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SUMMARY

Peripheral nerve injuries are commonly seen in society, and are often associated with
loss of function and development of neuropathic pain. Enhancing nerve regeneration
following injury is challenging, especially if damage to the nerve results in tissue loss.
The overcome aim of this study is to investigate the ability of different nerve conduit
designs to support nerve regeneration, and assess their potential to influence the

development of neuropathic pain.

This literature review gives an overview of the peripheral nervous system including the
anatomical features of nerves, classification of injuries, and events and processes occur
during nerve regeneration after injury. Moreover, it highlights the current strategies and
methods to repair injured peripheral nerves, particularly the role of using nerve conduits.
It also briefly describes neuropathic pain, including the pathophysiology that is involved
in nerve injury-induced neuropathic pain, particularly in relation to glial cells. Finally, it

mentions some strategies for improving peripheral nerve regeneration.

This thesis describes an initial study that focused on developing a methodology to
guantify spinal glial activation following nerve/conduit repair, this activation is strongly
associated with the development of neuropathic pain. Using common fibular and sciatic
nerve repair models in thy-1-YFP-H mice, several designs of potential nerve conduit

were evaluated; Nylon, polycaprolactone (PCL) and polyglycerol sebacate (PGS).

Some approaches to enhance the level of regeneration were mentioned in this thesis.
Mannose-6-Phosphate (M6P), a potential scar-reducing agent, was evaluated as it has
a role in reducing the amount of intra-neural scarring by inhibition of latent TGF-b
activation. Etanercept (a decoy receptor for tumour necrosis factor-alpha) was also
investigated as it has a role in reducing the inflammation and scarring at the site of

injury which results in enhancing the regeneration.

A novel method to investigate the functional recovery of injured nerves using genetically
modified mice with fluorescent axons has recently been developed in our laboratory,
this method will be used in this thesis, and is also described.
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ABSTRACT

Introduction: Nerve guide conduits are an alternative to autografts for peripheral nerve
repair. Many studies have investigated the ability of conduits to support regeneration;
however, their likely impact on neuropathic pain has not been investigated. Spinal glial
activation has been reported as a key regulator of neuropathic pain and could reveal
important differences in potential neuropathic pain development between novel conduit
designs. The materials and methods used in producing nerve conduits influence the

potential for nerve regeneration following repair.

Aims: The overall aim was to investigate the effect of applying different conduit
designs, M6P and Etanercept on nerve regeneration and spinal glial activation following

nerve repair.

Methods: The common fibular or sciatic nerve of thy-1-YFP-H mice was transected,
and a 3.0mm (common fibular) or 4.0mm (sciatic) gap was repaired using conduits
made from nylon, PCL (with or without Etanercept) or PGS, or a nerve graft (with or
without M6P). The nerve ends and graft/conduit were aligned and secured using fibrin
glue. After 2, 3 or 5 weeks, spinal cords were harvested and prepared for
immunohistochemistry to label microglia and astrocytes. The nerves also were
harvested for analysis. Electrophysiology and CatWalk gait were performed in the

sciatic repair model.

Results: Nylon conduit repairs produced high levels of glial activation and low levels of
nerve regeneration, while grooved PCL conduit repairs produced low glial activation and
better levels of nerve regeneration (Chapter 3). No significant differences were
observed when using M6P incorporated within fibrin glue [Chapter 4]. PCL conduit plus
Etanercept repairs produced significantly lower glial activation in the spinal dorsal horn,
improved regeneration (as indicated by CatWalk analysis) and lower axon disruption
compared to the PCL conduit repair plus vehicle [Chapter 5]. Although similar levels of
glial activation was observed following repair with PGS conduit and nerve graft, PGS
repair was inferior to nerve graft in overall nerve regeneration [Chapter 6].
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Conclusion: Better nerve regeneration after repair reduces glial activation that may
help to reduce the potential development of neuropathic pain. PCL conduits appear to
elicit the best response in terms of improve nerved regeneration and reduced glial
activation while nylon conduits appear less suitable. Etanercept appears to evoke
reduced microglial activation, which may decrease neuropathic pain development; and
enhances functional recovery of the nerve. PGS conduits may provide an alternative
repair method to nerve graft repair, in terms of the likelihood of neuropathic pain
development following repair. Further investigation may be warranted in order to

optimise dosage, administration route of M6P and determine any effect.

ivl| Page



ACKNOWLEDGEMENTS

Lots of people, both professionally and personally, should to be mentioned for their supports
which made this thesis comes into being. Listing each person and their assistance would
require an acknowledgements chapter; so for those of you who do not get a particular mention
here, | apologize and thank you for your assistance.

Amongst my colleagues | must thank my supervisor, Professor Fiona Boissonade, for the
aspiring guidance, advice and encouragement she has provided throughout my PhD journey. |
have been extremely lucky to have a supervisor who cared so much about my work, and who
responded to my queries and questions so promptly. | sincerely thank, Dr. Adam Harding, for
teaching me the technical skills related to the surgeries, axon analysis and the usage of the
fluorescent microscope. | am indebted to Dr. Mario Vettore, Dr. Emma Bird, Dr. Simon Atkins,
Dr. Hisham Shembesh, Dr. Matthew Worsley, Dr. Claire Morgan and Mrs. Susan Spriggs for
their unlimited supports. In particular, Dr. Milena De Felice, for sharing her skill and knowledge
on the use of the CatWalk system. Also, Dr. Nicola Green for teaching me the usage of the
confocal microscope. | would like to thank, Professor John Haycock, Dr. Frederik Claeyssens
and their research groups for their assistance. Specifically, Jonathan Field and Dharaminder
Singh for their work on the artificial nerve guide conduits discussed in chapters 5 and 6 of this

thesis.

On a personal note, | would like to thank my parents, Ali Albadawi and Safiah Aljuhani, who
have constantly prayed to Allah for my success and have forgiven my shortcomings towards
them during my study. | could not have achieved this without their help and encouragement. My
older brother, Eng. Mohammed Albadawi, should be mentioned for consistently driving me to
endeavor to prove | am the best person in the family. Also grateful thanks to, Professor Mahroos
Alghabban, for his ultimate support, things get a lot easier by having him beside me. And
definitely 1 would not have made it without the understanding and love of my two children, Rose
and Yazan. Most importantly, | must express my gratitude to my beloved wife, Dr. Hadel
Ghaban, who has supported me during my educational journey, shared my intellect and hopes,
lived my suffering and accompanied me in a strange land. This work would not have been

possible without her presence in my life.

I would like to thank Saudi Arabia Ministry of Higher Education for funding this thesis. Finally,

and most of all, | am extremely grateful to Allah without whom nothing is possible.

v|Page


https://plus.google.com/109895327319932985248

PUBLICATION AND PRESENTATIONS

The following paper has been submitted for publication:

Dharaminder Singh, Adam Harding, Emad Albadawi, Fiona Boissonade, JohnHaycock,
Frederik Claeyssens. In vivo investigation of Additive Manufactured Biodegradable Poly
(glycerol sebacate methacrylate) (PGSm) Nerve Guidance Conduits.

The following communications have been presented at meetings of scientific
societies:

Emad Albadawi, Adam Harding, Frederik Claeyssens, Neil Hopkinson, John Haycock and
Fiona Boissonade. The Influence of novel nerve conduit design on development of
neuropathic pain following nerve repair. poster presentation at 5th International Congress on
Neuropathic Pain; Nice, France. May 2015.

Emad Albadawi, Adam Harding, Frederik Claeyssens, Neil Hopkinson, John Haycock and
Fiona Boissonade. The Influence of novel nerve conduit design on development of
neuropathic pain following nerve repair. poster presentation at the ABAOMS conference;
Sheffield, UK. November 2015.

Emad Albadawi, Adam Harding, Frederik Claeyssens, Neil Hopkinson, John Haycock and
Fiona Boissonade. A Comparison between the influence of three nerve conduit designs on
development of neuropathic pain following common-fibula nerve repair. Poster
presentation at the 9th Saudi Students Conference, Birmingham. UK. February 2016.

Emad Albadawi, Adam Harding, and Fiona Boissonade. The Effects of Mannose-6-
Phosphate on development of neuropathic pain following nerve repair. poster presentation
at the 16th World Congress on Pain; Yokohama, Japan, September 2016.

Emad Albadawi, Adam Harding, Frederik Claeyssens, Neil Hopkinson, John Haycock and
Fiona Boissonade. A Comparison between the influence of three nerve conduit designs on
development of neuropathic pain following common-fibula nerve repair. poster
presentation at the sheffield Pain Network meeting; Sheffield, UK. May 2016.

Dharaminder Singh, Adam Harding, Emad Albadawi, Fiona Boissonade, JohnHaycock,
Frederik Claeyssens. Novel PGSm nerve guidance conduits for peripheral nerve repair in
vivo. Oral presentation at the Tissue and Cell Engineering Society Annual Conference; London,
UK, July 2016.

Emad Albadawi, Adam Harding, and Fiona Boissonade. The Effects of Mannose-6-

Phosphate on development of neuropathic pain following nerve repair. Oral presentation
at the Glial Symposium; Sheffield, UK, November 2016.

vi| Page



Dharaminder Singh, Adam Harding, Emad Albadawi, Fiona Boissonade, John Haycock,
Frederik Claeyssens. In vivo implantation of novel PGSm 3D printed NGCs for nerve
repair. Poster presentation at the TERMIS-America conference, San Diego, USA, December
2016.

Emad Albadawi, Adam Harding, Dharaminder Singh, Frederik Claeyssens, John Haycock and
Fiona Boissonade. Glial activation following nerve repair with novel 3D-printed poly-
glycerol sebacate conduits versus nerve grafts. Poster presentation at the Challenge of
Chronic Pain conference, Cambridge, UK, March 2017.

Emad Albadawi, Adam Harding and Fiona Boissonade. Glial activation following nerve graft
repair and local administration of Mannose-6-phosphate. Poster presentation at the
BNA2017: Festival of Neuroscuence; Birmingham, UK, April 2017.

Dharaminder Singh, Adam Harding, Emad Albadawi, Fiona Boissonade, JohnHaycock,
Frederik Claeyssens. In vitro, ex vitro and in vivo analysis of novel 3D printed PGSm nerve
conduits. Poster presentation at the TERMIS-EU conference, Davos, Switzerland, June 2017.

Emad Albadawi, Adam Harding, Dharaminder Singh, Frederik Claeyssens, John Haycock and
Fiona Boissonade. Glial activation following nerve repair with novel 3D-printed poly-
glycerol sebacate conduits versus nerve grafts. Poster presentation at the Sheffield
Neuroscience, Sheffield, UK, July 2017.

Emad Albadawi, Hisham Shembesh, Adam Harding, Jonathan Field, Simon Atkins, Emma
Bird, Frederik Claeyssens, John Haycock and Fiona Boissonade.The effect of Local
administration of Etanercept on nerve regeneration Following Poly-caprolactone
Conduits Repair. Poster presentation at the 3rd Annual Neuroscience R&D Technologies
Conference, London, UK, September 2017.

viil Page



TABLE OF CONTENTS

DECLARATION ...t ttttttt ettt ettt e e e e e e ettt e e e e e e e e e bbb e et eeeeeeesannsteeeeeaaaeeasaannssnneeaeeens [
SUMMARY ittt ettt e e et ettt et e e e e e e e ettt et eeaeeaaaaa s ae et e eeeaee e e e e nbataeeaaeeeeaaannrrtrreeaaeeaaaanns i
AB ST RA CT ittt ettt e ettt e e e e e e e ettt e eaae e e e e e a e bttt eaae e e e e e atarreaaeeee e e nnrtrreaaaeeaaaanns iii
ACKNOWLEDGEMENTS .....cotiiiiiiiiitiiiit et et et e e e e e s et ae et e e e e e s s sssaaeeeeaaeeeaaannnssneeeeaaeaaaanns v
PUBLICATION AND PRESENTATIONS .....coiiiiiiiiiiiiiieee ettt a e e e e e s snnnnneeeaee s Vi
TALE OF CONTENETS ... ttttitiiieei ittt e e e e e e e s sttt et e e e e e e s st eeaaaeeaaaasnbbeeeeaaeeeeassnnsseneeaaeens viii
LIST OF FIGURES ....coiiiiiiii ettt ettt e e e e e e e et e e e e e e e e e st n e e e e e e e e e annnnneees XVii
[ S IO ] i 1N = 0 PP XXiv
CHAPTER 1: LITERATURE REVIEW ...ttt 1
1.1 INTRODUGCTION ..oiiiieiiiicitiett et e ettt e e e e e e ettt e e e e e e e e s s ssssaaaeaaeaeeeaanssssaaaaaaeeeessnnnnsnnes 4
1.2 ANATOMICAL FEATURES OF PERIPHERAL NERVES........cccccvviiiiiiiiiiiiiiece e 5
1.2.1 Microstructure of Peripheral NErveS .......ccoooc o 6
I I I 1 o] L= 10T 0T S SSPRPRPRUPPN 7

1.2.1.2 Perineurium and ENCGONEUITUM........uuuuuuuueuiriruueniieuenineeneneanesnesnnnnenerereeneeneeeeerennnne 7

O G B N 1= V= | o =2 7

1.3 CLASSIFICATION OF PERIPHERAL NERVE INJURIES........cccuviiiiiiiiiiiiiiiee e 8
1.3.1 Seddonés..Cl.as.s.i.f.i.c.al.i.0n. . 8
13000 NEUIAPIAXIB «.ttittii e 9

1.3.1.2 AXONOLMESIS ...uieeeiieeeiiiiie e e e et ettt e e e e e e e et e et e e s e e e e e eeastena e e s eeaeeeeassssnaaaaeaaeeennnes 9

I TR BN NN 1= T0 0] 0 1 T= T 1 SRR 10
1.3.2 Sunder !l and.d.s..Cl.as.s..f.i.cat.i.an. ... 11
1.3.2.1 FirSt-AEQIEE INJUIY .....uuiiiiiiiiiiiiiitiiit e 11

1.3.2.2 SECONA-UEQGIEE INJUIY ...ttt 11

1.3.2.3 TNIFd-0EQIEE INJUIY ...uiiiiiiiiiiiiiiiii b 12

1.3.2.4 FOUIN-0€QGIEE INJUIY......uuiiiiiiiiiiiiiiiiiiiiii e 12

1.3.2.5 Fifth-0@gree INJUIY ....ooeeei e e e e e e e e e e e e e eeeeees 12

I 0 G I V137 = o = o o PRSPPI 13

1.4 DIFFERENCES IN CNS AND PNS REGENERATIONS ......ccoiiiiiiiieee e eeciieee e 14
1.5 DEGENERATION AND REGENERATION OF PERIPHERAL NERVE INJURY ............ 16
1.5. 1 Wallerian DegENEIALION. .......u et e ettt e e e e ettt a e e e e e e e eeeeeana e e e eeeaeeeenes 17

1.5.2 AXONAl REJENEIALION .. .coiiiiiiii ettt e e e et e e e e e e e e e eetta e e e e eeaeeennes 19

viil| Page



1.6 PERIPHERAL NERVE REPAIR......oottiiiiiiiiiitiiiii it eeeveeeseseeeseeeeeesssesssseesennnseneenenne 25

1.6.1 Different Repair Methods for Peripheral Nerve Injury ..........ccccoeieeeeiiiiiiiiiiiieeeecceinns 26
1.6.1.1 Direct Suture (End-to-ENd)........couvviiiiiiiiic e 26
R ST B N [T V= - | T 29

1.7 NERVE GUIDE CONDUITS. ... titttttttttttttttttneunnenensnnnnneennesnsssnsssssesssssseenses. 31

1.7.1 Basic Concepts Of NErve GUIAES ..........uuuuiriuiriiiiiiiiiiiiiiiiiiiieieesesnseeeeneenneeneeeeeeennneenes 32

1.7.2 The Use of Conduits in Animal StUIES. .......cooeeiiiiiiiiieeeee e e 33

1.7.3 Current FDA Approved Nerve Guidance Conduits and Materials................ccccvveneeee 34
1.7.3.1 Synthetic Non-absorbable ... 36

1.7.3.1.i Polyvinyl Alcohol Hydrogel (SaluTunnel™) ........ocooeeoeeeeeeieeeeeee e, 36
1.7.3.2 Natural ADSOrDaDIE ..........uuuiiiiiiiiiiiiiiiiii e rnnnee 36
1.7.3.2.i Type 1 Collagen (NeuraGen®, Neuroflex™, and NeuromatrixTM)............. 36
1.7.3.2.ii Porcine Small Intestinal Submucosa (Surgisis® Nerve Cuff (AxoGuard™))39
1.7.3.3 Synthetic AbSOrbable ..o 40
1.7.3.3.i Polyglycolic Acid (PGA) (NEUrOtUDE®) .........cveveeveeeeeieeeieeeeeeeeeeee e 40
1.7.3.3.ii Poly p lactide-co-U-caprolacton (PLCL) (Neurolac®)...........cccccevevevenene.n. 42

1.7.4 FDA ApProved MaterialS .......ccieeeiiiiiiiiicie e e et e e e e e aanees 43
1.7.4.1 Polycaprolactone (PCL) .......coooiiiiiiiii et e et e e e e e aanees 43
1.7.4.2 Polyglycerol Sebacate (PGS) .......ccoiiiiiiiiiiiiiieie e 44

1.8 NEUROPATHIC PAIN ...eiiiiiiteieeuteeueueeeeeeneennessesessessesssesssssssssssssssssssssssnsssssmssssmmmmmmmmnmmnmnn 44

1.8.1 Mechanisms of NeuropathiC Pain..............ccooiiiiiiiiiiiiie e 48
1.8.1.1 Sensitization of NOCICEPIOIS ......cuvuuiiiiieeiiiiiiiiie e e e e e e e e e aaenes 48
1.8.1.2 Abnormal Ectopic Excitability of Afferent NEUrons ..........cccooooeeiiiiiiiiiiiieeeecceinn, 49
1.8.1.3 Pronociceptive Facilitation at the Spinal Dorsal Horn ............cccccviieeiiieennniinn, 50
1.8.1.4 Disinhibition Of NOCICEPIOIS ........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiieieeeebbeeeeeeeeeeeeeeeeeeee 51

1.8.2 Glial Activation in NeuropathiC PaIN ..............uuuuuuiieiiieiiiiiiiiiiieiiiiiieieeenienieeee. 52
1.8.2.1 Role of Microglia in NeuropathiC Pain ..................uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieienens 53
1.8.2.2 Role of Macroglia in NeuropathiC Pain .............cccccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiee, 55

1.9 STRATEGIES FOR IMPROVING PERIPHERAL NERVE REGENERATION................. 57

1.9.1 Scarring of Injured Peripheral NEIVES .............uuuuiiiiiiiiiiiiiiiiiiiiiiiiieiieeeieieenee. 58
1.9.1.1 Transforming Growth Factor and its Role in SCarring ...........cccccccvvvvvviiiiniennnnnns 58
1.9.1.2 Manipulation Of TGF-D ..........uuuuuiiiiiiiiiiiiiiiiiiiiiiii i eeeeneeeeaene 59

1.9.1.2.i Neutralisingof TGF-b by Addi t i eGPhasfhateMa.n.n.o.s..60

ix| Page



1.9.1.3 The Effects of Anti-inflammatory Agent in Scarring ..........ccccoeevvvviiiiiiiieeeeeeiinns 62

1.9.0.3.1 ELBNEICEPT ...ttt 62

1.9.2 The Use of Genetically Modified Mice in Peripheral Nerve Repair ............ccccccuvvneeee 63
1.10 GENERAL AIMS AND OBJECTIVES ......otiiiiiiiiiiiiiiiee ettt 67
CHAPTER 2: MATERIALS AND METHODS.......ooiiiiiiiiiiiie et 68
2.1 INTRODUCTION ...ttt a bbbt e e e e e e s e bbb e e e e e e e e e e aannbbrneeeaaaeeaaanns 69
2.2 MATERIALS AND METHODS .....ooiiiiiiiiiii ittt e e e e e e 69
2.2. 0 ANIMAUIS ..ttt e e et e e e e 69
2.2.2 Methods Of ManUFACTUIE ............uuiiiiiiiiiiie e 71
2.2.2.1 Micro-Stereolithography [USL]....coooo e 71
2.2.2.2 Selective Laser SINtering [SLS].....ccoiiiiiiiiie e 74
A R |1 - \V/ (o] [=1 A O [ [ T PP 74
2.2.3 SUIQICAl PrOCEAUIES. .. .uuii et e e e s e e e e e e et e e e e e e e eeereaaaas 76
2.2.3.1 Nerve Repair PrOCEAUIE .........ciiiiiiiiiiece et e e 76
2.2.3.1.0 ANAESINESIA ..o 76

2.2.3. 10 NEIVE INJUIY ...t e e e e e et e e e 76
2.2.3.1.iii Preparation and Placement of Nerve Graft.............ccccoeeeeiieeeeee, 77
2.2.3.1.iv Implantation of Nerve Guide Conduit ............cccoivriiiiiiiiiiieerieeiee e, 78
2.2.3.1.v Administration of Mannose-6-Phosphate and Etanercept....................... 78

2.2.3.2 Non-recovery Experimental Procedure ............ccccccvviiiiiiiiiiii 79
2.2.3.2.1 ANAESENESIA ... 79
2.2.3.2.ii Harvesting Nerve Tissue for ANalysiS..........cooeeiiiiiiiiee, 79

2.2.4 IMMUNONISTOCNEMIUSTIY ... 80
2.2.4.1 Control for ImmunoniStOCheMISIIY ........coooviiiiiiiii 82
2.2.4.1.i Primary Antibody CONtrol ..........cccooiiiiiiiiiicce e 82
2.2.4.1.ii Secondary antibody CONrolS ..o 83

2.3.3.1 Evaluation of Iba-1 and GFAP Expression in Microglia and Astrocyte .............. 85
2.3.3.2 Data Analysis of Glial Activation at Spinal Cord ..........ccccccvvviiiiiiiiiiiiiiiiie, 86
2.2.5 Behavioural ODSEIVALIONS .........cuuiuiii e eee et e e et e e e e et e e e e e eeareas 87
2.2.6 EIeCtrOpNYSIOIOQY ... oo oo 89
2.2.7 Axon Counting and Tracing ANAIYSIS.......ccoeeeeeeeeeee e 91



2.2.7.1 Nerve Image Acquisition and ProCessing ...........cciveeeiiieeniiieiiiiiiiei e 91

2.2.7.2 Qualitative observation of regenerated NErVe ...........cccooeeevviiiiiiiiiii e, 92
2.2.7.3 Quantification of Nerve Regeneration ............cccccciiiiiiieeeciieiiicin e 92
2.2.7.3.0 SProuting INAEX......cooeeeeeeeeeeeee e 94
A O T 1AV (o T o T I - T o S 94
2.2.7.3.01 AXON DISTUPTION ... 96

2.2.8 SEALISTCAI ANGUIYSIS ...ttt 97
2.2.8.1 Statistical Analysis of Glial Activation at Spinal Cord ..., 97
2.2.8.2 Statistical Analysis Of the Nerves ... 97

CHAPTER 3: QUANTIFICATION OF SPINAL GLIAL ACTIVATION AFTER NERVE GUIDE

CONDUIT REPAIR ...ttt ettt ettt e e e ettt e e e ettt e e e e e bbbt e e e e nta e e e e anntbeeeeanntbeaeeans 98
SUMMARY ettt ettt oottt e e ookttt e oo R bt e e e o R b et e e e e R be e e e e e nbe e e e e e nbr e e e e anrreeeaans 99
3. L INTRODUCGTION ...ttt ettt e ettt e e e ettt e e e e bbe e e e e anbe e e e e annneeeeans 100
3.2 AIM OF THIS STUDY ...iiiiiieiitie ettt ettt ettt e ettt e e et e e e e et e e e e annneaeeaas 101
3.3 MATERIAL AND METHODS.......oiiii ittt e a e 101
3.3.1 Animal NUMDBErs and GrOUPS........ceeiiieeiiiiiiiiee et e e e e e aaaas 102

3.3.2 Experimental Methods ...........oouiiiiiii e 102

3.3.3 StatiStICAl ANGIYSIS ...ovviiiii i 103

i RESULTS .ttt ettt e oottt a2 e e skttt e e e bbb e e e e e bbbt e e e e bbe e e e e e ntneeas 104
3.4.1 Assessment of Glial ACHVALION ........ccooeeeeeeeeeeeeee e 104
3.4.1.1 Qualitative Observations of Spinal Cord ..........cccccciiiiiiiiiiii 104

3.4.1.2 Quantitative Analysis of Spinal Cord ..........cccccciiiiiiiiiiiiii 106
3.4.1.2.i Quantification of Iba-1 EXPreSSioN .........cceeeiieeiiiiiiiiiiiie e 106

3.4.1.2.ii Quantification of GFAP EXPreSSiON ........ccoovviiiieiiieeeeeeeeeeeeeeeeeeeeeeeee 115

3.5 DISCUSSION Lot e e e et e et e e et e et e e et e e et e eaeaaas 124
3.5.1 Correlation Between Glial Activation and Neuropathic Pain ...............ccooeeeeeeeeen. 124

3.5.2 Correlation Between Glial Activation and Nerve Regeneration...............cceeeeeeen. 125

3.6 CONCLUSION . ...ttt e e e e e ettt e e e e e e s e bbb b e e e e e e e e s annsbbnneeaaeens 129

CHAPTER 4: THE EFFECTS OF LOCAL ADMINISTRATION OF MANNOSE-6-PHOSPHATE

ON GLIAL ACTIVATION AND NERVE REGENERATION. ....otiiiiiiiiiiiie e 130
SUMM A R Y e oottt e et e b e e e ettt e e e e e e e e e e e r b e e 131
4.1 INTRODUCTION ...ttt ettt e e e e et e ee bbb e e e e e e e enneeaaas 132



4.2 AIM OF THIS STUDY .o 133

4.3 MATERIAL AND METHODS......ootiiiiiiiiiiiie e 134
4.3.1 Animal NUMDBErs and GroUPS .......ccciieeeiiiiiiiieis et e e e e 134
4.3.2 Experimental MethOdS ...........ouiiiiiiiie e 135
4.3.3 Sample Size CalCUlation ............ucoiii i e 136
4.3.4 Statistical ANAIYSIS .......cooviiiiiiii 137

4.3.4.1 Statistical Analysis of Glial Activation in Spinal Cord ............ccccccvvvviviiiiiiiennnn. 137
4.3.4.2 Statistical Analysis of Nerve Regeneration ..........cccccccvvvvviiiiiiiiiiiiiiiiiiiiiiieeeee 137

A4 RESULTS oottt e e e e e e e e bbbt e e e e e e e e e e b bbb et e e e e e e e e e annbbeneeeaaens 138

4.4.1 Assessment of Glial ACHIVAION ............coooviiiiiiiiiii 138
4.4.1.1 Qualitative Observations of Spinal Cord ............ccevvviiiiiiiiiiiiiiiiiiiieieeeeeeeeee 138
4.4.1.2 Quantitative Analysis of Spinal Cord ...........cvviviiiiiiiiiiiiiiiiieeeeeeee 139

4.4.1.2.i Quantification of Iba-1 EXPreSSion .......cccciveeiiiieiiiiiiiiieeeeeceecee e 139
4.4.1.2.ii Quantification of GFAP EXPreSSIiON ..........ccuiiiiiiieeeiiiiiiiiiieeeeeeeeeeeiiinn 147

4.4.2 Assessment of Functional Recovery Using Axon Counting and Tracing Analysis .155
4.4.2.1 Qualitative Observation of Regenerated NErves .........cccccceeeeivieeiiiieiiiiieeeeeean, 155
4.4.2.2 Quantitative Analysis of Regenerated Nerves .........cccccccvvvviiiiiiiiiiiiieiiiiiiieee, 157

4.4.2.2.1 SProUtiNg INAEX.....cieeeiiiieiiiies et e e e e e e e e e aanees 157
4.4.2.2.01 AXON TTACING .....ciiiiiiiiiiiiiiiiee e 160
4.4.2.2.0ii AXON DISTUPLION ..eeiiiiiiei e e e e e e e 164

S B 1T 04 1575 [ ] 1 166
4.5.1 Fibrin Glue as a Therapeutic Carrier ..........ccccccciviiiiiiiiii 166
4.5.2 The Effect of M6P on Spinal Glial ACtivation ..............cccccvvviiiiiiiiiiii 167
4.5.3 The effect of M6P 0N nerve regeneration ............cccccvvvviiiiiiiiiiiiiiiiiieeeeeeeeeeee 168

4.5.3.1 AXON SProuting LEVEIS ........ooviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 168
4.5.3.2 AXON TTACING eeteetieiiiiiiiiiiiiiieeete ettt ettt ettt ettt et ettt et ettt ettt et e e ettt et e e et e et aeeeeeeeees 169
4.5.3.3 AXON DISTUPLION oeeeiiiiiiiiiiiiiiiiiiiiei ettt ettt et et et e et e e e eeeeees 171

4.5.4 Suggestions from Previous StUIES ... 174

4.6 CONCLUSION . ...t e e e e e e et e e e e et e e et e e et e eaaanas 175

CHAPTER 5: THE EFFECTS OF LOCAL ADMINISTRATION OF ETANERCEPT ON NERVE
REGENERATION AFTER (POLY-CAPROLACTONE( NERVE GUIDE CONDUIT REPAIR..176
SUMM A R Y e oottt e et e b e e e ettt e e e e e e e e e e e r b e e 177

5.1 INTRODUGCTION ...uutiitttiititiutititiiiaisasseebbessbsss s esbsessenneee 178
Xii| Page



5.2 AIM OF THIS STUDY ...iiiiiiiiiiiiiiiiiiiiiiiiiiiii bbb bsbbssaansnnnee 179

5.3 MATERIAL AND METHODS......ccoiiitiiiiiiiii ettt 180
5.3.1 Animal NUMbBErs and GroUPS ........coeieeeeiiiiiiiiiii et e e e e e e raaas 180
5.3.2 Experimental Methods ...........oouiiiiiii e 181

5.3.2.1 implantation of Nerve Guide Conduit .............c.coouiiiiiiiie e, 181
5.3.2.2 Administration of EtanerCept ... 182
5.3.3 Sample Size CalCUulatioN .........ccooeeeeeeeeeee e 183
5.3.4 StAtISHCAl ANGIYSIS ... 184

D . RESULT S ..ttt e e e e ettt e e e e e e s e bbb b et e e e e e e e e e e e e s 185

5.4.1 Assessment of Glial ACHVALION .........ccoeeiieeeeeee e 186
5.4.1.1 Qualitative Observations of Spinal Cord ...........cccccvviiiiiiiiiii 186
5.4.1.2 Quantitative Analysis of Spinal Cord ..........ccccccvviiiiiiiiiiiii 187

5.4.1.2.i Quantification of Iba-1 EXPreSSiON .........cceeiiiieeiiiiiiiiiiee e 187
5.4.1.2.ii Quantification of GFAP EXPresSSiON ........cooovviiiieiiieeeeeeeeeeeeeeeeeeeeeee 194

5.4.2 Assessment of Neuropathic Pain and Functional Recovery ............ccccoeeeeeieeeeen. 201

5.4.2.1 CatWalk Gait SYStEM ......ccoiiiiiiiiiiii 201
6.4.2.1.i Intensity of the Paw Print ... 202
5.4.2. 101 PIINEAICA ..o 205

5.4.3 Assessment of FUNCLIONal RECOVEIY .......coooieiiieiieeeeeeeeeee e 208

5.4.3.1 Electrophysiology ReCOrdiNgS ........ccooviiiiiiiiiiiiiiiiiii 208
5.4.3.1.i Compound Action Potential Modulus Ratio............cccceeeeeiiiiiiiiiiiiienneee, 208
5.4.3.1.ii CoNAUCLION VEIOCILY ...ccoeeeeeeeeeeeeeee e 211
5.4.3.2 Axon Counting and TracCing ..........ccouiiiiiiiiiiiiiiie e 213
5.4.3.2.i Qualitative Observation of Regenerated Nerves .............cccevvvvviceeneennn, 213
5.4.3.2.ii Quantitative Analysis of Regenerated Nerves .............cccccevveeeiieeeeeeeen. 213

A. SProUting INAEX ......coeiiieiiiee e e e e e e e arr s 213

B. AXON TTACING i e 217

C. AXON DISTUPLION ...ttt e e ettt e e e e e e e e e e e e e e eaeeeeees 221

5.5 DISCUSSION ...ttt ettt e ettt e e e ekt e e e e st et e e e e sbe e e e e anbbeeeeeaanbeeaeeanees 223
5.5.1 The Effect of PCL and Etanercept on Spinal Glial Activation.................cccccevvvennn.. 223
5.5.2 The Effect of PCL and Etanercept on Nerve Regeneration .............ccccoooevveeeennnnnnn. 225

5.5.2.1 CatWalk Gait SYSIEM ... e s 225
5.5.2.1.i Intensity of the Paw Print ..., 226

Xii| Page



Lo IV R T o\ A = ] o | A (=T PR 226

5.5.2.2 EleCtrophySiology .........ccooiiiiiiiiiiiii 228
5.5.2.2.i Compound Action Potential Modulus Ratio.............cccceeviiiiiiiiiiiiiinnneeee, 228
5.5.2.2.ii CoNAUCLION VEIOCILY ....ccoeeieeeeeeeeeee e 229

5.5.2.3 Axon Counting and Tracing ANAIYSIS ..........cccuviiiiiiiiiiiiiiiieeeeeeeeeeee 230
5.5.2.3.i Sprouting INdeX LEVE ........couuiiiiiii e 230
5.5.2.3.01 AXON TTACING . ...ce e e 231
5.5.2.3.1ii AXON DiSTUPLION ...uuiii e e e e e e 233

5.5.3 TeChNICAl FAIIUIES......coiiiiiiiiiiiic e 234
5.6 CONGCLUSION . ...ttt e et e et et e e e e et e e et eab e e e eab e e eenbnns 235

VIVO STUDY .tteiitiieee ittt e e oottt e e e e e e e e e bbbttt e e e e e e e sbb bbb et e e e e e e e e annabbbneeeaaens 236
ABBREVIATIONS ...ttt ettt e ekttt e e e ekt e e e e bbb et e e e bbb e e e e e nnbneeeeanees 236
SUMMARY ettt e oo bttt e oo a et e e e e E b e e e e e R e et e e e e R b et e e e e b b et e e e e nnr e e e e nrn s 237
6.1 INTRODUGCTION ...ttt ettt ettt e et e e e et e e e e bt e e e e abbe e e e e anbreaeeanees 238
6.2 AIM OF THIS STUDY ...eeiiiieiiitiie ettt ettt e e e ekt e e e e et e e e e s abe e e e e aneees 239
6.3 MATERIAL AND METHODS......ooitiiiiiiiiiiiee ettt e e e e 240
6.3.1 Animal NUMDErS @and GrOUPS ......ccooieieeeeeeeee e 240

6.3.2 Experimental MethOdS .......ccooooieeeeeeeeeeeee e 241
6.3.2.1 Implantation of Nerve Guide CONAUILS ..........ccoeviiiiiiiiiiiiiiie 241

