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Abstract

Chronic pain is a major problem worldwide, affecting 1 in 5 New Zealanders resulting in a
decreased quality of life for the patient and a large socioeconomic problem costing an estimated $13-
$14.5 billion a year. Current therapeutics target the mu opioid receptor (i receptor) and include drugs
such as morphine and fentanyl. While these drugs are highly effective in the treatment of strong acute
pain, their long-term use is associated with tolerance to the analgesic effects and increasing rates of
side effects such as respiratory depression and constipation. Due to their high abuse liability, they are
also known to cause dependence and addiction when prescribed for extended periods. This is believed
to have played a role in the opioid crisis in the United States and highlights the need for improved
therapeutics for the treatment of chronic pain.

One mechanism that has been proposed to generate | receptor agonists for the treatment of
chronic pain with reduced analgesic tolerance and safer side effects is the development of G-protein
biased agonists. Such agonists selectively activate the canonical G-protein signalling to a greater
extent than the non-canonical B-arrestin2 pathway. This is based on previous work in B-arrestin2
knockout mice where the antinociceptive effects were increased, while side effects, including
respiratory depression, tolerance, and constipation are reduced, increasing the therapeutic window.
In this thesis, we aimed to assess the anti-nociceptive and side effect behavioural profiles of two novel
U receptor agonists, kurkinol (bias = 0.14) and kurkinorin (bias = 0.57), with a varying bias for the G-
protein pathway to assess the role of this paradigm.

Evaluation of the behavioural profile of kurkinol and kurkinorin revealed that G-protein bias
was correlated to increased anti-nociceptive potency and reduced tolerance in wildtype C57BL/6)J
mice. Furthermore, the anti-nociceptive potency of morphine was increased, and tolerance decreased
in in B-arrestin2 knockout mice. While the level of tolerance was reduced for kurkinorin. However, in
the chemotherapy-induced model of neuropathic pain, tolerance to kurkinol and kurkinorin
developed at the same rate as morphine. Overall this work showed a poor correlation between G-
protein bias and therapeutic window. With the G-protein selective kurkinol inducing worse respiratory
depression, constipation, and motor coordination impairment compared to kurkinorin. Interestingly,
respiratory depressive and constipation effects of kurkinol were not prevented in the B-arrestin2
knockout mice indicating that they are induced through the G-protein pathway.

These results highlight the change that has occurred in the biased agonism field over the last
4 years, with the lack of reproducibility of key experiments and poor translation of G-protein biased u
receptor agonists resulting in improved therapeutic windows both clinically and pre-clinically.
Moreover, recent research has shown that pathway efficacy (i.e. partial agonism) and not G-protein
bias is responsible for the behavioural profiles of compounds previously identified as G-protein biased.

We therefore decided to further investigate the cell signalling profiles of our two novel agonists to



assess them for partial agonism and to assess downstream signalling molecules activated by G-protein
and B-arrestin2.

This revealed cell-specific inhibition of membrane hyperpolarisation in Hek293 and CHO cells
stably expressing the human p receptor, with kurkinol found to be the most potent in both cell lines,
followed by kurkinorin, morphine, and [D-Ala?, N-MePhe?, Gly-ol]-enkephalin (DAMGO). However, no
differences were identified between the p receptor agonists in the activation of the inwardly rectifying
channels in the CHO cell line. The assessment of pCREB (phosphorylated cAMP response-element
binding protein) as a B-arrestin2 dependent pathway revealed poor activation by kurkinorin while
kurkinol was a potent activator. Bias factors generated from this data showed poor correlations to
therapeutic windows. While the differences in CREB phosphorylation was shown to have a stronger
correlation to therapeutic windows generated from the behavioural data.

Overall this thesis has identified kurkinorin as a pu receptor agonist that induces potent anti-
nociception with reduced side effects, without strong-G-protein bias. We also show that the highly
selective u receptor agonist kurkinol has improved anti-nociception with a worse side effect profile
adding to the growing body of literature showing bias is not a good predictor in its current state.
Furthermore, the discrepancies between cell lines, differential activation of subcellular pathways, and
lack of reproducibility between bias equations indicate that the field has massively oversimplified a
complex system. Which has, most likely, resulted in the poor translation of in vitro bias factors to

clinically available u receptor agonists for chronic pain.



Acknowledgements

The last three and a half years have been a full of highs and lows, just as predicted by all the
PhD memes on the internet. There are a lot of people who have helped me get through the lows | am
very thankful for.

Firstly, to my supervisor Dr Bronwyn Kivell for placing me in your lab as an honours student
and allowing me to grow as a scientist. Opioid research is never where | saw myself going, but | am
very glad to have ended up here. | appreciate you taking the time to answer my questions and always
having your door open, despite how busy you are, especially in these last few months. To my
secondary supervisor Dr Janet Pitman, thank you for all the help with reading and editing of this thesis,
your attention to detail and kind words were greatly appreciated. A special thanks to Emeritus
Professor John Miller, your references for travel grants and help with the respiratory depression have
been invaluable. Finally, to Professor Tom Prisinzano and his lab at the University of Kentucky for the
supply of novel compounds that have allowed this thesis to happen.

Throughout the four years that | have been in the Kivell lab, there have been a lot of lab
members that have come and gone that | am very grateful for. From the original members when |
joined the lab; Susan, Stephen, Diana, Adam, Ricky, and Phyllida thank you for helping me when | was
new to research in my honour’s year. To the lab members and volunteers who joined the lab along
the way; Afnan, Bria, Christa, Janine, Lisa, Matthew, Nikki, Rabia, and Sheein. To my newest desk mate,
Britt, thank you for being a great summer and now fourth-year student | am very happy you joined
the pain research group, doubling our member numbers to two. To our long-running token male,
Andy, your ability to stay calm no matter what madness was going on was an absolute lifesaver at
times. My former flatmate and travel buddy Kendra, | am so glad that you joined our lab. Thank you
for the endless wine (or rum) during the good times and the bad times, for forcing me to leave and
eat fries rather than throwing my computer down the stairs, and the constant stories and hilarity that,
this would have been a much quieter experience without you here. Finally, to Kelly, the longest-
running member of the lab and the hardest working person | have ever met, you taught me how to be
a proper scientist, to question every result and always run an experiment properly no matter how
much more painful it made it, tried to teach me work-life balance and to take time off (even though
you never did yourself). You have made this journey so much more fun, from covering my desk in
pictures of cats to late nights in town and drinking too much, this experience would not have been the
same without you.

| would also like to thank other key members of the SBS family for helping me along the way.
To my original post-grad buddy Jen, even though you are doing your PhD in Melbourne now it has
been great to continue the journey with you via messenger. To my friend and life coach, Varun, thank

you for all the inappropriate workplace humour, constant judgement and bullying of my poor life



decisions, and the great research and life advice along the way. Daniel, thank you for all the annoyance
that you gave me over the years you were here, which | strangely miss now that you have graduated.
Your dad jokes, ridiculous comments, and lunch schedule could always make a bad day a little bit
better. To everyone else in SBS including, Matire, Mike, and Jess thank you for sharing this experience
with me.

| would also like to thank all the technical staff; Craig, Derek, Lee, Nevil, Paul, Pisana, and
Sushila. Thank you for your help fixing and training me how to use the equipment, especially the Friday
afternoon emergency diaphragm changes by Nevil and Craig. Stacey, for the maintenance of the
animal colony especially my GMO lines, | know they were a pain to keep straight. To the admin team
at SBS; Adrian, Lesley, Mark, Mary, Paul, Sandra, Stephen, and Patricia from the faculty office. Thank
you for helping with the paperwork, access, and extensions when needed, you all made the process
so much easier.

| would like to thank my family; Mum, Dad, Breanne, Sarah, and all the family cats. Thank you
for always encouraging and believing in me, more than | did at some points, and for putting up with
me always being too busy to visit even though we all live in the same city. To my grandma, | know you
always wanted me to become a vet so that | could look after all the family cats for free, even though
that’s not the path | chose | hope you are still proud of me. | wish you were here to see this. To my
partner Scott, without you being there to hear my rants, put up with my late-night breakdowns and
moments of self-doubt | most certainly wouldn’t have made it to the end with the level of mental
stability that | have now, you and our cat Pinky can calm me down like no one else. Thank you for
being my rock throughout the last two years of my PhD and always allowing me to put my lab work

first, even when that meant accidentally waking you up before 7 am on the weekend.



Table of Contents

ABSTRACT ..ttt e csesratattaessestastastesssestastasssssssstassassssstessassassesssassassassen |
ACKNOWLEDGEMENTS.....cuiiiiiiiiiiiieiiaiieiiiiasionieisesiostssiessssssasiosssssssssassssssssssssassassasssnss il
TABLE OF CONTENTS ..ociiiiiiiiiiiiiiiiiiiiieiieiieiioiieessesianiatesssestastassassssssossassessssssassassassssssassas \Y
LIST OF FIGURES ... cuiiiiiiiiiiiiiiieiieiiiinianieisesiesianissssesisstastessssstastasssssssssassassssssessassassansss IX
LIST OF TABLES .....ccuiituiiiuiiiuiiaeiieeiieniiesicssicrsserssrsssisssiessssssssssssssssssssassssssssssssssssasssasssansses Xl
ABBREVIATIONS ...cuiiiiiiiiiiiiiaiieeiieeiieeiiisiersieississiessissssssssssssssstassssssesssesssssssssasssasssanssans Xl
CHAPTER 1. GENERAL INTRODUCTION .....ciuuiiueiineiienicenicrnscrsssrssiassrasssossssssssnsssssssssssnnss 1
1.1. CURRENT ISSUES IN THE MANAGEMENT OF CHRONIC PAIN .eeuvveerteeerureesreeenseeesssessnseeesssesssssesssessnsenesssees 1
1.2, THE PAIN PATHWAYS ..etteeiteeeitieesteeesteeesteesteeessteessseeessseesnseessssassnsessnsssesssessnseessnsesssssesssessnseeesnsenn 2
1.2.1. Nociceptors and lon Channels Involved in Nociception .......cccecuevivviiiiiincieee e 2
1.2.2, Primary Afferent FIDIrES ...ttt e s e e sate e s be e e st e e steeeneessnbeeenes 3
1.2.3. DOrsal ROOt GANGHON ...ceiiiiiiiieiiiee ettt e e et e e e s bee e e e sbte e e e sbaeeeessstaeeeeanes 5
1.2.4. Nodose and Trigeminal Ganglia ........cccceeieuiiiiiiiiiie et e e st e e 5
1.2.5. Dorsal Horn of the Spinal Cord .......ouuiiiiiiiiiieciie et ee s e st s s saee e svee e 6
1.2.6. Central Processing Of PAiN........ccuiiiiiciiieiiiiiie ettt e s e e e saae e e e sare e e ssnaeeeeas 10
1.2.7. Modulation of the Pain PathWays.......ccccueeriiiiiiicieccee ettt 13

N T o i = | PSP 14
1300 ACULE PN ceiiiiiiiiiiitiee ettt e e e e s e sttt e e e e e s s bbbt e e e e e e s e s abbbeeaeeee s e e nbraaaeeeeeeanas 14
1.3.2, INFlammM@tory PAiN. ..o ueecie ettt e s e st e e e e et e e e ae e e nate e ereeeenree s 16
1.3.3. Chronic NeuropathiC Pain ......coccuiii ittt et e esre e s e saae e s ssare e e sseaeeeeas 17

1.4. PRE-CLINICAL RODENT MODELS OF PAIN...cciiiiiiurititteetiiiiiiierte et e e e s eirer e e e e s s smreneeeeesssnas 17
1.4.1. NOCICEPLIVE Pain MOUEIS.....ccceiiieiieeciee ettt e saee s s e e s e e e snte e sveeesnnee s 18
1.4.2. Neuropathic Pain MOGEIS ......cocciiiiiiciiie ettt e e e aa e e e sare e e ssaaeeeeas 20

1.5. CURRENT THERAPEUTICS FOR NEUROPATHIC PAIN.....uveeeurreerereesnreeeseeessesesseeesssessssesssssessnsesesssessssesennees 22
1.5.1. NON-Opioid ThEIrap@UEICS ...eeeiuveeeteeeetierteeectte e eeeeste e ste e etee e steesae e e sbeeesbeeessaeesnteesseeesnseean 23

1.6, THE OPIOID CRISIS 1uuueieteetttutuiiaeseeeetttunuueeeeseeetsssuuaasseesssesssnnseseessssssmmesseesessssssmeesseesssssmnmnnsssssennnes 28
1.7. MU OPIOID RECEPTORS ...ceecuveeetreesuresereeessseessseeasseeesssessssssesssesssseessssessssssssssessssesssssessnsessssessssesssnees 29
1.7.1. Mu Opioid Receptor Identification ........ccccuviiiiiiiie i 29
1.7.2. Endogenous Role of the Mu Opioid Receptors in Pain Transmission.........cccceeeevveeeeicvveeenn. 32
1.7.3. Monomeric Mu Opioid Receptor Signalling Pathways ........cccccevveeiviericee e 33

1. 8. BIASED AGONISIM ceuuuuieieeetiitiiiieeeeeeetttutieseeseeeesssunaaasseesesesssunsssseeesessssnsssesssesessssnseesseesssssmnnnssesessenes 39
1.8.1. Evolution of GPCR Ligands and Pharmacology ........ccccceeeceiirieiiiieeciiee e sessvee e 39
1.8.2. CAlCUIGEING BIAS ..vveieiiiiiieiiiiiieisiiieeeecit e e sttt e st e s st e e s st e e e sabeeessnbaeeessbaeeesansreeesanseeeesan 42
1.8.3. The Mechanisms of Biased AZONISM......ccccuiiiiiiiiieiciiiie e ccieee e et esrre e e e sare e e esebe e e ssareeeeas 43
1.8.4. Initial Studies into Biased Agonism 0f GPCRS .........ccceccieeeiieesee e 44
1.8.5. Biased Agonism at the Mu Opioid RECEPLON .......uviiiiiiiiieciiee ettt 48

1.9. SALVIA DIVINORUM AND ITS ANALOGUES ..cuvveerurieerireerreessuteesseesssreesseesssseessseesssessssseesssessssesssseesnnnes 49
1.9.1. The Salvia Plant and Active INredient .........cooviiiiiiiiiieieiieeceree e s 49
1.9.2. Structural Analogues of SAIVINOIIN A ... e 49
1.20. HYPOTHESES AND AIMS ...uuteeeteeesureeeteeessseesisesassesesssesassssesssesasssssssesessssesssessssesesnsessnsesssnsessssesssnses 52
CHAPTER 2. GENERAL METHODS.....ccciciitiitiiiianieiieeiiesieiiniieissiasiaisssesrsssssrasssssassans 53
2.1, BEHAVIOURAL EXPERIMENTS ...veeuveeeteeesureeeseeesseeessesesssessssesasssesssesessssesnsesessessssesssssesssessnssessnsesanns 53

A 0 B Y o 110 o - T OO O T OO OO PO PP POPRRPPPRO 53



2.1.2, Drug Preparation. ... et e e e e s 54

2.1.3. Nociceptive BEhavioUral ASSAYS.......ccucuuiiiiiiiieiiiiieeeeiiieeeesireeessreeesssseeesssreeessssrenesssssenas 54
2.1.3.1. 1. TiME COUISE eeiiiiiiiiiiiiteee e e ettt e e e e s ettt e e e e e s e abb b ee e e e e e e e s anareeeeeeeeeaannrereeeeeeesesannnrnes 55
2.1.3.1.2. Tolerance and HYperalgesia.......cccccecueiiircieeiiiiiee e eeitee e ereee e esvee e s sree e e e reee e s sbee e e ssareeas 55
2.1.4, Chemotherapy-Induced Neuropathic Pain .........cccovciiiiiieiiiieiiieciec e 57
2.2. SIDE EFFECT BEHAVIOURAL ASSAYS ...uvtieureeetieesieesteeesseesnsesesssessssesessseesssessnssessssessssessssessnssessssessnns 59
A I (e -1 o 1o IS PRSP 59
2.2.2, GAstrointestinal EffeCtS....ccuiiiiiiiiee e s e 59
2.2.3. Whole-body PlethySmOgraphy .......cooocuiiiiiiiiieiciiiec ettt 60
2.3. ANTI-NOCICEPTION AND SIDE EFFECT Z-SCORE CALCULATION ...eevveeeureeesereesseeasseesssseessseessesssssesssseeenes 63
2.4, CELL CULTURE ..teutttesutteesuteestteesuteesseessaseesssasensseesssesssssessnsssenssessnsesssssessssessnsesssnsessssseesnsessnsessssessnns 63
2.4.1. General Tissue Culture Methods ........c.c.ueiiiiiiiiiiiiece e 63
2.4.2, Stable Cell Lie GENEIAtiON ....ciiciiiiiee ittt ettt see st esaee e sabeesbaeesateesbaeenenes 64
P TR B LU= ] o 1ol & PRSPPI 67
2.4.4. High Throughput Cell Signalling ASSAYS .....cccuviiiiiiiiieiiiiieeeriee e esiee e esree e e sree e s s ereee s esaveeas 67
2.4.5. SDS-PAGE Gel Electrophoresis and Western Blotting.........cccevvveevvereceeincieesieeesies e 69
2.5. BIASED AGONISM CALCULATIONS ...eeuveeesureeeteeessseessesessessssssesssesssssesssessssssessssesssssessessnsessnssssssesanns 72
2.6, STATISTICAL ANALYSES ..uuveeeiureesureeeitreesseeaseeesseessesessssessssansssesssssessssssnsssassssesssesesssessnsesssssssssesanns 73
CHAPTER 3. ANTI-NOCICEPTIVE EFFECTS OF KURKINOL AND KURKINORIN ......cccceuuuene 75
3.1, INTRODUCTION. .. .tteetteesureesateeesureesseeesnseesssaeessseesssesesssessssesesssesansessssseessesesseessnsesesssessssessssessssessnns 75
3.1.1. Regulation of Mu Opioid Receptors by B-arrestin2 and the Implications for Analgesia....75
3.1.2. Pre-Clinical Effects of G-Protein Biased AgONIStS........cccvviiiviieeiiiiiie e 76
3.1.3. Anti-Nociceptive Effects of Novel Mu Opioid Receptor Agonists from the Structure of
-1 AV 0T Y o o NPt 77
3.2  HYPOTHESIS AND AIMS ...ttt ivteesureeeteeesseeeseeesseeessesessseesssesesssessssessssseesssesessesssnsesssssessnsessnssessssessnns 79
TR T S o1 U SRR 80
3.3.1. Dose response Effects of Kurkinol in the Hot water Tail-flick Assay........ccccecvevevicrieeennnen. 80
3.3.2. Kurkinol Has a Similar Duration as Morphine in the Tail-Flick Assay........c.cccceevevivveercennns 85
3.3.3. Duration of Action of Kurkinol and Kurkinorin in the Hotplate Assay ........cccccceevvcvieeecnneen. 89

3.3.4. Effectiveness of Kurkinol and Kurkinorin in Chemotherapy-Induced Neuropathic Pain....93
3.3.5. Anti-Nociceptive Z-Scores Shows Improvements to Morphine with Kurkinol, But Not

KUPKINOIIN ettt sttt e s bt e e bt e e sabeesbeeesabeesabeessabeesabeeesabeesabaessseesabeennns 103
3.2, DISCUSSION ...vveeereeeuteeesueeesseeessseeaseeessseesseeanseeesssessasseesssesanssessnsessnsssssssessnssessnsesssssesssessssenssnsenen 104
3.4.1. G-Protein Bias Correlated to Increased Potency and Decreased Tolerance in Spinally
Mediated Thermal Anti-Nociceptive MoOdelS........c.ueiiiiieiiiiiiee e 104
3.4.2. Kurkinol and Kurkinorin have Reduced Duration of Action in Supraspinal Thermally
Mediated Anti-NOCICEPTION. .. ..iii ittt e e e re e e st ae e e s sbae e e s sabeeesennseeas 107
3.4.3. The Effect of G-protein Bias in Anti-Nociceptive Potency and Tolerance in Chemotherapy-
Induced NeUropathiC PAin .........eevi oo e e e e e e e e e e s a e e e e e e e e e ennnnnes 109
3.4.4. Limitations and FUtUre DIir€CHIONS.......ccuveviiiiriiiniie ettt sttt sre e siae e sabee s 114
CHAPTER 4. SIDE EFFECT PROFILE OF KURKINORIN AND KURKINOL......c..cocerencnennanne 117
4.1, INTRODUCTION. .eeuttteureesrteeniueesteessuseessaeessseesseessuseessssesnsseesnsesessseessssessssessnsesessseessseesnsseessseesnsnes 117
4.1.1. Mu Opioid Receptor Expression and the Induction of on-target Side Effects.................. 117
s 0t 0 I A o Yoo o AT o PP POPPPPPPPN 117
4.1.1.1.2. RESPIratory dePreSSION ....uuiiiei i cciieeeee e e eeccttre e e e e e e esetrte e e e e e e e e ssabtreeeeeeesesannsraeneaeasannas 119
4.1.2. Side Effect profiles of Pre-clinical G-protein biased agonists .........cccceeevevevciievceerciensnenn, 121
4.1.3. Side Effects of Kurkinorin and Herkinorin.........ccoueerieiiiieinieiiiesieceeceeeniee e 122
4.2, AIMS & HYPOTHESIS. .. .veeevreesuteeesesessteessseeasseesassessssseesssesasssessssesesssesssesesssessnsesssssessnsesesssessnsessnnees 123



e TR =] U 1 124

4.3.1. Kurkinol has a Reduced Duration of Motor Coordination Impairment ..........cccccevvvveenn. 124
4.3.2. Gastrointestinal Effects of Kurkinol and Kurkinorin........c.ccceceeiviiinieenciiennieenes e 129
4.3.3. Urinary Retention was Not Induced by Kurkinol or Kurkinorin ..........cccccveeeriiieeenccnennnn. 133
4.3.4, Respiratory Depression in C57BL/6J and B-arrestin2 Knockout Mice .......ccccecvvvevrvernnnns 135
4.3.5, Kurkinorin has an Improved Side Effect Z-score in C57BL/6J MiCE .......cccceveevververeernnnns 147
O 11T o[ 811 o N S 149
4.4.1. Improved Motor Coordination of Kurkinol Not Correlated to G-Protein Bias.................. 149
4.4.2. Kurkinol and Kurkinorin Induce Gastrointestinal Inhibition ...........ccccevviiiiiiiiiiiniiien, 152
4.4.3. Reduced B-arrestin2 Recruitment Does Not Improve the Respiratory Depressive Effects of
Y IO @] o1 o] e N at=Tol=T o] oY g V=] o1 1y £ 156
4.4.4, Abuse Liability Is Lowered with G-Protein Biased AgONistS.......cccvvvveveriiveeeiiiiieeeiniieeen, 159
4.4.5. Limitations and FUtUre DIr€CHIONS.......ccuiiiiieiiiiiiiee ettt e s aeeesree s 160
CHAPTER 5. CELL SIGNALLING PROPERTIES OF KURKINOL AND KURKINORIN............ 163
70 [ N0 20 0ot T | PSSP 163
5.1.1. Biased Agonism at the Mu Opioid RECEPLOT.....ciivciiiiiiciiie e 163
5.1.2. Biased vs LOW Efficacy AZONISES .....cuiiiiiiiiiiiiieeciee et sttt s estee s st e eseae e sae e sveeesanee s 164
5.2, AIMS AND HYPOTHESIS ....uvttitteesuteeeteeesteesiteeesseeesteessseeesssesenseessssessnsseesssessnseessssessnsesessessssenessenn 169
R T 2 Y U 1P 170
5.3.1. Activation of G-Protein Dependent Pathways by Kurkinol and Kurkinorin....................... 170
5.3.2. B-arrestin2 Dependent CREB Phosphorylation.........cccocueeiiiiiiiiicciiee e 178
5.3.3. Phosphorylation of ERK1/2 by Kurkinol and Kurkinorin ..........ccceeeeevvevveeeieecciiee e 180
5.3.4. Generation of Bias Factors for Kurkinol and Kurkinorin ..........ccccceeeveervvieeiiiieencenenieesnennn 183
5.3.5. pCREB Efficacy Correlates to Therapeutic WindOW ..........eeeeeeeiieciiieeeeeeeeeceiireeee e e e 187
5.2 DISCUSSION ...vveeeteeeuteeesuteeeteeesuseessesssnseesssesesseeesssessssseesssessnseesansessnsseesssessnseessnsessnseessnsessnseessssenn 189
5.4.1. G-Protein Dependent Pathway Activation Matches Pre-Determined Bias ..........ccccc....... 189
5.4.2. Kurkinorin is a Poor Activator of Mu Opioid Receptor-Induced CREB..........ccccceevcuvveeenns 192
5.4.3. Kurkinol and Kurkinorin are Potent Activators of ERK........cccceeveeeiiiinciee i 192
5.4.4. Experimental Bias Alters the Generation of Bias Factors .........ccecvuveevvcieeeecciieesccieee s 194
5.4.5. Different Equations Give Different Bias FACtors .......cccocouveiiicieeiiiiieeesccieee e ecieee e 195
5.4.6. Different Cellular Backgrounds alter G-protein Bias.......ccccevveervieeeieeenieeenieesiee e e 196
5.4.7. Limitations and FUtUre Dir€CHIONS.......ccueercieiiriieniie ettt et st 197
CHAPTER 6. GENERAL DISCUSSION ....cccitiieiiiieniniiniieiieiinissiesianiaissrssiasssssssessanne 201
6.1, SIGNIFICANCE OF THE STUDY ...iiiiitiiiuiiieeeeeetttiuiieesseeeettsnsueeseesesnsssneasssesssssssmnessssessesssmnneesssssnnsnnnnns 201
5.2, KEY RESULTS .vtteiureeeteeesuteeeteeesuteeeseeessseessseeeseeesssesassseesssesenssesansessnsssesssesansenssnsessnssessnsesssseesssenn 202
6.2.1. G-Protein Bias Correlates to the Anti-Nociceptive Profile but Not the Side Effect Profile
.................................................................................................................................................... 202
6.2.2. The Therapeutic Potential of Kurkinorin and Kurkinol .............cccccoveeiiiiieeiiciiee e, 203
6.2.3. The Role of Other Subcellular Pathways and Regulatory Proteins..........ccccecevveeeiciveennnnns 204
6.2.4. Issues With Bias Calculations............uuiiieiiiieciiiee e 208
6.3. ALTERNATIVE PATHS TO NON-ADDICTIVE ANALGESICS..ceeuveerreeerireerreeesireenieesseneesseessseesssessssaeesssees 212
5.4, FINAL CONCLUSIONS «..teeuveeeuieenureesteeenureesseesssseessessssseessseesnssesssessssseessessssaeessessssseesssessssseesssees 215
CHAPTER 7. Y o o 110 N 217
7.1 REAGENT RECIPES «veeuvteesuteesteeessseessesessseesseeassessssesasssessssesanssessnsessssseesssesansesssssessnsssssnsessnsesssnsens 217
7.1.1. CHO and Hek293 Growth Media........ccccuueiiiiiiiii ettt e e ara e 217
T 02 PBS = L Lttt ettt ettt ettt ettt e b e e bt e e st e e s ba e e s beeebbeenataesbaeenabee s 217
7.1.3.SOC MEAIA = 1 Lttt ettt ettt e sttt e e s st e e s s bee e e s sbeeeeseabaneessntaeeesanes 217



