Xu and 

colleagues tested, for the first time, the role of RvE1 and RvD1 in inflammatory pain. 

Three different models of inflammatory pain were used: Carrageenan (CRG), that 

produces heat hyperalgesia, paw oedema and neutrophil infiltration; Intraplantar injection 

of formalin, that creates two phases of spontaneous pain behaviour; and complete 
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Freund’s adjuvant (CFA) that produces inflammatory pain for weeks, with mechanical 

allodynia and heat hyperalgesia. The results showed that resolvins can reduce 

inflammatory pain symptoms, without changing basal pain sensitivity, at nanogram dose 

ranges (Xu et al., 2010). Intraplantar pre-treatment with resolvins reduced CRG-elicited 

paw oedema, neutrophil infiltration and heat hyperalgesia. Pre-administration of RvE1 in 

the spinal cord (intrathecal) reduced the second phase of formalin-induced inflammatory 

pain. Intrathecal injection of RvE1, three days after CFA injection, also temporarily 

reduced CFA-induced heat hyperalgesia in a dose-dependent manner. Of note, Xu et al. 

(2010) have also showed that DHA and EPA alleviate inflammatory pain but the doses 

required were 1000 times higher to that of resolvins. In a mouse model of postoperative 

pain (hindpaw incision), spinal administration (intrathecal) of RvD1 attenuated 

mechanical allodynia (Xu et al., 2010). Pre-treatment with resolvins also alleviated pain 

behaviour induced by TRPV1/A1 agonists (Park et al., 2011). RvD2 and RvE1 inhibited 

capsaicin actions on TRPV1 and RvD2 and RvD1 blocked mustard oil actions on TRPA1. 

In adjuvant-induced arthritis, AT-RvD1 also reduced hyperalgesia (Lima-Garcia et al., 

2011).  Xu et al. (2013) reported that the intrathecal pre-treatment with RvE1 prevented 

chronic constriction injury (CCI)-induced mechanical allodynia (neuropathic pain model). 

RvE1 (intrathecal post-administration) also reduced mechanical allodynia and heat 

hyperalgesia for 2 h, three weeks after spinal nerve ligation (SNL). Thus, RvE1 may also 

be used to treat established neuropathic pain in the late phase. All together, these studies 

suggest that the analgesic effect is time-dependent: the best results were observed when 

the resolvins were administered in advance or in the first hour after injury. 

 

1.2.1.3. Resolvins mechanisms of action 

One of the mechanisms that has been identified for resolvin action is their blocking 

of TRP receptors, particularly TRPV1 and TRPA1 (Park et al., 2011). However, the 

inhibitory actions of resolvins are not generated by direct antagonism, instead they seem 

to be mediated via specific GPCRs (discussed in further detail in section 1.2.2) (Ji et al., 

2011, Park et al., 2011). This permits a clear separation of resolvins from classic TRP 

antagonists that show strong side effects, such as hyperthermia (Gavva et al., 2008). A 

further mode of action of resolvins seems to be the regulation of microglia activation (Xu 

et al., 2013). RvE1 prevented the up-regulation of the microglia marker Iba1, but the 

expression of astrocyte marker GFAP was not altered. Resolvins seem to function without 

disrupting normal physiological mechanisms, thus it has been reported that they are not 
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immunosuppressive (Serhan, 2010). However, because they act on immune cells it is 

necessary to investigate potential side effects (Ji et al., 2011). Resolvins through GPCR 

act in diseases associated with pain and inflammation due to the mentioned properties: 

anti-inflammatory, pro-resolving and analgesic (see table 1.2) (Serhan et al., 2008, Ji et 

al., 2011). 
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 Table 1.2. Bio-actions of resolvins. 

Resolvin Model Action/Effect References 

RvD1 

Mouse dorsal air pouch Stops neutrophil recruitment (Serhan et al., 2002) 

After LTB4 administration RvD1 blocks actin polimerisation and CD11b up regulation 
(Krishnamoorthy et al., 

2010) 

Zymosan-stimulated 

peritonitis 

Attenuates leukocyte infiltration and neutrophil recruitment (Norling et al., 2012) 

Limits LTB4 synthesis (Fredman et al., 2014) 

AT-RvD1 

Murine peritonitis Stops neutrophil infiltration and trans endothelial migration, supress cytokine production (Sun et al., 2007) 

Mouse TMJ inflammation Protects inflammation in the TMJ (Norling et al., 2011) 

Adjuvant-induced arthritis Decreases joint stiffness and hyperalgesia 
(Lima-Garcia et al., 

2011) 

RvD2 

mouse burn injury Prevents thrombosis and subsequent dermal necrosis; Inhibits  TNF-a and IL-1β (Bohr et al., 2013) 

Inflammatory pain 
Inhibits TRPV1 and TRPA1 activation; 

Inhibits spontaneous pain 
(Park et al., 2011) 

Caecal ligation and puncture 
Decreases cytokine production and neutrophil recruitment; increases peritoneal 

mononuclear cells and macrophage phagocytosis. 
(Spite et al., 2009) 

RvD3 

AT-RvD3 
Peritonitis Blocks neutrophil transmigration and enhances macrophage phagocytosis and efferocytosis (Dalli et al., 2013) 

RvD5 Murine peritoneal E.coli Enhances phagocytosis of E.coli and reduces TNF-α (Chiang et al., 2012) 

RvE1 

Mouse dorsal air pouch Stops neutrophil migration (Serhan et al., 2000) 

Zymosan-induced peritonitis Blocks IL-12 production and stops neutrophil recruitment (Arita et al., 2005a) 

Spinal nerve injury Temporarily reduces mechanical allodynia and heat hyperalgesia 
(Xu et al., 2013) 

CCI Prevents mechanical allodynia 

Formalin Reduces second phase of formalin-induced inflammatory pain 

(Xu et al., 2010) 
CRG Reduces neutrophil infiltration, reduces heat hyperalgesia,  reduces IL-1β, IL-6, TNF-α 

CFA Reduces heat hyperalgesia 

Hindpaw incision Attenuates mechanical allodynia 

Capsaicin Inhibits capsaicin-induced heat hyperalgesia (Park et al., 2011) 

RvE2 Zymosan-induced peritonitis Induces macrophage non-phlogistic phagocytosis of apoptotic neutrophils (Oh et al., 2012) 

RvE3 Zymosan-induced peritonitis Limits neutrophil infiltration (Isobe et al., 2012) 

LTB4: Leukotriene B4 (pro-inflammatory mediator); TMJ: Temporomandibular joint; CCI: Chronic constriction injury; CRG: Carrageenan; CFA: Complete Freund’s adjuvant. 
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 Receptors 

The actions of resolvins are mediated by GPCRs (Im, 2012). As represented in 

figure 1.6, GPCRs are seven transmembrane (TM) proteins (also called 7TM receptors) 

that convey a variety of physiological signals via GTP-binding proteins. When 

activated, the GPCR initiates a cascade reaction that results in the dissociation of the 

G protein into subunits Gα, Gβ and Gγ. To further transmit the signal each subunit 

stimulates different second messengers (Kobilka, 2007).  

 

 

 

 

 

 

 

 

 

 

Initial receptor screening studies used pertussis toxin (PTX, a specific inhibitor for 

Gαi-coupled GPCR) to verify whether GPCR were involved in resolvin signal 

transduction. The PTX treatment reduced resolvin actions, suggesting that resolvins act 

via PTX-sensitive GPCR (Arita et al., 2005a, Krishnamoorthy et al., 2010). To date, four 

GPCR have been identified as resolvin receptors: FPR2/ALX (lipoxin A4 receptor), 

GPR32 (G protein-coupled receptor 32), ChemR23 (chemerin receptor 23) and BLT1 

(leukotriene B4 receptor 1) (see table 1.3).   

 

 

 

 

Figure 1.6. Secondary structure common to GPCR. GPCR are seven transmembrane 

proteins with an extracellular N-terminal domain and an intracellular C-terminal. It is 

connected to different sub-units of G proteins (not shown) that will activate different 

second messengers; TM: transmembrane. Taken with permission from: Kobilka (2007). 
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Table 1.3. Resolvins and their receptors. 

 

The actions of RvD1 are mediated by FPR2/ALX and GPR32 (Krishnamoorthy et 

al., 2010). It seems that, at low concentrations of this resolvin, the GPR32 is activated 

and an increase in concentration activates FPR2/ALX (Norling et al., 2012). This suggests 

that at least in neutrophils, GPR32 has a homeostatic/physiological role, whereas 

FPR2/ALX seems to be activated in pathological situations. GPR32 is also activated by 

RvD3, AT-RvD3 (Dalli et al., 2013) and RvD5 (Chiang et al., 2012). FPR2/ALX and 

GPR32 do not seem to be linked to the classic second messengers of GPCR signal 

transduction, as they do not activate Ca2+ or cAMP signalling in isolated human 

neutrophils (Krishnamoorthy et al., 2010). 

The actions of RvE1 are mediated by ChemR23 and BLT1 (Arita et al., 2005a, Arita 

et al., 2007). RvE1 functions as an agonist for ChemR23. RvE1 also binds to BLT1 in 

neutrophils, being a partial agonist. Of note, some authors questioned the binding of RvE1 

to ChemR23 (Bondue et al., 2011, Davenport et al., 2013). However, these reviews were 

RECEPTOR RESOLVIN METHOD REFERENCE 

GPR32 

RvD1, 

AT-RvD1 

GPCR β-arrestin reporter 

systemb; Radioligand specific 

binding; ShRNA knockdown; 

Ligand selectivity using ECISc. 

(Krishnamoorthy 

et al., 2010) 

RvD3, 

AT-RvD3 

GPCR β-arrestin reporter 

systemb; Ligand selectivity 

using ECISc. 

(Dalli et al., 2013) 

RvD5 
GPCR β-arrestin reporter 

systemb. 

(Chiang et al., 

2012) 

BLT1 RvE1 

Luciferase-reporter systema; 

Radioligand specific binding; 

PTX sensitivity 

(Arita et al., 2007) 

FPR2/ALX 
RvD1, 

AT-RvD1 

GPCR β-arrestin reporter 

systemb; Radioligand specific 

binding; ShRNA knockdown; 

Ligand selectivity using ECISc. 

(Krishnamoorthy 

et al., 2010) 

ChemR23 RvE1 

Luciferase-reporter systema; 

Radioligand specific binding; 

PTX sensitivity. 

(Arita et al., 2005a, 

Arita et al., 2007, 

Xu et al., 2010) 

a- Screening system for identifying receptor candidates, which tests the ability of receptor-ligand 

coupling to counteract TNF-α NF-κB activation (see Arita et al. (2005a)). 

b- Investigates, in a ligand-dependent way, the coupling of intracellular β-arrestin with the 

cytoplasmatic domain of GPCR. This system allows monitoring of ligand-receptor interactions without 

classic second messengers involved (see Krishnamoorthy et al. (2010)). 

c- Studies impedance changes upon ligand binding to receptors (see Krishnamoorthy et al. (2012)).  

ECIS: electrical cell substrate impedance sensing; PTX: Pertussis toxin. 
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based on unpublished data, and no information was available regarding the confirmation 

of synthesis and structure of the resolvins used for that claim. Arita et al. (2005a) using a 

screening system that tested the ability of RvE1 to inhibit TNFα-induced NF-κB 

activation in HEK293 cells, after transfection with candidate GPCR, demonstrated the 

high-affinity for ChemR23 (see table 1.3). Further studies with tritium-labelled RvE1 

(synthetic integrity confirmed by HPLC) have demonstrated that RvE1 binds to 

ChemR23-transfected Chinese hamster ovary (CHO) cells (Arita et al., 2005a). Thus, 

with the data available, ChemR23 must be accepted as RvE1 receptor. ChemR23 and 

other GPCR such as FPR2/ALX have the capacity to form heterodimers (de Poorter et al., 

2013) and Krishnamoorthy et al. (2010) suggested that it is possible that resolvins could 

signal through heterodimeric GPCR.  

Of note, the GPCR implicated in resolvin actions belong to the same GPCR family 

rhodopsin (based on sequence similarity and phylogenetic inference) and present highly 

conserved regions (Krishnamoorthy et al., 2010).  

 

GPR32 

GPR32 (also known as probable G-protein coupled receptor 32) is an orphan GPCR. 

GPR32 is a member of the rhodopsin family and consists of 356 deduced amino acids 

(Bäck et al., 2014). The gene that encodes GPR32 maps to the human chromosome 19.  

It shares a sequence identity of 35-39% homology with members of the chemoattractant 

receptor sub-family, especially with FPR2/ALX (Marchese et al., 1998). It was identified 

in 2010 as a RvD1 receptor (Krishnamoorthy et al., 2010). As mentioned above also 

RvD3 and RvD5 mediate, at least, part of their actions by binding to GPR32 (Chiang et 

al., 2012, Dalli et al., 2013). To date, very little is known about this receptor. However, 

evidence suggests that the role of RvD1 in reducing neutrophil recruitment and in 

stimulating macrophage phagocytosis is in part mediated via the GPR32 receptor 

(Krishnamoorthy et al., 2010). Expression levels of GPR32 were increased following 

monocyte exposure to zymosan for 24 to 48 h (Krishnamoorthy et al., 2010). Norling et 

al. (2012) suggested that GPR32 is involved in the regulation of homeostasis, at least, in 

neutrophils. The mRNA levels of this receptor have also been identified in macrophages, 

arterial and venous tissue and also in monocytes and neutrophils (Krishnamoorthy et al., 

2010). Of note, the murine orthologue of human GPR32 has not been identified to date. 
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However, an orthologue has been identified in the chimpanzee, which is a pseudogene 

(similar but non-functional gene) in mouse and rat (Krishnamoorthy et al., 2010) . 

 

BLT1 

BLT1 is a GPCR that belongs to the rhodopsin family and it is also known as a 

leukotriene B4 (LTB4) receptor (Lundeen et al., 2006)). It consists of 352 deduced amino 

acids. Two receptors for LTB4 have been recognised: high-affinity BLT1 and low-affinity 

BLT2 (Lundeen et al., 2006).  Both genes are located near to each other in the human 

genome (chromosome 14). BLT1 is highly expressed in vascular smooth cells, 

endothelial cells and leukocytes, especially granulocytes (Bäck et al., 2014, Qiu et al., 

2006), in contrast with BLT2 that is ubiquitously expressed (Bäck et al., 2014). BLT1 

and BLT2 share 45% amino acid sequence homology (Lundeen et al., 2006). BLT1 plays 

an important role in many chronic diseases such as arthritis, atherosclerosis, asthma and 

cardiovascular diseases (Arita et al., 2007) and mediates pro-inflammatory actions of 

LTB4. LTB4 is produced by activated leukocytes (Goldman and Goetzl, 1984). This 

chemotactic molecule promotes the recruitment of neutrophils, eosinophils and 

macrophages to inflamed sites (Zhai et al., 2010). Initial studies demonstrated that RvE1 

attenuates neutrophil recruitment (Arita et al., 2005a). However, the known receptor for 

RvE1 at that time, ChemR23, is not significantly expressed in neutrophils. Further studies 

have shown that BLT1 is also a receptor for RvE1 (Arita et al., 2007). RvE1 acts as a 

partial agonist of BLT1, blocking LTB4 binding to BLT1 on neutrophils. In BLT1 

knockout mice, the blockade of neutrophil recruitment by RvE1 is reduced in a model of 

zymosan-induced peritonitis (Arita et al., 2007). RvE1 does not bind to BLT2, despite the 

structure similarity to BLT1 (Arita et al., 2007). 

 

FPR2/ALX 

FPR2/ALX is a chemoattractant receptor belonging to the GPCR class A (rhodopsin) 

with an extracellular N-terminal and an intracellular C-terminal and consists of 351 

deduced amino acids (Bäck et al., 2014). The gene that encodes this receptor maps to the 

human chromosome 19. The murine orthologue is fpr2  (Dufton and Perretti, 2010). There 

is 65% overall homology in deduced amino acid sequences between human and murine 

receptor (Takano et al., 1997, Fiore et al., 1994, Chiang et al., 2003). This receptor was 

initially named formyl-peptide receptor-like 1 (FPRL1) given the sequence homology 
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(69%) with the N-formyl peptide receptor (FPR) family but had low affinity for formyl 

peptides (Ye et al., 1992). Further studies demonstrated the high affinity for the 

endogenous ligand lipoxin A4 (Fiore et al., 1994) and thus, the recommended 

nomenclature is FPR2/ALX (Bäck et al., 2014). In addition to lipoxin A4, FPR2/ALX can 

bind other lipid mediators, such as RvD1, and peptides and proteins such as annexin and 

serum amyloid A (SAA) (Cooray et al., 2013). Hence, FPR2/ALX has the particular 

capacity to bind distinct ligands and is classified as a multi-recognition receptor, showing 

cell and ligand specific activity (Norling et al., 2012). For instance, lipoxin A4 binding 

inhibits neutrophil recruitment and promotes the activation of monocytes (Chiang et al., 

2006). The internalisation of FPR2/ALX seems to be important for phagocytic action of 

lipoxin A4 and annexin-derived peptides (Maderna et al., 2010). FPR2/ALX is known to 

be expressed by neutrophils, monocytes, macrophages, immature dendritic cells and in T 

cells (Maddox et al., 1997). A recent study also reported the expression of this receptor 

in astrocytes in the spinal cord (Abdelmoaty et al., 2013). The stimulation of neutrophils 

with TNF-α and IL-8 produced significant increment in FPR2/ALX expression (Norling 

et al., 2012). Notably, Maderna et al. (2010) and Spurr et al. (2011) reported that 

FRP2/ALX expression rapidly increases with the increase concentration of its agonists 

and it has been demonstrated that FPR2/ALX responds only to high concentrations of 

RvD1 (Norling et al., 2012). FPR2/ALX is up-regulated in patients with Crohn’s disease 

and enhances macrophage clearance and inhibits cytokine release (Prescott and McKay, 

2011). 

 

ChemR23 

ChemR23 is a GPCR of the rhodopsin family, previously known as chemokine-like 

receptor 1 (CMKLR1). It consists of 371 amino acids with seven hydrophobic domains 

(Bäck et al., 2014). The gene that encodes this receptor maps to the human chromosome 

12 and it is conserved in several species, including mouse and rat (Methner et al., 1997).  

ChemR23 is expressed in dorsal horn neurones, and also in DRG neurones that co-express 

TRPV1 (Xu et al., 2010). It is also expressed in macrophages, monocytes and dendritic 

cells (Arita et al., 2005a), but not significantly in neutrophils (Wittamer et al., 2003). It 

has also been suggested to be expressed in microglia (Xu et al., 2013). ChemR23 is 

activated by the chemotactic protein chemerin (Cash et al., 2008), and was also known 

previously as a co-receptor for some primary HIV-1 strains (Samson et al., 1998). In 2005, 
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Arita et al. identified ChemR23 as a high affinity receptor for RvE1. It has been 

demonstrated that RvE1 binding to ChemR23 regulates dendritic cell migration, the 

production of IL-12 and blocks TNF-α signalling, in animal models of acute inflammation. 

Human ChemR23 shares an overall similarity of 86% in the deduced amino acids 

sequence with the rat orthologue, with the largest sequence differences detected in the N-

terminal and in the second extracellular loop (Mårtensson et al., 2006). ChemR23 and 

FPR2/ALX share an overall 36.4% similarity in their deduced amino acid sequences, 

especially the second intracellular loop and the seventh TM (Arita et al., 2005a). 

 

1.3. MicroRNA  

MicroRNAs (miRNAs) are a class of post-transcriptional regulators that are, 

frequently, evolutionarily conserved (Sayed and Abdellatif, 2011). They are short non-

coding RNA sequences of approximately 22 nucleotides capable of repressing the 

expression of a variety of genes by interacting with the 3’ untranslated region (UTR) of 

messenger RNA (mRNA). miRNAs are produced by RNA polymerase II and are 

processed by Drosha and Dicer enzymes (Gregory et al., 2006). They were first identified 

by Lee et al. (1993) in C. elegans  and, since then, their roles in many cellular processes, 

such as immune and inflammatory responses, have been demonstrated.  

 

 miRNA biogenesis and regulation 

Initially (in the nucleus) the transcription of miRNAs is conducted by RNA 

polymerase II, producing primary miRNA (pri-miRNA) hairpins (figure 1.7). This 

process is influenced by RNA Polymerase II-associated transcription factors and 

epigenetic control (Ha and Kim, 2014). miRNA genes can be located within the intron 

region of protein coding genes and be transcribed by their own promoter or within regions 

of coding genes (in exons) and transcribed by the host promoter (Hausser and Zavolan, 

2014). In addition, miRNAs can be found in clusters and be transcribed together as 

polycistronic units. Next, the pri-miRNA can be processed through canonical or non-

canonical pathways to generate mature miRNAs (Li and Rana, 2014). In the canonical 

pathway, Drosha (a nuclear protein that belongs to the RNase III-type endonucleases 

family) recruits DiGeorge syndrome critical region 8 (DGCR8) to form the 

microprocessor complex that digests the pri-miRNA and releases the precursor miRNA 

(pre-miRNA), a hairpin-shaped RNA of approximately 65 nucleotides in length. Drosha-
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DGCR8 processing is crucial for the determination of miRNA specificity as it defines the 

end (miRNA seed) of a miRNA. DGCR8 is important for Drosha-miRNA binding 

stability. miRNA can also be produced through non-canonical pathways such as 

spliceosome-dependent mechanisms (Ha and Kim, 2014). The pre-miRNA is then 

transported to the cytoplasm by exportin 5 where further processing is conducted by Dicer 

(RNase III-type endonuclease) together with TRBP (TAR RNA-binding protein 2). The 

pre-miRNA is cleaved by Dicer near the terminal loop, releasing a small RNA duplex. 

Subsequently, the miRNA duplexes are preferentially loaded into particular types of AGO 

proteins forming the RNA-induced silencing complex (RISC), that regulates all miRNA 

silencing processes. The guide strand is determined during the AGO loading step mainly 

based on the relative thermodynamic stability of the two ends of the small RNA duplex. 

The strand with relatively unstable 5’ end is typically selected as the guide strand (Bartel, 

2004), and the other strand, denominated ‘passenger strand’ or ‘miRNA*’ is usually 

degraded; however, this is not a strict process and there is evidence that the passenger 

strand can also be loaded into the RISC complex and regulate mRNA expression (even 

though less biologically active) (Bartel, 2004). The entire process of miRNA biogenesis 

and function of miRNAs is highly regulated (Ha and Kim, 2014). For instance Drosha is 

dependent on phosphorylation by glycogen synthase kinase 3β (GSK3β) for proper 

nuclear localization (Tang et al., 2011) and DGCR8 is crucial for the stabilisation of 

Drosha through protein-protein interactions (Han et al., 2009); this cross-regulatory loop 

controls initial pre-miRNA abundance and is a deeply conserved mechanism (Han et al., 

2009). In the cytoplasm, Dicer-TRBP is also regulated. Extracellular signal-regulated 

kinase 1 (ERK1) or ERK2 phosphorylation contributes to TRBP stabilization (Paroo et 

al., 2009). Within the RISC complex, AGO2 protein can be phosphorylated by MAPK-

activated protein kinase 2 (MAPKAPK2) (Zeng et al., 2008), contributing to the 

stabilization of the protein. miRNAs themselves may undergo several modifications, such 

as uridylation (Heo et al., 2008).  

 



32 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Summary of miRNA biogenesis and regulation of gene expression. miRNA 

biogenesis is tightly controlled and regulation can occur at any step. 1) miRNA are transcribed 

by RNA-polymerase II to produce pri-miRNA. 2) The pri-miRNA is processed by the Drosha-

Dicer microprocessor (canonical pathway) or through non-canonical pathways, such as 

spliceosome-dependent mechanisms and pre-miRNA is formed. 3) The pre-miRNA is, then, 

transported to the cytoplasm by exportin 5 where further processing takes place to complete 

miRNA maturation. 4) Dicer, together with its co-factor TRBP, cleaves the pre-miRNA near 

the terminal loop and a small RNA duplex is released. 5) The miRNA (guide strand) is loaded 

into AGO proteins forming the RNA-induced-silencing-complex (RISC). 6) The passenger 

strand (also denominated miRNA*) is, usually, degraded but can also be loaded into the RISC 

complex. 7) miRNA within the RISC complex binds the target mRNA and the mRNA is either 

degraded or repressed, preventing its expression. The miRNA seed (2-7 nucleotides on the 5‘ 

end is highly conserved and an exact match to the 3’ UTR of the mRNA results in a strong 

regulation of the mRNA expression. However, alternative binding is possible (see figure 1.8). 
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 miRNA-mRNA binding and target prediction 

Most protein-coding genes may be under control of miRNA and many miRNA are 

highly conserved (Christodoulou et al., 2010). In fact, more than 60% of human protein-

coding genes contain at least one conserved miRNA-binding site (Ha and Kim, 2014). 

For instance, Wheeler et al. (2009) demonstrated that, at least, 34 miRNA families have 

been conserved from C. elegans to humans, and Chiang et al. (2010) showed that 196 

miRNA families are conserved among mammals. Conservation is important for miRNA-

mRNA binding, but other non-conserved sites also exist. The binding sites for the miRNA 

are typically located in the 3’untranslated region (UTR) of the mRNA (see figure 1.8). 

The nucleotides spanning from position 2 to 7 at the 5’ end of miRNAs, denominated 

‘miRNA seed’, are crucial for target binding (Lewis et al., 2003). Some miRNAs have a 

common evolutionary origin but differ in the miRNA seed and Kim et al. (2013) 

demonstrated the importance of the miRNA seed by deleting separately the miRNA genes 

of miR-141 and miR-200c (these miRNAs belong to the highly conserved family miR-

200 and diverge by only one nucleotide in their miRNA seeds) and found that their targets 

barely overlap. A perfect Watson–Crick pairing between the miRNA seed and the mRNA 

(termed 8mer) usually represents a very strong prediction for miRNA-mRNA binding in 

particular when conservation of the target site is also present (Friedman et al., 2009). 

Additional improvement to miRNA-mRNA binding prediction includes the presence of 

adenine at position 1 (7mer-A1) or an extra nucleotide matching at position 8 (7mer-m8) 

of the miRNA (Lewis et al., 2005). Although an exact match in the seed region is a good 

indication for miRNA targeting, it is not an absolute requisite, and alternative binding 

arrangements are possible (see figure 1.8), including 3′ compensatory sites and centred 

pairing within the 13-16 nucleotides (Grimson et al., 2007, Shin et al., 2010).  

For miRNA target prediction purposes, an 8mer site is classified as the most 

efficient, followed by 7mer-m8 and 7mer-A1; the least efficient is a 6mer site (Grimson 

et al., 2007). However, it was found that the efficacy is highly dependent on the context 

of each individual site. For instance, an 8mer in the path of the ribosome (within 15 

nucleotides from the stop codon) seems to be less efficient than a 7mer in the UTR (Bartel, 

2009). Some publicly available algorithms for miRNA target prediction, such as 

TargetScan, take the context into account and report the context scores to rank the miRNA 

target predictions (Agarwal et al., 2015).  
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Figure 1.8. Types of miRNA-mRNA binding. Watson–Crick adjacent binding is represented by the vertical traces. A–C) Canonical 

sites: 7mer and 8mer correspond to exact seed-matching. D–E) Marginal sites: 6mer sites correspond to matching within the seed 

region but, usually with less pairing efficacy. F)  3′-supplementary sites: Watson–Crick pairing usually within miRNA nucleotides 

13–16 (orange) and complements a 6–8mer site. G) 3’-compensatory site: Watson–Crick pairing usually centring on miRNA 

nucleotides 13–16 (orange) creates a functional site and compensates for a mismatch in the seed region. Taken with permission from 

Bartel (2009). 
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 miRNAs in pain 

Although there are some studies reporting the role of miRNA in the nervous system, 

they have been focused mainly in the development of the nervous system and only 

recently started to be studied in conditions of chronic pain (Sayed and Abdellatif, 2011). 

The alterations in expression and function of a variety of receptors and mediators that 

characterise persistent pain suggested that miRNA may be implied in these pathological 

changes. A summary of the main miRNAs altered in pain models are described in table 

1.4.  

 

Table 1.4. Summary of miRNAs altered in different pain models. 

 

 

 

 

 

 

 

miRNA Model Cell/tissue Regulation Target References 

miR-1a-3p 

CFA DRG Down NI 
(Kusuda et 

al., 2011)a Capsaicin 
DRG Up NI 

SCDH NC NI 

SCI SCDH NC NI 
(Strickland et 

al., 2011)b, c 

miR-7a 

SNL/CCI DRG Down (7, 14 d) Sodium 

channel sub-

unit β2 

(Sakai et al., 

2013)a, c CFA DRG NC 

miR-21 

SNL SCDH Up 

NI 

(Sakai and 

Suzuki, 2013) 

a, c 
CFA SCDH NC 

SCI Astrocyte Up NI 
(Bhalala et 

al., 2012)a, c 

miR-96 CCI DRG Down Nav1.3 
(Chen et al., 

2014)a 

miR-103 SCI SCDH Up 

Subunits of 

Cav1.2 L-

type calcium 

channels 

(Favereaux et 

al., 2011)c, d 

miR-124a 

Formalin SCDH Down (8, 24h) MeCP2 
(Kynast et al., 

2013)a, c 

CFA TG 
Down (24h) 

Up (12d) 
NI 

(Bai et al., 

2007)a, c 

miR-183 SNL DRG Down 
BDNF, 

Nav1.3 

(Lin et al., 

2014)a, c 

miR-219 CFA SCDH Down CaMKIIγ 
(Pan et al., 

2014)a 

a- TaqMan based quantitative polymerase chain reaction (PCR); b- Locked nucleic-acid-based quantitative 

PCR; c- Locked nucleic acid based in situ hybridisation; d- Sybr green-based quantitative PCR. NI: Not 

identified; NC: Not changed; CCI: Chronic constriction injury; CFA: Complete Freund’s adjuvant; DRG: 

Dorsal root ganglion; SCDH: Spinal cord dorsal horn; SCI: Spinal cord injury; SNL: Spinal nerve ligation; 

TG: Trigeminal ganglion. 
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Expression of miRNA in peripheral nervous system was first reported in a model 

of inflammatory muscle pain (Bai et al., 2007). The changes in expression were quantified 

in the trigeminal ganglion after injection of CFA into the rat masseter muscle (that is 

innervated by the mandibular division of the trigeminal ganglion). This initial study 

demonstrated the down-regulation of different miRNAs (miR-10a, -29a, -98, -99a, -124a, 

-134, and -183) in the trigeminal ganglion ipsilateral to the injury site but no specific 

targets were predicted.  

Findings suggest that different miRNA change their expression dependently on the 

specific pain condition. For instance in the case of neuropathic pain and inflammatory 

pain different miRNAs are regulated. Kusuda et al. (2011) showed that miR-16 

expression was decreased in the DRG in inflammatory pain (after CFA injection) but not 

in neuropathic pain (partial sciatic nerve injury). Tam Tam et al. (2011) showed that miR-

143 was decreased in DRG in inflammatory pain caused by CFA injection but not after 

nerve transection of sciatic nerve. The expression of miR-21 is up-regulated while miR-

7a is down regulated in neuropathic pain (spinal nerve ligation) but not in inflammatory 

pain (hindpaw injection of CFA) (Sakai et al., 2013, Sakai and Suzuki, 2013).  

Importantly, evidence has suggested that miRNA can regulate ion channels 

expression and, thus, modulate pain threshold. In fact, the specific deletion of Dicer 

resulted in expression changes of sodium channels Nav1.7, 1.8, 1.9 in mice DRG 

nociceptors and reduced inflammatory pain thresholds (Zhao et al., 2010). Chen et al. 