6.3.2.2 Implantation of Nerve Graft .........cccccoviiiiiiii 242

6.3.3 Image Acquisition of PGS Non-porous Conduit.............ceerieeeriieiiiiiinneeeeeeeeeiiinnn 243

6.3.4 Sample Size CalCUulatioNn .........ccooeii i 243

6.3.5 STAtISTCAl ANGIYSIS ... 245
6.3.5.1 Statistical Analysis of Glial Activation at Spinal Cord ...........cccccvvvvviiiiiiiinnnnnn. 245

6.3.5.2 Statistical Analysis 0f the NEIVES .........cceiiiiiiiiiicce e, 245

B.4 RESULTS ...ttt ettt e e ettt e e e ettt e e e o st et e e e e bbbt e e e e bbb e e e e e anbeeaeeanees 245
6.4.1 In vitro Neuronal and Schwann Cell Result ..., 245

B.4.2 EX VIVO RESUIT ... e e e e 247

B.4.3 INVIVO RESUIL ... .o e e e et e e e e e e e enaen s 248
6.4.3.1 Assessment of Glial ACHIVALION .........ooouuuiiii i 248
6.4.3.1.i Qualitative Observations of Spinal Cord..............cooooeviiiiiii, 248

Xiv| Page



6.4.3.1.ii Quantitative Analysis of Spinal Cord ... 248

A. Quantification of Iba-1 EXPreSSiON .......cceieeeriiieiiiiiiii et 249

B. Quantification of GFAP EXPreSSion...........ccouvviiiiiiiiiiiiiiiiieeeeeeeeee 257

6.4.3.2 Assessment of Functional Recovery Using Axon Counting and Tracing Analysis 265
6.4.3.2.i The Initial Non-porous PGS ConduitS .......ccccoeevviiiiiiiiiiiic e, 265
6.4.3.2.ii Qualitative Observation of Regenerated Nerves ............cccccceeeeeeeeeeeeenn. 265
6.4.3.2.iii Quantitative Analysis of Regenerated Nerves ............cccccevvvvvvvicenneeennn, 267

YN o] (01U 1]V T [T = P 267

B. AXON TTACING .ieeiiieeiieeee et 270

(O V(o o I B 1= (] 0] 1 0] o PSRRI 274

6.4.3.2.iv Porous PGS Conduit ReSUIt............coooiieieiie 276

6.5 DISCUSSION ...ttt e e e e e et e et e e e e e e e s et bbb e e e e e e e e e e ansbbbneeaaeeas 277
6.5.1 The Effect of PGSs and Graft on Spinal Glial Activation................cccoeeeeeeeeeieneeee. 277
6.5.2 The Effect of Non-porous PGS and Nerve Graft on Nerve Regeneration............... 278
6.5.2.1 AXON SProuting LEVEIS ......cooiiiiiiiiiiii 278
6.5.2.2 AXON TTACING ...ceiiiiiiiieiiee e 280
6.5.2.3 AXON DISTUPLION L.vvuiiii e e et e e e e e e e et s e e e e e e e eaeaaaaaas 280
6.5.3 POroUS PGS CONUUILS .....ccoiiiiiiiiiiie ettt e e 281
6.5.4 Properties 0f PGS CONAUILS ..........uiiiiieiiiiiiiiiee et e e e e e eeaa s 282
6.5.3 Technical Failure for The Two Excluded Non-Porous Repairs ........cccccceeevvvevvvnnnnn. 283
6.6 CONCLUSION ...ttt e et e e e e e e s e e e e e e e et eeaeeas 284
CHAPTER 7: GENERAL DISCUSSION ...ttt aa e 285
7.1 GENERAL DISCUSSION ...ttt e e e e e ee e 286
7.1.1 Peripheral NEIVE INJUIY .....oooiiieeee e e e e e e e e e e e e e aaaes 286
7.1.2 Nerve Guide conduit designs in peripheral nerve regeneration...................ceeeo.... 286
7.1.3 Intra-neural Scarring and Inflammation in Peripheral Nerve Regeneration............ 287
7.1.4 Surgical Approaches to Reduce Scarring Using Fibrin Glue ...............oooeeeeeeee. 288
7.1.5 Methodology CoNSIAEratioNS.........ccooeeeieeeeee e 289
7.1.5.1 Analysis of Spinal Glial ACtIVatioN ... 289
7.1.5.2 Analysis of CatWalk SYStem ... 291
7.1.5.3 Analysis of Electrophysiology ... 291
7.1.5.4 Analysis of Axon Counting and Tracing ...........cccuuiiiiiiiiiiiiiiiieeeeeeeeeee 291



7.2 SUGGESTIONS FOR FUTURE OUTLOOK ......ouiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiieeenennenees 292

7.2.1 Improvement of the Effectivity of Nerve Guidance Conduits.................ccceevvvvvnnnnnn. 292
7.2.1.1 PhySICal StIUCLUIE .....ccoeeeiiiiiei et s e e e e e et e e e e eaaanees 292

7.2.1.2 Addition of SUPPOITIVE CEIIS ....cevveeiie e e 293
7.2.2 Enhancing the Poly-glycerol Sebacate (PGS) ConduitS...........cocvvvieiiiiieriieiniinnnnn. 294

7.2.3 Administration of Mannose-6-Phosphate ..., 294

7.2.4 Sciatic Nerve Injury Model in YFP MICE ......coooeeiiieie e 294

7.2.5 Different Angle of Forming Nerve Guidance ConduitS...........ccoooeeeiiiiiiiieiieeeeeeeen 296

AR O @ 1N I U] ] 297
REFERENGCES .....ooitiiiiiiiii ittt ettt e e e e e e ettt e e e e e e e e s s st e e e e e e e e e e annstaseeaaaeeeeaannnssnnes 298

xvi| Page



LIST OF FIGURES

Figure 1.1: A cross-section diagram showing the structures of anerve.........cccccceeeeieeeeiveviiinnnnnn. 6
Figure 1.2: Scheme illustrates the Seddon and Suderland classifications .................cccoeevvvvnnnnnn. 9
Figure 1.3: The differences in nerve regeneration between CNS and PNS ...............cccevvvvnnnnn. 16
Figure 1.4: Diagram showing the axon sprouts and a growth cone.............cccccceeeeeeeeeeriviiiinnnnnn. 20
Figure 1.5: Scheme shows cellular respond to nerve transection............c.coovvviieieeeeeeeevivvnnnnnn. 21
Figure 1.6: Axon regeneration following injury (crush) in a 2nd degree nerve injury ................. 23
Figure 1.7: Axon regeneration following injury (transection) in severe type of nerve injury ....... 24
Figure 1.8: Schematic diagram of different direct suture repair techniques ..........cccccccevvvveeennen. 27
Figure 1.9: Microsurgical suturing technique for Same Size ..........ccovvvviiiiiiiiiiiiiiiiiiiiiiieeeeeeee 29
Figure 1.10: Microsurgical suturing technique for different Size ..........cccccccvvvvviiiiiiiiiiiiiiiiiiinnn, 30
Figure 1.11: Diagram Of CONAUIL FEPAIN .......eeviiiiiiiiiiiiiiiiiiiieiii ittt e e 31
Figure 1.12: Strategies to enhance the internal lumen of nerve condulit ..............ccccevvvvvvinnnnnn. 32
Figure 1.13: Synopsis of mechanisms contributing to neuropathic pain...........cccccccvvvvviviiinnnnnn. 49
Figure 1.14: Intercommunication between neuron and glia in neuropathic pain..............cc....... 52
Figure 1.15: The role of P2X4, P2X7, and P2Y12 reCepPlOrS.........uuuuuiiiieeeeeieeiiiiinneeeeeeeeeeneennnnns 54
Figure 1.16: Intercommunication between microglia/astrocytes activation.............ccccccvvvvvveennen. 56
Figure 1.17: Diagram illustrating the role of M6P in preventing the activation of TGF-b............ 61
Figure 1.18: Patterns of transgene expression in thy-1-YFP lin€S ...........cccccvvviiieiiiieiiiiiiiinnnnn. 64
Figure 1.19: Schematic presentation of thy-1 gene modification ...............cccccvviiieiiiiiiniiiiiinnnnn. 66
Figure 2.1: Schematic overview of microstereolithography (USL) process.......cccceeeeeeeevvvvnvvnnnnn. 73
Figure 2.2: Schematic overview of Selective Laser Sintering (SLS) process ..........ccceevvvvvvvnnnnn. 75

Figure 2.3: Absorption control showing the incubation of the primary antibody with the purified

=T a 110 =7 o TP PTTPRP 83
Figure 2.4: Immunohistochemistry staining of spinal cord sections following standard protocol,
primary antibody control and secondary antibody CONtrol................uuuuuiiiiiiiiiiiiiiiiiiiiieieaes 84
Figure 2.5: Scheme shows L4 segment of the spinal cord ... 85
Figure 2.6: Analysis of a region of SpiNal COrd.............cuuviiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 86
Figure 2.7: The CatWalk gait analySiS SYStEM..........ccuuiiiiiiiiiiiiiiiiiiiiiiiiiieieeeee e 87
Figure 2.8: Image of paw prints produced by the CatWalk gait analysis system....................... 88

Figure 2.9: A photograph of sciatic nerve repair illustrating the placement of electrodes for the

electrophysiologiCal rECOITINGS ... ..oiiiiiiiiiiee e et e e e et eeeeeas 90

xvii| Page



Figure 2.10: An example of a compound action potential after a conduit repair of injured sciatic

Figure 2.11: Image of entire CF nerve after reConstruction.............ccccceveiiiiiiiiiiiiiicee e 93

Figure 2.12: Image of entire common CF nerve after reconstruction shows the 0.5mm intervals

0T U= N 93
Figure 2.13: Image of traced axons shows some convergence of the axons..............ccceuvvvenn. 95
Figure 2.14: Image showing traced axon disruption between two nerve repairs..............c........ 96
Figure 3.1: Summary of groups for the investigation of the conduits ............cccccooei i, 102

Figure 3.2: Image shows the implantation of a conduit between the two ends of the CF nerve
AN SECUIEA DY GIU ... 103
Figure 3.3: Sections of spinal cord after Immunohistochemistry staining with antibody Iba-1
showing three different morphological phenotypes of microglial cells...............ccoooeiiiiii. 105
Figure 3.4: A section of spinal cord following nerve repair with a Nylon conduit shows microglial
= ox 1)Y= 11 [0 TP 107
Figure 3.5: A section of spinal cord following nerve repair with a G-PCL conduit shows
(paleigele] =T IF=Toa ()77 LA To] o DO 108
Figure 3.6: A section of spinal cord following nerve repair with a S-PCL conduit shows
(ppToigoTe] =1 IF=Toa ()77 LA To] o DO 109
Figure 3.7: A section of spinal cord from an uninjured animal shows microglial activation...... 110
Figure 3.8: Immunohistochemical analysis of spinal microglia for Nylon, G-PCL, S-PCL, and
1] r=Tod o | (o 10 ] o 1SR 112
Figure 3.9: Ipsilateral/Contralateral ratio of spinal microglia in ventral and dorsal horns of the
spinal cord for Nylon, G-PCL, S-PCL, and intact groUPsS .......cccceeeeriieiiiiiienieeeeeeeeeiiiiee e e eeeeeeennns 114
Figure 3.10: A section of spinal cord following nerve repair with a Nylon conduit shows
ASIIOCYLE ACTVALION ... e e e e e e e e e e e e e e e e e e e e e e aaeens 116
Figure 3.11: A section of spinal cord following repair with a G-PCL conduit shows the astrocyte
= Tox 11 7= 1[0 TP 117
Figure 3.12: A section of spinal cord following repair with a S-PCL conduit shows astrocyte
= Lo 117 L1 [0 TP 118
Figure 3.13: A section of spinal cord from an uninjured animal shows astrocyte activation ....119
Figure 3.14: Immunohistochemical analysis of astrocyte for Nylon, G-PCL, S-PCL, and intact

0 | (0T 1 TSP 121

xviii| Page



Figure 3.15: Ipsilateral/Contralateral ratio of spinal astrocyte in ventral and dorsal horns of the

spinal cord for Nylon, G-PCL, S-PCL, and intaCt groUpS ........cuuueeiiieeeiiiiiiiiiie e eeee e 123
Figure 3.16: Image of a CF nerve repaired with Nylon conduit showing the poor regeneration of
TN MBIV ..ottt e et e e e e e e 126
Figure 3.17: Image of a CF nerve repaired with G-PCL conduit showing good regeneration of
T MBIV 126
Figure 4.1: Summary of groups for the investigation of the M6P ..............cccccooiiiii e, 134

Figure 4.2: Image shows the nerve graft between the two ends of the CF nerve and secured by

Figure 4.5: Sections of spinal cord after Immunohistochemistry staining with antibody Iba-1
showing different morphological phenotypes of microglial cells...........cccoooiiiiiiiiiiiiiin, 138
Figure 4.6: A section of spinal cord from an injured (unrepaired) animal shows microglial

= Tod 1V 10 o TR 140
Figure 4.7: A section of spinal cord following nerve repair with fibrin glue and M6P shows
(a1 oigeTe] =1 IF=Toa ()77 L To] o DO 141
Figure 4.8: A section of spinal cord following nerve repair with fibrin glue alone (control) shows
a1 oigeTe] =T IF=Toa ()77 L To] o DO PP 142

Figure 4.9: Immunohistochemical analysis of microglia for M6P, control and unrepaired groups

Figure 4.10: Ipsilateral/Contralateral ratio of microglia in dorsal and ventral horns of the spinal
cord for unrepaired, MBP and CONLIOI grOUPS .....ccooeeeieeeeeee e 146
Figure 4.11: A section of spinal cord from an injured (unrepaired) animal shows astrocyte
BCTIVATION. .. 148
Figure 4.12: A section of spinal cord following nerve repair with fibrin glue and M6P shows
ASIIOCYLE ACTIVALION ... e e e e e e e e e e e e e e e e e e 149
Figure 4.13: A section of spinal cord following nerve repair with fibrin glue alone (control) shows
ASITOCYLE ACTIVALION ... e e e e e e e e e e e e e e 150
Figure 4.14: Immunohistochemical analysis of astrocyte for M6P, control and unrepaired

o | (o TN ] oL T PP UPPPRTPPP 152

xix| Page



Figure 4.15: Ipsilateral/Contralateral ratio of astrocyte in ventral and dorsal horns of the spinal
cord for M6P, control and unrepaired GrOoUPS ........uuvuiiiieeeei e e e e e e e e e arr e e e 154
Figure 4.16: Proximal and distal nerve endings following two-weeks after transection with no

1= 0= 1 S 155
Figure 4.17: Image of uninjured and injured repaired CF NEIVES........cccccccvvvvviiiiiiiiiiiiiiieieeee, 156

Figure 4.18: Sprouting index levels for the M6P and control groups at 0.5mm intervals along the

(0] 7= 11 ST TR TPPRPTRP 159
Figure 4.19: Image of traced axons in M6P and control groupS.......ccceeeeeevveeviiiiiieeeeeeeeeviiinnn. 161
Figure 4.20: Unique axon percentages across repair for M6P and control groups.................. 163

Figure 4.21: Image showing traced axon disruption between 0.0mm and 1.5mm in both nerve

rePairs: MBP @nd CONTIOL........uuiiiiiiiiiiii e eeneees 164
Figure 4.22: Percentage increase in axon length between 0.0mm and 1.5mm in M6P and
(oo ] 11 o] o[ (oT0] o K ST TPPRTTRP 165
Figure 5.1: SEM image of the PCL conduit showing the diameters...........ccccooveeeiiiiiiiiiiiiinnnnn. 180
Figure 5.2: Summary of materials and methods for the investigation of the conduits/Etanercept
............................................................................................................................................... 181
Figure 5.3: Sciatic nerve repair using 5.0mm PCL CONAUIt............ccvvvviiiiiiiiiiiiiiiiiiiiiiiiiieeeeee 182
Figure 5.4: A fine microdialysis needle connected to a cannula that used to inject the
Etanercept beneath the epineurium on the sciatic Nerve .............ovceeiii i, 182

Figure 5.5: Electrophysiological analysis of power calculation for a sample size of 8 animals in
BB G OU P - 184
Figure 5.6: Sections of spinal cord after Immunohistochemistry staining with antibody Iba-1
showing hypertrophied MICTOGIA.......ccooiieeee e 186
Figure 5.7: A section of spinal cord following repair with PCL+ Etanercept shows microglial

= Tox 11 7= L1 [0 TP 188
Figure 5.8: A section of spinal cord following repair with PCL+Normal saline shows microglial
= o] 11V 0] o TSR 189
Figure 5.9: Immunohistochemical analysis of microglia for PCL+ Etanercept and PCL-Normal
= 1T {0 {0 U o P 191
Figure 5.10: Ipsilateral/Contralateral ratio of microglia in dorsal and ventral horns of the spinal
cord for PCL+ Etanercept and PCL+Normal saline groups ........ccoooeeeeviieiiiiiine e 193
Figure 5.11: A section of spinal cord following repair with PCL+ Etanercept shows astrocyte

= To3 1172 11 (0] 1R TP 195



Figure 5.12: A section of spinal cord following repair with PCL+Normal saline shows astrocyte
BCTIVATION. e 196
Figure 5.13: Immunohistochemical analysis of astrocytes for PCL+ Etanercept and
PCL+ENOIMAal SAIINE QIOUPS .. .oeeeiiiiiei i e e ee ettt e e e e e ettt e s e e e e e e et e e e e e e e e eat et s e e e aeaeesernaanns 198
Figure 5.14: Ipsilateral/Contralateral ratio of astrocyte in ventral and dorsal horns of the spinal
cord for PCL+ Etanercept and PCL-Normal saline groups ........ccoooeeeioeiieieeeeeeeeeeeeeeeeeeeeeee 200
Figure5.15:An exampl e of CatWal k software showkROhg t he
Figure 5.16: CatWalk analysis showing the percentages of the intensity in both groups ........ 204
Figure 5.17: CatWalk analysis showing the percentages of the print area in both groups ...... 207
Figure 5.18: Electrophysiology analysis shows the average of CAP modulus ratios on PCL+
Etanercept and PCL+Normal Saline groUPs ..........cvviviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 209
Figure 5.19: Calculation of compound action potential (CAP) modulus ratio as seen on the
oscilloscope in PCL+Etanercept and PCL+Normal saline groups ... 210
Figure 5.20: Electrophysiology analysis shows the average of conduction velocity on
PCL+Etanercept and PCL+Normal saling groups ..........ueceeiieeeiiiieiiiies et 212
Figure 5.21: Repaired nerve with PCL+Etanercept PCL and PCL+Normal saline groups ...... 214
Figure 5.22: Sprouting index levels on PCL+Etanercept and PCL+Normal saline groups at
0.5mm intervals alonNg the NEIVE ..o e e 216
Figure 5.23: Image of traced axons both PCL+Etanercept and PCL+Normal saline groups...218
Figure 5.24: Unique axon percentages across repair in both groups .........cccccvvvvvveviviiineennnn. 220
Figure 5.25: Image showing traced axon disruption between 0.0mm (blue line) and 1.5mm (red
lINE) IN DOt NEIVE FEPAIIS.......oiiiiii e e e e e e e e e e e e ar s 221
Figure 5.26: Percentage increase in axon length between 0.0mm and 1.5mm in both groups222
Figure 6.1: Non-porous PGS conduit and porous PGS conduit.............ccocovviiiiiiinieeeecceviinnnnnn. 240
Figure 6.2: Summery of materials and methods for the investigation of the conduits/grafts....241

Figure 6.3: Common fibular nerve after two conduit repairs .........cccceeeeeeeriiiiiiiiie e, 242

Figure 6.4: Axon tracing analysis of power calculation for a sample size of 6 animals in each

0 | (0T ] PSPPSRI 244
Figure 6.5: Axon disruption analysis of power calculation for a sample size of 6 animals in each
0 | (0T ] PSPPSRI 244
Figure 6.8: Neuronal live/dead staining showing the living and dead cells ..............cccccceeei. 246

Figure 6.9: The body of DRG attached to the hemi-tube NGC with the neurite outgrowth and

migration of the Schwann cell in the three zonNes ..., 247

xxi| Page



Figure 6.10: Sections of spinal cord after Immunohistochemistry staining with antibody Iba-1
showing different morphological phenotypes of microglial cells.............ccccooeeeii i, 248
Figure 6.11: A section of spinal cord following repair with a porous PGS conduit shows
a1 ol geTe] LF=TI=Toa ()77 LA To] o USRS 250
Figure 6.12: A section of spinal cord following repair with a non-porous PGS conduit shows
MICTOGHIAI BCTIVALION ...ttt 251

Figure 6.13: A section of spinal cord following repair with nerve graft shows microglial activation

Figure 6.14: Immunohistochemical analysis of microglia for porous PGS conduit, non-porous
PGS conduit and Nerve graft QrOUPS .........ueviiiiiiiiiiiiiiiiieeee ettt 254
Figure 6.15: : Ipsilateral/Contralateral ratio of microglia in dorsal and ventral horns of the spinal

cord for porous PGS conduit, non-porous PGS conduits and nerve graft groups .................. 256
Figure 6.16: A section of spinal cord following repair with a porous PGS conduit shows
ASITOCYLE ACTVALION ... e e e e e e e e e e e e e e e e e e e e e e e e e e e e eas 258
Figure 6.17: A section of spinal cord following repair with a non-porous PGS conduit shows
R U003V (=T o1 1) V71 ([0 [PPSR 259

Figure 6.18: A section of spinal cord following repair with nerve graft shows astrocyte activation

Figure 6.19: Immunohistochemical analysis of astrocyte for porous PGS conduit, non-porous

PGS conduits and NErve graft groUPS ........ouuuueiiieeii it e e et e e e e e e e raaaa s 262
Figure 6.20: Ipsilateral/Contralateral ratio of astrocyte in ventral and dorsal horns of the spinal

cord for porous PGS conduit, non-porous PGS conduits and nerve graft groups..................... 264
Figure 6.21: Repaired nerve with the second PGS desSign ..........ccovvvviviiiiiiiiiiiiiiiiiiiiiiiiiieeeee 265
Figure 6.22: Repaired nerves with nerve graft and non-porous PGS conduit groups ............. 266

Figure 6.23: Sprouting index levels on non-porous PGS and nerve repairs at 0.5mm intervals
AIONG TN NIV L. 269
Figure 6.24: Image of traced axons from 3.5mm interval back toward to the 0.0mm in both

NErve graft aNd NP-PGS ... ... ittt bbb bbb baebebsbeseenaeebenees 271
Figure 6.25: Unique axon percentages across repair in both groups...........ccccceeevieiienn. 273
Figure 6.26: Image showing traced axon disruption between 0.0mm and 1.5mm in both graft
repair and NON-POFOUS PGS ... . .uiiiiiiiiitiiiiiiitiieiiieieiee bbb ebeeee bbb ebbeebebssnseeenensnnees 274
Figure 6.27: Percentage increase in axon length between 0.0mm and 1.5mm in both graft and

NON-POIOUS PGS GIOUPS ...ttt ettt ettt e et e e e e et e e e et e e e e et e aeeraaeaeenenns 275

xxii| Page



Figure 6.28: Repaired nerve with porous PGS CONAUIt..........cocvvviiiiiiiiiiiiiiiiiiiicieieeeeeeeeeeeeee 276

Figure 6.29: Properties of PGS CONUUILS .........cevviiiiiiiiiiiiiiiiiiiieieeeeeeeeeeee ettt 282
Figure 6.30: TeChniCal fAlUMES .........ooviiiiiiiiiiiiiiiieeeeeeeeee e 283
Figure 7.1: Analysis of nerve regeneration following PCL conduit and graft repairs ............... 295

Figure 7.2: 3D bifurcate conduit placed between Sciatic nerve, Tibial nerve and Common fibular

xxiii| Page



LIST OF TABLES

Table 1.1: Classification systems of peripheral Nerve injury.........ccccoeviiiiiii e 13
Table 1.2: Current FDA approved nerve guide CONAUILS ........eeiiieeiiiiiiiiiiiii e 35
Table 1.3: Experimental data on NEeUraGEeN® .........ccccceeiiiiiiiiiiiie e eee et e e e e e e e e eannes 37
Table 1.4: Clinical data on the use of NeuraGen®............ccooovveeiiiiiiiieeee e 38
Table 1.5: Experimental data on NeUrotUDE® ............cceeiviiiiiiiiiii e e e eanee 40
Table 1.6: Clinical data on the use of NeUrotube®............ccooovviviiiiii e, 41
Table 1.7: Experimental data on the use of Neurolac®...............ccoevvviiiiiiiiii e 42
Table 1.8: IASP pain definitioNS.........oooiiiiiiiee 45
Table 1.9: Definition of common positive symptoms of neuropathic pain .............ccccoeeeeeeeeeeeenn. 47
Table 1.10: Definition of common negative symptoms of neuropathic pain...............cccoeeeeeeen. 47
Table 2.1: Preparation of USed SUDSIANCES............iiiiiiiiiieiie e e e e e e eaeees 81
Table 2.2: Primary antibody markers for microglia and astroCytes ...........ccccooeeieiiiiiiiieeeeeeeeenn, 82
Table 2.3: Secondary antibody markers for microglia and astroCytes .............cccceeveeeeeeeeeeeeeen. 82
Table 3.1: Percentages of microglial activation for Nylon, G-PCL, S-PCL and intact groups...111
Table 3.2: Percentages of astrocytes activation for Nylon, G-PCL, S-PCL and intact groups .120
Table 4.1: Percentages of microglial activation for Unrepaired, M6P and control groups........ 143
Table 4.2: Percentages of astrocytes activation for Unrepaired, M6P and control groups ...... 151
Table 4.3: Sprouting index for M6P and control groups ........ccoooeeeviieiiiiiiie e, 158
Table 4.4: Axon tracing for M6P and control groups ............ceeeiieeeiiiieiiiiieee e 162
Table 5.1: Percentages of microglial activation for PCL+Etanercept and PCL+Normal saline

0 | (0T ] 1 PRSPPI 190
Table 5.2: Percentages of astrocytes activation for PCL+Etanercept and PCL+Normal saline

0 | (0T ] 1 TP 197
Table 5.3: Percentages of Intensity of paw print for PCL+Etanercept and PCL-Normal saline

[0 [ (010 o1 T OO PP T TPPPR PP 203
Table 5.4: Percentages of print area for PCL+Etanercept and PCL+Normal saline groups ....206
Table 5.5: Sprouting index level of PCL+Etanercept and PCL-Normal saline groups ............. 215
Table 5.6: Axon tracing for PCL+Etanercept and PCL+Normal saline groups ...............cceo..... 219
Table 6.1: Percentages of microglial activation in P-PGS, NP-PGS and nerve graft groups...253
Table 6.2: Percentages of astrocytes activation for P-PGS, NP-PGS and nerve graft groups261
Table 6.3: Sprouting index levels for NP-PGS conduit and nerve graft groups ....................... 268

xxiv| Page



Table 6.4: Axon tracing for NP-PGS conduit and nerve graft groups ..., 272
Table 7.1: Age, nerve injury and recovery period in repair groUPS .......coeeeeeeeeeeeeeeeeeeeeeeeeeeeeen 287
Table 7.2: Summary of the impacts of various nerve repairs on glial activation compared to their

(70 0110 TR 290

xxv| Page



CHAPTER 1

LITERATURE REVIEW

l|Page



ABBREVIATIONS

MSL
ANOVA
BDNF
CAMS
CAP
CCl
CCL2
CD 14
CD-M6PR
CF nerve
CGRP
CNS
CSPGs
CVv
Cy3
DMD
DPCs
DRG
FB
FDA
GABA
GAG
GC
GFAP
GFAP
GFP
G-PCL
IASP
Ibal
IFN
IGF-II
IL-1

ip

LAP
LN
M6P
MAG
MAPK
MC
mGIuR
NA
NDS
NF-A B
NGC

Micro-Stereolithography
Analysis of variance
Brain-derived neurotropic factor
Cell adhesion molecules
Compound action potential
Chronic constriction injury
Chemokine (C-C motif) ligand 2
Cluster of differentiation 14
Cation-dependent MPR
Common fibular nerve
Calcitonin-gen related peptide
Central nervous system
Chondroitin sulphate proteoglycans
Conduction velocities

Cyanine dyes 3

Digital Micro-mirror Device
Dental pulp cells

Dorsal root ganglions
Fibroblasts

Food and drug administration
Gamma-aminobutyric acid
Sulphated glycosaminoglycan
Growth cone

Glial fibrillary acidic protein
Glial fibrillary acidic protein
Green fluorescent protein
Grooved poly-caprolactone

International Association for the Study of pain
lonized calcium binding adaptor molecule 1

I nterferon O
Insulin-like growth factor-I1
Interleukin-1

Intraperitoneally
Latency-associated protein
Lymph node
Mannose-6-Phosphate
Myelin-associated glycoprotein
Mitogen-activated protein kinase
Mast cells

Metabotropic glutamate receptor
Neutralising antibody

Normal Donkey serum

Nuclear factor-A B

Nerve guide conduit

2| Page



NGF
NMDA
NO
NP-PGS
Nylon NGC
O Mgp
OCT
PBS
PBS-T
PCL
PGS
PGA
PGS
PGSm
PK
PLCL
PLGA
PLLA
PNI
PNS
P-PGS
PSCL
PSNL
RFP
ROS
SC
SCS
SD
SEM
SIS
SLS
SNI
S-PCL
TGF-b
TNF-U
TTX-R
TTX-S
uv
VEGF
WT
YFP

Nerve growth factor
N-methyl-D-aspartate

Nitric oxide

Non-porous PGS

3D Printed nylon conduit
Oligodendrocyte myelin glycoprotein
Optimal Cutting Temperature compound
Phosphate Buffer Saline
Phosphate Buffer Saline-Triton
Poly-caprolactone

Poly-ethylene glycol

Poly glycolic acid polymer
Polyglycerol Sebecate
Poly-Glycerol Sebacate methacrylate
Protein kinase

Poly actide-carpolactone polymer
Poly-DL-lactide-co-glycolide

Poly (L-lactic acid)

Peripheral nerve injury
Peripheral nervous system
Porous PGS

Partial spinal cord ligation

Partial sciatic nerve ligation

Red fluorescent protein

Reactive oxygen species
Subcutaneously

Spinal cord stimulation

Standard deviation

Standard error of the mean

Small intestinal submucosa
Selective laser sintering

Spared nerve injury

Smooth poly-caprolactone
Transforming growth factor beta
Tumour necrosis factor alpha
Tetrodotoxin resistance
Tetrodotoxin sensitive

Ultraviolet

Vascular endothelial growth factor
Wild-type

Yellow fluorescent protein

3| Page



1.1 INTRODUCTION

Peripheral nerve injury (PNI) is a historical problem. 3500 years ago, PNI was reported
in the Bible, when the Biblical patriarch Jacob fought with the angel. During the battle,
he appears to suffer from a neurological injury to the sciatic nerve with a temporal
limping gait caused by a traumatic hip dislocation. It is suggested that Jacob suffered
from a type of peripheral nerve injury called neurapraxia (section 1.3.1.1). Although
there were neither radiographs nor pathological specimens at that time, the suggestion
is based on the description of Jacobods
book of Genesis in the Bible (Chapter 32:25-33) (Cornwall and Radomisli, 2000,
Hoenig, 1997).

Peripheral nerve injury is common across society. In Europe, it has been reported that
over 300,000 patients per annum suffer from such injuries each year, and approximately
200,000 surgical nerve repairs are performed per annum in the United States (Gaudin,
2016, Ichihara et al., 2008). Thirty percent of war injuries are associated with peripheral
nerve injuries. It has been reported that blast injuries caused by shrapnel are the most
common cause of peripheral nerve injury in wars (Campbell, 2008, Maricevic and
Erceg, 1997). During the American Civil War, S. Weir Mitchell, a neurologist, was the
first person to study PNIs systematically (Zuniga and Radwan, 2013). War injuries and
the physicians who treated the soldiers greatly enhanced our understanding of
peripheral nerve injuries, due to the high incidence of these injuries during battle
(Roganovic and Petkovic, 2004, Seddon, 1943).

In everyday life PNIs are caused mainly by traumatic accidents, but can also occur as a
side effect of surgical procedures (Atkins et al., 2006a, Ichihara et al., 2008). The most
common types of PNI include crush, traction, ischemia, and penetrating injury; less
common causes include trauma from electrical shock, percussion, radiation, vibration
and thermal injury (Campbell, 2008, Robinson, 2000, Robinson, 2004).

The upper extremities are more likely to be affected than the lower extremities

(Robinson, 2000). The majority of nerve injuries in the upper limbs involve the radial
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nerve, with injuries to the ulnar and median nerves also common. In lower limb injuries,
the sciatic nerve is the most commonly affected nerve, followed by the common fibular
and then the tibial or femoral nerves (Robinson, 2000). In a 16-year retrospective study
on 557 PNIs, Kouyoumdjian (2006) reported that injuries of the upper limbs accounted
for 73.5% of cases, and the ulnar nerve injuries were presented among all, either alone
or in combination with the median nerve (Kouyoumdijian, 2006). Nobel et al. (1998)
reported that out of 200 peripheral nerve injuries, 121 were in the upper extremity. Also
they reported that radial nerve was the most frequently injured (58 injuries), while
common fibular nerve was the most commonly injured (29 injuries) in lower extremity
(Nobel et al., 1998).

Most peripheral nerve injuries (especially in nerves supplying the upper limbs) have a

| arge effect on the quay 40Q9)y Theré is & nmapr ingpactane nt s 0
the physical and psychol ogduectadhrong paan| pgrobleness o f
carrying out daily activities, substantial long-term disability, or dependence on others for
assistance. In addition, these injuries increase the chance of clinical depression or post-

traumatic stress) (Aktins et al., 2006, Baily, 2009).

The sequence of regeneration of PNIs has been extensively studied in a large number
of laboratory investigations. This has furthered our understanding and allowed some
enhancement to the level of recovery (Aktins et al., 2006b). However, the outcomes
following nerve repair are far from perfect, even with advanced technology in
neurosurgical instrumentation, and use of surgical microscopes and diagnostic imaging

in the management of transected peripheral nerves (Artico, 1996, Robinson, 2000).

1.2 ANATOMICAL FEATURES OF PERIPHERAL NERVES

To better classify and treat nerve injuries, it is important to understand the anatomy and
structure of the nervous system. Unlike many cells in the body adult neurones cannot
replicate, making them unique (Heath and Rutkowski, 1998, Osbourne, 2007). The
nervous system is divided into two components, central and peripheral, which differ in

function and physiology. The peripheral nervous system (PNS) receives information
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coming from the external environment and carries signals to and from the spinal cord
and then to the brain via central nervous system (CNS) (Heath and Rutkowski, 1998).
The spinal and cranial nerves form the PNS. The spinal nerves consist of 31 pairs, and
the cranial nerves of 12 pairs (Osbourne, 2007). All the spinal nerves are mixed in
function, which means they include both sensory (afferent) and motor (efferent) fibres,
while some of the cranial nerves have both sensory and motor fibres others have either

pure sensory or motor fibres (Heath and Rutkowski, 1998, Osbourne, 2007).

1.2.1 Microstructure of Peripheral Nerves

Description of internal structures of peripheral nerves has been widely reported in a
large number of publications dating back to 1945 (Sunderland, 1973). A cross-sectional
diagram of the peripheral nerve is very useful to distinguish and illustrate the
components of a nerve. The peripheral nerve is formed of connective tissue and neural
and glial components (neurones and Schwann cells). The connective tissue consists of
outer, medial and inner layers; epineurium, perineum and endoneurium, consecutively
(Dagum, 1998, Flores et al., 2000, Sunderland et al., 1990). Generally, these layers
form the framework of the nerve, and play an essential role in organisation and
protection of the nerve fibres and axons (Figure 1.1) (Dagum, 1998, Flores et al., 2000,
Weber and Dellon, 2004).