7.1.4. LB broth and LB @Bar — 1 L.....ceirieiiiiieiiieeeieeesiee sttt e sttt ste e site e sabe e sbaeesateesvaeesaneeen 217

7. 1.5, TE BUTFEI- 50 M1 ittt sttt e e s s bt e e s s baeeessbaeeessseneessanes 217
7.2. GEL ELECTROPHORESIS AND WESTERN BLOTTING SOLUTIONS ...eeevreerureeenireerieeenereesreeenseeessessnseeesneees 218
7.2.1. RIPA BUFFEE (DH 7.5) = 1 Luveeeeeeeeeeeeeeeeeeee et e e see s eeseseees e e s se e seessesnesnenes 218
7.2.2. 5X RedUCING BUFFEI = 1 Luuviiiiiiiiiieiiie ettt sttt st e ettt ssate s st e sbaeesate e sneessanee s 218
B TR 1= L 2 g PR PSNt 218
7.2.4. 10X RUNNING BUFFEI — L Luviiiiiiiieieiiiee sttt sttt e e st e s s sate e e s sara e e s sneaeaesanes 219
7.2.5. Western Transfer BUFEr — 1 L.ttt st e e e s 219
7.2.6. LOX TBS (PH 7.5) = 1 Luvoeeeeeeeeeeeeeeeeeeeeese e e e s e e e sesees s eseee s eseseeseeeeessesnesnenes 219
0 R e I 2 N TP PPPPPPPPPPR 219
7.2.8. SEHPPING BUFFEI = L Luviiiiiiiiiieiciee sttt sttt s stre st e s sabe e sbaeesaaeessbaeesaneeen 219
7.3, STATISTICAL ANALYSIS «eeueveeetreesureeaseeesseessesassseessesassseesssesansssessesessssesssesansssessessnsesesnsessnsssesssenn 220
7.4. CHEMOTHERAPY-INDUCED NEUROPATHIC PAIN SUPPLEMENTARY DATA ...vviiviiriiieenieeeieeenireesieeesaveenn 222
7.4.1. Paclitaxel Induced Comparable Disease Between Treatment Groups ........ccoecveeervveernnennn 222
7.4.2. Induction of Hyperalgeisa by Kurkinol and Kurkinorin .........ccccccoeeiieeieiieeescciieesecieee e 223
7.5. THE EFFECT OF KURKINOL AND KURKINORIN ON CORE BODY TEMPERATURE ....vevevreerereeeveeeneeeesveeesnnenns 224
7.6. WHOLE-BODY PLETHYSMOGRAPHY IN UNRESTRAINED IMICE ....eceuvieerieeireecteeeieeesteeeeeeeesreesvaeesaneean 225
7.6.1. Kurkinol Altered all Measures of ReSpiration ..........cccoecveeiieciiii i 225
7.6.2. Effects of Kurkinorin on Further Respiratory M@asures .........ccoceeeeeeercieesieeencieeeneeesneens 226
7.6.3. B-arrestin2 Knockout Vehicle Controls from Whole-body Plethysmography in
UNFESTIAINEU IMIICE ..veiiiiieciiee ettt eee ettt e et te e st e et e e s e e e bt e e sateeentaeeseeeenseesssseesnseeeseeesseesnns 227
7.6.4, Further Respiratory Effects of Morphine, Kurkinol, and Kurkinorin in B-arrestin2 Knock
OUT IVIICE. ettt ettt et e s ettt e e e e e s st b e e e e e e s e e st tbaeeeeessasssbaaaeaeesssasssnseaaeeessnsannsnnes 228
7.7 PLASMID VECTOR .eiutteeiuieeetieesiteesteeesuteessesenseeesssessssseesssessnseessnsessnsssesssessnseessnsessnsessssesssseessseeen 230
7.8. HEK293 &AND CHO CELLS STABLY EXPRESSING THE HUMAN MU OPIOID RECEPTOR.....cccuveerureeevreennnennn 230
7.8.1. HEK293 CllS....utiiiiiiee ittt ettt e e e e eec e e e e e e e e e s bbaaeeeeeeeeesasbaaaeeeeeessnsssrasaeaeeesnnnssnns 230
T.8.2. CHO CllS...uiiiiieeeiee ettt ettt et et s e e sbe e e et e e e ste e e s ateeebeeesnbeeensaeesnseessaeesnseean 231
7.9. MEMBRANE POTENTIAL ASSAY OPTIMISATION ...uuuueiiiiieeessiiiiirerteeeesseiiirrsteeeessssnsreeeeeeesssssnneneeeeas 231
7.9.1. Optimisation Of FOIsKOIIN.......oiiiiiiiie e aee e s s 231
7.9.2. Optimisation OF B-FNA ......ccceiiiieiiie ettt e stee et e e stee e s e e s sbee e ssteesbaeesneeesnseeesnseenn 232
7.10. POTASSIUM ASSAY OPTIMISATION ...uuueeteetttttuuiaeseeeeeetnnsneseseesssnssnnaasssesssessmnnnsesssesnsssmmmnessesssnsssnnnns 232
7.10.1. Optimisation of Thallium .....coceeiiiiiceeee e e 232
7.11. WESTERN BLOT CONTROLS ..vveeuveerveerueerieeieesteesseesseessesnsesssesnsesssessssesssesnsesssesssessssesssessessseensessaes 233
7.11.1. Secondary ONlY CONLIOl ......uuiiiiiiiiie ettt et e e e e svte e e e sare e e e searaeeeeanes 233
7.11.2. Protein Loading CONTIOl......ciiiieeiiiieccieeciee ettt ettt st e e saee s sbe e e saae e sae e sveeesnnee s 233
7.11.3. Quantification of the Molecular Weight of ERK..........cceeiiiiiiiiiiiiiie e 234
8 R Y=Y o 1ol [ 0o o o3OS 235
7.11.5. Total and phosphorylate ERK Western Blot SCans..........cccecvieeeeciieeeeciiee e ecieeeeecieee e 236
7.12. BIAS FACTOR CORRELATION ...eeuveeeuteeenureesiueeenseeesseeessseesseesnssessssessnssesssessssseessesssssesssessssasesssees 238
REFERENCES ....ccotuiitiiiiiiiieiieiieeiiesieiiniieiiesiasiasisessesississssssresssstassssssastassassssssossassassssssasse 239

Vil



List of Figures

Figure 1.1 Transmission of Acute Pain in the Spinal Cord ........occviiiviiiiiiiiiee e 9
Figure 1.2 The Pain PAtiWaYs ......viiiiiiiie ettt sttt e e e e et e e et e e e saat e e e sntaeeesnsseeesannseeanan 11
Figure 1.3 Expression Levels of the Mu Opioid Receptor in the CNS ........cccovviiiiiiiiiiiieee e 31
Figure 1.4 Mu Opioid Receptor Cell Signaling Pathways ..........ccccviiieiiieiiciiiee e 37
Figure 1.5 The Evolution of GPCR LIZANAS .......cocciiiiiiiiiieecieee ettt ettt e e et e e e ssaae e e ssatre e e ennneeaean 41
Figure 1.6 Chemical Structure of Known and Novel Mu Opioid Receptor Ligands ........ccceevvevericurennnne 51
Figure 2.1 Dose response tolerance tail-flick procedure ........ccocuveeeeciiii e 56
Figure 2.2 Schematic Representation of Chemotherapy-Induced Neuropathic Pain..........ccccccevuuvenn. 58
Figure 3.1 Potency and Efficacy of Kurkinol Centrally Mediated Anti-Nociceptive Effects.................. 81
Figure 3.2 B-Arrestin2 Knock Out Mice Increase the Potency of Morphine, but not Kurkinorin or
[T 14 T | USRS 83
Figure 3.3 Duration of Action of Kurkinol in the Hot water Tail-flick Assay ........ccccceevviveeiicieeeeicneenn, 86
Figure 3.4 Anti-Nociceptive Effects of Mu Opioid Receptor Agonists in Mu Opioid Receptor Knock
Out Mice and Wildtype Littermate CONLIrolS ......coocuiiiiiiiiie et e e 88
Figure 3.5 Kurkinol and kurkinorin has a Similar Duration of Action to Morphine in the Hotplate

F LT 1 PP PTPTPPPPPPPTPTPPR: 91
Figure 3.6 Overall Effect of Kurkinorin and Kurkinol on Supraspinally Mediated Anti-nociception ....92
Figure 3.7 Paclitaxel Produced Stable Disease by Day 15 in Male and Female C57BL/6J Mice ........... 93
Figure 3.8 Kurkinol is more Potent than Morphine at Alleviating Chemotherapy-Induced Neuropathic
Pain in Male and FEMale CE57BL/6J IVHICE c..oovveeeeeeeeeee oottt e e eeeeee et e e e e s seseareeeeeeesesasssneeeeesssesasnneees 95
Figure 3.9 Anti-Nociception Induced by Kurkinol and Kurkinorin is Mediated by the Mu Opioid

(0= Tol=T o] (o] SRR PPPPPPPPPPPPTRt 99
Figure 3.10 Effect of Sex on the Induction of Tolerance to Mechanical Allodynia..........c.ccccuveeennnneen. 102
Figure 3.11 Kurkinol and Kurkinorin Show the Same Behavioural Pattern as Morphine................... 103
Figure 4.1 Kurkinol Has a Shorter Duration of Motor Coordination Impairment............ccccccuveeenneen. 127
Figure 4.2 Kurkinol Induces Less Motor Coordination Impairment.........ccccccveeeeciieeeeciieeeesciiee e, 128
Figure 4.3 Sex Does Not Affect the Overall Accumulation of FECES .......uvvvvviiiiiiiiiiee i, 130
Figure 4.4 Sex Does Not Play a Role in the Inhibition of the Small Intestine...........ccccccveeeeivieeiennneen. 132
Figure 4.5 Morphine Reduces Urine Output in C57BL/6J MICE ......ccvevueeeveeireereereecteeciee s ereeveenees 134
Figure 4.6 Kurkinol Induces Potent Respiratory Depression in Male and Female C57BL/6J Mice.....139
Figure 4.7 Kurkinorin Produces Greater Respiratory Depression in Female C57BL/6J Mice.............. 141
Figure 4.8 B-arrestin2 Knock Out Mice Show a Small Statistical Improvement in Respiratory Measures
Following Kurkinol AdminiStration ..........ccccuiieiiiiiiie ettt cree e et e e e e b e e e e entee e e enreeas 145
Figure 4.9 Kurkinol Induced Changes in Tidal Volume were Reduced in B-arrestin2 Knock Out Mice
............................................................................................................................................................ 146
Figure 4.10 Kurkinorin Has an Improved Z-score Profile Compared to Morphine..........ccccccueeenneen. 148
Figure 5.1 Kurkinol and Kurkinorin Potently Inhibit Membrane Depolarisation.........cccccceeevveeennneen. 171
Figure 5.2 Kurkinol and Kurkinorin are Potent Inhibitors of Membrane Depolarisation ................... 172
Figure 5.3 All the Mu Opioid Receptor Agonists are Equipotent Activators of the GIRK Channels....176
Figure 5.4 Kurkinol and Kurkinorin Significantly Differ in the Activation of pCREB.............ccueeun...n. 178
Figure 5.5 Kurkinol and Kurkinorin are Both Potent Bi-phasic Activators of pERK............cccueeeunneee. 181
Figure 5.6 Dynosore Reduced both Early and Late Phase Activation of pERK in Hek293 Cells Stably
Expressing the Human Mu Opioid RECEPLON....cccuuiiiiiiiiee ettt ee e e e e e sbee e e e e e e sareeas 182
Figure 5.7 Kurkinol Shows Increased Selectivity for G-Protein Dependent Pathways ....................... 183
Figure 5.8 Decreased CREB phosphorylation Selectivity Correlates to Improved Therapeutic Windows
............................................................................................................................................................ 187
Figure 5.9 Increased Therapeutic Windows Correlate to Increased G-Protein Bias ........cccccceeeeunnnes 188

IX


file://///Users/amyalder/Downloads/Thesis_Defence%20edits.docx%23_Toc66971694

Figure 5.10 Summary of Pathway Selectivity at the Mu Opioid Receptor for Morphine, Kurkinol, and

(0T N4 T o T P RSP UP 191
Figure 6.1 Alternate Theories to Explain the Behavioural Profiles of “G-Protein” Biased Mu Opioid
RECEPTOI ABONISTS ittt ettt e e e e ettt et e e e s e s saab b bt e e e e s e s anbeeeeeeeeesaannbeeeeeeesesannnnnes 211
Figure 7.1 Treatment Groups Did Not Significantly Differ in the Induction of Neuropathic Pain on Day
LS ettt e bt e e b et e e et e hee et te e e b ee et tee s aee e hee e e b et e baeenabee e beeeenbeeeaaeeeanteeereeenaraeen 222
Figure 7.2 Chronic Treatment with Kurkinol or Kurkinorin did not Reverse Disease Progression or
Induce Hyperalgesia to Mechanical or Cold Allodynia ........cc.eeieeiiiieiiiiiee e 223
Figure 7.3 Hypothermic Effects of Kurkinorin & Kurkinol..........ccceeiiiiiiiiniiieniiee e, 224
Figure 7.4 Kurkinol Negatively Impacts Multiple Measures of Respiration in C57 Bl/6 mice ............ 225
Figure 7.5 Kurkinorin has a Reduced Effect on Respiratory Measures in C57 Bl/6 mice ................... 226
Figure 7.6 Respiratory Measures are not Affected by the Removal of B-arrestin2........ccccceecvereenen. 227
Figure 7.7 The Respiratory Effects of Morphine are not Affected by Deletion of B-arrestin2........... 229
Figure 7.8 Human Mu Opioid Receptor Plasmid Vector Map.......ccccceecveeeeeiiieeecciiee e e 230
Figure 7.9 Hek293 Cells Stably Expressing the Human Mu Opioid Receptor .......cccccevvveveercieeecennen. 230
Figure 7.10 CHO Cells Stably Expressing the Human Mu Opioid Receptor ........cccceeeevvveeeecveeeeennen. 231
Figure 7.11 Dose Response effects of Forskolin on Membrane Potential.........ccccoeveviieiiiniienicnen. 231
Figure 7.12 B-FNA INhiDition CUMVE.....coouiiieieiieieereeese ettt sttt sre s 232
Figure 7.13 Optimisation of Thallium for the Potassium Assay in Human Mu Opioid Receptor CHO

Y =] o] T O] | P PPPPRRN 232
Figure 7.14. Secondary Only Control for Anti-mouse Cy5 and Anti-rabbit Cy5.........cccoceeeeecieeeenneen. 233
Figure 7.15 Protein Loading Analysis Shows a Strong Correlation between Density and Protein

(O] aTol=T o1 = A o] o PR U RO TP PPPR PP 233
Figure 7.16 Quantification of the Molecular Weight the Protein Analysed ........c..cccceevveeeeciieeeenneen. 234
Figure 7.17 Vehicle Treated Cells Show No Significant Change in Baseline pERK levels.................... 235
Figure 7.18 Time Course Experiment; Full Scans of PERK..........cccouiiiiiiiiiiiiiies e 236
Figure 7.19 Time Course Experiment; Full Scans of Total ERK..........cccccviiieiiiei e, 236
Figure 7.20 Antagonist Experiment; Full Scans of PERK .........cooiviiiiiiiiiiii e 237
Figure 7.21 Antagonist Experiment; Full Scans of Total ERK ...........ccoeciiiiiiiiiee e, 237
Figure 7.22 There is Poor Correlation Between Therapeutic Window and the Bias Factors Generated
Using the Simplified Bias EQUAtION ..ccccuuiiiiiiiieccee ettt e e s 238



List of Tables

Table 1.1 Primary Afferent Fibers are Classified by Axon Diameter and Level of Myelination............... 4
Table 1.2 Summary of the Central Pain Processing Pathways.........ccccccueeeeiiieiiiicieee e 12
Table 1.3 lon channels Involved in NOCICEPLION ....uiiiiciiiiiiciiie et saae e 15
Table 1.4 Summary of Chemotherapy Agents that Induce Neuropathic Pain in Humans and Rodents

.............................................................................................................................................................. 21
Table 1.5 Summary of Current and Newly Developed Treatments for Chronic Pain.........cccccceeennnnee 27
Table 1.6 GPCR Biased Agonists and their Clinical Relevance ........ccccccuveeeeiiiiiiccieee e 46
Table 2.1 Antibodies and ConditionNs USEd .........cuuiiiiciiiiiiiiiie ettt e e e s saaeee e 71
Table 3.1 Tolerance Effects in Wildtype C57BL/6J & PB-Arr27 MiICE ....cceueueeeererieieiererererererereeenenas 84
Table 3.2 Kurkinorin is Significantly more Potent at Inhibiting Cold Allodynia in Male Mice .............. 96
Table 3.3 Combined Dose Response Effects on Mechanical and Cold Allodynia in the Paclitaxel Model
o) B0 Vo] ool o2 11 TSRS 97
Table 3.4 Summary of Kurkinol and Kurkinorin Anti-Nociceptive Effects .......cccccovveevciieecciieneenen. 106
Table 3.5 Summary of Main Effects of Sex on the Anti-Nociceptive Effects of Kurkinol and Kurkinorin

............................................................................................................................................................ 108
Table 3.6 Summary of the Anti-Nociceptive Profiles of G-Protein Biased Mu Opioid Receptor Agonists
............................................................................................................................................................ 112
Table 4.1 Mu Opioid Receptor Location and Associated Side Effects ........ccccceeeevieeeicciiee e, 118
Table 4.2 Summary of the Side Effect Profiles of Kurkinol and Kurkinorin .........ccccccoeeeiivviiiiiiinnnnn, 151

Table 4.3 Summary of the Side Effect Profiles of G-Protein Biased Mu Opioid Receptor Agonists...154
Table 4.4 Effect of Sex in the Induction of Side Effects by Morphine, Kurkinol, and Kurkinorin........ 158

Table 5.1 Summary of Biased Mu Opioid Receptor AGONIStS ......c..eveeeuiieeiriiiee e e eeveee e 166
Table 5.2 ECso and Emax of Kurkinol and Kurkinorin in the Membrane Potential Assay in Hek293 and
CHO cells Stably Expressing the Human Mu Opioid RECEPLOT.....uuuviiiiiiiciiiieeeee et 174

Table 5.3 Effect of Cell Background on the ECso and Emax Values in the Membrane Potential Assay.175
Table 5.4 Kurkinol and Kurkinorin offer no Increase in Potency and Efficacy of GIRK channel

ACTIVATION Lottt st e e e st e e e s bt et e s e bt et e s e bttt e e e b et e e s e beeeesereeeeseanrneeenanee 177
Table 5.5 Potency and Efficacy of Kurkinol and Kurkinorin at Activating pCREB in CHO Cells Stably

Expressing the Human Mu Opioid RECEPLON....cccuiiiiiiiiiii ettt e e e e e 179
Table 5.6 Comparison of the Bias Factors Generated from Two Different Cell Backgrounds............ 186
Table 6.1 Behavioural Effects of RGS Proteins that Regulate the Mu Opioid Receptor..................... 207
Table 7.1 Chapter 3 Statistical Test Assumption Information ........cccoccvevviiiiei i, 220
Table 7.2 Chapter 4 Statistical Test Assumption Information ..........ccccceveeeeiiei e, 221

Xl



Abbreviations

AC

ACC
ANOVA
ASIC
ATP
AUC
BRET
Ca2+
cAMP
CB1
CB2

Ccl
CHO
CINP
CNS
CREB
DAMGO
DMSO
6 receptor
DRG
ECso
EDso
Emax
ERK1/2
eVF
FCS
FDA
FSK

G.l
GABA
GIRK
GPCR
GRK
GRP
GTP
Hek293
i.c.v.
i.p.

i.t.

i.v.

IASP
IDso
IHC
JNK

K*

K receptor

Adenylyl cyclase

Anterior cingulate cortex

Analysis of variance

Acid-sensing ion channels

Adenosine triphosphate

Area under the curve

Bioluminescent resonance energy transfer
Calcium

Cyclic adenosine monophosphate
Cannabinoid type 1

Cannabinoid type 2

Chronic constriction injury

Chinese hamster ovary
Chemotherapy-induced neuropathic pain
Central nervous system

cAMP response-element binding protein
[D-Ala2,N-Me-Phe4,Gly5-ol]-enkephalin
Dimethyl sulfoxide

Delta opioid receptor

Dorsal root ganglion

Median effective concentration (potency)
Median effective dose (potency)
Maximum response (efficacy)
Extracellular signal-regulated kinase 1 and 2
Electronic von Frey

Foetal calf serum

Food and drug administration

Forskolin

Gastrointestinal tract

y-aminobutyric acid

G-protein inwardly rectifying potassium channel
G-protein coupled receptor

G-protein coupled receptor kinase

GPCR specific phosphatases

Guanine triphosphate

Human embryonic kidney 293
Intracerebroventricular

Intraperitoneal

Intrathecal

Intravenous

International Association for the Study of Pain
Median inhibitory dose (potency)
Immunohistochemistry

c-Jun N-terminal kinase

Potassium

Kappa opioid receptor

Xl



LC
MAPK
WU receptor
W receptor -
MPE
mVF
Na*
nor-BNI
NTS
OIRD
PBS
PFC
PKA
PKC
PTX

Px
RTN/pFRG
RVM
s.C.

Sal B
Sal A
SEM
TRP
Veh

VG Ca**
VG K*
VG Na*
Vimin

\%

VTA
VUW
Wt
B2AR
B-arr2’
B-ENA

Locus coeruleus
Mitogen-activated protein kinase
Mu opioid receptor

U receptor knock out mice
Maximum possible effect
Manual von Frey

Sodium

nor-binaltorphimine

Nucleus tract solitarius

Opioid-induced respiratory depression

Phosphate buffered saline
Prefrontal cortex

Protein kinase A

Protein kinase C

Paclitaxel

Pertussis Toxin

Retro-trapezoid and parafacial respiratory group

Rostral ventrolateral medulla
Subcutaneous

Salvinorin B

Salvinorin A

Standard error of the mean
Transient receptor potential
Vehicle

Voltage-gated calcium channel
Voltage-gated potassium channel
Voltage-gated sodium channel
Minute volume

Tidal volume

Ventral tegmental area

Victoria University of Wellington
Wildtype littermate
B2-adrenergic receptor
B-arrestin2 knockout mice
B-funaltrexamine

Xl



XV



Chapter 1. General Introduction

Acute pain is a biological warning system that allows for the detection of noxious stimuli and
potentially life-threatening tissue damage or injury. According to the International Association for the
Study of Pain (IASP), chronic pain can be further classified into nociceptive, neuropathic, and
nociplastic pain. Whereby nociceptive pain arises from actual or threatened damage to non-neuronal
tissue, neuropathic pain results from a lesion or disease in the somatosensory nervous system, and
nociplastic pain has no clear link to tissue damage or disease/lesion (IASP, 2019). While acute pain
may range from mild to severe, it does not last longer than 3-6 months. Chronic pain, which persists
for > 6 months or beyond the normal healing time, is no longer classified as beneficial and can lead to
further discomfort and impact on the quality of life (reviewed in Treede et al., 2015). The current
definition of pain is a distressing sensory and emotional experience associated with potential or actual
tissue damage (Williams et al., 2016). However, experience of painful stimuli is subjective and can be
influenced by emotion and attention (Bushnell et al., 2013), society (Craig, 2015, Hadjistavropoulos et
al., 2011), environment (Bushnell et al., 2015), and the gender of the person experiencing the stimuli
(Boerner et al., 2018). Despite years of research, pain is still difficult to classify and treat due to the
subjective nature of its perception. The consensus has been to classify pain into three major categories

acute nociceptive, inflammatory, and chronic/neuropathic nociceptive pain (Williams et al., 2016).

1.1. Current issues in the management of chronic pain
According to a 2018/2019 survey compiled by the New Zealand Ministry of Health, chronic

pain affects 763,000 (19.4%) New Zealand adults daily (Ministry of Health, 2019). This is an increase
from 16.2% in the 2011/12 health survey (Ministry of health, 2012). In the United States, an estimated
50 million adults (20.4%) suffer from chronic pain and a further 19.6 million (8%) had high-impact
chronic pain (NIH, 2016). Rates of chronic pain in Australia are also high with 3.24 million adults
(15.4%) affected, and the prevalence is predicted to rise to 5.23 million in 2050 (Deloitte, 2019).
Individuals who suffer from chronic pain are likely to experience comorbidities such as major
depression (Gunn et al., 2012, Stein et al., 2006), anxiety (Carleton et al., 2018), and suicidal behaviour
(El-Gabalawy et al., 2011). For those living with chronic pain, there is also a large impact on the quality
of life with adverse effects on work (Breivik et al., 2006, Pike et al., 2016), sleep (McCracken et al.,
2002), and the ability to maintain stable relationships (Smith et al., 2001). Therefore, the rising rates
of chronic pain have a large socioeconomic burden with loss of productivity and healthcare costs.
These costs are calculated based on the direct costs (hospital visits, pharmaceuticals, insurance
payments, welfare support), indirect costs (loss of productivity and decrease in employment of
sufferers and informal carers), and the intangible costs (decreases in quality of life of sufferers and

families). Generally, these numbers are available from government private institution reports.



However, in smaller countries or ones that do not directly track the cost of chronic pain, these
numbers are inferred from other countries’ data. In the United States, the direct cost and that
associated with lower work productivity was estimated to be $635 billion a year, which is more than
heart disease ($309 billion) and cancer ($243 billion) combined (Gaskin et al., 2012). In Australia, the
total socio-economic cost of chronic pain was reported to be $139.3 billion in 2018 and is expected to
rise to $215.6 billion by 2050 (Deloitte, 2019). The cost of chronic pain in New Zealand in 2016
estimated to be between $13.2 and $14.8 billion, and the costs are predicted to rise to between $21.2
- $24.3 billion by 2048 (Moore et al., 2018).

Despite the high prevalence and financial cost of chronic pain, 40% of Pan-Europeans suffering
from chronic pain reported insufficient treatment (Breivik et al., 2006). This is supported by physicians
who also expressed low satisfaction with their currently available treatment options (Green et al.,
2001). Due to the complex nature of pain when it has taken a chronic course, all aspects must be
examined, including; physiological, psychological, and social. To provide the correct pharmaceutical
treatment for chronic pain, the cause; i.e. neuropathic, cancer, or chronic inflammation associated
pain, needs to be determined. This is normally paired with psychological interventions, such as
mindfulness or cognitive-behavioural therapy. Overall, there is no single treatment that fits each case
of chronic pain. Individual plans must be made for all sufferers of chronic pain which increases costs
and decreases the ability to treat it. Due to the ineffectiveness of treatments, catastrophising of pain
is common. This is defined as an exaggerated mental mindset during an actual or anticipated painful
experience. It includes ruminating on pain, magnifying pain, and pain helplessness, which is where
sufferers believe the pain will only get worse (Sullivan et al., 2001). The combination of poor
treatment, social isolation, pain poverty, and comorbidities leads to a significant decrease in the

quality of life of people suffering from chronic pain.

1.2. The Pain Pathways

Chronic pain is a maladaptive response that occurs as a result of stimuli that were previously
non-noxious or with no identifiable cause. While pain pathways involved in acute pain transmission
are well described, less is known about the cause of chronic pain. This is specifically true of the
transition between acute and chronic pain states. It is important to understand the pain pathways
that are activated in acute pain states in addition to understanding the changes that may allow that
occur during the transition to chronic pain.