(2014) suggested that miR-96 inhibits sodium channel Nav1.3 mRNA in DRG. In 

neuropathic pain model (CCI of rat sciatic nerve) miR-96 was decreased while Nav1.3 

expression was increased. In addition, intrathecal administration of miR-96 alleviated 

neuropathic pain behaviours and decreased Nav1.3 expression. In the late phase of 

neuropathic pain, miR-7a is significantly decreased in the DRG after spinal nerve injury 

(Sakai et al., 2013). Intrathecal administration of MiR-7a alleviates neuropathic pain 

behaviours by targeting the β2 subunit of the VGSC and normalising hyperexcitability of 

nociceptors (Lopez-Santiago et al., 2006, Sakai et al., 2013).  

Expression of miR-124a is down regulated in spinal cord dorsal horn neurones after 

peripheral injection of formalin (Kynast et al., 2013). MeCP2 is recognised as a target for 

miR-124. MeCP2 is a transcriptional regulator involved in inflammatory pain that targets 

BDNF. Intrathecal administration of miR-124a decreased BDNF levels and, thus, it may 

play an important role in inflammatory pain (Kynast et al., 2013).  
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MiR-103 was the first well characterised miRNA in neuropathic pain (Favereaux et 

al., 2011). This miRNA was down-regulated in the spinal cord dorsal horn neurones after 

spinal cord injury and the intrathecal injection of miR-103 alleviated neuropathic pain 

behaviours. miR-103 targets the three subunits of the voltage-dependent calcium channel 

Cav1.2 L-type (which underlie long-term changes in neuropathic pain (Fossat et al., 2010).  

In a model of CFA-induced inflammatory pain, miR-219 was down regulated in 

dorsal horn neurones, 1 to 10 days after CFA injection (Pan et al., 2014). The NMDA 

receptor and CaMKIIγ (a element of the NMDA receptor signalling cascade) are validated 

targets for miR-219 (Kocerha et al., 2009) and the levels of CaMKIIγ were increased in 

mice treated with CFA (subcutaneous injection in the hindpaw). Thus, miR-219 shows a 

promising role in the regulation of chronic inflammatory pain by targeting crucial 

components involved in chronic pain.  

Recent evidence has also suggested that miRNAs may play a role in the pain 

differences observed between genders. Linnstaedt et al. (2015) has found that the genes 

of the miRNAs differentially expressed in patients with post-traumatic musculoskeletal 

pain (blood samples) were enriched on the X chromosome. 

 

  Resolvins and miRNAs 

A recent line of investigation links the actions of resolvins to miRNA regulation. 

Recchiuti et al. (2011) reported that RvD1 up-regulated miR-21, miR-146b and miR-219 

and down-regulated miR-208a in a murine model of peritonitis. These same miRNAs 

were significantly regulated by RvD1 in human macrophages overexpressing 

recombinant RvD1 receptors FPR2/ALX or GPR32. The miRNAs regulated by RvD1 

target cytokines and proteins involved in the immune system. For instance, miR-219 

targets the enzyme 5-LOX and reduces leukotriene production (Recchiuti et al., 2011). 

Krishnamoorthy et al. (2012) demonstrated that RvD1 through FPR2/ALX and GPR32 

regulated specific miRNAs in the resolution of inflammation. For instance, it was 

reported that the administration of RvD1 up-regulated miR-208a and IL-10, in exudates 

from transgenic mice overexpressing FPR2/ALX. miR-208a down-regulated mRNA 

levels of the pro-inflammatory PDCD4 (Programmed Cell death 4), a suppressor of IL-

10 in macrophages (IL-10 is a potent anti-inflammatory mediator). In contrast, in 

FPR2/ALX knockout mice, RvD1 did not reduce leukocyte infiltration and the levels of 

miR-208a and IL-10 were not altered (Krishnamoorthy et al., 2012).  
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To date, miRNA regulated by resolvins of the E-series have not been identified. 

However, Wang et al. (2014) reported a mechanism by which BLT1 regulates several 

miRNA in macrophages, but this process was initiated by LTB4 and not RvE1. 

Additionally, there is no data at this point regarding resolvins regulating miRNA in 

pain-associated conditions. 

 

1.4. Lingual nerve injury and clinical implications 

The lingual nerve innervates the anterior two-thirds of the tongue (the posterior one-

third is innervated by the glossopharyngeal), the bottom of the mouth and the lingual 

gingivae. It is a part of the mandibular branch of the trigeminal nerve (the fifth cranial 

nerve) and it crosses between the medial pterygoid muscle and the mandible, passing 

anteriorly underneath the oral mucosa, just below the third molar tooth (figure 1.9-A). 

Trigeminal nerve fibres that contain the lingual nerve enter the brainstem at the level of 

the pons and descend to the medulla forming the trigeminal nucleus (figure 1.9-B). 

Second order neurones in the trigeminal nucleus cross the midline and ascend to the 

contralateral thalamus via the trigeminothalamic tract reaching the ventral posterior 

medial (VPM) of the thalamus. These nuclei send their axons to the somatosensory cortex 

in the brain where information from the lingual nerve is processed in terms of 

discriminative component (identification of location, intensity and quality of the 

stimulus). The lingual nerve is responsible for general somatic afferent innervation 

transmitting mechanical, thermal and noxious stimuli. In addition, it also contains fibres 

from the facial nerve carrying taste information and parasympathetic and sympathetic 

afferents within the chorda tympani. 

Because of its proximity to the teeth and alveolar bone, the lingual nerve is 

vulnerable to injury during routine oral surgery, such as removal of the third molar or 

local anaesthetic injection (Meyer, 2013). The majority of patients recover after some 

time but others are left with permanent sensory disturbances (0.3%) (Atkins, 2017). The 

most common symptoms described by the patients on the ipsilateral site of the tongue 

affected by the injury are numbness (hypoaesthesia), tingling, itching or tickling 

(paraesthesia) and burning, pricking or tenderness (dysaesthesia) (Meyer, 2013). It is, 

therefore, a disabilitating complication with a negative impact on the patient’s life as it 

affects their basic daily routine and social interactions  such as eating, speaking, drinking, 

teeth brushing, kissing (Renton, 2013).  
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Patients with persistent sensory disturbances may be referred for repair, consisting 

of  surgical removal of the injury site (the neuroma), followed by apposition of the 

proximal and distal ends via epineurial sutures (Robinson et al., 2004, Ziccardi, 2013). 

The majority of patients have significant improvement in their symptoms post-repair, and 

reduced problems with speech and eating. Despite this improvement some patients still 

mention unpleasant abnormal sensations following surgical repair (Robinson et al., 2000). 

For instance, a study conducted in the UK with 53 patients that underwent lingual nerve 

repair, found that 26% of patients after surgery repair still reported pain (compared to 30% 

before), 45% reported spontaneous tingling (compared to 47% pre-repair). Only 

numbness, tongue biting and taste disturbance were significantly improved following 

repair (64% to 11%, 74% to 49% and 64% to 57% respectively) (Robinson, 2013). 

Several explanations have been suggested and the extent of the initial injury seems to be 

the main determinant of the outcome of repair (Cheung et al., 2010); in contrast, the time 

of repair after injury does not seem to have an effect on the recovery (Robinson and Smith, 

1996). 

Patients that do not meet the criteria for surgical repair or that report ongoing 

sensory disturbances following repair are recommended to follow pharmacological 

therapy that includes anti-epileptics (e.g. gabapentin or pregabalin), anti-depressives (e.g. 

amitriptyline) or opioids (e.g. tramadol); however, they have variable degrees of success 

(Ruggiero, 2013). The clinical management of dysaesthesia after LNI is very difficult 

(Pippi et al., 2017) and there is a clear need to better understand the mechanisms behind 

the development of persistent pain following this type of injury and develop 

pharmacological alternatives that better address the cellular and molecular events that 

arise after injury. It is important that any novel medical treatment complements and 

enhances the progression of nerve regeneration.  
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Figure 1.9. Lingual nerve, trigeminal ganglion and brainstem. A) Lingual nerve is part of the trigeminal nerve and is responsible for 

innervating the tongue. B) Lingual nerve terminals transmitting noxious information (e.g. pain) are projected mainly to the trigeminal 

nucleus caudalis (Vc) in the medullar part of the brainstem. Brainstem drawing taken from Henssen et al. (2016) and brainstem cross-

sections adapted from Tohyama et al. (1979) under Creative Commons Attribution License (CC BY). 
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1.5. Animal models of neuropathic pain and behavioural 

assessment of orofacial pain 

One way to study the complex mechanisms of pain-associated diseases across the 

neuraxis is using pre-clinical models (such as the rat) to mimic, for instance, peripheral 

nerve injuries. One of the first models of neuropathic pain was developed in 1979 and 

involved the whole nerve transection in an intact limb leading to  autotomy behaviour 

(self-mutilation) (Wall et al., 1979). Later, Bennett and Xie (1988) described a model of 

partial injury to the sciatic nerve: chronic constriction injury (CCI), in which four chromic 

gut sutures are loosely ligated around nerve; this method constricts the nerve, but not all 

fibres and produces oedema surrounding the injured part of the nerve. Later, Vos et al. 

(1994) adapted and characterised the model in the orofacial system, more specifically in 

the infraorbital nerve (ION), reporting altered behaviour post-injury such as face-

grooming activity. The work described in this thesis adapted the CCI model to the lingual 

nerve injury. 

 One of the main disadvantages associated with the use of animals in particular in 

pain studies is the fact that they cannot self-report, unlike human subjects. Even though 

animal behaviours in response to noxious stimuli can be objectively measured, the most 

commonly used behavioural methods assess mainly reflexes (such as withdrawal from 

applied stimuli and jumping, etc.) or innate responses (such as biting, licking and 

guarding) that can be even accomplished by decerebrated animals (Mogil, 2009). Because 

pain is an emotional and sensorial experience that requires extensive cognitive 

cerebrospinal processing (Price, 2000), these type of responses have been questioned 

whether they are actually measuring the overall pain experience or just the sensory 

alterations that are normally present. In addition, there have been several reports of 

investigator bias induced in these types of experimental assessments (Mogil, 2017). 

Consequently, over the past years, there has been a considerable shift in the use of more 

clinically relevant methods of assessing pain in animals in order to improve pre-clinical 

translation into the clinic. Examples are the development of grimace scale to investigate 

spontaneous pain symptoms by evaluating natural body and face expressions  (Sotocinal 

et al., 2011) or operant tests (such as conflict paradigm or reward-conflict assays) in 

which non-reflexive measures require training and learning and, thus, involve 

cerebrospinal integration (that could not be performed after decerebration) (Murphy et al., 

2014, Mogil, 2009). 
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In terms of orofacial pain assessment, several operant behavioural tests are now 

available. The Orofacial Stimulation test (Ugo Basile, developed by Fehrenbacher, Henry, 

Hargreaves) (Cha et al., 2012)  and the Orofacial Pain Assessment Device (OPAD) allow 

the animal to get a reward or avoid a noxious stimuli applied in the orofacial region 

(Neubert et al., 2005). Another example is the dolognawmeter, in which the animals 

“gnaw through polyethylene foam and ethylene vinyl acetate resin dowels” to get a food 

reward (Dolan et al., 2010); this method in particular may be useful to study muscle and 

joint pain (for instance, derived from cancer), but it may not be easy to distinguish motor 

from sensory impairment. The escape test gives the animals a choice between a non-

noxious aversive stimulus (e.g., light) against an alternative noxious aversive stimulus 

(e.g. temperature)  (Ding et al., 2005, Mauderli et al., 2000). The escape test is considered 

relatively easy to apply as little training is required (Vierck et al., 2008). A similar  test 

in concept is the conditioning place preference paradigm, in which animals avoid 

locations in which they experience pain, or move to locations in which they had relief 

from pain (Cahill et al., 2013). There has also been developed a method so that the animals 

could self-administrate analgesics by pressing a lever, but this test in particular requires 

extensive training to obtain reproducible results (Martin et al., 2006). When performing 

and analysing behavioural data from animal models of pain it is also necessary to take 

into account the evolutionary role of rodents and acknowledge the difficulty that is 

measuring pain in animals that are preys in their natural habitat and should not 

demonstrate too much pain to potential predators (Murphy et al., 2014). The lingual nerve 

in particular is  difficult to assess with traditional reflexive measures due to its anatomical 

location and in chapter 3 a novel behavioural method to investigate LNI is reported. 

 

1.6. Overview, aims and hypothesis 

As described in the above literature review, chronic pain is a complex disease and 

involves multiple mechanisms. Neuropathic pain in the orofacial region, and in particular 

that arising as a consequence of LNI, can have a negative effect on the patient’s life. Even 

though it is an important clinical problem, its underlying cause is not fully understood 

and the available medical treatments are only partially effective.  Therefore, there is a 

clear need to better understand the mechanisms underlying this type of pain so that better 

therapeutics can be developed. 
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Resolvins act via GPCRs (ChemR23, BLT1, GPR32 and FPR2/ALX) and recent 

studies have shown that resolvins can attenuate inflammatory and neuropathic pain 

through those receptors. Resolvin receptors are known to be expressed in a variety of 

immune cells that participate in the inflammatory process. However, very little is known 

about the expression of those receptors in the nervous system, in pain processing tissues. 

miRNAs are known to control many cellular processes including immune responses and 

a growing body of evidence shows their role in chronic pain. In addition, it is suggested 

that resolvins can regulate miRNA through the mentioned receptors. 

Therefore, it was hypothesised that resolvin receptors are expressed within nervous 

system tissues responsible for pain processing and can contribute to the molecular and 

physiological changes that occur following peripheral nerve injury. It was also 

hypothesised that aberrant miRNA expression also contributes to these processes. 

To test these hypotheses, the CCI model of neuropathic pain was adapted to the rat 

lingual nerve. In addition, human tissues were included in order to establish correlations 

with clinical pain when applicable. 

The overall aim of this study was to characterise changes in feeding behaviour 

following LNI and correlate these changes with altered expression of potential 

modulators of neuronal excitability; namely microglial activation, resolvin receptors and 

miRNA. The specific objectives are listed below. 

1. Investigate and characterise feeding behaviour following LNI, using the Ugo 

Basile Orofacial Test. 

2. Characterise the microglial response to LNI in a rat model, over a specific time 

period using the microglial marker, Iba1. 

3. Identify the specific cells expressing resolvin receptors within the nervous system 

and characterise their expression following LNI.  

4. Investigate the expression of miRNAs following LNI and identify potential 

targets and pathways relevant in the context of nerve injury and chronic neuropathic pain.. 

5. Correlate any changes in microglial response, resolvin receptor and miRNA 

expression with changes in feeding behaviour. 
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    CHAPTER 2 

2. GENERAL MATERIAL AND METHODS 
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2.1. Introduction 

This chapter describes the general materials and methods used to carry out the 

studies reported in this thesis.  

 

2.2. Animal experiments 

A total of 30 adult male Sprague-Dawley rats (200-250 g) were used in the studies 

reported in this thesis. They were supplied by Charles River UK and kept in a 12 h light-

dark cycle (lights on at 7 am and off at 7 pm each day) with free access to food and water. 

Animals were allowed to acclimatise in the Biological Services Unit at the University of 

Sheffield for at least 1 week following arrival and were housed in groups of 3 or 4 rats 

per cage (each cage had bedding, wood shavings and one cardboard tube) in a room 

controlled for temperature (19-23°C) and relative humidity (40-70%). All efforts were 

made to minimise animal suffering beyond the necessary and to reduce the number of 

animals used in the studies herein reported. All animal experiments were carried out in 

accordance with the UK Home Office Animals (Scientific Procedures) Act 1986 and the 

ARRIVE guidelines (Kilkenny et al., 2010) were followed to report the animal 

experiments in this thesis. The model of neuropathic pain used was chronic constriction 

injury (CCI) of the lingual nerve, adapted from Bennett and Xie (1988). 

 

 Surgical procedures 

All surgical instruments were sterilised in an autoclave (Prestige Medical Classic 

Autoclave) before conducting any surgical procedure in order to reduce the risk of 

infection and contamination. In addition, the surgical table and surrounding area were 

disinfected with hibitane (5% concentrate in 75% alcohol, SSL International plc UK) 

prior to the surgical procedure. At first, anaesthesia was induced in the animals with 4% 

isoflurane (IsoFlo® 100% w/w) and 4% oxygen in an anaesthetic machine. The area of 

incision, below the left side of the mandible, was shaved and cleaned with hibitane. 

Animals were, then, transferred to the surgical table and placed on a heating pad covered 

with surgical drape to keep the animal’s body temperature at 37±2ºC; each animal was 

maintained under anaesthesia for the duration of the procedure by inhalation of 2-2.5% 

isoflurane and 2% oxygen. Prior to initiating the surgical procedure, it was determined 

that the reflex withdrawal of the paw was absent, by pinching the paw and the heart beat 

was continuously monitored for the entire duration of the surgery. Using an operating 
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microscope, an incision was made beneath the left side of the mandible and the left lingual 

nerve was exposed by separating the surrounding muscular  and connective tissue with 

the appropriate surgical instruments (blunt dissecting scissors, blade and surgical 

tweezers). In the experimental group, two chromic gut sutures were tied loosely around 

the lingual nerve 2 mm apart (figure 2.1). In the sham control group, the left lingual nerve 

was exposed but no sutures were tied around the nerve (no nerve injury). The surgical site 

was irrigated with sterile saline and the subcutaneous tissue and the skin were closed in 

layers with 4-0 Vicryl sutures.   

 

 

 

 

Animals were randomly allocated to experimental (CCI) or control (sham) groups 

on the day of surgery. Animals were left to recover for a period of 3, 7 or 28 days. The 

specific number of animals used in each group are described in more detail in each results 

chapter (chapters 3-6). 

 

 Behavioural testing  

The lingual nerve innervates the tongue and, therefore, its receptive field is very 

difficult to access using standard behavioural methods (for instance, testing for 

withdrawal threshold to von Frey hair). In addition, as discussed in the literature review 

(section 1.5 in chapter 1), in recent years there has been a shift away from the use of 

behavioural methods that rely largely on relflex responses to assess pain behaviour in 

animals. To overcome these issues, a method was developed using the Orofacial 

Figure 2.1. Chronic constriction injury of the rat lingual nerve. Rat drawing adapted 

from Csáti et al. (2015). Images not to scale. 
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Stimulation Test (code 31300, Ugo Basile, Comerio, VA, Italy) to evaluate the effect of 

lingual nerve injury on feeding behaviour. In this test  the rat voluntarily inserts the snout 

through an opening and uses the tongue to access a reward (chocolate milk) from a bottle 

(figure 2.2-A). Animals were trained to use the equipment for five days prior to surgery. 

The test was, then, performed on day 0 (day of the surgery) and, subsequently, on days 1, 

3, 5, 7, 14, 18, 21, and 28 after surgery. Time points were chosen based on the literature 

(Cha et al., 2012, Zuo et al., 2013) and previous work conducted in Professor 

Boissonade’s laboratory (Biggs et al., 2007a, Bird et al., 2003, Bird et al., 2002, Bowler 

et al., 2011, Davies et al., 2006, Evans et al., 2014, Loescher et al., 2001, Smith et al., 

2005). The test consisted of 10 min acclimatisation (with no access to the reward as the 

opening was covered) and 10 min recording with access to the reward bottle (opening 

cover removed). The equipment was connected to a computer where ORO software (Ugo 

Basile, Comerio, VA, Italy) was installed and automatically recorded the number of 

feeding attempts and duration of feeding every time the infrared barrier crossing the 

opening to the reward was interrupted (figure 2.2-B). In addition, volume consumed was 

quantified by subtracting the initial and final volume in the bottle. Animals were not 

deprived from food or water prior to testing, as the main goal of this test was to investigate 

the willingness of the animal to access the reward even though they had LNI. The 

behavioural testing results and further discussion are reported in detail in chapter 3. 

 

 

A) B) 

Figure 2.2. The Ugo Basile Orofacial Stimulation Test equipment. A) Opening that 

allows the rat to insert the snout and access the reward bottle. B) Representation of 

behavioural testing settings with testing cages connected to the ORO software that 

automatically records the testing parameters. 
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 Terminal procedures 

At the end of the recovery period the animals were anaesthetised with an overdose 

of pentobarbitone (Pentobarbital Sodium 20% w/v, JML) and transcardially perfused with 

phosphate buffered saline (PBS) prewash followed by 4% paraformaldehyde (for 

immunohistochemistry) or perfused with only cold PBS (for miRNA extraction, to 

remove any possible blood derived cross-contamination). The brainstem, trigeminal 

ganglia and left and right lingual nerves were removed and prepared for either 

immunohistochemistry or miRNA extraction. In preliminary studies, the spinal cord was 

also removed and prepared for immunohistochemistry. 

 

 Collection and preparation of rat tissue 

Tissues collected for immunohistochemical processing (brainstem and spinal cord) 

were immediately placed in 4% paraformaldehyde (Fisher Scientific, UK) for 4 h at 4ºC, 

followed by 30% sucrose solution overnight in order to cryoprotect the tissue. Before 

freezing and storage, brainstem and spinal cord tissues were prepared by removing the 

meninges and a subtle mark was made across the right ventral side of each tissue for 

identification of ipsilateral/contralateral side. Next, tissues were placed vertically in a 

mould (brainstem was placed so that the rostral part was at the bottom and the most caudal 

part at the top; spinal cord was placed so that lumbar part was at the bottom and the most 

cervical part at the top), embedded in optimal cutting temperature (OCT) compound 

(Sakura Finetek, Europe BV, The Netherlands) and frozen in a cryostat in fast-freezing 

mode. Once completely frozen, the block was removed from the mould, trimmed and 

stored at -80ºC until required for cutting and immunostaining.  

Tissue collected for miRNA extraction was immediately snap frozen in liquid 

nitrogen and subsequently stored at -80°C. Time between animal culling and tissue snap-

freezing was kept to the minimum possible. Lingual nerves were the first to be collected 

(~5 min), then brainstem (not used in the miRNA study) and last, trigeminal ganglia (~15 

min).  

 

2.3. Human studies 

Human tissues were obtained from the archive of human lingual nerve neuromas from 

Charles Clifford Dental Hospital, Sheffield, UK. All neuromas were collected with the 

informed consent from the patients. The study received approval and was conducted in 



 

49 

 

 

accordance to the South Sheffield Research Ethics Committee (06/Q2305/151) 

STH13926 (Mechanisms of oro-facial pain, histological, genomic and proteomic 

investigations) and East of England - Cambridge Central Research Ethics Committee 

(17/EE/0238) STH 19847 (The use of lingual nerve and tooth pulp tissue to identify 

molecules linked with chronic pro-facial pain). 

 

 Human lingual nerve neuromas 

LNI can occur after routine oral surgery (such as the removal of the lower third 

molar) or facial trauma and the current treatment involves surgically removing the 

abnormal part of the nerve (the neuroma) prior to carrying out a nerve repair procedure, 

as mentioned in section 1.4 in chapter 1. The pain history and symptoms (pain, tingling 

or discomfort on the side of the tongue innervated by the injured nerve) were obtained by 

the clinician pre-operatively as described in Robinson et al. (2000). In addition, patients 

were also asked to score the discomfort, tingling and pain using visual analogue scales. 

For a detailed description of the surgical removal of the neuroma, repair of the nerve and 

collection of clinical history see Robinson et al. (2000). The neuroma samples were also 

characterised by their macroscopical characteristics at the time of surgical removal. 

Neuromas with parts of the nerve connecting the gap between the central and distal ends 

were classified as neuromas-in-continuity (NIC); the samples with nerve-end swelling on 

the central part and no visible link between the central and distal ends were classified as 

nerve-end-neuromas (NEN).  

 

 Human tissue preparation  

Lingual nerve neuroma processing has been described previously by Bird et al. 

(2013) and the preparation of the neuroma tissues was conducted by Dr Emma Bird. 

Briefly, following surgical removal of the neuroma, the specimen was fixed in 2% 

Zamboni’s fixative (0.1 M phosphate buffer, pH 7.4, containing 4% paraformaldehyde 

and 0.2% picric acid) for 24 h at 4ºC. Next, it was cryoprotected in 30% sucrose for 12 h 

at 4ºC. The tissue was placed horizontally and orientated so that the distal part of the 

neuroma was on the left and the central part on the right (marked by the presence of 

surgical suture) and embedded in OCT compound (Sakura Finetek, Europe BV, The 

Netherlands) on a cryostat in fast-freezing mode. Once it was completely frozen, the OCT 
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block containing the tissue was removed from the cryostat and stored at -80°C until 

necessary for further processing.  

 

2.4. Immunohistochemical methods 

Immunohistochemical methods were used to determine the microglia response to  

(described in detail in chapter 4) and the expression of resolvin receptors (described in 

detail in chapter 5).  

 

 Rat tissue 

Prior to staining, the rat brainstem sections were cut (30 μm) on a cryostat, and 

placed free floating in 24-well plates with phosphate-buffered saline (PBS) in a serial way 

described in figure 2.3. At the end of the immunohistochemical protocol, the sections 

were subsequently mounted on slides in a way such that each section analysed would be 

240 µm apart. The obex (most caudal part of the fourth ventricle) was used as reference 

point and a total of 3360 µm of the caudal medulla of the brainstem was analysed. 

 

 

 

 

 

 

 

 

 

 

 

 

A) Serial collection of brainstem sections onto 24-well plates (free floating in PBS). 

 

B) Sections mounted onto gelatine-coated slides at the end of immunostaining and prior to image analysis. 

 

Sections analysed 

Figure 2.3. Representation of the serial collection of brainstem sections. A) 

Brainstem sections were cut from caudal to rostral until reference point (obex) in order 

represented. B) In red the sections used for immunostaining and analysis. The numbers 

represent section number (not distance or position). 
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 Human tissue 

Serial 14 μm sections were cut on a cryostat and collected onto poly-D-lysine (PDL, 

Sigma-Aldrich Company Ltd, Gillingham, UK) coated microscope slides in two sets of 

15 slides (1A-1O and 2A-2O) with three sections per slide (figure 2.4). In total 90 sections 

were collected from each neuroma sample and in each microscope slide each section was 

210 µm apart from each other. Sections were left to air dry for 1 h at room temperature, 

prior to staining. Alternatively, sections were stored at −80°C until required for further 

processing. The remaining neuroma tissue was processed for miRNA extraction (see sub-

section 2.6.2 in this chapter).  

 

 

 Immunohistochemical protocol 

The general protocol used was as follows: after washing in PBS containing 0.5% 

Triton X-100 (PBST) (2 × 10 min), sections were incubated in 10% normal donkey serum 

(NDS) for 1 h at room temperature, with the purpose of decreasing non-specific 

background staining. Next, sections were incubated with primary antibodies (tables 2.1 

and 2.2) overnight at 4ºC. Sections were then washed in PBS (2 x 10 min) and incubated 

with the respective secondary antibody (tables 2.1 and 2.2) for 90 min at room 

temperature and in the absence of light. Finally, the sections were washed in PBS (2 x 10 

min) and mounted in Vectashield medium (Vector Laboratories, UK) and the slide 

coverslipped. In the case of brainstem sections, they were first mounted onto gelatine-

Figure 2.4. Representation of the serial collection of neuroma sections. A total of 90 

sections were cut from a human lingual nerve neuroma in 2 sets of 15 slides (3 sections 

per slide). 
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coated microscope slides (as represented in figure 2.3-B above) and, subsequently, 

mounted in Vectashield medium and coverslipped. 

 

 Specificity controls 

Specificity controls for ChemR23 and FPR2/ALX in the spinal cord and brainstem 

were performed by pre-absorbing the primary antibody with a blocking peptide. The 

primary antibody was pre-incubated with its respective blocking peptide (10 µg/mL) for 

24 h at 4ºC before proceeding with the normal immunohistochemical protocol. For all the 

other primary antibodies, no blocking peptides were available and immunohistochemical 

controls were performed by incubating the tissue sections with the secondary antibody 

alone. 
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Table 2.1. Details of antibodies and dilutions used in the animal studies. 

 

 

 

 

 

 

Primary 

antibody 
Immunogen 

Range 

of 

dilutions 

Optimal 

dilution 

Supplier 

(catalog 

number) 

Secondary 

antibody 

Range of 

dilutions 

Optimal 

dilution 

Supplier 

(catalog number) 

Goat anti-

ChemR23 

N-terminal extracellular 

domain of ChemR23 

reactive with mouse and rat 

1:50- 

1:500 

1:400 

 

Santa Cruz, 

Biot 

(sc-32652) 

Donkey anti 

goat Cy3 

1:500- 

1:1000 
1:500 

Jackson 

Immunoresearch 

(705-15-147) 

Rabbit anti 

FPR2/ALX 

Synthetic peptide to the 

second extracellular loop 

(between 300-350 amino 

acids) reactive with human, 

mouse and rat 

1:500-

1:2000 
1:1000 

Novus 

Biologicals 

(NLS1878) 

Donkey anti 

rabbit Cy3 

1:500- 

1:1000 
1:500 

Jackson 

Immunoresearch 

(711-165-151) 

Rabbit anti- 

IBA 

Synthetic peptide 

corresponding to the C-

terminus of Iba1, reactive 

with rat, mouse and human 

1:500-

1:2000 
1:1000 

WAKO (019-

19741) 

Donkey anti 

rabbit-FITC 

1:500- 

1:1000 
1:500 

AnaSpec 

(60659-FITC) 

Mouse anti-NeuN, clone A60 

(reactive with rat) 

NA 1:500 

Millipore 

(MAB377) 

Donkey anti 

mouse FITC 
NA 1:500 

Jackson 

Immunoresearch 

(711-095-150) 

Mouse anti-GFAP, clone GA5 

(reactive with rat) 

NA 1:300 

Vector 

laboratories 

(VP-G805) 

Donkey anti 

mouse FITC 
NA 1:500 

Jackson 

Immunoresearch 

(711-095-150) 

NA: Not applicable 
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Table 2.2. Details of antibodies and dilutions used in the human studies. 

 

 

 

 

 

 

 

 

 

 

Primary 

antibody 
Immunogen 

Range of 

Dilution 

Optimal 

Dilution 

Supplier 

(catalog 

number) 

Secondary 

antibody 

Range of 

dilutions 

Optimal 

Dilution 

Supplier 

(catalog number 

Rabbit anti-human 

GPR32 

Synthetic 

peptide 

mapping to 

281-300 amino 

acids 

1:50- 1:500 1:100 
Genetex 

(GTX71225) 

Donkey anti 

rabbit Cy3 
NA 1:500 

Jackson 

Immunoresearch 

(711-165-151) 

Rabbit anti human 

BLT1 

Synthetic 

peptide to the c-

terminal region 

of human 

receptor 

1:100-

1:300 
1:200 

Abcam 

(ab101801) 

Donkey anti 

rabbit Cy3 
NA 1:500 

Jackson 

Immunoresearch 

(711-165-151) 

Mouse anti S-100, clone 15E2E2  

(reactive with human) 
NA 1:200 

Millipore 

(MAB079-1) 

Donkey anti 

mouse FITC 
NA 1:500 

Jackson 

Immunoresearch 

(711-095-150) 

Mouse anti human PGP9.5, clone  
31A3 

NA 1:1000 
Ultraclone 

(31A3) 

Donkey anti 

mouse FITC 
NA 1:50 

Jackson 

Immunoresearch 

(711-095-150) 

NA: Not applicable NA: Not applicable 
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2.5. Image acquisition and analysis  

 Fluorescence microscopy 

Images of the rat brainstem tissue sections were captured using a Zeiss Axioplan 

fluorescence microscope, and excitation/emission filter sets for FITC (Fluorescein 

isothiocyanate), Cy3 (Indocarbocyane) or DAPI (4',6-diamidino-2-phenylindole) 

detection. The images were analysed using Image-Pro Plus (Media Cybernetics, USA) to 

determine the positive area of staining (PAS, %) for Iba1 and ChemR23 expression. When 

acquiring the images, the same software settings were applied and images were code-

blinded to reduce potential acquisition variability and investigator induced bias. An area 

of interest was pre-determined, first within the whole brainstem section and, then, the 

camera window and magnification (details of the area of interest are described in the 

respective chapters 4 and 5). A threshold was then applied to the image to define the range 

of intensities to be included in the measurements. The upper level of the threshold was 

always set to the maximum (255) while the lower limit was subjectively set so that the 

highlighted area matched as closely as possible the positive labelling viewed down the 

microscope. Every effort was made to ensure that the counts were not biased to include 

more or less positive cells (please see reproducibility tests in section 2.10.1 of this 

chapter). Figure 2.5 exemplifies the image analysis processing, showing a region of the 

brainstem and the usual procedure to establish the threshold and calculate the PAS (%). 
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 Confocal microscopy 

Images of tissue with ChemR23 antibody staining were also acquired with Nikon 

A1 confocal microscope. The system has a violet diode 405 nm laser, an argon ion 457-

Figure 2.5. Image analysis using Image Pro-Plus. A) The immunohistochemistry 

labelling. B) Processed image indicating area of positive labelling. C) Positive 

labelling (red) and background (yellow), used to calculate the percentage area of 

positive staining (% PAS). 
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514 nm laser, a sapphire 561nm laser and a red diode 642 nm laser. The images were then 

processed using Image J software. 