Longitudinal vessels on the

External
epineurium

Internal
epineurium

Endoneurium '‘Axon

Figure 1.1: A crossection diagram showing the structures of a nerve; epineurit
perineum, endoneurium, Schwann cells and axon (Weber and D200d).
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1.2.1.1 Epineurium

The epineurium is a connective tissue, which forms the outer (covering) layer of the
nerve. It is divided into two parts; external and internal epineurium (Figure 1.1). The
external part is tougher than the internal. The thickness of the epineurial tissue varies
from nerve to nerve and even in some regions of the same nerve (Dagum, 1998,
Sunderland, 1973). It makes up approximately 30-75% of the total nerve area, and is
mainly composed of type 1 collagen and elastic fibres (Flores et al., 2000, Zochodne,

2008). This layer plays a critical role in the protection of the fascicles.

1.2.1.2 Perineurium and Endoneurium

The perineurium is a thin, dense, fibrous, multi-layered, strong sheath made up of
collagen and elastic fibres. It forms the middle layer of the nerve (Figure 1) (Dagum
1998, Flores et al., 2000). Two or more fascicles form a fascicular group which is
surrounded by the perineurium. A pseudo-intraneural plexus (known as the plexus of
Sunderland) is formed from the interconnecting of these individual fascicles (Dagum,
1998, Sunderland, 1973). The perineurium plays an important role in preserving the
intrafascicular pressure. The endoneurium (also named endoneurial tube, endoneurial
sheath, endoneurial channel or Henle's sheath) is a layer of connective tissue
surrounding the myelin sheath of each myelinated nerve fiber (Dagum, 1998, Flores et
al., 2000). In the endoneurial microvessels, the endothelial cells act with the
perineurium as the blood-nerve barrier, which in turn helps to control the local
environment of the endoneurial space (Dagum, 1998, Geuna et al., 2009, Sunderland,
1973). In addition, the perineurium also helps to prevent infections from spreading into

the nerve fibres (Flores et al., 2000).

1.2.1.3 Nerve Fibres

The smallest functional unit of a nerve is a nerve fibre (axon). Any major peripheral

nerve trunk has | arger myelinated axons (U
myelinated axons (Ab and AU sensory axons an

axons (C sensory and autonomic axons) (Zochodne, 2008). Myelination is the formation
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of a fatty layer by Schwann cells that isolates the axon and allows salutatory conduction
in a nerve. A Schwann cell is a type of glial cell found in the peripheral nervous system,
and supports all types of axon (Zochodne, 2008). From the embryological aspect,
Schwann cells are derived from neural crest cells (Bhatheia and Field, 2006).
Myelinated fibres are composed of a single axon surrounded by a number of Schwann
cells and their associated myelin sheaths. The gap between Schwann cells is called the
node of Ranvier, in this region the axon is not myelinated (Flores et al., 2000).
Unmyelinated fibres are grouped together in units containing a number of nerve axons
surrounded by a number of Schwann cells. The Schwann cells isolate these axons by a
layer of cytoplasm forming a structure named a Remak bundle (Flores et al., 2000,
Geuna et al., 2009).

1.3 CLASSIFICATION OF PERIPHERAL NERVE INJURIES

The classification of peripheral nerve injuries assists clinicians to grade the severity and
degree of the injury. This, in turn, helps in the choice of treatment and informs the
prognosis (Dagum, 1998, Osbourne, 2007). Currently, the two classifications that are

used widely are those described by H. J. Seddon and S. Sunderland. Both these
classifications are based on the degree of
the same agent can cause any type of nerve injury) (Sunderland, 1973, Sunderland et

al., 1990).

1.3.1 Seddonds Classification

In 1943, the first classification of nerve injuries was described and published by Herbert
Seddon. His classification includes three broad categories of nerve injury based on
severity; neurapraxia, axonotmesis and neurotmesis (Burnet and Zager, 2004, Zuniga
and Radwan, 2013). In general, the three categories were inserted to cover conduction
block (neurapraxia), loss of axon continuity (axonotmesis), and loss of the continuity of
nerve trunk (neurotmesis) (Sunderland et al., 1990). The full details of this classification
are found in Seddonds publication; however

these three terms of injury.
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1.3.1.1 Neurapraxia

Neurapraxia (not neuropraxia) is the mildest injury category in this classification (praxia=
to do) (Campbell, 2008, Osbourne, 2007, Seddon, 1943, Sunderland, 1973). This type
of injury is characterised by interruption of the conduction in the axon at the injury site,
while axon continuity remains intact. Although the axon remains undamaged, segmental
demyelination may be present (Figure 1.2) (Dagum, 1998, Osbourne, 2007,
Sunderland, 1973, Zuniga and Radwan, 2013). Acute compression is the major cause
of this injury, for example, Saturday night palsy, carpal tunnel syndrome and crutch
palsy. Some patients with this injury complain of paralysis due to losing motor and
sensory functions of the nerve. In this category of injury, recovery is spontaneous,
complete and very rapid, and there is no Wallerian degeneration (Section 1.5.1) after
the injury, unlike in the other two categories (Dagum, 1998, Osbourne, 2007, Seddon,
1943, Sunderland 1973). Full recovery can take up to 12 weeks (Dagum, 1998).

Seddon
classification Normal Neuropraxia  Axonotmesis Axonotmesis Axonotmesis Neurotmesis
Sunderland
classification Normal Firstdegree Second degree Third degree Fourth degree  Fifth degree
i Epineurium i i i i i
! " Perineurium ! ! !
! ! "Endoneurium I —— i i
Axon}@i-@:% — O.°g"¢',|-._“-:-. . AT BT
\_,.-—-—"'7_-&\_‘ - LI | b LR
|
|
|
|

L L s
)
LB
[
.
[]
.

Figure 1.2: Scheme illustrates the categories of nerve injurgeddon and
Suckerland classificationZ(niga and Radwa@013, pp.18).

1.3.1.2 Axonotmesis

A more severe categoryi n t he Seddonds cl| assi fs{teeaig=toon i s

cut). In this category, the nerve axon is completely interrupted as well as its myelin
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sheath, while the supporting structures are preserved (helping the nerve to recover)
(Figure 1.2) (Campbell, 2008, Dagum, 1998, Seddon, 1943, Sunderland, 1973, Zuniga
and Radwan, 2013). An example of this category of injury is birth-related brachial plexus
injury, and the major causes of this category are stretch, crush and percussion injuries
(Osbourne, 2007, Robinson, 2000, Seddon, 1943). Clinically, the recovery process is
the only point that can distinguish this type from neurotmesis, because in axonotmesis it
is a spontaneous process (Sunderland, 1973). The prognosis of axonotmesis depends
on the severity of the injury (Osbourne, 2007).

1.3.1.3 Neurotmesis

The most severe categoryi n Seddonds cl assificat iadinjury
all the essential structures of the nerve are severely damaged and disconnected, which
means the two ends of the nerve (proximal and distal) are no longer connected (Figure
1.2) (Burnett and Zager, 2004, Dagum, 1998, Osbourne, 2007, Sunderland, 1973,
Zuniga and Radwan, 2013). This results in the total loss of sensory, motor, and
sympathetic functions. The most common causes in this category are sharp,
percussion, or traction injuries. Spontaneous recovery is unlikely and the prognosis is
very poor without surgical intervention. The level of functional recovery is increased by
re-connecting the two ends; however, the outcome may still be poor (Dagum, 1998,
Robinson, 2000, Seddon, 1943, Sunderland, 1973,).

AlthoughSeddondés cl assification greatly <cl a
Sunder | arldidaksetting, it has some limitations (Osbourne, 2007, Sunderland,
1973). An example of these limitations is using some Greek language, which makes it
hard to remember. Another limitation is the gap between axonotmesis and neurotmesis,
as he defined axonotmesis as a lesion in which only the axon and its myelin sheath are
completely interrupted while neurotmesis is a lesion in which the entire nerve is
completely disconnected. So, he did not classify whether the perineurium and
endoneurium layers are both intact or if only one or neither of them is intact, and these

factors influence the prognosis (Sunderland 1973).
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1.3.2 Sunderl andds Classification

Due to the aforementioned limitations, in 1952, S. Sunderland decided to expand
Seddonoés classificatiobhhéeasedveis crharnmgeals d m:
classification is formed of five different degrees of nerve injuries arranging from lowest

to highest severity. According to Seddonods ¢
equivalent to 1% degree injury, axonotmesis corresponds to 2" 3™ and 4™ degrees

injury (with the difference in the severity determined by the level of mesenchymal

damage and the recovery process), while neurotmesis is equivalent to 5™ degree injury

(Dagum, 1998, Osbourne, 2007, Sunderland, 1973, Sunderland et al., 1990).

1.3.2.1 First-degree Injury

In 1876, Erb described the first-degre e i nj ury as 0 ithstwasfolevdd at e f
by Seddon in 1943 describing it as neurapraxia (Section 1.3.1.1) (Seddon, 1943,
Sunderland, 1973).

1.3.2.2 Second-degree Injury

In this type of injury, the axon is severed, and the continuity is compromised due to
disorganisation of the axonal mechanisms, causing the distal part to fail to survive. The
endoneurium surrounding t he axon IS preseryv
arrangement (Figure 1.2). In the distal component, Wallerian degeneration (Section

1.5.1) occurs due to loss of axon continuity and damage to the axonal myelin sheath.

The recovery time for this type of injury is longer than for first degree and may lead to

signs of atrophy in the muscle supplied by the affected nerve. However, overall recovery

seems to be good as the axon is confined inside its original endoneurial tube, which

allows the axon to reach the end-organ that was originally innervated by it (Sunderland,

1973).
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1.3.2.3 Third-degree Injury

The essential change in the 3™ degree injury is disorganisation of the internal
components of fascicles (loss of the endoneurial tube continuity), in addition to the
presence of Wallerian degeneration and axonal disintegration (Figure 1.2) (Section 1.5)
(Sunderland, 1973, Zuniga and Radwan, 2013). Although the perineurium is preserved
and the general arrangement of the fascicle is retained, loss of endoneurial tube
continuity leads to the axon being no longer confined inside its original endoneurial
tube. This leads to a greater chance that the regenerating axon to enter an incorrect
endoneurial tube or to fail reaches one at all, which in turn results in an increase in the
recovery time and makes the recovery functionally worse than the 2" degree
(Sunderland, 1973). Loss of motor or sensory function, distributed or in a localised area
depends on the type of affected axon and level of severity (i.e. intra- fascicular damage
including all the fascicles leads to complete loss of motor and sensory in area that
supplied by the nerve, while in partial lesions the defect ranges from localised paralysis
or sensory impairment, caused by affected axons within the fascicles responsible for
motor or sensory function, respectively) (Sunderland, 1973).

1.3.2.4 Fourth-degree Injury

In 4™ degree injury, the entire perineurium and fascicle continuity is affected (Figure
1.2). Although the nerve trunk continuity remains intact, the involved section is
transformed into a strand of tissue formed of connective tissue, regenerating axons and
Schwann cells, which in turn may enlarge and distribute to form a neuroma (Sunderland
1973). The Wallerian degeneration in 4™ degree is the same of that recorded in 2" and
3'Y degree; however, the regeneration is more complicated. Spontaneous recovery may
occur; however, excision of the affected segment and surgical repair are highly

recommended for a better outcome (Dagum, 1998, Sunderland, 1973).

1.3.2.5 Fifth-degree Injury

A 5th degree nerve injury is equal to the most sev
classification, neurotmesis (Section 1.3.1.3).
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The two classification systems are briefly summarised in Table 1.1 (Robinson, 2000).

Table 1.1: Classification systems of peripheral nerve injury (Modified from
Robinson, 2000, pp. 864).
Seddon Sunderland Pathology Prognosis
classification | classification
Excellent recovery in weeks
Neurapraxia First degree | Myelin injury or ischemia to months
Axon loss Good to poor, depending
Axonotmesis Variable stromal disruption | upon integrity of supporting
structures and distance to
muscle
Axon loss Good, depending upon
Second Endoneurial tubes intact distance to muscle
degree Perineurium intact
Epineurium intact
Axon loss Poor
Third degree | Endoneurial tubes Axonal misdirection
disrupted Surgery may be required
Perineurium intact
Epineurium intact
Axon loss Poor
Fourth degree | Endoneurial tubes Axonal misdirection
disrupted Surgery usually required
Perineurium disrupted
Epineurium intact
Axon loss No spontaneous recovery
Neurotmesis Fifth degree | Endoneurial tubes Surgery required
disrupted Prognosis after surgery
Perineurium severed guarded
Epineurium severed

1.3.2.6 Mixed Lesion

In 1988, Mackinnon inserted a new injury pattern in the nerve injury classification,
known as 6"-degree injury. This classification includes multiple degrees of nerve injury
previously described in Sunderland6 lassification. It means that there are both axon
loss and conduction block occurring in some fibres with viable degrees of the outcome

and recovery (Mackinnon, 1988, Robinson, 2000, Zuniga and Radwan, 2013).
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1.4 DIFFERENCES IN CNS AND PNS REGENERATIONS

Following an injury to both the peripheral (PNS) and central (CNS) nervous systems, a
cascade of events occurs. Examples of these events are: increase of the vascular
permeability followed by hyperaemia and oedema formation, and an increase of the
pressure of the endoneurial fluid. Finally, permanent nerve dysfunction leads to
intraneural ischemia (LaBanc, 1992). The ability of the peripheral nervous system to
undergo regeneration spontaneously or after surgical intervention (in severe cases) and
then to reinnervate its original tissue, is better than that in the central nervous system
(Figure 1.3) (Strittmatter, 2010). In the past, it was believed that axons in the central
nervous system did not have the ability to regenerate, this was disproved in later studies
(Aguayo, 1981, Clark, 1943, Richardson, 1980). Nowadays, several studies have
focused on factors that prevent the regeneration in the CNS, and have attempted to
enhance regeneration but with little success. The environment of the CNS after injury is
believed to be the essential factor that affects regeneration, as well as some other
factors such as pathological changes and the type and nature of the cells involved. The
environmental effect on regeneration was examined in two experimental studies
mentioned by Santiago Ramon Cajal (1991) [updated translation] and Aguayo et al.,
(1982). In the first study, a segment of CNS tissue was transplanted inside a peripheral
nerve. The study reported that the regeneration of peripheral nerve axons stopped
when they contacted the CNS tissue (Cajal, 1991). While Aguayo et al., (1982) did the
opposite experiment, in which a section of PNS nerve was transplanted into the CNS.
They recorded that CNS axons showed an ability to regenerate when they made

contact with the PNS nerve (Aguayo et al., 1982).

The nature of the process of demyelination and regenerative potential of
oligodendrocytes are shown to be factors that affect regeneration of the CNS (Ludwin,
1988). Demyelination and remyelination in the PNS is prompt, efficient, and the number
of active Schwann cells is superior to the required number for adequate remyelination.
So, Schwann cells play an important role for ensheathing peripheral axons, while

oligodendrocyte cells ensheath the central axons. The mitotic capacity of
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oligodendrocyte cells is lower than that of Schwann cells (Benson et al., 2005, Ludwin
1988).

It has been reported that Myelin-associated inhibitors are the main obstacles preventing
regeneration in the CNS (Chen et al., 2007). These inhibitors include oligodendrocyte
myelin glycoprotein (O Mgp) (Chen et al., 2007, Kottis et al., 2002), myelin-associated
glycoprotein (MAG) (Chen et al., 2007, McKerracher et al., 1994) Ephrin B3 (Benson et
al., 2005), Nogo (Strittmatter, 2010), and repulsive guidance molecule A (Grados-Munro
and Fournier, 2003). In addition to these inhibitors, the extra-cellular matrix of the CNS
includes some molecules that prevent axon regeneration. One of these molecules is
called chondroitin sulphate proteoglycans (CSPGs). They are composed of a
glycoprotein core and sulphated glycosaminoglycan (GAG) sugar chains, and the CNS
extra-cellular matrix is richly populated with CSPGs (Rhodes and Fawcett, 2004). The
mechanism of action of CSPGs to inhibit axonal regeneration is not fully understood
(Schmalfeldt et al., 2000). However, some studies detected that these molecules are
found inside the glial scar formed by reactive astrocytes following CNS injury and is

associated with failure of regeneration of axons (Rudge and silver, 1990).
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Figure 1.3: A diagram showing théferences in nerve regeneration between CI
and PNS. In the CNS, there are no macrophages to clear the debris, while th
present in the PNS. There are inhibitory molecules in the CNS, whereas these ¢
found in the CNS (Strittmatte2010, pp.56)

1.5 DEGENERATION AND REGENERATION OF PERIPHERAL NERVE
INJURY

Under natural circumstances, peripheral nerves maintain normal connections between
the axons and their targets. Following injury, these stable connections are lost (Fawcett
and Keynes, 1990). In peripheral nerve injuries, there are two essential components:
the axon and the Schwann cells together with their myelin sheaths (Stoll and Mdiller,
1999, Waller, 1850). In the mildest forms of neurapraxia and axonotmesis, a complete
recovery is predictable. In contrast, in more advanced cases there is an interruption of
the axon integrity followed by several processes that take place in the proximal and
distal stumps (Osbourne, 2007, Stoll and Miller, 1999, Terenghi, 1999).
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1.5.1 Wallerian Degeneration

In 1850, Waller published a paper describing events following nerve injury including
axon and myelin degeneration below (distal to) the level of injury, known as Wallerian
degeneration (Waller, 1850). This process also occurs in a small area of the
immediately proximal stump as some axons may retrogradely degenerate as far as the
1% node of Ranvier. Waller explained all these changes and processes in the
hypoglossal and glossopharyngeal nerves of the frog (Dagum, 1998, Osbourne, 2007,
Terenghi, 1999, Waller, 1850). The principle of the Wallerian degeneration process is to
remove and recycle the axonal and myelin-derived material in order to prepare a
suitable environment for the axons to regenerate through (Fawcett and Keynes, 1990).
Many events take place during Wallerian degeneration such as axon degeneration,
myelin sheath degradation, macrophage secretion, and Schwann cell stimulation and
proliferation (Ngeow, 2010, Osbourne, 2007, Terenghi, 1999, Salzer et al., 1980).

Axonal continuity and the conduction of impulses at the distal part of the nerve will be
lost by 48-96 hours post-injury, and Wallerian degeneration starts with quick
degradation of axons and myelin that is induced by the activation of Ca*" influx and
axonal proteases released by Schwann cells (George et al., 1995, Osbourne, 2007,
Stoll and Miller, 1999, Terenghi, 1999). Normal axons regulate a low intracellular
calcium concentration; however, the concentration is significantly increased following
nerve transection. This leads to activation of Ca®" sensitive proteases (LoPachin et al.,
1990, Ngeow, 2010). A comparable process happens in unmyelinated nerve fibres
(Fawcett and Keynes, 1990). Schwann cells have an important role in Wallerian
degeneration as they work together with macrophages, providing them with the cell
debris to phagocytose (Acheson et al., 1991, Hall, 1997, Osbourne, 2007, Terenghi
1999). For many years, the roles of Schwann cells and macrophages in clearing out the
degenerating debris were unclear until experiments done by Friede and companions
answered this question (Beuche and Friede, 1984, Scheidt and Friede, 1987). In their
experiments, sections of mouse nerve were put inside Millipore diffuse chambers with a
pore size of 0.22um for the purpose of ingress prevention. Then they implanted the

sections into the peritoneal cavity of mice. Eight weeks | ater,
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proliferated. In addition, the myelin was not phagocytosed, although it was discarded. In
contrast, when they used a chamber with a larger pore size (5um), the macrophages
engulfed the myelin. They concluded that macrophages are necessary to trigger the
removal of myelin and the myelin debris is ingested by macrophages (Beuche and
Friede, 1984, Fawcett and Keynes, 1990, Scheidt and Friede, 1987). This opened a
pathway for the removal of the myelin (Crang and Blakemore, 1987, Fawcett and
Keynes, 1990).

Starting on the 2" day and with a peak between the 4™ and the 7" day post-injury, the
permeability of the blood-nerve-barrier becomes high. This results in haematogenous
macrophages moving from the circulation into the distal region of the injured nerve (Stoll
et al., 1989, Stoll and Mduller, 1999). Within 14 days, macrophages will have totally
cleared out the myelin debris (Brick, 1997, Stoll and Mdller, 1999).

It has been reported that the myelin and axonal membrane debris stimulate the mitosis
of Schwann cells (Perry et al., 1981, Salzer et al., 1980). The Schwann cells divide and
proliferate inside their basal lamina tubes, persisting for approximately 2 weeks and
reach their peak by the 3™ to 4™ day (Clemence et al., 1989, Son and Thompson, 1995,
Stoll and Mdller, 1999, Terenghi, 1999). Macrophage cells are mitogenic and participate
with Schwann cells, spreading from the distal stump to cross the site of injury in order to
form a conduit, known as the bands of Bi ngner, providing nutrient (trophic) and
guidance (tropic) factors for the regenerating axons from the proximal stump to reach
their targets (Reynolds and Woolf, 1993, Stoll and Mdiller, 1999, Terenghi, 1999).
Contact with the neurotrophic factors with the regenerating axons stimulates a second
phase of the proliferation of Schwann cells. In cases where the axonal regeneration
process is delayed, the numbers of Schwann cells decrease gradually and the response

to axonal regeneration will become reduced (Li et al., 1997, Terenghi et al., 1999).

There are a number of mediators that play an important role in Wallerian degeneration,
such as histamine and serotonin. These mediators are released by mast cells and their
function is to improve macrophage migration, resulting in enhanced Wallerian

degeneration.
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The end stage of Wallerian degeneration is a shrinking of the nerve due to vesicular
breakdown. In some cases, the presence of vigorous oedema and inflammation,
coupled with fibroblast proliferation leads to the production of dense fibrous scar tissue
(Osbourne, 2007, Stoll et al., 1989).

1.5.2 Axonal Regeneration

The regeneration response depends on several factors, and among these factors is the
severity of the injury (Burnett and Zager, 2004). The axons start to regenerate only after
the course of Wallerian degeneration is carried out. The axonal regeneration is a
concert of activity which occurs in different anatomical zones, beginning at the neuronal
cell bodies, then the proximal stump (axonal process between the neuronal cell body
and the site of injury), the injury site itself, the distal stump (severed axonal process
between the site of injury and the end organ), finally finishing at the end organ itself
(Burnett and Zager, 2004, Cambell, 2008, Dagum, 1998, Osbourne, 2007).
Unsuccessful or delayed regeneration may impede the normal processes at one or
more of these zones (Burnett and Zager, 2004).

The first changes that happen following nerve injury occur in the cell body (Burnett and
Zager, 2004). The axons and cell body are interdependent in recovery. The cell body
responds with an increase in protein metabolism and synthesis of lipids. Within the first
6 hours post-injury, the nucleus moves to the periphery of the cell where Nissl
substance disperses as a result of the disintegration of rough endoplasmic reticulum.
This morphological event is named chromatolysis. It is believed that it works as a signal
for glial cells, with the purpose of extending the processes of the injured neurone in
addition to breaking away synaptic connections. This, has the effect of isolating the
affected neurones to allow for recovery (Burnett and Zager, 2004, Lundborg and
Sweden, 2000, Osbourne, 2007, Terenghi, 1999).

A complicated and not fully understood interaction happens between the cell body and
the tip of regeneration axons. Axoplasm arises from the area between the cell body and

the proximal axon segment. Axoplasmic transport consists of both fast and slow
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components and they supply and move protein, lipid, and other materials from the cell
bodies through the cytoplasm of its own axon (axoplasm) toward the injury site in a
process called anterograde transport (Burnett and Zager, 2004). In cases where the
affected area is more proximal, the cell body degenerates (as seen in a severe trauma).
This may result in Wallerian degeneration of the entire proximal stump, which is then
phagocytosed, resulting in no axonal regeneration (Burnett and Zager, 2004, Dagum,
1998).

A structure called the growth cone is formed at the top of the regenerating axon
(terminal edge), consisting of finger-like filopodia built around actin filaments emerging
from web-like lamellipodia (Figure 1.4) (Dagum, 1998, Lundborg and Sweden, 2000,
Terenghi, 1999, Zochodne, 2008).
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Figure 14: Diagram showing the axon sprouts and a growth cone (Zoch@hgs).

The growth cone responds to contact guidance cues, and contacts with basal lamina of
the Schwann cell through its filopodia in order to use it as a guide (Burnett and Zager,
2004, Terenghi et al., 1998). The growth cone grows distally across the site of the
injury, and it actively searches for an appropriate matrix and environment to assist the

axon to grow (Figure 1.5) (Lundborg and Sweden, 2000, Rutishauser, 1993, Terenghi,
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1999). The sprouts that contact via the filopodia to the distal stump (Schwann cell basal
lamina) continue to grow inside the endoneurial tubes. The lamina acts as contact
guidance to the filopodia. Growth cones have been studied in detail as they are
specialised structures that have an essential role, and are responsible for many steps in
regeneration including growth, path-finding and identifying targets (Ide, 1996, Landis,
1983).

Figure 1.5: Scheme shows cellular response to nerve transection. Sprouting occurs at the p
nerve stump (left). Sprouts (SPR) projecting fropelmated axon and form a regenerating ur
that enclosed by common basal lamina. A growth cone (GC) found on the tip of each ¢
Sprouts pass over the site of injury and associated with Schwann cells (SCHW). At the site
there are fibroblast{FB), mast cells (MC), macrophages, and blood corpuscle elements. F
the sprouts attach the bandf Blgner at the distal stump.gndborg and Swede&000, pp. 394).

In myelinated axons, the first sprouts are seen coming from the 1% node of Ranvier
proximal to the injury site, though some may come from the 2" node of Ravier (Fawcett
and Keynes, 1990, Friede and Bischhausen, 1980, Meller, 1987, Osbourne, 2007); the
growth rate of unmyelinated axons is equal to that in myelinated axons. In addition, the
myelinated axons may regrow inside an endoneurial tube that previously contained
unmyelinated axons, and vice versa (Burnett and Zager, 2004). Due to the number of
neuronal sprouts being higher than the number of axons originally found in the nerve, it
is believed that this phenomenon is for the purpose of maximising the chance of each
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single neuronal cell to reach its target organ. However, scant survival signals coming
from the target organ causes O0die backdé of S
(Brushart, 1993, Ngeow, 2010, Terenghi, 1999). The axonal sprouts that cannot make
contact with supportive factors will undergo degeneration along with the muscle tissue if

it is not reinnervated within 1-2 months (Dagum, 1998).

The interaction between the growth cone and Schwann cells is mediated by cell
adhesion molecules (CAMS) (Rutishauser, 1993, Terenghi, 1999). Some evidence
suggests that neuronal CAMS expression is up-regulated by nerve growth factor (NGF)
(Friedlander et al., 1986, Terenghi, 1999).

Motor and sensory fibres have the same ability to grow and maturate (Osbourne 2007).
Motor fibres will search and innervate a motor distal axonal region (Rath and Green,
1991, Terenghi, 1999). This ability is believed to be dependent on the L2 epitope,
expressed by myelinating Schwann cells that relate to motor axons (Matrtini et al., 1994,
Terenghi, 1999).

The rate of axonal regeneration is controlled by many factors, such as changes
occurring within the neural cell body and the activity of the growth cone at the axon
sprout tip (Burnett and Zager, 2004). While the distal regeneration rate is affected, and
becomes slow if the endoneuri al tubes have b

their way inside the tube before advancing (Burnett and Zager, 2004).

In the late stages of peripheral nerve regeneration, Schwann cells have another role
when they act together with fibroblasts, as they are a considerable source for

endoneurial expression of cytokines (Taskinen et al., 2000).

Figures 1.6 and 1.7 illustrate the differences in regeneration between mild (crushed)

and server (transected) nerve injury levels (Holland and Robinson, 1998).
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Figure 1.6: Regeneration following crushed axon. A) Uninjured nerve. B) Crush
to the nerve. C) Axonal sprouting and regenerating within the original endone
sheaths. D) Successfegeneration (Holland and Robinson, 1998, pp.279).
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Figure 1.7: Regeneration following transected axon. A) Uninjured nerve
Transection injury to the nerve. C) Axonal sprouting attempts to fniginal
endoneurial tube D) Tropic/Trophic influeres encouraging growth in one sprout |
Some of regenerating axons find the original endoneurial tube and then innervat:
original target, while others enter incorrect endoneurial tube and then fail
innervate the original target, and the rest fail fiod and enter any endoneurial tube
in turn forming a neuroma (Holland and Robinson, 1998, pp.280).
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1.6 PERIPHERAL NERVE REPAIR

The surgical repair of PNIs can be traced back to the 13" century. At that time, as
reported by Browne (1967), surgical knowledge of the peripheral nerve was primitive
and depended on rudimentary attempts by Avicenna at direct nerve suturing (reviewed
in Artico et al., 1996). During the 13" century, Guglielmo da Saliceto, an Italian pioneer
of anatomy, suggested some types of nerve suture; however, his exact technique is
unknown (reviewed in Artico et al.,, 1996). After that, Guido Lanfranchi,
pupil, attempted to perform a direct suture at the two ends of nerve. Although Guido
Lanfranchi, Guglielmo da Saliceto and Avicenna reported some efforts of direct suturing
of the nerve, the information provided was sketchy (reviewed in Artico et al., 1996). In
1596, Gabriele Ferrara, a Milanese surgeon, published his book which includes a clear
description and much more details of direct nerve suturing. At that time, he became the
first to provide a lucid and precise description of the direct suture in the field of
peripheral nerve injury, and h e i s now named t he 660f at her
reconstruction (reviewed in Artico et al., 1996). His description was of suturing the
retracted stumps of the nerve by using a special needle and suture that had been
immersed and treated in a concoction of rosemary, red wine and rose. A mixture of
hypericum and spruce oils were applied. Finally, the patient was later confined to bed
for the purpose of immobilisation of the limb to avoid any damage to the suture. The use
of rosemary, red wine and rose is believed to be comparable to alcoholic disinfection.
The procedures of identification of nerve stumps, disinfection, correct techniqgue and
immobilisation of the affected limb after the operations are highly similar to the surgical

protocol of modern medicine (reviewed in Artico et al., 1996).

In the late 17" century, Robert Hooke and Antonio van Leeuwenhoek, pioneers of
microscopy, were interested in the discovery and manufacture of microscopes.
Leeuwenhoek discovered that the optic nerve is composed of many filamentous
particles and is not just a hollow tube, as he was interested in using microscopy to
explore nerve fibres (reviewed in Wade, 2004). The first explanations of end-to-side
peripheral nerve repair, allograft and autograft, and nerve guide conduit were issued
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and published in the 19™ century (reviewed in Artico et al., 1996, reviewed in Battiston,
2009).

1.6.1 Different Repair Methods for Peripheral Nerve Injury

Making a decision on the repair technique and method of repair depends on many
factors, such as the severity or type of nerve injury and tension at the injury site
(Matsuyama et al., 2000). There are several repair techniques to treat a peripheral
nerve injury, and the following sections will talk briefly about direct suture (End-to-End),

nerve grafts, and provide details of currently available nerve guide conduits.

1.6.1.1 Direct Suture (End-to-End)

Direct suture intervention is the preferred technique in nerve injuries with a simple
transection and without severe nerve tissue damage (Sunderland, 1973). The idea of
applying the suture is to align the corresponding fascicular elements of both proximal
and distal ends (Lundborg and Sweden, 2000). Direct suture can be subdivided into
epineural, grouped fascicular and fascicular repair techniques. By careful examination
of the proximal and distal stumps, the surgeon can opt for the most appropriate type of

repair (Matsuyama et al., 2000).

The simplest direct repair technique is the epineural repair. It can be used when the
nerve transection is clean or partial with easily alignment of the fascicles possible
(Figure 1.8A). The technique is performed by suturing the proximal and distal ends
together with suture passing through the epineurial sheath (Figure 1.8B) (Rowshan et
al., 2004, Lundborg and Sweden, 2000, Matsuyama et al., 2000).
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Figure 1.8: Schematic diagram of different direct suture repair techniques.
clear cut in a nerve. B) Epineurial suture, sutures are passed via the ex
and internal epineurium of proximal and distal ends. ACgroup fascicular
suture, epineural tissue has been resected and fascicular groups are coaf
with single sutures passing through the interfascicular epineufi@owshan et
al., 2004, pp.164).

A more accurate technique, relative to epineural repair, is grouped fascicular repair. The
technique is performed by suturing the interfascicular epineurium of both nerve ends
(Figure 1.8C) (Rowshan et al., 2004, Lundborg and Sweden, 2000, Matsuyama et al.
2000). It is appropriate in the repair of nerve injuries such as partial injury in large
nerves, nerves having two major fascicular groups which can be easily identified, and
nerves having both mixed sensory and motor fibres (Matsuyama et al., 2000).
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Fascicular repair is the most difficult and complicated direct suture technique for
repairing nerve injury. It is performed by suturing each perineurium and reconnection of
corresponding fascicles in both ends to get an optimal alignment (Matsuyama et al.,
2000).

Several experimental and clinical studies have investigated the superiority of one of
these techniques relative to the others. However, there is no study reporting that any

type is better than the others (Lundborg and Sweden, 2000, Matsuyama et al., 2000).

In some situations, using sutures can lead to irritation and increase the possibility of
scar tissue formation. For that reason, some experimental studies use fibrin glue in
nerves that won't undergo any tension/strain during joint movement instead of suture to
avoid these disadvantages (Ornelas et al., 2006). A study by Menovsky and Beek
(2001), reported that using CO, laser nerve welding is equal to use of either
microsurgical suture repair or fibrin glue repair at the site of the injury. Hence, laser
nerve repair with soldering is believed to be an excellent alternative to both suture and
fibrin glue repairs. However, the use of laser nerve welding requires complicated

equipment and is expensive (Menovsky and Beek, 2001).

When a nerve injury is associated with a loss of tissue and the two ends of the nerve
cannot be joined together without undue tension, an alternative to direct repair is
required. The reason behind avoiding undue tension after repair is because excessive
tension leads to the development of ischemia at the repair site and this results in
prevention of the regeneration process and a decrease in functional recovery
(Matsuyama et al., 2000, Siemionow and Brzezicki, 2009). In cases where a gap will be
formed at the site of an injury, it can be bridged and repaired by using either a nerve

graft or conduit.
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1.6.1.2 Nerve Graft

When a direct suture repair causes considerable tension at the site of the nerve repair,
a graft repair is recommended (Matsuyama et al., 2000). Clinically, the gold-standard
method for bridging nerve gaps is an autologous nerve graft (autograft) (Ichihara et al.,
2008, Lundborg and Sweden, 2000, Zhu et al.,, 2011). The sural and the greater
auricular nerve are specifically well-suited for grafting. The nerve grafting technique is
similar to end-to-end suturing, but with the presence of transplanted nerve tissue

(Figure 1.9) (Hausamen and Schmelzeisen, 1996).

Figure 1.9: Microsurgical suturing technique. Graft interposition betwt
proximal and distaktumps, graft and gap of identical sizéaisamen and
Schmelzeiserl996, pp. 147).