1.2.1. Nociceptors and lon Channels Involved in Nociception

A range of receptors and ion channels are involved in the detection and translation of painful
stimuli into electrical signals and are collectively known as nociceptors (Sherrington, 1952,

Sherrington, 1903). Nociceptors are located on free nerve endings of primary afferent fibres that



innervate the periphery, including in the skin, muscle, joints, and viscera. Unlike receptors that
respond to non-noxious stimuli, nociceptors have a high threshold for activation and many types that
are specialised to respond to thermal or mechanical stimuli. They can also be polymodal and respond
to multiple noxious stimuli. The differential expression of these nociceptors on primary afferent fibres
determines the sensitivity to noxious stimuli (Ramsey et al., 2006).

The family of Transient Receptor Potential (TRP) cation channels that control neuron
excitability is one of the largest families of ion channels. A subset of which are involved in the
transmission of noxious heat, cold, chemical and mechanical damage, nociceptive TRP channels. There
are seven subfamilies of TRP channels, namely; anarkin, vanilloid, melastatin, canonical, no
mechanoreceptor, mucilipin, and polycistin TRP channels. These receptors all have important
physiological roles, including determining noxious thermal, chemical, and mechanical stimuli. Upon
activation by noxious stimuli, the TRP ion channels open allowing the flow of calcium (Ca%") and sodium
(Na*) ions into the nociceptor, which depolarises the membrane (Mulier et al., 2017, Pedersen et al.,
2005). If the hypo-polarisation is of sufficient amplitude, it causes the opening of voltage-gated Na*
channels and the efflux of potassium (K*) allowing the propagation of the action potential along the
axon. The frequency, temporal summation, and modulation received from descending pain pathways
in response to noxious stimuli provide information on the intensity of the pain (Woolf et al., 2007).

Nociceptors also respond to compounds that are released in response to tissue damage,
inflammation, and necrosis. These include; histamine, bradykinins, interleukin-1p (ll-1 B) tumour
necrosis factor a (TNFa), Substance P, serotonin, and glutamate. These molecules can interact with
several TRP ion channels, acid-sensitive ion channels (ASIC) and receptors (G-protein coupled
receptors (GPCR), receptor tyrosine kinases (RTKs)) on the membrane of nociceptors to induce
depolarization and nociception (reviewed inBasbaum et al., 2009).

1.2.2. Primary Afferent Fibres

Noxious stimuli are detected in the periphery and transduced into electrical signals by the free
nerve endings of the main nociceptor axon. The electrical signal is passed as an “all or nothing” action
potential up the axon. The speed of transmission of an action potential is dependent on the diameter
of the axon and if the sensory neuron is myelinated or not (Gasser et al., 1927). A large proportion of
nociceptors are small unmyelinated axons called C-fibres which have high thresholds for activation
and conduct at velocities of 0.4 — 1.4 m/s (Gasser, 1941). Transmission through these fibres is
supported by a non-myelinating version of Schwann cells, with bundles of multiple axons (Remak
Bundles) encompassed in the sheath of one cell (Griffin et al., 2008). C-fibre nerve endings are diffuse
within the periphery and activated by noxious mechanical, thermal, and chemical stimuli. Because of
this disbursed localisation, they lead to diffuse pain sensations with poor spatial localisation (Bessou
et al.,, 1969). Sharp or fast-onset pain is mediated by the myelinated A-fibre nociceptors with

conduction velocities of 5 — 70 m/s (Gasser, 1941). A-fibre nociceptors are further classified into the
3



small diameter Ab-fibres and the large diameter AB-fibres, with unmyelinated nerve endings that
cluster in small distinct regions that respond precisely to stimuli (Kruger et al., 1981). Aé-fibres
typically respond to noxious heat and mechanical stimuli with conduction speeds of 2 — 30 m/s
(Burgess et al., 1967, Gasser, 1941). Distinctly, the AB-fibres are thought to be non-nociceptive,
responding to low threshold touch, stretch vibration, and hair movement with conduction speeds of
30 — 70 m/s (Gasser, 1941). However there is some evidence of AB-fibres to transmit nociceptive
signals in vivo animal models, including in monkey (Perl., 1968, Treede, Meyer, and Campbell., 1998)
and cat (Brugess. and Perl., 1967) hairy skin. While in human’s high frequency AB-fibre stimulation can
result in pain and an associated reflex (Bai et al., 2015, Willer at al., 1978, Willer and Albe-Fessard,
1983) (Summarised in Table 1). In the peripheral nervous system, Schwann cells are responsible for
the myelination of neuronal axons. A single Schwann cell wraps a sheath around a section of the axon
to generate the myelin layer. The gaps that form between two myelinating glial cells are known as the
Node of Ranvier. These areas contain ion channels that aid in the propagation of action potentials

down the axon (Salzer, 2015).

Table 1.1 Primary Afferent Fibers are Classified by Axon Diameter and Level of Myelination

. . Transmission )
Size (um) Myelin level T Sensation
C-fibre 0.5-2 Unmyelinated 04-14 Slow, dr;;l:]se, dull
Ad-fibre 1-5 Thin 2-30 Sharp, acute,

localised pain
Non-noxious light
AB-fibres 6-12 High 30-70 touch, some
nociceptors




1.2.3. Dorsal Root Ganglion

The primary afferent neurons carry the afferent nociceptive signals towards the spinal
column. They enter the spinal column, via the intervertebral neural foramina, and form the dorsal root
ganglion (DRG). The DRG contains the soma of the body’s sensory neurons which are ‘pseudo-
unipolar’ with a single bifurcating axon that results in two distinct branches; the distal and proximal
processes that enter the spinal column or peripheral nervous system respectively (Lieberman, 1976).
Once the signal reaches the bifurcation point on the soma of the primary afferent neuron, the signal
can either be impeded or propagated towards the entry zone of the DRG (Gemes et al., 2013). The
layers of satellite glial cells that separate the soma of sensory neurons inhibits cross-talk between
different sensory inputs, while also releasing chemicals involved in neuronal activation. These
chemicals include; bradykinin, cytokines, chemokines, and adenosine-5'-triphosphate (ATP) and
influence the transmission of afferent nociceptive signals within the DRG (Hanani, 2005). The soma
within the DRG also provides metabolic support for the axon as well as generating receptors and ion
channels that are transported down the axons to provide functional support to the transmission of

electrical impulses (Devor, 1999) (Summarised in Fig. 1.1).

1.2.4. Nodose and Trigeminal Ganglia
The inferior ganglion of the vagus nerve (nodose ganglion) and the trigeminal ganglion are

other areas that are important in the transmission of painful stimuli. The nodose ganglion is located
within the jugular foramen, where the vagus nerve exits the skull. It contains sensory neurons that
project from the gastrointestinal, cardiac, and respiratory organs to the medulla oblongata via the
solitary tract nucleus and vagus nerve (Hisa, Lyon, and Malmgren., 1985, Kalia and Mesulam, 1980).
The presence of both neurotransmitters (substance P, vasoactive intestinal peptide, cholecystokinin,
calcitonin gene-related peptide, and Leu-enkephalin and nociceptors (vanilloid receptor type 1,
purinoceptor 3, and ASIC nociceptors) that can respond to inflammatory mediators and neurotrophic
factors makes this ganglion key in the transmission of visceral pain (Caterina et al., 1997, Chen et al.,

1998, Hisa et al., 1994, Lundberg et al., 1985, Vulchanova et al., 1997).

The trigeminal ganglion is the sensory ganglia of the trigeminal nerve and is situated in
Meckel’s cave on the temporal bone (Yousry et al., 2005). It contains 3 main branches the ophthalmic
(sensory), maxillary (sensory), and mandibular (sensory and motor). Within these areas the trigeminal
ganglion is essential for releasing many neurotransmitters and peptides including calcitonin gene-
related peptide, ATP, nitric oxide and cytokines that play important roles in peripheral and central
sensitization with primary headaches and cluster migraines (Belin, Ran, and EdVinsson, 2020,

Messlinger and Russo, 2019).



1.2.5. Dorsal Horn of the Spinal Cord

Once the afferent nociceptive signal has passed the soma of the primary afferent fibre, the
signal enters the central nervous system (CNS) via the dorsal root entry zone. Bundles of C-fibres and
A-type fibres carrying this nociceptive signal run longitudinally along the spinal column for a few
segments, known as the track of Lissauer, before penetrating the dorsal horn of the spinal cord
(LaMotte, 1977, Lissaure, 1885, Ramon Y Cajal, 1909, Ranson, 1913, 1914). Once in the dorsal horn,
the sensory neurons synapse with second order neurons within distinct layers of the dorsal horn grey
matter. These layers of neurons are known as Rexed laminae and can be divided into ten layers. The
neurons within each layer perform specific functions, with Layers | to VI involved in the transmission
of pain (Rexed, 1952). The myelinated high threshold A8-fibres typically innervate Layer | and V of the
Rexed laminae and synapse with bipolar or unipolar neurons respectively. The AB-fibres are typically
low-threshold mechanoreceptor fibres that innervate Layer IV and synapse with unipolar neurons.
Unmyelinated C-fibres typically innervate at Layer Il of the dorsal horn and synapse with multipolar
secondary neurons (Mense, 1990). All three fibre types synapse with and are regulated by the
inhibitory interneurons and islet cells in Layers Il and Ill. If the hyperpolarisation overcomes the
negative regulation by these cells the second order neurons, excitatory interneurons, regulate the
motor response through the inhibitory and excitatory motor neurons in Layer V and carry the
nociceptive signal across the central canal to the contralateral side of the spinal cord before projecting

to higher brain regions (Fig. 1.1).
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Figure 1.1 Transmission of Acute Pain in the Spinal Cord

Painful sensory information is transmitted from the periphery via both small unmyelinated C-fibers
(blue) and the large myelinated Ad fibres (yellow). These sensory neurons, known as nociceptors, have
free un-capsulated nerve endings in the periphery that detect noxious stimuli in the skin, muscles, and
viscera. They then synapse with second order neurons in the dorsal horn of the spinal cord, with C-
fibers terminating in Laminae Il, and A¢ fibres in Laminae | and V. Second order neurons then cross to
the contralateral side before ascending to higher brain regions (adapted from Dubin et al., 2010, Peirs

et al.,, 2016).



1.2.6. Central Processing of Pain
Once the secondary neuron within the spinal column has crossed the central canal to the

contralateral side, there are multiple pathways through which the sensory information can be
transmitted to the brain, including, the spinothalamic (Fig. 1.2 A; blue), spinoreticular (Fig. 1.2 A;
black), spinohypothalamic (Fig. 1.2 A; green), and spinomesencephalic tracks (Fig. 1.2 A; orange). Each
pathway terminates in different brain regions and is involved in the transmission or inhibition of
different components of pain. The spinothalamic tract is an ascending pathway that provides
information on temperature, crude touch, and pain to the somatosensory cortex. This occurs via
termination of the second order neurons in the thalamus where synapses are formed with third order
neurons that project to the somatosensory cortex (Hodge et al., 1990). The spinoreticular tract is
another ascending pathway that projects to the reticular formation of the medulla, and then to the
pons before projection to the thalamus, hypothalamus, and limbic system. This allows for the
autonomic, reflective, motivational, and emotional aspects of pain. The spinohypothalamic track is
believed to be involved in the autonomic and endocrine response to pain. Neurons within this
pathway terminate in the hypothalamus, thalamus, superior colliculus, and reticular formations in
both the medulla and pons. The spinomesencephalic tact is often separated into three prominent
pathways; spinotectal (superior colliculus, movement of head and eyes towards painful stimuli),
spinoannular (periaqueductal grey, modulation of pain), and the spinoparabrachial tract (parabrachial
regions, learned avoidance behaviour) (Bourne et al., 2014, Lamont et al., 2000, Willis, 1985) (Table

1.2).
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Figure 1.2 The Pain Pathways

There are four main pathways through which the transmission of noxious stimuli occurs. (A, B) This
includes the spinothalamic, spinoreticular, spinohypothalamic, and spinomesencephalic pathways. (C)
The main control of the painful stimuli comes from the descending pathway which elicits its control
through the PAG and inhibitory serotonergic and noradrenergic neurons which synapse on to the
second order neurons, primary afferent neurons, or inhibitory interneurons in the DH of the spinal cord

(adapted from Kandel et al., 2000).
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Table 1.2 Summary of the Central Pain Processing Pathways

Ascending

Thalamus & Somatosensory
cortex, Insular, anterior
cingulate

Location of Temperature,
crude touch, pain

Ascending

The reticular formation,
pons, hypothalamus,
thalamus, limbic system

Autonomic, reflective,
motivational, and
emotional

Ascending

Hypothalamus, thalamus,
superior colliculus, and
reticular formations

Autonomic and endocrine
response

Ascending

Spinotectal;
superior colliculus
Spinoannular;
PAG
Spinoparabrachial;
parabrachial regions

Movement of head and
eyes

Modulation of pain

Avoidance behaviour

Descending

Originates; ACC, PAG,
thalamus, amygdala, LC,
RVM
Terminates; Dorsal Horn of
the spinal cord

Modulation of pain

There are multiple ascending pain pathways responsible for the transmission of different components

of noxious stimuli. These include; the spinothalamic, spinoreticular, spinohypothalamic and

spinomesencephalic pathways.
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1.2.7. Modulation of the Pain Pathways

Many theories have been proposed over the last few centuries to explain how the
transmission of painful stimuli is modulated. These include; the Specificity Hypothesis, Gate Control
Theory, Central Control System, and the Descending Pain Pathway.

The Specificity Hypothesis suggests that different sensory inputs are transmitted by specific
and independent neural circuits. This theory was supported by the discovery of nociceptive-specific
neurons that only transmit in response to one noxious stimulus (Christensen et al., 1970). The Gate
Control Theory of pain modulation was proposed by Melzack & Wall (1965) and was built on clinical
and electrophysiological evidence. This theory states that both large AB fibres (touch) and small
sensory fibres (C-fibres) synapse with secondary neurons (T-cells) within the substantia gelatinosa of
the dorsal horn of the spinal cord, before projecting to the brain. Prolonged high-intensity stimulations
from the C-fibres were thought to “unbalance” the input from the large AP fibres allowing presynaptic
inhibition to be removed from the T-cell, thus “opening the gate”. If the firing of the T-cell reached a
critical pre-set level, the integrated signal would be interpreted as “pain”. This theory explained the
phenomena of licking, touching, or stimulating an injured nerve with Transcutaneous Nerve Electrical
Stimulation to reduce pain perception. The Central Control System was also proposed by Melzak and
Wall (1965) as a way to reset the gate based on external factors, which has since been shown to exist
in the form of the descending pain pathway (Duan et al., 2018, Mendell, 2014).

The Descending Pain Pathway is an endogenous analgesic system that modulates nociceptive
transmission in response to the endogenous opioids, including enkephalin and endomorphin. The role
of the descending pain pathway was identified during an investigation into alternate pain treatments
in the 1960s. They believed discrete, deliberate lesions in the brain would alleviate pain states.
However, anti-nociceptive effects in rodents were inconsistent. The research then moved towards the
placement of electrodes to identify key pain processing areas. When placed in the periaqueductal grey
(PAG) of rats, activation of the electrodes abolished pain responses in a naloxone-sensitive manner
(Hosobuchi et al., 1997, Mayer et al., 1971). This effect was found to partially occur through the
blockade of the nociceptive signal at the level of the spinal cord (Mayer et al., 1974). Similarly,
microinjection of morphine into the PAG of rats (Lewis et al., 1977) and rhesus monkeys (Pert et al.,
1974) induced potent anti-nociceptive effects.

Since the discovery of the PAG’s role in the descending pain pathway, the full neuronal circuit
has been elucidated. The PAG neurons descend into the rostral ventromedial medulla (RVM). Here
serotonergic neurons, classified as pain inhibitory “off’ neurons, that project to Lamina’s |, Il, IV, and
V of the dorsal horn of the spinal cord via the dorsolateral funiculus and trigeminal dorsal horn (Adams,
1976, Fields et al., 1995, Heinricher et al., 1989). The PAG also projects to the locus coeruleus via
noradrenergic neurons before passing into the dorsal horn of the spinal cord. When the serotonergic

and noradrenergic neurons enter the dorsal horn, they synapse with spinothalamic, primary afferent,
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or interneurons to modulate the transmission of pain (reviewed in Basbaum et al., 1978, Bourne et

al., 2014) (Fig. 1.2 B).

1.3. Types of Pain
1.3.1. Acute Pain

Acute nociceptive pain is induced by tissue injury and the subsequent activation of nociceptors
at the site of the local tissue damage, known as nociceptive pain (IASP, 2019). This type of pain can be
caused by trauma, surgical interventions, and some diseases, but does not impair the body’s ability to
heal. Acute pain normally resolves within the period of healing (Loeser et al., 1999). This sharp and
fast transducing pain can be elicited by a variety of thermal, chemical, and mechanical stimuli within
the skin, muscles, joints, tendons, or bones. In response to this painful stimulus, a withdrawal reflex
can be initiated if experienced in areas such as the limbs, and the stimuli will be avoided in the future.

Noxious stimuli are detected in the primary afferent nociceptors by a range of high threshold
nociceptors. The receptors and ion channels present on a nociceptor determines what that nociceptor
responds to. For example, nociceptive TRP channels respond to noxious thermal (TRP ankyrin 1,
melastatin 8, vanilloid 1, and vanilloid 4), chemical (TRP ankyrin 1, melastatin 8, vanilloid 1), and
mechanical (TRP ankyrin 1, canonical, vanilloid 1, and vanilloid 4) stimuli. Other channels involved in
sensing of pain include the two-pore K* ion channels, which play a critical role in determining neuronal
excitability, as they counteract the action potentials at nerve terminals by ‘leaking’ K* to hyperpolarise
the membrane (Hille, 2001, Tsantoulas et al., 2014). Evidence has shown these channels to be involved
in heat (TASK1), cold (TASK3), and mechanical pain transmission (TREK1, TRAAK, TRESK) (reviewed in
Li et al., 2015). As a result of these ion channels being activated by their respective ligands, K* leakage
is decreased and the generation of an action potential in response to a noxious stimulus can occur
more readily (Enyedi et al., 2010). The detection of chemical stimuli has also been shown to act
through the polymodal functions of some of the previously mentioned receptors, such as the TRPV1
channel detecting capsaicin (Hayes et al., 2000), TRPMS8, and menthol (Liu et al., 2013), whereas TRPA1
detects isothiocyanates and thiosulfinates that are present in mustard (e.g. wasabi) (Jordt et al., 2004)
and allium (e.g. garlic) (Bautista et al., 2005). Other channels involved in nociception are the ASIC that
detect changes in pH and the piezo proteins that detect noxious mechanical stimuli (Bagriantsev et
al., 2014, Wemmie et al., 2013) (Table 1.3).

The overall result of activating these different ion channels is to cause a change in the
membrane potential of the primary afferent neuron. This then allows the activation of the voltage-
gated sodium (VG Na*) and Ca?* (VG Ca?*) channels to further depolarise the membrane allowing the
threshold for the generation of an AP to be met, therefore leading to the transmission of noxious

stimuli.
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Table 1.3 lon channels Involved in Nociception

Ankyrin 1 Thermal, chemical, mechanical
Canonical 1 mechanical
Melastatin 8 Thermal, chemical
Vanilloid 1 Thermal, chemical, mechanical
Vanilloid 4 Thermal, mechanical

TASK1 Thermal
TASK3 Thermal
TREK1 Mechanical
TRAAK Mechanical
TRESK Mechanical
ASIC1 Low pH
ASIC2 Low pH
ASIC3 Low pH
Peizo2 Mechanical

Many ion channels and receptors are involved in the transmission of pain. These can include TRP,
two-pore K* ASIC, and Piezo proteins They are highly specific and normally respond to one type of

noxious stimuli.
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1.3.2. Inflammatory pain

The induction of pain is not always directly associated with the injury and/or disease
responsible for the transduction of noxious stimuli but rather is elicited from endogenously generated
factors, known as inflammatory pain. Inflammation occurs in response to a localised area of external
injury or systemically in response to trauma, disease, or severe infections. It is a result of a complex
network of signals released by immune cells and is identified by five cardinal signs; redness, heat,
swelling, pain, and loss of function (Scott et al., 2004). Sensitisation of the peripheral nociceptor then
occurs by one of three mechanisms; (1) direct activation of cation channels, (2) GPCR activation, (3)
or transcriptional alterations to the cell. These serve to lower the firing threshold of the nociceptor,
so it activates at a lower stimulus intensity (Yaksh et al., 2015).

After tissue damage occurs, inflammatory mediators are released from the blood, damaged
tissue, and local (e.g. keratinocytes and mast cells) and migrating inflammatory cells (e.g.
macrophages and neutrophils) (Kim. et al., 2011). This includes the release of substance P and
calcitonin gene-related peptide from nociceptive terminals, and cytokines, nerve growth factor (NGF),
tumour necrosis factor a, serotonin, and histamine from the innate immune cells. These function to
increase blood vessel permeability allowing the infiltration of more circulating immune cells and fluid
causing oedema (Woolf. et al., 1997). While prostaglandins, such as prostaglandin E2 increase Nal.8
currents by binding to prostaglandin E receptors, a Gs coupled GPCR, to active PKA. This leads to the
phosphorylation of TRPV1 receptors and VG Na*currents. This pro-inflammatory molecule is
particularly important in the development of sensitisation as prostaglandin synthesis inhibitors reduce
sensitization (reviewed in Scheibel et al., 2011).

The TRP vanilloid 1 and TRP ankyrin 1 channels can also be activated by lipids (Gregus et al.,
2012, Okun et al., 2011) and arachidonic acid (Sisignano et al., 2012) released from the damaged tissue
and cells. Circulating immune cells, including macrophages, also produce many cytokines and
chemokines that can act on nociceptors to induce pain. These include IL-1B (Ferreira et al., 1988), IL-
6 (increases prostaglandins), tumour necrosis factor a (increases neuronal excitability) (Cunha et al.,
1992), bradykinin (increases vascular permeability) (Manning et al., 1991), and brain-derived
neurotrophic factor (modulates glutaminergic, Y-aminobutyric acid (GABA)-ergic and peptidergic
transmission) (Lever et al., 2001). Transcriptional changes also occur as a result of inflammation. These
include upregulation of VG Na* channels and downregulation of VG K" channels which function to
hypopolarise peripheral nociceptors to a hyperexcitable state (Hoeijmakers et al., 2015, Tsantoulas,
2015). The inflammatory process discourages movement and contact with the affected area to limit
further damage and increase recovery and healing. However, the increased sensitivity over time can
lead to the development of primary hyperalgesia (increased sensitivity to pain) (Choi et al., 2016,

Lewin et al., 1994).
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1.3.3. Chronic Neuropathic Pain

Unlike acute and inflammatory pain states, chronic pain has no protective function. It is a
maladaptive response that lasts > 6 months past the time of normal healing. As previously described,
this can be due to a lesion or disease the body cannot heal (neuropathic pain). Neuropathic pain is a
symptom of many diseases, including multiple sclerosis (MS) (O’Connor et al., 2008), HIV/AIDS
(Miaskowski et al., 2011), diabetes (Callaghan et al., 2012), and chemotherapy-induced peripheral
neuropathies (CIPN) (Staff et al., 2017). Alternately, there nociplastic pain occurs where there is no
clear link to lesions or disease. In these cases, the dysregulation of sensory/integration pathways or
the remapping of the pain pathways is believed to be the cause of the pain and includes conditions
such as fibromyalgia and migraines (Cohen et al., 2014). It is often characterised by spontaneous pain
(e.g. burning, tingling, numbness), as well as maladaptive responses such as hyperalgesia and
allodynia.

The abnormal firing of nociceptors can occur in response to both peripheral or central
sensitisation and the resulting changes in synaptic plasticity. Sensitisation is defined by the
International Association for the Study of Pain (IASP) as an ‘increased response to subthreshold stimuli
in the peripheral or central nociceptors’ (IASP., 2019). Peripheral sensitisation occurs in response to
inflammatory mediators leading to sensitisation at the peripheral terminal of the nociceptor (see
Section 1.3.2). In central sensitisation, the nociceptive pathways start responding to stimuli that do
not normally elicit a pain response, known as allodynia (Ramer et al., 1998, Thibault et al., 2014). It
can also produce secondary hyperalgesia, where non-inflamed tissue responds as if inflamed by
changing the response generated by normal inputs. Overall, the centrally mediated changes in
nociceptive firing mean the sensation of pain is no longer linked to the presence, intensity, or duration
of noxious stimuli. Perception of painful stimuli instead represents increased responsiveness or gain
in the nociceptive system that occurs by increasing membrane potential, removing/reducing

inhibition, or changing synaptic efficacy (Ji et al., 2003, Latremoliere et al., 2009).

1.4. Pre-Clinical Rodent Models of Pain

A myriad of different anti-nociceptive behavioural tests have been developed to test multiple
factions of the pain. These models take advantage of thermal, mechanical, chemical, and electrical
noxious stimuli that elicit measurable pain behaviours. To fully assess the anti-nociceptive effects in
rodents, multiple models must be used to cover the complexity of pain signalling and different
presentations (Deuis et al., 2017). Many factors can influence the outcomes of pain assays. These
include; stress-related anti-nociception in response to behavioural apparatus (reviewed in Butler et
al., 2009) or the presence of an unknown male (Sorge et al., 2014). Another confounding factor in the
analysis of pain in rodents is the effect of gender, with male animals traditionally used exclusively due

to the variation on the pain-like behaviour introduced by the female reproductive cycle (Bartley et al.,
17



2013, Craft, 2007). With further complications of lower body fat in female mice potentially affecting
lipophilic compound distribution, potency, duration of action, and efficacy. Other areas of
pharmacokinetics are also altered such as membrane transport and liver metabolism (reviewed in
Greenspan et al., 2007). While altered inflammatory responses driven by differential gonadal hormone
regulation may also differentiate male and female sensitisation (Rosen et al., 2016). However, the
National Institutes of Health (NIH) in the United States of America, announced a policy in 2015 aiming
to integrate sex as a biological variable into pre-clinical and clinical studies to fully understand the
effect of sex on biological functioning, disease progression, and the response to treatment (Clayton et

al., 2014).

1.4.1. Nociceptive Pain Models
Nociceptive pain models are highly utilised to study the anti-nociceptive effects of novel

compounds. The ability to induce pain-like behaviour with a short duration of a nociceptive stimuli
means anti-nociception can be quickly identified and repeated measurements are taken to assess the

duration of action, tolerance, or hyperalgesia effects of a compound over time with no tissue damage.

1.4.1.1. Thermal Nociceptive Pain Models
Thermal nociceptive pain can be elicited in response to either hot or cold stimuli at the level

of the spinal cord (spinally mediated) or higher brain regions (supraspinally mediated). Common
thermal pain models utilising hot nociceptive stimuli include the tail-flick assay, the hot-plate assay,
and the Hargreaves test. While nociceptive cold stimuli-based assays include the cold plate, dynamic
cold plate, and acetone evaporation test.

The tail-flick test was first described in D'amour et al. (1941) and involves the application of
heat to the tail until a withdrawal response, or ‘flick’, is recorded. The heat stimulus can be induced
by inserting the distal end of the tail into a hot water bath, generally set to 50°C. To automate the
experiment and remove human error a radiant heat, induced by a focused light beam, can also be
used. The tail-flick withdrawal response is a spinal reflex, however, supraspinal processing is believed
to be involved in the delay of the spinally mediated flick response via the descending pain pathway
and associated higher brain regions (Fields et al., 1983, Irwin et al., 1951, Jensen et al., 1986).