 

2.6. miRNA extraction  

To increase the yield and quality of miRNA extracted different protocols and 

optimisation methods were applied depending on the source of tissue (please see 

following sub-sections for more details). RNase-free or nuclease-free water, filter tips for 

pipettes, gloves and cleaned bench were always used to avoid contamination sources. 

 

 miRNA extraction from rat tissue 

The mirVana™ miRNA Isolation Kit (Applied Biosystems) was used to isolate 

miRNA from rat tissues. The manufacturer’s protocol was followed; briefly, the tissue 

removed from the -80°C freezer and, without thawing, was disrupted using a sonicator. 

Tissue was placed on lysis/binding buffer (1/10 volumes per tissue mass) and mixed. 1/10 

volume of miRNA homogenate additive was added to the tissue lysate and mixed by 

vortexing. The mixture was left on ice for 10 min. Acid-Phenol:Chloroform was added to 

the previous mixture (volume equivalent to solution before addition of homogenate 

additive) and mixed by vortexing for 30-60 s. To separate the aqueous and organic phases, 

the mixture was centrifuged for 5 min at 10,000 x g at room temperature. The aqueous 

phase was transferred to a fresh tube and the organic phase discarded. 100 % ethanol 

(Sigma, UK) was added to the aqueous phase and pipetted onto a clean Filter Cartridge. 

Using a collection tube provided the mixture was centrifuged for 15 s. The flow-through 

was discarded and 700 µL of miRNA Wash Solution 1 were applied to the Filter Cartridge. 

After centrifuging and discarding the flow-through, a second wash with 500 µL of Wash 

Solution 2/3 was conducted twice as in the previous wash. The tube was centrifuged for 

a further 1 min to assure residual fluid has been removed. Finally, the Filter Cartridge 

was transferred to a fresh collection tube and 100 µL Elution Solution (pre-heated at 95°C) 

was applied to the centre of the filter. The tube was centrifuged for 30 s and the eluate 

(that contains the RNA) was collected. Before further analysis or storage at -80°C, the 

final RNA sample was analysed using a NanoDrop Spectrophotometer (NanoDrop 2000, 

Thermo Scientific).  
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 miRNA extraction from human tissue 

The RecoverAll™ total Nucleic Acid Isolation Kit (Applied Biosystems) was used 

to extract total RNA from human neuroma tissues. As the samples used in this thesis were 

frozen and not embedded in paraffin, the deparaffinisation step in the manufacturer’s 

protocol was omitted.  Next, the tissues were cut in smaller pieces and added to a digestion 

buffer. If necessary, the sample was also sonicated to disrupt as much as possible the 

tissue architecture. 4 µL of protease (included in the kit) was added to each neuroma 

sample. The sample was incubated in a heat block for 15 min at 50°C and subsequently 

for another 15 min at 80°C. A mixture of Isolation additive and ethanol was added to the 

previous sample. A Filter Cartridge in a collection tube was used to pass the previous 

mixture by centrifuging for 30 s. The flow-through was discarded and the same collection 

tube was used for the following washing steps: first, Wash 1 solution and, second, Wash 

2/3 Solution. Each time the sample was centrifuged and the flow-through discarded with 

an additional spin for 30 s to assure the residual fluid was removed. Next, DNase mix was 

prepared (6 µL of 10X DNase Buffer, 4 µL of DNase, 50 µl of Nuclease-free water per 

sample) and added to the centre of the Filter Cartridge and incubated for 30 min period at 

room temperature. At the end of incubation period, 700 µL of Wash 1 Solution was added 

to the Filter Cartridge and let to incubate for 60 s at room temperature. After centrifuging 

for 30 s, the flow-through was discarded and 500 µL of Wash 2/3 Solution was applied 

to the Filter and centrifuged. An additional wash with Wash 2/3 Solution was performed. 

To remove residual fluid an extra spin was conducted for 1 min. The Filter Cartridge was 

transferred to a fresh collection tube and 60 µL of the Elution Solution (at room 

temperature) was applied to the centre of the filter and incubated for 1 min at room 

temperature. Finally, the previous mixture was centrifuged at 10,000 x g and the eluate 

(containing RNA) was collected and stored at -80°C. Bioanalyser, which measures the 

RNA integrity number (RIN) using electrophoretic separation and laser-induced 

fluorescence detection of the RNA, and a NanoDrop Spectrophotometer (NanoDrop 2000, 

Thermo Scientific) were used to assess the quality and yield of the RNA collected before 

using in further analysis. 
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2.7. TaqMan® Low Density Array (TLDA) 

TaqMan® Low Density Array (TLDA) Rodent MicroRNA Cards v.3 A and B or 

TaqMan® Human MicroRNA Cards v.3 A and B were used to investigate the presence 

and expression of miRNAs in rat and human tissues, respectively.  

 

 Reverse Transcription to cDNA 

All miRNA samples were initially reverse transcribed using Taqman® MicroRNA 

Reverse Transcription (RT) Kit (Applied Biosystems) and the respective RT primers. The 

RT reaction mix was prepared as described in table 2.3. The components were allowed to 

thaw slowly on ice and, then, added together in a microcentrifuge tube.  

 

Table 2.3. Reaction mix for miRNA reverse transcription (RT). 

RT reaction mix components  Volume per reaction (µL) 

RNase inhibitor (20 U/µl) 0.10 

dNTPs with dTTP (100 mM) 0.20 

RT buffer (10 X) 0.80 

MultiScribe™ reverse transcriptase (50 U/µL) 1.50 

Megaplex™ RT primers (human or rat pools A and 

B) 

0.80 

MgCl2 (25 mM) 0.90 

Nuclease-free water 0.20 

RNA sample 5.5 

Total 10.0 

 

In order to keep the starting RNA concentration (50 ng) constant across all samples, 

the volume of RNA sample and nuclease-free water were adjusted accordingly. The tube 

was mixed and briefly spun before incubating on ice for 5 min. Subsequently the tube 

was loaded on the thermal cycler using the cycling conditions described in table 2.4. 

 

Table 2.4. Parameters used in the thermal cycler for Reverse Transcription 

Step Temperature (˚C) Time 

Cycle 

(40) 

16 2 min 

42 1 min 

50 1 sec 

Hold 85 5 min 

Hold 4 ∞ 
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 Preamplification reaction 

The Preamplification reaction was performed to increase specific cDNA in 

downstream miRNA analysis. The reaction was prepared as described in table 2.5. 

 

Table 2.5. Preamplification reaction mix. 

Reaction mix components Volume per reaction (mL) 

TaqMan PreAmp Master Mix (2X) 12.5 

Megaplex PreAmp primers (10X) 2.5 

Nuclease-free water 7.5 

RT cDNA 2.5 

Total 25.0 

 

The components were thawed on ice and added together in a microcentrifuge tube. 

The tube was mixed and incubated on ice for 5 min before loading to the thermal cycler 

using the parameters described on table 2.6. 

 

Table 2.6. Preamplification parameters 

Step Temperature Time 

Hold 95 10 min 

Hold 55 2 min 

Hold 72 2 min 

Cycle (12) 95 15 sec 

60 4 min 

Hold 99.9 10  min 

Hold 4 ∞ 

  

At the end of the run, the preamplified product was diluted (1:4) in 75 µL of 0.1X 

Tris-EDTA buffer (pH 8.0). 

 

 TaqMan® real-time PCR reactions 

The TaqMan® microRNA array (TLDA) cards were stored at 4°C and allowed to 

reach room temperature before being loaded with the PCR reaction mix. Each card 

contained up to 380 preloaded miRNA probes and endogenous control (RNU48 and small 

nuclear RNA (snRNA) U6). The components described in table 2.7 (contains a 12.5% 
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excess) were added together and 100 µL of the PCR reaction mix was loaded into each 

port of the TLDA card (figure 2.6). 

 

 

 

Table 2.7. TaqMan® array components. 

Component Volume per card (mL) 

TaqMan® Universal PCR master mix, 

No AmpErase® UNG, 2X 

450 

Diluted PreAmp product 9 

Nuclease-free water 441 

Total 900 

 

The card was centrifuged for 2 min at 300 x g (Sorvall Legend XT/XF), sealed 

using appropriate carriage sealer (Applied Biosystems) and, subsequently, the reservoir 

ports were removed. The sealed card was loaded on a 7900HT Real-Time PCR System 

with 384-Well Block and the manufacturer’s recommended settings were used (table 2.8). 

 

 

 

 

 

 

Figure 2.6. TLDA microfluidic card. Each card contains 8 ports that will supply 

the 384 wells with the PCR reaction mix.  
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Table 2.8. Parameters used in the TaqMan® array RT-qPCR amplification. 

 

2.8. miRNA validation 

The expression of specific miRNAs identified with TLDA arrays were validated 

with TaqMan® MicroRNA Assays (triplicate per sample) and performed in a Rotor Gene 

real time PCR machine (Qiagen).  

First each RNA sample was reverse transcribed with specific TaqMan® probes for 

the miRNA of interest and endogenous control. The components used are described in 

table 2.9.  

 

Table 2.9. Components in miRNA reverse transcription (RT) reaction 

Component Volume per reaction (µl) 

RNase inhibitor (20U) 0.19 

100 mM dNTP (25X) 0.15 

10x RT buffer 1.5 

Multiscribe RT enzyme (50U/ µl) 1.0 

5X miRNA RT probe  3.0 

Nuclease-free water 4.16 

10 ng RNA 5.0 

total 15.0 

 

The RT mix was loaded onto the thermal cycler using the parameters specified in 

table 2.10.  

 

Table 2.10. Parameters used in thermal cycler for miRNA reverse transcription 

Step Temperature (˚C) Time 

Annealing 16 30 min 

Extension 42 30 min 

Denaturation 85 5 min 

Hold 4 ∞ 

 

Step Temperature (˚C) Time 

Cycle 

(40) 

50 2 min 

94.5 10  min 

97.0 30 sec 

Hold 59.7 1 min 
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The reverse transcribed product was preamplified as described in section 2.6 and 

the RT-qPCR reaction mix (table 2.9) was loaded onto specific tubes that were loaded 

onto the Rotor-Disc 72. 

 

Table 2.11. Reaction mix for RT-qPCR miRNA validation 

Component Volume per well (µl) 

2✕ TaqMan® Universal PCR Master 

Mix, No AmpErase® UNG 
5 

Diluted PreAmp product 0.8 

TaqMan® Probe 20X   0.5 

Nuclease-free water 3.7 

Total 10 

 

Rotor-Gene 2.1.0.9 software was used to set the real time qPCR reaction (intitial 

enzyme activation at 95˚C for 10 min, and cycling conditions set at 95˚C for 15 sec 

followed by 60˚C for 60 sec, for 40 cycles). A no template control (NTC, no PreAmp 

product) sample was added to test for cDNAcontamination. 

 

2.9. Statistical analysis 

 Behavioural analysis 

Comparisons between groups were statistically evaluated using a two-way repeated 

measures-ANOVA in GraphPad Prism (version 7.02 for Windows, GraphPad software, 

San Diego, CA, USA). When differences were found to be statistically significant 

(p≤0.05), a Sidak post hoc correction was applied. To test for differences between time-

points compared to the baseline within each group, a one-way ANOVA was performed 

followed by Dunnet’s post hoc correction. Assumptions of heterogeneity of variance and 

sphericity (Mauchly’s sphericity test) were tested automatically by the GraphPad 

software and when violated, Greenhouse Geisser corrected values were reported.  

 

 Quantification from image analysis 

Statistical comparisons between groups were made using GraphPad Prism (version 

7.02 for Windows, GraphPad software, San Diego, CA, USA). For quantification of 

ChemR23 and Iba1staining, a two-way ANOVA repeated measures followed by Tukey’s 

post hoc test (if previous test statistically significant) was performed to determine 

differences between groups and Vc rostral caudal level. Differences were considered 
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statistically significant when p≤0.05. The reproducibility of the method was tested by 

repeating quantification in some of the sections as reported in section 2.10.1 in this 

chapter. 

 

 miRNA analysis  

Delta Ct (ΔCt) normalisation method was applied to the rat and human miRNA 

results and the snRNAU6 endogenous control used. Two additional normalisation 

methods were applied to the results obtained from human samples due to higher 

variability in miRNA expression. They were: geometric mean normalised (the average Ct 

value for each sample was calculated, then all Ct values were scaled according to the ratio 

of those average Ct values across samples) and normdeltaCt ranked (deltaCt were 

normalised between 0 and 1 based on max/min values across samples). However, no 

significant differences were found between methods and delta Ct normalisation methods 

were applied to the results reported in chapter 6 (for both human and rat miRNA). Prior 

to normalisation, any miRNA probes with undetected values in two of either the 

experimental or control samples were removed from further analysis. The non-parametric 

RankProd (R package version 3.0.0 (Hong, F. et al., 2011) statistical test or independent 

t-test were performed to calculate statistical differences between groups. Results were 

considered statistically significant with a p≤0.05. No Ct cut-off value was applied. 

For miRNA validation of miRNA screening, it was used the comparative delta delta 

Ct (2^(-ΔΔCt)) method. First, deltaCt (ΔCt) values for each miRNA were obtained after 

normalising to snRNAU6, a common reference gene used in miRNA studies (it is highly 

expressed and relatively stable across tissues) and to keep the same normalisation method 

as used in the TLDA card analysis. The relative expression for each miRNA in the 

experimental lingual nerve (CCI in the rat tissue and painful group in the human tissues) 

was compared with the control lingual nerves (sham in the rat tissues and non-painful in 

the human tissues) and calculated using the equation 2−ΔΔCT, where ΔΔCT = ΔCT 

(experimental) −ΔCT (control). 

Correlation studies with behavioural or clinical data were conducted. Differences 

between samples were evaluated using independent samples t-test with equal variance 

assumed. Pearson correlation was used to examine the association between pain VAS 

score with discomfort VAS score, and between miRNA expression and pain, tingling and 

discomfort VAS score (human samples) or feeding behaviour (rat samples). 
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 Target prediction and enrichment analysis  

Target genes potentially regulated by significantly differentially expressed 

miRNAs were predicted using the consensus of three publicly available miRNA target 

databases: Targetscan (http://www.targetscan.org), MicroCosm 

(http://www.ebi.ac.uk/enright-srv/microcosm) and miRTarBase 

(http://mirtarbase.mbc.nctu.edu.tw). The predicted target false positive rate was 

significantly reduced by applying a cut-off of -0.4 in the context++ scores for 

TargetScan results (Agarwal et al., 2015) and each miRNA target was cross referenced 

against this gene set. Enrichment and pathway analysis of predicted miRNA gene 

targets was undertaken using Metacore™ process networks, pathway maps and GO 

molecular functions/processes. Top pathways were ranked based on z-score and the 

additional enriched gene count per pathway. Interactions between miRNAs and their 

target gene networks for each tissue were visualised using Cytargetlinker v3.0.1 an open 

source software package for Cytoscape v.4.0 (Kutmon M. et al., 2013). Circos v0.67 

(Krzywinski, M. et al., 2009) was used to display interaction between miRNAs and 

target genes in a circular layout, facilitating the visualisation of the position of the 

miRNAs and target genes in the respective genome.  

 

2.10. Reproducibility of image analysis  

In order to determine the reproducibility of image quantification of ChemR23 and 

Iba1 staining, repeated measurements (PAS%) on a set of 10 sections per group were 

conducted on a different day in the same area of interest (AOI), both ipsilateral and 

contralateral of the trigeminal nucleus caudalis (Vc). Pearson correlation coefficients 

were calculated between initial and the repeated measurements (table 2.12) and plotted in 

a graph (figures 2.7-2.10).  

The scatter plots showed a strong linear Pearson correlation between initial and 

repeated measurements. 
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Table 2.12. Pearson correlations between initial and repeated measurements. 

 

 Group AOI Pearson r 

ChemR23 

Naïve 
IL 0.97 

CL 0.98 

Sham 

DAY 3 
IL 0.97 

CL 0.97 

DAY 7 
IL 0.96 

CL 0.97 

DAY 28 
IL 0.97 

CL 0.98 

CCI 

DAY 3 
IL 0.95 

CL 0.95 

DAY 7 
IL 0.95 

CL 0.96 

DAY 28 
IL 0.94 

CL 0.94 

Iba1 

Naïve 
IL 0.98 

CL 0.96 

Sham 

DAY 3 
IL 0.95 

CL 0.95 

DAY 7 
IL 0.99 

CL 0.96 

DAY 28 
IL 0.94 

CL 0.99 

CCI 

DAY 3 
IL 0.99 

CL 0.94 

DAY 7 
IL 0.99 

CL 0.95 

DAY 28 
IL 0.98 

CL 0.98 

 

 

 

 

 

 

AOI: Area of interest; CL: contralateral; IL: Ipsilateral 
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Figure 2.7. Scatter plots showing linear relationship between Iba1 

initial and repeated measurements in sections from control naïve 

and sham animals. A-B) Iba1 expression in naïve control. C-D) Iba1 

expression in sham day 3. E-F) Iba1 expression in sham day 7. G-F) 

Iba1 expression in sham day 28. 
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Figure 2.8. Scatter plots showing linear relationship between Iba1 

initial and repeated measurements in sections from injured (CCI) 

animals. A-B) Iba1 expression in CCI day 3. C-D) Iba1 expression in 

CCI day 7. E-F) Iba1 expression in CCI day 28.  
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Figure 2.9. Scatter plots showing linear relationship between 

ChemR23 initial and repeated measurements in sections from 

control naïve and sham animals. A-B) ChemR23 expression in naïve 

control. C-D) ChemR23 expression in sham day 3. E-F) ChemR23 

expression in sham day 7. G-F) ChemR23 expression in sham day 28. 



 

70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Scatter plots showing linear relationship between 

ChemR23 initial and repeated measurements in sections from 

injured (CCI) animals. A-B) ChemR23 expression in CCI day 3. C-D) 

ChemR23 expression in CCI day 7. E-F) ChemR23 expression in CCI 

day 28. 
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    CHAPTER 3 

3. EFFECT OF LINGUAL NERVE INJURY ON 

FEEDING BEHAVIOUR 
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3.1. Introduction 

Behavioural analysis is a key component of any experiment using animal models 

and in particular in the study of pain, as discussed previously in the literature review 

(section 1.5 in chapter 1). Animal behaviour studies can be used to investigate the external 

manifestations of molecular and cellular changes that occur as a consequence of disease 

or nerve injury, and behavioural data is crucial to enable correlation of animal findings 

with clinical data. In this chapter, the Orofacial Stimulation Test (code 31300, Ugo Basile, 

Comerio, VA, Italy), developed by Fehrenbacher, Henry and Hargreaves was adapted for 

the study of feeding behaviour following lingual nerve injury (LNI). It was hypothesised, 

based on human clinical observations, that LNI in the rat would affect the feeding 

behaviour observed using this test, because the lingual nerve innervates the tongue and, 

in this behavioural test, the tongue is required to access the reward. In this model animals 

could choose between drinking or avoiding painful/non-comfortable movement of the 

tongue. 

The overall aim was investigate and characterise feeding behaviour following LNI, 

using the Ugo Basile Orofacial Test. The specific objectives were: 

1. Investigate whether LNI affects time spent drinking (total and longest 

uninterrupted time drinking); 

2. Investigate whether LNI affects the number of attempts made to drink; 

3. Investigate whether LNI affects total volume of reward ingested. 

 

3.2. Methodological approach 

As mentioned in section 2.2.2 in chapter 2, the behavioural assessment consisted of 

measurement of the duration of feeding, number of feeding attempts and volume ingested 

over a given period of time, as well as maximum and minimum ingestion volumes (table 

3.1). With the exception of volume measurement (conducted by investigator), all other 

measurements were automated via an infra-red barrier present between the opening to the 

reward (access window) and the reward bottle.  
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Table 3.1. Measurements. 

Measurement Description Automatic 

Total time drinking 
Overall duration (in seconds) of 

drinking within the testing period. 
YES 

Maximum and minimum 

Longest and shortest, respectively, 

uninterrupted time drinking within the 

testing period. 

YES 

Number of attempts 
Number of attempts made to access the 

reward. 
YES 

Volume 
Total volume in mL consumed during 

testing period 
NO 

 

One week prior to surgery animals were trained to use the behavioural equipment. 

Sessions consisted of a 10 min acclimatisation period in the behavioural cage without 

access to the reward as opening was covered and a further 10 min recording with access 

to the reward bottle (the cover of opening to the reward was removed). Behavioural 

assessment took place immediately before the surgery (day 0) and subsequently between 

days 1 and 28 after surgery (figure 3.1). On day 0 animals were randomly divided in two 

groups: CCI (n=6) and sham-control (n=6). In the CCI (experimental) group the left 

lingual nerve was constricted and in the sham-operated (control) group, the nerve was 

just exposed, not injured. A total of 12 animals were used, 6 animals per group (table 3.2). 

However, the animals were trained and tested in sets of 4, so that each set would include 

2 experimental (CCI) and 2 control (Sham) animals (figure 3.1). On the first training day 

the animals were randomly given a sequential code and a tail mark for identification. On 

the surgery day (day 0 of testing) the animals were randomly allocated to the experimental 

group (CCI) or the control group (sham group) and given a different code for the type of 

surgery (associated with the tail mark). This was conducted blind to the investigator and 

only at the time of data analysis both codes were matched and the behavioural data 

associated to the groups (CCI or sham) analysed.  
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Figure 3.1. Diagram representing the methodological approach with training, 

surgery, testing and data analysis. The colours represent the type of surgery: in red 

animals that underwent CCI (chronic constriction injury) and in blue animals that 

underwent sham operation. 
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 Table 3.2. Characteristics of animals subjects used for the behavioural testing. 

ANIMAL 
Weight (g) Date 

Arrival Day 0 Day 28 Training Day 0 Day 28 

CCI group 

1 200-225 275 370 01-05/02/16 08/02/16 07/03/16 

2 200-225 341 481 01-05/02/16 08/02/16 07/03/16 

3 200-225 325 390 08-12/02/16 15/02/16 14/03/16 

4 200-225 293 370 08-12/02/16 15/02/16 14/03/16 

5 200-225 384 480 15-19/02/16 22/02/16 21/03/16 

6 200-225 431 549 15-19/02/16 22/02/16 21/03/16 

Sham group 

7 200-225 301 437 01-05/02/16 08/02/16 07/03/16 

8 200-225 310 450 01-05/02/16 08/02/16 07/03/16 

9 200-225 343 474 08-12/02/16 15/02/16 14/03/16 

10 200-225 353 475 08-12/02/16 15/02/16 14/03/16 

11 200-225 395 501 15-19/02/16 22/02/16 21/03/16 

12 200-225 409 518 15-19/02/16 22/02/16 21/03/16 

 

Statistical tests (discussed in more detail in chapter 2, section 2.8.1) were used to 

evaluate differences between injured animals (CCI group) and controls (sham-group) 

over a period of 28 days (two-way ANOVA repeated measures) and to explore potential 

differences at each time-point compared to the baseline within each group (one-way 

ANOVA repeated measures).Wherever applicable, two-way ANOVA was followed by 

Sidak’s post hoc test and one-way ANOVA was followed by Dunnet’s post hoc test.  

 

 Preliminary studies 

3.2.1.1. Testing conditions 

Animals were kept in a 12h dark/light cycle and were tested at approximately the 

same time on the testing day (between 7:30 – 10:30 am). The animals were not deprived 

of food or water, and no mechanical or thermal stimuli were applied. The animals were 

trained in pairs (2 animals simultaneously but in a separate testing cage). The optimal 

position of the bottle containing the reward to be acessed by the animal was established 

in preliminary studies with animals not included in the results reported in the subsequent 

results sections. The testing cage was cleaned in between tests with water; however, the 

use of detergent was avoided due to the strong odour. To record all information no beam 

cut-off was pre-specified. All the conditions were then maintained for the entirety of the 

experiments. 
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3.2.1.2. Choice of reward 

Based on the literature, sweetened milk was initially used as a reward in preliminary 

studies. However, the animals did not demonstrate interest in the sweetened milk. 

Therefore, a chocolate drink (Sainsbury’s own brand) was subsequently tested and this 

reward was used in the results reported in this chapter. Each training/testing period, the 

animal had 20 mL total of reward available. 

 

3.3. Results 

 Training period and baseline  

All 12 animals were trained for 5 days consecutively before the surgery. The images 

in figure 3.2 demonstrate the progressive training undertook and the automatic recording 

by the Ugo Basile software, suggesting the animals increased interest in the reward during 

the training period. 

 

 

 

 

 

 

 

 

Figure 3.2. Example of drinking behaviour recording by the Ugo Basile software. 

The blue lines correspond to the time and duration of the infrared beam break. The 

longer the blue line, the longer is the continuous time drinking. In this example it is 

possible to observe the increase in number of times and duration of feeding attempts 

during the training period. 
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There was an increase in the time drinking as well as in the longest time 

uninterrupted (maximum) with the progression of training (figure 3.3). On the first day 

of training the animals were accessing the reward bottle on average for 49.31 s in the 

sham group and for 57.21 s in the CCI group. By day 0 this had increased to 375.74 s for 

the sham group and 389.37 s for the CCI group. However, no statistical differences were 

found between groups in the time drinking (F (1, 10)=0.888, p=0.368, two-way ANOVA 

repeated measures) or in the maximum time (F (1, 10)=1.523, p=0.245, two-way 

ANOVA repeated measures). The minimum time drinking recorded within the 10 min 

was 0.04 s (not shown). 
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Figure 3.3. Time drinking during training period and day 0. A) Total time drinking, 

in seconds, at each training day up to day 0 (pre-surgery), demonstrating the progressive 

training. B) Within each training the longest time drinking (maximum) was also recorded 

and it also increase over the 5 days of training period. No statistical differences were 

found between groups prior to surgery in both measurements. 
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The number of attempts also increased overall from the first day of training (average 

of 13.33 attempts in the sham group and 16.67 attempts in the CCI group) to the day 0 

before the surgery (average of 43.83 attempts in the sham group and 39.17 attempts in 

the CCI group) (figure 3.4). No statistical differences were found between groups (F (1, 

10)=0.002, p=0.964). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Number of attempts during training period and day 0. The number of 

attempts to reach the reward increased from first day of training (day -5) up to day 0 

(pre-surgery). No statistical differences were found between groups prior to surgery. 
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In the same way as the other measurements, the volume ingested increased during 

the training period (figure 3.5). On the first training day the animals were drinking an 

average of 1.67 mL in the sham group and 3.83 mL in the CCI group; on day 0 before the 

surgery the animals were drinking in average 14 mL in the sham group and 12.67 mL in 

the CCI group. No statistical differences were found between groups (F (1, 10)=0.512, 

p=0.491). 

 

 

Based on the training data, day 0 was chosen as the baseline (BL) for the analysis 

of the testing data. In addition to the raw values, all data was also adjusted to the 

percentage of BL (considering BL as 100% and values for each time point post-injury 

calculated accordingly). For the subsequent results in this chapter analyses on both raw 

data and percentage adjusted values are reported. 

 

 Observational notes 

Animals in both groups increased weight over time (table 3.2), however, the CCI 

group on day 28 had, on average, a 7% lower body weight gain compared to the sham 

group (figure 3.6), but this was not statistically significant. On day 1 of testing it was 

possible to observe local swelling around the area of surgery in all animals; the swelling 

generally disappeared by day 3 or 5. Overall, animals in the CCI group demonstrated 

Figure 3.5. Volume ingested (mL) during the training period and day 0. The volume 

ingested increased during the training period and on day 0 (pre-surgery) in both groups. 

No statistical significant differences were found between groups. 
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more signs of nerve injury. For instance, one of the animals in the CCI group had marks 

of blood around the snout on day 7; this was probably from tongue biting, an expected 

symptom of injury. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Percentage of body weight gain in average by group at the end of 

experiment. The CCI group had a lower body weight gain at 28 days post-injury but no 

statistically significant differences were found between groups. 
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Representative graphs derived from ORO software at selected time points are 

shown in figure 3.7. The blue lines correspond to the duration of interruption of infrared 

barrier and, thus, the duration and number of attempts to access the reward. In the next 

sections, data derived from ORO software (plus volume ingested) of all animals at all 

time points was analysed and it will be discussed in further detail.  

 

 

 

 

 

 

 

 

Figure 3.7. Data recorded by ORO software. Representative graphs (on days 0, 1, 3, 

5, 14 and 28 post-surgery) automatically produced by the ORO software showed the 

duration and number of attempts to get the reward per testing. The higher the number 

of blue lines the higher the number of attempts and the longer the blue line, the longer 

was the duration of accessing the reward. On the left, graphs obtained from one animal 

of the CCI group and on the right graphs obtained from one animal of the Sham group.  
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 Time drinking post-surgery 

Total time drinking within the 10 min (600 s) of testing was decreased following 

surgery, with stronger effect in the CCI group. On day 1 it was substantially decreased in 

both groups: the sham group was drinking on average for 125.14 s and the CCI group for 

44.79 s corresponding to a decrease of approximately 70% (sham) and 88% (CCI) when 

comparing to BL (percentage of values adjusted) (figure 3.8). However, while the animals 

on the sham group showed a rapid increase on day 3 (average of 232.30 s), the CCI group 

continued drinking for less time (average of 56.76 s) and in this group, the biggest 

increase in time drinking was observed from day 5 to day 7 (70.12 s to 173.43 s, 

respectively). On day 14 it was possible to observe that the CCI group had a decrease in 

the time spent drinking (average of 114.89 s on day 14 from 225.02 s on day 7) and also 

when compared to the sham group (average of 307.84 s on day 14).  Overall, there was a 

statistical significant difference on the time drinking when comparing to the CCI and 

sham groups (F (1, 10)=5.317, p=0.044, two-way ANOVA repeated measures). When 

adjusting the values to percentage of baseline similar statistically significant results were 

obtained (F (1, 10)=8.815, p=0.014, two-way ANOVA repeated measures). On day 14 

there was a significant difference between CCI and sham group (p=0.047, Sidak’s post 

hoc test); when adjusting to BL days 5 (adjusted p=0.043, Sidak’s post hoc test) and 14 

(adjusted p=0.006, Sidak’s post hoc test) post-surgery were significantly different 

between groups.  
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Figure 3.8. Time drinking decreased following lingual nerve injury. A) Total time 

drinking within each testing period was decreased following LNI. On day 14 there was 

a statistical significant difference between groups B) Total time drinking adjusted to 

percentage of baseline (BL) found a statistical difference between groups on days 5 and 

14. Two-way ANOVA repeated measures followed by Tukey’s post hoc test.  Asterisks 

(*) represent statistical significant differences (* p<0.05, **p<0.01). 
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When evaluating the effect of surgery just within each group, it was possible to 

observe a clear decrease following injury in the experimental CCI group, (F (1.676, 

8.382)=15.77, p=0.002, one-way ANOVA repeated measures) and when adjusting to the 

baseline (F (1.539, 7.696)=14.87, p=0.003, one-way ANOVA repeated measures) (figure 

3.9-A, -C). When analysing each day against the BL it was possible to verify that there 

was a statistically significant difference between BL and days 1, 3, 5 and 14 post-surgery 

(BL vs day 1 p=0.001, BL vs day 3 p=0.001, BL vs day 5 p= 0.001, BL vs day 14 

p=0.0005, Dunnett’s post hoc test). When adjusting to the percentage of BL, days 1, 3, 5, 

7, 14 and 18 following surgery were found to be statistically different (BL vs day 1 

p=0.0002, BL vs day 3 p=0.0002, BL vs day 5 p=0.0002, BL vs day 7 p=0.036, BL vs 

day 14 p=0.0003, BL vs day 18 p=0.039, Dunnett’s post hoc test). In the sham group, 

there was also a statistical difference when compared to the BL (F (1.958, 9.788)=4.918, 

p=0.034, one-way ANOVA repeated measures) with day 1 being the only day with a 

statistically significant difference (BL vs day 1 p= 0.004) compared to BL (figure 3.9-B). 