In many nerve injuries the use of autograft is not preferential, either because a large
number of nerves need repair or the large length of the nerve gap; therefore, nerve
allografts can be an alternative choice (Siemionow and Brzezicki, 2009). The essential
drawback of using nerve allografts is that heavy immunosuppression is mandatory in
order to avoid rejection of the nerve (Matsuyama, 2000, Ray and Mackinnon, 2010). To
avoid this downside, cadaveric allograft decellularization was developed. Avance

(AxoGen) are commercially available decellularized nerve allografts. The Avance graft
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is produced by processing human nerve through a combination of detergent
decellularization, chondroitin sulfate proteoglycans degradation, enzyme treatment, and
-irradiation sterilization (Shanti and Ziccardi, 2011, Wood et al., 2014). In theory, a
decellularized allograft allows Schwann cells to quickly repopulate the allograft tissue by
giving a more biologically pertinent microenvironment. Another benefit of the
decellularized grafts is the removal of neurite inhibitory chondroitin sulphate
proteoglycans from the basal lamina, leading to an increase in axonal regeneration
(Krekoski et al., 2001, Shanti and Ziccardi, 2011). Whitlock et al. (2009) compared the
use of Avance allograft and NeuraGen®, a type | collagen NGC (see section 1.7.3.2.i),
on short (14mm) and long (28mm) nerve gaps. They reported that Avance allograft had
higher robust reinnervation than NeuraGen in gaps longer than 10mm. They concluded
that in cases with large nerve gaps, a decellularized allograft is considered to be a

suitable alternative material (Whitlock et al., 2009).

In small diameter nerves, it is possible to use a single similar sized graft for bridging,
while in large diameter nerve it is necessary to use two or more small diameter nerve

grafts for bridging the gap, due to limited availability of thicker nerves (Figure 1.10)

(Hausamen and Schmelzeisen, 1996).

=R

Figure 1.10 Microsurgical suturing technique. Two small diameter ne
grafts interposition between proximal and distal stumps of a la
diameter nervgHausamen and Schmelzeis&896, pp. 147).
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Although autografting shows acceptable outcomes, there are some disadvantages such
as multiple surgeries required, scarified of an intact nerve, limited availability, loss of
sensation, neuroma formation (donor site), with the potential for neuropathic pain
(Shanti and Ziccardi, 2011). The use of nerve guide conduits (NGCs) can remove these

problems.

1.7 NERVE GUIDE CONDUITS

Although nerve graft techniques have some advantages, such as serving as a physical
guide for regenerating axons, they have many disadvantages such as: sensory and
motor dysfunction at the donor site, additional (secondary) surgery, sacrifice of
uninjured nerve, mismatches of nerve size, lack of availability or suitability, and donor
site scarring and morbidity (Kim et al., 2008, Moore et al., 2009, Taras et al., 2005, Zhu
et al.,, 2011). Within the last three decades the use of an alternative technique, nerve
guide conduits, to bridge nerve gaps has been established and developed to overcome
these disadvantages (Figure 1.11) (Cui et al., 2018, Lundborg and Sweden, 2000, Oh et
al., 2018, Zhu et al., 2011).

Figure 1.11: Diagram of conduit repair. Tdesduit fitted between the two eds and
secured by sutureshitp://www.whichmedicaldevice.com/bymanufacturer /235/
581/neuragennerve-guide).
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1.7.1 Basic Concepts of Nerve Guides

Use of mesothelial tubes for bridging nerve gaps was first reported in 1979 (Lundborg
and Hansson, 1979, Lundborg and Sweden, 2000). In the early 1880s, Gluck applied
decalcified bone to use as a conduit (reviewed in Taras et al., 2005). Following that, a
variety of substances have been examined including blood vessels and fallopian tubes

with varying success level (Evans et al., 1999, Taras et al., 2005).

Nerve conduit material is either natural, such as collagen (Archibald et al., 1991, Farole
and Jamal, 2008) or synthetic, such as silicone (Matsumoto et al., 2000, Waitayawinyu
et al., 2007). Silicone was the first reported synthetic conduit material that was
developed in the early 1980s because of its elastic and inert properties (Ichihara et al.,
2008, Lundborg et al., 1982). Many studies have reported that first generation non-
degradable conduits composed of silicon and poly (2-hydroxyethel methacrylate-co-
methyl methacrylate) may lead to chronic inflammation, nerve compression (nerve
collapse), foreign body reaction, and scar formation (Moore et al., 2009, Zhu et al.,
2011).

For the next generation conduits, three key mechanical properties have been added to
enhance them. First, the conduits should supply the regenerating axons with an
adequate scaffold. If the nerve conduits are too soft, they may not resist any pressure
from the external tissue. On the other hand, if they are too hard, they will damage the
surrounding tissues (Ichihara et al., 2008, Sivak et al., 2017, Taras et al., 2005).
Second, they must be semi-permeable to allow the greater interaction and exchange
with the surrounding environment (Aebischer et al., 1988, Li et al., 2014, Ichihara et al.,
2008). Third, the conduits degradation must be at an appropriate speed to avoid the
formation of fibrous tissue inside the conduit and mechanical damage to the
regenerating axons (Ichihara et al., 2008, Wang et al., 2017). Other properties
preferential for the ideal conduit are that they must have a suitable diameter for axon
regeneration, the conduits should require minimal effort to implant, and they must be
sterilisable (Gonzalez-Perez et al., 2017, Taras et al., 2005). Figure 1.12 illustrates
some methods to enhance the role of conduits in peripheral nerve repair.
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Figure 1.12: Strategies to enhance the intednaten of nerve conduitlfe Ruiteret al. 2009).

1.7.2 The Use of Conduits in Animal Studies

Biological conduits such as collagen, fibronectin, and laminin have been demonstrated
to enhance nerve regeneration (Taras et al., 2005). A variety of natural absorbable
materials have been investigated for peripheral nerve regeneration. Many types of
biological collagen conduits have been utilised experimentally and clinically, and some
of them demonstrated good results in rats, mice (Gomez et al., 1996, Kim et al., 1993),
and rabbits (Kim et al., 1993). In addition, Archibald et al 1995 reported on the
effectiveness of using type | bovine collagen conduit in a 5 mm nerve gap in monkeys
(nonhuman primate) (Archibald et al., 1995, Taras et al., 2005).

On the other hand, a lot of experiments have examined synthetic absorbable materials
including the polymers: polyglycolic acid (PGA), polylactide-caprolactone (PLCL), and
poly (L-lactic acid) (PLLA) (Ichihara et al., 2008, Li et al., 2014). In rat nerve repair,
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Polyglactin conduits lead to poor nerve regeneration (Ichihara et al., 2008, Gibson et al.,
1991) but better outcomes were mentioned with poly (organo) phosphazine, polyglactin
acid, poly-(L-lactide-co-caprolactone) conduits, and polyglycolic acid polymer coated
with cross-linked collagen (PGA-c) (Ichihara et al., 2008, Siemionow and Brzezicki,

2009).

1.7.3 Current FDA Approved Nerve Guidance Conduits and Materials

The use of conduits in the clinical field is not as common as nerve grafts; however,
there are a number of conduits that are commercially available and are approved by
The Food and Drug Administration (FDA) for clinical repair of peripheral nerve injuries
(Table 1.2) (Arslantunali et al., 2014 Kehoe et al., 2012, Pabari et al., 2014).
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Table 1.2: Current FDA approved nerve guide conduits.
Product Name Material Type FDA Clearance Company Degradation | Length | Diameter
Date Time (cm) (mm)
Neurotube® Polyglycolic acid | Synthetic 22/03/1999 Synovis Micro 3 months 2-5 2.3-8
(PGA) Companies, Inc.
NeuraGen® Type | collagen Natural 22/06/2001 Integra Life 36-48 months 2-3 1.5-7
Sciences Corp.
Neuroflex™ Type | collagen | Natural 21/09/2001 Collagen Matrix, Inc | 4-8 months 2.5 2-6
Neuromatrix'" | Type | collagen | Natural 21/09/2001 Collagen Matrix, Inc | 4-8 months 2.5 2-6
Surgisis® Porcine small
Nerve Cuff intestinal Natural 15/05/2003 Polyganics BV 3 months 10 1.5-7
(AxoGuard™) submucosa
Poly p lactide-
Neurolac® co-U-carprolacton | Synthetic 04/05/2005 Cook Biotech 16 months 3 1.5-10
(PDLLA/CL) Products
SaluTunnel™ | Polyvinyl alcohol | Synthetic 05/08/2010 SaluMedica, LLC Non- 6.35 2-10
(PVA) hydrogel absorbable
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1.7.3.1 Synthetic Non-absorbable

1.7.3.1.i Polyvinyl Alcohol Hydrogel (SaluTunnel™)

I™ is used for nerve injuries without loss of tissue. It remains the only

The SaluTunne
approved synthetic non-absorbable material. No data have been published for this

device neither pre-clinical nor clinical studies (Kehoe et al., 2012, Pabari et al., 2014).

Advantages: SaluTunnel has similar properties to human tissues as they contain water.

They are easily sterilised

Limitations: As they are non-absorbable (permanent), they may cause nerve
compression and tension at the site of suture. There are no pre-clinical or clinical
studies published yet to support the efficacy of these materials (Kehoe et al., 2012
Pabari et al., 2014).

1.7.3.2 Natural Absorbable

Natural materials decrease the toxicity, increase the biocompatibility, and improve
support cell migration compared to synthetic materials (Schmidt and Leach, 2003).

1.7.3.2.i Type 1 Collagen (NeuraGen®, Neuroflex™, and Neuromatrix TM)

The major component of the extra-cellular matrix is collagen, which makes it superior to

the other natural materials (Kehoe et al., 2012).

NeuraGen® was the first semi-permeable type | collagen to receive FDA approval in
2001. Some of the pre-clinical studies to investigate the efficiency of NeuraGen® are

summarised in Table 1.3.
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Table 1.3: Experimental data on NeuraGen® (Modified from Kehoe et al., 2012,

pp. 558).
First Animal Gap Groups Control Results
author size
7/8 (88%) of the
8 NeuraGen® 8 control control (neurectomy)
Tyner Rat 20 mm | 8 sham animals | (neurectomy) | animals developed
(2007) 8 distal autograft moderate to severe
autotomy. 1/8 (13%)
of NeuraGen group
developed autotomy
Reinnervation of
Archibald | Nonhuman | 20 mm 5 NeuraGen® 5 autograft | Pacinian corpuscles
(1995) primate 5 suture and thenar muscles in
(monkey) all animals
At 4-week, the direct
Rat & suture repair group
Archibald | Nonhuman | 40 mm NeuraGen® Direct suture | illustrated a greater
(1991) primate Autograft MAP compared to the
(monkey) other groups.

However, at 12-week
all repair groups
showed similar levels
of recovery.

In the Archibald et al. (1995) study, NeuraGen® was compared to direct suture and

autograft in repairing peripheral nerve transection of nonhuman primate (monkey). They

reported that nerve regeneration outcome using this type of conduit is equal to that of

autograft repair (Kehoe et al., 2012, Li et al., 2014).

cases of using NeuraGen® are summarised in Table 1.4.

Some of the clinical published
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Table 1.4: Clinical data on the use of NeuraGen® (Modified from Kehoe et al.,
2012, pp. 560).
First author Numbers Gap size Complications Results
(mm)
Sensibility at 12-month:
Schmauss 20 repairs, <26 None 13 cases improved
(2014) 16 patients 3 cases same value
4 cases had worsened
40/126 lost to follow-up.
26/126 quantitative
Wangensteen | 126 repairs, | Range: 2.5- Two minor and | testing:
(2010) 96 patients 20; one case of 35% mentioned
mean:11.7- Pulmonary improvement and 31%
12.8 embolism. All need revision.
Postoperative | 60/126 qualitative testing:
with 45% mentioned
improvement and 5%
need revision
4/12 (33%) excellent;
Lohmeyer 15 repairs, | Mean: 12.5- None 5/12 (42%) good,
(2009) 14 patients 3.7 1/12 (0.08%) poor;
2/12 (0.17%) none.
4/9 excellent;
Bushnell 12 repairs <20 None 4/9 good;
(2008) 1/9 fair.
4/9 good;
Farole 5 repairs 15 None 4/9 some;
(2008) 1/9 none
Ashley 4/5 good (1 year follow-
(2006) 9 repairs 020 None up);
3/5 excellent (2 years
follow-up).
Taras 73 repairs <20 None 1/5 poor
(2005) Ongoing clinical study

In 2001, and after the approval of NeuraGen®, two devices of type | collagen were
approved by the FDA; Neuroflex™, Neuromatrix™. To date, Neuroflex™ is the only

flexible and up to 140° kink resistance type | collagen conduit. Neuromatrix™™ is similar
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to Neuroflex™ in material composition, but it does not have the properties of
Neuroflex™ with regards to flexibility and resistance. Although all of these three type |
collagen conduits are approved by the FDA, NeuraGen® is the only conduit that has
featured in published animal and clinical studies (Kehoe et al., 2012; Pabari et al.,
2014).

Advantages:

Collagen Type 1 is an abundant material, easily isolated, encourages cell adhesion,
prol ongbs survival and procr eat Paamhbridgagaps
up to 4cm (Kehoe et al., 2012).

Limitations:
Long time for complete biodegradation (NeuraGen® = up to 48 months, Neuroflex™,
Neuromatrix™ = 8 months) and the requirement to use immunosuppression drugs as

unwanted immune responses were reported (Kehoe et al., 2012).

1.7.3.2.ii Porcine Small Intestinal Submucosa (Surgisis® Nerve Cuff (AxoGuard ™))

Porcine small intestinal submucosa is a flexible, strong, and cell-free collagen matrix
(Jernigan et al., 2004, Kehoe et al., 2012). Initial studies have suggested that small
intestinal submucosa (SIS) may act as a neural guide material for nerve regeneration
(Smith et al., 2004). The Surgisis® SIS Nerve Cuff is marketed as AxoGuard™ Nerve
Connector (Kehoe et al., 2012).

Advantages:
Produced in a xenogeneic host, offers suitable biomechanical support, and accelerates

cell proliferation.

Limitations:
No pre-clinical or clinical studies have been published yet to support the efficacy of this

material, high cost, and immune response in some cases.

39| Page



1.7.3.3 Synthetic Absorbable
1.7.3.3.i Polyglycolic Acid (PGA) (Neurotube®)

PGA is a highly crystalline, rigid thermoplastic polymer. Because of its high crystallinity,
it has perfect mechanical properties that help in regeneration. PGA starts to lose
strength in 1-2 months and loses total mass in 6-12 months (Kehoe et al., 2012; Pabari
et al., 2014; Rai et al., 2012). Neurotube® is the first synthetic absorbable with highly
porous nerve guide conduit that has received FDA approval. The results of two
published animal studies using Neurotube® are summarised in Table 1.5 (Kehoe et al.,
2012).

Due to the quantity and quality of clinical results and well as suitable cost, length, and
abil addi ti M e®askconsider@d 2o e r t 6 s
optimal synthetic conduit amongst surgeons (Kehoe et al., 2012, Meek and Coert,

avail Pty, 1n on to

2008). The results of most recent published clinical cases using this type of conduit are
summarised in Table 1.6 (Kehoe et al., 2012).

Table 1.5: Experimental data on Neurotube® (Modified from Kehoe et al.,

2012, pp. 562).
First author | Animal

Gap Control Results

size

Groups

NeuraGen® and nerve
graft groups
demonstrated obvious
differences in the
isometric muscle, axonal
counts, contraction force,
and wet muscle weights
compared to Neurotube®.
Electromyographic
evidence of intrinsic

Rat 15 NeuraGen® 15

15 Neurotube® | autografts

Waitayawiny 10mm

(2007)

Dellon Monkey | 30mm 8 graft Sural graft

(1988)

16 Neurotube®
(8 rigid/ and 8
mesh)

muscle recovery in 5/6
monkeys. No difference
in electrophysiology or
electron microscopy
between groups.
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Table 1.6: Clinical data on the use of Neurotube® (Modified from Kehoe et al.,

2012, pp. 563).

First author | Numbers Gap size | Complications Results
Rosson Range: None 100% return to useful motor
(2009) 6 repairs 15-40mm function.
By 2 years following the nerve
Donoghoe 2 patients; 30mm None reconstruction reported
(2007) 4 repairs discrimination with good
localisation in the thumb, index,
and middle finger. Both patients
recovered abductor pollicis
brevis function.
Dellon 1 patient; 25mm None The cutaneous pressure
(2006) 2 repairs threshold for 1-point static touch
was 0.7g/mm?2.
13 patients Range: 77% displayed very good results,
Battiston received 10-40mm and 18% displayed good results
(2005) muscle-vein None in the PGA group.
combined 76.9% displayed very good
NGCs. results, while only 23.1%
17 patients displayed good results in the
(19 repairs) muscle vein- combined group.
PGA Regarding functional recovery,
there was no difference between
the groups.
Navissano 7 repairs Range: None 1/7 very good, 4/7 good, 2/7
(2005) 10-30mm poor

Advantages: A large body of clinical data, reported to have comparable efficiency to

autograft (gold standard) in bridging up to 20 mm nerve gaps, high cell viability levels,

and initial mechanical properties are good.

Limitations: High rate of degradation, acidic degradation products, and low solubility.
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1.7.3.3.ii Poly p lactide-co-U-caprolactone (PLCL) (Neurolac®)

Poly p,. lactide-co-U-caprolactone (PLCL) is a hydrophobic semi-crystalline polyester.

Neurolac® is the only transparent nerve guide conduit approved by FDA (Kehoe et al.,

2012). Copolymerization with Poly (p-lactide) offers better acceleration of degradation

rate. The results of published experimental studies using Neurolac® are summarised in
Table 1.7 (Kehoe et al., 2012, Pabari et al., 2014).

Table 1.7: Experimental data on the use of Neurolac® (Modified from Kehoe et

al., 2012, pp. 563).

First | Animal | Gap Groups Control Results
author size
At 5 weeks, no betterment in nerve
regeneration was observed or even
Meek Rat 10mm 8 Not stated axon and myelin degradation. The
(2009) Neurolac® walls of NGC were swollen which in
turn blockage and cracks happened.
At 8 weeks, few myelinated nerve
fibres were observed distal to NGC.
After 12 weeks, some myelinated
nerve fibres were observed.
Proximal to the NGC, Neuromas had
occurred with fragmentation.
Nerve regeneration was evident in
Meek Rat 15mm 5 Non-operated | all rats after two years. Biomaterial
(2009) Neurolac® Nerve fragments with a 15mm maximum
diameter. Due to severe
automutilation, the functional
analysis was impossible.
No significant difference in
comparative functional assessment.
Luis Non-operated | No statistical difference was
(2007) Rat 10mm Direct injured nerves | observed for the number of
suture regenerated myelinated fibres
Neurolac® between the groups. A different
pattern of tube degradation did not
influence the degree of nerve
regeneration.
8 PDLLA- | Sciatic, right | Little fragments of material
Jansen e-CL nerve of the | remained, results a secondary
(2004) Rat 15mm NGC same animal | foreign body reaction. The structure
8 non- (non-operated | of the nerve and buildup of ECM
operated | contralateral | proteins without extensive scar
nerves side) tissue formation recovered long
(control) term.
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An experimental study by Shin et al. (2009) compared three types of conduits
(NeuraGen®, Neurotube®, Neurolac®) against autografts. The study reported that
Neurotube® had the poorest results for motor functions compared to the others (Kehoe
et al., 2012, Shin et al., 2009). A recent study by Reid et al. (2013) reported similar
numbers of myelinated axons at 18 weeks following sciatic nerve repair between both

autografts and PCL nerve conduits repairs in rat (Reid et al., 2013).

Advantages:

Easy fabrication, low cost, highly soluble in many organic solvents, non-toxic
degradation products (less acidic than PLA), randomised clinical trials report that
Neurolac® has comparable efficiency to autograft in bridging up to 20 mm nerve gaps,
and has the majority of pre-clinical data among FDA approved conduits (Kehoe et al.,
2012).

Limitation:

High rigidity (breakage of the conduits during suturing due to its rigidity has been
reported), inflexible, complications such as tissue reaction, swelling, fragmentation, and
collapse (Kehoe et al., 2012). Slow degradation, up to 4 years in some conditions (Rai
et al., 2012).

1.7.4 FDA Approved Materials
1.7.4.1 Polycaprolactone (PCL)

PCL is a synthetic biodegradable polyester that has great promise for clinical use as a
nerve guide conduit (Reid et al. 2013). It has shown good outcomes in many
experiment al studi es. I n Reid et aldés 2013 st
gap in sciatic nerve injury model of rat. The results of PCL repairs were similar to
autograft repairs in term of the volume of regenerated axons at 18 weeks postoperative.
Based on these reported data, PCL was used in this thesis using a promising
manufacturing process, Micro-Stereolithography [USL]. More details on PCL and uSL

can be found in Chapters 2, 3 and 5.
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1.7.4.2 Polyglycerol Sebacate (PGS)

Polyglycerol Sebacate (PGS) is a novel biodegradable polymer, first mentioned in 2002
as a good synthesised polyester for soft tissue engineering (Ameer et al., 2002, Rai el
at., 2012). The material was recently developed and used as a nerve guide conduit
because it has mechanical properties similar to those observed in the peripheral nerve.
PGS materialhasaYoung 6 s of®88uMPa which is very close to the peripheral
nerve (approximately 0.45 MPa). Also, it has a greater than 0.5 MPa ultimate tensile
strength and a fast degradation rate (complete resorption) was observed at day 60
(Sundback et al., 2005). In addition, PGS is inexpensive, translucent, and not rigid

(possible to use suture through it).

In a study by Sundback et al. (2005), PGS was compared to poly-lactide-co-glycolide
(PLGA) implanted in the sciatic nerve. Although the results demonstrated that PGS and
PLGA caused the same early tissue responses, the inflammatory responses evoked by
PGS continued to reduce while in the PLGA group it spiked later. Also PGS had
significantly lower fibrosis and without notable swelling during the time of degradation
(Sundback et al., 2005). More details on PGS can be found in Chapter 6.

1.8 NEUROPATHIC PAIN

One of the big challenging in the peripheral nerve injuries is the development of
neuropathic pain even after repair. The sense of pain is extremely valuable for survival
as it has a protective role; it tells us of any actual injury and keeps the damage to a
minimum level through actions such as avoidance of use or seeking help. However, this
is changed when the pain becomes chronic, which is considered to be a disease
(Dworkin et al., 2010, Mika et al., 2013, Monkhouse and Ali, 2013, Woolf and Mannion,
1999). In cases where the tissue damage is sudden, reversible pain hypersensitivity is
established in the affected tissues and surrounding areas (Woolf and Mannion, 1999).
This process acts as a guard for the affected area because it prevents any contact with

it until healing has occurred. On the other hand, persistent pain syndromes have no
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biological function, which in turn leads to suffering and distress. Such pain commonly

occurs due to damage to the nervous system (PNS, dorsal root ganglion/dorsal root, or

CNS), and is termed neuropathic pain (Woolf and Mannion, 1999). Neuropathic pain

was defined by the International Associati on
initiated or caused by a primary | eTseedert or dy
al., 2008, pp. 1630). This definition is useful to distinguish neuropathic pain from other

types of pain; however, the definition has some limitations as it lacks both anatomic

precision and diagnostic specificity. For that reason, the definition of neuropathic pain

was replaced and redefined as O0O0¢pfailesionarri si ng
di sease affecting t he somat os €008,0pp.y163%)y st e mod
Neuropathic pain leads to extreme secondary changes in the whole nervous system
(Mikaetal,2013) . I't has been described aschéaot he r
nerve wound may i nf |2014)t Ghi@nic(pdinisgyegher nauropathi€ orn g h
nociceptive in origin, and it is considered to be maladaptive (Monkhouse and Ali, 2013)

(Table 1.8).

Table 1.8: IASP pain definitions (Monkhouse and Ali, 2013, pp.426).

An unpleasant sensory and emotional experience associated with actual
or potential tissue damage or described in terms of such damage
Awareness of noxious signalling from recently damaged tissue,
Acute pain complicated by sensitisation in the periphery and within the central
nervous system

Pain without biological value that has persisted beyond the normal tissue
Chronic pain healing time (usually taken to be 3 months). This may be nociceptive or
neuropathic in origin

Pain caused by a lesion or disease of the somatosensory nervous
Neuropathic pain | system. It is a clinical description (not a diagnosis) which requires a
demonstrable lesion or a disease that satisfies established neurological
diagnostic criteria

Pain that arises from actual or threatened damage to non-neural tissue
Nociceptive pain | and is due to the activation of nociceptors (high-threshold sensory
receptors of the peripheral somatosensory nervous system that are
capable of transducing and encoding noxious stimuli)

Pain
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Girlon et al. predicted that the prevalence of neuropathic pain is approximately 3% of
the population (Gilron et al., 2006). It is believed that it is multi-factorial with many
mechanisms working at multiple sites; one mechanism could be responsible for many
different symptoms. Furthermore, one symptom may result from more than one
mechanism. Lastly, the same symptom in two different patients could be caused by
different mechanisms, and these mechanisms could change over time (Monkhouse and
Ali, 2013, Woolf and Mannion, 1999). This results in the development of a great
variation in the degree, type, and duration of pain in patients with the same clinical
diagnosis (Monkhouse and Ali, 2013). Thus, it is impossible to predict which mechanism
is responsible for causing pain in patients with neuropathic pain based on the aetiology
of the neuropathy or nature of the symptoms. In addition, it is hard to select the proper
management without knowing the responsible mechanisms (Woolf and Mannion, 1999).

Neuropathic pain is classified depending on either the aetiology that affects the nervous
system or the anatomical allocation of the pain. Although this classification is used as a
differential diagnosis of the neuropathy, it has no role in the clinical management of the
pain (Woolf and Mannion 1999). A patient with neuropathic pain suffers from a stabbing,
sharp, electric shock or shooting pain characterised by one or more positive/negative
features of neuropathic pain (Tables 1.9 and 1.10) (Monkhouse and Ali, 2013, Nickle et
al., 2012). Although neuropathic pain may be diagnosed and classified solely on the
basis of history, clinical examination is required as in other neurological diseases
(Treede et al., 2008).
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Table 1.9: Definition of common positive symptoms of neuropathic pain (from
Monkhouse and Ali, 2013, pp.427).

Hyperalgesia

Increased perceived pain from a stimulus which is normally painful.

Allodynia

Pain resulting from a stimulus that would not normally provoke pain.

There is an implicit change in the sensory quality of the stimulus.

Dysaesthesia

Unpleasant abnormal sensations, whether spontaneous or evoked

(includes allodynia and hyperalgesia) .

Paraesthesia

An abnormal sensation, but not unpleasant or painful, whether

spontaneous or evoked.

Hyperaesthesia

Increased sensitivity to stimulation (includes hyperalgesia and allodynia)

Hyperpathia

Abnormal pain response (i.e. explosive, unusual radiation, extreme
severity) to stimuli (often repetitive) applied to an area of decreased

sensitivity (i.e. denervated).

Table 1.10: Definition of common negative symptoms of neuropathic pain (from
Monkhouse and Ali, 2013, pp.428).

Hypoaesthesia Decreased sensitivity to stimulation.

Hypoalgesia Decreased sensitivity to painful stimuli.
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1.8.1 Mechanisms of Neuropathic Pain
Although several mechanisms of neuropathic pain have been elucidated during recent
years, the complete picture has not resolved yet. Here is an explanation of 4 classes of

maladaptive changes that occur following nerve injury.

1.8.1.1 Sensitization of Nociceptors

Nociceptors are receptors with stimulus-specific variant modalities that located at the
nerve endings of both thin myelinated Al and un-myelinated C fibres (Cohen and Mao,
2014, Meacham et al., 2017, Nickel et al., 2012). They are activated and modulated by
exogenous or endogenous substances. The endogenous substance includes
inflammatory mediators (prostaglandins and bradykinin), growth factor (nerve growth
factor) and neurotransmitters (histamine, serotonin and noradrenalin) (Figure 1.13A)
(Liu and Yuna, 2014, Meacham et al., 2017, Nickel et al., 2012).

After axonal damage, pro-inflammatory cytokine mediators (interleukins and tumour
necrosis factor U), prostaglandins, bradykinin, and nerve growth factor (NGF) are
released. It is believed that hyperalgesia is associated with increased NGF levels
(Nickel et al., 2012, Tsuda et al., 2017). Neuropathic pain is associated with increased
activation of a number of intracellular signalling pathways including protein kinases (e.g.
mitogen-activated protein kinase, MAPK), nitric oxide, and 2" messenger (e.g. cyclic
AMP). These signalling pathways initiate structural and functional changes that are
linked to the development of persistent pain (Nickel et al., 2012).
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Figure 1.13.Synopsis of mechanisms contributing to neuropathic painSénsitization of
nociceptor. B) Abnormal ectopic extbility of afferent neurons. C)Facilitation of
pronociceptor at the spinal dorsal harD) Disinhibition of nociceptors (see text for detail
(Nickel et al.2012, pp.83).

1.8.1.2 Abnormal Ectopic Excitability of Afferent Neurons

Positive symptoms of neuropathic pain are caused by abnormal excitability of afferent
neurones (Meacham et al., 2017). The mechanisms leading to the development of this
activity are complex and a wide range of molecules have been implicated, some

examples are described below.
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Sensory neurones express two classes of sodium channels; the first class is sensitive to
tetrodotoxin (TTX-S), and is responsible for the initiation of the action potential. These
channels are fast acting and found in all sensory neurones. The second type is
insensitive/resistant to tetrodotoxin (TTX-R), and has slower activation and inactivation
kinetics than TTX-S. TTX-R channels exist only in nociceptor sensory neurones and
they are implicated in pathological pain (Nickel et al., 2012, Novakovic et al., 1998,
Patel and Dickenson, 2016).

Following nerve injury, the concentration of both sodium channel types will increase at
the site of the injury and along the axon length, which in turn leads to foci of
hyperexcitability and production of ectopic action potential discharge in both cell body
and axon of the affected sensory neurons (Nickel et al., 2012, Woolf and Mannion,
1999). Another type of channel involved in the development of neuropathic pain is Ca™
channels (Figure 1.13B). They are expressed at a high level following neural damage,
leading to increased excitability and sensitization. Activation of voltage-gated Ca™™"
channels leads to the release of neurotransmitters and neuropeptides for example
Glutamate and substance P. Development of allodynia correlates with increased
expression of the U204 subunit of voltage-gated Ca™ channels in dorsal root ganglia
(DRG). Blockage of Na* or Ca™* channels is believed to reduce neuropathic pain (Nickel
et al., 2012).

1.8.1.3 Pronociceptive Facilitation at the Spinal Dorsal Horn

Primary afferent AU and C fibres terminate at spinal projection neurones and
interneurons, types of spinal dorsal horn neurones. The thalamus and parabrachial area
are innervated by spinal projection neurones, while interneurons serve many functions.
These interneurons provide a polysynaptic connection between primary afferent fibres
and lamina | projection neurones. In addition, they modify synaptic transmission at the
spinal dorsal horn (Meacham et al., 2017, Nickel et al., 2012) (Figure 1.13C).

The main excitatory transmitter in the CNS is glutamate. Glutamate receptors can be
classified into three types implicated in the transmission of signals in peripheral pain.
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One metabotropic G-protein coupled glutamate (mGIuR) receptors, and two ionotropic
receptors; U-amino-3-3hydroxyl-5-methyl-4-isoxazeloproprionoc acid (AMPA) and N-
methyl-D-aspartate (NMDA) ( D6 Me |l | o and 2003, Midked rets a.,n 2012).
MGIuRs are subdivided into three classes. Receptors in group [, which includes
MGIuR1 and 5, activate phospholipase leading to enhance the synaptic transmission as
well as neural discharge. On the other hand, Receptors in group Il, which includes
(mGIuR2 and 3), and group Ill, which includes (mGIuR4, 6, 7 and 8), inhibit the adenylyl
cyclase and decrease transmission of nociceptive signals (Pan et al., 2008). Activation
of AMPA receptors mediates the basic respond to acute painful stimuli. NMDA
receptors can be blocked by Mg*". This blockage can be released by repetitive
depolarization caused by amplification and prolongation of noxious input into the spinal
dorsal horn. Disinhibition of NMDA is also caused by the neuropeptides substance P
and calcitonin-gene related peptide (CGRP), which are found in C fibre terminals.
Moreover, activation of nitric oxide synthetase (NOS), mitogen-activated protein kinase
(MAPK) pathway and protein kinase A and C (PKA, PKC) may induce synaptic plasticity
(D6 Mel | o an,d2008, WodfemdsSalter, 2000). These mechanisms lead to
increased excitability of nociceptive central neurones, which in turn become activated
not onl y bybre€b watn da IAdiGbresq Yhis &xXplains the extension in the
receptive field of nociceptor fibres in the periphery and increased stimulus-evoked
painful sensation (Meacham et al., 2017, Nickel et al., 2012). Several recent studies
have also described a significant role for spinal glial cells in the pathogenesis of

neuropathic pain (see section 1.8.2.1).

1.8.1.4 Disinhibition of Nociceptors

The activation of neurones in the dorsal horn projecting into the central system has an
important role in pain perception. It is depended on a number of inhibitory factors, such
as descending inhibitory noradrenergic and serotonergic pathways (Figure 1.13D).
Glycinergic and GABAergic synapses exert inhibitory effects at the spinal dorsal horn.
Inhibitory synaptic transmission by glycine and GABA has been shown to reduce in

neuropathic pain. This leads to disinhibition of nociceptive input which in turn increases
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the pain sensation. Expression of dynorphin, an endogenous opioid peptide, in inhibitory
interneurons could decrease their activity. It is reported that dynorphin acts on
bradykinin receptors. The use of spinal cord stimulation (SCS) therapy is believed to
improve inhibitory GABAergic signalling (Nickel et al., 2012). Following nerve injury, the
balance of excitatory and inhibitory control is shifted and excitatory mechanisms are

strengthened while inhibitory mechanisms are weakened in neuropathic pain (Trang et

al., 2012).

1.8.2 Glial Activation in Neuropathic Pain

Although the mechanisms underlying the maintenance and persistence of neuropathic
pain are still unclear, spinal glial activation has been reported and implicated as a key
regulator in many recent studies (Mika et al., 2013). Glial activation is a part of the
classic immune defence that acts to protect the body (Figure 1.14) (Imamato et al.,
2013, Liu and Yuan, 2014, Mika et al., 2013). Glia account for approximately 70% of
cells in the nervous system, and can be divided into microglia and macroglia. In the
resting condition, glial cells are quiescent. In contrast, following peripheral nerve injury,

glial cells become activated and release numerous pro-inflammatory factors (Liu and

Yuna, 2014, Mika et al., 2013).
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1.8.2.1 Role of Microglia in Neuropathic Pain

The immune system is represented at the spinal cord level by the microglial cells. Under
normal conditions, microglia account for around 5-20% of all glia cells. Microglial cells
can be activated 24 hours after nerve injury at the dorsal horn and remain activated for
approximately 12 weeks (Liu and Yuan, 2014, Mika et al., 2013). Following injury,
microglia adopt an amoeboid-like structure and undergo proliferation at the ipsilateral
spinal dorsal horn (Trang et al., 2012). The onset of pain symptoms (e.g. hyperalgesia
and allodynia) is believed to be associated with microglial activation (Coyle, 1998, Liu
and Yuan, 2014, Mika et al., 2013, Tanga et al., 2004).