The hot-plate assay was first described by Woolfe et al. (1944). The authors placed a rodent
on a plate heated to 50°C -55°C and timed the latency to pain-like behaviour to determine the thermal
threshold. Multiple pain-like behaviours may be elicited, including; stamping, jumping and shaking or
licking of the hind paws (Espejo et al., 1993). The dynamic hot-plate was developed based on the
standard hot-plate. In this modified assay the animals are placed on the hot-plate apparatus at a non-
noxious temperature, which is gradually increased until a pain-like behaviour is seen. The temperature

at which the response occurs is taken as the thermal pain threshold (Ogren et al., 1984, Tjolsen et al.,
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1991). This model is generally considered a measure of supraspinal mediated anti-nociception, as the
transection of the rat spinal cord abolishes the withdrawal response (Giglio et al., 2006).

The cold-plate assay is the inverse experiment to the hot-plate assay previously discussed. In
this assay, the animals are placed on a metal plate that is cooled to a nociceptive temperature,
between -5°C and 15°C, and the time to pain behaviour is recorded. These behaviours are similar to
the hot-plate assay with the addition of weight shifting/repositioning to reduce contact with the
surface (Allchorne et al., 2005). A cooling ramp of the temperature can also be used to determine the
cold withdrawal threshold (Yalcin et al., 2009).

The acetone evaporation test was first described in 1994 and is used as a measure of cold
allodynia. During this experiment, animals are placed in a chamber with a mesh floor to allow acetone
to be applied to the plantar surface of the hind paw, the cooling effect of the acetone evaporating on
the skin evokes a pain-like behaviour that can present as flicking, shaking, or licking of the paw (Carlton
et al., 1994, Choi et al., 1994). The time spent responding to the thermal stimuli can be used to track
the induction of cold allodynia over time in response to neuropathic pain states, including
chemotherapy-induced neuropathic pain (CINP) and sciatic nerve ligation (Paton et al., 2017, Shahid
et al., 2017).

1.4.1.2. Mechanical Nociceptive Pain

The induction of aversive behaviour in response to mechanical stimuli is used to assess
allodynia or the induction of hyperalgesia in multiple models of pain, including chemotherapy-induced
neuropathic pain and the development of hyperalgesia with chronic opioid administration (Deuis et
al., 2014, Ferrini et al., 2017). Mechanical sensory thresholds are measured using one of two tests: the
von Frey filaments (VF), or the Randall-Selitto test.

The manual (m) VF test was developed by Maximillian Von Frey (1896). Each monofilament is
made from nylon and delivers a pre-determined force based on its width. When applied to the plantar
surface of the hind paw, the filament buckles at the pre-determined force. If a positive pain behaviour
is elicited, i.e. lifting, shaking or licking of the paw, the next lowest filament is used. If no response is
elicited, the next highest filament is used. This is known as the “up-down” method (Bonin et al., 2014,
Chaplan et al., 1994). The electronic (e) VF test operates under the same principle as the mVF test,
except that a single filament is applied to the plantar surface of the hind paw until the withdrawal
reflex is observed, recording the force at which this occurs. The scale of increase in force is therefore
continuous, rather than in steps, increasing the test's accuracy (Deuis et al., 2015, Lu et al., 2013).

The Randal-Selitto or paw-pressure test assesses the response to mechanical pressures
stimulation via a clamp-like device on the paw or tail (Randall et al., 1957). The clamp device has one
flat side and one with a single spike. As the clamp is shut on the paw or tail, a slow increase in pressure
is applied until a tail-withdrawal or vocalisation reaction is given by the animal. Vocalisation as an

endpoint is ethically limiting as rodents only audibly vocalise when in severe pain. Work into using
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ultrasonic vocalisation has been investigated, but has proven to be variable (Han et al., 2005, Wallace

et al., 2005).

1.4.2. Neuropathic Pain Models

Neuropathic pain refers to pain that is caused by injury to the nervous system and has been
defined as “pain arising as a direct consequence of lesion or disease affecting the somatosensory
system” (Treede et al., 2008, IASP., 2019). It is not a single disease with one underlying mechanism,
but a syndrome that is caused by many diseases. These include; diabetic neuropathy, viral infection
(e.g. HIV), nerve damage, inflammatory/autoimmune disorders (e.g. multiple sclerosis), or
chemotherapy treatment (Colleoni et al., 2010). Due to the wide range of causes and underlying
mechanisms, there is no perfect pre-clinical neuropathic pain model that can identify compounds that
effectively treat all pain conditions. Instead, there is a wide variety of models that allow the
investigation of a singular cause.

1.4.2.1. Chemotherapy-induced Neuropathic Pain

The progression of cancer by constricting nerves or invading secondary sites can cause pain
syndromes. However, chemotherapy drugs used to treat cancer can also induce peripheral
neuropathy in 30 — 40% of patients (Banach et al., 2016). Categories of neurotoxic chemotherapy
agents that induce neuropathic pain include; platinum, taxanes, vinca alkaloids, and thalidomide
(Table 3.1). Animal models of these disease phenotypes have been developed using the chemotherapy
agent’s cisplatin, oxaliplatin, paclitaxel, and vincristine. These chemotherapy agents are systemically
administered leading to the development of thermal and mechanical allodynia.

Paclitaxel (PTX) is commonly used to induce CINP in rodents via damage to the peripheral
nerves and DRG. While a single injection can induce neuropathic pain, chronic administration with
four injections over 6 days produces more sustained mechanical and thermal hyperalgesia. The
mechanism through which this hyperalgesia is induced by PTX is not known. However, many
mechanistic changes have been identified and are believed to play a role. This includes the
microtubule dysfunction resulting in decreased cell stability and impaired transport of lipids, proteins,
and ion channels (Shemesh et al., 2010). As a result, nerves become demyelinated and the endings
degenerate. With no way to regenerate, the sensory innervations of the periphery are permanently
reduced, particularly in the skin where regeneration is required with the turnover of the epidermis
(Boehmerle et al., 2014, Gornstein et al., 2017, Siau et al., 2006). PTX can also damage mitochondria
in peripheral nerves and the DRG causing decreased ATP, an increase in reactive oxygen species (Xiao
etal., 2011, Zheng et al., 2011), and a release of Ca?* from mitochondria (Boehmerle et al., 2006, Kidd
et al.,, 2002) causing hyperexcitability and dysfunctional signalling. Genetic changes can also be
induced, with the upregulation of ion channels required for the maintenance of membrane potential
and hyperpolarisation, such as VG Cas;and Naischannels (Li et al., 2017). While the immune system

is pushed to activate macrophages in the DRG and peripheral nerves causing peripheral sensitisation,
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while microglia and astrocytes are activated in the spinal cord to induce neuroinflammation (Zaks-

Zilberman et al., 2001, Zhang et al., 2016).

Table 1.4 Summary of Chemotherapy Agents that Induce Neuropathic Pain in Humans and Rodents

Cisplatin Lung, ovarian, Altered excitability of peripheral
bladder, 70— 100% neurons
Oxaliplatin testicular, Neuroinflammation
colorectal
. Altered excitability of peripheral
Paclitaxel ?l:ﬁzt'por\;ifc?tt 11-87% neurons
! Neuroinflammation
Lung, brain, Altered excitability of peripheral
Vincristine bladder, >20% neurons
testicular Neuroinflammation
. Altered excitability of peripheral
Bortezomib rlr\]ﬂyl:alr::; 20-30% neurons
Neuroinflammation
. Altered excitability of peripheral
Thalidomide rlr\]ﬂyl:alr::; 20 -60% neurons

Data summarised from Banach et al. (2016), Zajgczkowska et al. (2019)
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1.4.2.2. Other Neuropathic Pain models
Other behavioural neuropathic pain models have been developed to investigate the cause and

to find effective treatments for other chronic pain conditions. The distal sympathetic sensory
neuropathy caused by diabetes in humans can be studied using multiple murine models, including
genetic models (e.g. non-obese diabetic (NOD), insulin-resistant ob/ob mice) that spontaneously
develop diabetes and diabetic neuropathy (Hinder et al., 2013, Schmidt et al., 2003). However, the
most common model is the streptozotocin-induced diabetic neuropathy. This chemical kills the
insulin-secreting Langerhans islet cells to rapidly cause hyperglycaemia and diabetic neuropathy
(Jakobsen et al., 1976). While the most reliable animal model of Human Immunodeficient Virus-
associated Sensory Neuropathy is induced by the interaction of the viral protein gp120 with the myelin
sheath of the sciatic nerve resulting in mechanical allodynia (Wallace et al., 2007).

Nerve injury models can be used to assess both peripherally and centrally mediated
neuropathic pain states based on the nerve that is injured. Spinal injuries are commonly induced by
contusion, constriction, crushing, or hemisecting of the spinal cord (Marques et al., 2009, Tanabe et
al., 2009). However, the most common nerve injuries are assessed using the peripheral sciatic nerve
models. Chronic constriction injuries (CCl) can be induced by tying ligatures on the sciatic nerve, which
causes intra-neural oedema and severs the nerve axons (Bennett et al., 1988). The introduction of a
cuff on the nerve, in place of ligatures, has reduced the variability in pain scores induced by manual
tightening of ligatures (Benbouzid et al., 2008). Another variation on this model is the partial sciatic
nerve injury model developed by Seltzer et al. (1990). In this model, one third to half of the nerve is
tightly ligated to induce injury. All three variations of the model result in allodynia to mechanical and

thermal stimuli a short period after the surgery (Costa et al., 2019, Samur et al., 2018).

1.5. Current Therapeutics For neuropathic pain

Effective treatments for chronic pain are hard to identify due to its complex presentation.
Current treatment options are prescribed based on the cause of chronic pain. For non-cancer chronic
pain, first line options are non-opioid based pharmaceuticals, including gabapentinoids and anti-
depressants. However, in 15 — 20% of patients, the non-opioid treatment options are ineffective or
the side effects too severe. In these cases, the second line treatments, opioid based pharmaceuticals,
are prescribed. For patients in palliative care or those with cancer/chemotherapy-induced chronic
pain, the first line treatment options are opioids due to the intensity of the pain. Opioid based
therapeutics are also heavily limited in their use due to their addictive properties, analgesic tolerance
with chronic use, and side effects, such as respiratory depression and constipation. The ineffectiveness
of both non-opioid and opioid based therapeutics highlights the need for effective analgesics with a

large therapeutic window and reduced side effects.
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1.5.1. Non-Opioid Therapeutics

1.5.1.1. Gabapentinoids
Anti-convulsant drugs, such as the gabapentinoids, gabapentin, and pregabalin, are often first

line treatments for neuropathic pain (Attal et al., 2010) (Table 1.4). These compounds are derivates of
the inhibitory neurotransmitter GABA and induce their analgesic effects by binding to the a26 subunit
of voltage-dependent calcium channels. This produces neuron-specific actions in the dorsal horn of
the spinal cord and higher brain areas resulting in activation of the descending pain pathway and
inhibition of the serotonergic system and inflammatory mediators (Alles et al., 2018, Chincholkar,
2018). In animal models of neuropathic pain, gabapentinoids consistently take 30 mins to induce anti-
nociceptive effects. However, in human’s, anti-nociception takes a minimum of one day to develop,
with the maximum benefits occurring two weeks after treatment is started. Overall the average
number of patients needed to treat 1 patient with 50% pain relief in peripheral neuropathic pain and
painful diabetic neuropathy of 4.3 (2.8 — 8.6) while postherpetic neuralgia has a number needed to
treat of 4.3 (3.3 -6.1) (Sindrup., et al., 2005). The dosing in humans usually ranges between 300 — 600
mg/day for pregabalin and 1200 — 3600 mg/day for gabapentin. Dizziness, oedema, headaches, weight
gain, and concentration deficits are common side effects induced by gabapentin and pregabalin. This
leads to a discontinuation rate of around 20% for patients on 600 mg/day of pregabalin (Alles et al.,

2018, Attal et al., 2010, Kremer et al., 2016).

1.5.1.2. Anti-depressants
Many different anti-depressant compounds have been found effective in treating neuropathic

pain at doses lower than that for treating major depression. This includes tricyclic anti-depressants,
which modulates monoaminergic responses and inhibit serotonin/noradrenaline reuptake. An
example of this is amitriptyline (25 — 150 mg/day), which is used to treat diabetic neuropathy and
postherpetic neuralgia (Saarto et al., 2007). Randomised control trials have shown that tricyclic anti-
depressants have an average number needed to treat of 2.3 (2.1-2.7) (Sindrup., et al., 2005). However,
tricyclic anti-depressants can also cause drowsiness, dizziness, constipation, nausea, blurred vision,
ataxia, and palpitations (Attal et al., 2010). Their use is also limited in patients with cardiac issues,
glaucoma, and dysuria due to their anticholinergic effects, with the largest risk factor being sudden
death from cardiac arrythmia (Roose, 2000, Sindrup., et al., 2005). The adverse effects associated with
tricyclic anti-depressants gives a number needed to harm (reciprocal of number needed to treat) of
13.6 (9.8 — 22.5) and results in treatment withdrawal in up to 20% of patients (Saarto et al., 2007,
Sindrup., et al., 2005).

Selective serotonin-noradrenalin reuptake inhibitors, such as duloxetine (60 — 120 mg/day)
and venlafaxine (150 — 225 mg/day), are another class of anti-depressants that have clinical utility in
the treatment of neuropathic pain. Selective serotonin-noradrenalin reuptake inhibitors bind the

serotonin and noradrenaline reuptake receptors causing an increase of the associated
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neurotransmitter in the synaptic cleft activating the descending pain pathway to induce anti-
nociception. Like the gabapentinoids, the onset of the anti-nociceptive effect is not immediate,
instead, taking a few days to a week. Their side effects of include, decreased libido, nausea, insomnia,
reduced appetite, and hypertension. Despite the safer side effect profile of the selective serotonin-
noradrenalin reuptake inhibitors compared to tricyclic anti-depressants, there are still discontinuation
rates of up to 15% when used to treat neuropathic pain with a number needed to harm of 21.5 (11.2
—270) (Hayashida et al., 2019, Kremer et al., 2016, Sindrup., et al., 2005).

Selective serotonin reuptake inhibitors, such as fluoxetine and citalopram, are better
tolerated than tricyclic anti-depressants and selective serotonin-noradrenalin reuptake due to the
reduced anticholinergic and adrenergic effects. However, they show limited efficacy in the treatment
of neuropathic pain conditions such as painful diabetic neuropathy compared to other anti-
depressants and are not recommended for treatment (Attal et al., 2010, Kremer et al., 2016) (Table

1.4).

1.5.1.3. Cannabinoids
Cannabinoids, including A9-tetrahydrocannabinol, cannabidiol, endocannabinoids, and

synthetic cannabinoids, recently become a drug of interest for the treatment of chronic pain. These
compounds act through the cannabinoid receptor type 1 and/or type 2 (CB1 & CB2), which are
members of the GPCR superfamily of receptors that are enriched throughout the CNS (Mackie, 2005).
Cannabinoids have previously been shown to be effective at treating spasticity in multiple sclerosis
patients, fibromyalgia, and neuropathic pain (Pascual et al., 2018). Currently available cannabinoids
for chronic pain include Cesamet™ (active component is A9-tetrahydrocannabinol; Valeant
Pharmaceuticals), Marinol™ (active component is A9-tetrahydrocannabinol; Solvay Pharmaceuticals),
and Sativex™ (active components are A9-tetrahydrocannabinol and cannabidiol; GW Pharmaceuticals)
(Table 1.4). Currently, the only cannabinoid based therapeutic in New Zealand is Sativex™, which can
be prescribed for the treatment of spasticity in multiple sclerosis. Other cannabinoid-based products
that meet the pharmaceutical grade as determined by the Ministry of Health can be applied for via
Pharmac.

Despite the positve evidence of the analgesic effects of cannabinoids, a recetent meta-
analysis of randomised control trials by Fisher et al. (2020) found litte evidence that cannabis, or
cannabinoid based therapeutics, reduced pain intesnsity in any chronic pain condition. The authors
also stated under reporting of adverse events in treatment arms of randomised control trials, with
some evidence of higher adverse events in treatmnet groups. These compunds are further limited by
the induction of cardiovascular disorders, psychosis, schizophrenia, mood disorders, and the
psychoactive effects of A9-tetrahydrocannabinol (Cohen et al., 2019). With more evidence arising of

negative long-term effects of cannabinoids with high levels of THC (>10%) (Di Fort et al., 2019).
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1.5.1.4. New Therapeutic Targets
A range of specific toxins is currently yielding some of the most exciting leads for the

development of non-opioid therapeutics. These compounds are being investigated for their ability to
induce analgesia, whilst not inducing tolerance or addiction to more effectively treat chronic pain
states.

The marine cone snail represents a group of more than 700 species of snails, which have
become a focus for drug discovery through the active components of their venom, known as
conotoxins. The most well-known conotoxin for the treatment of pain is w-MVIIA or Ziconotide. This
is an inhibitor of VG Ca?* channels and has been approved by the Food and Drug Administration (FDA)
for severe chronic pain and due to an inability to cross the blood brain barrier, is administered
intrathecally (Miljanich, 2004). Unfortunately, commonly encountered side effects of its use include
confusion, hallucination, meningitis, and depression that severely limits its utility and adherence (Nair
et al., 2018). x-MrlA (norepinephrine transporter) (Nielsen et al.,, 2005), w-CVID (VG Ca?%
inhibitor)(Adams et al., 2003), and Contulakin-G (Neurotensin receptor) (Craig et al., 1999) are
compounds isolated from cone snail venom that are currently in human clinical trials for the treatment
of various chronic pain disorders.

Spider venoms are another source of toxins that have been exploited for their potential anti-
nociceptive effects. It has been shown that peptides isolated from the venom of spiders can modulate
the activity of multiple receptors and channels involved in the development and maintenance of
neuropathic pain, including TRP channels, ASICs, GPCRs and VG Na*, K*, and Ca? channels (King et al.,
2013). One such toxin, Phalp, has been isolated from the venom of the Brazilian Spider, Phoneutria
nigriventer. This toxin has been reported to selectively inhibit VG Ca?* channels and antagonise the
TRPA1 channels to inhibit neuronal excitability and induce anti-nociception (Tonello et al., 2017, Vieira
et al., 2005). In animal models of pain, Phalp induces anti-nociceptive effects in inflammatory,
nociceptive, chemotherapy-induced neuropathic pain, mechanical hypersensitivity, and acute thermal
pain with a larger therapeutic window than the w-MVIIA (Castro-Junior et al., 2013, de Souza et al.,

2013, Rigo et al., 2013, Souza et al., 2008) (Table 1.4).

1.5.1.5. Opioids for Chronic Pain
Opioid receptors were one of the first targets for the treatment of severe acute and chronic

pain with the milk of the unripe pods from the poppy, Papaver somniferum, in use for its analgesic
properties as early as the 15" century BC (Norn et al., 2005). The active component of the poppy was
first purified by Friedrich Wilhelm Adam Sertiirner in 1805 (Jurna, 2003). Since then, opioids derived
from the opium poppy such as morphine and codeine, as well as semi-synthetic (oxycodone), and fully
synthetic (fentanyl, sufentanil) opioids have been used to treat Chronic pain (Table 1.4). These
compounds, and most opioids, are mu-opioid receptor (U receptor) agonists and are widely

considered the most effective analgesic for severe pain with a number needed to treat for oxycodone
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and tramadol in peripheral neuropathic pain of 2.6 (1.7 — 6) and 3.5 (2.4 — 6.4) respectively (Lowinson,
2005, Sindrup., et al., 2005, Toblin et al., 2011).

Despite the analgesic effects of these compounds, they have limited utility in the respite of
chronic pain due to the induction of analgesic tolerance (Chu et al., 2006). A six-month double-blind
randomised control trial showed the induction of tolerance opioid induced hyperalgesia in non-cancer
chronic pain (Rowbotham and Wallace., 2020). The high rate of opioid induced adverse events across
long-term randomised clinical trials has recently been shown by Krebs et al., (2018). In this study
patients with chronic back, hip, or knee osteoarthritis pain were shown to have higher rates of adverse
events when treated with opioid (morphine, oxycodone, or hydrocodone/acetaminophen) vs non-
opioid therapeutics (paracetamol) or a nonsteroidal anti-inflammatory drug). A meta-analysis of
randomised control trails for non-cancer chronic pain similarly showed increased adverse events,
mainly vomiting, opioid vs non-opioid therapeutic arms (Busse et al., 2018). Tolerance to the analgesic,
but not side effects reduces the therapeutic window over time increasing the risk of respiratory
depression, accidental overdose, and opioid misuse and abuse (Martins et al., 2015). Constipation is
another common side effect associated with chronic opioid use, affecting up to 50% of patients
(Pappagallo, 2001). Other common side effects include urinary retention, nausea, vomiting, and
pruritus (Ruan, 2007). Morphine is also known to induce effects on physical activity levels, with
spontaneous locomotion/hyperactivity common in rodents following doses up to 20 mg/kg/i.p.
(Hirabayashi and Alam, 1981, lzuka and Hirabayashi., 1983). While morphine-induced sedation has
been shown post-operatively during titration in humans (Aubrun et al., 2004, Paqueron et al., 2002,

Tveita et al., 2008).
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Table 1.5 Summary of Current and Newly Developed Treatments for Chronic Pain

1% line for non-cancer

Non-cancer chronic

. . Gabapentin, Pregabalin VG Ca? Channels . Yes
chronic pain pain
TCAs; amitriptyline monoaminergic responses
1t line for non-cancer . . Serotonin & noradrenaline Non-cancer chronic
. . SSNRIs; duloxetine, venlafaxine . Yes
chronic pain reuptake pain
SSRIs; fluoxetine citalopram Serotonin reuptake
Cesamet Neuropathic pain
Recommended 2™ line Marinol Cannabinoid Receptors CIPN Yes
Sativex Spasticity in MS
Ziconotide VG Ca?* Severe chronic pain Yes
- X-MrlA norepinephrine transporter N/A Phase Il
Contulakin-G Neurotensin receptor N/A Phase Ib
N/A PhalP VG Ca?* Channels N/A Pre-clinical
2" line: non-cancer .
chronic pain Non-cancer chronic
1% Jine: cancer chronic Morphine, Fentanyl, Sufentanil W receptor pain, ' ' Yes
pain Cancer chronic pain

Due to the complexity of chronic pain states, there is no single treatment that can be prescribed and there are a range of possible first- and second-line

therapeutics that can be trialed. Novel targets and drug sources are also currently being investigated to improve on current options.

Abbreviations:

N/A; Not applicable
TCAs; Tricyclic anti-depressants
SSRIs; Selective serotonin reuptake inhibitors

SSNRIs; Selective serotonin-noradrenalin reuptake inhibitors

VG Ca?" Voltage gated calcium channels



1.6. The Opioid crisis

Opioids, such as morphine and fentanyl are highly addictive compounds due to their
expression in and activation of the reward pathway. This is due to high levels of u receptor expression
on GABA-ergic neurons in the mesolimbic system, including in the ventral tegmental area (VTA) and
nucleus accumbens. The mesolimbic system can also be stimulated via the pre-frontal cortex (PFC),
hippocampus and amygdala which also express high levels of u receptor. Activation in these areas
inhibits the release of GABA causing disinhibition of dopaminergic neurons and increased levels of
dopamine in the synaptic cleft (Listos et al., 2019). Increased dopamine within the reward pathway
causes the euphoric sensation associated with drug use providing positive reinforcement and
increasing the risk of abuse, misuse and addiction (Compton et al., 2006, Di Chiara et al., 1988b).

The highly addictive nature of 4 receptor analgesics coupled with their over-prescription has
been a contributing factor to the dramatic increase in the rates of opioid abuse and overdose with
both prescription and illicit opioids in the United States. This is due to prescription opioids being a
gateway to further illicit drug use and addiction. A comprehensive systematic review of papers
published between 2000 and 2013 on opioid use, misuse and abuse in the United States, Denmark,
and Norway showed that 21 -29 % of patients were abusing and a further 8 — 12% were addicted to
their prescription opioids (Vowles et al., 2015). Furthermore, 39% of heroin users in Kings County,
Washington (USA) admitted being ‘hooked on prescription opioids’ before abusing heroin (Peavy et
al.,, 2012). While it was reported that in Cumberland County, Maine (USA), misuse of OxyContin
increased the risk of further illicit drug use (Grau et al., 2007). Increased rates of opioid misuse led to
over 47,000 opioid related overdoses between 2017 and 2018 alone, 32% of these deaths involved
prescription opioids (Wilson et al., 2020).

There is a large misconception that the opioid epidemic is a problem that is exclusive to the
United States. However, in Europe 455,000 patients, out of a total of 22.8 million, prescribed opioids
for chronic pain are believed to be dependent upon their medication (Kraus et al., 2016). There is an
estimated opioid death rate of 1.8 per 100,000 people averaged over 30 European countries (Marotta
et al., 2018). In Australia, the rate of prescription opioid overdose deaths has increased by 2.5 fold
from 2001-2012, with more deaths attributed to prescription opioids than heroin (Roxburgh et al.,
2017). Rates of opioid use, misuse and abuse are not readily available for the New Zealand population.
However, Adamson et al. (2012) estimated the nationwide abuse of opioids to be 9142 individuals or
0.325% of the adult population. This information was obtained via snowball sampling of people
receiving opioid substitution treatment. New Zealand has also seen a spike in the number of opioid
overdose deaths. Between 2001 and 2012 there was a 33% increase in opioid overdoses, with more
than half (178 of 325 deaths) of these deaths classified as an accidental overdose of prescription
opioids prescribed by a healthcare official including methadone, morphine, or codeine (Shipton et al.,

2017). The number of patients misusing their prescription opioids and increasing numbers of opioid
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related deaths worldwide highlights the necessity for developing safer, non-addictive analgesics for

the treatment of chronic pain.

1.7. Mu Opioid Receptors

1.7.1. Mu Opioid Receptor Identification
The U receptor, identified in 1976 and was later identified as a (Martin et al., 1976). Opioid

receptors are seven-transmembrane domain receptor that belongs to the class A, rhodopsin-like,
subfamily of the GPCRs. The u receptor selectively couples to the G heterotrimeric G-proteins to
translate extracellular signals to intracellular responses (Fredriksson et al., 2003, Milligan et al., 2006).
It is encoded by the gene Opioid Peptide Receptor Mu (OPRM) in humans (Bare et al., 1994, Mestek
et al., 1995, Wang et al., 1994), mice (Kaufman et al., 1995, Min et al., 1994), and rats (Chen. et al.,
1993). Comparison of the genetic sequence of the four main opioid receptors, namely kappa (k
receptor), U receptor, delta (6 receptor), and nociceptin opioid peptide (NOP) receptors reveals a 75%
homology in the transmembrane domains and a 65% homology in the intracellular loops. The largest
sequence divergence occurs in the N- and C-terminal domains and the extracellular loops, with only
37% sequence homology, allowing for selectivity of different endogenous peptides.