Similarly, when adjusting to percentage of BL there was also a statistical difference (F 

(2.399,12)=5.817, p=0.014, one-way ANOVA repeated measures) (figure 3.9-D); and 

similarly only day 1 after surgery is significant (BL vs day 1 p=0.002, Dunnet’s post hoc 

test).  
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Figure 3.9. Box plot with total time drinking values within each group. Within the 

CCI group, days 1, 3, 5 and 14 after injury were found to be statistically different 

compared to BL (A). Data adjusted to percentage of BL showed that days 1 to 7 and 14 

to 18 post-injury were statistically significant when compared to BL percentage values 

(C). Within the Sham group, only day 1 post-surgery was found to be statistically 

significantly decreased compared to BL, either raw values (B) or percentage adjusted to 

BL values (D). One-way ANOVA repeated measures followed by Dunnet’s post hoc 

test. Asterisks (*) represent statistical significant differences (* p<0.05, **p<0.01, 

***p<0.005). 
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The maximum contact observed (longest time uninterrupted) within each testing 

period was not statistically different between groups (F (1, 10)=3.615, p=0.086, two-way 

ANOVA repeated measures); when adjusting to percentage of BL no statistically 

significant differences were found (F (1, 10)=3.333, p=0.098, two-way ANOVA repeated 

measures) (figure 3.10). The minimum contact time uninterrupted was 0.04 s for all 

animals at all time-points, probably because no cut-off was included. 

 

 

 

 

Figure 3.10. Maximum contact time. A) The longest uninterrupted time accessing the 

reward during each testing period was not found to be statistically significantly different 

between groups when using raw values (A) or when adjusting to percentage BL values 

(B). Two-way ANOVA repeated measures. 
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When analysing the maximum time accessing the reward data within each group, it 

was possible to observe a decrease following injury in the experimental CCI group (F 

(1.708, 8.539)=7.727, p=0.014, one-way ANOVA repeated measures) and when 

adjusting to percentage of the BL (F (1.61, 8.049)=6.981, p=0.020, one-way ANOVA 

repeated measures) (Figure 3.11-A, -C). Similar to the total time drinking analysis, when 

analysing each day against the BL it was possible to verify that there was a statistically 

significant difference between BL and days 1, 3, 5 and 14 post-surgery (BL vs 1 p=0.011, 

BL vs 3 p=0.014, BL vs 5 p=0.020, BL vs 14 p=0.0001, Dunnet’s post hoc test); when 

adjusting to percentage of BL comparable results were obtained (BL vs 1 p=0.004, BL vs 

3 p=0.008, BL vs 5 p=0.012, BL vs 14 p=0.0001, Dunnet’s post hoc test). Within the 

Sham group no statistically significant differences were found (figure 3.11-B, -D) with 

raw data values (F (2.828, 14.14)=2.814, p=0.080) or when adjusting to percentage of BL 

(F (2.77,13.85)=2.788, p=0.08).  
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Figure 3.11. Box plot with maximum time drinking per testing within each group. 

Within the CCI group it was found a statistically significant decrease in the longest 

uninterrupted time accessing the reward on days 1 to 5 and 14 compared to BL, using raw 

values (A) and percentage adjusted to BL (C). No statistically significant differences were 

found within the Sham group (B and D). One-way ANOVA repeated measures followed 

by Dunnet’s post hoc test. Asterisks (*) represent statistical significant differences 

(*p<0.05, **p<0.01, ***p<0.005). 
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 Number of attempts post-surgery 

The number of attempts correspond to the exact sum of infrared counts and when 

comparing both groups, the difference in the number of attempts was not statistically 

significant following surgery (F (1, 10)=0.471, p=0.508, two-way ANOVA repeated 

measures); comparably, when adjusting the results to percentage of BL no statistically 

sifgnificant differences were found (F (1, 10)=0.143, p=0.713, two-way ANOVA 

repeated measures). On day 1 there was a decrease in both groups maintained until day 3 

(figure 3.12) . From day 3 to day 5 both groups showed an increase in the number of 

attempts. On day 28 the sham group reaches an average of 45.67 attempts and the CCI 

group 38.67 attempts. 

 

 

Figure 3.12. Number of attempts. No statistically significant differences were found 

between groups in the number of attempts to access the reward during the testing period 

when analysing raw values (A) or when analysing percentage adjusted to BL values (B). 

Two-way ANOVA repeated measures. 
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When analysing the number of attempts data within each group no statistical 

differences were observed within either group (figure 3.13). Within the CCI group no 

statistical differences were observed following LNI (F (2.569, 12.85)=2.554, p=0.107, 

one-way ANOVA repeated measures); in the number of attempts adjusted to percentage 

of BL also no statistical differences were found (F (1.573, 7.866)=2.794, p=0.127, one-

way ANOVA repeated measures). In the Sham group no statistical differences were found 

in the number of attempts following sham-operation (F (2.28, 11.4)=1.862, p=0.198, one-

way ANOVA repeated measures); similarly, when adjusting to percentage of BL no 

statistically significant differences were found (F (2.052, 10.26)=2.433, p=0.136, one-

way ANOVA repeated measures). 

 

 

 

 

Figure 3.13. Box plot of number of attempts within each group. No statistical 

significant differences were found when analysing number of attempts within CCI 

group (A and B) or Sham group (B and D). One-way ANOVA repeated measures. 
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 Volume ingested post-surgery 

Total volume of reward ingested (from a total of 20 mL available at the beginning 

of testing) was decreased following surgery, with slightly bigger effect on the CCI group 

(figure 3.14); however no statistical differences were found between groups (F (1, 

10)=3.508, p=0.091) even when adjusting to percentage of BL (F (1, 10)=4.881, p=0.052).   

 

 

 

 

Figure 3.14. Volume of reward ingested during the period testing. Data analysis of 

the volume of reward ingested found no statistically significant differences between 

groups in either raw values (A) and percentage adjusted to BL values (B). Two-way 

ANOVA repeated measures. 
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When evaluating the effect of surgery on volume ingested within each group (figure 

3.15), statistical differences were observed following surgery in the CCI group (F (2.433, 

12.16)=21.16, p<0.0001, one-way ANOVA repeated measures); when analysing against 

the BL, statistical differences were found on days 1, 3, 5 and 7 (BL vs day 1 p=0.001, BL 

vs day 3 p=0.001, BL vs day 5 p=0.001, BL vs day 7 p=0.044, Dunnet’s post hoc test).  

Statistically significant differences were also found when adjusting the values to 

percentage of BL (F (2.708, 13.54)=27.63, p<0.0001, one-way ANOVA repeated 

measures). When analysing against the BL, differences were also present on days 1, 3, 5 

and 7 (BL vs day 1 p=0.001, BL vs day 3 p=0.001, BL vs day 5 p=0.001, BL vs day 7 

p=0.012, Dunnet’s post hoc test). In the sham group statistical differences were found (F 

(2.983, 14.92)=9.349, p=0.001, one-way ANOVA repeated measures) with specific 

differences found on day 1 post-injury when comparing against BL (BL vs day 1 p=0.034, 

Dunnet’s post hoc test); a similar pattern was observed when adjusting values from the 

Sham group to percentage of BL (F (2.401, 12)=7.378, p=0.006), with differences on day 

1 when compared against BL (BL vs day 1 p=0.025, Dunnet’s post hoc test). 
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Figure 3.15. Box plot with volume ingested. Within the CCI group, days 1 to 7 after 

injury were found to be statistically different when comparing against BL (A). Data 

adjusted to percentage of BL showed identical results (C). Within the Sham group, only 

day 1 post-injury was found to be statistically significantly decreased when compared 

against BL with both raw values (B) or percentage adjusted to BL values (D). One-way 

ANOVA repeated measures followed by Dunnet’s post hoc test. Asterisks (*) represent 

statistical significant differences (*p<0.05, **p<0.01, ***p<0.005). 
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3.4. Discussion 

Experimental settings and considerations 

In this chapter, the Ugo Basile Orofacial Stimulation equipment was adapted and 

used to develop a behavioural test in a LNI model of neuropathic pain in the rat. As 

mentioned in the literature review (section 1.5 in chapter 1), the use of animal models for 

the study of pain has its own challenges and limitations. One of them relies on how to 

assess the effect of injury and level of pain as non-human animals such as rodents cannot 

self-report (a disadvantage compared to humans). In addition, the majority of the tests 

used to date have been based on reflex behaviours or innate responses (Mogil and Crager, 

2004) which excludes the important component of pain processing in higher parts of the 

brain (for instance, voluntary actions) and the validity of the reflex responses as reliable 

measures of pain have been questioned (Vierck et al., 2008). The use of reflex behavioural 

tests has also been reported in studies conducted in the orofacial region, with most of 

them using the infraorbital nerve (ION) injury model over the years (Vos et al., 1994, 

Kernisant et al., 2008, Xu et al., 2008). The CCI pain model used in the present study was 

based on studies reported by Bennett and Xie (1988) who first described this model in the 

sciatic nerve, and later, Vos et al. (1994) adapted and characterised the model in the 

orofacial system, reporting altered behaviour post-injury such as face-grooming activity. 

In the particular case of the LNI as a model for studying nerve injury and pain, very few 

studies to date have reported behavioural testing (discussed below). This may be due to 

the specific characteristics of the nerve that need to be taken into account. For instance, 

the intra-oral location of the nerve’s receptive field makes it difficult to assess the direct 

responses to stimulation using traditional methods (e.g. Von Frey hair). To try to 

overcome the particular limitations of this animal model in view of its receptive field and 

also in an attempt to move away from behaviour based on reflex responses, the Ugo Basile 

Orofacial Stimulation was adapted to investigate the effect of lingual nerve CCI on 

feeding behaviour. This test used operant measures of pain (non-reflexive measures that 

involve cerebrospinal integration and that cannot be performed after decerebration) 

(Mogil, 2009), in which the animals were trained to access a bottle that contained a reward. 

In order to obtain the reward, they needed to use the tongue; this allowed the animals to 

make a choice between receiving the positive reward (chocolate drink) or avoiding 

potential pain caused by movement of the tongue and/or contact of the tongue with the 

feeding bottle.  The first report describing the use of this equipment in an animal model 
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of chronic pain was applied to the study of CCI of the infraorbital nerve (Cha et al., 2012). 

In the study reported in this chapter several adaptations were made in order to better suit 

the nerve and model. For instance, no noxious (thermal or mechanical) stimuli were 

applied to the face as the lingual nerve does not innervate the facial area. In addition, the 

animals were not deprived of food or water before the test as the main goal was to evaluate 

the willingness of the animals to get the reward regardless of the fasting/starving state, as 

this was considered to potentially dilute the injury effect and force the animals to get the 

reward even in a painful condition. Animals were tested for 10 min based on previous 

reports in the literature (Cha et al., 2012, Zuo et al., 2013) and preliminary studies. Also 

based on preliminary studies, animals were tested in pairs and chocolate drink was used 

for the reward. Other studies have used sweetened milk (Cha et al., 2012, Zuo et al., 2013), 

however no consistent results were obtained when using sweetened milk in preliminary 

studies. This difference may be explained by the fact that the animals in this study were 

not fasted prior to testing.  

 

Feeding behaviour following lingual nerve injury 

To evaluate the feeding behaviour in this study three measurements were tested: 

number of attempts to reach the reward, the total time, maximum and minimum 

uninterrupted time drinking, and the volume of reward ingested (of a total of 20 mL 

available) over the period of testing. When analysing the raw data regarding time drinking, 

a statistical difference was observed between groups (CCI experimental and sham control) 

in the total time drinking, and specifically on day 14 following injury (both raw values 

and when adjusting to percentage of baseline). When adjusting the values to baseline, it 

was possible to observe that also day 5 was statistically significantly different. No 

statistical significant differences were found between groups in either the number of 

attempts or the volume ingested. Even though the time and volume graphs follows the 

same pattern, the units of measure are not directly comparable and that can explain the 

fact that in the time drinking there was a statistical difference but not on the volume 

ingested. It is interesting to note that the control group used in this study (sham operated 

animals) also had, to some extent, a decrease in the time and volume ingested following 

surgery in particular on day 1. This suggests the potential existence of post-surgical pain. 

The inclusion of another control group (naïve animals) in a future study or the application 

of local anaesthetic/analgesic in the surgical area may help clarify this result.  
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When analysing the results within each group (CCI or Sham) at each time point 

against baseline, it was possible to observe a clear effect of the type of surgery. In the 

CCI group, time drinking, maximum and volume ingested were significantly decreased 

compared to baseline for up to 5 or 7 days, and on day 14 for time drinking only. This 

analysis demonstrated the different effect of sham operation compared to CCI, as in the 

Sham group only on day 1 post-surgery was found a statistical significant difference 

against baseline in time drinking and volume ingested. This again suggests a post-surgical 

effect and not the development of neuropatic pain.  

To the best of my knowledge, this is the first time this operant behavioural test has 

been used to assess behavioural change following LNI. However, Boucher et al. (2013) 

have conducted a two-bottle conflict paradigm test (one with capsaicin and the other with 

vehicle) to study LNI in the rat and reported that, similar to the injured animals, the sham-

operated animals also had enhanced avoidance of capsiacin (which is indicative of 

chemical hyperalgesia) over time. It was suggested that the lingual nerve exposure is 

invasive by itself, thus, even the sham animals were affected; this may explain the 

variability found within the sham group in the results of this chapter.  

The results reported in this chapter are in accordance with previous 

electrophysiological and neuropeptide studies conducted in Professor Boissonade’s 

laboratory as the greatest changes were found in early days following injury. Studies on 

the effect of injury to trigeminal nerve fibres found that spontaneous activity was the 

highest 3 days after LNI in the ferret (Yates et al., 2000) with decrease, then, at 3 weeks 

and increase at 3 months. Mechanical sensitivity (tested by direct pressure on the neuroma 

with a glass probe) was also present at 3 days following LNI in the same study. Studies 

on the inferior alveolar nerve in the ferret also detected spontaneous activity 3 days after 

injury (Bongenhielm and Robinson, 1996, Bongenhielm and Robinson, 1998). Davies et 

al. (2006) has also shown that specific sodium channels (Nav1.9 and 1.8) were increased 

following injury to the inferior alveolar nerve and that was suggested to be associated 

with the development of ectopic activity detected at day 3 in the previous study mentioned. 

In the same line, several neuropeptides (SP, CGRP, vasoactive intestinalpolypeptide 

(VIP), enkephalin (ENK), galanin (GAL), and neuropeptide Y (NPY)) were found to be 

accumulated at the site of injury at 3 days after inferior alveolar nerve injury (Bird et al., 

2002) and LNI (Bird et al., 2003) and decreased by week 3. Even though different species 

were used between this study and the ones mentioned above (rat and ferret, respectively) 
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and statistically significant differences between CCI and sham were found only on day 5 

and 14 in this study, the previous data is in line with the findings reported in this chapter 

as the highest effects on feeding behaviour were found in early time points following LNI, 

within the CCI group; in addition, no statistical differences were found between groups 

or when comparing against baseline within each group on day 21 (3 weeks after injury). 

Previous studies in the lingual nerve reported the presence of spontaneous activity and 

increase of SP, CGRP and VIP levels at 3 months following LNI so in a future study it 

may be necessary to evaluate whether the feeding behaviour is affected beyond day 28 

post-injury and up to 3 months. Similarly, electrophysiological studies on day 14 

following LNI may help clarify whether there is spontaneous activity at this specific time 

point that could contribute to the decrease on the total time drinking on day 14 in the CCI 

group. A study conducted in the rat mental nerve (also part of the mandibular division of 

the trigeminal nerve) found that on day 14, nerve growth factor (NGF) was increased in 

the ipsilateral site of the skin (Evans et al., 2014). NGF is an important growth factor in 

nerve regeneration, but increased release of NGF can activate TrkA receptor and lead to 

the release of SP and CGRP, that will extend the inflammatory event and further sensitise 

nociceptors. Evidence has also shown that administration of SP (Smith et al., 2005) and 

CGRP (Loescher et al., 2001) can contribute to the development of spontaneous activity 

in the inferior alveolar nerve. Therefore, further characterisation of neuropetides 

expression specifically on day 14 after LNI in the rat is required to identify the potential 

cause of the behavioural findings here reported. 

Because the lingual nerve contains taste fibres (from the chorda tympani), possible 

effect of surgery on taste should also be acknowledged. It would be possible, if taste fibres 

would have been damaged, that the animals had lost the learning of the reward acquired 

during the training period (as the potential positive effect of getting the reward would 

have been lost). However, it is also necessary to acknowledge that this study conducted a 

unilateral injury to the lingual nerve, thus, the contralateral side of the tongue was still 

innervated by intact lingual nerve fibres. This together with the fact that no differences 

were observed between groups in the number of attempts to get the reward, suggests that 

taste was possibly not affected and results are due to sensory disturbances (that may 

include pain) only. In addition, there are also studies done in the reward effect, showing 

that the animals learn that the reward is safe to ingest and increase the consumptions after 

subsequent exposure over time (Yamamoto, 2008). In a study conducted to characterise 
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the emotional effects (anxiety and depression) of lingual nerve and chorda tympani injury, 

it was observed a reduction in the intake and preference for sweet solutions compared to 

sham operated animals (Choi et al., 2013). However, this study applied bilateral 

transection to the lingual nerve and chorda tympani, thus affecting the taste transmission 

and thus the effect of injury affected both sides of the tongue. Comparing those to the 

results reported in this chapter, it was also observable a decrease in the time and volume 

of reward; however, because only the left lingual nerve was injured, only one side of the 

tongue was affected; thus the animals could possibly still taste the chocolate on the other 

side of the tongue. A study conducted by Bartoshuk et al. (2005) reported that damage in 

taste nerves could lead to disinhibition of trigeminal nociceptive pathways; however, 

Boucher et al. (2014) did not find any correlation between chorda tympani damage and 

central disinhibition. Further studies analysing taste buds on the tongue, brain imaging or 

even the use of preference conditioning behavioural  tests (in which the animal can choose 

between a positive reward and a vehicle) can help clarify the effect of CCI in the lingual 

nerve and its fibres. 

Animals in the CCI group had lower percentage of body weight gain over the 28 

period when compared to the Sham group. Vos et al. (1994) have found that animals with 

injury to the infraorbital nerve had a slower daily increase in weight comparing to the 

control group using a normal diet (not reward testing). Additionally, another study on the 

functional role of the lingual nerve in breastfeeding has found that unilateral LNI had no 

effect on the survival of rat pups in contrast with bilateral injury (Yokouchi et al., 2007), 

suggesting that sensory input and not only motor funtion can affect the feeding behaviour. 

 

Lab environmental factors 

Previous studies have evaluated the influence of the laboratory environment factors 

on animal behaviours and found that several factors external from the experiment can 

influence the behavioural results (Mogil, 2017, Sorge et al., 2014). For instance a study 

conducted by Chesler et al. (2002) ranked genetic and laboratory factors from an archive 

of thermal nociception behavioural studies and found that the experimenter was the main 

cause of differences (even more than the animal strain); it was suggested that possibly the 

animal handling technique caused stress in the animals. Other factors such as sex and 

order of testing also seemed to have an effect. Therefore, the development of investigator-

independent tests becomes especially relevant when evaluating pain behaviours (Neubert 
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et al., 2005). In the study reported in this chapter, the equipment automatically recorded 

the duration of drinking and number of attempts and animals could choose whether they 

wanted to access the reward. This, possibly, reduced experimenter-induced  bias and 

stress (as the only contact was when transferring cages). In addition, the order of testing 

was done randomly and always with two animals at the same time (in separate cages). 

 

Statistical analysis considerations 

A two-way ANOVA repeated measures was used to find statistical differences 

between groups because the animals were tested for feeding behaviour at multiple time-

points. To evaluate differences within each group, one-way ANOVA repeated measures 

was used and in this case the results reported are corrected for sphericity (one of the 

assumptions of ANOVA). To correct for multiple comparisons and avoid false positives 

a post hoc test was conducted when the ANOVA was significant. In the case of one-way 

ANOVA repeated measures, Dunnet’s post hoc test was chosen because it was decided 

to compare only to the baseline value (pre-surgery). In the case of two-way ANOVA 

repeated measures, it was used Sidak’s post hoc test as it was more powerful (taking into 

account the sample size). It was decided not to use Bonferroni test because it is the most 

conservative test and because of the sample size in this case it could lead to false negatives. 

The percentage values adjusted to BL were used to correct for the individual differences 

of each animal.  

 

Limitations of the study 

One of the limitations of this study was the use of adult male rats only. There is 

evidence that the majority of chronic pain patients are middle-aged females and in 

addition, there is some evidence that female rats are more sensitive than male rats in acute 

assays (Mogil, 2017), thus the inclusion of female and older rats can help studies to be 

more clinically translatable. This study did not include a naïve control group, thus, 

statistical analyses were performed within each group against baseline data (pre-surgery 

data); however this does not include potential variation that may occur during the 

progressive testing in naïve animals and therefore, future studies should include naïve 

animals. Because the animals were not fasting it is difficult to control whether the animals 

ate just before the test been conducted; however, the increasing interest in the reward 

demonstrated in the training period did not suggest that was interfering with the animals 
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reward interest. In addition, the behaviour testing was conducted at the beginning of the 

light cycle (when the animals were potentially less active); however, all tests were 

conducted approximately at the same time of the day and thus comparable within this 

study.   

 

Conclusion and future studies 

In conclusion, the behavioural test conducted showed that LNI had an effect on 

feeding behaviour, particularly decreasing time drinking in early days post-injury. This 

results are in line with previous studies that have shown the development of spontaneous 

activity and mechanical sensitivity and the increase in the expression of several 

neuropetides associated with increase in nociceptive transmission, such as SP and CGRP, 

in early days after LNI;  this suggests that the use of the Ugo Basile orofacial test can help 

characterise pre-clinical studies of LNI. Future studies derived from this work need to 

apply a multidimensional approach (with additional brain imaging and analysis of 

gustatory fibres) to better translate to clinical studies (Navratilova et al., 2015, King and 

Porreca, 2014). An interesting follow up would be to investigate whether the application 

of anti-epileptic drugs, such as gabapentin or pregabalin (that have shown to reduce 

neuropathic pain (Bennett and Simpson, 2004, Serpell and Group, 2002)) would reverse 

the effect of CCI on feeding behaviour. 
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    CHAPTER 4 

4. CHARACTERISATION OF MICROGLIAL 

RESPONSE TO LINGUAL NERVE INJURY 
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4.1. Introduction 

Evidence over the past years has suggested that not only neurones, but also glial 

cells may play a role in the development and maintenance of chronic sustained pain as 

discussed in the literature review (section 1.1.3.4 in chapter 1). Microglia, in particular, 

are known as the resident immune cells of the central nervous system (CNS). Therefore, 

it is considered that they respond to any threat such as injury, infection, inflammation and 

any derived diseases (Lull and Block, 2010). Microglia are constantly checking the 

surrounding environment in order to maintain homeostasis and identify any signal that 

requires a response; under these normal circumstances, microglial cells are quiescent, 

presenting a ramified morphology with long and thin extensions from the cell body and 

are spaced throughout the tissue. It is considered that during this state they have low 

expression of proteins from the major histocompatibility complex (MHC) (Lawson et al., 

1990). However, in the presence of specific extracellular signals such as pathogens, 

antigens or the presence of dead cells, microglia proliferate and respond by shifting 

morphology to an amoeboid form with shorter ramifications that will facilitate mobility 

and phagocytosis (Lull and Block, 2010). In addition, microglia also change in gene 

expression that may lead to alterations in surface receptors and the release of several 

inflammatory mediators (Zhang et al., 2003). If not controlled, the release of pro-

inflammatory mediators can further contribute to central sensitisation and maintenance of 

chronic pain (Tsuda et al., 2003).  

Lingual nerve injury (LNI) can lead to painful sensory alterations in some patients 

(Robinson et al., 2004) and it is considered that changes in central mechanisms may be 

responsible for the persistent sensory alterations as the majority of patients that undergo 

surgical repair continue to report symptoms of pain (Robinson, 2013) . Therefore, it was 

hypothesised that LNI can lead to central changes and activate microglial cells; this 

activation can, subsequently, create a positive feedback loop. 

The overall aim of this study was to characterise the microglial response to LNI in 

a rat model, over a specific time period and using the microglial marker, Iba1. The specific 

objectives were: 

1. Investigate microglial morphological changes in the trigeminal nucleus (Vc) of 

naïve-control, sham and injured animals (qualitative analysis).  

2. Investigate microglial response by quantifying Iba1 area of staining at day 3, 7 

and 28 following LNI (quantitative analysis). 
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4.2. Methodological approach 

As described in chapter 1, the central terminals of the lingual nerve fibres (as part 

of the trigeminal nerve) are located in the trigeminal nucleus caudalis (Vc) in the medullar 

part of the brainstem (figure 4.1 in red).  

 

The detailed methods used to collect, prepare and stain brainstem sections were 

described in sections 2.2.4 and 2.4.1 in chapter 2. In order to have an overall 

representation, 15 brainstem sections per animal were analysed starting at the level of the 

obex (considered 0 µm) and then at 240 µm apart from each section until 3360 µm caudal 

to obex (please see figure 2.3 in section 2.4.1 of chapter 2). Brainstem sections analysed 

were collected from animals that had chronic constriction injury of the lingual nerve (CCI 

group) and were left to recover for 3 (n=5), 7 (n=3) or 28 (n=5) days, and from animals 

that were sham-operated (Sham group) and, similarly, left to recover for 3 (n=3), 7 (n=5) 

or 28 (n=3) days. Brainstem sections from control (naïve) animals (n=2) were also 

analysed. The analysis of microglial response following LNI combined qualitative and 

quantitative approaches. Qualitative analysis was conducted based on criteria specified 

Figure 4.1. Lingual nerve and the brainstem. Lingual nerve fibres transmitting 

nociceptive information are considered to enter the brainstem at the level of the pons and 

descend to the trigeminal nucleus caudalis (represented in red). Rat drawing adapted 

from Csáti et al. (2015) and brainstem drawing adapted from Henssen et al. (2016). 
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previously by Colburn et al. (1997) and described on table 4.1; the quantitative analysis 

was obtained by measuring the positive area of microglial marker Iba1 staining (PAS%) 

in the Vc (please see section 2.5.1 in chapter 2 for more details). 

 

Table 4.1. Criteria for qualitative microglia characterisation.  

Microglial response Score Description 

Baseline staining . 
Resting microglia showing ramified morphology with 

thin and long cytoplasmic extensions 

Mild response + 
Still ramified but Iba1 immunoreactivity brighter and 

less space between cells 

Moderate response ++ 
High Iba1 immunoreactivity, increased microglial 

density  and less ramifications 

Intense response +++ 

High density of microglial cells and extensive 

overlapping with short thick ramifications and 

amoeboid form 

 

 

 

4.3. Results 

 Morphological changes and qualitative analysis 

Microglia proliferated and presented different morphology following LNI. Control 

(naïve) animals did not have activated microglia as Iba1 had little immunoreactivity. In 

addition, microglial cells were spaced throughout the tissue (in the area analysed). 

However, LNI seemed to have triggered a microglial response as immunoreactivity to 

Iba1 was highly increased in particular at day 3 post-injury in the ipsilateral side.  

Microglial response occurred mainly in the superficial laminae (laminae I and II) and in 

figure 4.2 it is possible to observe Iba1 labelling in a representative brainstem section.  

 

 

 

Based on work from Colburn et al. (1997). 
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Microglial cells adopted, in some cases, the characteristic amoeboid shape (figure 

4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IL CL 

Figure 4.2. Microglia response in the trigeminal nucleus. Low magnification image 

taken at 960 µm. Scale bar 50 µm. White boxes represent area analysed. IL-ipsilateral, 

CL-contralateral. 

Figure 4.3. Activated microglial cells on day 3. High power image showing 

characteristic morphology of activated microglia, with amoeboid shape and shorter 

cytoplasmic ramifications, in the ipsilateral side of the Vc at day 3 after LNI. Scale bars: 

50 µm. 
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On day 3 following LNI there was a high density of microglial cells present in the 

superficial lamina of the ipsilateral side throughout the area of the trigeminal nucleus 

analysed (figures 4.4-4.7). In particular, between 480 and 1680 µm caudal to obex there 

was extensive overlapping of microglial cells and the immunoreactivity to Iba1 antibody 

presented very bright staining (table 4.2). The contralateral side showed an increase in 

the brightness but the cells were spaced out through the tissue with no apparent 

overlapping. In the sham group there was very mild microglial response.  

On day 7 post-injury, microglial cells were still activated. There was less microglial 

proliferation but cells presented an amoeboid shape and Iba1 staining was still bright in 

particular between 480 and 1440 µm caudal to obex. The sham group also presented 

activation of microglia, especially between 720 and 1200 µm caudal to obex (figures 4.4-

4.7).  