Microglia-neuron interaction mediated via ATP-gated P2-receptors, has an essential
role in the pathogenesis of nerve injury-induced neuropathic pain. ATP is an
endogenous ligand of the P2 receptor family; these receptors are expressed by
activated microglia, and divided into ionotropic (P2X) and metabotropic (P2Y) receptors.
Microglial expression of P2Y receptors includes P2Y1, 2, 4, 6, and 12 receptor
subtypes, and they are coupled to intracellular 2" messenger systems via heteromeric
G protein. On the other hand, microglial expression of P2X receptors consists of only
two receptors subtypes, P2X4 and P2X7, and they are non-selective cation channels
permeable to K*, Ca™, and Na" (Liu and Yuan, 2014, Trang et al., 2012).

A number of molecules have been implicated in the upregulation of P2X4Rs including:

Fibronectin, Chemokine (C-C motif) ligands (CCL21), interferon O(IFN), tryptase. ATP

stimulation of P2X4Rs leads to influx of extracellular Ca*™, which in turn induces the
phosphorylation and activation of activation of P38 mitogen-activated protein kinase

(P38 MAPK)particularly the b isoform expr20l8sed by
Trang et al., 2012) (Figure 1.15).

3| Page



@ _ P2Y12

Figure 1.15. The role of P2X4, P2X7, and P2Y12 receptors signaling in ac
of p38 MAPK and release of BDNIRafg et al., 2012, PP. 359

Activation of p38 MAPK leads to synthesis and release of brain-derived neurotrophic
factor (BDNF) by the microglial cell. BDNF is a cellular pain signal between microglia
and neurones in the spinal cord, and causes disinhibition of nociceptive dorsal horn
neurones by disrupting intracellular CI” homeostasis (Beggs and Salter, 2013, Trang et
al., 2012). Disinhibition of microglia-neuron signalling improves excitatory synaptic
transmission at spinal dorsal horn to transform the output of the nociceptive network
(Beggs and Salter, 2013, Trang et al., 2012). In addition to P2X4R, activation, both
P2X7 and P2Y12 receptors also signal via P38 MAPK. P2X7R-P38 MAPK signalling
assists in the releasing of interleukin-l b and <cathepsin S, whi ch a
maintenance of mechanical hypersensitivity. Although microglia express many of
P2YRs, only the P2Y12R has been reported, so far, to have a role in neuropathic pain.
The mechanism of P38 MAPK activation by P2Y12 remains unclear (Liu and Yuan
2014, Trang et al., 2012). Blockage of P2X4R has been reported to decrease the
microglial BDNF level, impairing the signalling of BDNF in spinal cord, and preventing

the development of mechanical allodynia after nerve injury (Liu and Yuan, 2014).
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Implication of microglial activation has been reported in many models of neuropathic
pain such as chronic constriction injury (CCIl) (Mika et al., 2009), partial sciatic nerve
ligation (PSNL) (Coyle 1998), spinal nerve injury (Tsuda et al., 2003), and spared nerve
injury (SNL) (Beggs and Slater, 2007).

1.8.2.2 Role of Macroglia in Neuropathic Pain

Astrocytes, star-shaped cells, are the most abundant macroglial cells in the nervous
system (Liu et al.,, 2011, Mika et al., 2013). Increased astrocyte activation on the
affected side of the spinal cord following sciatic nerve injury was first observed by
Garrison and colleges in rat (Mika et al., 2013, Garrison et al., 1991). As mentioned
previously, microglia are implicated in the early stages of the development of pain;
activated astrocytes were observed at 3 days and this continues up to 12 weeks post-
injury, and is thus proposed to be implicated in the persistence of pain (Liu and Yuan,
2014, Mika et al., 2013, Romero-Sandoval et al., 2008).

Astrocytes act as bridges in the CNS, between microglia, neurones, oligodendrocytes,
and astrocytes themselves. Pro-inflammatory cytokines, especially interleukin-1 (IL-1),
play an essential role in microglial-mediated activation of astrocytes. IL-1 is
characterised by fast release in pathological conditions and the ability to upregulate
other inflammatory cytokines (Liu et al., 2011). Is believed that microglia are the only
source for IL-1 in the CNS (Herx and Yong, 2001, Liu et al., 2011). Astrocyte activation
depends on the endogenous IL-1 (released from microglia) or exogenous administration
(Liu et al., 2011).

The main job of astrocytes is the uptake of Gamma-aminobutyric acid (GFAP) and
extracellular glutamate found in the synaptic region via astrocytic transporters. Induction
and persistence of pain mainly depend on the reduction in uptake activity of glutamate
transporters (Mika et al., 2013). IL-1 dose-dependently inhibited the uptake of glutamate
by astrocytes, which in turn leads to increase the levels of glutamate that could exert
over excitation of neurones. Moreover, free radicals are released from astrocytes

activated by IL-1. Besides IL-1, IL-18 also has a role in activation of microglia/astrocytes
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(Figure 1.16) (Liu et al., 2011). It has been reported that IL-18 and IL-18R express at
the spinal dorsal horn, and were upregulated in hyperactive microglia and astrocyte
respectively, after nerve injury. Inhibition of IL-18 signalling pathways suppressed injury-

induced tactile allodynia, and decreases the phosphorylation of nuclear factor KappaB

in astrocytes (Liu et al., 2011).
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Figure 1.6. Intercommunication betweenmicroglia/astrocyte activation. Activated

microglia assess facilitates the activation of astrocytes byigftammatory cytokines (suct
as IL1). Activated astrocytes promote distant microglial activation through calcium wi
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Activated astrocytes promote distant microglial activation through calcium waves
(Figure 1.16) (Liu et al., 2011). Upon the activation of astrocytes, the cytosolic Ca™
increased and propagated among astrocytes, called a calcium wave. The main
responsible messenger for this is ATP, which could mediate astrocyte-to-microglia
communication. Several studies showed that ATP released from activated astrocytes
during calcium wave propagation leads to the activation of microglia (Liu et al., 2011).
ATP-derived from astrocytes induces vesicle formation in local microglia facilitating
microglial phagocytosis. In contrast, ATP-degrading enzyme apyrase and P2X7
receptor antagonists have been shown to inhibit this process. Astrocytic Ca™ signalling
and the ability of astrocytes to propagate long-distance Ca** waves contribute to the

activation of distant microglia (Liu et al., 2011).

Activated astrocytes have an inhibitory effect on microglia by decreasing the production

of NO, TNF-U , and reactive oxygen species (ROS)
that transforming growth factor beta (TGF-b ) , whi ch i s rpduedlbymi nant

astrocytes, reduces microglial activation. TGF-b i nhi bits the activat:i

downregulating the expression of molecules that are associated with antigen
presentation and production of NO, pro-inflammatory cytokines, and oxygen free
radicals (Liu et al., 2011). The role of oligodendrocytes and radial cells, types of

macroglial cells, in nociceptor transmission is still not established (Mika et al., 2013).

1.9 STRATEGIES FOR IMPROVING PERIPHERAL NERVE REGENERATION

There are currently established several strategies to promote axon regeneration. Some
of these strategies include biomolecular based therapies, cellular based therapies such
as the use of macrophages to clear debris. Cellular transplantation is another strategy
such as modified fibroblasts, Schwann and stem cells (Alovskaya et al., 2007).
Reducing the amount of scarring and inflammation at the site of peripheral nerve repair
is considered to be an alternative approach to improve the regeneration of peripheral
nerves. Some of these strategies have already been used with conduit repairs (Figure
1.12).
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1.9.1 Scarring of Injured Peripheral Nerves

Scarring is important for natural wound healing process; however, the presence of scar
tissue formation around the site of injury can impede the regeneration process (Graham
et al.,, 1973, Lane et al., 1978; Sunderland, 1978). This applies to the degenerative and
regenerative processes described in 1.5.1 and 1.5.2, intraneural scarring leads to
increased deposition of collagen that can be detrimental to these two processes and
results in an impediment of the regenerating axons and the restoration of the continuity

of the nerve.

Proof of this concept was provided by Atkins et al. (2006b) who reported that better
recovery is associated with the reduction of scar formation at the site of nerve repair.
They compared the regeneration of the sciatic nerve in two transgenic mice strains with
an increased propensity for scarring [IL-4L/IL-10 null mice] or decreased propensity for
scarring [M6PR/IGF2 null mice] and compared them to normal mice. It was reported
that the peripheral nerve regeneration (compound action potential ratio) of IL-4L/IL-10
mice reduced because of increased the scarring when compared to normal mice. In
contrast, peripheral nerve regeneration of M6PR/IGF2 mice was enhanced when
compared to normal mice (Atkins et al., 2006b).

1.9.1.1 Transforming Growth Factor and its Role in Scarring

Transforming growth factor-b (TGF-b) is a cytokine strongly linked to the repair of
damaged tissue. Several cytokines are involved in dermal wound healing, but TGF-b
has the widest range of activity among these agents and affects all healing process
phases (Harding et al., 2014, Roberts and Sporn, 1996, Shah et al., 1992, Shah et al.,
1995). TGF-b has many pivot al roles in nerve
as a stimulator for chemotaxis of monocytes (macrophages after entering tissue), which
helps in Wallerian degeneration. Also it turns Schwann cells from an inactive state to a

proliferative state, this may encourage neurite outgrowth (Einheber et al., 1995).
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TGF-b is produced in three iso-forms, named TGF-b 1 TGF-b 2 allb 3. T@Fsb

is a multifunctional cytokine, each iso-form has special biological abilities and actions.

TGF-b1 is the most abundant type that I's founc
fibroblasts and macrophages, causes angiogenesis and formation of granulation tissue,

and reduces degradation of extracellular matrix (Roberts and Sporn 1996, Williams et

al.,1992). TGF-b2 i s found mainly in bodil yTG@FbWi.d and
TGF-b 3is implicated in the migration of cells and the restoration of natural dermal

appearance (Ferguson and O 0 K a,2@04).

It has been reported that the ratio of TGF-b iso-forms is different between adult and

embryonic wounds. It is reported that adult wounds, healed with scar tissue formation,

contain high levels of TGF-b 1 aTGH-b2 wi t h | oWsF-b 8 Orethesother f

hand, embryonic wounds healed with an absence of scarring as well as lower
inflammatory and cytokines response, contain low levels of TGF-b 1 alE-b 2 wi t h

high levels of TGF-b 3 ( Fer guson and O6&6Kane, 2004, Whi t b
three iso-forms are found in Schwann cells in uninjured and injured peripheral nerve,

and their ratios in injured nerve are comparable to that found in injured dermal tissue

(Rufer et al., 1994).

1.9.1.2 Manipulation of TGF-b

Investigations have suggested that manipulation of TGF-b i n adult wounds m
embryonic wounds and result in a reductonof scarring (Ferguson anc
Shah et al., 1992, Shah et al., 1995). Our raised understanding of scarring opens a new

approach to reduce it by targeting the impact of TGF-b , and this may be a
inhibitionof TGF-b 1 alGEb 2 and/ or exogen®d@FbH3application

Exogenous additon of TGF-b 3 pept i de whysFergusont B o de @qZB4a n e

and Shah et al. (1995) as an approach to reduce scarring in skin via a decrease in the

levels of monocytes and macrophages in addition to the deposition of collagen | and Il

Il n contrast, i n At ki nsot decreaseliniraneu?ad wafringsor udy i t
enhance the nerve regeneration. They concluded that the TGF-b 3concentration used in
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the study was not sufficient. Another approach to reduce scarring has been the

neutralising of TGF-b1 aTG&#-b2 usi ng an tinisbradiahiok reeutralishhd m
antibodies to TGF-b 1 aTeEb 2 was reported tneurarseadingcire s ki n.
many studies. | n Shah et al s 1992 study, a group
neutralising antibody (NA) to TGF-b and compared to groups injected with TGF-b,

irrelevant antibody, and non-injected group. Their results showed that the skin wounds

healed without scarring in treated-NA group, while in the other groups the skin wounds

healed with scar tissue formation. In addition, the results also reported that the level of
macrophage, collagen, blood vessels were lower in the NA-treated group. However,

more natural dermal architecture and similar tensile strength compared to other groups

were present. They concluded that early manipulation of TGF-b concentration using

relevant antibodies was a novel approach to control the level of scar tissue formation

(Shah et al., 1992).

A study by Davison et al. (1999) reported that neutralising antibodiesto TGF-b 1 hel ps t o
reduce the scarring at the site of nerve injury as well as the regeneration was improved.
Whereas, the outcomes of a study by Atkins et al. (2006a) mentioned that neutralising
antibodies to TGF-b1 aTG#-b2 reduced the scartherthan but [

improved, nerve regeneration.

1.9.1.2.i Neutralising of TGF-b  bAgdition of Mannose-6-Phosphate

Neutralising of TGF-b i n o recrease the amouht of scarring formation at the site
of injury by using anti-s car ri ng a g eManmose-6-Bhosphate @I6P), is an
alternative approach to improve regeneration. There are two identified M6P receptors;
~46-kDa cation-dependent MPR (CD-M6PR) and ~300-kDa cation-independent
MPR/insulin-like growth factor-Il (IGF-II) receptor (CI-M6PR). M6P is a molecule which
binds to CI-M6PR and inhibits the activation of latent TGF-b (Ghosh et al 2003). TGF-b
is produced from cells and stored in the extra-cellular matrix as an inactive complex
bound to the latency-associated protein (LAP), and unable to bind directly to its

receptors (Roberts and Sporn, 1996). CI-M6PR is reported to facilitate the activation of
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latent TGF-b as it has sever al Zhbng etdl., 2015). Binding sf f or L
TGF-b-LAP to CI-M6PR leads to separationof TGF-b f r om L-BBPca@ GFhen bin
the TGF-b r ecept or ( Del991i,iRsebertsardl Sgoin,f1%96)nHence, M6P is

considered a competive inhibitor of latent TGFb activation (Figure 1.17).

Latent TGF-p
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' Active TGF-[3
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Unoccupied M6P Occupying  Latent TGF-B Occupying  TGF-Receptor
MePR MBPR MEPR

Figure 117. Diagram illustrating the role of M6P in preventing the activation of latentiTC
as it competes with latent TGF F2 NJ | 00Saa (2 2e14). NBOS LI

A series of studies performed by McCallion and Ferguson (1996) investigated the
potential use of M6P as a scar reducing agent and compared it to M1P. Deposition of
collagen was observed at an early time point in both groups. At 7-days post-injury, lower
macrophage and monocyte infiltration was reported in M6P compared to M1P-treated
wounds, in addition to significant reduction of scar formation in M6P-treated wounds.
Several mechanisms have been suggested by which M6P might reduce scar formation:
A) Inhibition of latent TGF-b activation

B) Reduction in the cellular sequestration of platelet-released TGF-b by cells at the site
of injury.

C) Inhibition of formation of the large latent TGF-b complex by prevention of latent

TGF-b binding protein polymerization to the LAP at the M6P receptor.
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D) Induction of changes in the number or state of activation of inflammatory cells

recruited to the wound site.

Recent studies by Ngeow and colleagues (2010, 2011a) have investigated nerve
regeneration following M6P treatment. The results showed a significant improvement of
peripheral nerve regeneration at an early stage (6 weeks) following M6P treatment.

More details on M6P can be found in Chapter 4.

1.9.1.3 The Effects of Anti-inflammatory Agent in Scarring

The process of wound healing starts with the early inflammatory phase and finishes with
scar maturation. Because of this, the use of anti-inflammatory agents as scar reducing
agents has been established. Many studies have been carried out in our laboratory to
investigate potential nerve injury treatment with therapeutics that help to reduce scar
formation at the site of injury via their anti-inflammation effects (Atkins et al., 2007,
Ngeow et al., 2011b). Etanercept, a decoy tumour necrosis factor alpha (TNF-U)
receptor which binds and removes any TNF-U in the sample, is a new approach that

was used and investigated in this thesis (Chapter 5).

1.9.1.3.i Etanercept

TNF-U is a pro-inflammatory cytokine that mediates several immune functions. It is

secreted by many cells, especially fibroblasts, monocytes, and activated macrophages

(Khan et al., 2005, Weinblatt et al., 1999). TNF-U has an i mportant r
pathogenesis of many diseases, particularly rheumatoid arthritis (RA) (Weinblatt et al.,

1999).

Etanercept is a genetically engineered fusion protein that binds with type II TNF
receptors that acts to diminish the effectiveness of TNF-U . It h anan TNMO h u
receptors; TNFR1 (p55) and TNFR2 (p75) that merged with the Fc domain of human

IlgG1, then binds and inactivates the TNF. Neutralising of TNF-U r e c¢ ehpstbeen s
reported to reduce the activity of RA (Mease et al., 2000, Weinblatt et al., 1999). Two
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previous studies demonstrated a significant benefit with minimal toxicity when using
etanercept in patients with RA, who failed to respond to other drugs (Moreland et al.,
1997, Moreland et al., 1998, Weinblatt et al., 1999). Additionally, TNF signals trigger a
number of intracellular events resulting in the activation of transcription factor nuclear
factor-AB (NF-AB), which is implicated in the suppression of apoptosis of several cells in
the inflammatory responses. Hence, blocking of TNF can inhibit the activation of NF-AB
and increase apoptosis of inflammatory cells which in turn decreases the inflammatory
response (Chan et al., 2000, Khan et al., 2005). There is a considerable potential for the
use of etanercept s in enhancing nerve regeneration as they have a significant role in
reducing inflammation that has a strong link in reducing scarring, in addition to their

minimal toxicity. More details can be found in Chapter 5.

1.9.2 The Use of Genetically Modified Mice in Peripheral Nerve Repair

The use of standard animal model to assess nerve regeneration required the harvested
nerve to be cut into thin sections and specific staining performed in order to enable the
axons to be visible using the microscope, and even after staining it is impossible to
trace the axons as the sectioning process will produce loss in axon continuity.
However, when using certain genetically modified animals, axons can inherently
fluoresce and the harvested nerve can be directly placed under the fluorescent
microscope as the axons are visible without the requirement for additional processing.
In addition, fluorescent proteins produce strong fluorescent signals (Unezaki et al.
2009; Yan et al., 2011).

The discovery of the jellyfish green fluorescent protein (GFP) as a vital stain and a
valuable marker of gene-expression helped to make it possible to stain specific
components of living cells (Feng et al., 2000). A study by Feng et al. (2000) generated
transgenic mice expressing green (GFP), yellow (YFP), red (RFP), and cyan (CFP)
fluorescent protein (collectively termed XFPs) all incorporating similar regulatory
elements [from the thyl gene]. All of these four variants satisfactorily label neurons in

vivo, and they have no discernible impact for up to 9 months upon synaptic structure. All
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strains of the four variants labeled specific neurons entirely, including dendritic spines,

dendrites, nerve terminals and axons (Feng et al., 2000).

To be able to generate the transgenic mice, a modified thyl vector was used to delete
exon 3 and the introns alongside using Xhol restriction enzyme for the purpose of
replacing the deleted region with a transgene (i.e. YFP) (Figure 1.18) (Caroni 1997,
Feng et al., 2000). A fertilised mouse oocyte was injected with the modified thyl vector
that contained the relevant fluorescent protein transgene. Animals positive for the

transgene were then used to found strains (Feng et al., 2000).
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Figure 1.18 Schematic presentation of thHy gene modification. Top: thY gene before
removal of exon 3and the intronsalongside usingXholrestriction enzyme. Bottom: thy-1
gene after replacing deleted region by chosen transgarmace (Caronil997).
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Each XFP transgenic mouse strain expresses a unique heritable pattern of fluorescent
protein because of the chromosomal integration and/or copy number of the transgene
are different. As a result, groups of neurons are labelled by XFP in some lines, allowing
analysis of processes (e.g. axonal guidance, neuronal migration, synaptogenesis and
dendritic growth). Two factors play a vital role in this variation; the percentage of
neurons found in specific tissues and the intensity of the XFP labelling (Feng et al.,
2000).

Among all the different colour variants that were used to generate strains of thyl-XFP
expressing mice, YFP (thyl-YFP-H) has proven the most popular in experimental
studies compared to the other strains (Feng et al., 2000, Pateman et al., 2015, Sabatier
et al., 2008). The thyl-YFP-H mice were generated by Feng et al. (2000) and have
been used with excellent results in many nerve regeneration studies (Groves et al.,
2005, Harding et al., 2014, Pateman et al., 2015). Thyl is an immunoglobulin that is
expressed by projection neurons in the nervous system as well as non-neuronal cell
types (Feng et al., 2000, Morris, 1985). Early transgenic examination discovered that
both expression (neural and non-neural) rely on special genomic elements, and that
deletion of a specific intron selectively abolishes expression in non-neural cells (for
details, Vidal et al., 1990). A construct without this intron has been effectively used to
oV er e x p-galdosidade and growth-promoting molecules in neurons with lower
non-neural expression (Caroni, 1997, Kelley et al.,, 1994). The thyl-YFP-H strain
expresses limited yellow fluorescent protein in a subset of axons, and for the entire
length of these axons (Figure 1.19) (Feng et al., 2000, Groves et al., 2005). As this
strain has limited number of axons expressing YFP, it means that the density of
fluorescent axons is reduced in the peripheral nerve. Thus, individual axons are easier
to identify and trace in this strain. Approximately 2.6% of all sensory axons are YFP
labelled [based on 122.6 YFP labelled axons out of 4625 in the L4 spinal nerve (Lieble
et al., 1997)] was calculated by Groves et al (2005). Also, they reported that sensory
axons make up around 58% of all labelled axons. Another study by Witze et al. (2005)
reported that 72% of YFP labelled axons in the sciatic nerve were sensory axons and
28% were motor axons.
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Figure 1.19: Patterns of transgene expression irRltFP lines showing that ¥Amas fewer
numbers of labelling than others. All = expression in >80% of neurons; many = express
10-80%; few = expression in <10%. RGC = retinal ganglion cells; INL = inner nuclear
the retina [A = amacrine cells, B = bipolar cells, M = Muller cells]; SG@eros cervical
ganglion; DRG = dorsal root ganglion. Modified from (Feng, &0&I0)

All the experimental studies reported in this thesis were performed using thyl-YFP-H

mice model for the following reasons:

A) No staining process is required as the axons are visible under the fluorescent
microscope.

B) This strain has proven the most popular and used successfully in several nerve
regeneration studies among others XFP. In addition, all similar studies in our laboratory
are using this mice strain

C) The labelled axons remain for up to 9 months upon the synaptic structure.

D) Individual axons are easier to identify and trace as the expression of YFP is limited to

a subset of axons.
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1.10 GENERAL AIMS AND OBJECTIVES

The overall aim of this project is to use thyl-YFP-H mice to investigate efficacy of nerve
repair, and the potential for the development of neuropathic pain, following a range of

different repair methods. The specific aims were:

1 To develop methodology to quantify spinal cord glial activation, and to investigate
whether the efficacy of different types of conduits, in terms of supporting nerve
regeneration, influences the degree of glial activation and therefore the potential
development of neuropathic pain [chapter 3].

1 To determine whether an anti-scarring agent (M6P) enhances nerve regeneration
and/or decreases the potential for development of neuropathic pain using an
easy method of application (incorporated within fibrin glue) [chapter 4].

1 To determine whether nerve conduit repair in conjunction with an anti-
inflammatory agent (etanercept) vs nerve conduit repair alone enhances nerve
regeneration and/or decreases the potential for development of neuropathic pain
[chapter 5].

1 To determine whether nerve conduits constructed from polyglycerol sebacate
support nerve regeneration and/or decrease the potential for the development of

neuropathic pain compared to graft repairs [chapter 6].

Many of the protocols for these experimental studies were based on previous studies
undertaken at the School of Clinical Dentistry, University of Sheffield and have been
previously described by Atkins et al. (2006a, 2007) and Harding et al. (2014).
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CHAPTER 2

MATERIALS AND METHODS
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2.1 INTRODUCTION

My project has investigated the effects of different types of conduits, a scar reducing
agent, Mannose-6-Phosphate, (Merck, UK) and anti-inflammatory agent, etanercept
(Enbrel® 25mg, Pfizer Limited, Sandwich, UK/Reino Unido) on peripheral nerve
regeneration after repair. In order to assess nerve regeneration, a combination of
methods including immunohistochemistry, electrophysiology, behavioural methods

(CatWalk), and axon counting and tracing analysis were used.

This chapter provides a detailed description of the materials, methodology, and
protocols for analysis. Further brief descriptions of the specific methods used will be
provided in the subsequent chapters. All experiments were performed under UK Home
Office license regulations and approval (UK Animal {Scientific Procedures} Act, 1986),
under Project Licence number PPL 70/8194. | was granted a personal license number

PIL 36111 in order to undertake the work mentioned in this thesis.

2.2 MATERIALS AND METHODS

2.2.1 Animals

thy1l-YFP-H mice, on a C57BL6 background, were used in all experiments (see section
1.9.2). In addition, Wild type mice littermates, from heterozygous breeding, were used

as donors for nerve grafts.

All mice used in the experiments described in this thesis were descendants from four
breeding pairs purchased in 2009 from JAX® Mice (Maine, USA via Charles River UK
Limited, Margate, UK). The YFP-H (Yellow Fluorescent Protein) pairs consisted of one
heterozygous YFP-H mouse and one wild-type (WT) mouse [C57BL-6J background]
derived from previous YFP-H/WT matings. The purpose of this mating is to provide
mixed litters with equal numbers of YFP-H and WT mice. In experiments that required
nerve grafts, WT littermates were used as donors to provide the graft material in the

experimental YFP-H mouse that required nerve grafting.
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The common fibular (CF) nerve, a terminal branch of the sciatic nerve, has been used
widely for nerve regeneration experiments in these mice because it has been reported
that it contains more YFP-labeled axons (36.03+2.35) than the tibial nerve, the other
terminal branch of the sciatic nerve. (Groves et al., 2005). Hence, the CF nerve is more
appropriate for tracing of YFP axons. The sciatic nerve is commonly utilised in
peripheral nerve regeneration studies; however, has a relatively large number of YFP-
labeled axons (x80), which makes YFP tracing analysis more difficult and time
consuming than the common fibular nerve. In cases where investigations required
assessment of a larger gap injury, the sciatic nerve is more appropriate because it
provides an adequate length and space that makes the application of graft or conduit
easier. As the sciatic nerve has three branches; CF, tibial and sural nerves, it covers
several areas in the hindlimb. So, it provides a robust test to assess recovery following
nerve injury. Electrophysiology and behavioural testing (e.g. CatWalk) are commonly

used analysis after sciatic nerve injury (Rodriguez et al., 2004).

The mice were housed in a climate-controlled room (between 19 and 21°C) maintained
on a 12-hour light/dark cycle in soft-wood-chip-lined plastic cages in a central animal
care facility (Biological Services Unit, University of Sheffield) with free access to food
(standard rodent chow) and water. During the post-operative recovery period, mice
were singly housed in order to reduce the incidence of suture removal. All mice were
aged between 8 and 18 weeks old when surgery was performed to reduce any age
related differences in outcomes. Mice aged between 12-18 weeks old were used in
experiments using the CF nerve (chapters 4 and 6) as there was insufficient space to
place conduits in mice <12 weeks old. Mice aged between 8-13 weeks old were used in
the artificial nerve guide conduit experiments that were performed in the sciatic nerve
(chapter 5).
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2.2.2 Methods of Manufacture

All conduits included in this thesis were produced by either: Micro-Stereolithography
[USL], selective laser sintering [SLS] or Ultraviolet [UV] curing manufacturing

techniques.

2.2.2.1 Micro-Stereolithography [uSL]

Conduits produced using USL technique were obtained from the laboratory of Professor
John Haycock and Dr. Frederik Claeyssens [Kroto Research Institute University of
Sheffield, UK] where this technique developed. These conduits were used in studies
described in Chapters 3, 5, and 6.

USL was chosen because it has several positive properties such as the ability to create
complex microstructures, which may enable guidance channels to be incorporated

within the conduits in the future.

A pre-polymer solution of PCL was used to produce conduits made by the uSL. PCL
material is approved by FDA for several uses (see section1.8.3.2). Its use depends on
some factors such as the biological suitability of this material and the ability of using
pUSL for manufacture conduits. PCL materials have been used previously in many in
vitro and in vivo studies with successful outcomes (Chiono et al., 2008, Chang, 2009a,
Chang, 2009b).

A 405 nm uSL setup was used to create conduits used in chapters 3, 5 and 6. The
setup comprising of: 100 mW 405nm tunable laser source with associated software
(Vortran Laser Technology Inc, Sacramento, CA, USA), a (Texas Instruments
Incorporated, TX, USA), motorised z-axis translation stage apparatus attached to a
metal stage (Thorlabs Ltd, Cambridgeshire, UK), and a software to control the Z-stage
(APT Software, Thorlabs Ltd, Cambridgeshire, UK) (Pateman et al., 2014). The process
is illustrated in (Figure 2.1). The 405nm laser was directed to DMD. Bitmap images
were created using Microsoft Paint software that initially uploaded onto the DMD to
project the laser beam to a desired shaped (i.e a hollow tube) and dimensions. The
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laser beam is reflected off the DMD and expanded through an assembly of lenses and
mirror (Thorlabs Ltd, Cambridgeshire, UK) which then direct the beam down onto a pre-
polymer PCL solution. This leads to curing of the pre-polymer PCL solution at the
surface where the Z-stage was located. The Z-stage then proceeded to move down at a
rate of 0.01mm/s, allowing the cured pre-polymer layer to drop and a fresh subsequent
layer to be cured on top, creating a three-dimensional structure. By creating the final
layer and reaching the desired length, the uSL process was complete. The conduit was
then carefully removed from the Z-stage and immediately submerged into denatured
alcohol (90% ethanol/10% methanol) for 72 hours to allow the removal of any remaining
of uncured pre-polymer (Pateman et al., 2014). All conduits were sterilised using UV
irradiation before the implantation. To achieve the desired conduit length, laser cutting

was used; this gives a clean and accurate cut.
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Figure 2.1: Schematic overviewmicrostereolithography(SL)process (Modified from Pateman et al., 2014
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2.2.2.2 Selective Laser Sintering [SLS]

The conduits produced by SLS technique were obtained from the laboratory of
Professor Neil Hopkinson [Department of Mechanical Engineering, University of

Sheffield, UK]. These conduits were only used in studies described in Chapter 3.

SLS is a layer manufacturing process allows creating 3D structures by solidifying layers
of powdered material on top of each other (Dotchev and Yusoff, 2009). An EOS
Forming P100 was the SLS machine used to produce the Nylon conduits in this study. It
uses a scanning system to direct a laser beam at a layer of fine nylon-12 powder [the
standard material for this machine (Johnson et al. 2013)]. The powder will sinter (melt)
into a pattern adjusted by a CAD image file (Figure 2.2). Once the desired pattern is
sintered, the powderbés stage moves down
old powder layer, a new layer of Nylon-12 powder will be spread by using a dispensing
hopper. This leads to sintering the new pattern layer, and so on until the desired shape
is formed. After completion of the process, the formed conduit is removed from the non-
sintered powder and the loose powder is removed by pressurised air (Dotchev and
Yusoff, 2009).

It was difficult to clear out all the non-sintered powder from the internal surface of the
conduits as they have a small inner diameter size. So, in addition to the pressurised air,
a hypodermic needle filled with alcohol was used for further removal of the remaining
powder out of the conduits. After that, the conduits were soaked in denatured alcohol
from 48 hours for the purpose of removing any remaining powder. Finally, the conduits
were placed in the autoclave for sterilisation (at 120°C for 20 minutes), ready for

implantation.

2.2.2.3 Ultraviolet Curing

The PCL material was cured by UV around a smooth metal rod to form a 3D conduit
with a smooth internal surface. Then the samples cut to the desired sizes. It is a
molding process rather than a 3D printed process, which form in a layer by layer such

as SLS or uSL. These conduits were only used in studies described in Chapter 3.
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Figure 2.2Schemati@overview ofSelective Laser Sintering (SLS) process.
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2.2.3 Surgical Procedures
2.2.3.1 Nerve Repair Procedure

Prior to each surgery, all the surgical instruments and devices were sterilised using
(Autoclave Classic; Prestige Medical Limited, Blackburn, UK). The health of animals

was checked carefully and the body weight was measured.

2.2.3.1.i Anaesthesia

Anaesthesia for nerve repair procedures was induced using an isoflurane (Isofli®, Abbott
Laboratories, UK) oxygen (BOC, UK) mixture. Induction was initiated by placing the
animal in a special transparent box connected to an anaesthetic machine [Harvard
Apparatus LTD, Kent, UK] providing a mixture of 4% isoflurane in 100% oxygen at a
flow rate of 4L/minute. Once anaesthetised, the animal was placed on a thermostatically
controlled blanket [Harvard Apparatus LTD, Kent, UK] in order to maintain body
temperature at 37.5 + 2°C. Maintenance of anaesthesia was achieved by connecting the
ani mal to the anaest hwaaispeciahrosepiecenandmovidingp-or i zer
4L /minute of 1.5-4% isoflurane in 100% oxygen. To keep the depth of the anaesthesia
at the correct level, the respiratory rate and reflex responses to paw squeeze were

visually checked throughout the procedure.

2.2.3.1.ii Nerve Injury

Once anaesthetised (as described in section 2.2.3.1.i), the animal was placed in the
prone position with extended left leg. After shaving the leg and cleaning it with hibitane
solution, the leg was secured in place using adhesive tape. Using a surgical microscope
(Global Microscope: DP Medical Systems Ltd, Surrey, UK), a longitudinal incision was
made on the posterolateral aspect of the thigh. The CF/Sciatic nerve was then carefully

exposed and freed from the surrounding tissues by blunt dissection.
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2.2.3.1.iii Preparation and Placement of Nerve Graft

The Wild-type littermate of the YFP mouse was anaesthetised using a combination of
fentanyl 0.8ml/kg (Hypnorm; VetaPharma Ltd, Leeds, UK) and midazolam 4mg/kg
(Hypnovel; Roche Products Limited, Welwyn Garden City, UK), inter-peritoneal (ip)
injection. Once anaesthetised, the common fibular nerve was exposed (as described in
section 2.2.3.1.ii) and freed from the surrounding tissues, preparing it to be trimmed and

removed later. The muscle and skin were placed back over the nerve.

YFP mice were prepared to receive the nerve graft under general anaesthesia (as
described in section 2.2.3.1.i). The left common fibula was exposed (as described in
section 2.2.3.1.ii), a 5.0mm silicone trough was placed underneath the nerve prior to
sectioning, preventing the adhesion of the nerve with the underneath tissues when
applying a glue during the surgery. The nerve was then transected transversely with
microscissors, forming the required gap between proximal and distal ends. The nerve
graft from the wild type was then trimmed and a section of 3.0mm length extracted and
placed within the gap of the prepared recipient YFP littermate. The nerve graft and was
aligned with the proximal and distal ends and was secured in place by fibrin glue [1:1
ratio blend of 40lU/ml thrombin and 10mg/ml fibrinogen; Sigma Aldrich, UK) that was
allowed to set for 5 minutes. When the ends were secured, the silicone trough was
removed and the incision closed in anatomical layers using 6-0 Coated Vicryl® suture
(Polyglactin; Ethicon, US). Three sutures were used to approximate the muscles, and 7-

10 sutures were placed to close the skin.