Many physiological systems are regulated by opioids that activate the p receptor including the
hypothalamic-pituitary-adrenal axis involved in stress response (Bali et al., 2015), immune function
(Bhargava et al., 1994, Simpkins et al., 1984), the reward pathway (Akil et al., 1997, Belluzzi et al.,
1977), and responses to pain (Basbaum et al., 1984, Bischer et al., 1976). The multifaceted
physiological roles of u receptor are due to their expression throughout the CNS and peripheral
nervous systems. In the peripheral nervous system, u receptors are highly expressed on the primary
afferent fibres and in the DRG (Fields et al., 1980, Stein et al., 1989). High levels of p receptor can also
be found in the adrenal glands of humans (Peng et al., 2012), and in the submucosal and myenteric
plexus of the enteric nervous system in dogs (Allescher et al., 1989), rats (Bagnol et al., 1997) and
humans (Lupp et al., 2011, Peng et al., 2012, Sternini et al., 2004). 1 receptors are highly expressed in
the CNS of humans and rodents. In situ hybridisation studies in rats showed abundance in the anterior
cingulate, frontal parietal cortex, piriform cortex, striatum, hippocampus, nucleus accumbens,
amygdala, locus coeruleus, PAG, and Laminae I-ll of the dorsal horn of the spinal cord (Delfs et al.,
1994, Maekawa et al., 1994, Mansour et al., 1987). In humans, expression of the gene that encodes
the W receptor (opioid peptide receptor mu 1: OPRM1) has been identified in the cerebellum, nucleus
accumbens, caudate nucleus, and spinal cord (Peng et al., 2012). In Situ, hybridisation methodologies
have enabled the accurate location of OPRM1 in the human brain to include the cortex, hippocampus,
nucleus accumbens, striatum, thalamus, hypothalamus, substantia nigra, PAG, and cerebellum

(Peckys et al., 1999).
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M receptor are located on a range of neuronal types in a tissue dependent manner. In the DRG
and dorsal horn of the spinal cord, u receptor are present on peptidergic C-fibre neurons and
excitatory interneurons (Kemp et al., 1996). While in the brain they are present on GABAergic (Ben
Hamida et al., 2019, Vaughan et al., 1997), noradrenergic, dopaminergic (Li et al., 2016, Margolis et

al., 2014), and serotonergic (Berger et al., 2006) neurons.
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Figure 1.3 Expression Levels of the Mu Opioid Receptor in the CNS

There are many areas within the brain and spinal cord associated with the ascending and descending
pathways. These include the DRG, PAG, amygdala, hypothalamus, thalamus, and PFC. The expression
of u receptor heavily overlaps with these regions with moderate to high levels of expression in the DRG,
DH, LC, PAG, hippocampus and hypothalamus. Figure adapted from Cahill et al. (2014) with u receptor
expression based on RT-PCR, radioligand binding, and in situ hybridization in humans and rodents Delfs

et al. (1994), Mansour et al. (1987), Peckys et al. (1999), Peng et al. (2012).

Abbreviations: ACC; anterior cingulate cortex, AMB; nucleus ambiguous, Amy, amygdala, CPu;
caudate putamen, DH; dorsal horn, DRG; dorsal root ganglion, Hippo, hippocampus, Hypo;
hypothalamus, LC; locus coerulus, NAc; nucleus accumbens, NRM;, nucleus raphes medianus, NTS;
nucleus tract solitarius, PAG; periaqueductal grey, PB; parabrachial nucleus, S1; primary

somatosensory cortex, S2; secondary somatosensory cortex, STN spinal trigeminal nucleus
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1.7.2. Endogenous Role of the Mu Opioid Receptors in Pain

Transmission
The endogenous peptide ligands for the opioid receptors are cleaved from three precursors,

proenkephalin, prodynorphin, and proopiomelanocortin, which go on to form multiple endogenous
opioids. Proopiomelanocortin is produced in the arcuate nucleus and nucleus of the solitary tract
(Bloom et al., 1978). Cleavage into proopiocorticotropin results in the formation of the endorphin
peptide family, including B-endorphin which show selectivity for the i receptor (Akil et al., 1997). The
cleavage of proenkephalin into Met- and Leu-enkephalin also results in endogenous opioids with high
affinity for p receptor and & receptor (Akil et al., 1997, Field et al., 1997, Hughes et al., 1975, Noda et
al., 1982). These peptides are primarily synthesised in the anterior lobe of the pituitary gland and are
released in response to corticotropin-releasing factor in stressful or painful events (Nikolarakis et al.,
1986). When administered intracerebrally (i.c), B-endorphin induced potent anti-nociception in the
hot-plate, tail-flick, and acetic acid writhing tests in mice with a potency 18 — 33 times greater than
morphine (Loh et al., 1976). Intraventricular (i.v.c) injection in rats and hamsters also showed dose
dependent increases in anti-nociception in the tail-flick assay (Tseng et al., 1979). The enkephalins
have also been shown to induce anti-nociceptive effects in rats and mice after i.c.v administration
(Belluzzi et al., 1976, Biischer et al., 1976). When the gene for the precursors of -endorphins (Pomc
/- Jackson Laboratory: B6.12952-Pomc™™*°*/} ) and enkephalin (Penk-7-; Jackson Laboratory: B6.129-
Penk-rst™*e”) were deleted in vivo, the animals responded normally to morphine with anti-
nociception induced in the hot-plate and acetic writhing assays (Konig et al., 1996, Rubinstein et al.,
1996). However, in Pomc” mice, mild swim-stress fails to induce anti-nociceptive effects unlike
wildtype (Wt) mice (Rubinstein et al., 1996). The Penk”" also exhibited differences to controls in
supraspinal (hot-plate), but not spinal (tail-flick, intraplantar formalin) mediated anti-nociception
assays (Konig et al., 1996). Together, these results indicate the importance of both the endorphins and
enkephalins in the endogenous pain pathways.

Two other endogenous ligands have also been identified in the bovine and human brain,
endomorphin 1 and 2 (Hackler et al., 1997, Zadina et al., 1997). When given intrathecally (i.t) ori.v.c
they produce anti-nociception in both the hot-plate and tail-flick assays in mice (reviewed in Tseng,
2002). However, the precursor gene for these two U receptor selective opioid peptides has never been
identified and their legitimacy has been questioned (Terskiy et al., 2007).

The generation of a W receptor knock out (u receptor’”) mouse (available at the Jackson
Laboratory; OPRM1t™) 3lso helped to establish the role of the p receptor system in anti-nociception.
By knocking out the OPRM1 gene and assessing the behavioural effects of morphine, Matthes et al.
(1996) were able to show that the p receptor was the target for the anti-nociceptive properties of
morphine. In response to the endogenous ligands, it was also shown that there was an increased

sensitivity to hot-plate, tail pressure and intraplantar formalin tests in u receptor’”- compared to Wt
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littermate controls (Martin et al., 2003). This increase in sensitivity with the loss of the u receptor is
most-likely due to the large expression of the receptors in descending pain pathway, including the
PAG, rostral ventromedial medulla, the dorsal horn of the spinal cord. The u receptor is also located
within the ascending pain pathways, including in the primary afferent fibres, DRG, the hypothalamus,
thalamus, PFC, and the amygdala where they act to stop the transmission of the nociceptive signal
from the periphery to the CNS (Peckys et al., 1999, Peng et al., 2012) (expression levels summarised
in Fig. 1.3). The expression within the pain pathways and the effects of removing the endogenous
opioids and/or u receptor indicate that the activation of the descending pain pathway is depended on

the p receptor and its downstream effects.

1.7.3. Monomeric Mu Opioid Receptor Signalling Pathways

1.7.3.1. G-Protein Signalling Pathway
Binding of agonists to the p receptor results in the activation of the canonical cell signalling

pathway via the phosphorylation multiple serine/threonine on the cytoplasmic terminal. This can
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include the GRK2/3 mediated phosphorylation of Ser?’> resulting in a flow on cascade resulting in the
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phosphorylation of Thr3’°, Thr3’¢, and Thr3”°. However, phosphorylation can also occur at Thr3’°, Ser
, Ser®>* Thr3”®, Thr3’%, and Thr3** in response to a wide range of kinases that includes CAMKII, PKA, and
PKC (Deng et al., 2000, Feng and Wang., 2011, llling et al., 2014, ; Koch et al., 1997; Kovoor et al., 1997,
Pak et al., 1997; Wolf et al.,, 1999, 1998 , Zhang et al., 1996). Once these residues have been
phosphorylated the G0 protein subunit can be activated by the exchange of guanosine diphosphate
for guanosine triphosphate (GTP), leading to dissociation of the heterotrimeric G Protein into the G4
and Ggy subunits. Each subunit functions independently have differing effects. The Gg, subunit stays
associated with the cell membrane to interact directly with G-protein gated inwardly rectifying
potassium (GIRK) channels (Kirs), upregulating their activity causing to induce K* efflux. (Huang et al.,
1995, Kahanovitch et al., 2014, Sadja et al., 2003, Torrecilla et al., 2002). The Gg, also decrease the
pore opening on the VG Ca?* channels to reduce Ca?* conductance (Bourinet et al., 1996, Ortiz-Miranda
etal., 2005, Zamponi et al., 1998). This changes the Membrane Potential resulting in hyperpolarisation
and decreased neuronal excitability.

The G subunit remains associated with the cell membrane via palmytoilation upon p
receptor activation where it inactivates adenylyl cyclase (AC) to inhibit the formation of cyclic
adenosine monophosphate (cAMP). cAMP is a second messenger molecule that regulates Ca* influx
and activates protein kinase A (PKA) to regulate cAMP Response Element Binding Protein (CREB).
Therefore, when cAMP is inhibited, the cAMP dependent Ca?* influx, together with PKA activation and
CREB phosphorylation is also inhibited (Hsia et al., 1984, Minneman et al., 1976, Taussig et al., 1993).

Furthermore, G protein activation can induce the activation of mitogen-activated protein

kinase (MAPK) pathways, including extracellular regulated protein kinase 1/2 (ERK1/2) via the Gg,
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subunit (Belcheva et al.,, 1998, Li et al.,, 1996, Romero et al.,, 2012). Once activated, a subset of
phosphorylated ERK (pERK) is translocated to the nucleus where it regulates the activity of
transcription factors involved in cell survival, division, and motility. Cytoplasmic substrates of pERK1/2
include phosphoprotein phosphatases, cAMP phosphodiesterases, cytoskeletal proteins, apoptotic
proteins, and regulatory cell signalling proteins to further influence cell motility, growth, proliferation
and survival (Roskoski, 2012). Overall the effect of this signalling cascade is neuronal hyperpolarisation

and anti-nociception.
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1.7.3.1. B-arrestin2 Signalling Pathway
B-arrestin is a family of four semi-bisymmetric scaffold proteins that aid in the transmission

of signalling cascades from the plasma membrane to intracellular responses. The first two members
of the family are arrestinl and arrestin4, also known as the visual arrestins as they are almost
exclusively expressed in the retina (Kuhn, 1978). B-arrestinl (arrestin2) and B-arrestin2 (arrestin3) are
ubiquitously expressed throughout the body and can interact with heteromeric GPCRs to inhibit G-
protein signal transduction and physically scaffold other signal transduction proteins. With the
receptor able to recruit both B-arrestinl and B-arrestin2 in an agonist dependent manner as a part of
the non-canonical pathway (Bohn et al., 2004, Groer et al., 2011).

Once recruited to the p receptor, B-arrestin aids in its desensitisation and inhibits continuous
G-protein signalling. This occurs in a two-step process whereby the active receptor is phosphorylated
by a second messenger associated kinase, protein kinase C (PKC), protein kinase A (PKA), or G-protein
receptor kinases 2 and 3 (GRK) (Shukla et al., 2011, Terman et al., 2004, Wang, 2000). The cytoplasmic
C-terminal is differentially phosphorylated by these kinases in an agonist dependent manner, with
over 20 identified sites of phosphorylation reviewed in (Koch et al., 2008). More recently, phospho-
specific anti-bodies and mutagenesis of the Ser/Thr residues of the C-terminal have both identified
the Thr¥’° and Ser®” residues as potential phosphorylation sites involved in the recruitment of B-
arrestin2 to u receptor (Doll et al., 2011, El Kouhen et al., 2001). Once B-arrestin2 has been recruited
to the u receptor, the C-terminus binds directly to the heavy chain and B-adaptin subunit of the
adapter-protein 2 (AP2) targeting the W receptor to clathrin-coated pits (Laporte et al., 2000, Laporte
etal.,, 1999, Zhang et al., 1996). This ultimately leads to internalisation of u receptor in clathrin-coated
vesicles. Once [ receptor are internalised, the two possible fates are recycling to the membrane or
degradation. Receptor recycling occurs via the de-phosphorylation of receptors by GPCR specific
phosphatases (GRP) that pass the endosome from Rab5 to Rab4 positive compartments (Sonnichsen,
2000). The Rab4 positive endosome then returns the receptors to the cell membrane (van der Sluijs
et al., 1992, Zerial et al., 2001). In the absence of GRP de-phosphorylation, the pu receptor remains
bound to B-arrestin2 and the endosome Rab5 positive, this leads to the formation of the late
endosome, targeting to lysosomes and receptor degradation (Mousa et al., 2013). The coupling of -
arrestin2 to MOR’s is also believed to cause functional uncoupling of G-proteins from the GPCR to
inhibit the G-protein signalling cascade (Lefkowitz, 1998, Ren et al., 2005).

More recent advances in U receptor signalling have revealed that B-arrestin can also link
GPCRs to other effector molecules such as the Scr family kinases and MAPK pathways. In particular,
they activate ERK1/2, JNK3 (c-Jun N-terminal kinase 3) and p38 to send G-protein independent signals
that lead to receptor desensitization and trafficking via translational and cytoplasmic changes (Hanson

et al., 2008, Luttrell et al., 1999, Seo et al., 2011, Yamdeu et al., 2011).
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Figure 1.4 Mu Opioid Receptor Cell Signaling Pathways

Binding of u receptor ligands to the receptor results in a conformational change that allows the activation of both the (A) G-protein and (B) p-arrestin2
pathways. The G-protein pathway causes the hyperpolarisation of the membrane and analgesia. Autoregulation of the pathway occurs via recruitment of the
scaffold protein p-arrestin. This pathway causes the direction of receptors to clathrin-coated pits for endocytosis inducing either acute or long-term tolerance.

(Al-Hasani et al., 2013, Williams et al., 2013).

Abbreviations:

AP2 = adaptor protein 2

CAM = calmodulin

CAMKII = calmodulin-dependent protein
kinase Il

DAG = diacylglycerol

DYN = dynamin

GRK2 = G-protein regulator kinase 2
GRP = G-protein regulator phosphatase
IP3 = Inositol triphosphate

PI3K = phosphoinositide 3 kinase

PKA = protein kinase A

PLC = protein kinase C

PLCS= phospholipase Cf



1.7.3.2. Opioid Dimerization and Differential Cell Signalling
GPCR’s have been shown to exist as dynamic protein complexes that form as a result of

dimerization or oligomerization. This is known to occur in two forms, homodimers (same receptor)
and heterodimers (different receptors). The dimerization of opioid receptors has generated interest
as a potential target for the development of novel opioid therapeutics. The research into opioid
receptor dimerization has been pioneered by Devi and colleagues. They initially discovered the
homodimerization of the 6 receptor and its heterodimerisation with the k receptor leading to altered
signalling properties (Cvejic et al., 1997, Jordan et al., 1999). Since then, the p receptor has shown to
dimerise with u receptor, & receptor, k receptor, cannabinoid receptor 1 (CB1), and Neurokinin 1
receptors (Pan et al., 2002, Pfeiffer et al., 2002, Rios et al., 2006, Wang et al., 2005a).

While the pu receptor has been shown to form heterodimers with opioid-like receptor 1 and k
receptor, the most studied heterodimer is 6 receptor -y receptor. Several pharmacological studies
have shown administration of & receptor agonists could diminish the induction of morphine tolerance
and increase anti-nociceptive effects of morphine when co-administered supraspinally. Interestingly
effects are decreased when administered spinally suggesting the presence of heterodimers
(Abdelhamid et al., 1991, Porreca et al., 1987). This was then shown in vitro when the receptors were
co-immunoprecipitated (Gomes et al., 2000) and an increase in bioluminescence energy resonance
transfer signal was seen in co-expressing cells (Gomes et al., 2004). The u receptor-& receptor
heterodimers have also been isolated from the spinal cords of Wt mice, but not & receptor 7" mice
(Gomes et al., 2004). An increase in expression levels was also reported in multiple pain associated
CNS regions (e.g. RVM, hypothalamus, and DRG) in mice chronically treated with morphine (Gupta et
al., 2010). Despite the evidence pointing to their existence and their potential to improve analgesia,
the mechanism through which this occurs is not known. Current evidence has shown that in the
presence of 6 receptor specific agonists and antagonist the binding of morphine and other u receptor
agonists is enhanced, as is ERK1/2 phosphorylation (Gomes et al., 2000), G-protein recruitment, the
inhibition of cAMP (Gomes et al., 2004), and changes in Ca?* signalling (Charles et al., 2003). These
results indicate that both the activation and inhibition of the 6 receptor in the heterodimer enhances
U receptor coupling to the Gi, protein and therefore the anti-nociceptive effects of u receptor
agonists.

The k receptor-j receptor is another heterodimer that may hold the potential to induce
potent anti-nociception with reduced side effects, with the angiogenic and depressive effects of k
receptor agonism negating the addictive effects of i receptor agonists. Many dual agonists have been
generated to target the k receptor - receptor heterodimer with a mix of full agonism, partial agonism,
and antagonism of one or both receptors have shown potent anti-nociceptive effects with reduced
side effects including hyperlocomotion and lowering morphine-induced conditioned place preference
and tolerance, while also reducing the rewarding effects of cocaine and heroin (Brice-Tutt et al., 2020,
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Ferracane et al., 2020, Stevenson et al., 2004, Wang et al., 2009). This includes the partial k receptor
agonist - partial p receptor agonist/antagonist nalmefene. Human clinical trials in which morphine and
nalmefene were co-administered revealed an improved analgesia post-surgery for males, while also
reducing the tolerance and abuse liability of morphine (Crain et al., 2000). While there is little evidence
of W receptor and k receptor co-activation and the effect on downstream signalling pathways, the two
receptors are known to co-localise within the spinal cord and DRG of male and female rats (Chakrabarti
etal., 2010, Ji et al., 1995) Moreover, their co-expression increased morphine's anti-nociception in the
females (Liu et al., 2011). Indicating that the improved behavioural profile of dual agonists is likely due
to their co-activation and potential alteration of subcellular signalling within the CNS.
Heterodimerisation of u receptor has also been shown to occur with non-opioid GPCR. This
includes the CB1 receptor, where the increase in potency of morphine when co-administered with A9-
tetrahydrocannabinol is believed to be due to heterodimer formation (Cichewicz, 2004). Increased
bioluminescence resonance energy transfer and fluorescence resonance energy transfer signals were
seen in vitro when p receptor and CB1 receptors were co-expressed suggesting the formation of
heterodimers (Hojo et al., 2008, Rios et al., 2006). Functionally, this significantly reduced the levels of
ERK1/2 phosphorylation in response to activation of both receptors (Rios et al., 2006). While NK1 and
U receptor have been shown to heterodimerise in vitro, no effect on ligand binding or signalling was
observed. However, activation of the NK1 receptor with substance P or the NK1 selective ligand, L-
779,976, resulted in the phosphorylation and internalisation of both receptors (Pfeiffer et al., 2003,
Pfeiffer et al., 2002). The ability of NK1 antagonists to reduce the development of anti-nociceptive
tolerance in rats led to the suggestion that a combined NK1 antagonist-p receptor agonist could

improve the treatment of neuropathic pain (Kalso, 2005, Powell et al., 2003).

1.8. Biased Agonism
1.8.1. Evolution of GPCR Ligands and Pharmacology

As our knowledge on receptor activation and signal transduction has advanced, so have the
theories and models to explain these advancements. This includes the traditional pharmacology
theory of the two-state model, orthosteric and allosteric modulators, and the discovery of inverse
agonists. More recent advancements have led to the formation of the theory of biased agonism to

explain the ability of receptors to selectively couple to more than one transduction pathway (Fig.1.5).

1.8.1.1. Traditional Pharmacology
Initially, receptors were thought to be a simple “on”/”off” switch that allowed for the

activation of a single signal transduction pathway via a conformational state shifting, known as the
two-state model. This accounted for the known ligands that bound the orthosteric, or active, binding
sites. Full agonists at the orthosteric sites bound to target receptors to elicit the maximal response of
a signalling pathway, whereas partial agonists only elicit a submaximal response. Antagonists at the
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orthosteric site, that inhibit the binding of other ligands at the orthosteric site, were also explained by
this model. Up until the early 2000s, these were the only known receptor ligands types due to the
limitations of the technology at the time (Fig 1.5). With the development of functional receptor
screens, the basal activity of receptors was able to be measured. As such ligands that bound to sites
other than the orthosteric site, known as the allosteric binding site, were identified. Allosteric ligands
can be both full or partial positive or negative modulators that regulate the response to orthosteric
ligands and endogenous activity of the receptor. Furthermore, the improvement in ligand screens and
cell signalling systems has led to the discovery of inverse agonists. These bind to constitutively active
receptors to inhibit or antagonise their activity without affecting ligand-binding interactions (reviewed
in Kenakin, 2001) (Fig 1.5). Over the last few decades, advancements in our knowledge of cell signalling

have allowed the understanding of receptor pharmacology to develop further.
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Figure 1.5 The Evolution of GPCR Ligands

Before 1995, the only ligands that were known to bind to GPCR were the agonists and antagonists at
the orthosteric binding site. With the development of improved ligand screening in the 2000s, ligands
were identified that inhibited the base activity of a receptor, known as inverse agonists. This also
allowed for the identification of the allosteric binding site and ligands, including; modulators,
enhancers, and partial or full agonists. Since this time screening of biased ligands at both the
orthosteric and allosteric binding sites have further added to the GPCR ligand repertoire and increase

the ways to take advantage of GPCR signalling complexity. (adapted from Kenakin, 2001).
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1.8.1.2. Biased Agonism
B-arrestin was first identified by Kiihn et al. (1984) as a 48 kDa protein with the ability to bind

the rhodopsin receptor in response to light and receptor phosphorylation after recruitment of the G-
protein. This protein was later shown to also ‘arrest’ the activation of the G-protein pathway (Wilden
et al., 1986). These proteins were later identified in other mammalian systems, including B-arrestin
involved in the regulation of the B2-adrenergic receptor (Lohse et al., 1990). It wasn’t until 1999 that
Luttrell et al. (1999) showed that B-arrestin could act as a scaffold protein to recruit c-Src tyrosine
kinase, ERK1/2, JNK3, ubiquitin kinases, cAMP phosphodiesterases and other cytosolic proteins
(Beaulieu et al., 2005, Luttrell et al., 2001, McDonald et al., 2000, Perry et al., 2002, Shenoy et al.,
2001).

The discovery that receptors were not just a simple “on”/”off” switch for a single pathway, but
rather activate multiple signalling pathways in both a ligand and tissue dependent manner increased
the complexity of receptor transduction systems (Jin et al., 2001, Laugwitz et al., 1996). It was
hypothesised that the differential recruitment of signalling molecules, or “biased agonism”, is due to
the ability of ligands to stabilize unique receptor conformation states to couple different intracellular
signalling pathways (Kenakin, 1995a, b). It was further hypothesized that different pathways induced
different physiological responses, providing a cell signalling mechanism that may allow the
development of compounds with improved desired effects while reducing on-target side effects. Both
orthosteric and allosteric ligands can induce biased signalling at GPCRs. With biased allosteric ligands
able to act independently to the activity of the natural ligand and alter the response to the natural
ligand when both occupy a GPCR simultaneously (Kenakin et al., 2013, Leach et al., 2015).

1.8.2. Calculating Bias

To determine the bias factor of a compound in each receptor-signalling system the ability to
activate both pathways in question is assessed via both the maximal effect (Emax) and the potency at
which they are activated (ECso = the concentration that produces 50% maximal response). This data is
then entered into one of the many variations of bias equations to determine the relative ability to
activate one pathway over another.

The first model used to quantify bias was based on an operational model of pharmacological
agonism (Black et al., 1983). This model aimed to describe the agonist-concentration effect curves and
behaviour for both pathways in question. The strength of the Black and Leff model is the inclusion of
parameters that are receptor (Ka; agonist-receptor dissociation constant) and cell-receptor (Ke:
transduction of agonist-receptor complexes into pharmacological responses, n: transducer slope, T:
transducer ratio) specific. Therefore, to quantify agonism in this system all ligands must be acting on
the same receptor in the same cell system, reducing the introduction of bias as a factor of cell or

receptor specific pathway activation (Kenakin et al., 2012).
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Due to the heavy constraints applied to the Black and Leff model, many alternate equations
have been designed to reduce constraints and simplify the calculation. This includes the relative
intrinsic efficacy (RA) model, which uses the concentration to induce the same response in different
pathways. As with the Black and Leff model, the equation includes the Emax and ECso values of each
pathway relative to a reference ligand (Ehlert et al., 1999, Griffin et al., 2007). This method of
calculating bias can be further strengthened by expressing the agonists Emax and ECso values as a
proportion of the maximal response (max) in the system, not the response of the most effective ligand.
When this value is compared to the reference ligand, bias can be measured as the anti-log of the
values between each pathway (Kenakin, 2017). As the RA models have no specific parameters for cell-
receptor variations it allows data from the different receptor and cell types to be entered in the same
equation (De Deurwaerdere et al., 2004, Schattauer et al., 2012). This increases the ability to draw
data from the literature and removes the need for one group to perform all necessary cell signalling

assays to quantify bias.

1.8.3. The Mechanisms of Biased Agonism

The best researched, and subsequently predominant, theory into the mechanism through which
a biased agonist induces its effects is through the stabilization of differential receptor conformational
states. Crystallographic analysis of multiple GPCRs in their active states, including u receptor, 2-
adrenergic receptors (B2AR), and the M2 muscarinic acetylcholine receptor in their active and inactive
states reveals a conformational change in the cytoplasmic TM6 domain. Specifically, the TM6 domain
moved away from the central helical bundle to create an opening allow G-protein binding (Kruse et
al., 2012, Kruse et al., 2013, Manglik et al., 2012). The recruitment of B-arrestin to the rhodopsin
receptor induced a similar movement in the TM6 domain, however, subtle differences were reported
inthe TM1, 4, 5, and 7 domains. These differences in conformational states may provide a mechanism
for the differential recruitment and signalling at GPCR (Kang et al., 2015, Szczepek et al., 2014). Other
studies have reported similar trends in the conformational changes of p receptor and B,AR, which are
stabilized in response to biased ligands (Okude et al., 2015, Ye et al., 2016). Together, this provides
evidence to support the theory that biased agonism is induced by stabilizing different receptor
conformational states.

A more recent theory into the mechanism of biased agonism is the theory of “Kinetic Bias”.
While the importance of kinetic and temporal measures on in vitro receptor behaviour and analysis
had been assessed before (Charlton et al., 2010, Unett et al., 2013), the first paper to explicitly discuss
the role of “kinetic bias” was published by Herenbrink et al. (2016). The authors believed that the
mathematical quantification of bias via equations, such as the Black and Leff operational model and
the simplified method for bias quantification, did not sufficiently control for the system and

operational bias. This is supported by the inconsistency between published bias factors of the same
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compound. Using the dopamine D; receptor as an example system they showed that biased agonists
had reached maximal occupancy significantly slower and exhibited slower dissociation kinetics
(Herenbrink et al., 2016). The authors concluded that although conformational stabilization is the
underlying fundamental mechanism of bias, ligand binding kinetics and assay endpoints must be taken
into consideration when assessing the potential biased agonism of a compound.