On day 28, microglia were mildly to moderately activated in the injured (CCI) 

group (figures 4.4 to 4.7) . However, cells were more ramified and only occasionally 

overlapping. The sham group presented very little response from microglia. 
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Table 4.2. Qualitative analysis of microglial response. 
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Scores were based on the analysis of ipsilateral sections from each group at each rostral-caudal 

level (obex to 3360 µm caudal to obex).  CCI day 3 (n=5), day 7 (n=3) and day 28 (n=5). Sham 

day 3 (n=3), day 7 (n=5) and day 28 (n=5). Control naïve (n=2). IL: ipsilateral. Distances in 

µm. 
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Figure 4.4. Microglia response in the Vc at 3, 7 and 28 days following LNI (CCI 

group). Showing representative images of Iba1 expression from obex (0 µm) to 

1920 µm caudal to obex (previous page) and from 2160 to 3360 µm caudal to obex 

(current page). Distances from obex in µm. 
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Figure 4.5. Microglia response in the Vc at 3, 7 and 28 days following sham 

operation of the lingual nerve (Sham group). Showing representative images of 

Iba1 expression from obex (0 µm) to 1920 µm caudal to obex (previous page) and 

from 2160 to 3360 µm caudal to obex (current page). Distances from obex in µm. 
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Figure 4.6. Microglia in the control naïve group. Showing 

representative Iba1 expression from obex (0 µm) to 1680 µm caudal 

to obex (on the left) and from 1920 to 3360 µm caudal to obex (on 

the right). Distances from obex in µm. 
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Figure 4.7. Representative images of microglia response (Iba1 expression) to 

lingual nerve injury at 720 µm caudal to obex. A) Ipsilateral and B) contralateral of 

control (naïve) group. C-H) Microglia response in the Sham groups. C) Ipsilateral and 

D) contralateral of Sham group on day 3.  E) Ipsilateral and F) contralateral of Sham 

group on day 7.  G) Ipsilateral and H) contralateral of Sham group on day 28.  I-N) 

Microglia response in the CCI group. I) Ipsilateral and J) contralateral of CCI group on 

day 3.  K) Ipsilateral and L) contralateral of CCI group on day 7.  M) Ipsilateral and N) 

contralateral of CCI group on day 28. 
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 Microglia response on day 3 following lingual nerve injury    

Quantitative analysis of the microglial response was conducted on day 3. The 

positive area of Iba1 staining (%) was measured in Vc both ipsilateral and contralateral 

to CCI and sham injury (figure 4.8-A, B). In order to control for individual variability of 

the animals and minimise the differences in staining between experiments, the ratio of the 

percentage area of Iba1 labelling in the ipsilateral over the contralateral side was 

calculated. This ratio was calculated for each level of the Vc (figure 4.8-C).  

Microglia were differentially activated between the CCI, Sham groups and and 

control groups (F (2, 7)=36.75, p=0.0002; two-way ANOVA repeated measures). 

Pairwise comparisons between the groups revealed that the microglial response was 

significantly higher in the CCI group when compared to the Sham group between 240 

and 2640 µm caudal to obex (values caudal to obex: 240 to 1200 µm p<0.0001; 1440 and 

1920 µm p=0.0003; 1680 µm p=0.0001; 2160 µm p=0.0002; 2400 µm p=0.003; 2640 µm 

p=0.04; Tukey’s post hoc test). Similarly microglia were also significantly more activated 

in the CCI group compared to the control between 240 and 2400 µm caudal to obex 

(values caudal to obex: 240 µm p=0.0002; 480 to 1200 µm p<0.0001; 1440 µm p=0.0003; 

1680 µm p=0.0005; 1920 µm p=0.002; 2160 µm p=0.001; 2400 µm p=0.005; Tukey’s 

post hoc test). No statistical significant differences were found between Sham and Control 

groups. 
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Figure 4.8. Analysis of microglial response on day 3 by quantification of positive 

area of Iba1 staining. A) Positive area of Iba1 staining in the CCI group (n=5). B) 

Positive area of Iba1 staining in the Sham group (n=3). C) Ipsilateral ratio increase over 

contralateral side: Iba1 expression was statistically significantly different between groups 

between 240 and 2640 µm caudal to obex. Asterisks represent statistical significance. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. a-CCI vs control, b-CCI vs Sham, c-

CCI vs Sham and CCI vs Control. Two-way ANOVA repeated measures followed by 

Tukey’s post hoc test. 
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 Microglia response on day 7 following lingual nerve injury 

Similarly to day 3, quantitative analysis of microglia response was also conducted 

7 days following LNI. The positive area of Iba1 staining was measured both ipsilateral 

and contralateral sides of sham and CCI groups (figure 4.9-A, -B). For further analysis, 

the ratio increase in the ipsilateral over the contralateral site for each level of the Vc was 

calculated (figure 4.9-C). Microglia were differentially activated between the CCI and 

control groups and between Sham and control groups (F (2, 7)=36.23, p=0.0002; two-

way ANOVA repeated measures).   

Microglial response was not significantly higher in the CCI group when comparing 

to the Sham group.  When comparing CCI with the Control group, Iba1 was significantly 

higher in the CCI group between 480 and 1680 µm caudal to obex (480 to 1440 µm 

p<0.0001; 1680 µm p=0.0006; Tukey’s post hoc test). Statistically significant differences 

were present between Sham and Control group at 480 to 1440 µm caudal to obex (480 

µm p=0.0001; 720 to 1200 µm p<0.0001; 1440 µm p=0.004; Tukey’s post hoc test). 
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Figure 4.9. Analysis of microglial response on day 7 by quantification of Iba1 

staining. A) Positive area of Iba1 staining (%) in the CCI group (n=3). B) Positive area 

of Iba1 staining (%) in the Sham group (n=5). C) Ipsilateral ratio increase over 

contralateral side: Iba1 expression was statistically significantly different between CCI 

and control groups from 480 to 1680 µm caudal to obex. Statistical differences were also 

found between Sham and Control groups from 480 to 1440 µm. Asterisks represent 

statistical significance. *p<0.05, **p<0.01, ****p<0.0001. a-CCI vs control, b-Sham vs 

Control. Two-way ANOVA repeated measures followed by Tukey’s post hoc test.  
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 Microglia response on day 28 following lingual nerve injury 

Microglia response on day 28 post-injury was also quantified. The positive area of 

Iba1 staining was measured in both the ipsilateral and contralateral side of sham and CCI 

groups (figure 4.10-A, -B). Similarly to the analysis for the two other time-points, the 

ratio increase in the ipsilateral over the contralateral site for each level of the trigeminal 

nucleus was calculated and used for statistical analysis between groups (figure 4.10-C). 

On day 28, there was a statistically significant difference in Iba1 expression between the 

three groups (F (2, 7)=8.959, p=0.01; Two-way ANOVA repeated measures).  Microglial 

response was significantly higher in the CCI group when comparing to the Sham and 

control groups from 720 to 1200 µm caudal to obex of the Vc (CCI vs Sham at 720 µm 

caudal to obex p=0.005, at 960 and 1200 µm p=0.001; CCI vs Control at 720 µm p=0.03, 

at 960 µm p=0.0004, and at 1200 µm p=0.003; Tukey’s post hoc test). No statistical 

significant differences were found between Sham and Control groups. 
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Figure 4.10. Analysis of microglial response on day 28 by quantification of Iba1 

staining. A) Positive area of Iba1 staining (%) in the CCI group (n=5). B) Positive area 

of Iba1 staining (%) in the Sham group (n=3). C) Ipsilateral ratio increase over 

contralateral side: Iba1 expression was statistically significantly different between groups 

from 720 to 1200 µm caudal to obex. Asterisks represent statistical significance. *p<0.05, 

**p<0.01, ***p<0.001. a-CCI vs control, b-Sham vs Control. Two-way ANOVA 

repeated measures followed by Tukey’s post hoc test. 
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 Comparison of microglia response over time 

When comparing microglia response in the ipsilateral side of the CCI (injured) 

group across time-points it was possible to observe statistical significant differences (F 

(3, 11)=20.36, p<0.0001; Two-way ANOVA repeated measures). The specific 

statistically different levels of the Vc are described in table 4.3.  

As it is possible to observe in the graph of figure 4.8, microglial response on day 3 

was the highest compared to any other day and control. The highest activation seems to 

occur at 720 µm caudal to obex three days following LNI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

122 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3. Statistical differences between time points. 

                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Distance from obex in the Vc Groups Adjusted p-value* 

240 µm 

IL - control vs. IL - day 3 
IL - day 3 vs. IL - day 7 

IL - day 3 vs. IL - day 28 

p=0.0002 
p=0.0001 

p=0.0002 

480 µm 

IL - control vs. IL - day 3 

IL - control vs. IL - day 7 
IL - day 3 vs. IL - day 28 

p<0.0001 

p=0.0277 
p<0.0001 

720 µm 

IL - control vs. IL - day 3 

IL - control vs. IL - day 7 
IL - day 3 vs. IL - day 7 

p <0.0001 

p=0.0014 
p=0.0448 

960 µm 

IL - control vs. IL - day 3 

IL - control vs. IL - day 7 

IL - control vs. IL - day 28 
IL - day 3 vs. IL - day 28 

p<0.0001 

p=0.0002 

p=0.0230 
p=0.0155 

1200 µm 

IL - control vs. IL - day 3 

IL - control vs. IL - day 7 
IL - control vs. IL - day 28 

p<0.0001 

p=0.0365 
p=0.0051 

1440 µm 
IL - control vs. IL - day 3 

IL - control vs. IL - day 28 

p=0.0003 

p=0.0033 

1680 µm 
IL - control vs. IL - day 3 
IL - control vs. IL - day 28 

p=0.0006 
p=0.0101 

1920 µm 

IL - control vs. IL - day 3 

IL – day 3 vs. IL - day 7 
IL - control vs. IL - day 28 

p=0.0017 

p=0.0018 
p=0.0368 

2160 µm 

IL - control vs. IL - day 3 

IL – day 3 vs. IL - day 7 

IL – day 3 vs. IL - day 28 

p=0.0015 

p=0.0059 

p=0.0324 

2400 µm 

IL - control vs. IL - day 3 

IL – day 3 vs. IL - day 7 

IL – day 3 vs. IL - day 28 

p=0.0064 

p=0.0163 

p=0.0113 

*Two-way ANOVA repeated measures with Tukey’s post hoc 

corrections. 

Figure 4.11. Comparative analysis of microglia response between 

time points. Statistical differences are described in table 4.3.  
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4.4. Discussion 

Microglia response following Lingual nerve injury 

Several pro-inflammatory mediators can trigger microglia activation, for instance 

lipopolysaccharide (LPS) released by bacteria, beta-amyloid peptide (Alzheimer’s 

disease), and nerve injury (Graeber et al., 1988, Raghavendra et al., 2003, Tsuda et al., 

2003, Piao et al., 2006, Zhang et al., 2007). Microglia, in response, can also release 

multiple mediators such as nitric oxide (NO), TNF-, IL-ß1 and prostaglandins (Bianco 

et al., 2005, Berta, 2014) that will, in turn, activate astrocytes or neurones. The exact role 

of microglia following PNI has been the subject of much research over the past decade. 

However, microglial activation has not been widely studied in the Vc, and no previous 

studies have investigated microglial activation following rat LNI.  

Previous tracing studies using horseradish peroxidase (HRP) have investigated 

trigeminal nerve somatotopic projections in the brainstem and have found that lingual 

nerve fibres, in specific, were present across the trigeminal-brainstem complex, mainly 

in the principal nucleus and trigeminal nucleus oralis and caudalis (Jacquin et al., 1983, 

Takemura et al., 1987). As mentioned previously (section 1.1 in chapter 1), it is 

considered that lingual nerve fibres transmitting nociceptive information terminate 

mainly in the Vc. Within the Vc, Takemura et al. (1987) has found the rat lingual nerve 

projecting mainly to the medial one-fourth, being particularly concentrated from obex to 

1.2 mm caudal to obex. In that study lingual nerve fibres were present up to the most 

rostral part of the spinal cord dorsal horn. Within the brainstem section, those studies 

found that lingual nerve labelling was highly concentrated in laminae I and II, with very 

little labelling in laminae III and IV (Jacquin et al., 1983, Takemura et al., 1987). In the 

study described in this chapter, obex (the junction between the caudal end of the fourth 

ventricle and the rostral end of the central canal) was also used as a reference point for 

relative rostral-caudal location of microglial activation. Microglia activation was seen 

mainly in laminae I and II.  In order to have a representation of the rostro-caudal extent 

of Vc, multiple sections at 240 µm intervals were analysed and microglial activation 

following LNI was observed at all rostral-caudal levels analysed, even though at different 

intensities, on day 3 (time point with the greatest microglial response). The highest 

microglial activation in all CCI groups was detected in the most rostral parts to obex. 

Based on the tracing studies mentioned that showed lingual nerve projections in the Vc 
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mainly in the medial part, it is likely that microglia activation observed in the ipsilateral 

side of the CCI group was due to LNI.   

On day 3, microglial cells had proliferated and presented an amoeboid morphology 

with short cytoplasmic extensions. This response was still present on day 7 but it was 

restricted to a smaller area of the Vc; however, microglial cells still presented an 

amoeboid shape. By day 28, microglial activation was significantly reduced when 

compared to day 3, with only sporadic activation in some areas of Vc. In terms of 

morphology, microglia showed longer ramifications. These results are in line with other 

studies that suggest that microglia are the first responders to a threat to the nervous system 

(Colburn et al., 1997, Raghavendra et al., 2003, Piao et al., 2006, Crown, 2012). For 

instance, Piao et al. (2006) have investigated microglial activation in the Vc of the rat 

after inferior alveolar nerve and mental nerve (nerves located in the mandibular division 

of the trigeminal nerve) transection at 2h, 1, 3, 7, 14 and 60 days using immunoreactivity 

of OX-42 (another microglial marker). They observed that microglial activation was 

present in the superficial laminae of the Vc: it started at day 1, was highest at day 3 and 

continued until day 7. By day 14 and 28 was already decreasing and on day 60 was at the 

same level as the contralateral side. The microglial activation was analysed at 1.2 mm 

intervals (obex was used as a reference point) and the highest activation was observed 

between obex and 6 mm caudal to obex. These results are in line with the temporal 

changes of the microglial study reported in this thesis. Even though microglia was 

activated, particularly on day 3 post-injury, at all rostral-caudal levels analysed in this 

thesis (obex to 3360 µm caudal to obex), the highest activation was detected between 480 

and 1680 µm caudal to obex. In the other study mentioned, it was reported a broader 

microglia activation in the rostral-caudal levels than in the study reported in this thesis 

and that may be explained  by the different nerves (inferior alveolar and mental nerve), 

the different type of injury (transection) and the fact that both nerves were co-injured. 

When they administrated minocycline, an inhibitor of microglia, p38 MAPK activation 

in microglial cells was blocked and the development of pain hypersensitivity was 

attenuated. Partial ligation of infraorbital nerve also leads to microglial activation within 

the Vc of the brainstem (Xu et al., 2008). In Xu’s study, microglia were activated on day 

1 post-injury and decreased by day 8; the greatest microglial activation was seen in the 

superficial laminae; no information on the rostral-caudal distribution of microglia 

response was provided. The infraorbital nerve is branch of the trigeminal nerve (as is the 



 

125 

 

 

lingual nerve) but is associated to the maxillary division. The microglial activation data 

in this thesis is in line with this study on the infraorbital nerve as microglia was activated 

at early time-points (even though different time-points were analysed). 

Some of the most detailed reports of microglial responses following different nerve 

injury models have been conducted by Colburn et al. In a model of severe peripheral 

nerve freeze injury, it was found that microglia were activated in the spinal cord dorsal 

horn but no association with pain behaviours was found (Colburn et al., 1997). To 

evaluate microglial response to different types of injury Colburn et al. (1999) used 

multiple models of neuropathic pain such as spinal nerve ligation, dorsal root ligation and 

dorsal root transection. It was found that spinal nerve models produced microglial 

activation by day 7. Interestingly, it was found that microglia were strongly activated by 

nerve injury peripheral to the dorsal root ganglion, but not when injury was central. That 

study has also noted that sham-operated animals had some microglia response to injury, 

particularly at day 1 and 3. No clear justification was found but it was suggested that 

potential stress or accidental nerve injury during the surgery could have caused it. In the 

results described in this chapter, microglial activation in the sham group only occurred 

on day 7. Even though, microglia activation could have ocurred from the inflammatory 

reaction to surgery in general, it was unexpected that it appeared only on day 7 and no 

significant microglia activation was detected on day 3 or 28 post sham operation. To 

confirm and dismiss the potential accidental injury to the nerve during the sham operation, 

the experiment was repeated on a separate occasion and extreme care was taken in order 

not to damage the lingual nerve during the exposure of the nerve; these animals were 

observed daily and it was possible to note local swelling (characteristic post-surgical 

effect) at the site of injury during the first 3 days post-surgery; however by day 7 there 

was no apparent swelling. Nevertheless, the same results were obtained and microglia 

were activated at specific levels of the Vc (the results reported include all animals 

analysed at day 7 post sham-operation). It is possible that a delayed microglia activation 

occurred in response to the initial post-surgical inflammation or that animals were under 

stress (even though there were no visible signs of that). By day 28, microglia activity was 

back to almost baseline levels.  

 

As previously discussed in chapter 3, other studies in the lingual nerve have 

reported the development of spontaneous activity and mechanical sensitivity 3 days 
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following injury (Yates et al., 2000, Bird et al., 2003). These and further details on the 

relation of microglial response to the behavioural study reported in chapter 3, will be 

discussed in the General Discussion in chapter 7. 

 

Methodological approach and statistical tests 

In this study a rabbit polyclonal anti-Iba1 (ionized calcium-binding adaptor 

molecule 1) antibody was used, it was raised against a synthetic peptide corresponding to 

the C-terminus of Iba1. Iba1 protein has been used as a specific microglial marker because 

it was demonstrated that Iba1, within the nervous system, is expressed exclusively in 

microglial cells and not in neurones, astrocytes or oligodendrocytes (Imai et al., 1996, Ito 

et al., 1998). Iba1 protein seems to contribute to the motile characteristic of microglia as 

it interacted with Rac, which is a crucial mediator of membrane ruffling  (Kanazawa et 

al., 2002). The ability to migrate is important for the phagocytosis role of microglia under 

disruption of homeostasis. In this line, it is logical that Iba1 expression is increased 

following LNI as this injury may have caused the synthesis and transport of several 

mediators to central terminals. 

All tissues were processed according to the same immunohistochemical protocol 

and all images were taken and analysed with the same pre-determined parameters in order 

to minimise technical variations. In addition, for statistical analysis, the ratio increase in 

the ipsilateral over the contralateral site was used; this way animal individual variations 

and any differences in background staining were taken into account for each measurement. 

A two-ANOVA repeated measures was selected for statistical analysis as Iba1 was being 

quantified within the same tissue at different rostral-caudal levels. Tukey’s post hoc 

corrections were applied, when ANOVA found to be statistically significant (p≤0.05), 

because there were 15 levels per animal analysed and, at least, three groups being 

compared; in this situation Tukey’s test was found to be more appropriate as, for instance, 

Bonferroni corrections have less power.  

 

Study limitations 

Evidence from recent studies has suggested that female mice do not use a 

mechanism dependent on microglia to produce mechanical hyperalgesia and allodynia. 

Sorge et al. (2011) have found that Toll-like receptor 4 (known to be expressed in 

microglia) only mediate pain in male mice. Similarly P2X4R-induced release of BDNF 
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by microglia was only evident in male mice (Sorge et al., 2015). Recent studies suggest 

that female mice use a mechanism primarily dependent on T cells, and only when female 

mice were T cell deficient or treated with testosterone, they used the microglial-dependent 

pathway. However, in a model of bone cancer pain, p38 mitogen-activated protein kinase 

(MAPK) was shown to be activated in microglial cells when using female rats (Yang et 

al., 2015); in that study, minocycline (a known microglia inhibitor) reduced the late phase 

of cancer pain. This suggests that microglia may still have a role in chronic pain in females 

in certain conditions. In the study reported in this chapter, it was not possible to verify 

these reports because only male mice were used. Therefore, when interpreting the results 

that needs to be taking into consideration. In order to apply more generically, female mice 

need to be included in a future study.  

 

Conclusions and future work 

Microglial cells were activated in the early days post-injury in this model of LNI in 

male rats. It is known that microglia respond to several mediators and in turn release other 

potential pro-inflammatory mediators. The elevated response of microglia on day 3 may 

be responsible for the induction of neuronal hyper-excitability (central sensitisation) and 

contribute to the development of persistent pain in male rats.  

In a future study it would be important to characterise the mediators being expressed 

and released by the microglial cells in order to confirm the actual contribution to central 

sensitisation. That may also help in the clarification of microglial activation on day 7 in 

the sham group. Microglia have also been shown to release anti-inflammatory mediators, 

so it has been suggested that microglia neurotoxicity may be due to loss of beneficial 

mechanisms or a shift to a pro-inflammatory mechanism (Lull and Block, 2010). 

Therefore, a characterisation of the type of mediators that are being expressed and 

whether different mediators are released between CCI and Sham groups may help clarify 

whether microglia activation in the sham group has a different biological role.  
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    CHAPTER 5 

5. RESOLVIN RECEPTORS EXPRESSION 
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5.1. Introduction 

Resolvins are endogenous lipid mediators that have been shown to act in 

inflammation- and pain-associated conditions; they are known to bind to specific G 

protein-coupled receptors (GPCR): GPR32, BLT1, FPR2/ALX and ChemR23. Excluding 

GPR32 (which was an orphan receptor), the other three receptors, ChemR23, FPR2/ALX 

and BLT1, are well-known receptors involved in inflammatory responses, and their 

expression has been well characterised, particularly in immune cells (Bannenberg et al., 

2007), further details are described in literature review (please see section 1.2.2 in chapter 

1).  

Accumulating evidence on the role of resolvins in reducing pain symptoms in pre-

clinical pain models such as the spinal nerve ligation (SNL) and sciatic nerve chronic 

constriction injury (CCI)  (Xu et al., 2013, Xu et al., 2010), suggests that their receptors 

may play a role in modulating pain processing in nervous system tissues. However, there 

is very little evidence of resolvin receptors expression in neurones and/or glial cells and, 

thus, a better characterisation of their expression is necessary.   

It was hypothesised that resolvin receptors are expressed in the nervous system and 

that their expression may change following peripheral nerve injury. The overall aim was 

to identify the specific cells expressing resolvin receptors within the nervous system and 

characterise their expression following lingual nerve injury (LNI). The specific objectives 

were: 

1. Investigate the expression of resolvin receptors GPR32, BLT1, FPR2/ALX and 

ChemR23 within pain processing regions of the nervous system (human lingual nerve 

neuroma and rat spinal cord and brainstem) using immunohistochemistry;  

2. Identify the specific cells expressing these receptors; 

3. Characterise the expression of ChemR23 in the trigeminal nucleus caudalis (Vc) 

following LNI at days 3, 7 and 28. 

 

5.2. Methodological approach 

Preliminary studies were conducted to determine whether immunohistochemical 

techniques could be applied to the study of resolvin receptors expression. Antibodies for 

each receptor were optimised using spare tissue available in the laboratory. Antibodies 

that produced clear immunohistochemical labelling, which appeared to be specific, were 

used for dual labelled with markers for specific cell types in order to further characterise 
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the expression of selected receptors. In addition changes in expression of selected 

receptors was investigated following nerve injury. 

This chapter initially describes immunoreactivity for the receptors GPR32 and 

BLT1 (and neuronal and Schwann cell markers) in human lingual nerve neuromas and 

for the receptors FPR2/ALX and ChemR23 (and neuronal and glial cell markers) in the 

rat spinal cord and brainstem. Comercially available antibodies against GPR32 are only 

reactive to the human antigen. The antibody used for BLT1 immunostaining was only 

reactive with the human antigen in this study. The antibodies used for FPR2/ALX and 

ChemR23 immunostaining were successfully optimised in the rat tissues, but no 

successful optimisation (high background and lack of specificity) was obtained in the 

human tissues during the preliminary studies. 

Further studies were conducted using a rat model of neuropathic pain (see Chapter 

2, section 2.2) to characterise and quantify the expression of the resolvin receptor 

ChemR23 in the Vc following LNI.  This study included brainstem sections collected 

from the experimental groups (CCI) at days 3 (n=5), 7 (n=3) and 28 (n=5) and from the 

sham-operated groups (sham) at days 3 (n=3), 7 (n=3) and 28 (n=3).  Brainstem sections 

from a control (naïve) group (n=2) were also analysed.   

As described in detail in chapter 2 section 2.4.1, in order to have an overall 

representation of the rostral-caudal levels of the Vc, 15 brainstem sections per animal 

were analysed starting at the level of the obex (considered 0 µm) and then every 240 µm 

until 3360 µm caudal to obex. The analysis of ChemR23 expression was obtained by 

quantifying the positive area of ChemR23 antibody staining in the brainstem (as described 

in section 2.5.1 in chapter 2).  
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5.3. Results 

 Expression of resolvin receptors 

5.3.1.1. Human tissue 

Immunohistochemistry for GPR32 and BLT1 produced clear positive staining in 

human lingual nerve neuromas (figures 5.1–5.4). Overall this appeared to be present in 

specific structures and levels of background staining were low. Control experiments 

consisted of omitting the primary antibody and incubating with respective secondary 

antibody alone. Pre-absorption controls were not carried out as respective blocking 

peptides were not commercially available.  

The morphology of the labelled structures suggested that the majority of the 

positive labelling was present in either axons or Schwann cells, therefore dual labelling 

with specific markers for these cell types was undertaken. Details of the specific labelling 

patterns for GPR32 and BLT1 are given below. 

 

GPR32 

GPR32 was found to be expressed in human lingual nerve neuromas. Co-

localisation with Schwann cell marker S-100 show labelling of GPR32 in Schwann cells 

(figure 5.1). Co-localisation with nerve fibre marker PGP9.5 show labelling in axons 

(figure 5.2).  
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Figure 5.1. GPR32 is co-localised with S-100. A) Positive staining with antibody 

against GPR32. B) Positive staining with antibody against Schwann cell marker S-

100 C) Double staining in yellow with GPR32 (red) and S-100 (green). D) Negative 

control by omission of primary antibody GPR32. Scale bar: 10 µm. 
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Figure 5.2. GPR32 and PGP9.5 dual labelling in human lingual nerve neuroma. 

A) Positive staining with antibody against GPR32. B) Positive staining with nerve fibre 

marker antibody, PGP9.5. C) Double staining in yellow with GPR32 (red) and S-100 

(green). Scale bar: 50 µm. 
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BLT1 

An antibody against BLT1 produced positive staining in human lingual nerve 

neuroma (figure 5.3 and 5.4). BLT1 staining appears to overlap with both the nerve fibre 

marker PGP9.5 (figure 5.3-C, -D) and the Schwann cell marker S-100 (figure 5.4-D, -E). 

 

 

 

 

 

 

 

 

Figure 5.3. BLT1 and PGP9.5 dual labelling. BLT1 and PGP9.5 dual labelling. A) 

Positive staining with antibody against BLT1. B) Positive staining with antibody 

against nerve fibre PGP9.5. C) and D) Double staining with BLT1 (red) and PGP9.5 

(green). D) Negative control by omission of BLT1 antibody. Scale bar: 10 µm. 
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Figure 5.4. BLT1 seems to be expressed in Schwann cells. A) Positive staining with 

antibody against BLT1 in human lingual nerve neuroma. B) Positive staining with 

antibody against Schwann cell marker S-100. C) Double staining with BLT1 (red) and 

S-100 (green). D) and E) High magnification of the area indicated by the box shows co-

localisation between BLT1 and S-100 (arrows). Scale bars: 10 µm. 
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5.3.1.1. Rat tissue 

Immunohistochemistry for FPR2/ALX and ChemR23 produced positive staining in 

the rat spinal cord and brainstem (figures 5.5–5.11). For both antibodies, preabsorption 

controls was carried out with respective blocking peptides. 

Dual labelling with specific markers for neurones, astrocytes and microglia was 

conducted and details of the specific labelling patterns for FPR2/ALX and ChemR23 are 

given below. 

 

FPR2/ALX 

FPR2/ALX antibody produced positive staining in the spinal cord  and brainstem 

(figures 5.5 -5.7). The majority of positive staining was present in the grey matter and 

appeared to be present in neuronal cells (figures 5.4 and 5.7). To test the specificity a 

preabsorption control was performed. FPR2/ALX was pre-incubated with a blocking 

peptide (that was used to produce the antibody) for 24 h. Following pre-absorption, the 

antibody did not produce positive staining (5.7-D). 

In order to investigate exactly which cell types were expressing FPR2/ALX, co-

localisation studies were performed with markers of specific cell types. Positive dual 

labelling was obtained when FPR2/ALX was incubated with the neuronal marker NeuN, 

suggesting that FPR2/ALX is expressed in neurones in dorsal horn (figure 5.5) and 

trigeminal nucleus (figure 5.7). 

Dual labelling for FPR2/ALX and the astrocyte marker GFAP, provided little 

indication of colocalisation of these two markers, suggesting that FPR2/ALX is not 

expressed in astrocytes (figure 5.6).  
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Figure 5.5. FPR2/ALX is expressed in spinal cord dorsal horn neurones. A) 

Positive staining with antibody against FPR2/ALX in rat spinal cord. B) Positive 

staining with antibody against neuronal marker NeuN in rat spinal cord. C) and D) 

Double staining with FPR2/ALX (red) and NeuN (green). D) High magnification of 

the area indicated by the box shows co-localisation between FPR2/ALX and NeuN 

(arrows). Scale bar: 50 µm. 
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Figure 5.6. FPR2/ALX is not expressed in spinal cord astrocytes. A) Positive 

staining with antibody against FPR2/ALX in rat spinal cord. B) Positive staining with 

antibody against astrocyte marker GFAP in rat spinal cord. C) and D) Double staining 

with FPR2/ALX (red) and GFAP (green). D) High magnification of the area 

indicated by the box shows no co-localisation between FPR2/ALX and GFAP. Scale 

bar: 50 µm. 
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Figure 5.7. FPR2/ALX is expressed neurones within brainstem trigeminal 

nucleus. A) Positive staining with antibody against FPR2/ALX. B) Positive staining 

with antibody against neuronal marker NeuN. C) Double staining in yellow with 

FPR2/ALX (red) and NeuN (green). D) Pre-absorption with respective blocking 

peptide). Scale bar: 10 µm. 
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ChemR23  

Immunoreactivity for the ChemR23 antibody was observed in the spinal cord dorsal 

horn (figure 5.8 -5.10) and in the brainstem (figure 5.12). Positive staining was obtained 

in the grey matter and the morphology suggested this was present in neuronal cells. To 

test the specificity, ChemR23 was pre-incubated with a blocking peptide and, in that 

condition, the antibody did not produce positive staining (5.8-C and 5.12-D).  

Next, co-localisation studies were performed in order to investigate which cell types 

expressed ChemR23. Positive dual labelling was obtained when incubating ChemR23 

with the neuronal marker NeuN, suggesting that ChemR23 is expressed in neurones 

(figures 5.9, 5.10 and 5.12).  

When incubated with the astrocyte marker GFAP, ChemR23 failed to produce 

positive staining. This result suggested that ChemR23 is not expressed in astrocytes 

(figure 5.11). Similarly, dual labelling with the microglial marker, Iba1, did not show co-

localisation (figure 5.13). 
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Figure 5.8. ChemR23 is expressed in spinal cord dorsal horn neurones. A) 

Positive staining with antibody against ChemR23 in rat spinal cord. B) Positive 

staining with antibody against neuronal marker NeuN in rat spinal cord. C) and D) 

Double staining with ChemR23 (red) and NeuN (green). D) High magnification of the 

area indicated by the box shows co-localisation between ChemR23 and NeuN (yellow, 

arrows). Scale bar: 50 µm. 
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Figure 5.9. Confocal microscopy shows co-localisation of ChemR23 and NeuN. 