Following successful completion of the surgery, a single dose of analgesia (0.01ml
buprenorphine hydrochloride 0.3mg/ml; Vetergesic®, Alstoe Animal Health, UK) was
then administered subcutaneously (sc) before placing the YFP mouse in an incubator
(Octagon TL-4 Brooder; Brinsea Products Ltd, Winscombe, UK) to fully recover from the
effects of anaesthesia. The wild-type mouse was then culled by dislocation of the neck
whilst still under anaesthesia, and the YFP mouse was returned to its cage for thel4-
day recovery period. The mouse was carefully checked for any sign of excessive pain,

bleeding, or infection regularly during the recovery period.
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2.2.3.1.iv Implantation of Nerve Guide Conduit

Under general anaesthesia (as described in section 2.2.3.1.i), the left CF or sciatic
nerve of the YPF mouse was exposed and freed from the surrounding tissue (as
described in section 2.2.3.1.ii). The nerves were then transected transversely forming a
3.0mm gap for the CF and 4mm gap for the sciatic. The proximal and distal nerve ends
were inserted approximately 1.00mm for the CF and 0.5mm for the sciatic into the
conduit and secured by fibrin glue (1:1 ratio blend of thrombin and fibrin; Sigma, UK)
that was allowed to set for 5 minutes. The incision was then closed in anatomical layers
using 6-0 Coated Vicryl® suture (Polyglactin; Ethicon, US).

Following the successful completion of the surgery, a single dose of analgesia was then
applied subcutaneously before placing the animal in an incubator to fully recover from
the effects of anaesthesia. The animal was returned to its cage for a 3 or 5-week
recovery period (CF or Sciatic, respectively). The mouse was carefully checked for any

sign of excessive pain, bleeding, or infection regularly during the recovery period.

2.2.3.1.v Administration of Mannose-6-Phosphate and Etanercept

M6P was applied incorporated with fibrin glue. The majority of studies load drugs into
the fibrinogen to allow them to be distributed throughout the solution before crosslinking
with thrombin (Gao et al., 2088 Wong et al., 2003); however, (Woodruff et al., 2077)
loaded a drug into thrombin before cleaving fibrinogen to form fibrin glue. M6P was
made up to 600mM with dH20 then used to make up the fibrinogen. Some fibrinogen
was made up without M6P. M6P+fibrinogen, fibrinogen and thrombin were filled in
separate syringes and stored in freezer prior to the application. At the time of surgery,
two syringes (M6Pfibrinogen and thrombin) were removed from the freezer to warm
up. Fibrinogen was then applied at the site of the nerve ends with the addition of

thrombin to form fibrin glue.
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Etanercept solution was prepared a few minutes prior to the application. Two very small
openings were made in the epineurium (with a 4mm separation) using microscissors. A
fine microdialysis needle was connected to a cannula, and was carefully inserted
beneath the epineurium and 15pl of the etanercept was then injected in each opening.
After placement of the nerve conduit (as described in section 2.2.3.1.iv), another 30pl
was injected within the conduit. Finally, 2x20ul were injected beneath muscles

surrounding the nerve.

2.2.3.2 Non-recovery Experimental Procedure
2.2.3.2.i Anaesthesia

Following the recovery period, the animals were re-anaesthetised using a combination

of fentanyl and midazolam (as described in section 2.2.3.1.iii).

2.2.3.2.ii Harvesting Nerve Tissue for Analysis

Once anaesthetised (as described in section 2.2.3.1.iii), the left CF nerve (chapters 3, 4
and 6) was exposed (as described in section 2.2.3.1.ii). The surrounding skin flaps were
raised and sutured to brass ring for the purpose of forming a pool to be filled with 4%
(w/v) paraformaldehyde for 30 minutes to allow the nerve to be fixed in situ. The nerve
was then dissected free from surrounding tissues and carefully removed. The right CF

nerve was also removed as a control, using the same protocol.

The left sciatic nerve (described in chapter 5 with a longer gap repair) was exposed (as
described in section 2.2.3.1.iii). A pool filled with paraffin was formed in order to carry
out the electrophysiology (as described in section 2.2.6). Following electrophysiology,
the pool was filled with 4% (w/v) paraformaldehyde for 30 minutes in order to fix the
nerve and harvest it as described above. The right sciatic nerve was also removed as a

control, using the same protocol.
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Following removal, nerves were placed on a glass slide for more precise dissection to
remove the adhered tissues/conduit as much as possible. Following nerve harvesting,
the animal was culled by cervical dislocation while under anaesthesia, and the vertebral
column was then removed from the animal and immersed in a tube filled with 4% (w/v)
paraformaldehyde for 24 hours at 4°C then placed in sucrose 30% (w/v) for 24 hours at
4°C to protect tissue when freezing. The spinal cord was then freed from the vertebral
column and cut in half (the lower half was used for this study as it includes L3-L6 spinal
segments). The two halves were then embedded in OCT fluid (Thermo Shandon
Limited, Cheshire, UK) and frozen slowly using a cryostat (Microm HM 560, Zeiss, UK)
as rapid freezing makes the cords more fragile during cutting. Finally, the cords were

stored in a -80°C freezer.

2.2.4 Immunohistochemistry

The lower halves of the spinal cords were removed from the -80°C freezer and mounted
in the cryostat. Transverse sections were cut until the L4 segment was reached (CF
nerve projects to the L2-L6 segments of the spinal cord) (Shuhua et al. 1984). After
reaching the L4 segment, 8-10 sections (30um thick) from each sample were collected,
and each section was placed in a separate well in a 24 Well Plate filled with Phosphate
Buffer Saline (PBS) (Table 2.1). For microglial and astrocyte labelling, the sections
underwent immunofluorescence staining using the following protocol: the sections were
washed by PBS (2x10 minutes) at room temperature (from this point till the end of the
staining process, the plate was placed on a shaker device). Next, the sections were
washed by Phosphate Buffer Saline+0.2%Triton (PBS+T) (Triton™ X-100, Sigma-
Aldrich, St. Louis, USA) (2x10 minutes) at room temperature. Then the sections were
incubated with PBS+T containing 10% Normal Donkey Serum (NDS; Jackson
ImmunoResearch Inc, West Grove PA, USA) for 1 hour at room temperature in order to
increase the permeability of cell membrane to the antibodies and decrease non-specific
background staining. The sections were then incubated with PBS+T containing 5% NDS
including the primary antibody (Iba-1 goat polyclonal antibody (1:2500, Abcam, UK) to
label microglia, or GFAP rabbit polyclonal antibody (1:2000, Abcam, UK) to label
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astrocyte) overnight at 4°C (Table 2.2). The following day, the sections were washed by
PBS (2x10 minutes) before they were incubated with the secondary antibody (Donkey
anti-goat Cy3 antibody (1:500, Jackson, UK) for microglia, or Donkey ant-rabbit Cy3
antibody (1:500, Jackson, UK) for astrocyte) in PBS+T containing 2% NDS (Table 2.3)
at room temperature for 2 hours in the dark. After washing with PBS (1x10 minutes), the
prepared sections were then mounted on glass slides (usually 3-5 sections on a slide)

and coverslipped with Vectashield® (Vector Lab, Burlingame, CA, US).

Table 2.1: Preparation of used substances.

Substance Volume Preparation
950ml distilled water + 50ml 0.2M phosphate
buffer + 8.8g NaCl + 0.2g KCI

Phosphate Buffered 1L 950ml distilled water + 50ml 0.2M phosphate
Saline+0.2%(w/v)Triton buffer + 8.8g NaCl + 0.2g KCI + 2.0g Triton™ X-
100
-Solution A: 5.928g 0.2M NaH,P0,.2H,0 + 0.19L
0.2M Phosphate Buffer 1L distilled water
-Solution B: 23g 0.2M HN,PO, + 0.81 distilled
water
-Solution A + Solution B. (pH 7.4)
50ml 0.2M phosphate buffer + 50ml distilled
water+30g sucrose.
-Heat 400ml distilled water to approx.80°C in a
litre flask
-Add 40g paraformaldehyde to the water
4%(w/v) Paraformaldehyde 1L -Add drops of 1N NaOH until the solution see
clear
-Cover the flask and cool down to approx. 15°C
-Add 500ml 0.2M Phosphate Buffer
-Top up to 1L with distilled water
-Filter the solution
(End up solution, 4% paraformaldehyde in 0.1M
Phosphate buffer).
-Dissolve 4.5g NaOH in 100mL distilled water
-Add drops of saturated barium hydroxide solution
1IN NaOH 100ml | until a precipitate is formed.
-Allow for complete precipitation and filter the
solution.

Phosphate Buffered Saline 1L

30%(w/v) Sucrose Solution | 100ml
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Table 2.2: Primary antibody markers for microglia and astrocyte.

_ _ Supplier/Catalogue Concentration of o
Primary antibody _ Dilution
Number stock antibody
Iba-1 goat polyclonal Abcam/ab5076 0.5 mg/mi 1:2500 in Normal
Microglial marker Donkey serum
GFAP rabbit polyclonal Abcam/ab7260 1-10mg/ml 1:2000 in Normal
Astrocyte marker Donkey serum

Table 2.3: Secondary antibody markers for microglia and astrocyte.

Supplier/Catalogue Concentration of o
Primary antibody _ Dilution
Number stock antibody

. 1:500 in Normal
Donkey anti-goat Cy3

_ _ Jackson/705-165-147 1.5 mg/ml Donkey serum
(Microglia)

Donkey anti-rabbit Cy3 Jackson/711-165-152 1:500 in Normal

(Astrocyte) ackson//11-169- 1.5 mg/mi Donkey serum

2.2.4.1 Control for Immunohistochemistry

Several types of immunohistochemistry controls have been described (Burry, 2011).

2.2.4.1.i Primary Antibody Control

The primary antibody control shows the specificity of primary antibody to bind to the
correct epitope that found on the expected antigen. Several methods have been used
for the primary antibody control. The first method is a genetic approach to manipulate of
the antigen protein expression. The second method is immunoblotting (Western blot),
the most common used method to determine the specificity of the primary antibody as it
is very reliable, straightaway, and relatively inexpensive. The third method is
colocalization with the principle primary antibody with an additional primary to
demonstrate that both of them will bind to the same structure. In this method, two
primary antibodies bind to different epitopes that are located on the same antigen,
labelling of the same structures by antibodies demonstrates that the primary antibody is
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specific. The fourth method is absorption controls. This method, which was chosen for
this study, depends on mixing the primary antibody with the purified antigen that was
used to generate the antibody. The absorbed antibody loses its function and becomes
unable to bind to antigen in the sample (Figure 2.3) (Burry, 2011, Saper and
Sawchenko, 2003). Specific to the current study, Human lIba-1 peptide (ab23067,
Abcam, UK) and Human GFAP peptide (ab48665, Abcam, UK), 100ug at 1 mg/ml were
used in the method. 10ul from the peptide was mixed with the primary antibody for 24
hours at 4°c. Following that, the staining protocol was carried out as described in
section 2.2.4. The result did not show any labelling of either Iba-1 or GFAP (Figure

2.4B), demonstrating the specificity of the antibodies used.

Figure 2.3 Absorption controlshowing the
incubation of the primary antibody with

the purified antigen. Incubated of the
‘ primary antibody with antigens results i

& prevent binding it to theantigen in the

‘ tissue (arrow)YModified from Burry 2011).

Five available antigens

2.2.4.1.ii Secondary antibody controls

The secondary antibody control confirms that the observed labelling occurs due to the
secondary antibody only binding to the primary antibody. Secondary antibody controls
can be performed by either omission of the primary antibody or replacing the primary
antibody with normal serum from the same species (Burry, 2011). For the current study,
secondary antibody control was performed by omission of the primary antibody (Iba-1
goat polyclonal and GFAP rabbit polyclonal). The result did not show any labelling of
either Iba-1 or GFAP (Figure 2.4C).
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Figure 2.4Immunohistochemistry staining of spinal cord sectitorsboth Ibal (TOP) and GFAP (BOTTOMYptaning flowing a standard
protocol. B)Primaryantibody control. Csecondary antibody contracale bar = 1.0mm.
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2.3.3.1 Evaluation of Iba-1 and GFAP Expression in Microglia and Astrocyte

Immunohistochemical images were acquired using a fluorescent microscope (Axioplan2
Imaging; Zeiss, Welwyn Garden City, UK) fitted with Qimaging Retiga 1300R camera,
and combination excitation Cy3 filter was used to examine the fluorescent markers. The
microscope is linked to a PC running Image-Pro Plus v.7 software (Media Cybernetics,
MD, USA). Five pictures from each section were taken; one for the whole section (using
5x magnification), two for a specific area in the dorsal horn on both ipsilateral and
contralateral sides (using 40X magnification), and two for a specific area in the ventral
horn on both ipsilateral and contralateral sides (using 40X magnification) (Figure 2.5)
(Molander et al. 1984).

Figure 2.5: Scheme shows L4 segment of the spinal Aptgsilateral dorsahorn. B
Ipsilateral ventral hornC)Corresponding contralateral dorsal horn. ©orresponding
contralateral ventral horn (modified fromWolander et al, 1984 pp. 139).
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2.3.3.2 Data Analysis of Glial Activation at Spinal Cord

To quantify the percentage area of Iba-1 and GFAP labelling, Image-Pro Plus v.7
software was used. This system enables the percentage area of glial labelling to be
calculated. The activation areas would be highlighted by pink, while the remaining areas
would be highlighted by yellow (Figure 2.6A, B and C). The brightness and contrast of
the images were adjusted to make the images similar to that observed in the fluorescent

microscope. Each reading was taken three times, and the mean was taken.

Figure 26: Analysis of a region of spinal cord. B)e activation area (the bright dots)) I
Highlighted activation aie (area of interested by pink). B)ghlighted activation aregink) and
background (yellow). The ratio of activation argaink) to the entire picture (yellow) is
calculated. Scale bar = 0.1mm.
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2.2.5 Behavioural Observations

Behavioural observations are non-invasive methods used to investigate function of
injured nerves. Behavioural observations include gait analysis, the CatWalk (Noldus
Information Technology, Wageningen, Netherlands) gait analysis system is an
advanced version which measures a wide range of gait parameters in an automated

way by measuring print area (Deumens 2007).

The CatWalk system was used in experiments described in chapter 5. Data was
obtained from each animal prior to the nerve injury and repair procedure and at post-
operative weeks 1, 2, 3, 4, and 5. The last data collection was obtained immediately
before the electrophysiological recordings on week 5. The CatWalk system (Figure 2.7)
consists of a translucent glass plate (1.3m long) forming the floor of the walkway, two
black parallel walls, two flexible barriers to adjust the space of the walkway and ensure
that the animal will move in one direction, a fluorescent tube producing light rays which
are entirely reflected internally, and a recording camera which is placed underneath the
glass plate (Bozkurt et al., 2011, Gabriel et al., 2007, Vrinten and Hamers, 2003).

S
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Figue 2.7: The CatWalk gait
analysis g/stem.

A) Glass plate.

B) Two black parallel walls.

C) Flexible barrier at each side
D) Recording camera.

E) Green fluorescent light rays
are reflected on the glass plate
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In a darkened room, the animal was placed on the right side (start zone) of the glass

walkway and allowed to walk along the walkway to the left (stop zone). As soon as the

ani mal 6s paw passes the start zoneraypnarel t ouc
reflected downwards where the paws contact the glass plate, producing illuminated

areas that correspond to the paw contact. These illuminated areas are copied for the

entire walk by the camera (Pulnix, Japan; 50Hz, f = 3.0, variable focus and variable iris),

which is equipped with a wide-angle objective and a frame grabber (Matrix Vision SG-

board) linked to a computer and image analysis software included in the CatWalk®

system. This produces in a sharp image of a bright paw print representing the area of

contact (Figure 2.8) (Vrinten and Hamers, 2003). The signal s i ntensity
pressure applied by the animal paw. Hence, the pixels appear brighter (intensity
increases) when more weight was put on the animal paw (Bozkurt et al., 2011, Gabriel

et al., 2007, Vrinten and Hamers, 2003).

Figue 2.8 Image of paw prints produced byelCatWalk gait anatis g/stem. Light green is righi
front paw. Dark green is right hind paw. Light red is left front paw. Dark red is left hind paw.

Animals require little training in crossing the walkway, as they generally have no
hesitation in doing so with sufficient speed. One run two crossings were done for each

animal and averaged data were used in the analysis.

Using the CatWalk software, the threshold was set to 5 arbitrary units (a.u.) in order to
define the paw-floor contact areas, thus all areas containing pixels brighter than 5 a.u.

were included in the analysis. Coded labels were applied to the prints to indicate
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forepaw/hindpaw and left/right. There are many different parameters that could be

calculated; however, only two were used in the study:

1)- Intensity of the paw print:
This reflects the mean pressure applied by an individual paw during contacting the glass
surface all along crossing the walkway. The intensity is expressed in arbitrary units
(a.u.) (Deumens et al., 2007, Vrinten and Hamers, 2003).

2)- The print area
This reflects the total surface area that was contacted during the stance phase of the
paw. The print area is expressed in mm? (Deumens et al., 2007, Vrinten and Hamers,
2003).

Although CatWalk gait system is used to assess both the pain and recovery function, it
does not give any details about the quantification of the overall level of regeneration

across an injury site.

2.2.6 Electrophysiology

The electrophysiology technique was used only in the studies described in Chapter 5,
and performed by Hisham Shembesh. With the sciatic nerve exposed and freed, it was
sectioned as far proximally and distally as possible and raised from the underlying
tissues except for a small area kept adhere to the nerve to keep it in healthy condition.
The surrounding skin flaps were raised and sutured to an earth brass ring for the
purpose of forming a pool that will be filled by warm paraffin solution (BDH Laboratory
Supplies, UK). Two platinum wire recording electrodes were placed underneath the
proximal end of the nerve. A pair of stimulating electrodes was placed 2mm distally to
the conduit while another pair was sited 2mm proximal to the conduit. A piece of
parafilm (Parafilm, American National Can, USA) was placed underneath the nerve in
order to isolate the electrodes from the surrounding muscle (Figure 2.9) (Atkins et al.,
2006b, Ngeow, 2010).
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Figure 2.9 A photograph of sciatic nerve repair illustrating the placement
electrodes for the electrophysiological recordings. A) PCL conduit. B) Par
R) Recording electrodes. S1) Proxinsdmulation electrodes. S2) Dist:
stimulation electrodes.Scale bar £.0mm.

The electrodes were connected to a headstage designed by Harris and Matthews
(1978). Earth leads from the pool holder and the metal recording table were connected
to this headstage, then to a preamplifier of a Neurology (NL 104) recording system. The
information was then passed from this preamplifier through a low pass filter at 3KHz (NL
135), to a digital storage oscilloscope (TDS 240, UK) and a CED 1401 plus data
interface system (Cambridge Electronic Devices, UK). The CED 1401 was then
connected to a computer, through a CED 1401 interface card. The CED Spike 2 data
recording software (Cambridge Electronic Design, UK) was used to analysis and

storage of action potentials (Atkins et al., 2006b, Ngeow, 2010).

Stimuli of 10 Volts and 0.5 milliseconds duration were generated, and were applied
through the described electrode for recording the compound action potential (CAP)
centrally. An average from 10 responses evoked by stimulation at each site was stored
using Spike 2 software. The area underneath the curve (Modulus) was determined and
the ratio of stimulations was then calculated (distal modulus + proximal modulus)
(Figure 2.10).
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Figure 210: An example of a compound actipotential after a conduit
repair of injured sciatic nerve. A) Proximal modulus. B) Distal modulus.

The ratio gives an expression of the percentage of functional axons that have
regenerated across the site of the injury (Atkins et al., 2006b, Ngeow, 2010). Therefore,
a higher ratio would be an indication of better regeneration and vice versa (Ashur et al.,
1987).

Electrophysiology provides a more in depth analysis of nerve regeneration compared
with CatWalk system; however, it still does not explain what is happening at the level of
each individual axon. To achieve that, another method is needed.

2.2.7 Axon Counting and Tracing Analysis
2.2.7.1 Nerve Image Acquisition and Processing

Images of CF nerves were obtained using a fluorescent microscope (Zeiss Axioplan2
Imaging microscope, Welwyn Garden City, UK) fitted with Qlmaging QI Click camera,
and combination excitation filter (FITC filter was used) that connected to a computer.
Using Image-Pro Plus v.7 software (Media Cybernetics, MD, USA), images were
acquired (I ex = 467-498nm /| em = 513-556nm) using a 10x objective lens with 30 x 10
pm z-stack sections through the nerve, these z-stack sections were then merged into
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single images. Adobe Photoshop software was used to stitch images together to obtain

a single image of the entire nerve and enhance the clarity of the axons.

Images of Sciatic nerve were obtained using a confocal microscope (Upright Zeiss LSM
510 META with Axioplan2 Imaging microscope) fitted with FITC filter and using a
mercury lamp. Using LSM 510 software, Argon lasers of 458, 477, 488, 514nm was
used, images were acquired using a 10x objective lens with 40um z-stack sections
through the nerve, which were then merged into single images. Adobe Photoshop
software was used to stitch images together to obtain a single image of the entire nerve
and enhance the clarity of the axons.

2.2.7.2 Qualitative observation of regenerated nerve

Investigating the ability of conduits to improve nerve function can be inferred by
examining the recovery of the individual axons on the injured nerve. Because the axons
of the mouse strain (thyl-YFP-H) used in the current study are visible under the
microscope (Figure 2.11), a relatively new method (axon counting and tracing analysis)
was used to investigate recovery as this method has proven useful in previous, similar
studies (Harding et al., 2014, Pateman et al., 2015).

2.2.7.3 Quantification of Nerve Regeneration

Three types of analysis were carried out; counting the number of axons at intervals
along the repair (sprouting index), tracing the axons to determine how many unique
axons crossed the injury site, and measuring
the start of the regenerating area. Images were divided into 0.5mm intervals, drawn
across the width of the image. Starting with 0.0mm at the first point at which abnormal
morphology was present (reference line). Then, 0.5mm intervals were marked, distally
to the reference line, plus one more 0.5 interval proximal to the reference line (Figure

2.12). This is shown as -0.5mm interval and was used as the pre-repair interval.
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Figure 2.11: Image of entire common fibula nerve after reconstruction.

0.0mm 1.5mm

O.Smm 1.0mm

Figure2.12: Image of entire common fibula nerve after reconstruction shows the 0.5mm intervals marl
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2.2.7.3.i Sprouting Index

Using ImageJ software (National Institutes of Health, Bethesda, MD, USA) the number
of axons present at each interval was counted. The sprouting index for each interval
was calculated by dividing the number of axons presented at each interval by the
number of axons at the -0.5mm interval (Figure 2.12). The sprouting index gives an
indication of axon branching at different intervals, but it does not indicate the number of
unique axons that successfully regenerate from the repair start to the distal nerve

ending. This can be measured by reverse tracing of the axons.

2.2.7.3.ii Axon Tracing

Axon tracing can be done by using Adobe Photoshop or similar software. This software
gives an opportunity to trace the axons more clearly by colour, using offset and gamma
correction levels, to make the axons more distinguishable. A minimum of 75% (not
100%, as many axons re-crossing intervals) of axons are traced from the final (4.0mm)
interval back toward to the 0.0mm interval. Using this method rather than from the
0.0mm interval toward the final interval, allows the percentage of axons at the graft start
represented at the 4.0mm interval to be determined - as axons may branch more than
once, with some reaching the end while others may fail to (Figure 2.13). A high

percentage may indicate better recovery of function.
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5mm 2.0mm 2.5mm

Figure 2.13: Image «fome traced axons from 4.0mm interval back toward to the 0.0mm shows some convergence of axo
orange circles).
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2.2.7.3.iii Axon Disruption

The third step is to investigate the actual length of each axon across the initial injury
site. Tracing and colouring axons makes following and measuring the actual length
of each axon much easier. Measuring can be performed accurately using ImageJ
software. Between 0.0mm and 1.5mm intervals the shortest direct path was
accurately measured and the lengths of traced axons across the same area were
also measured. This helps to determine the average length of axons compared the
shortest direct route (Figure 2.14) (Harding et al., 2014, Pateman et al., 2015).
Smaller difference between the axon length and the length of the direct path across

the injury site indicates less disruption/obstruction during axonal regeneration, and

vice versa.

Figure 2.14: Image showing tracegon disruption between two nerve repairs. The exam
traced axons in the left side have more disruption and took a longer route between 0.
(blue line) and 1.5mm (red line) than the axons in the right side.
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2.2.8 Statistical Analysis
2.2.8.1 Statistical Analysis of Glial Activation at Spinal Cord

A). Was carried out to illustrate the microglial and astrocyte activation in all groups.
In this step, the differences in glial activation between the groups on the ipsilateral

and contralateral sides in both ventral and dorsal spinal horns were calculated.

B). It was noted that there was some variation in the background staining between
different animals. Thus, in order to allow clearer comparison between the groups,
prior to statistical analysis the data was converted so that it could be expressed as
the percentage increase of the ipsilateral (injured) side over the contralateral
(uninjured) side in each group, 0 6 st ai.rnrhen gompadsbns ovéréd made
between the groups.

All statistical analysis was performed using 1-way ANOVA tests wi t h Bonf error
multiple comparisons test or Unpaired t-test (two-tailed) test on GraphPad Prism 7
software (GraphPad Prism Inc, CA, USA). Differences were considered to be

significant at a p value below 0.05.

2.2.8.2 Statistical Analysis of the Nerves

For sprouting index, axon tracing and CatWalk results a 2-way ANOVA test with
Bonferroni 6s mul tiple comparisons t amst was
electrophysiology results Unpaired t-test (two-tailed) was used in order to detect

overall and individual intervals differences between the experimental groups. All

statistical analysis was performed using GraphPad Prism 7 software (GraphPad

Prism Inc, CA, USA). Differences were considered to be significant at a p value

below 0.05.
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CHAPTER 3

QUANTIFICATION OF SPINAL
GLIAL ACTIVATION AFTER NERVE
GUIDE CONDUIT REPAIR
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SUMMARY

The study described in this chapter was designed to develop methodology to
quantify spinal cord glial activation following nerve repair with different types of
conduits. This methodology was chosen as several studies have demonstrated that
activation of glial cells is highly linked to the development of neuropathic pain. Three
types of conduits were used, Nylon, Grooved-PCL (G-PCL) and Smooth-PCL (S-
PCL). In addition, intact samples from uninjured mice were also used. The results of
this chapter reported that each conduit type influence a different degree and
morphology of glial activation. Nerve repair with Nylon conduits produce a high level
of glial activation and poor regeneration, which may increase the potential
development of neuropathic pain. On the other hand, G-PCL conduit repairs produce
lower levels of glial activation and demonstrate good regeneration, which may

decrease the potential development of neuropathic pain.
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3.1 INTRODUCTION

Nerve regeneration following minor injury such as compression can occur without
intervention. However, in case of severe nerve damage or loss of tissue leading to
gap formation, nerve regeneration is generally poor without surgical repair. End to
end suture can be performed in the case of clear and short gap, but if the gap is
longer (approximately >5.0mm), use of direct suture repair causes considerable
tension at the site of the nerve repair, and an alternative surgical repair is
recommended (Belkas et al., 2004, Matsuyama et al., 2000). The use of nerve grafts
is one of the alternative methods, in particular autografts, as allografts can be
unsuitable due to the need for immunosuppressants (Battiston et al., 2005, Shanti
and Ziccardi, 2011). Autografting, is the gold standard repair method, but it requires
the removal of tissue (nerve) from the
a gap at the site of injury. Although autografting shows acceptable outcomes, there
are some disadvantages such as multiples surgical sites, sacrifice of an intact nerve,
limited availability, loss of sensation, neuroma formation, and the potential for
neuropathic pain at the donor site (Shanti and Ziccardi, 2011). The use of NGCs can
remove these problems. A NGC is a biocompatible hollow tube made of natural or
synthetic materials. Several approved NGC and materials have been used in

peripheral nerve repair as described in section 1.7.3.

As described in the introduction in sections 1.8.2, activation of spinal astrocytes and
microglia following peripheral nerve injury has been reported in many models of
neuropathic pain (Colburn et al., 1999; Zhang et al., 2003; Zhang and Koninck,
2006). A study by Coly (1998) investigated the development of allodynia following
partial sciatic nerve ligation (PSCL). The results showed that following PSCL rats
developed significant mechanical allodynia compared to sham or un-operated
groups as indicated by increased response to the Von Frey test. This test measures
the threshold at which the ipsilateral paw is withdrawn following a mechanical
stimulus. The development of allodynia was linked with increased levels of microglial
and astrocyte activation seen in nerve injured rats. The study concluded that upon
peripheral nerve injury, glial cells are activated and this correlates with the
development of allodynic behaviour (Coly, 1998). High levels of glial activation are

considered to be an indication of a greater potential to develop neuropathic pain.
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Despite numerous studies describing glial activation following nerve injury, to my
knowledge very little has been done investigating glial activation following nerve
repair procedures, or any attempt made to compare glial activation following repair
with different types of nerve conduit. A previous study done in our laboratory by Dr.
Adam Harding compared nerve regeneration following repair with three different
nerve guide conduits produced using different materials and methods. One from a
nylon powder material using a selective laser sintering technique [SLS] (Nylon NGC),
and two produced from poly-caprolactone (PCL) material produced by Micro-
Stereolithography [uSL] (Grooved-PCL) or ultraviolet [UV] curing (Smooth-PCL). The
results of Hardingds (2014) study demonstra
with both Nylon NGC and S-PCL, while it was very good with G-PCL. However, the
effect of these different conduit repairs on glial activation, and thus their potential to
influence the development of neuropathic pain was not investigated. The clear
difference in nerve regeneration using these conduits provides a good basis for

evaluating whether the degree of regeneration has an effect on glial activation.

3.2 AIM OF THIS STUDY

The aims of the study performed in this chapter were to develop methodology to
guantify spinal cord glial activation, and to investigate whether the efficacy of
different types of conduits, in terms of supporting nerve regeneration, influences the
degree of glial activation and therefore the potential development of neuropathic

pain.

3.3 MATERIAL AND METHODS

The protocols for this study were based on previous protocols carried out in our
laboratory at the University of Sheffield, and have been described in Chapter 2.
Additional specific information involved in the present study is described below. All
conduits used in this chapter were provided by Christopher Pateman from the
laboratories of Prof. John Haycock and Dr. Frederik Claeyssens, Kroto Research
Institute, University of Sheffield and laboratories of Prof. Neil Hopkinson, department

of mechanical engineering, University of Sheffield, UK.
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3.3.1 Animal Numbers and Groups

Spinal cords from 12 thy-1-YFP-H mice were used in this chapter, these were
harvested from animals in 4 experimental groups: Nylon conduit repair (n=3),
Grooved-Walled PCL [G-PCL] conduit repair (n=3), Smooth-Walled PCL [S-PCL]

conduit repair (n=3), and intact (uninjured) mice (n=3) (Figure 3.1).

Common Fibular
Nerve Repair

Glial Activation Assessment
(Immunohistochemistry)

Uninjured
control

Figure 3.1 Summary of groups for the investigation of the conduits.

3.3.2 Experimental Methods

The nerve repair and tissue harvesting was carried out previously by Dr. Adam

Harding, and all the evaluated spinal cords in this chapter were provided by him.

Thy-1-YFP-H mice were anaesthetised (see section 2.2.3.1.)) and the common
fibular nerve exposed and transected. A 3-mm gap was made (see section 2.2.3.1.il)
and repaired using either Nylon conduits, G-PCL conduits, or S-PCL conduits

secured by fibrin glue (see section 2.2.3.1.iv) (Figure 3.2). Animals were allowed to

102| Page



recover for 21-days to allow the regenerating nerve to gain sufficient strength to

remain intact during harvesting.

Figure 3.2: Image shows the implantation of a conduit between the two ends of th
nerve and secured by glue) Ahe proximal stump.)Brhe distal stump. Theectangle is
the conduit Modified from Pateman et aJ 2015).Scale bar = 1.0mm.

Following the recovery period, animals were anaesthetised (see section 2.2.3.2.),
the CF nerve was harvested (see sections 2.2.3.2.ii) and prepared for analysis using
fluorescent microscope (see sections 2.2.7). In addition, the spinal cord was also
harvested (with additional 3 cords from uninjured mice), fixed and prepared for
immunohistochemistry using primary antibodies raised in goat against Iba-1 (to label
microglia) and in rabbit against GFAP (to label astrocytes) (see sections 2.2.4).
Immunohistochemical labelling was quantified as described in Chapter 2. In all

cases, analysis was carried out blind.

3.3.3 Statistical Analysis

Statistical comparisons between groups were carried out as stated in section 2.3.7.1.
All glial activation data were analysed usingl-way ANOVA with Bonferro
comparisons test. Differences were considered to be significant when p<0.05.
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3.4. RESULTS

All animals recovered well from the surgical procedure without any sign of infection.
A range of different sizes (length and internal diameter) of nylon conduits were
initially produced by SLS technique in order to test the capabilities of the SLS
machine, however for the dimensions used for the repairs described here were
5.00mm length, 0.5mm thick walls and 0.8mm internal diameter (giving a 1.8mm
outside diameter). While conduits produced by uSL technique (G-PCL and S-PCL)
were approximately 5.00mm long, 1.00mm internal diameter and 0.25mm wall

thickness (giving a 1.5mm outside diameter).

Only the results of immunohistochemistry investigation and quantitation of glial
activation will be fully detailed in this chapter as results for nerve regeneration were
carried out by Dr. Adam Harding and have been previously described (Harding
2014).

3.4.1 Assessment of Glial Activation
3.4.1.1 Qualitative Observations of Spinal Cord

Glial activation was apparent in the injured side for all repair groups and the greatest
observed immunoreactivity was present in specific areas of grey matter. This
represents the region of the spinal cord to which the common fibular nerve projects.
The activation was very high in the nylon group, and amoeboid glia were observed
(Figure 3.3A). The level of activation was minimal in both G-PCL and S-PCL groups,
and some hypertrophied glia were observed in both groups however the degree of
hypertrophy appeared greater in the S-PCL group). Ramified glia were seen in the
intact group (Figure 3.3B, C and D).
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Figure 3.3: Sections of spinal cord after Immunohistocal staining with antiboely
showing three different morphological phenotypes of microglial cells. A) Intact s
cord showing the ramified microglia: norregbpearing body with long, thin an
radially projecting processes (white arrow). Spinal cords following peripheral n
injury repair using B) BCL and C)-RCL conduits showing hypertrophied microgl
enlarged body with shorter, thicker processes (white arrows), D) Nylon cor
showing amoboid microglia: bigger and densely stained body with much fe
processes (white arrowskcale bar = 0.1mm
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3.4.1.2 Quantitative Analysis of Spinal Cord

As described in section 2.2.8.1(A), the percentage area of labelling for Iba-1 and
GFAP was calculated in defined regions of the dorsal and ventral horns of the spinal

cord both ipsilaterally and contralaterally to the nerve repair.