1.8.4. Initial Studies into Biased Agonism of GPCRs

The phenomenon of biased agonism was initially studied in the B-adrenergic system in vitro,
with phosphorylation and internalization of the B,AR, a Gs coupled GPCR, being dependent on the
recruitment of B-arrestinl (Freedman et al., 1996, Goodman et al., 1996, Lohse et al., 1990). Despite
the in vitro evidence for the role of B-arrestinl internalization, a physiological consequence in vivo
was identified. Conner et al. (1997) further exploited this through a B-arrestinl knockout (B-arr1”")
mouse model and assessed the cardiac responses to B,AR agonists. Heart rate and blood pressure
remained similar to control mice, but an increase in the ejection fraction was recorded in the 8-arr1”
. Since then, Carvedilol, a clinically available B-blocker prescribed for heart failure, was found to
induced it’s well known cardioprotective effects via B-arrestinl bias at the B,AR (Kim et al., 2008,
Wisler et al., 2007).

Many other clinically relevant GPCRs can be targeted with biased agonism (Table 1.5). These
include the chemokine receptor CXCR3, which is a G4 GPCR, involved in the migration of T-cells in
response to inflammation and is implicated in allergic contact dermatitis. Small molecule agonists that
are biased for the G-protein pathway have been shown to reduce T-cell migration in a mouse model
of allergic contact dermatitis. In contrast, B-arrestin biased small molecules increased T-cell migration.
(Smith et al., 2018). G-protein bias at the Gj;, cannabinoid and opioid receptors (kappa, mu, and delta)

has also shown promise in producing analgesics with reduced side effects (Table 1.5)
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Table 1.6 GPCR Biased Agonists and their Clinical Relevance

Ca? Cardio-protection in ischemic
VCP746 [1, 2] Reduced bradycardia Pre-clinical
Signalling injury
(N)methanocarba 5 Cardio-protection in ischemic
B-arr2/Giso Improved desensitisation Pre-clinical
uronamide [1, 2] injury
Pre-clinical
Reduced cellular injury and preserve renal
TRV120023 [3, 4] B-arr2 Cardiovascular diseases Failed
TRV027 [5] function
Phase Il
CMF-01 [6] G-protein Heart failure Increased cardiac contractility Pre-clinical
Carvedilol [7, 8] B-arr2 Heart failure Cardioprotective Approved
Nadolol [9] G-protein Asthma Reduced hyper-responsiveness Phase Il
Reduced tolerance and attenuates opioid
LY2828360 [10, 11] i} ; ; ; Pre-clinical
G-protein Neuropathic pain withdrawal
CXCR3; VUF11418 [12] G-protein Chronic inflammation A decrease in T-cell recruitment Pre-clinical
Fenoldopam [13] Hypertension Reduced tachycardia and vasoconstriction | Approved
G-protein
Noncatechol [14] Parkinson’s Disease No dyskinesia Pre-clinical
94A [15] . . Pre-clinical
B-arr2 Schizophrenia Reduced extrapyramidal symptoms
MLS1547 [16] G-Protein Parkinson’s disease Pre-clinical
Macitentan [17, 18] B-arr2 Cancer adjunct Reduce chemoresistance Approved
BMS 986187 [19] G-protein Chronic pain/depression Reduced side effects Pre-clinical




LY

Nalfurafine [20, 21] Anti-pruritic Available
Kappa Mesyl Sal B (22, 23] G-protein Anti-addiction Reduced side effects Pre-clinical
Triazole 1.1 [24, 25] Pain Pre-clinical
TRV130 [26-28] Approved
Mu PZM21 [29, 30] G-protein Pain Analgesia with reduced side effects Pre-clinical
Mitragynine [27, 30] Pre-clinical
: ERK1/2 .
Serotonin F15599 [29, 30] 60 G- Rhett's Syndrome Reverses breathing deficits, Alleviates Phase |
5-HTia Befiradol [29, 30] Parkinson’s Disease dyskinesia Phase Il
protein
Thioridazine [30] _ Anti-psychotics
5-HT2a Cyclobenzaprine [30] PLC via G, . Not known Approved
. . Anti-depressant
Trimipramine [30]

Summary of therapeutic targets of biased agonism and examples of biased agonists at each receptor.
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1.8.5. Biased Agonism at the Mu Opioid Receptor

B-arrestin2 was first shown to be involved in u receptor induced anti-nociception when it was
shown that B-arrestin2 knockout (B-arr2”") mice had a larger and longer anti-nociceptive effect in the
hot-plate test compared to their Wt littermates, while also having a reduced effect on core
temperature (Bohn et al., 1999). Further work on the B-arr2” line showed a reduction in other side
effects, including spontaneous locomotion, constipation, tolerance, and respiratory depression (Bohn
etal., 2000, Bohn et al., 2003, Bohn et al., 2002, Raehal et al., 2005). Further, G-protein bias was shown
to increase the therapeutic window between the potency in thermal anti-nociception, as measured
by the hot-plate and tail-flick assays and respiratory depression as measured by O, saturation and
respiratory frequency. The compound with the highest G-protein bias, namely SR-17018 (bias = 40),
exhibited a therapeutic window of 105, compared to 13 with morphine. Inversely, an increase in B-
arrestin2 bias was reported to correlate to a decreased therapeutic window for the compound SR-
11501 (bias = 0.81) providing a therapeutic window of 4 (Schmid et al., 2017). Together, this work
suggested that generating compounds preferentially activated the G-protein pathways could provide
an avenue to generate i receptor agonists for chronic pain with reduced side effects and has resulted
in the development and screening of hundreds of novel u receptor ligands.

To identify compounds that exhibit biased agonism, a variety of methodologies have been
employed, including high throughput screening of known compounds, or the generation of novel
compounds either synthetically or via chemical modification of scaffold structures. PZM21 is a novel
synthetic molecule based on the computational docking of novel structures to the p receptor.
Quantification of bias showed potent G-protein activation with minimal B-arrestin2 recruitment
(Manglik. et al., 2016). Behavioural investigations have not been conclusive with some publications
showing increased analgesic effects with decreases in constipation, respiratory depression,
hyperactivity, and abuse potential (Kudla et al., 2019, Manglik. et al., 2016). Conversely, other studies
have reported significant respiratory depression and tolerance (Hill et al., 2018, Kudla et al., 2019).
Further chemical modifications to the PZM21 structure have been conducted to understand the
structure activity relationship between ligands and biological responses to U receptor agonists (Ma et
al., 2020, Ma et al., 2019).

One of the only p receptor G-protein biased agonists to make it to clinical trials is a drug made
by Trevena Ltd., TRV130, under the brand name Olinvo® (oliceridine). Pre-clinical cell signalling and
behavioural analysis reported that TRV130 was G-protein biased with an improved therapeutic
window between analgesic and respiratory depressive effects in mice (Chen et al., 2013). TRV130
proceeded through human clinical trials, before being submitted to the FDA for intravenous use for
moderate to severe pain (Singla et al., 2017, Singla et al., 2019, Soergel et al., 2014, Viscusi et al.,
2016). The application to the FDA was declined in October 2018, with doubts surrounding safety and

the improvement on current therapeutics. This decision was backed by contradictory independent
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pre-clinical research, with prominent induction of respiratory depression and high abuse potential
identified (Altarifi et al., 2017, Austin Zamarripa et al., 2018). Recently, Trevena resubmitted its
application to the FDA, addressing some of the original concerns (Trevena, 2020). This included the
reanalysis of data from the original phase Il trials allowing the identification of an improved
hypercapnic ventilatory response compared to morphine (Dahan et al., 2020). Further phase lll clinical
trials were also run, again identifying a clinical improvement in respiratory depression with lower rates
of treatment interruption due to the induction of respiratory depression (Ayad et al., 2020). This
application has since been approved, under the name Olynvink®, for treatment of postoperative pain

when no other options are available (FDA, 2020).

1.9. Salvia Divinorum and its Analogues

1.9.1. The Salvia Plant and Active Ingredient

Salvia divinorum is a member of the Lamiaceae family of sage plants endemic to Oaxaca,
Mexico (Wasson, 1962). Traditionally the leaves of the plant were used as a hallucinogen in traditional
rituals. They were also commonly used in the treatment of headaches, diarrhoea, and a disease known
as panzon de barrego (swollen belly) (Valdes et al., 1983). The active ingredient of S. divinorum was
identified as a non-nitrogenous neoclerodane diterpene called salvinorin A (Sal A) (Ortega et al., 1982).
Since its discovery, Sal A has been identified as a potent and selective k receptor agonist, the first non-
nitrogenous opioid selective ligand (Roth et al., 2004). Preclinical rodent studies have shown Sal A
reduces the rewarding properties of cocaine and has anti-nociceptive properties (Kivell et al., 2014).
However, a short duration of action, aversive, pro-depressive, anxiogenic, and hallucinogenic effects
mean it can never be used clinically (Butelman et al., 2009, Carlezon et al., 2006, Valdes et al., 1983,
Zhang et al., 2005). Despite this, it does provide a novel scaffold for the chemical synthesis of

analogues with reduced on-target side effects.

1.9.2. Structural Analogues of Salvinorin A

Structural modification of Sal A was performed to produce analogues for the treatment of
cocaine addiction and/or non-addictive opioids for chronic pain with reduced side effects. The C2
position was a focus for modification due to its role in ligand binding and ability to improve the
pharmacokinetics of the analogues (Beguin et al., 2006, Kane et al., 2006).

One such C2 modification was the addition of a benzoyl group at the C2 position which
resulted in a 47-fold loss in k receptor affinity while increasing the affinity for u receptor and 6 receptor
by 25- and 5-fold respectively (Harding et al., 2005). This compound, herkinorin, was the first non-
nitrogenous | receptor-selective agonist developed. In vitro assessment via cellular trafficking,
biotinylated receptor internalisation, immunofluorescent quantification of cell surface receptors, and

pPERK1/2 immunoblotting were evaluated as indirect measures of B-arrestin2 recruitment. This
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revealed herkinorin as a poor recruiter of B-arrestin2 (Groer et al., 2007, Lamb et al., 2012). In vivo
assessment of the anti-nociceptive properties showed a reduction in acute pain in the intradermal
formalin assay. Furthermore, herkinorin (10 mg/kg) induced less tolerance after 5 days of
administration than morphine (10 mg/kg) in the same assay (Lamb et al., 2012). Contralateral
injections of herkinorin (10 mg/kg) did not reduce pain behaviours in the formalin test (Lamb et al.,
2012). However, the use of this compound is limited due to its reduced bioavailability and half-life due
to its strong similarity to the Sal A structure.

Further structural modification of herkinorin at the C2 position was undertaken to improve
the bioavailability, half-life, and central availability and selectivity of herkinorin. This led to the
identification of a second non-nitrogenous, MOR-selective agonist, kurkinorin (Crowley et al., 2016).
A single degree of saturation, via the addition of a double bond at the C2 position, distinguishes
kurkinorin and caused a >8,000 fold increase in the selectivity for the u receptor compared to the «
receptor and an increase in potency compared to herkinorin (ECsp= 1.2 + 0.2 nM and 39.0 + 4.0 nM
respectively) (Crowley et al., 2016). In vitro analysis of the inhibition of forskolin-induced cAMP
accumulation (HitHunter) and B-arrestin2 recruitment (PathHunter) followed by the simplified bias
calculation, showed that kurkinorin was a G-protein biased agonist (bias factor = 0.57).

To further probe the structural activity relationship between the novel u receptor scaffold and
a reduction in side effects with an increase in G-protein bias, more chemical modifications were made
to kurkinorin. The addition of an alcohol group to the C4 position on the benzene group further
increased the selectivity by >10,000 for the p receptor, compared to the k receptor, potency
(EDso=0.03% 0.01 nM) and G-protein bias (bias factor = 0.14), relative to its predecessors (Crowley et
al., 2020). This novel W receptor agonist, kurkinol, and kurkinorin will be the focus of study in this

thesis.
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Figure 1.6 Chemical Structure of Known and Novel Mu Opioid Receptor Ligands

The structure of the traditional u receptor agonist Morphine and full agonist, DAMGO, both differ
significantly to the k receptor agonist salvinorin A, and its synthetic analogues herkinorin, kurkinorin, and
Kurkinol that are selective u receptor agonists. ECsp values determined from the DiscoverX HitHunter cCAMP
inhibition Assay in CHO cells expressing the human p receptor. Selectivity for u/k determined from the
DiscoverX HitHunter cAMP inhibition Assay in CHO cells expressing the human W receptor vs. k receptor-h.

*(Crowley et al., 2016) **(Sherwood et al., 2017) ***(Crowley et al., 2020).
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1.10. Hypotheses and Aims

We, and others, hypothesise that developing | receptor agonists that are biased towards the
G-protein pathway can lead to the discovery of potent, efficacious analgesics with improved safety
profiles. The experiments included within this thesis aimed to investigate the differing pre-clinical anti-
nociceptive profiles of two structurally unique p receptor agonists, kurkinol and kurkinorin, that
exhibit differing bias factors. We further probed the role of B-arrestin2 signalling in the behavioural
profiles of u receptor agonists by utilising the B-arr2” mice. From previous literature, we hypothesised
that increased G-protein bias would correlate to more potent anti-nociceptive effects and reduced
side effect induction. The mechanism(s) through which biased agonism results in improved anti-
nociception and side effects were further investigated using in vitro studies to link the role of other

subcellular molecules to behavioural changes.

Specific aims:
1. To evaluate the Sal A analogues, kurkinol and kurkinorin, for their ability to modulate acute
thermal anti-nociception and nociceptive-like behaviours in the chemotherapy-induced

model of neuropathic pain.

2. To evaluate the side effect profile of kurkinol and kurkinorin in pre-clinical models of
tolerance, hyperalgesia, motor coordination impairment, constipation and respiratory

depression.

3. To explore the role of B-arrestin2 in pre-clinical models of anti-nociception and side effects
using B-arrestin2 knockout mice and the novel agonists kurkinol and kurkinorin in comparison

to morphine.
4, To evaluate the cell signalling properties of kurkinol and kurkinorin in human p receptor CHO

and Hek293 cells to identify other pathways associated with the anti-nociceptive and side

effects of kurkinorin and kurkinol.
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Chapter 2. General Methods

2.1. Behavioural Experiments

2.1.1. Animals

Adult (8-12 weeks unless otherwise stated) male and female C57 Bl/6 mice (20 — 30 g) were
sourced from the centralised animal breeding facility at Victoria University of Wellington (VUW), with
the initial breeding pairs originating from the animal facility at Mallaghan Research Institute. Mu-
opioid receptor knock out (B6.12952-OPRM1™"/), stock no. 007559) (MOR”"), and B-arrestin2
knockout (B6.129X1(Cg)-Arrb2t™Rl/), stock no. 023852) (B-arr2”") were purchased from Jackson
Laboratory (Maine, USA). The homozygous stock of all genetically modified animals was used to
maintain the line, with the homozygous offspring from heterozygous breeding pairs and their Wt
littermates used for experiments.

All mice were housed within the VUW small animal facility in groups of up to 6 mice in closed
top cages with enrichment in the form of huts or tubes. Food (Irradiated Rat and Mouse, Specialty
Feeds, Western Australia) and water were provided ad libitum except during experimental
procedures. The animal housing facility was maintained at a constant temperature of 20 - 22°C and
50% humidity. Lights were set to a 12-hr light/dark cycle, with lights on at 7 am. All experiments were
undertaken at least 1 hr into the light cycle. All procedures were carried out in the presence of white
noise to mask the effects of background noise.

Before all behavioural experiments, mice were handled for a minimum of three days to reduce
the effect of handling stress. During this time, the mice were habituated to the experimental room for
30 min in the presence of white noise, followed by 5 — 15 mins of habituation to the behavioural being
utilised to reduce stress. All experiments were carried out per the New Zealand Animal Welfare Act,
1999, and approved by the VUW Animal Ethics Committee (opioids for chronic pain; approval numbers
21480 (May 2017 - December 2017), 25751 (February 2018 - 2021). Following the three R’s efforts
were made to reduce animal numbers (Russell et al., 1959). All vehicle-treated animals from rotarod,
faecal accumulation, and whole-body plethysmography were reused in subsequent experiments
following a 7-day stand-down period. Due to the rapid onset of tolerance following 1L receptor agonist
treatment, any animal that received morphine, kurkinorin, or kurkinol was culled after the
experiment. To further reduce numbers multiple behavioural measures were assessed within a single
experiment where possible. For example, the induction of tolerance and hyperalgesia were assessed

within the dose response tail-flick experiment.
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2.1.2. Drug Preparation

The novel u receptor agonists kurkinorin and kurkinol were kindly supplied by Prof. Thomas
Prisinzano (University of Kansas, Lawrence, Kansas, USA). Both compounds were semi-synthesised
from Sal A as previously described (Crowley et al., 2020, Crowley et al., 2016). Before in vivo use, all
compounds were identified as >95% pure via high-performance liquid chromatography. Due to low
solubility of the compounds, kurkinorin and kurkinol were dissolved in the solvent (dimethyl sulfoxide)
DMSO, before the addition of tween-80 and 0.9% saline (ratio of 2:1:7). Morphine sulphate solution
came pre-dissolved in 0.9% saline (Hospira, NZ). It was subsequently diluted in DMSO, tween-80, and
0.9% saline (2:1:7). Gabapentin, a fist line clinical treatment for chronic pain, was purchased from
Sigma Aldrich (Auckland, NZ) and dissolved in a 2:1:7 ratio of DMSO, tween-80, and 0.9% saline
respectively. The u receptor antagonist B-funaltraxamine (B-FNA) was purchased from Sigma as a solid
and was first dissolved in DMSO before the addition of tween-80 and 0.9% saline. All compounds were
injected at a volume of 1 uL/g for i.p. injections and 0.5 uL/g for s.c. injections used in the dose

response assays.

2.1.3. Nociceptive Behavioural Assays

2.1.3.1. Tail-flick
The hot water tail-flick assay was performed in male and female C57 BI/6 mice, MOR”", and B-

arr2- mice (8 -16 weeks old, 20 - 30 g). Before experimentation, all mice were habituated to the
Plexiglas restrainer (internal diameter of 24 mm) for a total of 15 min over three consecutive days. On
experimental day 3, baseline tail-flick latencies were taken by placing the mouse in the Plexiglas
restrainer and submerging the last 2 cm of the tail into a 50°C water bath and the latency to elicit a
tail withdrawal. This was determined using a manual stopwatch that allowed the measurement of
seconds and split seconds. A 10 s cut off was used to avoid tissue damage. Mice with an average
baseline tail withdrawal latency of greater than 4 sec were excluded from the experiment. Once
baseline recordings had been acquired, mice were administered the test compounds and the latency
to elicit a tail-flick measurement determined at regular intervals. The percent maximum possible

effect (% MPE) was calculated as follows;

test latency — baseline latency
%MPE =100 X ( - )
10 — baseline latency
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2.1.3.1.1. Time Course
Following the determination of baselines latencies, mice received a single i.p. injection of

morphine (10 or 5 mg/kg), kurkinol (5 or 2.5 mg/kg), or vehicle (DMSO: tween-80: saline, 2:1:7). In
experiments where antagonists were used mice received 5 mg/kg/s.c. B-FNA 24-hrs before the
experiment. The latency to flick was then measured 5, 10, 15, 30, 45, 60, 90, 120, and 150 min post-
injection and the %MPE determined at each time point.

2.1.3.1.2. Tolerance and Hyperalgesia

To determine the potency and to evaluate tolerance and hyperalgesia, cumulative within
animal dose response evaluations were performed as previously described (Crowley et al., 2016). In
brief, escalating doses of WU receptor agonists was delivered s.c. (vol. of 5 uL/g) every 30 min (max
effect) and the tail withdrawal latencies determined. As soon as the tail-flick latency was measured,
the next dose of the compound or vehicle was administered. To reduce the number of injections at a
single site, injections were delivered in the left and right flank, and scruff of the neck. The anti-
nociceptive effects of morphine were assessed at 0.5, 1, 5, 10, 15, 20, 25, 30 mg/kg/s.c., and the more
potent kurkinol at 0.1,0.3,0.6, 1, 3,5, 7,9, 11 mg/kg/s.c. The %MPE was calculated for each dose and
a linear regression generated to determine the potency (EDso) and EDso determined using GraphPad
Prism V.7 (GraphPad Software Inc., La Jolla, CA, USA). The EDg, doses (morphine = 10 mg/kg/s.c.,
kurkinol = 5 mg/kg/s.c.) were administered daily for 8 days with the induction of tolerance and
hyperalgesia evaluated on alternate days (Fig 3.1).

The onset of hyperalgesia was assessed on days 0, 2, 4, 6, and 8 using the mVF filaments (fibres
2 through 9) (Touch Test Sensory Evaluator Kit for Animal Research, #58011, Stoelting, IL, USA). The
simplified up-down method was used to determine the paw withdrawal threshold (PWT) using the
previously described protocol (Bonin et al., 2014). In brief, each filament was pressed at a right angle
against the plantar surface of footpad starting with filament 5. If a positive paw withdrawal was seen,
the next lower filament was used. Conversely, the next higher filament is used if the paw is not
withdrawn within 3 s. This procedure was continued until 5 measurements had been taken for both
left and right hind paws in duplicate. The paw withdrawal threshold was then generated by averaging
the withdrawal thresholds of each hind paw.

On day 9 the mice were challenged with a second cumulative dose response assay with the
following doses of morphine; 0.5, 1, 5, 10, 15, 20, 25, 30 mg/kg/s.c. and kurkinol; 0.1, 0.3,0.6, 1, 3, 5,
7,9, 11 mg/kg/s.c.. Linear regression was then performed so that the potency (EDso) at day 9 could be
determined. This was compared to the values seen on day 1, allowing for anti-nociceptive tolerance

to be evaluated.
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Figure 2.1 Dose response tolerance tail-flick procedure

Changes in tail-flick latency and mechanical allodynia following morphine and kurkinol on days 1 and
9. With the induction of tolerance tracked on days 3, 5, & 7 and hyperalgesia assessed on day 0, 2, 4,
6, and 8.

56



2.1.3.2. Hotplate
The incremental HotPlate Analgesia Meter (iHAMP) (IITC, Woodland Hills, CA, USA) was set to

50°C and the thermal nociceptive threshold determined. Mice were habituated to the Plexiglas
enclosure and iHAMP at a non-nociceptive temperature (25°C) for 10 min a day for 3 days. On the
experimental day, the hotplate was set to 50°C and 3 baseline measurements taken. The timer was
started when all 4 paws were flat on the hotplate, and stopped when jumping, licking or flicking of
either of the hind paws occurred, with a 30 second cut off to avoid tissue damage. Mice with an
average baseline of <5 s continued to the experiment. Injections of vehicle, morphine (10 or 5
mg/kg/i.p.), kurkinorin (10 or 5 mg/kg/i.p.), or kurkinol (5 or 2.5 mg/kg/i.p.) were then administered
i.p. and measurements taken at 15, 30, 45, 60, 90, and 120 min. The % change was then calculated as

follows;

test latency — baseline latency

% change = ( ) x 100

baseline latency

2.1.4. Chemotherapy-Induced Neuropathic Pain

Mice (8 — 16 weeks old) were habituated to the transparent plastic chambers on a metal mesh
stand for 10 min over 3 consecutive days. On day zero, baseline eVF (mechanical allodynia) and
acetone (cold allodynia) measurements were taken in duplicate for both left and right hind paws. The
eVF measurements were taken first, with the force (g) required to induce paw withdrawal assessed.
Directly followed by the placement of acetone on the plantar surface of the hind paw, where the time
responding to evaporation of acetone was recorded. The average of the 4 mechanical and cold
allodynia measurements were used as baseline thresholds to assign animals into matched treatment
groups, PTX or vehicle. All animals then received an i.p. injection of PTX (4 mg/kg) or vehicle at 10
uL/g. PTX and vehicle were also administered on days 2, 4, and 6 to give a cumulative dose of 16
mg/kg. The induction of neuropathic pain was tracked with mechanical and cold allodynia on days O,
2,4,7,11, 13, and 15, with all behavioural measurements taken before PTX injections (Fig. 3.2).

On day 15 all PTX treated animals were divided into groups matched by mechanical and cold
allodynia to ensure even disease induction and ensure no group looked better due to reduced disease
induction. Each group was assigned either; vehicle, morphine, gabapentin, kurkinorin, or kurkinol. All
treatments were blinded to the experimenter to avoid bias. A within animal cumulative dose response
was then performed. Escalating doses were delivered s.c. with a single mechanical and cold
measurement taken from the left and right hind paws 30 min after injections. Doses for each
treatment group were as follows; morphine; 1, 5, 10, 15, 20, 25, 30 mg/kg/s.c. gabapentin; 3, 5, 10,
20, 30, 40 mg/kg/s.c. kurkinorin; 1, 4, 5, 10, 15, 20, 30 mg/kg/s.c. kurkinol; .5, 1, 3, 5, 7, 9 mg/kg/s.c.

Vehicle — vehicle mice did not participate in the dose response.
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Following the dose response, the average PWT and time responding to acetone were
calculated for each dose and a linear regression generated using GraphPad Prism to generate the EDs
and EDgo for both measurements. The EDso dose was then chronically administered daily from day 17
to 37 (20 days) with all mice receiving the same compound as in the dose response. Animals were then
sacrificed on day 37. The brain, spinal cord and sciatic nerve were collected and banked in OCT in the

-80° for future analysis of p receptor localisation.

Paclitaxel Administration & Induction Phase Chronic Administration & Tracking of Tolerance

| |

Day0 Day2 Day4 Dayé

Dose
response

’ Animals
‘ Sacrificed

4 injections at 4 mg/kg/i.p

Day 17 Day 37

Dose Response

Figure 2.2 Schematic Representation of Chemotherapy-Induced Neuropathic Pain

PTX (4 mg/kg) or vehicle was administered on days 0, 2, 4, and 6 with the induction of allodynia to
mechanical and cold allodynia tracked on days 0, 2, 4, 6, 7, 11, 13, and 15. A within animal dose
response was conducted on day 15 and the EDso dose administered chronically from day 17 — 37 to
track the induction of tolerance to cold and mechanical allodynia. On day 37 all animals were sacrificed

for tissue collection.
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2.2. Side Effect Behavioural Assays
2.2.1. Rotarod

Motor-coordination impairment was assessed using a 5 lane accelerating rotarod (barrel
diameter 30 mm, Harvard Apparatus) set to accelerate from 3 —400 rpm over 300 s. Mice were trained
in groups of 4, with training sessions carried out in quadruplicate over 5 days (20 training sessions)
leading up to the experiment. Training consisted of placing mice on the barrel, set to 3 rpm, with the
acceleration started after a few seconds. Latency to fall was automatically recorded for each lane, with
a maximal time of 5 min. On the experimental day, baselines were recorded in triplicate with the first
baseline excluded as a trial, the other baseline measurements were averaged. Any mouse with an
average latency to fall under 240 s (4 min) were excluded from the study. Animals with an average of
>240 s then received an i.p. injection of vehicle (DMSO: tween-80: 0.9% saline, 2:1:7) or u receptor
agonist and measurements taken at 15, 30, 45, 60, 90, 120, 180, 240 min post-injection. The latency

to fall following drug administration was calculated for each mouse as follows;

test latency — baseline latency

% baseline = ( ) X 100

baseline latency

2.2.2. Gastrointestinal Effects

2.2.2.1. Metabolic Chamber
Mice were habituated to the metabolic chamber (Techniplast, NSW, Australia) for 1 hr to

reduce stress before the experiment, with free access to food and water overnight. On the
experimental day, mice were administered either morphine, kurkinol, kurkinorin, or vehicle and were
placed in the metabolic chamber with access to water, but not food, for 6 hr. The metabolic chamber
separates the faeces and urine into two individual cylinders and the content was weighed on an
analytical balance every hour for 6 hours. The accumulation of excrement was then plotted as a factor

of time.