A) and B) show the expression of ChemR23 (red) in the dorsal horn. C) and D) show 

co-localisation (in yellow) of ChemR23 with the neuronal marker NeuN. 
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Figure 5.10. ChemR23 is not expressed in spinal cord astrocytes. A) Positive 

staining with antibody against ChemR23 in rat spinal cord. B) Positive staining with 

antibody against astrocyte marker GFAP in rat spinal cord. C) and D) Double staining 

with ChemR23 (red) and GFAP (green). D) High magnification of the area indicated 

by the box shows no co-localisation between ChemR23 and GFAP. Scale bar: 10 µm. 
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Figure 5.11. ChemR23 is expressed in neurones within the brainstem trigeminal 

nucleus. A) Positive staining with antibody against ChemR23. B) Positive staining 

with antibody against neuronal marker NeuN. C) Double staining in yellow with 

ChemR23 (red) and GFAP (green). D) Pre-absorption with respective blocking 

peptide. Scale bar: 50 µm.  
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Figure 5.12. ChemR23 is not expressed in microglial cells within the brainstem 

trigeminal nucleus. A) Positive staining with antibody against ChemR23. B) Positive 

staining with antibody against microglial marker Iba1. C) Double staining in yellow 

with ChemR23 (red) and Iba1 (green). Scale bar:  50 µm. 
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 ChemR23 expression following lingual nerve injury 

The expression of ChemR23 in the trigeminal nucleus (Vc) following LNI was 

investigated at day 3, 7 and 28 post-injury. ChemR23 was expressed in Vc and an increase 

in labelling was observed on the side ipsilateral to nerve injury (compared to the 

contralateral), in the region where microglial activation was observed within the 

brainstem section, in the laminar dorsal horn of the Vc (figure 5.13 and 5.15). Even 

though, ChemR23 was not found to be expressed in microglial cells in this study, 

activated microglial cells were observed surrounding ChemR23 expressing cells (figure 

5.14-C).  

ChemR23 was also detected in Vc tissue from control (naïve) animals but with 

weaker staining in general. Image analysis of ChemR23 expression was conducted by 

measurement of positive area of staining (%) in both ipsilateral and contralateral sides 

and statistical analysis between groups and at each time-point was conducted on the ratio 

increase over the contralateral side.  

The level of ChemR23 labelling appeared greatest on day 3 post-injury and, in 

general, the biggest differences were found between injured and control naïve, rather than 

injured versus sham. Within the Vc, ChemR23 was expressed throughout the area 

analysed (obex to 3360 µm caudal to obex) but the most noticeable difference between 

groups was detected at 960 µm caudal to obex (figures 5.15 to 5.18).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

147 

 

 

 

 

 

Figure 5.13. ChemR23 expression in the trigeminal nucleus in relation to microglial activation. A) Microglial activation. B) 

ChemR23 expression. Low magnification image taken at 960 µm caudal to obex. White boxes represent area analysed. Scale bar:  50 µm. 

CL: contralateral; IL: ipsilateral. 

ChemR23 Iba1 

A B 

IL CL 
IL 

CL 



 

148 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. ChemR23 and microglia following lingual nerve injury. A) ChemR23 

expression in the ipsilateral site of the Vc. B) ChemR23 and microglial activation. C) Microglial 

cell ramifications surrounding ChemR23 expressing cells (white arrows). Images correspond 

to higher power magnification of ipsilateral side of the Vc represented in figure 5.13 (previous 

page). Scale bar:  50 µm. 
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Figure 5.15. ChemR23 and microglia expression three days following lingual nerve injury in the Vc at 960 um caudal 

to obex. Scale bar 50 µm.  

ChemR23 - IL 

ChemR23 - CL 

Iba1 - IL 

Iba1 - CL 

Merge - IL 

Merge - CL 



 

150 

 

 

 CCI – DAY 3 CCI – DAY 7 CCI – DAY 28 

0    

-240    

-480  

 

  

-720    

-960    

-1200    

-1440    

-1680    

-1920    



 

151 

 

 

-2160    

-2400    

-2640    

-2880    

-3120    

-3360    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. ChemR23 in CCI group. Showing representative images from obex 

(0 µm) to 1920 µm caudal to obex (previous page) and from 2160 to 3360 µm caudal 

to obex (current page). Distances from obex in µm. 



 

152 

 

 

 SHAM – DAY 3 SHAM – DAY 7 SHAM – DAY 28 

0    

 

-240    

-480    

-720    

-960    

-1200    

-1440    

-1680    

-1920  . 

 

 



 

153 

 

 

-2160    

-2400    

-2640    

-2880    

-3120    

-3360    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17. ChemR23 in Sham group. Showing representative images from obex 

(0 µm) to 1920 µm caudal to obex (previous page) and from 2160 to 3360 µm caudal 

to obex (current page). Distances from obex in µm. 
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Figure 5.18. ChemR23 in the control naïve group. Showing 

representative ChemR23 expression from obex (0 µm) to 1680 µm 

caudal to obex (on the left) and from 1920 to 3360 µm caudal to obex 

(on the right). Distances from obex in µm. 
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5.3.2.1. ChemR23 expression in the trigeminal nucleus caudalis on day 3 

following lingual nerve injury 

ChemR23 expression in the Vc was analysed on day 3 post-injury. The positive 

area of ChemR23 staining was quantified in the Vc between obex (0 µm) and 3360 µm 

caudal to obex in both ipsilateral and contralateral sides in the CCI group (figure 5.19-A) 

and in the Sham group (figure 5.19-B). Similar to the analysis conducted to quantify Iba1 

expression in Chapter 4, the ratio increase in the ipsilateral over the contralateral side was 

calculated for each level of the Vc (figure 5.19-C). There was a statistically significant 

difference in ChemR23 expression between groups (F (2, 7)=46.46, p<0.0001; Two-way 

ANOVA repeated measures). The ratio of ChemR23 staining over contralateral side was 

statistically significantly different in the CCI group when compared to the control (naïve) 

group between 240 to 960 µm and 1440 µm caudal to obex (240 µm: p=0.006 µm; 480: 

p=0.04; 720 µm p=0.02; 960 µm p<0.0001; 1440 µm p<0.0001, Tukey’s post hoc test). 

When comparing the CCI group with the Sham group statistical differences were found 

at 960 and 1440 µm caudal to obex (960 µm p=0.05; 1440 µm p<0.0001; Tukey’s post 

hoc test). 
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Figure 5.19. ChemR23 expression on day 3 following lingual nerve injury. A) 

Percentage of positive area of ChemR23 staining in the CCI group (n=5). B) Percentage 

of positive area of ChemR23 staining in the Sham group (n=3). C) Ipsilateral ratio 

increase over contralateral side: ChemR23 expression was higher in the CCI group 

between 240 to 720 µm caudal to obex (CCI vs Control) and 960 µm and 1440 µm caudal 

to obex (CCI vs Sham vs Control). Asterisks represent statistical significance. *p<0.05, 

**p<0.01, ****p<0.0001. a-CCI vs control, b-CCI vs Sham. Two-way ANOVA repeated 

measures followed by Tukey’s post hoc test. 
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5.3.2.2. ChemR23 expression in the trigeminal nucleus caudalis on day 7 

following lingual nerve injury 

ChemR23 immunoreactivity was also quantified (PAS %) on day 7 in both the 

ipsilateral and contralateral side of CCI (figure 5.20-A) and Sham (figure 5.20-B) groups. 

Statistical analysis was performed using the ratio increase in the ipsilateral side over the 

contralateral at each level of the trigeminal nucleus (figure 5.20-C).  

ChemR23 was differentially expressed between CCI and Sham groups and between 

CCI and Control groups (F (2, 5)=7.065, p=0.04, Two-way repeated measures ANOVA). 

Specific diffrences were found at 720 µm (CCI vs Control p=0.008, Tukey’s post hoc test) 

and 960 µm (CCI vs Sham p=0.0007 and CCI vs Control p<0.0001; Tukey’s post hoc 

test) caudal to obex. 
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Figure 5.20. ChemR23 expression on day 7 following lingual nerve injury. A) Graph 

represents the percentage of positive area of ChemR23 labelling in the CCI group (n=3). 

B) Graph represents the percentage of positive area of ChemR23 labelling in the Sham 

group (n=3). D) Graphical representation of ipsilateral ratio increase over contralateral 

side: ChemR23 expression was higher in the CCI group between at 960 µm caudal to 

obex (CCI vs Sham vs Control). Asterisks represent statistical significance. ***p< 0.001, 

****p<0.0001. Two-way ANOVA repeated measures followed by Tukey’s post hoc test. 
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5.3.2.3. ChemR23 expression in the trigeminal nucleus caudalis on day 28 

following lingual nerve injury 

ChemR23 labelling on day 28 post-injury was also measured. The positive area of 

ChemR23 labelling was measured in both ipsilateral and contralateral side of sham and 

CCI groups (figure 5.21-A, B). The ratio increase in the ipsilateral over the contralateral 

side for each level of the trigeminal nucleus was calculated and used for statistical 

analysis between groups (figure 5.21-C).  

On day 28, there was a statistically significant difference in ChemR23 expressiom 

in the ipsilateral side between the three groups (F (2, 7)=23.43, p=0.0008; Two-way 

ANOVA repeated measures). Differences in ChemR23 expression between groups were 

found at 480 and 720 µm caudal to obex (CCI vs Control, 480 µm p=0.008, 720 µm 

p=0.02, Tukey’s post hoc test) and at 960 µm caudal to obex (CCI vs Sham p=0.002 CCI 

vs Control p=0.001; Tukey’s post hoc test). 
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Figure 5.21. ChemR23 expression on day 28 following lingual nerve injury. A) 

Percentage of positive area of ChemR23 staining in the CCI group (n=5) in contralateral 

and ipsilateral side. B) Percentage of positive area of ChemR23 staining in the Sham 

group (n=3). D) Ipsilateral ratio increase over contralateral side: ChemR23 expression 

was higher in the CCI group between 480 and 720 µm caudal to obex (CCI vs Control) 

and at 960 µm caudal to obex (CCI vs Sham vs Control). Asterisks represent statistical 

significance. *p<0.05, **p<0.01. Two-way ANOVA repeated measures followed by 

Tukey’s post hoc test. 
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5.3.2.4. Comparison of ChemR23 expression over time 

When comparing ChemR23 expression in the ipsilateral side of the CCI (injured) 

group between the time-points analysed it was possible to observe statistical significant 

differences (F (3, 11)=23.33, p<0.0001; Two-way ANOVA repeated measures). Specific 

rostral-caudal levels of the Vc where statistically significant differences were found 

between groups are reported on table 5.1. ChemR23 expression in the ipsilateral side of 

Vc at 960 µm caudal to obex was increased on day 3 and maintained up to day 28. No 

statistical differences were found between days 3, 7 and 28; however, ChemR23 

expression was statistically significantly different when comparing days 3, 7 and 28 to 

the control group at this rostral-caudal level (figure 5.22). At 1440 µm caudal to obex, 

ChemR23 expression in the ipsilateral side of the CCI group on day 3 post-injury was 

statistically different from days 7, 28 and control (naïve) animals.  
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Table 5.1. Statistical differences between time-points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Distance from obex in the Vc Groups Adjusted p-value* 

240 µm IL - control vs. IL - day 3 p=0.006 

480 µm 
IL - control vs. IL - day 3 

IL - control vs. IL - day 28 

p=0.04 

p=0.03 

720 µm IL - control vs. IL - day 3 p=0.03 

960 µm 

IL - control vs. IL - day 3 

IL - control vs. IL - day 7 

IL - control vs. IL - day 28 

p<0.0001 

p=0.001 

p=0.008 

1440 µm 

IL - control vs. IL - day 3 

IL – day 3 vs. IL - day 7 

IL – day 3 vs. IL - day 28 

p<0.0001 

p<0.0001 

p<0.0001 

*Two-way ANOVA repeated measures with Tukey’s post hoc corrections. 

Figure 5.22. Comparison of ChemR23 expression at different 

time points. Statistical differences are described in table 5.1.  
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5.4. Discussion 

Expression of resolvin receptors  

Data from this study indicate that GPR32 and BLT1 are expressed in nerve fibres 

and Schwann cells in human lingual nerve neuroma, and that FPR2/ALX and ChemR23 

are expressed in rat brainstem and spinal cord dorsal horn neurones. 

 

GPR32 

GPR32, previously an orphan receptor, is known to mediate RvD1 actions on 

human macrophages (Krishnamoorthy et al., 2010). The majority of studies on this 

receptor have been conducted in inflammatory conditions and, thus, immune cells such 

as macrophages are known to express GPR32 (Schmid et al., 2016, Krishnamoorthy et 

al., 2010). Using an antibody against human GPR32, it was detected the expression of 

GPR32 in a human lingual nerve neuroma, in nerve fibres and in Schwann cells. This 

result needs to be further investigated, in terms of the functional relevance of GPR32; 

based on studies that suggest that RvD1 (Krishnamoorthy et al., 2010) and RvD3 (Dalli 

et al., 2013) act through GPR32 to induce an anti-inflammatory environment, the 

expression of GPR32 specifically in Schwann cells may contribute to nerve regeneration. 

Because the orthologue in rodents to the human GPR32 has not been identified, studies 

with GPR32 knock-out mice have not been conducted and the functional role in an in vivo 

model has not been characterised.  

 

BLT1 

This receptor is known to be expressed in leukocytes, endothelial cells and vascular 

smooth muscle (Bäck et al., 2014, Qiu et al., 2006). Within the nervous system, BLT1 

has been found to be expressed in rat and mouse DRG: one study has found BLT1 

expressed in TRPV1 positive DRG neurones in mice (Andoh and Kuraishi, 2005) and,  

another study, in non-neuronal cells (not specified) in the rat DRG (Okubo et al., 2010). 

In the present study, BLT1 was found to be expressed in nerve fibres and in Schwann 

cells in human lingual nerve neuroma. The change in expression of receptors and 

neuropeptide release in nerve fibres after injury has been reported and further studies are 

required to investigate whether BLT1 is differentially expressed between painful and non-

painful human neuromas and to characterise its functional role. Schwann cells are actively 

involved in the regeneration of injured nerve fibres, as previously mentioned. Even 
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though they are mainly known for over-expressing neurotrophic factors after nerve injury 

(Steed, 2011), it could be possible that they express BLT1 in response to nerve 

regeneration.  

BLT1 is activated by leukotriene B4 (LTB4) and functions as chemoattractant for 

neutrophils during an inflammatory response (Arita et al., 2007). BLT1 knockout mice 

had reduced pain behaviours to formalin injection, suggesting that BLT1 can contribute 

to both peripheral inflammation and neuronal excitability in the spinal cord (Asahara et 

al., 2015). However, when RvE1 binds to BLT1, it inhibits LTB4 binding and also 

prevents LTB4 actions (Arita et al., 2007). BLT1 expression in human lingual nerve 

neuroma needs, as mentioned above, further studies in order to identify its functional role 

following peripheral nerve injury. Based on the evidence of RvE1 (partial agonist of 

BLT1) actions of anti-inflammatory and analgesic (Arita et al., 2007, Asahara et al., 2015), 

BLT1 may be a potential candidate as target for the treatment of nerve injury and 

neuropathic pain.  

 

FPR2/ALX 

FPR2/ALX is known to be expressed in neutrophils, monocytes, macrophages, 

immature dendritic cells and T cells (Maddox et al., 1997). Only recently, the expression 

profile of this receptor started to be reported in the nervous system. This receptor was 

observed in astrocytes in the spinal cord (Abdelmoaty et al., 2013) and in satellite glial 

cells and neurones in the DRG (Pei et al., 2011). The study in this chapter has detected 

FPR2/ALX expression in neurones within the dorsal horn in the spinal cord and in the 

trigeminal nucleus in the brainstem. Divergent results from the literature were obtained 

regarding the co-localisation of FPR2/ALX with the astrocyte marker GFAP. Even 

though, the same experimental conditions were used, the results from Abdelmoaty et al. 

(2013) were not reproduced. In order to test for antibody specificity, the antibody against 

FPR2/ALX was pre-absorbed with the respective blocking peptide and no positive 

staining was observed suggesting that the antibody was specific. More recently, a study 

in brain tissues derived from patients with Alzheimer’s disease has shown that 

FPR2/ALX is expressed in neurones, microglia and astrocytes in hippocampus (Wang et 

al., 2015). This receptor and GPCR in general are known for the capacity to form 

heterodimers with other members of the GPCR family (Krishnamoorthy et al., 2010). In 

fact, Cooray et al. (2013) demonstrated that FPR2/ALX dimers with the FPR1 (formyl 
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peptide receptor 1) in order to activate specific intracellular signalling. In future studies 

it will be required to investigate whether this capacity to form heterodimers is present and 

if it can affect antibody specificity (that could eventually clarify the divergent results). 

FPR2/ALX mediates the actions of RvD1 and similarly to the other resolvin receptors 

can have a potential role in pain-associated diseases. In a model of  osteoarthritis pain it 

was found that FPR2/ALX expression was not altered in a monosodium iodoacetate-

induced osteoarthritis pain model when compared to saline-treated rats (Huang et al., 

2017);  however, it was found, at each point analysed (days 14 and 35), a positive 

correlation between the expression of FPR2/ALX and IL-1β, TNF and COX-2 in the 

synovium, which are markers of inflammation. The administration of resolvin precursor 

of the D series resolvins reversed the pain behaviour in this model of osteoarthritis (Huang 

et al., 2017). However, it was not confirmed whether the effects were conducted 

specifically through FPR2/ALX modulation. As mentioned in the literature review 

(section 1.2.2 in Chapter 1), it seems that FPR2/ALX responds only to high 

concentrations of its agonist (Norling et al., 2012) and in Huang’s study it was not 

reported whether the administration of the D series precursor led to increase in the 

expression of FPR2/ALX (even though they report the increase of RvD2 plasma levels 

following administration of the precursor). Therefore, the expression pattern of 

FPR2/ALX and potential functional role needs to be further studied in other models of 

chronic pain, for instance neuropathic pain, and its response to injury and/or agonist 

administration needs to be reported in order to clarify what may cause any differences 

observed.  

 

ChemR23 

Similarly to the other resolvin receptors, ChemR23 has also been better 

characterised in inflammatory conditions (Arita et al., 2007). To date, few studies have 

shown the expression of ChemR23 in the nervous system using immunohistochemistry. 

Xu et al. (2010) have demonstrated the expression of ChemR23 in DRG and spinal cord 

dorsal horn neurones. In the present study, the expression of ChemR23 was detected in 

spinal cord dorsal horn and in brainstem neurones, which is line with the study mentioned 

above (Xu et al., 2013). 

ChemR23 is also known to be expressed in leukocytes cells such as macrophages 

(Zabel et al., 2006, Arita et al., 2005a), natural killer (NK) cells (Parolini et al., 2007) and 
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dendritic cells (Vermi et al., 2005).  Connor et al. (2007) have demonstrated the 

expression of ChemR23 in a subset of microglia (colony-1-receptor-positive) that is close 

to retinal blood vessels. In addition, it was shown that RvE1 (ChemR23 ligand) attenuates 

neuropathic pain via microglia inhibition (Xu et al., 2013). However, in the pain model 

used in this study it was not possible to detect co-localisation of ChemR23 with the 

microglial marker, Iba1. It was, however, possible to observe that activated microglial 

cells surrounded ChemR23 expressing cells (figure 5.15).  

As described in the literature review (section 1.1 in chapter 1), primary afferents 

carrying pain information from the body terminate in the spinal cord and from the 

orofacial area in the trigeminal nucleus (Vc) of the brainstem, where they synapse with 

second-order neurones and further transmit pain sensations to the brain. Therefore, these 

specific areas of the spinal cord and brainstem play an important role in pain processing 

and undergo changes after nerve injury and inflammation that may contribute to the 

exaggerated pain sensation (Todd, 2010). Thus, the expression of ChemR23 herein 

reported together with the analgesic actions of RvE1 (ChemR23 ligand) reported by Xu 

et al. (2010) may show an opportunity to novel targets for chronic pain. In fact, it was 

observed an apparent difference in immunoreactivity against ChemR23 antibody in the 

Vc of the brainstem between injured and non-injured animals. Therefore, quantification 

of ChemR23 expression in the Vc was conducted in a model of LNI at day 3, 7 and 28 

post-injury. ChemR23 staining was higher at day 3 post-injury in specific parts of the Vc, 

especially when compared to the control (naïve) group. This is not surprising given the 

known role of ChemR23 in inflammatory conditions and the sham-operation can induce 

some inflammatory response. ChemR23 immunoreactivity was found to be increased in 

the CCI group up to day 28 compared to control. Even though, ChemR23 did not seem to 

be expressed in microglial cells, the highest immunoreactivity was found in the area 

surrounding microglia activation and, consequently, that area was chosen for data 

analysis. ChemR23 gene has been found to be differentially expressed in spinal cord 

dorsal horn between rat carrageen model of osteoarthritis and control (Meesawatsom et 

al., 2016). Additionally,  Parkitna et al. (2006) detected the expression of ChemR23 gene 

in a microarray screening assay of the rat spinal cord dorsal horn and found that ChemR23 

gene was up-regulated in the injured group (chronic constriction injury of the sciatic nerve) 

at days 3 and 14 when compared to the control groups. In that study, ChemR23 gene was 

not detected in DRG samples (Parkitna et al., 2006). ChemR23 was also found to be 
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highly expressed in tissues from patients with periodontitis, compared to healthy tissues, 

in particular in inflammatory cells (Özcan et al., 2017). The authors have suggested that 

this may be due to the chemoattractant effect of one of ChemR23 agonists chemerin, 

which was also increased in tissues from patients with periodontitis and may have 

recruited more immune cells that express ChemR23. It has also been suggested that 

increased levels of ChemR23 can be due to low levels of resolvins (compensatory effect) 

(Wang et al., 2015) which potentiates the binding of pro-inflammatory molecules. 

However, this still remains to be demonstrated. 

ChemR23 has two known ligands: chemerin and RvE1. While chemerin is a 

chemoattractant, RvE1, in turn, induces resolution of inflammation by inducing the 

phagocytosis of apoptotic neutrophils by macrophages (Herová et al., 2015, Arita et al., 

2007). While chemerin binding seems to have a pro-inflammatory effect (for instance, 

ChemR23 knock-out mice have less inflammatory cells at the site of inflammation and 

less inflammation (Demoor et al., 2011)), the binding of RvE1 activates human 

macrophages towards an anti-inflammatory pathway (Herová et al., 2015). In pain models, 

RvE1 has been suggested to inhibit the activation of TRPV1 by targeting substance P (SP) 

in peripheral sensory neurones (Jo et al., 2016) and in the DRG (Xu et al., 2010). RvE1 

prevented TNF- induced microglial activation in a model of neuropathic pain (Xu et al., 

2013). Therefore, ChemR23 expression following LNI may provide a relevant target for 

neuropathic pain based on RvE1 actions. 

 

Methodological approach  

The use of immunohistochemistry in this study allowed the identification of 

resolvin receptors in the nervous system, and the use of blocking peptides (or incubation 

with the secondary antibody alone) permitted to test the specificity of the antibodies used. 

In addition, it was possible to identify the specific cells expressing the receptors of interest. 

Quantification studies conducted for ChemR23 expression followed a very similar 

approach to that described regarding Iba1 expression in chapter 4. In fact, all images were 

taken and analysed choosing the same area of interest as that chosen for Iba1 

quantification and care was taken to minimise technical variations. Statistical analysis 

was also conducted using the ratio increase in the ipsilateral over the contralateral side to 

account for animal individual variations differences in background staining. ChemR23 

was analysed over multiple rostral-caudal levels of the Vc and, thus, a two-ANOVA 
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repeated measures was selected followed by Tukey’s post hoc corrections (when 

ANOVA found to be statistically significant, p≤0.05).  

 

Limitations of study 

The immunohistochemical studies were limited to the tissues available in the lab 

and to the specificity of the antibodies used; therefore extended studies are required in 

order to characterise in other nervous system tissues.  

The pilot studies presented in this chapter indicate for the first time the expression 

of resolvin receptors GPR32 and BLT1 in human lingual nerve neuromas but further work 

needs to be done to determine whether there is any correlation with the presence of 

clinical pain. Additionally, the antibodies against GPR32 and BLT1 do not have a 

blocking peptide available.  

 

Conclusion and future work 

In summary, by using immunohistochemistry it was possible to identify ChemR23 

in spinal cord and brainstem neurones and, for the first time, ChemR23 expression was 

quantified in the Vc following LNI. In this study, FPR2/ALX was found to be expressed 

in neurones but not in astrocytes in the dorsal horn and Vc, and both GPR32 and BLT1 

were expressed in nerve fibres and Schwann cells in human lingual nerve neuroma. These 

receptors are known to be activated by resolvins, which has been shown to attenuate pain 

symptoms in different models of pain (Ji et al., 2011). The results herein reported provide 

an insight into the expression of these receptors in the nervous system and create 

opportunity for further studies into the functional relevance of resolvins and its analogues 

in the reduction of pain symptoms.  Resolvins are endogenous lipid mediators with anti-

inflammatory and analgesic properties but degrade rapidly; a better understanding of the 

expression profile of their receptors and in which specific cells are expressed can 

contribute to improved drug design and therapeutics. However, it is also required to better 

characterise their mechanisms of action. In a future study it would be necessary to 

investigate the functional role of these receptors, in particular ChemR23, when 

administering resolvin molecules or analogues. In addition, it would be of interest to 

quantify the levels of endogenous resolvins following injury and to verify whether there 

is any correlation with expression of the receptors. 
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    CHAPTER 6 

6. MICRORNA EXPRESSION FOLLOWING 

LINGUAL NERVE INJURY 
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6.1. Introduction 

MicroRNAs (miRNAs) are capable of regulating cellular processes such as immune 

and inflammatory responses (Sayed and Abdellatif, 2011, Lim et al., 2005). They are 

small noncoding RNAs that suppress the expression of multiple genes, by interacting with 

the 3’ untranslated region (UTR) of the messenger RNAs (mRNAs) (Lee et al., 1993). 

Pain, and specifically chronic pain, are characterised by the alteration in the expression 

and function of receptors and mediators  (Sakai and Suzuki, 2014, Kusuda et al., 2011). 

These changes can lead to the hyper-excitability of nociceptors that generate action 

potentials to sub-threshold stimuli or in the absence of any detectable stimulus and 

contribute to the transmission of a continuous signal that can be further intensified in 

central terminals. This is a highly complex and regulated process and given the evidence 

that miRNAs can regulate gene expression, it was hypothesised that miRNAs can target 

relevant genes in the subsequent events post-nerve injury and, therefore, contribute to the 

changes in gene expression that occur in the peripheral nervous system following injury 

that lead to neuropathic pain.  

The overall aim of this study was to investigate the expression of miRNAs 

following lingual nerve injury (LNI) and identify potential targets and pathways relevant 

in the context of nerve injury and chronic neuropathic pain. The specific objectives were: 

1. Identify specific miRNAs differentially expressed in rat tissue and human lingual 

nerve tissue following LNI; 

2. Identify target genes under the control of the specific miRNAs identified, using 

predictive algorithms such as TargetScan; 

3. Identify pathways co-regulated by the identified targets and that may contribute 

to the development and maintenance of chronic pain, using MetaCore.  

4. Examine whether any correlation exist between the expression of miRNAs and 

the feeding behaviour in the rat or the presence of clinical pain symptoms in human 

lingual nerve neuromas. 

 

6.2. Methodological approach 

Full details of the methods used are described in sections 2.6 to 2.8 in chapter 2. 

Briefly, human lingual nerve neuromas (n=12) and a pre-clinical rat model (n=6) were 

used (figure 6.1).  The human tissues were obtained from an archive of lingual nerve 

neuromas collected from patients with LNI at Charles Clifford Dental Hospital in 
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Sheffield UK and were divided into painful (n=6) and non-painful (n=6) based on the 

pain VAS (visual analogue scale) score conducted by the clinician prior to nerve repair 

surgery. Rat lingual nerve and trigeminal ganglion tissues were collected three days after 

chronic constriction injury of the lingual nerve (CCI group) or sham-operation (Sham 

group). Following RNA extraction, all samples were examined with TaqMan® low 

density array (TLDA) cards and the results were, first normalised to the endogenous 

control (snrnaU6), and then analysed with statistical measures (for full details see section 

2.8.4 in chapter 2). Specific miRNAs were validated with RT-qPCR using respective 

Taqman® probes and any correlation with behavioural data (rat samples) or clinical 

(human samples) was examined. Of note, for validation the same rat lingual nerve 

samples were used (so it could be correlated with behavioural data); in the human miRNA, 

validation was conducted with 11 samples used in miRNA TLDA screening with 

additional 5 other samples (please see table 6.2 in section 6.1.2.1) 

 

Figure 6.1. Diagram of the methodological approach. 
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Next, an in silico approach was adopted using bioinformatics tools: target genes 

were predicted using publicly available algorithms and networks and genome plots were 

created to visualise the interaction between miRNA and target genes. Lastly, gene 

enrichment analysis was conducted to identify relevant pathways potentially co-regulated 

by the predicted target genes under the control of the miRNAs of interest previously 

identified.  

 

6.3. Results  

 miRNAs in rat tissues 

The expression of miRNA was investigated in the lingual nerve (ipsilateral to injury 

or sham-operation) and respective ipsilateral trigeminal ganglion. Using the TLDA cards 

multiple miRNAs were screened and, within trigeminal ganglion samples, no statistically 

significant miRNAs were found between groups. In the rat lingual nerve, ten miRNAs 

were found to be significantly differentially expressed on day 3 post-injury, compared to 

the sham group (table 6.1) in the TLDA screening study.  

 

Table 6.1. MiRNAs differentially expressed in the rat lingual nerve.   

miRNA ΔΔCt Product Rank 

Sum 

Corrected p-

value 

Nominal p-

value 

mmu-miR-1951 12.22 1.1665 p<0.001 p<0.001 

mmu-miR-1904 8.5 2.6207 p<0.001 p<0.001 

mmu-miR-

1982.2 

8.99 4.5062 p<0.001 p<0.001 

mmu-miR-694 5.08 8.6177 0.0200 p<0.001 

mmu-miR-880 4.57 10.2436 0.0420 p<0.001 

mmu-miR-1969 4.45 10.9349 0.0400 p<0.001 

mmu-miR-763 4.17 12.1225 0.0457 p<0.001 

mmu-miR-1957 -10.04 4.8553 0.03 p<0.001 

rno-miR-138 -9.12 6.9537 0.02 p<0.001 

rno-miR-667 8.55 3.452 p<0.001 p<0.001 

 

 

Two of those miRNAs were selected for further analysis: rno-miR-138 (up-

regulated) and rno-miR-667 (down-regulated). The TLDA card for rodent sample 

analysis, included miRNAs for both rat and mouse and these two miRNAs were selected 

because they were reported in miRBase database as being present in the rat genome 

(please see section 6.3.1.2. for further details). 
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The same samples were used for miRNA validation. In the validation study, only 

miR-138 was found to be differentially expressed (figure 6.2). However, it was found a 

correlation between the normalised deltaCt and the time drinking reward in the 

behavioural testing (based on the study reported in chapter 3) conducted at day 3 post-

injury or sham-operation. The sample size needs to be taken into account when analysing 

this data.   

 

 

6.3.1.1. miRNA target prediction and gene enrichment analysis 

Publicly available databases were used to look for predicted target genes of the 

identified miRNAs. Targetscan, MicroCosm and miRTarBase included in the 

CyTargetLinker app of Cytoscape were used to build a miRNA-target gene network 

(figure 6.2). Both miRNAs had common target genes and for the purpose of visualisation 

a search in gene database (https://www.ncbi.nlm.nih.gov/gene) was conducted for the 

term ‘pain gene’ and those (for instance, trpv1) are highlighted in red. The total of the 

Figure 6.2. miRNA validation and correlation scatter plots. miR-138 was confirmed 

to be statistically significantly differentially expressed between sham and CCI group. 

MiR-667 was not statistically differentially expressed in the miRNA validation study 

(unpaired t-test). Pearson correlations showed a correlation between the expression of 

miR-138 and miR-667 with the time drinking on day 3 after CCI or sham-operation. 

miRNAs values represent normalised delta Ct values (ΔCt, the higher the Ct value, lower 

the expression of the miRNA). ns: not significant.  
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genes found with CytargetLinker were cross-referenced with only TargetScan targets 

when a cut-off of -0.4 was applied in the cumulative weighted context++ scores. (Nam et 

al., 2014, Agarwal et al., 2015). For rno-miR-138, a total of 119 target genes and for rno-

miR-667 a total of 91 target genes passed this TargetScan cut-off selected, and were used 

for further analysis. The graphical display shows the interaction of miRNAs and target 

genes and demonstrates common predicted targets (figure 6.3 to 6.5).  