3.4.1.2.i Quantification of Iba-1 Expression

Quantification of labelling for microglial activation within the four groups
demonstrates that the nylon NGC group had significantly higher levels than other
groups in both ipsilateral dorsal (18.8% vs 9.1% [G-PCL; p<0.01], 10.6% [S-PCL;
p<0.05] and 8.5% [intact; p<0.01]) and ventral (33.4% vs 9.9% [G-PCL; p<0.001],
10.6% [S-PCL; p<0.001] and 8.3% [intact; p<0.001]) horns (Table 3.1 & Figure 3.8).
There were no significant differences in labelling between G-PCL, S-PCL and intact
groups (refer to Table 3.1 & Figure 3.8). In the corresponding contralateral side, the
percentage area of Iba-1 labelling in the dorsal horn was slightly higher in the Nylon
NGC group (9.1%) compared with the G-PCL group (7.8%), S-PCL group (8.6%)
and intact group (8.1%). In the ventral horn, the percentage area in the Nylon NGC
group was slightly higher (10.1%) compared with G-PCL group (8.1%), S-PCL group
(8.2%) and intact group (7.7%) (refer to Table 3.1 & Figure 3.8); these differences in
contralateral side (dorsal and ventral horns) were not significant between the groups.

The activation areas of Iba-1 in each group are shown in Figures 3.4-3.7.
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Nylon Conduit

Figure 3.4: A section of spinal cord following nerve repair with a Nylon conduit s
microglial activation (E using 5x magnificatiol)lpsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn B,C,D using
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Grooved-PCL Conduit

-

Figure 3.5: A section of spinal cord following nerve repair withRCG conduit show:
microglial activation (E using 5x magnificatiof) Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn (A,B,C,D us
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Smooth-PCL Conduit

-

Figure 3.6: A section of spinal cord following nerve repair withP&L5 conduit show:
microglial activation (E using 5x magnificatiofy) Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn B,C,D usinc
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Intact Cord

-

..................

_________________

Figure 3.7: A section of spinal cord from an uninjured animal shows micr

activation (E using 5x magnificatiord) Ipsilateral dorsal horn, )Blpsilateral
ventral horn. Contralateral dorsal horrD) Contralateral Ventral horn (A,B,C

using 40x magnificationgcale bar A,B,C and D = 0.1mm, E = 1.0mm.
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The mean percentage area of Iba-1 labelling (indication of the degree of microglial

activation) for each group is shown in Table 3.1. The same data and the statistical

comparison between the groups is illustrated in Figure 3.8.

Table 3.1: Percentages of microglial activation for Nylon, G-PCL, S-PCL and

intact groups.

IBA-1 (Microglia)% Nylon G-PCL S-PCL Intact
Ipsilateral Dorsal horn 18.8 9.1 10.6 8.5
Contralateral Dorsal horn 9.1 7.8 8.6 8.1
Ipsilateral Ventral horn 33.4 9.9 10.6 8.3
Contralateral Ventral horn 10.1 8.1 8.2 7.7
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Percentage area of Iba-1 labelling %

B Nylon Il Grooved PcL HEl Smooth pcL HEEl Intact

40 1

Ipsilateral DH Contralateral DH Ipsilateral VH Contralateral VH

Spinal Area

Figure 3.8 Immunohistochemicahnalysis of microglia foNylon, GPCL, #CL, andntact groups.*, ** and ***
denote significant difference compared Mylongroup, p<0.05,p<0.01 andp<0.001 respectively. Error bars denot
SEM. Statistical test:way ANOVA A 1 K . 2y FSNNBYA Q& YdzZ GALX S O2 YLI NR
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As described in section 2.2.8.1(B), some variation in the background staining was
noted. Thus, percentage increase of the ipsilateral (injured) side over the
contralateral (uninjured) side, 6sét ai ni ng r at i o@ofhpamsans befweenf or me d
the groups when assessing the staining gave similar results to those described
above. The increase in staining (Ipsilateral/Contralateral) ratio for Iba-1 in the Nylon
NGC group was significantly higher than in other groups in dorsal (105% vs 14% [G-
PCL; p<0.001], 21% [S-PCL; p<0.001] and 6% [intact; p<0.001]) and ventral (230%
vs 28% [G-PCL; p<0.001], 32% [S-PCL; p<0.001] and 8% [intact; p<0.001]) horns
(Figure 3.9). No significant differences were observed between G-PCL, S-PCL and

intact groups in either dorsal or ventral horns (p>0.05) (Figure 3.9).
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Figure 3.9lpsilateral/Contralateral ratimf spinal microglisshows the difference gpercentage increase in the ipsilater:
side over the contralateral sida ventral and dorsal horns of the spircord forNylon, GPCL, #CL, and intagroups.***
denote significant difference compared to Nylgroup, p<0.001 Error bars denote SEM. Statistical téstvay ANOVAvith
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3.4.1.2.ii Quantification of GFAP Expression

Quantification of labelling for astrocyte activation within the four groups
demonstrates that the nylon NGC group had significantly higher levels than other
groups in both ipsilateral dorsal (19.7% vs 8.1% [G-PCL; p<0.05], 11.3% [S-PCL;
p<0.05] and 8.7% [intact; p<0.05]) and ventral (22.1% vs 9.1% [G-PCL; p<0.001],
11.8% [S-PCL; p<0.01] and 8.2% [intact; p<0.001]) horns (Table 3.2 & Figure 3.14).
There were no significant differences in labelling between G-PCL, S-PCL and intact
groups (refer to Table 3.2 & Figure 3.14). In the corresponding contralateral side, the
percentage area of GFAP labelling in the dorsal horn was slightly higher in the Nylon
NGC group (7.7%) compared with the G-PCL group (6.4%), while slightly lower
compared to S-PCL group (8.1%) and intact group (8.5%). In the ventral horn, the
percentage area in the Nylon NGC group was slightly higher (8.6%) compared with
G-PCL group (6.8%), S-PCL group (6.3%) and intact group (7.7%) (refer to Table 3.2
& Figure 3.14); these differences in contralateral side (dorsal and ventral horns) were
not significant between the groups. The activation areas of GFAP in each group are

shown in Figures 3.10-3.13.
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Nylon Conduit

-

Figure 3.10: A section of spinal cord following nerve repair with a Nylon conduit s
astrocyte activation (E using 5x magnificatiof)Ipsilateral dorsal horn, )Blpsilateral
ventral horn. CContralateral dorsal horrD) Contralateral Ventral horn B&,C,D using
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Grooved-PCL Conduit

Figure 3.11: A section of spinal cord following repair with-BGE conduit shows th
astrocyte activation (E using 5x magnificatiofy).Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn (A,B,C,D us
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Smooth-PCL Conduit

Figure 3.12: A section of spinal cord following repair with-RC& conduit show:
astrocyte activation (E using 5x magnificatioi) Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn (A,B,Qi8ing
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Intact Cord

-

- 5 Tt

Figure 3.13: A section of spinal cord from an uninjured animal shows astr
activation (E using 5x magnification).Ipsilateral dorsal horn,)Bpsilateral ventral
horn. G Contralateral dorsal hornD) Contralateral Ventral horn (A,B,C,D us
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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The mean percentage area of GFAP labelling (indication of the degree of astrocyte

activation) for each group is shown in Table 3.2. The same data and the statistical

comparison between the groups is illustrated in Figure 3.14.

Table 3.2: Percentages of astrocyte activation for Nylon, G-PCL, S-PCL and

intact groups.

GFAP (astrocyte)% Nylon G-PCL S-PCL Intact
Ipsilateral Dorsal horn 19.7 8.1 11.3 8.7
Contralateral Dorsal horn 7.7 6.4 8.1 8.5
Ipsilateral Ventral horn 221 9.1 11.8 8.2
Contralateral Ventral horn 8.6 6.8 6.3 7.7
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Figure 3.#: Immunohistochemicahnalysis of astrocyte for Nylon,-PCL, CL, and intacgroups.*, ** and ***
denote significant difference compared Mylongroup, p<0.05,p<0.01 andp<0.001 respectively. Error bars denot

SEM. Statistical test-way ANOVAS A (i K
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The increase in staining (Ipsilateral/Contralateral) ratio for GFAP in the Nylon NGC
group was significantly higher than in other groups in dorsal (171% vs 29% [G-PCL;
p<0.01], 39% [S-PCL; p<0.01] and 3% [intact; p<0.001]) and ventral (157% vs 34%
[G-PCL; p<0.001], 42% [S-PCL; p<0.01] and 6% [intact; p<0.001]) horns (Figure
3.15). No significant differences were observed between G-PCL, S-PCL and intact

groups in either dorsal or ventral horns (p>0.05) (Figure 3.15).
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Figure 3.15Ipsilateral/Contralateral rati@f spinalastrocyteshows the difference gbercentage increase in the ipsilateral sic
over the contralateral sidan ventral and dorsal horns diie spinal cord forNylon, GPCL, ¥CL, anthtact groups.**and ***
denote significant difference compared to Nylon gropg0.01 andp<0.001respectively Error bars denote SEM. Statistic
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3.5 DISCUSSION

3.5.1 Correlation Between Glial Activation and Neuropathic Pain

The results of this chapter were obtained from qualitative and quantitative analysis of
glial activation. The idea of glial qualitative and quantitative analysis was reported in
Erikson et alé §1993) study. In their study, spinal cord sections were stained by OX-
42-1R, a microglial marker. They reported that the reactive microglial cells were
higher in ipsilateral dorsal horn compared to contralateral dorsal horn following
sciatic nerve injury due to a proliferative process. The curve of the time course for
microglial activation gradually increased till it reached the peak at the first week, and
then gradually declined. They concluded that using image analysis to quantify the
labelling area provides a more accurate evaluation of the activation than just visual

inspection (Erikson et al., 1993).

The current study has shown that Iba-1 and GFAP expression are present in the
injured (ipsilateral), uninjured (contralateral) sides, and spinal cord of intact animals.
It also shows that the highest expression is observed in a specific region of the grey
matter in both dorsal horns ns (where the sensory afferent terminals are located) and
ventral horns (where the cell bodies of the motor efferents are located) of the L4
segment following the injury of the common fibular and sciatic nerve (Xu et al.,
2016). Following peripheral nerve injury, glial became activated as is characterised
by cell proliferation and morphological changes. As described in previous studies in
their resting state, glial cells have a ramified shape, while after nerve injury they
became either hypertrophied or amoeboid in shape (Figure 3.3A, B, C, and D) (Coly
1998, Xu et al., 2016). Mika et al (2009) evaluated the effect of the application of
three glial inhibition drugs (minocycline hydrochloride, pentoxifylline, and
fluorocitrate) after chronic constriction injury (CCI) of the sciatic nerve. The drugs
were injected subcutaneously before CCI and then twice daily. In summary, they
reported that glial activation was significantly higher in the ipsilateral spinal cord than
contralateral at 7 days post CCl. The level of microglial activation was decreased at
17 days post CCI, while astrocytes activation returned to the control level. They also
mentioned that minocycline and pentoxifylline diminished the neuropathic pain, and

both tactile (von Frey test) and cold (cold plate test) sensitivity (Mika et al., 2009).
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The results reported in this chapter have concentrated mainly on glial activation
following nerve injury repair. The immunohistochemical staining suggests that nerve
repair with Nylon NGC (created by SLS) produces the highest level of glial activation
(in both dorsal and ventral horns), indicating that neuropathic pain is more likely to
develop in this group. This alone may indicate that Nylon NGC is not a good choice
to bridge gaps in peripheral nerve injuries. There were significant differences
between the Nylon group and the other groups (G-PCL and S-PCL). When
comparing the results for nerves repaired with G-PCL (created by uSL) and S-PCL
(created by UV curing), it was hard to find an obvious difference between them. The
G-PCL group expressed slightly lower glial activation than S-PCL group, indicating
that neuropathic pain maybe less likely to develop in these groups, but it is not clear
that there would be any notable clinical difference. In addition, both G-PCL and

S-PCL repair groups had no significant differences compared to the uninjured group.

3.5.2 Correlation Between Glial Activation and Nerve Regeneration

Several studies have been carried in our laboratory to determine a standard level of
performance for hollow conduits created by uSL for the purpose of ensuring that
these conduits allow nerve regeneration to occur (Harding, 2014, Pateman et al.,
2015). The majority of these hollow conduits were successful in enabling the

regeneration across the defect area.

The results in this chapter can be collated with a previous study, done in our
laboratory, which investigated regeneration in the groups referred to within this
chapter by using axon counting and tracing analysis methods on repaired CF nerve.
The results of the previous study reported that axons only regenerated part-way into
the Nylon NGC without reaching the distal nerve ending. Thus, the nerve
regeneration was obviously poor compared to that observed when using G-PCL
(Figure 3.16 and 3.17) (Harding, 2014).
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Figure 3.6: Image of a comwn fibular nerve repaired withlylonconduit showing the poor regeneration of the nerfew axons
reaching interval 2.5mm). Also it shows some opaque specksititered nylonl2 powder) marked by blue arrows. Scale bar =1.0mm.
(Harding, 2014).

Figure 3.17Image of a common fibular nerve repaired withPGL conduit showing good regeation of the nerved large proportion
of the axons travelled all the way through and reached the distal stuBgale bar £0mm.(Harding, 2014).
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Taken together the data of increased glial activation (in the current study) and poor
regeneration (in the previous study) in the Nylon group, a number of factors behind
this can be suggested such as conduit material and internal diameter. First, the type
of the conduit material may irritate the tissue and produce a greater inflammatory
response forming an unsuitable environment to regenerate. Although using nylon-12
powder is unlikely to cause such this problem as it is considered to be a biologically
inert material (Williams and Blayney, 1987), the presence of un-sintered powered
inside the conduit lumen may block the regenerated axons and irritate them. The
images of nerves repaired with Nylon NGCs showed some opaque specks within the
regenerating tissue, suggesting that these specks are un-sintered nylon-12 powder

which remained from the time of creating the conduits (Figure 3.16).

Second, although many steps were applied to ensure that the conduits were free of
any un-sintered nylon-12 powder (i.e pressurized air, a hypodermic needle filled with
alcohol, soaking in denatured alcohol), it was noted that these steps failed to clear
out all the loose and partially sintered nylon-12 powder, resulting in reducing the
actual internal diameter to approximately 0.6mm. This may congest and block the
regenerating axons inside the conduit, reducing their ability to successfully
regenerate (Harding, 2014). The dimensions of the Nylon NGC were close to the
resolution limit of the SLS machine as the internal diameter of the conduit was
smaller than the actual design sizes, mainly due to the precision of the SLS machine
as the laser heating is not very accurate (it is not possible to have 100% heat where
itds needed and 0% where it ideeitheodideofthegui r ed)
desired dimensions partially melts. The combination of un-sintered powder and
reduced conduit dimensions may lead to poor regeneration and that itself may

influence glial activation.

Although the G-PCL and S-PCL are made from the same materials, they express
different outcomes in both nerve regeneration and glial activation. The regeneration
following repair with S-PCL conduits reported in the previous study was poor, but
better than Nylon conduits, compared to the G-PCL. As mentioned earlier that S-
PCL was produced using a simple UV curing while G-PCL was produced using uSL
that forms conduits layer by layer providing a more microstructured internal surface.
This implies that the physical structure, including the internal structure, of the
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conduits plays an essential role to support nerve regeneration (Harding 2014).
Following repair with G-PCL or S-PCL produced low levels of glial activation,
suggesting that PCL material most probably does not have such a negative effect on
the regenerating axons and providing a more suitable environment for them. By
pooling all the data of the three conduits for both nerve regeneration and glial
activation, it can be suggested that using a suitable materials and improving the
internal structure of the conduit will enhance the outcome of the nerve regeneration

and therefore decreasing the potential development of neuropathic pain.
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3.6 CONCLUSION

Findings in this chapter are in agreement with previous reports that spinal glial cells
are activated following peripheral nerve injury. Peripheral nerve injury repaired by
different types of conduit, each producing differing regeneration levels, results in
different levels of spinal glial activation. Nerve repair with Nylon conduits produced
by SLS produces a high level of glial activation and poor regeneration, which may
increase the potential development of neuropathic pain. Images of both glial
activation and nerve regeneration of Nylon NGCs suggest that the SLS conduit has
an inhibitory effect on nerve regeneration. This means that the use of SLS for
creating nerve guide conduits is currently not suitable as it is difficult to achieve the
optimal model (internal diameter and wall thickness), with improved materials and
manufacturing resolution required. Although nylon-12 powder is considered to be a
biologically inert material, it has some properties undesirable in artificial nerve
guides. Nylon-12 is rigid, non-degradable and non-porous (Harding, 2014, Williams
and Blayney, 1987).

On the other hand, G-PCL conduits produced by uSL express lower levels of glial
activation and demonstrate good regeneration, which may decrease the potential
development of neuropathic pain. With the use of S-PCL conduits, produced by UV
curing, resulting in similar glial activation to G-PCL but comparatively poorer
regeneration, it could be suggested that glial activation is greatly increased when
regeneration is obstructed (i.e. Nylon NGC) but generally remains at a lower level

when the regenerative environment is simply non-supportive (i.e. S-PCL).

Following the positive results from the regeneration study, and paired with the
relatively low glial activation reported in this chapter, it was decided to investigate the
potential of G-PCL, produced by puSL, conduits at supporting regeneration across

longer gaps (see chapter 5).
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CHAPTER 4

THE EFFECTS OF LOCAL
ADMINISTRATION OF MANNOSE-6-
PHOSPHATE ON GLIAL ACTIVATION

AND NERVE REGENERATION
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SUMMARY

The study reported in this chapter was designed to investigate the effect of applying
Mannose-6-Phosphate (600mM) at the site of injury of graft repair using a method of
application (incorporated within fibrin glue). Immunohistochemistry was performed to
investigate glial activation, which acts as a potential indicator of the development of
neuropathic pain, while axon tracing and counting analysis was performed to assess
nerve regeneration. The overall impact of M6P in this study was limited in terms of
effects observed in glial activation and nerve regeneration as no significant
differences were observed when comparing to control group. This apparent
therapeutic failure could be due to inappropriate dosage, timing, duration, or route of
administration. Thus further investigation may be warranted in order to optimise

dosage, administration route and determine any effect.
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4.1 INTRODUCTION

Recovery after nerve repair is highly variable and full functional recovery is very rare
(Robinson et al., 2000). The outcome depends on many factors occurring after injury
such as scarring, neural cell death, and the formation of a neuroma around the site
of injury. It has been reported that scar formation occurs after peripheral nerve injury
in both repaired and unrepaired nerves (Mathur, 1983). Scar tissue can cause
obstruction of the regenerating axons, resulting in the formation of a neuroma (Foltan

et al., 2008), which can lead to the development of neuropathic pain.

The influence of scar formation on nerve regeneration following peripheral nerve
repair was reported by Atkins et al. (2006b). They compared regeneration of the
sciatic nerve in two transgenic mice strains with an increased propensity for scarring
[IL-4L/IL-10 null mice] or decreased propensity for scarring [M6PR/IGF2 null mice]
with regeneration in normal mice. This revealed an inverse correlation between the
level of peripheral nerve regeneration and the level of scar formation, providing
Aproof o f concepto that targeting scarring
regeneration (Atkins et al., 2006b, Ngeow et al., 2011a). Following this, several
studies have been undertaken with the aim to find a therapeutic anti-scarring agent,
which could help to reduce scarring and enhance regeneration after peripheral nerve

injury.

One of the approaches to improve regeneration by reducing the amount of scar
formation at the site of injury is to inhibit the activation of latent TGF-b usi ng
Mannose-6-Phosphate (M6P), a potential anti-scarring agent, as it acts competitively

on the same receptor as latent TGF-b ( see secti ondefalsdnTGF-A f or
and scarring). Several recent studies (Harding et al., 2014, McCallion and Ferguson,

1996, Ngeow, 2010, Ngeow et al., 2011a, Ngeow et al., 2011b) have reported that

M6P treatment results in decreased scar formation or enhanced nerve regeneration.

There are many potential ways to treat the site of nerve repair with M6P. In Ngeow et
alds (2011a) study, approximately 2001 of
beneath epineurium of the sciatic nerve. The nerve was then transected and
immediately repaired using sutures. The remaining M6P solution (80ul) was then
injected around the injury site and into the surrounding muscles. They reported that
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600mM M6P had an effect to reduce scarring, whereas 200mM did not. In Harding et
al 6 s ) étady approximately 3.0mm of the common fibular nerve of a wild type
mouse was transected and removed. The removed nerve was then immersed in a
vial containing M6P (600mM) for 30 minutes before being placed in the YFP mouse
and secured by fibrin glue. While these application methods resulted in M6P
affecting regeneration, neither are ideally suited for clinical use as they are

technically difficult and time consuming.

The use of fibrin as a natural adhesive began in the early 1900s (Gibble and Ness,
1990). Fibrin glue (Fibrin sealant) is a product that mimics the final stage of
coagulation cascade via the activation of fibrinogen by the addition of thrombin,
leading to the formation of fibrin clot that is completely absorbed during healing
without foreign body reaction (Brennan, 1992; Radosevich et al., 1997). Replacing
the suture with fibrin glue in peripheral nerve repairs has been reported in several
studies. A study by Bhandari (2013) evaluated the effect of using fibrin glue in the
repair of brachial plexus injury. The results of that study showed that using fibrin glue
is an effective and alternative technique for peripheral nerve repair as it provides a
simple application, reduced operation time by 30% compared to suturing technique,
good strength sufficient to hold the two ends of the nerve together, and similar
functional recovery compared to those obtained with sutures (Bhandari, 2013). In
recent years, fibrin glue has been used as a gel for cell delivery and as a vehicle for
drug delivery (Spicer and Mikos, 2010). Applying M6P via fibrin glue provides an

easier and quicker modality of use than previous research applications.

4.2 AIM OF THIS STUDY

The present chapter describes the effect of applying M6P (600mM) at the site of
injury of graft repair using a method of application (incorporated within fibrin glue)
with greater clinical relevance than previous studies. In addition to testing a new
application method, the study described within this chapter also investigated the
effects of M6P on spinal glial activation, as although the effect of M6P has previously
been shown to enhance nerve regeneration, its ability to influence the degree of glial

activation and potential development of neuropathic pain following nerve injury and
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repair has not been investigated. We hypothesise that using M6P (600mM)

incorporated with fibrin glue will reduce glial activation and enhance regeneration.

4.3 MATERIAL AND METHODS

The protocol for this study was based on previous protocols used in our laboratory at
the University of Sheffield, and have been described in Chapter 2. Some more

specific information involved to the present study is described below.

4.3.1 Animal Numbers and Groups

28 mice were used in the study: 17 thy-1-YFP-H mice on a C57BL6 background and
14 wild type mice (to provide graft material), divided into 3 experimental groups: mice
treated with fibrin glue with M6P (n=7), mice treated with fibrin glue alone (n=7), and

injured (unrepaired) mice (n=3) (Figure 4.1).

Common Fibular Nerve
Injury Without Repair

Glial Activation Assessment
Common Fibular (Immunohistochemistry)
Nerve Repair

Fibrin+

> o
Fibrin
control

Functional Assessment
(Axon Counting and Tracing)

Figure 4.1 Summary of groups for the investigation of the M6P.

134| Page



4.3.2 Experimental Methods

Wild type mice were anaesthetised (see section 2.2.3.2.i) and the common fibular
(CF) nerve exposed, freed from the surrounding tissues, and then re-covered to
keep it healthy. YFP-H mice were anaesthetised (see section 2.2.3.1.i), and placed
beside the wild type. The common fibular nerve was exposed, and prepared for
receiving the nerve graft. Graft tissue of 3.0mm was obtained from the wild type
mouse and placed next to the CF nerve in the YFP-H mouse. The CF nerve of the
YFP-H mouse was transected, and a gap of approximately 2.5mm made (see
section 2.2.3.1.ii)). A 5.0mm silicone trough was then placed underneath the two
ends and the gap was bridged using the obtained tissue (3.0mm) from the wild type
mouse (see section 2.2.3.1.iii)). The nerve ends and graft were then aligned and
secured with fibrin glue with/without M6P (600mM) (Figure 4.2). For the injured,
unrepaired group, a part of the common fibular nerve was removed, and then the
proximal and distal nerve ends were tied-off with silk suture in order to prevent axon
regeneration. Animals were allowed to recover for 14-days to allow regeneration
through the graft and for distal fluorescent to clear.

“"B FL’

G i

' D /
S A
Figure 4.2: Image shows the nerve graft between the two ends of the CF nerve and st
by glue. AThe proximal stump.)Brhe distal stump. CThe nerve graft. PSilicone rough.
Scale bar £.0mm.
Following the recovery period, animals were anaesthetised (see section 2.2.3.2.i),
and the CF nerve was fixed, harvested (see sections 2.2.3.2.ii) and prepared for
analysis using a fluorescent microscope (see sections 2.2.7). In addition, spinal cord

was also harvested, fixed and prepared for immunohistochemical labelling of
microglial and astrocytes using primary antibodies raised in goat against Iba-1 (to
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label microglia) and in rabbit against GFAP (to label astrocytes) (see sections 2.2.4).
Immunohistochemical labelling and axon counting and tracing analysis were
guantified as described in Chapter 2. In all cases, analysis was carried out blind. For
the unrepaired group, only spinal cord was harvested, as the effects of this process

on nerve regeneration have been established previously (Harding, 2014).

4.3.3 Sample Size Calculation

The sample size for this chapter were calculated using both PiFace software [v1.76:
homepage.stat.uiowa.edu/~rlenth/Power] (for axon tracing) and Biomath software
[Source: G.W. Snedecor & W.G. Cochran. http://www.biomath.info/power/ttest.htm]
(for axon disruption as PiFace software does not perform t-test) with standard
deviation (SD) data obtained from a previous study by Harding et al. (2014) in our
laboratory. The sample size chosen for the study was n=7, which would be sufficient
to detect differences between groups of 14.42% and 7.372 for axon tracing [Figure

4.3] and axon disruption [Figure 4.4], respectively.

|| Two-way ANOVA - O *
Options  Help
Levels / Sample size Random effects Contrasts across fixed levels
levels[row] = 7T SD[Within] | Contrast levels of
L L L L | | I
. 2 . . T, | Valie | [0.963 o«
1] 2 a4 1 a 10
\—‘ J Contrast coefficients -11

levels[cal] = 2

Method #means |7

n[Within] = T
L L L L | I !
r T T T | T T
¥ 3 + = d L Alpha 0.05 w| #tests |13
[~ One-Sided
Detectahle conirast A
Value | [14.42 ox
Power = 3002 |
o 2 . 8 3 i

Figure 4.3: Axon tracing analysik power calculation for a sample size of 7 animalseach
group. Levels[row] = number of intervalvels[col] = number of groups; n[Within] = samg
size; SD[Within] = standard deviation value. Number of intervals [# means] multiplie
number of repair groups minus one gives the number-0f$ & G & NXS1j dzA NB R
multiple comparisons tag# tests].
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Unpaired t-test

Find sample size: Find effect size:
If vou can estimate group means and standard If you know the number of subjects and the standard
deviation, use this form to find the number of deviation of your measurement, use this form to see how
subjects you need. small a difference you can detect.
Group 1 mean: N for Group 1:
Group 2 mean: Standard deviation:

or, enter difference between means: |7.372

Standard deviation: |4 241
Click here for effect size: | Result

Click here for sample size: | Result You can show a difference of size
You will need |7 subjects in Group 1
You will need |7 subjects in Group 2

For different power or significance level, change the fields below:
Alpha: Prob(reject Hy when Hp 1s true) [ 0.05 v
Power: Prob(reject Hy when Hy 15 true) | 0.80 v

Figure 4.4: Axon disruption analysit power calculation for a sample size of 7 animals in et

4.3.4 Statistical Analysis

Statistical comparisons between groups were carried out as stated in section 2.3.7.
A short summary is provided below.

4.3.4.1 Statistical Analysis of Glial Activation in Spinal Cord

For statistical analysis of glial activation,al-way ANOVA with Bonferron

comparisons test was used.

4.3.4.2 Statistical Analysis of Nerve Regeneration

For sprouting index and axon tracing results, a 2-way ANOVA wi t h
multiple comparisons test was used in order to detect overall and individual intervals
differences between the experimental groups, while for axon disruption results an

unpaired t-test (two-tailed) was used.

All statistical analysis was performed using GraphPad Prism 7 software (GraphPad
Prism Inc, CA, USA). Differences were considered to be significant at a p value
below 0.05.
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4.4 RESULTS

All animals recovered well from the procedure without any sign of infection. The
results in the present chapter were obtained through a combination of two methods,
immunohistochemistry of the spinal cord and axon counting and tracing analysis of
the regenerated nerve. The immunohistochemistry was performed to investigate glial
activation, which acts as a potential indicator of the development of neuropathic pain,
while axon tracing and counting analysis was performed to assess nerve

regeneration.

4.4.1 Assessment of Glial Activation
4.4.1.1 Qualitative Observations of Spinal Cord

Glial activation was apparent in the injured side for all repair groups and the greatest
observed immunoreactivity was present in a specific area of grey matter. This
represents the region of the spinal cord to which the common fibular nerve projects.
The activation was comparably high in the unrepaired group, and amoeboid glia
were observed (Figure 4.5A). The level of activation was minimal in both M6P and
control groups and a number of hypertrophied glia were observed. However, the
cells in the M6P group appeared less inflamed compared to those in the control

group (Figure 4.5B and C).

Figure 4.5: Sections of spinal cord after Immunohistochemistry staining with antiboely
showing different morphological phetgpes of microglial cells. A) Unrepaired group show
amoeboid microglia (white arrows). B) M6P and C) Control groups showing hypertro
microglia (white arrows). Scale bar = 0.1mm.
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4.4.1.2 Quantitative Analysis of Spinal Cord

As described in section 2.2.8.1(A), the percentage area of labelling for Iba-1 and
GFAP was calculated in defined regions of the dorsal and ventral horns of the spinal

cord both ipsilaterally and contralaterally to the nerve repair.

4.4.1.2.i Quantification of Iba-1 Expression

Quantification of labelling for microglial activation within the three groups
demonstrates that the unrepaired group had significantly higher levels than other
groups in both ipsilateral dorsal (7.5% vs 4.4% [M6P; p<0.01] and 4.2% [control;
p<0.001]) and ventral (8.9% vs 3.1% [M6P; p<0.001] and 2.7% [control; p<0.001])
horns (Table 4.1 & Figure 4.9). M6P-treated mice had similar levels of labelling in
both the ipsilateral dorsal and ventral horns compared with the control group (fibrin
glue alone); there were no significant differences in labelling between these two
groups (refer to Table 4.1 & Figure 4.9). In the corresponding contralateral side, the
percentage area of Iba-1 labelling in the dorsal horn was slightly higher in the
unrepaired group (3.8%) compared with the M6P-treated mice (3.3%) and the control
group (3.2%). In the ventral horn, the percentage area in the unrepaired group was
slightly higher (3.1%) compared with the M6P-treated group (2.5%) and significantly
higher than in the control group (2.1%; p<0.05) (refer to Table 4.1 & Figure 4.9). The

activation areas of Iba-1 in each group are shown in Figures 4.6-4.8.
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Unrepaired group

-

Figure 4.6: A section of spinal cord from an injured (unrepaired) animal sl
microglial activation (E using 5x magnificatioh)lpsilateral dorsal horn,)Bpsilateral

ventral horn. ¢Contralateral dorsal horD) Contralateral Ventral horn (A,B,C $ng

40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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MGP group

Figure 4.7: A section of spinal cord following nerve repair with fibrin glue and M6P s
microglial activation (E using 5x magnificatiof).Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢ Contralateral dorsal horrD) Contralateral Ventral horn (A,B,C,D us
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Control group

Figure 4.8: A section of spinal cord following nerve repair with fibrin glue alone (cot
shows microglial activation (E using 5x magnificatid¥).lpsilateral dorsal horn, )B
Ipsilateral ventral horn. XCContralateral dorsal hornD) Contralateral Ventral horn
(A,B,C,D using 40x magnificatid®gale bar A,B,C and D = 0.1mm, E = 1.0mm.
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The mean percentage area of Iba-1 labelling (indication of the degree of microglial

activation) for each group is shown in Table 4.1. The same data and the statistical

comparison between the groups is illustrated in Figure 4.9.

Table 4.1: Percentages of microglial activation for unrepaired, M6P and
control groups.
IBA-1 (Microglia)% Unrepaired M6P Control
Ipsilateral Dorsal horn 7.5 4.4 4.2
Contralateral Dorsal horn 3.8 3.3 3.2
Ipsilateral Ventral horn 8.9 3.1 2.7
Contralateral Ventral horn 3.1 2.5 2.1
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Percentage area of Iba-1 labelling %

B unrepaired HEl ver HE Control

101

*k O k%%

47 * % %
* % %

Ipsilateral DH Contralateral DH Ipsilateral VH Contralateral VH

Spinal Area

Figure 4.9 Immunohistochemical analysis of microgi@ M6P, control and unrepaired groups, ** and ***
denote significant difference compared to unrepaired gropg).05p<0.0L and p<0.001respectively No significant
difference between M6P and control grouprd bars a¢enote SEM. Statistical test:vtay ANOVA with Bonferrégn¢
multiple comparisons tesDH:Dorsal hornVH:Ventral horn.
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As described in section 2.2.8.1(B), some variation in the background staining was
noted. Thus, percentage increase of the ipsilateral (injured) side over the
contralateral (uninjured) side, 6sét ai ni ng r at i o@ofhpamsans befweenf or me d
the groups when assessing the staining gave similar results to those described
above. The increase in staining (Ipsilateral/Contralateral) ratio for lba-1 in the
unrepaired group was significantly higher than in other groups in both dorsal (98.5%
vs 36.8% [M6P; p<0.001] and 29.1% [control; p<0.001]) and ventral (196.2% vs 23%
[M6P; p<0.001] and 27.2% [control; p<0.001]) horns (Figure 4.10). The M6P-treated
group had a slightly higher percentage increase in the dorsal horn compared with the
control group, whereas in the ventral horn, the M6P-treated group had a marginally
lower percentage increase compared with the control group; these differences were
not significant (Figure 4.10).
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Ipsilateral / Contralateral ratio
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Figure 4.10lIpsilateral/Contralateral ratimf microgliashows the difference gbercentage increase in the ipsilateral side o\
the contralateral sidein dorsal andventral horns ofthe spinal cord for unrepaired6P and controlgroups. *** denote
significant difference compared to unrepaired gropg0.001. The M6P-treated group expresses higher activation on dor:
horn and lower ornventral horn compared to control group. No significant different were observed between the M6F
control groups. Error bars denote SEM. Statisticaltegt:l @ ! bhx! GgAGK . 2y FSNNRBYAQA Yc
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4.4.1.2.ii Quantification of GFAP Expression

Quantification of labelling for astrocyte activation within the three groups
demonstrates that the unrepaired group had significantly higher levels than other
groups in both ipsilateral dorsal (7.1% vs 4.0% [M6P; p<0.01] and 4.4% [control;
p<0.05]) and ventral (6.5% vs 3.1% [M6P; p<0.001] and 3.1% [control; p<0.001])
horns (Table 4.2, Figure 4.14). M6P-treated mice had similar levels of labelling in
both the ipsilateral dorsal and ventral horns compared with the control group (fibrin
glue alone); there were no significant differences in labelling between these two
groups (refer to Table 4.2, Figure 4.14). In the corresponding contralateral side, the
percentage area of GFAP labelling in the dorsal horn was slightly higher in the
unrepaired group (3.8%) compared with the M6P-treated mice (3.2%) and the control
group (3.4%). In the ventral horn, the percentage area in the unrepaired group was
slightly higher (2.7%) compared with the M6P-treated group (2.4%) and the control
group (2.3%) (refer to Table 4.2, Figure 4.14). The activation areas of GFAP in each

group are shown in Figures 4.11-4.13.
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Unrepaired group

Figure 4.11: A section of spinal cord from an injured (unrepaired) animal sl
astrocyte activation (E using 5x magnificatio)Ipsilateral dorsal horn, )Bpsilateral
ventral horn. ¢Contralateral dorsal horD) Contralateral Ventral horn (A,B,C $ing
40x magnification)Scale bar A,B,C and D = 0.1mm, E = 1.0mm.
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MGP group

Figure 4.12: A section of spinal cord following nerve repair with fibrin glue and
shows astrocyte activation (E using 5x magnificatiéy))lpsilateral dorsal horn, )B
Ipsilateral ventral horn. XXContralateral dorsal hornD) Contralateral Ventral horr
(A,B,C,D using 40x magnificatid®gale bar A,B,C and D = 0.1mm, E = 1.0mm.
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Control group

Figure 4.13: A section of spinal cord following nerve repair with fibrin glue a
(control) shows astrocyte activation (E using 5x magnificatiyripsilateral dorsal horn,
B) Ipsilateral ventral horn. XXContralateral dorsal hornD) Contralateral Ventral horr
(A,B,C,D using 40x magnificatid®gale bar A,B,C and D = 0.1mm, E = 1.0mm.
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The mean percentage area of GFAP labelling (indication of the degree of astrocyte

activation) for each group is shown in Table 4.2. The same data and the statistical

comparison between the groups is illustrated in Figure 4.14.