2.2.2.2. Charcoal Meal Assay
The charcoal meal assay was used to assess the transit through the small intestine as

previously described (Raehal et al., 2005). In brief, mice were fasted for 24 hr to ensure the
gastrointestinal (G.l) tract was empty by removing access to food and insertion a wire floor (to prevent
eating of faeces or bedding). Mice were then administered morphine (5 or 10 mg/kg/i.p.), kurkinol
(2.5 or 5 mg/kg/i.p.), kurkinorin (5 or 10 mg/kg/i.p.), or vehicle 20 min before a bolus of charcoal meal
(5% aqueous suspension of charcoal in a 10% Gum Arabic solution, vol. of 10 ul/g) was administered
by oral gavage. Animals were then euthanised via CO; asphyxiation, followed by cervical dislocation.
The total length of the small intestine was measured (duodenum to ileum) and the distance the
charcoal meal travelled determined. Percent transit distance was calculated as follows;
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charcoal distance

0% transit = ( ) x 100

small intestine length

2.2.3. Whole-body Plethysmography

The effect of p receptor agonists on respiration was assessed using whole-body
plethysmography in unrestrained mice as previously described (Lewanowitsch et al., 2006, Lim et al.,
2014, Zysman-Colman et al., 2016). Before the experimental day, individual mice were habituated to
the Plexiglas chamber (Diameter; 6 cm) for 10 min, every day for 14 days to reduce the effect of stress
and production of faeces and urine which can affect temperature and humidity. During this procedure,
mice were placed in a Plexiglas restrainer that was heated to 30°C (+ 2°C) and kept at a constant
humidity by passing carbogen gas (5% O, in CO,, BOC, NZ) through a scintillated glass bead humidifier
in a water bath set to 75°C. After every measurement, the chamber temperature, relative humidity,
and barometric pressure were recorded and later used in calculations to determine respiratory
depression. All recordings were generated using a PowerlLab 26T and the data analysed using the
LabChart8 software (ADInstruments, Dunedin, NZ).

To reduce the loss of heat through the Plexiglas restrainer an insulating layer of bubble wrap
and tinfoil was wrapped around the chamber exterior. Plastic tubing connects the carbogen tank to a
pressure regulator to control the flow into the chamber (black ball = 30; silver ball = 70) before passing
into the scintillated glass humidifier in a water bath set to 75°C. The heated and humidified carbogen
then exits via a second tube and enters the plethysmography chamber, a 75 Watt lamp is placed on
the bench and the distance to the tubing used to control the temperature of the carbogen between
the water bath and chamber. The flow rate of carbogen is further regulated with three-way Leuer lock
valves. The third piece of plastic tubing was used to connect the chamber to the pressure transducer,
which was in turn connected to a reference chamber. Other ports in the chamber allowed for a
calibration syringe to be attached, and a temperature and humidity probe to be inserted (Compact
Digital Multimeter, Digitech). Once the chamber has been set up the PowerlLab was connected to a
laptop for data acquisition and the pressure transducer connected from “output 1” to “input 1” of the
Powerlab via a BNC cable.

The PowerlLab was then turned on and the LabChart software opened to calibrate the pressure
transducer using the following steps. The Bridge Amp range set to 20 mV, the low pass set at 10 Hz
and ‘inversion’ function turned on. The baseline trace was then zeroed manually. Once the software
settings were enabled a 1 mL syringe, containing 200 uL of air (average volume of mouse lungs) was
injected into the chamber, resulting in a sudden change in pressure. This was used to calibrate the
software to a known volume. The following LabChart settings were set: unit conversion was turned on
and the “background trace” or “zero region” selected (-0.05 —0.05 mV) and set to 0 mV, the “increased

pressure region” was then selected (2 — 3 mV) and set to 1 mV. The difference in pressure (mV) in the
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between the “zero region” and “increased pressure region” was recorded for calculating the
respiratory function. The amplifier was re-zeroed to complete the calibration step, allowing the

recordings to begin.

2.2.3.1. Experimental Day
Before performing respiratory recordings, mice were weighed, and their core body

temperature recorded using a rectal thermometer (Acorn series, Singapore) lubricated with
petroleum jelly, followed by a 10 min rest period to reduce the effect of any stress on respiration.
Mice were then placed in the recording chamber to habituate for 10 min, with baseline measurements
taken at 3, 7, and 9 min. The mouse was then removed from the chamber, injected with morphine (5
mg/kg/i.p., kurkinol (2.5 mg/kg/i.p.), kurkinorin (5 mg/kg/i.p.), or vehicle (DMSO, tween-80, 0.9%
saline, 2:1:7) and placed back into the chamber. Recordings were taken at 5, 10, 15, 20, 30, 45, 50,
and 60 min post-injection. During the recordings, the mice were monitored, and notes dropped on
the trace to track when the mouse was moving and still to exclude the effect of movement on later
calculations. At the end of the time course, the mice were removed, and the core temperature was
taken with the rectal thermometer to track the possible induction of opioid-induced temperature

changes.

2.2.3.2. Trace Analysis & Respiratory Calculations

All respiratory traces were blinded by a second party before analysis to remove bias. Five secs
of the clean trace was used from every time point to analyse the respiratory frequency, pressure
deflection, and cycle time as previously described (Lim et al., 2014). The following columns were set
up in the DataPad on the LabChart software to assess these factors; pressure deflection due to each
tidal volume (Pr) was measured with the ‘average cyclic height’ function (minimum peak detection set
to 1 m/sec), the frequency (F) was measured using ‘event count’, and the total cycle time (Tiwt) was
assessed with the period function. A macro was then generated within the programme to assess the
average inspiration (T;) and expiration (T.) time from 9 consecutive peaks.

All data gained from analysing the trace, plus the animal weight (kg), relative humidity,
chamber temperature, and the barometric pressure was then entered in an excel spreadsheet to
generate the tidal volume (V1) (mL) (Eq. 1). From this the following parameters were also determined;
Vr as a function of weight (mL/kg) (Eq. 2), minute volume (mL/min/kg) (Eq. 3), inspiratory duty cycle
(%) (Eq. 4), inspiratory flow rate (mL/s) (Eq. 5), and ratio of inspiration to expiration time (Eqg. 6). All
respiratory factors were then expressed as a percent of baseline and plotted against time using

GraphPad Prism V7.
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Equation 1.

P
Vr(mL) = (é) X (Vg) X ((TCORE (Pg — Pc)) - (TCORE(PB - Pc)) — Tc(Pg — PCORE))

Where;

Vr = tidal volume

P; = pressure deflection due to tidal volume

Py = pressure deflection due to each ul injection

Vk = volume of each calibration injection

Tcorg = core temperature of each mouse

Pg = barometric pressure

P = water vapor pressure (chamber temperature X relative humidity in chamber)

Pcore =
pressure at body temperature (water vapor pressure at body temperature X 1)

Equation 2.
mL\ _ Vr (ml)
VT (kg) - Body weight (kg)

Equation 3.

Minute Volume (;n—l];l /kg) — (V7 xF)

Body weight (kg)

Equation 4.
Inspiratory Duty Cycle (%) = TT_l
tot
Equation 5.
Inspiratory Flow Rate (mL/s) = ?

Equation 6.

Ratio of inspiration time to expiration time = —
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2.3. Anti-Nociception and Side Effect Z-Score Calculation

Z-scores are a mathematical tool used to normalise the means from multiple related data sets
allowing direct comparisons between experiments. The Z-scores for the anti-nociceptive and side
effects of morphine, kurkinol, and kurkinorin were generated for male and female mice individually
and combined as previously described (Guilloux et al., 2011, Labots et al., 2016). In brief, Z-scores were
generated for individual mice using the test value from each mouse (x) compared to the mean (i) and

standard deviation (o) of the control group as follows;

Individual Z-scores were then averaged within each experiment. Anti-nociceptive and side-
effect scores were then generated for each compound based on 4 and 9 different measures

respectively. For example, the anti-nociceptive Z-score for males was calculated as follows;

ZTFZHPZPTX—VFZPTX—acetone

4

Anti — nociceptive score =

Where Z+; is the tail-flick Z-score, Zyp is the hotplate Z-score, Zprx.ve is the Paclitaxel von Frey Z-score,
Zprx-acetone iS the Paclitaxel acetone Z-score. Excel (Microsoft Office 365 V.1908, Wash., U.SA) was then
used to plot radar charts of the anti-nociceptive and side effect scores for each compound to directly

compare their behavioural profiles.

2.4. Cell Culture
2.4.1. General Tissue Culture Methods

All cells were grown in a humidified and temperature-controlled (37°C) incubator (Bioline,
NSW, Australia) with 5% CO,. Frozen cell stocks were maintained by regularly freezing down aliquots
of cells in the log phase of growth (1x108 cells/mL) in freeze media containing cell-specific base media,
10% dimethyl sulfoxide (DMSO), 10% Foetal Calf Serum (FCS) (ICP biological, Auckland, NZ), and 1%
PenStrep (Penicillin G Sodium 5000 U/mL and streptomycin sulphate 5000 U/mL in 0.8% saline
(ThermoFischer Scientific). Cryovials were then placed inside a specialised chamber, ‘Mr. Frosty’ for
(ThermoFischer Scientific) to ensure gradual freezing of approximately -1°C/min when placed at -80°C

overnight. Cryovials were then transferred to a liquid N, dewar for long-term storage.
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2.4.1.1. Chinese Hamster Ovary (CHO) Cells Growth & Passaging
Chinese Hamster Ovary-K1 (CHO) cells are derived as a subclone of the original CHO cell line

generated from a biopsy of an ovary from a Chinese hamster in 1958 (Puck et al., 1958), and were
purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) (passage 1). Frozen cell
stocks were removed from the liquid N, dewar and placed in a 37°C water bath, once thawed cells
were immediately placed in 10 mL of Ham’s F-12K (Kaighn’s) Medium (F-12K) (Thermo Fischer
Scientific) supplemented with 10% FCS and centrifuged (Appendix 7.1.1) at 300 g for 5 min. The
supernatant was removed, and the pellet resuspended in 7 mL of growth media and placed in a T25
flask (Falcon, Thermo Fischer Scientific). The following day cells were checked and either fed by
removing the old media replacing it with fresh growth media if <70% confluent or passaged into a 100
mm tissue culture petri dish (Corning®, Thermo Fischer Scientific) if >70% confluent.

Cells in the log phase of growth at 80 — 90% confluent were passaged and reseeded at an
experiment and/or seeding density. This occurred by removing the media from the cells and washing
briefly with 1 mL of phosphate-buffered saline (PBS, pH 7.4; 137 mM NaCl, 2.7 mM KCI, 10 mM
Na;HPO,, 1.8 mM KH,PO,, Appendix 7.1.2), 1-2 mL of TrypLE™ Express Enzyme (Life Technologies,
Auckland, NZ) was added to dislodge the cells. After 5 min, cells were checked and if detached 9 mL
of growth media was added and the flask surface rinsed a few times to ensure cell detachment. The
cell suspension was then transferred to a 15 mL falcon tube for centrifugation at 300 g for 5 min. The
pellet was then resuspended in 2 mL of growth media and 300 pL seeded into a new 100 mm tissue

culture petri dish containing 10 mL of growth media.

2.4.1.2. Human Embryonic Kidney 293 cells Growth & Passaging
Human embryonic kidney 293 (Hek293) cells, an adherent immortalised cell line, were

purchased from AATC (Manassas, VA, USA). The Hek-293 cell line was maintained in the same manner
as the CHO cell line (Section 2.1.2.2) with a modification to the growth media, Hek-293 cells were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fischer Scientific) supplemented with
10% FCS and 1% PenStrep (Appendix 7.1.1). The human p receptor-Hek293 stable cell line had
previously been generated in the lab, and the media supplemented with geneticin (G418, 1%) to

maintain the human u receptor expression and were used up to passage 35.

2.4.2. Stable Cell Lie Generation

2.4.2.1. Plasmid Preparation
Previously generated bacterial stocks of chemically competent E. coli MAX Efficiency® DH5a™

(Invitrogen) expressing OPRM1 FLAG-tagged (N-terminal) plasmid (cDNA resource centre,
Pennsylvania) was removed from the -80°C. A flame sterilised metal loop was then used to take a
scraping of the bacteria, which was subsequently streaked onto LB ampicillin agar plates (ampicillin
50 ug. Appendix 7.1.4) or an LB agar plate (Appendix 7.1.4) (negative control). The plates were then

incubated inverted for 14-18 hrs, in a stationary incubator set to 37°C. After the incubation period,
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and if no growth occurred on the negative control, a single colony was selected and incubated in 2 ml
of LB broth (Appendix 7.1.4) for 8 hrs (200 rpm at 37°C). Once the incubation was complete 200 pl of
cell suspension was inoculated in 200 ml of LB broth with Ampicillin (100 pg/ml) and returned to the
shaking incubator (300 rpm at 37°C) for 12-16 hours to allow further growth.

Plasmid preparation was then performed on the resulting bacterial culture using the HiSpeed®
Plasmid Maxi Kit (Qiagen, BioStrategy Auckland, NZ) following the manufacturer's protocol. Briefly,
the pellet of transformed bacteria (200 ml) was centrifuged at 6,000 g for 15 min at 4°C. The
supernatant was then discarded the pellet was re-suspended in 10 ml of P1 buffer containing RNase
A and lysis blue. The cell suspension was then transferred to a 50 ml falcon tube and 10 ml of P2 buffer
added, mixed thoroughly and then left to incubate at room temperature for 5 min. Due to the addition
of Lysis blue to P1 buffer, the solution became blue. At the end of the incubation 10 ml of pre-chilled
of P3 buffer was added and the solution mixed by inversion until colourless, it was then added to the
QlAfilter cartridge and incubated for a further 10 min. Throughout this incubation period, the HiSpeed
Maxi Tip was placed over a waste container and equilibrated with 10 ml of QBT buffer. The lysate was
then filtered through the HiSpeed Maxi Tip via the application of constant pressure on the plunger to
trap the DNA. QC buffer (60 ml) was then passed through the filter to wash the DNA, which was then
eluted into a 50 ml tube with 15 ml of QF buffer. The DNA was then precipitated with 10.5 mL of
isopropanol (>99.5%, Sigma Aldrich) over 5 min. The precipitated DNA was then transferred to a 30
ml syringe with the QlAprecipitator Module attached to the outlet nozzle, the solution was filtered
through to a waste container trapping the DNA within the filter. The trapped DNA was then washed
with 2 ml of 70% ethanol before being quickly air-dried twice. The tip of the QlAprecipitator was then
dried with a paper towel to prevent the transfer of ethanol. A new 5 ml syringe was then attached to
the QlAprecipitator and 1 ml of TE buffer was added to elute the DNA into a sterile 1.5 ml
microcentrifuge tube. Subsequently, the eluted DNA was filtered through the QlAprecipitator for a
second time into the same 1.5 ml microcentrifuge tube to maximise the DNA yield.

The yield of DNA obtained was determined using a Nanodrop ND-1000 spectrophotometer
(BioLab, Auckland, NZ) that was initialized with distilled water and then blanked with TE buffer (0.5 M
EDTA, 1M Tris. Appendix 7.1.5). The eluted DNA (1 ul) was then pipetted onto the Nanodrop and the
yield of DNA determined. If the yield was above 500 ng/ul and the absorbance was between 1.8-1.9

the DNA was then used for the transfection of CHO cells.
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2.4.2.2. Transfection of CHO Cells with the Human Mu Opioid Receptor
CHO cells were transfected 24 hrs after plating onto a 100 mm dish if 90% — 100% confluent.

Cells in 10 mL Petri dishes were transfected using 30 pL of Lipofectamine 2000 (Invitrogen) made up
to 500 pL with Opti-MEM (Invitrogen). In a second tube, 1 pg/mL of N-terminal FLAG-tagged OPRM 1
plasmid DNA was made up to 500 pL with Opti-MEM. After a 5 min incubation, the two tubes were
mixed and incubated for 30 min. During this period the cell culture growth media was replaced with
antibiotic-free medium (F-12K, 10% FCS) and 1 ml of the transfection reagent added to each petri dish.
After 24 hr the transfection reagent was removed and fresh antibiotic-free growth media added to
the cultures. Twenty-four hr later the cells were detached using trypsin (0.25%) (Sigma Aldrich), spun
down, and counted using trypan blue (0.4%) (Sigma Aldrich) and a haemocytometer (Neubauer,
ThermoFisher). They were then resuspended in base CHO media containing the selection antibiotic,
G418 (1 %), and seeded at 1 cell/well in a 96 well plate. Single cells that proliferated and reached 80-
90% confluency were then transferred to a 24 well plate and allowed to reach confluency before
passaging to a 12 well, then 6 well plate, and eventually, cells were transferred into a T25 flask.

To determine the expression levels of the “stable” lines cells were passaged using enzyme-
free cell dissociation buffer (ThermoFisher, 13151014, Wellington, New Zealand) and plated into 12-
well plates containing poly-D lysine coated 18 mm coverslips at 3X10° cells/mL. Twelve to 24 hrs later
cells were fixed with ice-cold 1:1 acetone-methanol for 7 min. The acetone-methanol was immediately
removed and washed 3 X 5 min in PBS. Cells were then blocked in 1% bovine serum albumin (BSA) in
PBS containing 0.01% tween for 1 hr before the addition of anti-FLAG antibody (Sigma, F1804) (1:500)
in the same blocking reagent. The plates were then incubated overnight at 4°C. The primary antibody
was then removed and the cells washed 3 X for 5 min in PBS before the addition of goat anti-mouse
Cy5 (1:1,00) (Amersham) for 1 hr. The secondary was then removed and the cells washed for a further
3 X 5 min with PBS. The slides were tapped to remove any excess liquid before the mounting in
prolong™ gold antifade with DAPI (ThermoFisher; P36941). The cells were then imaged using an
Olympus FV3000 (Olympus, Auckland, NZ). The cells were then imaged using the 647 nm laser and Cy5
filter (650 nm excitation, 667 nm emission, bandwidth; 630 - 690nm) and 405 lasers and DAPI filter
(358 nm excitation, 461 nm emission, bandwidth; 340 — 480 nm). Secondary only controls and non-
transfected cells were used to assess background fluorescence. Monoclonal cell cultures with
moderate to high expression levels were then passaged into 100 mm tissue culture Petri dishes to

generate frozen stocks.
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2.4.3. Drug Stocks

Tissue culture drug stocks were generated in a biohazard hood to ensure sterility and at a
concentration range of 10 mM — 30 mM. Morphine (Hospira, NZ) was purchased as a 10 mg/mL
solution in 0.9% saline; all stocks were made by diluting the saline solution in tissue culture grade
dimethyl sulfoxide (DMSO) to give a vehicle of 1% saline in DMSO. DAMGO, Morphine, kurkinol, and
kurkinorin stocks were all generated by weighing out 1 mg on an analytical balance and dissolving in

DMSO and 1% saline to produce the desired stock concentration.

2.4.4. High Throughput Cell Signalling Assays

2.4.4.1. FLIPR Membrane Potential Assay
The FLIPR Membrane Potential assay kit was purchased from Molecular Devices (San Jose, CA,

USA). Either Hek293 or CHO cells stably expressing the human u receptor were passaged and seeded
at 100,000 cells/90 uL in antibiotic-free low serum media and placed in a 37°C incubator overnight.
The next day the cells were checked and if 90-100% confluent the assay was set up. The fluorescent
assay dye was made following the manufactures instructions and added to the wells at a volume of
90 uL per/well. The plate was then returned to the incubator for 1 hr. During this incubation period, a
dilution series (1:3) was generated for each compound to 5X the final concentration in low serum
media with forskolin (final conc. = 10 mM). The final concentrations for DAMGO were 100, 33, 11, 3.7,
1.2, 0.41, 0.13 uM, morphine was 200, 100, 33, 11, 3.7, 1.2, 0.41 uM, kurkinol was 33, 11, 3.7, 1.2,
0.41, 0.13, 0.045 uM, and kurkinorin; 100, 33, 11, 3.7, 1.2, 0.41, 0.13 uM. At the end of the 1 hr
incubation the plate was placed into the Enspire 2300 multilabel plate reader (PerkinElmer, Japan)
(37°C) and 5 baseline fluorescence measurements recorded (Ex = 530 nm, Em = 565 nm). The plate
was then removed and 20 pL of compound, forskolin (FSK) GTP alone, or vehicle (0.1% DMSO) was
added to each well (in triplicate) and 10 measurements taken.

All data were normalised to baseline measurements to reduce variation and the percent
inhibition of FSK-induced depolarisation calculated for each time point. The percent FSK-inhibition
from 5 min after compound addition was plotted against Log [dose M] and non-linear regression (4-
parameter) was used to fit a curve in GraphPad Prism V.7 to generate ECso and Emax Values.

2.4.4.2. Potassium Assay

The K* assay kit was purchased from Molecular Devices (San Jose, CA, USA). CHO cells stably
expressing the human U receptor were passaged and seeded into a black, plastic bottom 96 well plate
at a concentration of 90,000 cells/well in 90 pL and incubated overnight at 37°C. The next day the
loading buffer was prepared as described in the manufacturer’s instructions. As suggested in the
manufacturer's protocol, probenecid (Sigma, Auckland, NZ) was added to the loading buffer at a
concentration of 5 mM (final con. = 2.5 mM/well) to block organic anion transporters. The loading
buffer was then added at 90 uL/well and the plate placed back into the incubator for 1 hr. All

compound dilution series (1:3) were made at 5X the final concentration in chloride free buffer
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containing 3 mM thallium sulphate (Ti.SOs). The final concentrations were; DAMGO; 5, 1.6, 0.53, 0.17,
0.06, 0.02, and 0.0068 uM, morphine; 10, 3.3, 1.1, 0.36, 0.12, 0.04, and 0.013 uM, Kurkinol; 2, 0.66,
0.22, 0.07, 0.02, 0.008, and 0.0027 puM, and kurkinorin; 5, 1.6, 0.53, 0.17, 0.06, 0.02, and 0.0068 uM.
At the end of the 1 hr incubation period, the plate was moved to the ClarioStar Plus plate reader (BMG
LabTech, Ortenburg, Germany), heated to 37°C, and 5 baseline fluorescent measurements recorded
(Ex = 470 nm, Em = 575 nm). The plate was then removed and 20 puL of compound or vehicle (0.1%
DMSO) was added to each well and 10 more measurements were taken. Each dose response was run
in triplicate over 7 experimental replicates.

The baseline for each well was subtracted to reduce variance and the percent fluorescence
increase from vehicle calculated for each time point. Percent increase of vehicle from 5 min after drug
addition, where the curve stabilised, was plotted against Log [dose M] and non-linear regression (4-

parameter) used to fit a curve in GraphPad Prism to generate the concentration ECso and Emax values.

2.4.4.3. pCREB Assay
The CisBio pCREB (Ser133) homogenous time-resolved fluorescence (HTRF) assay

(PerkinElmer, Japan) was used to assess the activation of pCREB by morphine, DAMGO, kurkinol, and
kurkinorin according to the manufacturer’s instructions. In brief, human p receptor CHO cells were
plated in a 384 well HTRF plate at 80,000 cells/well and placed in the incubator overnight (37°C). The
next day the dilution series of DAMGO (5, 2.5, 1.25, 0.625, 0.312 uM), morphine (5, 2.5, 1.25, 0.625,
0.312 uM), kurkinol (2.5, 1.25, 0.625, 0.312, 0.152 uM), and kurkinorin (10, 5, 2.5, 1.25, 0.625 uM)
were made to a final volume of 50 uL (2 X stock) in serum-free media. 5 pL of media was then removed
from each well and 5 pL of drug added to each well. The plate was returned to the incubator (37°C)
for 30 min. The cell supernatant was removed at the end of the incubation and immediately replaced
with 8 uL of supplemented lysis buffer (1X). The plate was then placed on an orbital shaker and rocked
for 1 hr at room temperature. Once homogenised 2 pL of antibody solution (d2 & Eu Cryptate
antibodies, 1:1) was added to each well. The plate was then covered with a plate seal and incubated
overnight at room temperature. The next day the seal was removed at the plate read on the ClarioStar
Plus plate reader (BMG LabTech), with the fluorescent emission determined at 665 nm and 620 nm.

The HTRF ratio of acceptor to donor emission signal was calculated for each well as follows;

. signal 665 nm
Ratio = 2 22Ty 104
signal 620 nm

This was then plotted as a function of Log [dose M] in GraphPad Prism 7 and non-linear regression (4-
parameter) performed to fit a curve to the data. This was used to generate the ECso and Emax values.
Negative controls and positive control lysate were run with each assay to ensure the accuracy of the

results.
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2.4.5. SDS-PAGE Gel Electrophoresis and Western Blotting

2.4.5.1. Protein Preparation
SDS-PAGE gel electrophoresis and Western blotting were used to assess the time of pERK

activation in response to u receptor agonists. Hek293 cells stably expressing the human u receptor
were plated at 100,000 cells/plate, or to be confluent the next day. If > 70% confluent the cells were
serum-starved for an hour before treatment with the kurkinol (10 uM), kurkinorin (10 uM), DAMGO
(1 uM), morphine (10 uM), or vehicle for 5, 10, 30, 40, 50, 60, 90, 120, 150, or 180 min for time course
experiments. For antagonist pre-treated experiments the cells were pre-treated with pertussis toxin
(Px) for 18 hr (100 ng/ml) or dynosore (50 uM) for 1 hr. The drug treatments were then performed in
the presence of the respective antagonists for 0, 10, or 180 min at the previously mentioned doses of
DAMGO, morphine, kurkinol, or kurkinorin.

The cells were then lysed with radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-
HCI, 150 mM NaCl, 1 mM EDTA, 1% Triton-X-100, 0.1% SDS, 1% Sodium deoxycholate; Appendix 7.2.1)
and 1% phosphatase (sodium orthovanadate, sodium molybdate, sodium tartrate, imidazole) and
protease inhibitor cocktails (AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, Pepstatin A) (Sigma-Aldrich,
USA) for 60 min at 4 °C. The cell lysate was then spun down for 30 min at 4 °C and the DNA pellet

removed before protein quantification.

2.4.5.2. Protein Quantification
The level of protein was then quantified using the Biorad protein assay according to the

manufacturer instructions. In brief, standards were prepared in RIPA buffer (1000, 750, 500, 250, 125,
25, and 0 pg/ml) and loaded onto a 96-well plate in triplicate alongside each sample. After this 200 pl
of the assay, the dye was added to each well. This was incubated at 37°C for 30 min before absorption
(595mm) reading in the Enspire 2300 multilabel plate reader (PerkinElmer, Japan). The triplicate
readings were then averaged and then graphed to produce a standard curve, which was subsequently
used to determine the protein concentration. The protein samples were then diluted to the required
concentration (50 pg/ml) and reduced in reducing buffer containing (62.5 mM Tris-HCl, 2% SDS, 20%
Glycerol, 1% Bromophenol Blue; Appendix 7.2.2) containing B-mercaptoethanol (9%) and loaded into

a 15 well sodium dodecyl sulphate- polyacrylamide (SDS-PAGE) gel electrophoresis.
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2.4.5.3. SDS-PAGE and Western Blotting
SDS-PAGE gels were hand cast and consisted of a 10% separating gel and 4% stacking gel

(Appendix 7.2.3). Protein samples were loaded into the wells at a volume of 20 pl alongside the
molecular weight marker (3 ul) (Precision Plus Protein™ Dual Colour Standards, #1610374, Bio-Rad)
and the electrophoresis run at 120V for 1.5 hrs in running buffer (3.5 mM SDS, 25 mM Tris-HCI, 190
mM Glycine; Appendix 7.2.4) using the Mini-PROTEAN Tetra Cell system (Bio-Rad, Hercules, CA, USA).
Western blot transfer was then carried out using low fluorescence polyvinylidene difluoride (PVDF)
membrane (pore size: 0.45 um) (Immobilon-FL, Millipore, Billerica, MA, USA), which had been pre-
soaked in transfer buffer (190 mM Glycine, 25 mM Tris-HCl, 20% methanol; Appendix 7.2.5) for a
minimum of 5 min. The transfer cassette was then assembled by layering; a sponge, filter paper,
protein gel, transfer membrane, filter paper, and sponge, in the aforementioned order. This was then
placed into the transfer tank (Mini Trans-Blot Cell, Bio-Rad, Hercules, CA, USA) with an ice pack and
transfer buffer before electrophoresis at 20V overnight (17 hrs).