Of note, it was decided to include mirR-667 in the target prediction and 

bioinformatics analysis based on the correlation with behavioural data and this will be 

further discussed in the disucssion in section 6.4. 
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Figure 6.3. CyTargetLinker analysis and network visualisation of differentially expressed rat miRNAs and their predicted target 

genes. Nodes coloured in green are targets of rno-miR-667 and nodes coloured in blue are targets of rno-miR-138. The nodes coloured in 

yellow are targets of both rno-miR-138 and rno-miR-667, while nodes in red are examples of genes known to have a role in pain. This 

network was constructed and visualised using CyTargetLinker v3.0.1 and Cytoscape v3.4.0. 

There is no relation between the position of the nodes and the score of the target prediction. 
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Figure 6.4. Circos v0.67 plot of rno-miR-138-1 and its target genes. The middle track 

represents the rat genome with each ideogram segment representing one chromosome. 

The outermost and inner tracks display the gene name and spatial location of each gene 

targeted by the miRNA. The gene for miR-138-1 is located in chromosome 8. 
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Figure 6.5. Circos v0.67 plot of rno-miR-667 and its target genes. The middle track 

represents the rat genome with each ideogram segment representing one chromosome. 

The outermost and inner tracks display the gene name and spatial location of each 

gene targeted by miR-667. The gene for miR-667 is located in chromosome 6. 
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Gene enrichment and pathway analysis were carried out using Metacore™ (see 

table A1 in Appendix). Process networks and pathway maps (MetaCore manually curated 

databases) and GO molecular functions and GO biological processes were analysed. The 

Figure 6.6. Circos v0.67 plot of rno-miR-138 (blue) and rno-miR-667 (green) and 

regulatory target genes. The middle track represents the rat genome with each 

ideogram segment representing one chromosome. The outermost and inner tracks 

display the gene name and spatial location of each gene targeted by the miRNAs. 
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results described below have been selected taking into account their relevance in pain, 

nerve injury and inflammation and selective examples are represented in figure 6.6. 

MetaCore process networks identified seven main networks. This included the 

neurophysiological process transmission of nerve impulse (p=3.590E-03) and wnt signal 

transduction (p=4.972E-03), cell adhesion (p=1.056E-02), chemotaxis (p=2.336E-02), 

calcium transport (p=7.829E-02), inflammation and neutrophil activation (p=1.128E-01) 

and neuropeptide signalling pathways (p=1.129E-01). The MetaCore™ pathway maps 

identified one main pathway: cell adhesion and chemokines (p=5.598E-03). MetaCore™ 

also incorporates external databases such as GO biological process and GO molecular 

function. The enrichment analysis for GO biological process included regulation of 

transmembrane transport (p=2.038E-07), regulation of ion transport (p=1.512E-06), 

interleukin-8-mediated signalling pathway (p=2.832E-06) and T-cell chemotaxis 

(p=4.231E-06). The GO molecular function identified ion transmembrane transporter 

activity (p=4.347E-04), voltage-gated cation channel activity (p=1.983E-03), potassium 

channel activity (p=5.423E-03), ion channel binding (p=6.178E-03). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

180 

 

 

 

6.3.1.2. Novel rat miRNAs  

The rodent TLDA cards contain preloaded mouse and/or rat miRNA probes. In the 

rat lingual nerve samples analysed, the presence of miRNAs sequences that have only 

been reported in the mouse was detected. Performing a sequence blast against the rat 

genome detected a high similarity and presence of the precursor miRNAs for miR-1904 

and miR-763 (figure 6.7). The stem loop sequence of miR-1904 is located on 

chromosome 13 of the mouse genome and it was identified a high similarity sequence for 

the rat genome on chromosome 2 with only two mismatches (p=1E-27, ident:97%). The 

mature sequence (22 nucleotides) corresponds to nucleotide 11 to 32 of the stem-loop and 

presents a mismatch outside the seed region on the position 12 (p=0.18, ident:95%).  

Mir-763 stem-loop sequence is located on chromosome 10 of the mouse genome. 

A high similarity on chromosome 7 on the rat genome with 3 mismatches (p=5E-48, ident: 

97%) was found. The mature miRNA sequence comprises nucleotides 38 to 59 and has 

an exact match in the rat genome (p=8E-04, ident:100%).  

 

 

 

Figure 6.7. Example of genes and pathways targeted by miR-667 and miR-138. More 

details can be found in table A1 in Appendix. 
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B) miR-1904 mature sequence 

C) miR-763 stem loop 

D) miR-763 mature sequence 

A) miR-1904 stem-loop 

Figure 6.8. Results of the BLAST search. miRNA sequences of two 

putative rat miRNAs were inserted in the Basic Local Alignment Search Tool 

(available at https://blast.ncbi.nlm.nih.gov/Blast.cgi).   

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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 miRNAs in human lingual nerve neuroma  

6.3.2.1. Clinical data analysis 

The groups, painful and non-painful were established based on the pain VAS scores 

(table 6.2). In the non-painful group all patients reported an average pain VAS score of 

2.89, which is largely considered as no pain (Jensen et al., 2003). Patients in the painful 

group had VAS scores ranging between 30 and 95, with an average of 55.13. Overall 

there was a significant difference between the two groups (t=6.29 df=15, p<0.0001). Pain 

VAS score were found to be mildly correlated with VAS scores on discomfort r=0.5, 

p=0.05 (Figure 6.9). No relationship was found neither between tingling and pain nor 

between tingling and discomfort. 

 

Table 6.2. Clinical information of the patients included in this study  

Non-painful 

Neuroma 

sample 

Type Age 

(years) 

Gender Pain 

VAS 

Tingling 

VAS 

Discomfort VAS 

1# NIC 42 F 0 33 10 

2 NIC 36 F 0 25 79 

3 NIC  27 F 1 1 81 

4 NIC 38 F 3 10 38 

5 NIC 60 M 4 7 6 

6 NIC 59 F 5 38 58 

7* NEN 31 F 0 8 95 

8* NIC 47 F 5 94 89 

9* NIC 44 F 8 6 83 

Painful 

Neuroma 

sample 

Type Age 

(years) 

Gender Pain 

VAS 

Tingling 

VAS 

Discomfort VAS 

10 NIC 35 F 30 6 60 

11 NEN 38 M 30 97 83 

12 NIC 30 F 35 11 98 

13 NIC 54 F 60 100 77 

14 NIC 44 F 82 3 97 

15 NIC 44 F 95 75 64 

16* NIC 29 F 42 0 70 

17* NIC 47 F 67 85 100 

 

 

 

F, female; M, male; NIC: neuroma-in-continuity; NEN: nerve-end-neuroma; VAS, Visual 

Analogue Scale; time between injury and surgical repair ranged between 6 to 38 months.  

#sample used only in miRNA screening; *samples used only in miRNA validation 
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6.3.2.2. miRNA expression analysis  

Two miRNAs were found to be differentially expressed in human lingual nerve 

neuromas (table 6.3) in the TLDA card analysis.  

 

Table 6.3. miRNA differentially expressed in human lingual nerve neuromas 

miRNA ΔΔCt Fold 

change 

p-value 

hhsa-miR-500a 5.704 0.019 0.021 

hsa-miR-29a 6.222 0.013 0.001 

 

Next, miRNA validation was conducted for the two miRNAs; miR-29a was found 

to be differentially expressed between groups (t=2.769 df=14, p=0.02) while miR-500a 

was not statistically significant (even though it was still down-regulated in the painful 

group). However, both miR-29a and miR-500a delta Ct (ΔCt) were found to be inversely 

proportional to the pain VAS score (figure 6.9). No correlation between tingling or 

discomfort and miRNA expression were observed. 

 

 

 

Figure 6.9. Pearson correlation scatter plot. Scatter plot showing the relationship between 

pain VAS and discomfort VAS scores. 
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6.3.2.3. miRNA target prediction and gene enrichment analysis 

Similarly to the process performed for the rat miRNAs, the same publicly available 

databases were used to look for predicted target genes of the identified human miRNAs. 

For visualisation purposes the miRNAs-target genes networks were again created with 

the CyTargetLinker app from Cytoscape, as represented in figure 6.10. The gene targets 

chosen for further analysis were ranked by the cumulative weighted context++ scores of 

TargetScan (cut-off -0.4) and cross-referenced resulting in 67 predicted targets for hsa-

miR-29a and 115 for hsa-miR-500a. Genome wide insight into the interaction between 

both miRNAs and their target genes is represented in figures 6.11 to 6.13. 

Similar to the approach taken for the rat miRNAs, it was also decided to include 

mirR-667 in the target prediction and bioinformatics analysis based on:the correlation 

with clinical data and this will also be further discussed in the disucssion in section 6.4. 

Figure 6.10. miRNA validation and correlation scatter plots. miR-29a was 

confirmed to be statistically significantly differentially expressed between painful and 

non-painful group. miR-500a was relatively down-regulated in the painful group but no 

statistical differences were found. Pearson correlations showed a moderate inverse 

correlation between the expression of miR-29a and miR-500a and the pain VAS scores. 

miRNAs values represent normalised delta Ct values (ΔCt, the higher the Ct value, 

lower the expression of the miRNA). ns-not significant. 
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Figure 6.11. CyTargetLinker analysis and network visualisation of differentially expressed human neuromas miRNAs and 

their predicted target genes. Network enrichment genes for hsa-miR-29a and hsa-miR-500a were identified using microCosm, 

TargetScan and miRTarBase. Nodes coloured in blue are targets of hsa-miR-29a and nodes coloured in green are targets of hsa-

miR-500a. The nodes coloured in yellow are targets of both hsa-miR-29a and hsa-miR-500a, while nodes in red are genes known 

to have a role in pain. This network was constructed and visualised using CyTargetLinker v3.0.1 and Cytoscape v3.4.0. There is 

no relation between the position of the nodes and the score of the target prediction. 
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Figure 6.12. Circos v0.67 plot of hsa-miR-29a and regulatory target genes. The 

middle track represents the human genome with each ideogram segment representing 

one chromosome. The outermost and inner tracks display the gene name and spatial 

location of each gene targeted by miR-29a. The gene for miR-29a is located in 

chromosome 7. 
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Figure 6.13. Circos v0.67 plot of hsa-miR-500a and regulatory target genes. The 

middle track represents the human genome with each ideogram segment representing one 

chromosome. The outermost and inner tracks display the gene name and spatial location 

of each gene targeted by miR-500a. The gene for miR-500a is located in chromosome X. 
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Figure 6.14. Circos v0.67 plot of hsa-miR-29a (blue) and hsa-miR-500a (green) and 

regulatory target genes. The middle track represents the human genome with each 

ideogram segment representing one chromosome. The outermost and inner tracks display 

the gene name and spatial location of each gene targeted by the miRNAs. 
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Enrichment and pathway analysis were carried out using MetaCore™ process 

networks, pathway maps, GO molecular functions and GO biological processes for the 

human miRNA target genes identified (see table A2 in Appendix). Here, it is reported the 

selected most relevant pathways in the context of pain, nerve injury and inflammation 

(see figure 6.14). MetaCore™ process networks identified three main pathways: 

inflammation and Jak-STAT Pathway (p=8.124E-02), potassium transport (p=9.149E-02) 

and chemotaxis (p=1.201E- 01). MetaCore™ pathway maps included IL-16 signalling 

pathway (p=1.750E-03), IL-15 signalling via JAK-STAT cascade (p=4.081E-03) and 

impaired Lipoxin A4 signalling (p=1.572E-02). The enrichment by GO biological process 

retrieved the following: regulation of ion transmembrane transport (p=3.212E-05), 

negative regulation of leukocyte cell-cell adhesion (p=3.865E-05), negative regulation of 

cell activation (p=4.233E-05), regulation of transmembrane transport (p=4.471E-05), 

regulation of G-protein activated inward rectifier potassium channel activity (p=4.851E-

05), transmembrane transport (p=5.695E-05), negative regulation of leukocyte activation 

(p=6.445E-05), negative regulation of cell growth (p=6.648E-05), negative regulation of 

cell-cell adhesion (p=6.648E-05), negative regulation of cell proliferation (p=8.755E-05), 

regulation of macrophage apoptotic process (p=1.432E-04). Additionally, GO molecular 

function identified several clusters associated with inflammation and ion and membrane 

transport: interleukin- 2 receptor activity and interleukin-2 binding (p=3.457E-04), 

cytokine receptor activity (p=7.337E- 03), ion channel activity (p=2.972E-03), substrate-

specific channel activity (p=3.728E-03), gated channel activity (p=5.361E-03), voltage-

gated channel activity (p=5.516E-03), voltage-gated ion channel activity (p=5.516E-03), 

channel activity (p=6.416E-03), transmembrane transporter activity (p=6.419E-03), 

substrate-specific transporter activity (p=6.498E-03) and passive transmembrane 

transporter activity (p=6.500E- 03). 
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6.4.  Discussion  

The main findings of this study were: 1) rno-miR-667 was differentially expressed 

in the lingual nerve of injured rats (CCI group) compared to sham control rats. 2) the 

normalised delta Ct values of rno-miR-138 and rno-miR-667 were found to be correlated 

with the time drinking reward at day 3 post-injury. 3) Hsa-miR-29a was differentially 

expressed in lingual nerve neuromas of patients with higher pain VAS scores (painful 

group), compared to patients with lower pain VAS scores (non-painful group). 4) A 

statistically significant negative correlation was observed between the expression of both 

hsa-miR-29a and hsa-miR-500a with the pain VAS score; 4) target and gene enrichment 

analysis predicted that these miRNAs may target genes involved in inflammatory and 

pain related pathways.  

 

miR-138-1  

The gene that encodes for miR-138-1 is located in the long arm of chromosome 8 

in position 8q32 and it is not inserted within a miRNA cluster. The origin transcript has 

99 nucleotides (nucleotides 131,731,726-131,731,824 of the forward strand) and the 

maturation process leads to the formation of a 22 nucleotide sequence that corresponded 

to positions 61-82: miR-138-1-3p CGGCUACUUCACAACACCAGGG. 

Figure 6.15. Example of genes and pathways targeted by miR-500a and miR-29a. 

More details can be found in table A2 in Appendix. 
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miR-138 has been found to be downregulated in the rodent DRG 7 days following 

sciatic nerve transection (Strickland et al., 2011). miR-138 is highly present in the brain 

synapses and a previous study has shown that miR-138 targets the depalmitoylation 

enzyme Acyl protein thioesterase 1 (APT1), which has been linked to the regulation of 

dendritic spine size in neurones of the rat hippocampus (Siegel et al., 2009). 

 

 miR-667 

miR-667 gene is located in the long arm of chromosome 6 in position 6q32 of the 

rat genome. The origin transcript has 92 nucleotides (nucleotides 133,869,570 - 

133,869,661 of the positive strand) and after processing results in a 22 nucleotide 

sequence, which corresponds to position 56-77 of the transcript: miR-667-3p 

UGACACCUGCCACCCAGCCCAA. The miR-667 gene in chromosome 6 is clustered 

with other miRNAs: rno-mir-3579, rno-mir-380, rno-mir-323, rno-mir-758. rno-mir-329, 

rno-mir-494, rno-mir-679, rno-mir-1193, rno-mir-666, rno-mir-543, rno-mir-495, rno-

mir-667, rno-mir-376c, rno-mir-376b, rno-mir-3595, rno-mir-376, rno-mir-300, rno-mir-

381, rno-mir-487b, rno-mir-3576, rno-mir-539, rno-mir-6331, rno-mir-544.  

In vivo studies demonstrated that miR-667 is correlated with lower levels of 

catechol-O-methyltransferase (Comt) mRNA in the brain and the administration of 

lentiviral injections of this miRNA increase hypersensitivity in the mouse formalin model 

(Segall et al., 2015). COMT is an enzyme that degrades catecholamines such as dopamine 

and epinephrine and lower levels have been associated with hyperalgesia states in 

previous studies (K Segall et al., 2012).  

 

miR-29a  

miR-29 gene is located in the long arm of chromosome 7 in position 7q32.3. The 

precursor transcript has 64 nucleotides (130,876,747-130,876,810 from the terminus of 

the long arm, qter) and the maturation process leads to a 22 nucleotide sequence obtained 

from nucleotides 4-25 in the transcript: hsa-miR-29a-5p 

ACUGAUUUCUUUUGGUGUUCAG. miR-29a is clustered in chromosome 7 with hsa-

mir-29b-1 and hsa-mir-29a.  

miR-29 has been found in blood microvesicles, small bowel, and colon tissues of 

irritable bowel syndrome (IBS) patients. Its presence has been associated with increased 

intestinal permeability and chronic visceral pain as inhibiting the expression of miR-29a 
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in vitro restored intestinal permeability (Zhou et al., 2009). Genda et al. (2013) found that 

miR-29 was decreased in spinal cord dorsal horn 7 days after CCI of rat sciatic nerve. 

miR-29 was also found to be downregulated in the ipsilateral trigeminal ganglion 4 h after 

administration of complete Freund’s adjuvant (CFA) in a model of inflammatory muscle 

pain (Bai et al., 2007).  

 

miR-500a 

miR-500a gene is located in the short arm of chromosome X in position Xp11.23. 

The precursor has 84 nucleotides (50,008,431-50,008,514 from the terminus of the short 

arm, pter) and after processing the mature miRNA sequence contains 22 nucleotides, 

spanning from 52-73 nucleotides in the transcript: hsa-mir-500a-3p,  

AUGCACCUGGGCAAGGAUUCUG. The miR-500 gene in the chromosome X is 

clustered with other miRNAs: hsa-mir-532, hsa-mir-188, hsa-mir-500a, hsa-mir-362, hsa-

mir-501, hsa-mir-500b, hsa-mir-660, hsa-mir-502 (Kozomara and Griffiths-Jones, 2014). 

miR-500 has been found to be expressed in the central nervous system and it is 

thought to have a major role in its development (Wheeler G., et al 2006). miR-500 is 

downregulated in rat DRG after sciatic nerve resection at 4, 7, and 14 days (Yu et al., 

2011) and in the spinal cord dorsal horn neurones 7 days after CCI of sciatic nerve  (Genda 

et al., 2013). In addition, miR-500 significantly downregulates neurokinin-1 (NK1) 

receptors in patients with bladder pain syndrome (Freire et al., 2010). NK1 receptor is 

known to be triggered by the binding of SP and it produces mechanical hyperalgesia and 

allodynia (Carlton et al., 1996). In another study, miR-500 increased after administration 

of paclitaxel or L5 ventral root transection and modulated the downregulation of Glutamic 

Acid Decarboxylase 67 (GAD67) (Huang et al., 2016). GAD67 is an enzyme that 

regulates the function of GABAergic synapses in spinal cord dorsal horn neurones. In the 

same study, miR-500 knockout or the use of an antagomir led to GABAergic synapses 

function repair and alleviated the pain behaviour in rats, suggesting that miR-500 

negatively contributes to GABAergic synapses function through the regulation of GAD67. 

In a study conducted in human whole blood samples collected from patients with complex 

regional pain syndrome (CRPS), Orlova et al. (2011) found that, even though miR-500 

was not significantly altered between CRPS patients and controls, the levels of this 

miRNA were negatively correlated with the symptoms of hypoesthesia. miR-500 gene is 

located in chromosome X. It is important to note that the majority of patients in this study 
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were female (table 6.2). Recent evidence by Linnstaedt et al. (2015) have found miRNAs 

enriched for the chromosome X in patients with persistent musculoskeletal pain, 

suggesting that miRNAs can play a role in sex-specific pain differences. There have also 

been some studies associating miRNAs in the X chromosome to potential sex-specific 

immune responses (Pinheiro et al., 2011). In fact, it has been shown that the Y 

chromosome in several mammalian species has no miRNA genes. However, further 

studies, on the potential role of miRNAs in general and miR-500a in particular, in sex-

specific pain differences are required. 

 

Of note, the trigeminal ganglia (cell bodies) of the lingual nerve were examined and 

no miRNAs were found to be differentially expressed when applying the same analysis 

parameters as for the lingual nerve samples. A possible explanation is that the relative 

percentage of cell bodies from the lingual nerve in the trigeminal ganglia is low and by 

analysing the whole ganglion the differentially expressed miRNAs were not sufficient to 

be detected. That was, in fact, the reason that at this point, it was decided not to analyse 

miRNA expression in the trigeminal nucleus of the brainstem as it is important to restrict 

the tissue analysis to the projections of the lingual nerve (so the effect is not diluted/lost 

by analysing the whole tissue). Future studies are required to verify the origin of the 

miRNAs here identified. In the case of the rat lingual nerve tissues, even though the 

miRNAs identified were not found in the trigeminal ganglia tissues it does not mean 

necessarily that they are not neuron-specific miRNAs. There have been reports of axonal 

transport of miRNAs and, for instance, Natera-Naranjo et al. (2010) have found that 

specific miRNAs are located in the distal part of sympathetic axons in higher quantity 

than that in the cell bodies. 

The potential novel rat miRNAs described in Section 6.3.1.2 had a high similarity 

when searching with BLAST (Basic Local Alignment Search Tool) against the rat 

genome. Because they have high number (miRNAs are usually numbered sequentially) it 

may be possible that they are recently discovered miRNAs in the mouse and have not 

been validated in the rat. Therefore, further validation is required to verify whether miR-

763 and miR-1904 are in fact present in the rat and whether they are functional miRNAs. 
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Gene enrichment and pathway analysis 

The bioinformatics approach carried out showed that predicted target genes were 

statistically enriched for inflammation, chemotaxis, signal transduction and ion 

transmembrane transport for both rat and human miRNAs.  The gene enrichment analysis 

with the rat miRNAs identified target genes involved in the Wnt signalling pathway. Wnts 

are known to participate in the regulation of neuron repulsion during axonal guidance 

(Onishi et al., 2014). Inflammation is an important event that can sensitise the nociceptors 

and enhance a continuous pain signal. When tissue or nerve injury occurs several pro-

inflammatory mediators are released and can directly activate and/or sensitise nociceptors 

facilitating the transmission of the nociceptive signal (Basbaum et al., 2009). For instance, 

c-c motif chemokine ligand 3 (Ccl3, targeted by rno-miR-138 with a 8mer canonical 

binding) and c-x-c motif chemokine receptor 1 (Cxcr1, also known as il8ra, targeted by 

rno-miR-667 with two possible canonical bindings: 7mer-A1 and 8mer) were enriched 

for chemotaxis that contributes to the inflammatory event. Ccl3 is one cytokine gene 

located on chromosome 10 of the rat genome and encodes a protein that binds to several 

chemokine receptors, including chemokine binding protein 2 and chemokine (C-C motif) 

receptor 5 (CCR5). CXCR1 is a receptor for interleukin-8. Transient receptor potential 

cation channel, subfamily C, member 1 (Trpc1) is a gene targeted by rno-miR-138 (8mer 

canonical binding) and it is located on chromosome 8 in the rat genome. It is a nonspecific 

cation channel that contributes to nociceptor sensitisation (Alessandri-Haber et al., 2009).  

Target gene enrichment analysis of differentially expressed human miRNAs 

showed that potassium voltage gated channels are potentially targeted. For instance, 

Kcna1 is a gene located on chromosome 12 in the human genome and encodes for the 

potassium voltage gated channel subfamily A member 1. This gene is predicted to be 

targeted by hsa-miR-500a (in addition to 8mer and 7mer-m8, a poorly conserved 6mer 

binding site is also predicted). Another example is Kcnj1, a potassium inwardly-rectifying 

channel subfamily J member 1, which is also predicted to be targeted by hsa-miR-500a 

(7mer-m8 canonical binding), is a gene located in human genome chromosome 11. Many 

studies have demonstrated the role of potassium channels in diseases including pain, in 

particular the potassium voltage-gated channel subfamily Q (Wang and Li, 2016, Abd-

Elsayed et al., 2015) and these findings suggest that hsa-miR-500a can contribute to the 

regulation of several potassium channels. As miR-500a is located in chromosome X, 

further studies are required to investigate the significance of these findings.  
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Hsa-miR-29a was found to target genes that regulate inflammatory and immune 

mechanisms, mainly genes that encode GPCRs and interleukin receptors. For instance, 

the gene FPR2 is a target for this miRNA (an 8mer canonical binding) and this gene is 

located on chromosome 19; FPR2/ALX is the protein, a GPCR, as described in section 

1.2.2 in chapter 1. Previous studies showed that activation of FPR2/ALX stopped the 

recruitment of neutrophils, facilitated resolution of inflammation and inhibited the release 

of cytokines and chemokines (Krishnamoorthy et al., 2012, Devchand et al., 2003). More 

recently, work by Martini et al. (2016), Pei et al. (2011) and Meesawatsom et al. (2016) 

have also reported its role in inhibiting pain processing in animal models. This receptor 

is classified as a multi-recognition receptor as it binds to multiple molecules including 

lipoxin A4, resolvin D1, peptides and proteins (annexin and serum amyloid A), showing 

a ligand specific effect (Cooray et al., 2013, Chiang et al., 2006). FPR2/ALX has been 

reported to be regulated by, at least, one other miRNA, the miR-181b, in human 

macrophages (Pierdomenico et al., 2015).  In this thesis, FPR2/ALX was found to be 

expressed in neurones within the spinal cord dorsal horn and brainstem (please see section 

5.3.1.2 in chapter 5); further studies are required to confirm whether FPR2/ALX is 

expressed in peripheral nerves, namely in human lingual nerve neuromas. In the long term, 

the interaction between miR-29a and FPR2 needs to be confirmed and functional studies 

into whether miR-29a suppresses FPR2 translation are required. 

 

Methodological approach and limitations of the study 

In this study, the expression of miRNAs in rat and human lingual nerve tissues was 

analysed. Taqman® low density array (TLDA) cards were used to screen and profile the 

miRNA expression; this array is aligned with the miRBase database (release 20) and uses 

microfluidic cards that contain preloaded miRNA probes.  The advantage of the TLDA 

cards was the simultaneous and quick analysis of up to 758 miRNAs and controls in 

combination with the polymerase chain reaction (PCR) standard protocol. In addition to 

rat tissues, human lingual nerve neuromas were also examined in this study in order to 

establish, when possible, any correlations with clinical pain symptoms.  

The miRNAs found to be differentially expressed in the miRNA screening were 

further analysed using public available databases for targets based on the TargetScan 

algorithm. As mentioned in the respective sections, it was decided to use for further 

analysis the four miRNAs identified in the miRNA screening with the TLDA cards (even 
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though only two – one in the rat lingual nerve and the other in the human samples – were 

statistically significant in the miRNA validation) because 1) those miRNAs showed 

correlation with behavioural or clinical data and 2) it has been suggested that it is more 

biologically meaningful to investigate multiple miRNAs that can potentially target the 

same genes (Fan et al., 2016); for instance, in C. elegans, it has been shown that the 

knockdown of a specific miRNA has very little effect on the phenotype (Miska et al., 

2007) and evidence indicates that miRNAs may target genes cooperatively (Schmiedel et 

al., 2015, Krek et al., 2005), thus conducting a bioinformatics analysis on multiple 

miRNAs may result in more meaningful targets for future biological validation. 

Additionally, one limitation of this study was the sample size and results need to be 

interpreted taking that into account. The small number of samples included may explain 

the variation in the validation studies compared with the initial TLDA screening as, for 

instance, the miR-500a showed a moderate correlation with pain VAS score in the human 

samples. In terms of the animal study, it respected the 3Rs and minimised the number of 

animals used for an initial screening of miRNA study in this model (Kilkenny et al., 2012). 

However, these results will need to be validated in a future study with a bigger sample 

size. The absence of healthy human lingual nerve samples to be used as controls limited 

the conclusions; however, a statistically significant correlation between the expression of 

the miRNAs and the pain VAS scores was observed.  Regarding the human tissues it is 

worth pointing that they were fixed and had been stored for periods of several months 

before extraction and analysis, which could explain the RNA degradation observed in 

these samples. However, several studies have demonstrated that miRNA is usually more 

stable than mRNA in fixed samples (Doleshal et al., 2008, Xi et al., 2007, Siebolts et al., 

2009, Jung et al., 2010). In addition the bioinformatics analysis was based on predicted 

targets rather than experimentally validated assays. However, the TargetScan algorithm 

used in this study to predict targets has been shown to have high concordance with 

experimental validation (Lewis et al., 2003) and has the advantage of giving genome-

wide insight.  

Human neuroma samples represent a rare archive of well-characterised human 

tissues with a specific injury. In addition to nerve and Schwann cells, these neuromas 

contain scar and connective tissue. In fact, Vora et al. (2007) demonstrated that leukocytes 

and macrophages cells are also present in human lingual nerve neuromas, in particular in 

regions associated with viable nerve tissue. Therefore, in a future study it will be 
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necessary to characterise the respective neuroma associated with miRNA expression in 

order to investigate the percentage of different type of cells present and, it will also be 

important, to identify which cells are expressing the potential miRNAs identified. 

Different miRNAs were identified in the rat and in the human lingual nerve samples 

used; however, the miRNAs identified have predicted target genes involved in similar 

pathways. One possible explanation is the fact that rat lingual nerve tissues were collected 

and analysed in a specific time point (3 days following injury) and human lingual 

neuroma tissues had variable time points between injury and tissue analysis (ranging from 

7 to 36 months). In addition, miRNA expression is a dynamic process and there is 

evidence that miRNAs can change in expression over time in the same tissue and pain 

condition (Sakai and Suzuki, 2014). Furthermore, literature has suggested that the 

development and the maintenance of chronic pain is controlled by differing molecular 

mechanisms (Ji et al., 2003, Crown, 2012), denoting that different miRNAs may be in 

control at different stages.  

 

Conclusions and future studies 

In summary, this study has demonstrated that specific miRNAs are differentially 

expressed following LNI. Predictive analyses suggested, that these miRNAs may interact 

with target genes that participate in inflammatory and signal transduction pathways, thus 

can contribute to the molecular changes that occur after a peripheral nerve injury. Further 

studies are required to evaluate possible physiological effects of these and other miRNAs 

in pain mechanisms. 

The rat pre-clinical model of neuropathic pain can be further studied, particularly, 

future studies identifying and profiling miRNA expression at different time points and in 

different tissues (trigeminal ganglion and brainstem) are of interest. It would also be 

required to verify the correlation found between normalised expression of miRNAs and 

the time drinking and investigate its functional importance. In order to investigate miRNA 

targets of specific miRNAs, functional studies in vitro may be conducted. The 

transfection of miRNA mimics (chemically synthesized, double-stranded RNAs which 

mimic mature endogenous miRNAs) or miRNA inhibitors (single-stranded modified 

RNAs that specifically inhibit miRNA function) into cultured neurones, followed by 

downstream gene expression analysis or phenotypic analysis, may be useful in validating 

the miRNAs targets identified and in assessing its functional role.  
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    CHAPTER 7 

7. GENERAL DISCUSSION 
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7.1. Summary of findings 

The work reported in this thesis enabled the characterisation of lingual nerve injury 

(LNI) in the rat, in terms of behavioural and microglial response. Furthermore, resolvin 

receptors and miRNA expression were also described following LNI. 

1. LNI in the rat decreased the time accessing a reward and the volume of reward 

consumed at specific time points after injury. A novel behavioural testing method was 

developed and this may be useful to assess feeding behaviour following LNI.  

2. LNI produced microglia activation. Microglial activation was significantly 

increased on day 3 following LNI at specific rostral-caudal levels. By day 28 post-injury 

microglia were only mildly activated and in a more restricted part of the rostral-caudal 

levels analysed. 