Table 4.2: Percentages of astrocyte activation for Unrepaired, M6P and
control groups.
GFAP (astrocytes)% Unrepaired M6P Control
Ipsilateral Dorsal horn 7.1 4.0 4.4
Contralateral Dorsal horn 3.8 3.2 3.4
Ipsilateral Ventral horn 6.5 3.1 3.1
Contralateral Ventral horn 2.7 2.4 2.3
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Percentage area of GFAP labelling %
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Figure 4.14Immunohistochemial analysis of astrocyte fd6P, control and unrepaired groups.** and ***
denote significant difference compared to unrepaired gropg0.05 p<0.0L and p<0.001 respectively No
significant difference between M6P and control group. Error bars denote SEM. Statisticahiest: ANOVA
GAUK . 2YyTSNNRBYAQa YOH: ipsididraSdor€aPhernlICDIBk Echtyabateral Godsal horn.
Ipsilateral ventral horn. CVHoftralateral ventral horn.
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The increase in staining (Ipsilateral/Contralateral) ratio for GFAP in the unrepaired
group was significantly higher than in other groups in both dorsal (88.3% vs 26.0%
[M6P; p<0.001] and 28.4% [control; p<0.001]) and ventral (142.5% vs 28.7% [MG6P;
p<0.001] and 34.9% [control; p<0.001]) horns (Figure 4.15). The M6P-treated group
had a slightly lower percentage increase in the dorsal and ventral horns compared

with the control group; these differences were not significant (Figure 4.15).
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4.4.2 Assessment of Functional Recovery Using Axon Counting and
Tracing Analysis

Axon counting and tracing was carried out only on the M6P and control groups. The
outcome of regeneration in the unrepaired group has been reported previously
(Harding, 2014), in summary there was no axonal regeneration at the distal nerve
end as the suture around proximal stump prevents axonal growth (Figure 4.16),

therefore no regeneration data is presented for this group.

Figure 4.16: Proximal (left) amlistal (right) nerve endings following tweeeks after transection
with no repair. Scale bar = 1.0mm. (Harding, 2014).

4.4.2.1 Qualitative Observation of Regenerated Nerves

Axons entered the graft and extended distally toward the distal end. The use of thy-
1-YFP-H mice enables visualisation of the regenerated nerves at the level of the
individual axon. It is clear that there is a region of disrupted axons at the proximal
end, where axons pass from the proximal stump of the nerve into the nerve gratft,
and distal end, where axons pass from the nerve graft into the distal stump of the
nerve (Figure 4.17B and C). These regions are not observed in the uninjured nerves,
where the axons run in a parallel course across the entire nerve length (Figure

4.17A).
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Figure 4.17: A) Typical uninjured nerve. B) Repaired nerve with M6P treatment. C) Control repaired nerve. All nerved pridsantervals marked.
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4.4.2.2 Quantitative Analysis of Regenerated Nerves
4.4.2.2.i Sprouting Index

As described in section 2.2.7.3.i, the sprouting index was calculated at 0.5mm
intervals through the regenerating nerve. There were no significant differences
observed in sprouting index analysis between the M6P and control groups at any
interval. However, the M6P group displayed slightly lower sprouting at almost all of
the intervals apart from the 4.0mm Interval where it showed slightly higher sprouting
compared to the control group (Table 4.3 & Figure 4.18).
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Table 4.3: Sprouting index levels of M6P and control groups (%).

Repair Position (Intervals) M6P SEM Control SEM
-0.5 100.0 0.0 100.0 0.0
0.0 119.8 5.9 123.7 51
0.5 87.0 9.9 96.3 10.7
1.0 81.6 7.3 85.8 10.0
1.5 59.0 9.3 60.5 6.0
2.0 50.0 8.7 53.2 11.3
2.5 50.8 8.7 54.3 9.2
3.0 45.6 7.5 48.8 11.8
3.5 39.6 8.1 40.2 13.3
4.0 27.7 4.2 18.0 8.5
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4.4.2.2.ii Axon Tracing

Axon tracing indicates the number of unique axons that successfully regenerate from
the repair start to the distal nerve ending. As described in section 2.2.7.3.ii, a
minimum of 75% of axons are traced from the 3.5mm interval back toward to the
0.0mm interval (Figure 4.19). The proportion of unique axons represented at each
interval was marginally higher in the M6P group than control groups, but there were
no significant differences observed between the groups overall or at any individual
interval. The highest decline in unique axons was found between the 0.0mm and
0.5mm intervals. The percentage of unique axons continued to drop at each
subsequent interval, until it reached 17.1% (M6P) and 11.3% (control) at the 3.5mm
(final interval) (Table 4.4 & Figure 4.20).
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Figure 4.19Image of traced axons from 3.5mm interval back toward to the 0.0mm in both M6P (A) and control (B).
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Table 4.4: Axon tracing levels for M6P and control groups (%).

Repair Position (Intervals) M6P SEM Control SEM
0.0 100.0 0.0 100.0 0.0
0.5 53.6 5.3 49.1 4.6
1.0 37.5 3.6 31.5 4.9
1.5 28.7 4.3 26.0 1.8
2.0 26.5 3.5 19.6 2.5
2.5 26.3 3.7 19.7 2.6
3.0 204 2.1 16.8 2.3
3.5 17.1 1.7 11.3 2.7
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4.4.2.2.iii Axon Disruption

As described in section 2.2.7.3.ii, axon lengths across the portion of nerve between
the 0.0mm and 1.5mm intervals were measured, and the average axon length in
each group was determined. The difference between the axon length and actual
distance (1.5mm) was expressed as percentage increase of axon length relative to
the actual distance (Figure 4.21).

Control

Figure 4.21: Image showing traced axon disruption between 0.0mm (blue line) and 1.5n
(red line) in both nerve repairs: M6P and control.

The average increase in axon length in M6P group was marginally lower (18.3%
[+2.8SEM]) than the control group (20.5% [+2.1]), but there was no significant
difference (p=0.578) (Figure 4.22).
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4.5 DISCUSSION

4.5.1 Fibrin Glue as a Therapeutic Carrier

Using of fibrin glue as an alternative to sutures has been reported in several studies.
Menovsky and Beek (2001) performed a comparison between the use of fibrin glue,
suture and CO; laser in peripheral nerve repairs. They reported no difference in the
functional, histological and morphological results between the fibrin glue, suture and
CO;l aser repairs. Because of fibrin glueds cl
attention as a potential means to deliver drug therapies. Fibrin glue has a number of
attractive features that lend it to the enforcement of controlled release. Spicer and Mikos
(2010) reported that fibrin glue is an attractive drug delivery system because of the
interactions that occur with endogenous factors. It serves as a binding reservoir for
these factors. Several studies have investigated the use of fibrin glue for delivery of a
number of molecules including endogenously produced factors [i.e. transforming growth
factors-b1 (-BNF ( Cat e ROAY vasctular entlothelial growth factor (VEGF)
(Sahni and Francis, 2000) and growth factor-binding protein (Campbell et al 1999)],
synthetic factors [i.e. lidocaine (Zhibo and Miaobo, 2009) and chemotherapeutic agents
such as fluorouracil mitomycin C (Yoshida et al., 2000)], and gene delivery vectors [i.e.
adenoviral vectors (Breen et al 2009)]. In addition, fibrin glue can be included along with
suture in nerves under mild tension. Also it can be used for non-nerve tissue repairs;
with appropriate anti-scarring effects internal suturing could be coupled with therapeutic
fibrin glue to reduce scarring.

In the study described in this chapter, the fibrin glue was used as a drug delivery
system, which might provide a simple method that could prolong length of delivery and

possible be clinically useful as a route for M6P administration.
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4.5.2 The Effect of M6P on Spinal Glial Activation

Although the effects of M6P have previously been shown to enhance nerve
regeneration (Harding et al., 2014, Ngeow et al., 2011a, Ngeow et al., 2011b), its effects
on spinal glial activation and the development of neuropathic pain following nerve injury

was unknown prior to this study.

The results presented herein show no difference in glial activation and thus suggest no
difference in potential for neuropathic pain development between the M6P-treated and
control groups (fibrin glue alone). Ipsilateral/contralateral/ ratio was generally lower in
the ventral horn for the M6P-treated group for both astrocyte and microglia activation
compared to the control group. Differences in the dorsal horn were mixed, the M6P-
treated group had lower astrocyte activation and higher microglial activation of
contralateral/ipsilateral ratio compared to the control group. The differences observed in
microglia activation (higher activation in dorsal horn, lower activation in ventral horn)
may indicate that M6P may be more beneficial towards motor rather than sensory
axons. However, the data in this study do not provide conclusive data in relation to
potential use of M6P in the reduction of glial activation. This method of administration
did not significantly influence nerve regeneration, whereas our other studies (discussed
below), using different methods of administration have shown that M6P is effective in
enhancing nerve regeneration. Thus further studies using other methods of
administration need to be carried out in order to establish the efficacy of M6P in the

reduction of glial activation.

In the unrepaired group, glial activation was high in both dorsal and ventral horns,
indicating that repair reduces glial activation and may reduce the potential for the
development of neuropathic pain development, compared with the case where there is

no repair and little or no regeneration.
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4.5.3 The effect of M6P on nerve regeneration

When the outcomes from the two repair groups in the three steps of axon counting and
tracing analysis were determined, they revealed no significant correlation between the

level of nerve regeneration and use of M6P mixed with fibrin glue.

4.5.3.1 Axon Sprouting Levels

It is well demonstrated that the level of injured axon sprouting increases with the
severity of injury, and injured axons may sprout into multiple branches during the early
phases of the regeneration (Sunderland, 1978, Xu et al., 2008). The axons mainly
emerge from the last node of Ranvier, and less frequently from the terminal of the axon
itself (after the last node of Ranvier) (Gordon and Borschel, 2017, Griffin and
Thompson, 2008; Tam and Gordon, 2003; Tam and Gordon, 2008). The results of Xu
et. al (2008) demonstrated that regenerating axons following 2mm long sciatic nerve
injury had a lower level of sprouting compared to 20mm long injuries, suggesting that
axon sprouting increases in longer segmental crushed injuries. The level of sprouting

was measured at a similar point distally to the site of injury in both groups.

The use of the sprouting index method to investigate the nerve regeneration was
previously reported in two studies by Groves et al. (2005) and Sabatier et al. (2008).
The studies depended on the use of YFP mice in order to calculate the ratio of sprouting

i ndex proxi mal and distal to the repair

equivalent outcome measure of sprouting index was performed at several separate
intervals. These intervals extend from the most proximal part of the injury through the
entire nerve graft to the point where the regenerating axons enter the distal stump (the
same method was used in this study and the others reported in this thesis). By using
multiple intervals and not just a single interval, more details about the sprouting index
ratio can be obtained (Harding, 2014, Harding et al., 2014).

Following imaging of repaired nerves in both groups, it was found that the highest

disruption and potential axon sprouting occurred at the proximal end (where
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regenerating axons enter the nerve graft) in both M6P and saline control groups. A
smaller disruption was noticed at the distal end of the graft (where axons exit the nerve

graft and enter the distal stump) (Figure 4.16B and C).

The use of M6P in peripheral nerve regeneration was investigated in a recent study by

Harding et al. (2014) . I n Hardingds study

the group treated with M6P had a slightly lower sprouting index compared to the control
group at all intervals. The highest sprouting index was observed at 0.5mm and 1.0mm
intervals, while the lowest sprouting index was reported at 3.5mm interval. They
reported that these findings were not statistically significant. The results of the current
study showed that M6P-treated group had a slightly lower sprouting index in all intervals
except 4.00mm interval where it had a slightly higher sprouting index compared to the
control group. The highest sprouting index was observed at 0.5mm interval in both
groups, and the lowest sprouting index was observed at 4.00mm interval where the

axons start to extend into the distal nerve.

4.5.3.2 Axon Tracing

A higher number of axons passing the injury site and entering the nerve graft is an
indication of better regeneration. This indicates the number of unique axons crossing
the injury site, rather than just the number of sprouts (which may reflect multiple sprouts
from a small number of axons). This provides unique data, which cannot be revealed by
standard axon counting results. For example, a study by Atkins et al. (2007)
investigated the use of the anti-inflammatory cytokine interleukin-10 (IL-10), as an anti-
scarring agent after peripheral nerve injury. They reported that IL-10 significantly
reduced intraneural scarring and increased the degree of axonal regeneration using
electrophysiological methods. However, both IL-10 and control (saline) groups had
similar axon count results. This suggested that high level of intraneural
scarring/disruption stimulated the axons to sprout more, but this did not equate to the
degree of regeneration (Atkins et al., 2007). Thus in the assessment of peripheral nerve

regeneration, the morphological analysis can often be disproportionate to functional
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recovery. A study by Taha et al. (2004) investigated the effect of retinoic acid on rat
tibial nerve. The results demonstrated that rats treated with retinoic acid had a
significantly better morphological regeneration (improved axon density) compared to
control group, while no improvement in motor activity (walking track analysis) was
observed between the two groups (Taha et al., 2004). The same outcome was reported
by Pagnussat et al. (2012), when comparing the effect of various training therapies on
both nerve regeneration and functional recovery in rats. The outcomes of the
comparison demonstrated that rats treated with skilled and unskilled training scored
higher level of functional recovery compared to other groups (no training/control). In
contrast, no significant differences were observed between the groups in the basis of
morphological analysis (Pagnussat et al., 2012). The method of axon tracing which is
possible with the YFP mice enables the tracing of unique axons across the injury site,
providing a much clearer assessment of likely functional recovery than other methods

using morphological analysis.

Due to the short recovery period 2-weeks (to investigate early stage regeneration) and
the use of common fibular nerve module (small numbers of muscles affected), carrying
out a behavioural assessment (e.g. CatWalk) was not viable. The potential recovery
function in the current study was evaluated by inverted axon tracing of each interval to
calculate the percentage of axons from the reference line (0.0mm interval) that were
represented at each subsequent interval. A better potential for future recovery function
was indicated by a higher percentage of unique axons reaching the 3.5mm interval (final

interval).

Harding et al. (2014) reported that no significant differences were observed on the basis
of axon tracing between MG6P-treated and vehicle-treated groups. The outcomes
showed that only 25% of axons present at the 0.0mm interval reached the 3.5mm
interval in both repair groups. More than 50% of axons from the 0.0mm interval were
lost by the 1.5mm interval. They also reported that in the M6P-treated group, the
percentage of start axons represented at 3.5mm interval was slightly higher compared

to vehicle-treated group (Hardingetal.,2 01 4) . I n contrast to
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studies, Ngeow et al. (2011a) reported that M6P improved regeneration (see section
4.5.3.3).

In the Kohta et al. (2009) study, the drug Taxol was used in traumatic spinal cord injury
of rats to inhibit TGF-b1 si gnal |l i ng. The results of-
treated rats had decreased scarring, increased regeneration, and enhanced locomotor
recovery (Bastien and Lacroix, 2014; Hellal et al., 2011). However, these studies were

done in the central nervous system.

The results of the current study showed that no significant differences between M6P-
treated and control groups. Only 17% of axons present at 0.0mm interval reached the
3.5mm interval in M6P-treated compared to 11% in control group. Approximately 50% of
axons from 0.0mm interval were lost by the 0.5mm interval; this is where the axons
cross the injury site and enter the nerve graft. The percentage of start axons
represented at 3.5mm interval was slightly higher in the M6P-treated group compared to

control group in all intervals.

4.5.3.3 Axon Disruption

As mentioned earlier in section 4.3.2, it was clearly observed that there is a region of
disrupted axons at each side of the nerve graft. The larger region is located where the
axons pass from the initial proximal end of the nerve to the nerve graft (0.0mm-0.5mm
interval). It was observed that the highest sprouting index occurred and approximately
50% of axons were lost at this region in both groups. It is believed that when the axons
took a shorter path to cross the injury site this indicates better regeneration, while when
axons are meeting with resistance to regeneration (eg physical barriers such as scar
tissue) they may take a longer path resulting in greater axon disruption.

t

he

I n Harding et al 0s -tfedt€dlgholip hadt au siggificantly lsherterM 6 P

average length of axons compared to vehicle-treated group on a 2-week post-repair.
They concluded that M6P appears to have an excellent effect in reducing the amount of

disruption of axons. So, axons were able to follow a shorter, more direct, path across
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the site of injury. Their finding supported results previously reported by Ngeow et al.
(2011a, 2011b), in which the electrophysiology results showed significant improvement
of compound action potential and faster conduction velocities in the M6P-treated group
compared to the PBS-treated group at 6-weeks (early regeneration) but not 12-weeks
(late regeneration) post repair. It is difficult to make a direct comparison between the
three previous studies (Harding et al., 2014, Ngeow et al., 2011a, Ngeow et al., 2011b)
and the current study due to different experimental factors such as different nerves,
recovery periods, methods of repair and evaluation used in each study. Ngeow et al.
(2011a, 2011b) used direct suturing of the sciatic nerve (with injection of M6P under the
epineurium) and evaluated recovery using electrophysiology and walking gait analysis
at 6 and 12 weeks post repair, while Harding et al. (2014) used nerve grafting of a
common fibular nerve (soaked in M6P) and evaluated recovery using axonal tracing at 2
weeks. This study used direct transplant of nerve graft secured using fibrin glue (+/-
M6P), and evaluated recovery using axonal tracing at 2 weeks post repair. However it is
apparent that the method of applying M6P used is this study did not influence axonal
regeneration, unli ke the met houliss. used i n Hard

Evidence has suggested that the rate of regeneration could be improved. For example,
the introduction of a O6conditioning | esioné
1980), application of immunosuppressive agents (Kuffler, 2009), and matrix
metalloproteinase inhibition (Liu et al., 2010). The impact of M6P on the rate of axonal
regeneration was not examined directly in this study; however, their path across the
injury site was examined. Axons taking a shorter route to cross the injury site are most
likely to reach their end target faster than those that take a longer route to cross the
injury site, and may therefore limit atrophy of the affected muscles. So, faster crossing
of the site of injury could result in better recovery function. In the present study, there
were no significant differences in axon disruption between M6P-treated and control
group. Although axons in the M6P-treated group had slightly shorter axon lengths, the

difference was not significant.
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Finally, no sign of autotomy was observed in any of the experimental animals including
the unrepaired group. It has been reported that autotomy is one of the signs that
suggest the development of neuropathic pain (Coderre et al., 1986, Wall et al., 1979)
because of ectopic discharges sent from the damaged axons. In general, autotomy

appears to be more common in rats than mice (Rigaud et al., 2008).

Several possible reasons can be suggested for the overall results that no difference
were observed in the current study. First, the age and strain of used mice play an
essential role in the outcomes (Jackson et al., 2017). The current study used the same
strain of mice, thy-1-YFP-H, as wused i n Ha rsudy.rHgweeet, theaage8s ( 201
of mice in this study was 12-18 weeks old comparedto 9-1 2 weeks ol d in Hard
(2014). This may have an effect on the overall results. It is difficult to compare the
results of this study with Ngeow et al 6s (20 1dtrhin, age,eesrvel t s as
recovery period and analysis method were different. Secondly, the analysis methods
were different. Although Har di ng et al 6s (2014) used the s
counting and tracing, identification of the graft start point is objective with regard to the
placement of the 0.0mm interval. Third, the method or repair was different. As
menti oned previously, in Harding et alds (201
a solution of M6P for 30 minutes before implantation while Ngeow et al. (2011b) injected
the sciatic nerve directly with M6P before transecting and suturing. However, in the
current study M6P was loaded into the fibrinogen and applies at the time of repair with
the addition of thrombin to form fibrin glue. This may cause decrease in release of M6P
from the fibrin glue. Finally, due to hyperosmotic effect of the M6P. The osmolality of
600 mM M6P was measured by Wong et al. (2014) and was considerably hypertonic at
1500 mOsm. High number of stress-shielded cells was observed after the application of
600 mM M6P in their study. They suggested that application of M6P (high osmolar)
might have biological effects through osmotic shock (Wong et al., 2014). Further
investigation is needed to evaluate the amount of released M6P from the fibrin glue. In
addition, Ngeow et al. (2011b) injected another dose of M6P in the muscles surrounding

the repair area, while this was not performed in the current study.
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4.5.4 Suggestions from Previous Studies

A number of suggestions were put forward in the Harding et al. (2014) and Ngeow et al.
(2011a, 2011b) studies to account for improvements in regeneration in M6P-treated
animals. Collectively these studies showed that M6P reduced disruption of axons
across the injury site, and improved regeneration at 6 weeks post repair (early)
compared to control group, but this effect was lost by 12 weeks post-injury (late) where
both groups showed equal levels of regeneration. The authors suggested that these
changes may be due to a number of factors including:

1 Initial collagen formation may be reduced by the inhibition of TGF-b act i vat i on
the application of M6P
Collagen remodelling happens sooner in M6P repairs
There is a faster rate of axonal regeneration in M6P repairs (as axons are able to
cross the injury site more quickly due to decreased axonal disruption).
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4.6 CONCLUSION

A O66éproof of ¢ on.c(2006b)Gedealbdya refatiokshim etween theddvel
of intraneural scar formation and the level of peripheral nerve regeneration. Following
this, several studies indicated the success impact of applying of M6P, a possible anti-
scarring agent, at the site of injury (Harding et al., 2014, Ngeow et al., 2011a, Ngeow et
al., 2011b). The route of M6P administration described in these previous studies was
not suited to clinical use, and applying M6P incorporated with fibrin glue provides an
attractive method which is simple and well suited to clinical use. However, with this
method of application no significant differences observed between M6P and control
groups. The overall impact of M6P in this study was limited in terms of effects observed
in glial activation and nerve regeneration as no significant differences were observed

when comparing to control group.

This apparent therapeutic failure could be due to inappropriate dosage, timing, duration,
or route of administration. Thus further investigation may be warranted in order to

optimise dosage, administration route and determine any effect.
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CHAPTER 5

THE EFFECT OF LOCAL ADMINISTRATION
OF ETANERCEPT ON NERVE
REGENERATION AFTER (POLY-
CAPROLACTONE) NERVE GUIDE
CONDUIT REPAIR
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SUMMARY

The study reported in this chapter was designed to investigate the effect of the
etanercept on glial activation and peripheral nerve regeneration following nerve repair
with a PCL conduit. There is evidence to indicate that TNF-U a n t smgmay reduce
the inflammation around the injury site, which may result in the reduction of glial
activation and improve nerve regeneration. Immunohistochemistry was performed to
investigate spinal glial activation, which acts as a potential indication of the development
of neuropathic pain, while electrophysiology and axon counting and tracing analyses
were performed to assess the functional recovery of nerve regeneration. CatWalk gait
analysis is thought to provide an assessment of both functional recovery of the injured
nerve and neuropathic pain. A model of sciatic nerve repair was used. The results
demonstrated that local administration of etanercept appears to reduce glial (microglial
and astrocyte) activation - indicating reduced potential for neuropathic pain
development - and enhance functional recovery of the nerve when compared to
controls. Moreover, PCL conduits support axonal regeneration across 4.0mm defect.
Fibrin glue had some limitations for the usage on sciatic nerve repairs. Further studies
are underway to compare regeneration of sciatic nerve following graft and PCL conduit

repairs.
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5.1 INTRODUCTION

As described in sections 1.7.1 and 1.7.3, artificial nerve guide conduits have been
established as a promising alternative to nerve graft repair. The Addition of supportive
cells or drugs into conduits is a more recent approach, beginning within the last 20
years (Ao et al., 2011).

The process of healing starts with the early inflammatory phase and finishes with scar
maturation. Because of this, the use of anti-inflammatory agents is established for use
as scar reducing agents. Many studies have been carried out previously in our
laboratory to investigate potential nerve injury treatments with therapies to reduce scar
formation at the site of injury, especially in relation to decreasing the level of
inflammation and scar formation (Atkins et al., 2007, Ngeow et al., 2011b). TNF-U &
pro-inflammatory cytokine that mediates several immune functions and is well known to
be involved in the regulation of inflammatory, infectious and autoimmune phenomena
(Pasparak et al., 1996). TNF-U has al so been shown ton
neurite outgrowth and inhibits proliferation of Schwann cells that play a principle role in

successful nerve regeneration following peripheral nerve injury (Chandross et al., 1996).

have

Neutralisaton of TNF-U acti vity during the Isheénavidgyhase o

investigated in many autoimmune inflammatory diseases and in spinal cord injuries
(Bastien and Lacroix, 2014, Khan et al., 2005). Inhibition of TNF-U f ol | o wi
nerve crush injury has been reported to enhance regeneration in rats (Kato et al., 2010).
Etanercept is a genetically engineered fusion protein of type Il TNF receptor that acts to
diminish the effectiveness of TNF-U ( We i n lll, 5989). It bas been shown that
removing of TNF-U by etanercept decreases oligo
reduces tissue damage and demyelination, and promotes better recovery of locomotor
function (Chen et al., 2011).

As described in Chapter 3, PCL conduits produced by pSL technique had the best
outcomes (in terms of both nerve regeneration and glial activation) compared to the
other evaluated conduits. Poly-caprolactone is a FDA approved material that has shown
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excellent results in peripheral nerve regeneration (Cho et al., 2015, Reid et al., 2013,
Sun et al., 2010). The outcomes of the in vitro and ex vivo studies (previously done by
Christopher Pateman in the laboratory of Prof. John Haycock [unpublished data])
demonstrated that neurites align along the topographical grooves of the PCL produced
by uSL, potentially directing regeneration from the proximal toward the distal stump
when using in vivo (Harding, 2014). The study described in this chapter uses PCL to
create conduits using USL with dimensions appropriate for repair of the sciatic nerve to
bridge a longer gap (4.0mm) than that used for previous studies. Sciatic nerve was
chosen for this study in lieu of CF nerve because it is bigger, supplying more muscles
(better to assess the recovery function) and longer (facilitating assessment of longer
gap injuries). Although the repaired gap in the study is slightly longer that study
described in Chapter 3, this is the first study in our laboratory to assess the use of
conduits in sciatic nerve repair and thus a similar gap to that used in our previous
studies is useful for establishing the model. In this study we have also expanded the
methodology used to assess regeneration to include electrophysiological assessment

and functional assessment using gait analysis.

5.2 AIM OF THIS STUDY

The aim of the study in this chapter was to evaluate the effect of the etanercept on glial

activation and peripheral nerve regeneration following nerve repair with a PCL conduit.

We hypothesised that inhibitonof TNF-U usi ng etanercept coul

around the nerve injury site, resulting in the reduction of glial activation and improved
regeneration. The study also evaluates the use of PCL conduit in a model of sciatic
nerve repair. This model will facilitate the evaluation of outcomes longer gap repairs, as

the CF model is restricted to a nerve gap of 3.0mm.
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5.3 MATERIAL AND METHODS

The protocol for this study was based on previous protocols performed in our laboratory
at the University of Sheffield, and have been described in Chapter 2. Additional, specific
information involved in the present study is described below. All PCL conduits used in
the current study were provided by Jonathan Field from the lab of Dr. Frederik
Claeyssens and Prof. John Haycock, Kroto Research Institute, University of Sheffield.
All PCL conduits were created by uSL technique (see section 2.2.2.1). Two designs
were evaluated in the study. The first design (0.9mm internal diameter, 0.34mm wall
thickness, 6.00mm length) was used for the pilot study. The second design (0.9mm
internal diameter, 0.34mm wall thickness, 5.00mm length) was used for the actual study
(Figure 5.1).

HV det | WD |mag O modé spot B 1mm
15.00 kV ETD|9.7 mm | 80x SE | 3.0

Figure 5.1: SEM image of the RGhduit showing the diameter$(ovided by Jonathan Figld

5.3.1 Animal Numbers and Groups

20 thy-1-YFP-H mice on a C57BL6 background aged between 8 and 13 weeks were
used in the study and were divided into 2 experimental groups: 10 mice treated with
PCL conduit plus etanercept and 10 mice treated with PCL conduit plus normal saline

(Figure 5.2).
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5.3.2 Experimental Methods
5.3.2.1 Implantation of Nerve Guide Conduit

YFP-H mice were anaesthetised (see section 2.2.3.1.i) and the sciatic nerve exposed,
transected, and a 4.0mm gap was made (see section 2.2.3.1.ii) and repaired using PCL
conduit plus either etanercept (Enbrel® 25mg, Pfizer Limited, Sandwich, UK/Reino
Unido) or normal saline. Both of the proximal and distal nerve ends were secured by
fibrin glue to a depth of 0.5mm into the conduit, leaving a 4.0mm gap between them

(see sections 2.2.3.1.iv) (Figure 5.3).
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Figure 5.3: Sciatic nerve repair using 5mm PCL conduit (A) showing the proximal (
distal (C) nerve ends secured inside the conduit by fibrin. gf@rea of muscle injection
Scale bar = 1.0mm.

5.3.2.2 Administration of Etanercept

Administration of 100ul of either etanercept (0.15mg) or normal saline was made in
three steps: 2x15ul were injected beneath the epineurium prior to sectioning, 30ul were
injected within the conduit, and 2x20ul were injected beneath muscles surrounding the
nerve after application of the conduit (see section 2.2.3.1.v) (Figure 5.4). This

administration was performed by Hisham Shembesh.

Figure5.4 A fine microdialysis needle connected to a cannula that used to inject
etanercept or normal salinbeneath the epineurium on the sciatic nerve, inside the conc
and in the surrounded muscles.
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Animals were allowed to recover for 5 weeks to allow the regenerating nerve to
regenerate sufficiently to allow it to be harvested intact. Following the recovery period,
animals were anaesthetised (see section 2.2.3.2.i) and electrophysiological recordings
of compound action potentials made (see section 2.2.6) the electrophysiology was
carried out by Hisham Shembesh. Following electrophysiology, the sciatic nerve and
spinal cords were harvested (see sections 2.2.3.2.ii) and prepared for analysis using
confocal microscopy (sciatic nerves) and immunohistochemistry (spinal cords) (see
section 2.2.4). Immunohistochemical labelling and axon counting and tracing analysis

were gquantified as described in Chapter 2. In all cases, analysis was carried out blind.

5.3.3 Sample Size Calculation

The sample size for this chapter were calculated using Biomath software [Source: G.W.
Snedecor & W.G. Cochran. http://www.biomath.info/power/ttest.ntm] with standard
deviation (SD) data obtained from a previous study by Ngeow et al. (2011a) in our
laboratory. The sample size chosen for the study was n=8, which would be sufficient to
detect differences between groups of 0.21 for electrophysiology [Figure 5.5]. Two
additional mice were added in each group to make sure that we got at least 8 animals
for analysis. This sample size should also be sufficient to detect differences in axon

tracing and axon disruption as previously calculated (see section 4.3.3).
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Unpaired t-test

Find sample size: Find effect size:
If vou can estimate group means and If vou know the number of subjects and the standard
standard deviation, use this form to find the deviation of your measurement, use this form to see how
number of subjects vou need. small a difference you can detect.
Group 1 mean: N for Group 1:
Group 2 mean: Standard deviation:

or, enter difference between means: [0.21

Standard deviation: |0.137
Click here for effect size: | Result |

Click here for sample size: | Result | You can show a difference of size
You will need 8 subjects in Group 1
You will need 8 subjects in Group 2

For different power or significance level, change the fields below:
Alpha: Prob(reject Hy when Hy is true) | 005 ¥
Power: Prob(reject Hy when Hy 1s true) |0.80 v

Figure 5.5: Electrophysiological analysis of power calculation for a sample size of 8 ami
each group.

5.3.4 Statistical Analysis

Statistical comparisons between groups were carried out as stated in section 2.3.7.1.
For statistical analysis of glial activation, electrophysiology and axon disruption,
unpaired t-test (two-tailed) was used. While for CatWalk, sprouting index and axon
tracing,2-way ANOVA wi th Bonferronidés multiple comp

All statistical analysis was performed using GraphPad Prism 7 software (GraphPad
Prism Inc, CA, USA). Differences were considered to be significant at a p value below
0.05.
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5.4. RESULTS

After harvesting the nerves, it was only possible to carry out analysis on a total of eight
mice (four in each group). In the remaining mice, the proximal and distal nerve endings
were found to be disconnected from the conduit, thus there was no regeneration and

analysis could not be carried out.

The results of the immunohistochemistry of the spinal cord were provided by myself
microglial activation) and Hisham Shembesh (astrocyte activation). The functional
recovery results were obtained from a combination of CatWalk gait analysis,
electrophysiology and axon counting and tracing techniques. The CatWalk analysis was
performed by myself and Hisham Shembesh. Electrophysiology was performed by

Hisham Shembesh, while axon counting and tracing was performed by myself.

Immunohistochemistry was performed to investigate spinal glial activation which acts as
a potential indication of the development of neuropathic pain, while electrophysiology
and axon counting and tracing analyses were performed to assess the functional
recovery of nerve regeneration. CatWalk gait analysis is thought to provide an

assessment of both functional recovery of the injured nerve and neuropathic pain.

Prior to the study reported in this chapter, two pilot experiments were performed using
PCL conduits of 6.00mm in length. After a 4-week recovery period, the axons had
regenerated well through the conduit; however, there was not enough space to perform
the electrophysiology as the conduit occupied the majority of the sciatic nerve. For that

reason, it was decided to use PCL conduits with a 5.00mm length.
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5.4.1 Assessment of Glial Activation
5.4.1.1 Qualitative Observations of Spinal Cord

Glial activation was apparent in the injured side for all repair groups, particularly in
PCL+Normal saline group, and the greatest observed immunoreactivity was present in a
specific area of grey matter. This represents the region of the spinal cord to which the
sciatic nerve projects. A number of hypertrophied glia were observed in both repair
groups; However, the cells in the PCL+etanerceptgroup showed less hypertrophy

compared to those in the PCL+Normal saline group (Figure 5.6A and B).

FHgure 5.6 Sections of spinal cord after Immunohistochemistry staining with antibodst Il
showing hypertrophied microglia (white raws) in both repair groups. A)CLEanercept
group. BPCL+Normal saline groupcale bar = 0.1mm.
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