3. Resolvin receptors were found to be expressed in specific cells within the nervous 

system tissues. ChemR23, in particular, was found to be up-regulated at specific rostral-

caudal levels of the Vc following LNI.  

4. Specific miRNAs were identified following LNI. miR-138 was found to be 

differentially expressed in the rat lingual nerve between CCI and Sham groups. miR-138 

and miR-667 were associated with the time drinking reward. miR-29a was differentially 

expressed between painful and non-painful human lingual nerve neuromas and miR-500a 

and miR29a showed a moderate inverse correlation with the painVAS score.  

 

Resolvins have been suggested to have a role in treating pain-associated diseases, 

similar to miRNAs that recently have shown a key role in regulating gene expression. 

Acknowledging the need for functional studies for both resolvin receptors and miRNA, 

the findings described in this thesis may facilitate identification of potential targets for 

the treatment of neuropathic pain.  
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7.2. Animal model of neuropathic pain: effect of LNI in feeding 

behaviour and microglia response 

The use of animals for the study of chronic pain is very important. Even though 

from time to time the validity of animal models in pain studies is questioned, their 

contribution is undeniable. There are cases of successful translation of novel analgesics 

to the clinic in which pre-clinical studies demonstrated a reversion in thermal and 

mechanical sensitivity (Kontinen and Meert, 2003); in addition, the use of animals gives 

the advantage of accessing tissues within the central nervous system that otherwise would 

not be accessible. Certainly today there is brain imaging but to access the cellular and 

molecular level, tissues collected from the highly complex pain transmission system, are 

undoubtedly a great resource. 

LNI as a model of neuropathic pain has not been widely studied in terms of 

characterisation of behaviour and glial responses. In this thesis, behavioural and 

microglial responses were characterised up to 28 days following LNI. 

Time drinking (total and maximum uninterrupted during the testing period), volume 

ingested and number of attempts were clearly decreased on day 3 following LNI (number 

of attempts in the CCI group, however, were not statistically different from the sham 

group). When looking at the specific time points when microglia and ChemR23 were 

analysed (figure 7.1) it is possible to detect an inverse tendency with the behavioural data, 

in particular at day 3. All three parameters of the feeding behaviour were decreased while 

both microglia and ChemR23 were increased (sum of ratio increase over contralateral 

side in the Vc) in the CCI group. These results require further investigation in particular 

whether microglia inhibition and or ChemR23 action (by administration of an agonist) 

would have any effect on the feeding behaviour.  
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Figure 7.1. Feeding behaviour and Iba1 and ChemR23 expression following 

lingual nerve injury. A-D) Average of each feeding behaviour parameter in the CCI 

group at days 3, 7 and 28 post-injury. E-F) Sum of ratio over contralateral side in the 

Vc of Iba1 and ChemR23, respectively, at days 3, 7 and 28 in the CCI groups. Please 

note that graphs have different scales. 
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Previous studies using the LNI have found the accumulation of several neuropetides 

(such as SP and CGRP) at the site of injury at day 3 (Bird et al., 2003) and the 

development of spontaneous activity and mechanical sensitivity, also, at day 3 post-injury 

(Yates et al., 2000). These studies suggest that the increase in levels of neuropeptides 

could lead to spontaneous activity (or increased spontaneous activity could also result in 

increased release of neuropeptides, creating a positive feedback loop). In fact, it is known 

that SP and CGRP, for instance, can further sensitise the nociceptors and contribute to 

increased hyperexcitability (Loescher et al., 2001, Smith et al., 2005). In other studies 

conducted in the trigeminal system, namely in inferior alveolar nerve, identical results 

were observed at day 3, for spontaneous activity and neuropeptide expression. In addition, 

the sodium channels Nav1.8 and 1.9 were increased following injury to inferior alveolar 

nerve (like the lingual nerve, it is also part of the mandibular division of the trigeminal 

nerve) at day 3, which correlated with spontaneous activity recorded at the same time 

post-injury (Bongenhielm and Robinson, 1996, Bongenhielm and Robinson, 1998). The 

sodium channel Nav1.8 in particular has been found to accumulate after injury in human 

lingual nerve neuroma tissues (Bird et al., 2013). As mentioned in chapter 1, 

depolarisation of sodium channels can create action potentials that may increase the 

conduction of the noxious stimulus, and these previous studies indicate that, some specific 

sodium channels at least in the trigeminal system, in addition to neuropetide expression, 

could also be related to increased sponateneous activity. Therefore, the spontaneous 

activity recorded at day 3 post-injury in the previous studies mentioned, could similarly 

contribute to increased release of neurotransmitters and other mediators in central 

terminals that, in turn, could activate microglia. In addition to microglia being known as 

a first responder to injury, the previous studies mentioned above have found the highest 

changes in expression of neuropetides and in spontaneous activity by day 3. In the feeding 

behaviour described in chapter 3, the highest changes were also observed in early time 

points when compared to baseline (in the CCI group). Taken together, this suggests that 

is at early period after injury that most changes occur and indicates that these early stages 

post-injury may be important for the developemnt of neuropathic pain. However, further 

studies are required, for instance, to better characterise the potential link between the 

results in this thesis and the previous findings. Additionally, investigation of potential 

spontaneous activity and microglia response specifically at day 14 is of interest, based on 
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the significant decrease in time drinking detected during the feeding behaviour studies 

(chapter 3). 

 

7.3. Resolvin receptors and miRNA expression 

 Resolvin receptors expression 

The findings reported in these studies, in chapter 5, indicate a potential role for 

resolvin receptors as drug targets for neuropathic pain. As described in the literature 

review in section 1.2 in chapter 1, resolvins have been shown to act in pain associated 

diseases. Prior to this work, very little was known about the expression of resolvin 

receptors within the nervous system and across pain transmitting tissues. In this thesis, it 

was found that resolvin receptors are expressed in specific cells. In addition, it was 

observed that ChemR23 was up-regulated in the Vc following LNI, demonstrating its 

potential role as a drug target for neuropathic pain. Previous studies conducted by Xu et 

al. (2010) have shown that RvE1 through ChemR23 can reduce inflammatory and 

neuropathic pain symptoms.  

The same area of interest for ChemR23 expression within each brainstem section 

was selected as for Iba1 quantification (as by observation it was where the differences 

between ipsilateral and contralateral were identified) and, thus, the same rostral-caudal 

levels of the Vc were analysed. When analysing within each rostral-caudal level of the 

Vc, ChemR23 expression was highest at 960 µm caudal to obex (from day 3 and up to 

day 28) and at 1440 µm caudal to obex (on day 3) while microglial activation was detected 

in general across all rostral-caudal levels of the Vc (in particular at day 3) with a peak at 

720 µm caudal to obex (see figure 5.22 in chapter 5 and figure 4.11 in chapter 4).  

The sum of the ratio increase in the ipsilateral side over the contralateral side in all 

of the rostral-caudal levels of the Vc analysed was used to verify any correlation between 

microglia and ChemR23. As seen in figure 7.1-E, -F) (please see page 201), both Iba1 

and ChemR23 expression were the highest at day 3 post-injury (in the CCI group) in the 

overall rostral-caudal levels of the Vc analysed (even though, as mentioned above, 

ChemR23 was only increased at specific rostral-caudal levels). By day 7 and 28, 

microglia activation had decreased; ChemR23 expression reduced at day 7 but showed a 

little increase in the overall Vc by day 28. 

Iba1 and ChemR23 expression in the CCI group showed a strong Pearson 

correlation (figure 7.2); however, only on day 28 the linear association was found to be 
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statistically significant. This suggests that there is a tendency between Iba1 and ChemR23 

expression and further studies (possibly with a bigger sample size) may help verify these 

results. 

 

 

 

 

Figure 7.2. Analysis of Iba1 (microglial marker) and ChemR23 expression 

correlation following lingual nerve injury. A statistically significant positive 

correlation was found on day 28. 
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 miRNA expression 

MicroRNAs (miRNAs) are small non-coding RNAs capable of regulating the 

expression of several geens. As described in the literature review in section 1.3 in chapter 

1, recently miRNAs have been studied with more detail in pain associated diseases. The 

miRNA study conducted in this thesis identified specific miRNAs of potential interest.  

It had been suggested in previous studies published by the Serhan group (first to 

identify resolvins) that miRNAs and resolvins may be inter-regulated. Interestingly, 

miRNA target prediction conducted in this thesis for miR-29a identified a resolvin 

receptor, the FPR2/ALX, as a potential target in the human lingual nerve neuromas. This 

finding opens the possibility to study two highly promising targets (resolvin receptors and 

miRNAs) potentially involved in the same pathway in a clinical relevant tissue for nerve 

injury and pain treatments.  

 

7.4. General approach and study limitations 

Work conducted in this thesis took a broad approach to characterise behavioural 

and microglial response to LNI and to study the expression of potential targets following 

such injury. An overall approach, with analysis of peripheral and central tissues allied 

with human samples is a great advantage in basic science research. In fact, recent studies 

have been focusing in the use of human tissues or combination of human and animal 

tissues and/or in vitro studies; because that will allow the identification of biomarkers and 

targets potentially more translational (Gruber et al., 2008, Nissenbaum, 2012, Anand et 

al., 2015, Borsook et al., 2014, Buckley et al., 2017). 

The sample sizes were defined based on previous studies conducted in Professsor 

Boissonade’s laboratory or based in the literature (as mentioned in chapter 2). In terms of 

human samples, these were limited to availability and costs of TLDA cards (for the 

miRNA study). Unless otherwise stated, all work described in this thesis was conducted 

by the same investigator in order to reduce investigator variability and reproducibility 

tests were performed where applicable.  

The use of a behavioural method to assess feeding behavior following LNI that was 

in general independent of the investigator, was a great advantage and allowed the study 

without the normally investigator bias associated with traditional behavioural testing. 

Resolvin receptors and Iba1 expression studies were based in the use of 

immunohistochemical techniques. Indirect immunofluorescence is an established method 
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in Professor Boissonade’s laboratory with some studies published in both human lingual 

nerve neuromas and animal tissues (Biggs et al., 2007a, Bird et al., 2013, Bird et al., 2007, 

Evans et al., 2012, Evans et al., 2014, Morgan et al., 2009, Vora et al., 2007). An 

advantage of this technique is that allows not only the determination of the presence of a 

receptor or protein but also its localisation within the tissue. In addition, the dual labelling 

with specific cell markers allows the identification of the cells expressing the receptor. 

Therefore, in the context of the work conducted in this thesis, this technique is useful and 

particularly suitable to determine and visualise the exact rostral-caudal and anatomical 

part of the brainstem section of microglial activation and ChemR23 expression following 

LNI. In addition, correlation studies were conducted between initial and repeated 

measures and demonstrated the reproducibility of the image analysis and quantification 

method used (please see section 2.10 in chapter 2). Image analysis methods were 

quantitative, but qualitative assessment of labelling was also undertaken and described 

for Iba1 and ChemR23 expression in the respective chapter, in order to give a more 

complete characterisation of the microglial response and ChemR23 expression.  

As  mentioned in the literature review in section 1.2.1 in chapter 1, resolvins are 

derived from omega-3 fatty acids and, thus, it considered that the content of omega-3 in 

the diet can influence the expression of resolvins. However, based on literature search it 

is not clear whether diet can influence the expression of resolvin receptors. The animals 

used in this thesis were subject to the same diet (see table 7.1 and figure A1 in Appendix 

for details), thus comparable within this study, but no conclusions can be made regarding 

the effect of the diet on receptor ChemR23 and FPR2/ALX expression and in the 

behavioural study. Nevertheless, it has been suggested that the diet of the animals used in 

pain studies can influenciate behavioural results. As mentioned in section 2.2.2 in chapter 

2 animals were not fasting prior to the behavioural testing and all animals were again 

subject to the same diet so comparable within this study. The role of omega-3 is widely 

considered to be beneficial to maintenance of a healthy lifestyle (further details were 

described section 1.2.1 in chapter 1); in addition, omega-3 is an important component of 

synaptic membranes lipids in the mammalian brain and evidence has shown an important 

role in the development of the nervous system (Innis, 2008). Some studies have found 

that a higher intake of omega-3 fatty acids has beneficial effects after PNI. For instance, 

a clinical study in patients with diabetic neuropathy found that α-lipoic acid 

administration reduced dysaesthesia symptoms when compared to placebo (Foster, 2007, 
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Ziegler et al., 2006). A case report of 5 patients with neuropathic pain that were 

supplemented with omega-3 showed an improvement in the symptoms and suggests that 

omega-3 supplements together with other medical treatments can help in the management 

of neuropathic pain (Ko et al., 2010). Studies conducted in fat-1 mice (unlike other 

mammals, they can synthesise omega-3 from omega-6) found that the presence of high 

levels of omega-3 led to reduction of pain sensitivity in a model of inflammatory pain 

(Zhang et al., 2017). However, there is a clear need to identify the actual role of omega-

3 (Galán-Arriero et al., 2017). Pérez et al. (2005) found a direct correlation between the 

percentage of omega-3 fatty acids and neuropathic pain behaviours in a rat model. 

Animals that took a diet with higher percentage of omega-3 demonstrated increased heat 

hyperalgesia but the mechanisms underlying this findings were reported. This was 

associated with the potential role of omega-3 in the early development of the nervous 

tissue. 

 

Table 7.1. Fatty acid composition in the rat diet used. 

Fatty acids % (pellet) 

C16:0 Palmitic 0.7 

C18:0 Stearic 0.2 

C18:1ω9 Oleic 1.2 

C18:2ω6 Linoleic (18:2n-6) 3.1 

C18:3ω3 Linolenic (18:3n-3) 0.3 

Total Polyunsaturated 3.4 

Total monounsaturated 1.3 

Total Saturated 0.9 

 

7.5. Future studies 

Future studies derived from work conducted in this thesis may include functional 

study of resolvin and miRNA mimics/inhibitors administration following LNI. It would 

be interesting to test whether RvE1 (that binds ChemR23) would reverse or attenuate the 

effect of LNI on feeding behaviour. Further studies are also required to validate some of 

the targets identified for each miRNA and test its funtional role.  

In order to complement the behavioural and microglial study described in this thesis, 

it would also be required to characterise the response of astrocytes following LNI. In 

addition, it would be of interest to study whether administration of a microglial inhibitor 
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such as minocycline would prevent microglial activation and would have any effect in 

the behavioural response. 

In future studies would also be important to include female and male rats, to 

produce more clinically relevat results.   

 

7.6. Conclusion 

In conclusion, this thesis has identified a novel behavioural model for investigating 

the potential mechanisms behind the development of chronic pain after LNI. As described 

in section 1.4 in chapter 1, LNI in human patients can have an impact in eating and, in 

the pre-clinical model used in this thesis, the injury had an effect in the feeding behaviour. 

In addition, it has been suggested that persistent sensory alteration in patients after LNI 

may be caused by central changes and this thesis has found microglial activation at early 

stages post-injury, which may be associated with the development of chronic neuropathic 

pain, at least in male subjects. 

The up-regulation of ChemR23 in the ipsilateral side of the Vc after LNI and the 

dysregulation of specific miRNAs in the peripheral nerves suggest that they may be 

potential targets for improved therapeutics for neuropathic pain, in particular that arising 

from LNI. 
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APPENDIX 

Appendix 1: Target genes and pathways predicted to be under control 

of the miRNAs identified.  

 

Table A1. Target genes for miR-667 and miR-138 

GO molecular function Examples of target genes p-value 

cation transmembrane 

transporter activity 

Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, SLC35A4, ATP6V1G1, UQCRFS1, 

NRAMP1, TMEM38A, SLC39A11, GluR5, 

Kv8.1, Kir3.1, SLC39A9, TRPC1, 

CACNA1S, KCNJ14 

3.84E-04 

substrate-specific 

transmembrane 

transporter activity 

Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, SLC35A4, ATP6V1G1, UQCRFS1, 

NRAMP1, TMEM38A, SLC39A11, 

SLC5A8, MIP26, GluR5, Kv8.1, GluR2, 

Kir3.1, SLC39A9, TRPC1, CACNA1S, 

SLC26A11, KCNJ14, CLCA4 

4.103E-04 

ion transmembrane 

transporter activity 

Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, SLC35A4, ATP6V1G1, UQCRFS1, 

NRAMP1, TMEM38A, SLC39A11, GluR5, 

Kv8.1, GluR2, Kir3.1, SLC39A9, TRPC1, 

CACNA1S, SLC26A11, KCNJ14, CLCA4 

4.347E-04 

inorganic cation 

transmembrane 

transporter activity 

Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, ATP6V1G1, UQCRFS1, NRAMP1, 

TMEM38A, SLC39A11, Kv8.1, Kir3.1, 

SLC39A9, TRPC1, CACNA1S, KCNJ14 

5.547E-04 

substrate-specific 

transporter activity 

Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, SLC35A4, ATP6V1G1, UQCRFS1, 

NRAMP1, TMEM38A, SLC39A11, 

SLC5A8, ICAP-1, MIP26, MOG1, GluR5, 

Kv8.1, GluR2, Kir3.1, SLC39A9, TRPC1, 

CACNA1S, SLC26A11, KCNJ14, CLCA4 

6.416E-04 
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transporter activity Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, SLC35A4, ATP6V1G1, UQCRFS1, 

RENT3B, NRAMP1, TMEM38A, 

SLC39A11, SLC5A8, PC-TP, ICAP-1, 

MIP26, MOG1, GluR5, Kv8.1, NGAL, 

GluR2, Kir3.1, SLC39A9, TRPC1, 

CACNA1S, SLC26A11, KCNJ14, CLCA4 

6.728E-04 

voltage-gated cation 

channel activity 

Kv1.2, GluR5, Kv8.1, Kir3.1, CACNA1S, 

KCNJ14 

1.983E-03 

potassium channel 

activity 

Kv1.2, TMEM38A, Kv8.1, Kir3.1, KCNJ14 5.423E-03 

ion channel binding Syntaxin 1A, 14-3-3 theta, MOG1, Homer 1, 

TRPC1 

6.18E-03 

   

GO biological process Examples of target genes p-value 

ion transport Creatine transporter 1 (SLC6A8), Kv1.2, 

NPAL2, K(+) channel, subfamily J, 

SLC35A4, CCL3L1, ATP6V1G1, UQCRFS1, 

Galpha(i)-specific peptide GPCRs, NRAMP1, 

Syntaxin 1A, TMEM38A, SLC39A11, 

ATP6V1G, SLC5A8, Ionotropic glutamate 

receptor, MIP26, GluR5, CYB5R2, Kv8.1, 

NGAL, Galpha(q)-specific peptide GPCRs, 

RXR, SLC27A3, GluR2, Kir3.1, SLC39A9, 

TRPC1, Kainate receptor, IHPK2, 

CACNA1S, Galpha(q)-specific Class A 

Orphan/other GPCRs, SLC26A11, KCNJ14, 

14-3-3, CLCA4, Dynamin 

4.97E-08 
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regulation of 

transmembrane transport 

Kv1.2, K(+) channel, subfamily J, Sts-1, 

Galpha(i)-specific peptide GPCRs, 14-3-3 

theta, G-protein beta, Ionotropic glutamate 

receptor, MOG1, GluR5, Kv8.1, Galpha(q)-

specific peptide GPCRs, Homer 1, DJ-1, 

Kir3.1, TRPC1, Kainate receptor, CACNA1S, 

KCNJ14, 14-3-3, Dynamin 

2.038E-07 

regulation of ion 

transmembrane transport 

Kv1.2, K(+) channel, subfamily J, Sts-1, 

Galpha(i)-specific peptide GPCRs, 14-3-3 

theta, G-protein beta, Ionotropic glutamate 

receptor, MOG1, GluR5, Kv8.1, Galpha(q)-

specific peptide GPCRs, Homer 1, Kir3.1, 

TRPC1, Kainate receptor, CACNA1S, 

KCNJ14, 14-3-3, Dynamin 

5.704E-07 

regulation of ion 

transport 

Neurokinin-2 receptor, Kv1.2, K(+) channel, 

subfamily J, CCL3L1, Sts-1, Galpha(i)-

specific peptide GPCRs, 14-3-3 theta, G-

protein beta, Ionotropic glutamate receptor, 

MOG1, GluR5, Kv8.1, Galpha(q)-specific 

peptide GPCRs, Homer 1, DJ-1, Kir3.1, 

TRPC1, Kainate receptor, CACNA1S, 

Galpha(q)-specific Class A Orphan/other 

GPCRs, KCNJ14, 14-3-3, Dynamin 

1.512E-06 

cellular response to 

interleukin-8, 

interleukin-8-mediated 

signaling pathway 

Galpha(i)-specific peptide GPCRs, 

Galpha(q)-specific peptide GPCRs, IL8RA 

2.83E-06 

intracellular signal 

transduction 

PAK3, RGS7, CRK, CCL3L1, Galpha(i)-

specific peptide GPCRs, NRAMP1, 

RASAL3, VEGFR-2, HB-EGF, 14-3-3 theta, 

InPP5A, G-protein beta, CNIL, c-Rel (NF-kB 

subunit), MyD88, ICAP-1, p63, Miro-1, 

Rap1GDS1, RAP-2B, PLD2, SPEC1, 

3.93E-06 
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CSF2RB, ZFP91, RET, Galpha(q)-specific 

peptide GPCRs, E2F7, PKA-reg type II 

(cAMP-dependent), DHC24, DJ-1, C9orf86, 

BIG2, Pleckstrin, Galpha(q)-specific Class A 

Orphan/other GPCRs, ASB6, PP2C, ERK3, 

PRKAR2A, 14-3-3, PKA-reg (cAMP-

dependent) 

T cell chemotaxis CCL3L1, Galpha(i)-specific peptide GPCRs, 

CXCL16, Galpha(q)-specific peptide GPCRs 

4.23E-06 

   

MetaCore pathways   

Cell 

adhesion_Chemokines 

and adhesion 

CRK, VEGFR-2, IL8RA, Collagen IV 5.60E-03 

   

MetaCore networks Examples of target genes p-value 

Neurophysiological 

process_Transmission of 

nerve impulse 

Galpha(i)-specific peptide GPCRs, Ionotropic 

glutamate receptor, GluR5, GluR2, Kainate 

receptor, PRKAR2A, PKA-reg (cAMP-

dependent), GABARAPL1 

3.59E-03 

Signal 

transduction_WNT 

signaling 

HB-EGF, HNF3-beta, p63, PKA-reg type II 

(cAMP-dependent), ERK3, PRKAR2A, 

PKA-reg (cAMP-dependent) 

4.97E-03 

Cell adhesion_Leucocyte 

chemotaxis 

CCL3L1, Galpha(i)-specific peptide GPCRs, 

CXCL16, ICAP-1, PLD2, Galpha(q)-specific 

peptide GPCRs, IL8RA 

1.06E-02 

Chemotaxis CCL3L1, Galpha(i)-specific peptide GPCRs, 

CXCL16, Galpha(q)-specific peptide GPCRs, 

IL8RA 

2.34E-02 
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Transport_Calcium 

transport 

Reticulocalbin 1, Ionotropic glutamate 

receptor, Homer 1, TRPC1, CACNA1S 

7.829E-02 

Inflammation_Neutrophil 

activation 

Galpha(i)-specific peptide GPCRs, Syntaxin 

1A, PLD2, IL8RA, PAK2 

1.13E-01 

Signal 

transduction_Neuropepti

de signaling pathways 

Neurokinin-2 receptor, Galpha(i)-specific 

peptide GPCRs, Galpha(q)-specific peptide 

GPCRs, PKA-reg (cAMP-dependent) 

1.13E-01 

   

MetaCore diseases 

biomarkers 

Examples of target genes p-value 

Mouth Diseases Neurokinin-2 receptor, Ro60, DTX4, 

FAM53C, K(+) channel, subfamily J, 

Syndecan-1, HSP47,FAM133B, NRAMP1, 

N-myristoyltransferase, CXCL16, 

KIAA1754L, PARD6G, VEGFR-2, G-protein 

beta, c-Rel (NF-kB subunit), COL4A1, 

GLE1, MyD88, ARPP- 21, ATP6V1G, 

NMT2, Ionotropic glutamate receptor, DAN, 

p63, PPTC7, Miro-1, CDH1, IL20RB, 

CSF2RB, ZFP91, Kv8.1, TRMT12, E2F7, 

PKA-reg type II (cAMP-dependent), RXR, 

GDF9, CYP19, PARD6, LRRC31, OKL38, 

IL8RA, TEX2, Galpha(t)-specific GPCRs, 

FRMPD1, CACNA1S, GPCRs, RXRG, 

PP2C, Collagen IV, PRKAR2A, 14-3-3, 

FAM46D, INTS2, CLCA4, PKA-reg (cAMP-

dependent), ARNT2, Desmoplakin, DPH4, 

Dynamin 

1.51E-05 

Epilepsy, Generalized K(+) channel, subfamily J, Galpha(i)-specific 

peptide GPCRs, Ionotropic glutamate 

receptor, GluR5, Kir3.1, Kainate receptor 

2.24E-04 
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Table A2. Target genes for miR-500a and miR29a. 

GO molecular function Examples of target genes p-value 

interleukin-2 receptor activity 

and interleukin-2 binding 

IL-2R alpha chain, sIL2RA 3.46E-04 

cytokine receptor activity IL-2R alpha chain, IL-15RA, 

sIL2RA, sIL-15RA 

7.34E-03 

ion channel activity SLC26A2, ANO2, Kv1.1, CLIC4, 

KCNK10, GPM6A, SAP102, Kir1.1, 

GPR89B, GPR89A 

2.97E-03 

substrate-specific 

transmembrane transporter 

activity 

SLC26A2, SLC44A1, SLC35E3, 

ANO2, Kv1.1, GLUT3, CLIC4, 

Embigin, KCNK10, GPM6A, 

SLC2A14, SAP102, C3orf55, Kir1.1, 

GPR89B, GPR89A, NPAL3 

2.695E-03 

gated channel activity ANO2, Kv1.1, CLIC4, KCNK10, 

SAP102, Kir1.1, GPR89B, GPR89A 

5.36E-03 

voltage-gated channel activity Kv1.1, CLIC4, KCNK10, Kir1.1, 

GPR89B, GPR89A 

5.52E-03 

voltage-gated ion channel 

activity 

Kv1.1, CLIC4, KCNK10, Kir1.1, 

GPR89B, GPR89A 

5.52E-03 

channel activity SLC26A2, ANO2, Kv1.1, CLIC4, 

KCNK10, GPM6A, SAP102, Kir1.1, 

GPR89B, GPR89A 

6.42E-03 

transmembrane transporter 

activity 

SLC26A2, SLC44A1, SLC35E3, 

ANO2, Kv1.1, GLUT3, CLIC4, 

Embigin, KCNK10, GPM6A, 

SLC2A14, SAP102, C3orf55, Kir1.1, 

GPR89B, GPR89A, NPAL3 

6.42E-03 

substrate-specific transporter 

activity 

SLC26A2, SLC44A1, SLC35E3, 

ANO2, Kv1.1, GLUT3, CLIC4, 

Embigin, PLSCR5, KCNK10, 

GPM6A, SLC2A14, SAP102, 

6.50E-03 
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C3orf55, Kir1.1, GPR89B, GPR89A, 

NPAL3 

passive transmembrane 

transporter activity 

SLC26A2, ANO2, Kv1.1, CLIC4, 

KCNK10, GPM6A, SAP102, Kir1.1, 

GPR89B, GPR89A 

6.50E-03 

   

GO biological process Examples of target genes p-value 

regulation of ion 

transmembrane transport 

K(+) channel, subfamily J, Kv1.1, 

CLIC4, KCNK10, FGF12, PI3K class 

II, Galpha(q)-specific prostanoid 

GPCRs, HSP70, Galpha(q)-specific 

peptide GPCRs, HSPA2, PDE, 

Kir1.1, GPR89B, GPR89A 

3.212E-05 

negative regulation of 

leukocyte cell-cell adhesion 

IL-2R alpha chain, IFN-beta, BTLA, 

SDF-1, PDE, PP2135, p14ARF, 

p16INK4 

3.865E-05 

negative regulation of cell 

activation 

IL-2R alpha chain, IFN-beta, BTLA, 

Galpha(q)-specific prostanoid 

GPCRs, Galpha(q)-specific peptide 

GPCRs, PDE, BPI, PP2135, p14ARF, 

p16INK4 

4.23E-05 

regulation of transmembrane 

transport 

K(+) channel, subfamily J, Kv1.1, 

CLIC4, KCNK10, FGF12, PI3K class 

II, Galpha(q)-specific prostanoid 

GPCRs, HSP70, Galpha(q)-specific 

peptide GPCRs, HSPA2, PDE, 

Kir1.1, GPR89B, GPR89A 

4.471E-05 

regulation of G-protein 

activated inward rectifier 

potassium channel activity 

K(+) channel, subfamily J, Kir1.1 4.851E-05 

transmembrane transport K(+) channel, subfamily J, SLC26A2, 

SLC44A1, SLC35E3, TAFs, ANO2, 

Kv1.1, SLC25A31, CHCHD4, 

5.70E-05 
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GLUT3, CLIC4, Embigin, KCNK10, 

GPM6A, SLC2A14, HSP70, 

Galpha(q)-specific peptide GPCRs, 

PUMA, SAP102, C3orf55, PDE, 

Kir1.1, GPR89B, NPAL3 

negative regulation of 

leukocyte activation 

IL-2R alpha chain, IFN-beta, BTLA, 

Galpha(q)-specific peptide GPCRs, 

PDE, BPI, PP2135, p14ARF, 

p16INK4 

6.45E-05 

negative regulation of cell 

growth 

ING1, DEP-1, HSP70, Galpha(q)-

specific peptide GPCRs, PUMA, 

CARF, WT1, p14ARF, p16INK4 

6.648E-05 

negative regulation of cell-cell 

adhesion 

IL-2R alpha chain, IFN-beta, BTLA, 

Galpha(q)-specific prostanoid 

GPCRs, SDF-1, PDE, PP2135, 

p14ARF, p16INK4 

6.65E-05 

negative regulation of cell 

proliferation 

IL-2R alpha chain, NOXA, TAFs, 

E3b1(ABI-1), FBXW7, ING1, DEP-

1, Adrenomedullin, BTLA, HSP70, 

Galpha(q)-specific peptide GPCRs, 

Skp2/TrCP/FBXW, SAP102, PDE, 

PP2135, WT1, p14ARF, CDK6, 

p16INK4 

8.76E-05 

regulation of macrophage 

apoptotic process 

Galpha(q)-specific peptide GPCRs, 

p14ARF, p16INK4 

1.432E-04 

   

MetaCore pathways Examples of target genes p-value 

Immune response_T cell 

subsets: cell surface markers 

IL-2R alpha chain, IL-15RA, BTLA 1.49E-03 

Immune response_IL-16 

signaling pathway 

IL-2R alpha chain, 

Skp2/TrCP/FBXW, SDF-1 

1.75E-03 
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Immune response_IL-15 

signaling via JAK-STAT 

cascade 

IL-15RA, sIL-15RA 4.08E-03 

Impaired Lipoxin A4 

signaling in CF 

SOCS2, FPRL1 1.572E-02 

Development_Lipoxin 

inhibitory action on PDGF, 

EGF and LTD4 signaling 

SOCS2, FPRL1 1.071E-02 

   

MetaCore networks Examples of target genes p-value 

Inflammation_Jak-STAT 

Pathway 

IL-15RA, SOCS2, IFN-beta, SDF-1 8.12E-02 

Transport_Potassium transport K(+) channel, subfamily J, Kv1.1, 

KCNK10, Kir1.1 

9.15E-02 

Chemotaxis FPRL1, Galpha(q)-specific peptide 

GPCRs, SDF-1 

1.20E-01 
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Appendix 2: Details of the rat diet used in this thesis. 

Figure A1. Details of the rat diet. 
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