Once the transfer was complete the membranes were removed and washed 3 X in Tris-
buffered saline (TBS, pH 7.5; 20 mM Tris, 150 mM NaCl) and blocked with TBS containing 5% BSA for
1 hr at room temperature. Membranes were then incubated with the relevant primary antibodies for
phosphorylated protein, mouse monoclonal anti-phospho-ERK42/44 (1:500) (Santa Cruz, supplied by
ThermoFischer), in T-TBS (0.1% Tween-20 in TBS) containing 5% BSA at 4 °C overnight. The membranes
were then labelled with secondary antibodies, goat anti-rabbit IgG Cy3 (1:5000) (Amersham) or anti-
mouse Cy5 (1:5000) (Amersham), in blocking buffer at room temperature for an hour and
subsequently washed in T-TBS 3 X. Stained membranes were then imaged using the Typhoon FLA 9500
laser scanner (Fujifilm, Tokyo, Japan) (635nm laser, LPR filter). The primary-secondary complexes were
then removed with 3 mL stripping buffer (20 mM SDS, 0.05 M Tris HCI, 0.75% B-mercaptoethanol) for
40 min. The membranes were washed 3 X for 20 min in excess T-TBS. The membrane was re-blocked
for 1 hr at room temperature and the primary antibody for the total protein, rabbit monoclonal
ERK42/44 primary antibody (Cell Signalling Technology, supplied by ThermoFischer) (1:1000), applied
in T-TBS containing 5% BSA overnight at 4 °C. The secondary antibody was then applied and scanned

on the FLA-500 as described as above (see Table 2.1 for further antibody details).

2.4.5.4. Data Analysis
Western blots were analysed using the Imagel) software. A region of interest was selected

around the bands and the intensity of the determined. All band densities were corrected against the
background and loading irregularities by normalising all density values to total ERK1/2 of the same
condition. The data obtained were also compared to the density of the vehicle condition and all results
expressed as the mean fold increase compared to the vehicle to allow comparison between blots. The

linear migration of visualised bands was used to identify the proteins of interest (Appendix Table 7.3).
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Table 2.1 Antibodies and Conditions Used

Blocking Primary antibody Secondary antibody
Size
Protein Time Dilution Time/ Dilution Time/
(kDa) | Solution Solution Solution
/Conditions factor Conditions factor Conditions
Mouse monoclonal pERK 1/2 Goat anti-mouse
pERK 42, 5% BSA in 1 hr/RT,
1 hr/RT (Santa Cruz, supplied by 1:500 Overnight/4°C | Cy5 (GE Healthcare, 1:5000
1/2 44 T-TBS dark
Thermofisher, Auckland, NZ) Auckland, N2)
Rabbit monoclonal ERK 1/2 Goat anti-rabbit Cy5
42, | 5%BSAin 1 hr/RT,
ERK 1/2 1 hr/RT (Cell Signalling, supplied by 1:1000 | Overnight/4°C (GE Healthcare, 1:5000
44 T-TBS dark
Thermofisher, Auckland, NZ) Auckland, N2)
Rabbit monoclonal a-tubulin Goat anti-rabbit Cy5
o- 5% BSA in 1 hr/RT,
50 1 hr/RT (ab18251, Abcam, 1:5000 1 hr/RT (GE Healthcare, 1:5000
tubulin T-TBS dark
Melbourne, Australia Auckland, N2)

BSA = bovine serum albumin
TBS = tris-buffered saline

T-TBS = TBS with 0.1% Tween 20

RT = room temperature




2.5. Biased Agonism Calculations

To assess the bias of kurkinol and kurkinorin the two variations of the ratiometric RA;model
were used. In the firsts instance, the bias factor was calculated using the ECso and Emax Values obtained
from the dose response experiments as described in (Rajagopal et al., 2010), with the Emai values
expressed as a percent of the reference ligand DAMGO as previously described (Kenakin, 2017). The

bias factor (B) was then calculated as follows for the ratiometric analysis:

,3 _ LOg <Rmax—path1 ECSO—pach) x (Rmax—pathl ECSO—path2>
Rmax—pathz ECSO—pathl Lig Rmax—pathz ECSO—pathl Ref

If the Hill slopes generated from the cellular data are not significantly different from one another this
method is analogous to the operational models of bias. However, if the Hill slopes do significantly
differ between different treatments the ECso values that this calculation relies on are not accurate
(Kenakin et al., 2013). To account for this, all Hill slopes were restrained to 1 before the use of the
calculation. Using this calculation, a bias factor of 0 is balanced, less than 0 is B-arrestin2 biased, and
greater than 0 is G-protein biased.

The second method used to calculate bias, known as the simplified bias calculation, was
performed as previously described (Crowley et al., 2020, Crowley et al., 2016) using the same
normalised data described above. Using this calculation, a bias factor of 1 is balanced, less than 1 is -

arrestin2 biased and greater than 1 is G-protein biased.

Log (bias factor)

_ (Emax—test ECSO—control)
= Log

ECSO—test Emax—control G-protein

(Emax —test ECSO—control)
— Log

ECSO—test Emax—control B-arrestin
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2.6. Statistical Analyses

Two-way and One-way analysis of variance tests (ANOVA) were conducted using GraphPad
Prism, ensuring all data passed the D’Agostino Pearson omnibus K2 normality test. For data with 2
independent variables (i.e. sex and drug), that may affect the behavioural output overtime, Three-way
mixed ANOVAs were used. This analysis was performed using SPSS statistics (Statistical Package for
the Social Sciences) (V.26, IBM, Armonk, NY, USA). The data was checked for normality (Shapiro-Wilk
test with standardised residuals) and homogeneity (Levene’s test of equality of error variances).
Where the assumptions were not met, the data was transformed based on the skew, with slightly
negative data transformed using square root, while moderately negative data was corrected with a
logarithmic transformation. Slightly positive data was first corrected with a reflect, followed by a
square root transformation. If the data could not be corrected using the following transformations the
ratio of the variance were assessed. If the smallest to largest variance was found to be less than 3,
ANOVA analysis was still performed due to tolerance of ANOVAs to withstand unequal variance. Once
all other assumptions were met, the sphericity of the data was assessed using Mauchly’s test. If p >
0.05 the data was assumed to be meet sphericity requirements and no corrections were applied.
However, if p < 0.05 the assumption was not met and the Greenhouse-Geisser correction was applied.
If the data met all test assumptions and the ANOVA was significant post-hoc testing was performed
using the Bonferroni multiple corrections test. To simplify the results sections the technical detail of

these statistical analyses have been reported in the appendix (Appendix 7.3, Table 7.1 and Table 7.2).
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Chapter 3. Anti-Nociceptive Effects of Kurkinol and
Kurkinorin

3.1. Introduction

The lack of current therapeutics to treat chronic pain and worsening opioid crisis around the
world has led to a great need for non-addictive opioids that are still highly efficacious (Breivik et al.,
2006, Shipton et al., 2017). By biasing the signalling pathway activated at the u receptor towards the
G-protein pathway, over the B-arrestin2 pathway, we may be able to reduce the tolerance of opioids
while maintaining potent analgesic effects (Bohn et al., 1999). In the current chapter, we aimed to
investigate the hypothesis that G-protein bias determines the anti-nociceptive potency and tolerance
of U receptor agonists using our structurally unique Sal A analogues active at the U receptor, kurkinol

and kurkinorin.

3.1.1. Regulation of Mu Opioid Receptors by B-arrestin2 and the
Implications for Analgesia

The multifaceted role of B-arrestin2 in the analgesic effects of u receptor agonists was initially
discovered via the loss of morphine-induced side effects in the B-arr2” mice (Bohn et al., 1999). Since
this discovery, more work has gone into elucidating the role of B-arrestin2 in analgesia. Selective
inhibition of B-arrestin2 in the PAG using siRNA knockdown increases the anti-nociceptive effects of
morphine and reduces the onset of tolerance in mice (Li et al., 2009). A similar delay in anti-nociceptive
tolerance to morphine in the tail-flick assay is also seen in rats when B-arrestin2 is knocked down in
the spinal cord (Przewlocka et al., 2002). In the reverse experiment, the overexpression of B-arrestin2
in the PAG of rats abolishes the anti-nociceptive effects of morphine in the hotplate assay (Jiang et al.,
2006, Yang et al., 2011). Further, RNA silencing of B-arrestin2 in the brain via i.c.v injection of lentivirus
containing the anti-gene resulted in decreased B-arrestin2 expression and reduced anti-nociceptive
tolerance (Bu et al., 2015). This identified 2 central areas of nociceptive transmission, the spinal cord
and PAG, as key areas of u receptor induced anti-nociception and tolerance that is regulated via B-
arrestin2.

The B-arr2”- mouse line and siRNA knockdown has also been used to assess the effects of B-
arrestin2 on the signalling of W receptor agonists in different neuronal populations involved in
nociception. In the PAG and brain stem of B-arr2”- mice, the selective pu receptor agonist, DAMGO,
was shown to increase G-protein coupling at the p receptor compared to the Wt littermate controls
(Bohn et al., 2000, Bohn et al., 1999). While primary neuronal DRG cultures from B-arr2” mice showed
increased coupling between p receptor and VG Ca?* channels, which reduced receptor recycling and
increased cell surface expression. However, treatment with DAMGO and morphine still resulted in the

inhibition of the voltage-gated Ca?* channels (Walwyn et al., 2007). Furthermore, acute treatment of
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enkephalin results in rapid desensitisation of the GIRK channels in the LC of B-arr2”- and Wt littermate
controls. However, when both GRK2 and ERK1/2 (Wt) or ERK1/2 (B-arr2”) were inhibited, GRIK
desensitisation was almost fully abolished, suggesting that in the LC, desensitisation can occur in a B-
arrestin2 independent manner (Dang et al., 2006, Dang et al., 2009). In the same LC neuronal model,
the dependence of u receptor trafficking on B-arrestin2-dynamin interactions were assessed. The
authors showed that resensitisation in response to acute morphine is independent of B-arrestin2 -
dynamin. However, when neurons are chronically treated with morphine, the development of cellular
tolerance is abolished in LC neurons from B-arr2”- mice. Moreover, disruption of either B-arrestin2 or
dynamin in Wt neurons accelerated the resensitisation of u receptor (Dang et al., 2011). This suggests
that under chronic conditions, B-arrestin2 functions to slow the return of internalised receptors to the
membrane, inducing anti-nociceptive tolerance. Connor et al. (2015) showed that B-arrestin2 deletion
did not affect the coupling of W receptors to voltage gated Ca?* channels in the PAG of vehicle or
chronic morphine treated mice. Furthermore, the authors showed that cellular tolerance to Ca?
channels did not occur in the B-arr2” as it did in the Wt littermate controls, providing further evidence
on the cellular mechanism through which B-arrestin2 induces anti-nociceptive tolerance. While the
cellular adaptations that occur with opioid withdrawal, mainly increases in GABA transporter type 1
currents, were not affected by the deletion of B-arrestin2 in the PAG (Connor et al., 2015). However,
not all neuronal populations and pu receptor agonists are regulated by B-arrestin2 in the same manner.
For example, methadone impairs resensitisation to the same extent in LC neurons from B-arr2”-and
Wt mice. While in peripheral sensory fibres, siRNA knockdown of B-arrestin2 results in the inhibition
of cAMP accumulation in the absence of pu receptor activation, which implicates B-arrestin2 as the
inhibitory, regulatory mechanism for inhibiting constitutive u receptor activity (Sullivan et al., 2016).
The differential regulatory role of B-arrestin2 throughout the CNS increases the difficulty of
developing analgesics with limited B-arrestin2 recruitment. While it appears that in pain associated
CNS areas (i.e. PAG, DRG, and LC) reduced B-arrestin2 increases potency and decrease tolerance. The
differential cellular regulation by methadone and morphine suggests that the translation of the theory

into clinically available compounds may not be straight forward.

3.1.2. Pre-Clinical Effects of G-Protein Biased Agonists

Many novel G-protein biased U receptor agonists have been generated to develop better
therapeutics for chronic pain. These include TRV130 and TRV0109101, which both have reduced
tolerance in thermal models of anti-nociception, with a similar duration of action to morphine (Table
3.6). While PZM21 has a large reduction in potency and a similar duration of action compared to
morphine (Table 3.6). To fully assess the potential of G-protein bias at the p receptor, researchers at
The Scripts Research Institute generated a library of novel compounds with varying bias factors, called

the SR compounds. In vivo assessment of thermal anti-nociception and respiratory depression resulted
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in a correlation between increased G-protein bias and larger therapeutic windows. Despite many
reported G-protein biased compounds, very few novel WU receptor agonists have been screened
through chronic models of pain (Table 3.6). This leaves a gap in our knowledge of the clinical utility of
these compounds in the more complex chronic pain states.

More work has also gone into the screening of current W receptor therapies for G-protein bias.
This includes the identification of Loperamide (peripherally restricted anti-diarrheal) and
Buprenorphine (opioid replacement therapy) as G-protein biased agonists with improved side effect
profiles. These effects are now believed to be due to their recently discovered G-protein bias
(Burguenio et al., 2017, Emerich et al., 1998, He et al., 2013, Ray et al., 2005, Ray et al., 2008, Tayrouz
et al., 2001, Thompson et al., 2015) (Table 3.6).

3.1.3. Anti-Nociceptive Effects of Novel Mu Opioid Receptor Agonists

from the Structure of Salvinorin A
Sal A has been shown to induce potent anti-nociception in vivo via the k receptor, however, it

has a short duration of action and can induce side effects such as anxiety and depression (Butelman
et al., 2009, Zhang et al., 2005). Many structural analogues of Sal A have been made by altering the C2
and C16 positions. These include Mesyl Sal B, 16-Ethynyl Sal A, and 16-Bromo Sal A (Harding et al.,
2005, Riley et al., 2014). These compounds are effective in reducing drug-seeking behaviour, reducing
cocaine-induced reinstatement of self-administration in Sprague Dawley rats, and induce potent anti-
nociceptive effects in the hot water dose response tail-flick assay (Riley et al., 2014, Simonson et al.,
2015). The addition of a benzene ring to the C2 position to make herkinorin (bias = 0.95) and
subsequent insertion of the double bond to make kurkinorin (bias = 0.57) increased the selectivity and
bias factor at the p receptor. When screened in preclinical rodent models, herkinorin induced less
anti-nociceptive tolerance than morphine in peripheral models of pain but did not produce centrally
mediated effects and was therefore not further assessed (Lamb et al., 2012) (Table 3.6). Unlike its
predecessor, kurkinorin (10 mg/kg/s.c.) induces potent centrally mediated anti-nociception in the hot
water tail-flick assay in mice with a similar duration of action to morphine (10 mg/kg/i.p.), overcoming
the reduced bioavailability and CNS penetration of Sal A and herkinorin. Due to the bias factors of
kurkinorin (bias = 0.57) and morphine (bias = 0.36), it was believed that kurkinorin would have
improved potency and reduced tolerance. In the dose response tolerance tail-flick assay. Kurkinorin
(EDso = 9.7 mg/kg/s.c.) was in fact equipotent with morphine (EDgo = 9.9 mg/kg/s.c.). Following 8 days
of administration, kurkinorin (EDso = 8.0 mg/kg/s.c.) induced mild anti-nociceptive tolerance that was
significantly reduced to morphine (EDso = 16.6 mg/kg/s.c.) (Crowley et al., 2016). Kurkinorin has also
been shown to reduce pain scores during phase 1 (nociceptive) and 2 (inflammatory) pain in the
intradermal formalin assay to a similar extent to morphine (Kivell lab unpublished data). From what is

currently known about the in vivo effects, kurkinorin appears to follow the paradigm of biased
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agonism with increased G-protein recruitment correlating to improved anti-nociception and tolerance
(Table 3.6). To fully assess this, the structure of kurkinorin was modified with an alcohol group added

to the C6 position of the benzene ring, making kurkinol, a heavily G-protein biased agonist, kurkinol.
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3.2. Hypothesis and Aims

Biased agonism at the W receptor has been proposed to generate potent, highly efficacious
analgesics for the treatment of pain. In this study, we aimed to investigate the ability of two novel
receptor agonists with varying G-protein biases to induce analgesia in acute and chronic pre-clinical
models of anti-nociception. With a secondary aim of investigating the bioavailability and duration of
action of these compounds due to the profile of the parent structures, Sal A and herkinorin. We
hypothesised that the more G-protein biased agonist, kurkinol, would have improved anti-nociceptive
effects and reduced tolerance compared to the intermediately biased kurkinorin. Furthermore, we
believed that anti-nociceptive profiles of kurkinol and kurkinorin would be altered in B-arrestin2

knockout mice, with increases expected in potency alongside decreased tolerance.

Aims:

1. Determine the duration of action of kurkinol and kurkinorin in spinal and supraspinal models

of acute thermal anti-nociception utilising the hot water tail-flick and hotplate assays.

2. Assess the role of G-protein bias in the anti-nociceptive potency and tolerance to acute

thermal stimuli using the hot water tail-flick assay in C57BL/6J and B-arr2” mice.

3. Investigate the ability of G-protein biased u receptor agonists to induce anti-nociception and
tolerance in chronic, neuropathic pain states using the chemotherapy-induced neuropathic

pain model in C57BL/6J mice.
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3.3. Results
3.3.1. Dose response Effects of Kurkinol in the Hot water Tail-flick Assay
The hot water tail-flick assay was used to assess the spinal potency of kurkinorin and kurkinol
in an acute thermal model of pain. Non-linear regression was used to fit a curve to the dose response
data to generate the potency (ECso) and efficacy (Emax) of kurkinol, which were then compared to the
standard p receptor agonist, morphine. Before One and Two-way repeated measures ANOVA
statistical analysis, the normalcy of all data was assessed using the D’Agostino & Pearson omnibus K2

normality test.

3.3.1.1. Kurkinol is More Potent and Shows Reduced Tolerance in the Tail-Flick
Assay
Kurkinol (EDso = 2.37 mg/kg/s.c.) was found to be 2.7 fold more potent than morphine (EDs =

6.40 mg/kg/s.c.) on the first dose response day (F, 28 = 135.5, p < 0.0001, p < 0.0001) (Fig. 3.1 A,
closed symbols). The animals then received daily injections of morphine (10 mg/kg/s.c.), kurkinol (5
mg/kg/s.c.), or vehicle with the induction of tolerance tracked on days 3, 6, and 9. Kurkinol showed
no decrease in anti-nociceptive tolerance over the 9 day period compared to vehicle treated mice,
while a significant reduction in tail withdrawal latency with morphine was seen from day 6 (Fg, sa) =
25.71, p<0.0001, p <0.0001) (Fig. 3.1 B). When animals were challenged with a second dose response
on day 9 (Fig. 3.1 A, open symbols), morphine had induced a 2.6 fold decrease in potency compared
to day 1 (EDso = 16.67 mg/kg/s.c., p < 0.0001), whereas kurkinol showed no significant difference (EDso
= 3.62 mg/kg/s.c., p > 0.9999). Hyperalgesia was also measured with Von Frey filament on days 0, 2,
4, 6, and 8 (Fig. 3.1 C). Both morphine and kurkinol induced a significant decrease in paw withdrawal
threshold, hyperalgesia, compared to vehicle from day 4 (p < 0.05) of chronic administration with no
significant difference between the two | receptor agonists by day 8 (Fs, 72) = 5.55, p < 0.0001, p >
0.9999) (Table 3.1).

The EDgo and EDsg doses of morphine (10 & 5 mg/kg) and kurkinol (5 & 2.5 mg/kg) from this
experiment were used to inform additional preclinical tests to evaluate both anti-nociceptive effects
and side effects. The EDgo and EDso doses of kurkinorin (10 & 5 mg/kg) were already determined
utilising the same experimental protocol (previously conducted in the Kivell lab by Dr Kelly Paton and

Richard Anderson lll, Crowley et al., 2016).
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Figure 3.1 Potency and Efficacy of Kurkinol Centrally Mediated Anti-Nociceptive Effects

The anti-nociceptive potency of kurkinol was assessed in comparison to morphine using a cumulative
dosing scheme in C57BL/6J mice on day 1 (closed symbols) and following 8 days sub-chronic dosing
(open symbols). The induction of (A, B) tolerance and (C) hyperalgesia was tracked over the 9 days. (A,
B) On day 1 kurkinol was shown to be significantly more potent than morphine and induced no
significant tolerance by day 9. (C) Kurkinol induced the same level of hyperalgesia as morphine by day
8. Two-way repeated measures ANOVA with Bonferroni multiple corrections test, *p<0.05,
**%p<0.001, ****p<0.0001 compared to vehicle, ##p<0.01, ####p<0.0001 compared to morphine.
Data are presented as a percentage of the maximal possible effect (%MPE). Data are shown as mean

+ SEM (N = 7-8 per group). Doses in brackets in mg/kg/s.c.
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3.3.1.2. Anti-Nociceptive Tolerance to Acute Thermal Stimuli is Reduced in 8-
arrestin2 Knock-Out Mice
Previous work has shown that the deletion of B-arrestin2 increases the anti-nociceptive

potency and reduced tolerance in an acute thermal model of pain. We, therefore, conducted the hot
water dose response tolerance tail-flick experiment in B-arr2”- and Wt littermate controls to further
investigate the roles of G-proteins and B-arrestin2. (Fig. 3.2). On day 1, morphine was shown to be 1.8
fold more potent in B-arr2”- mice (EDso = 5.02 mg/kg/s.c. Vs EDso = 7.88 mg/kg/s.c.) (p = 0.036). When
challenged with a second dose response on day 9, morphine-induced a fold 2.6 fold decrease in
potency in Wt mice, while the B-arr2”- mice showed a 1.4 fold improvement in anti-nociceptive
tolerance to the Wt littermate controls (Wt: EDso = 13.55 mg/kg/s.c., B-arr2”: EDso = 9.12 mg/kg/s.c.,
p < 0.05) (Fig. 3.2 A, Table 3.1).

When the induction of tolerance to opioid-induced anti-nociception was tracked between the
dose response days a significant decrease in tail withdrawal latencies was observed in morphine
treated Wt mice from day 4 compared to vehicle. While no significant decrease in tail withdrawal
latency compared to vehicle was observed in the B-arr2” mice, with a significant increase in tail
withdrawal latency compared to Wt mice also observed from day 4 (F(12,72) = 6.49, p < 0.0001, p < 0.05)
(Fig. 3.2 B). The more G-protein biased kurkinol showed no difference in potency between B-arr2”-
and Wt littermate controls on day 1 or day 9 (Fg3, 16) = 2.35, p = 0.1107) (Fig 3.2 C, Table 3.1). During
tolerance tracking between dose response days neither B-arr2”" nor the Wt littermate controls
induced significant tolerance, with no difference between genotypes (F(2, 62y = 6.004, p < 0.0001, p >
0.9999) (Fig 3.2 D). The deletion of B-arrestin2 did not affect the potency of kurkinorin on day 1
compared to their Wt controls (Wt: EDso = 5.81 mg/kg/s.c., B-arr2”: EDso = 5.32 mg/kg/s.c.). However,
there was a significant induction of tolerance in Wt mice on day 9, with a 1.8-fold decrease in potency
compared to day 1. This was reduced by 1.7 fold in the B-arr2/- mice (Wt: EDso = 10.71 mg/kg/s.c., B-
arr2”": EDso = 6.02 mg/kg/s.c.) (F3 16 = 7.17, p = 0.0029, p < 0.05) (Fig. 3.2 E, Table 3.1). Tracking of
tolerance with tail-flick measurements on alternate days showed no significant effect of kurkinorin on

anti-nociceptive tolerance, no further analysis was performed (F12 64 = 1.28, p = 0.2513) (Fig 3.2 F).
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Figure 3.2 ff-Arrestin2 Knock Out Mice Increase the Potency of Morphine, but not Kurkinorin or
Kurkinol

The role of p-arrestin2 in the development of anti-nociceptive tolerance was assessed using the dose
response tolerance hot water tail-flick assay in p-arr2”. (A, B) B-arrestin2 was shown to be involved in
the potency and tolerant effects of morphine, with an increase in potency in the f-arr2”- mice on day
1 with reduced tolerance on day 9. (C, D) However, no increase in potency was seen for kurkinorin, but
day 9 kurkinorin induced reduced tolerance in f-arr’- mice. (E, F) The most G-protein biased u receptor
agonists kurkinol was not affected by the deletion of f-arrestin2. Two-way repeated measures ANOVA
with Bonferroni multiple corrections test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to
vehicle, ##p<0.01, ###p<0.001, ####p<0.0001 compared to B-arr”. Data presented as a %MPE and

shown as mean + SEM (N = 5-6 per group). Doses in brackets in mg/kg/s.c.
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Table 3.1 Tolerance Effects in Wildtype C57BL/6J & B-Arr2”- Mice

C57BL/6)J 6.40 £ 0.58 - - - - 16.67 £ 0.57 rokkx - - - -
C57BL/6)J 5.00+0.51 n.s - - 8.00+0.11 * - - *x
C57BL/6)J 2.37+0.36 <0.0001 | **** - - 3.62+0.38 >0.9999 | n.s - - <0.0001 | ****
Wt 7.88+1.53 - - - - 13.55+3.08 | =0.0005 | *** - - - -
B-arr2” 5.02+1.01 - - =0.036 | * 9.12+3.19 =0.0801 | n.s | >0.9999 | =0.0273 * -
Wt 5.81+1.23 =0.9344 | n.s - - 10.74£0.73 | =0.0269 * - - <0.0001 | ****
B-arr2” 5.32+1.02 >0.9999 | n.s | =0.6231 | n.s 6.02+1.39 >0.9999 | n.s | =0.0274 * =0.1714 | n.s
Wt 5.07+0.23 >0.9999 | n.s - - 5.21+0.67 >0.9999 | n.s - - <0.0001 | ****
B-arr2’ 3.89+0.27 >0.9999 | n.s | >0.9999 | n.s 5.07£0.19 >0.9999 | n.s | >0.9999 n.s =0.0287 *

The EDsodoses (mg/kg/s.c.) on day 1 and day 9 of the hot water dose response tolerance tail-flick are compared between mouse strains and genotypes. One-

way ANOVA with Bonferroni multiple corrections test. n.s = non-significant. Data shown as mean * SEM (N = 5-8 per group).
*(Crowley et al., 2016)

Wt = Wildtype littermate control.
B -arr2”- = B -arrestin2 knockout.



3.3.2. Kurkinol Has a Similar Duration as Morphine in the Tail-Flick Assay

The spinally mediated hot water tail-flick assay was further utilised to assess both the onset
of anti-nociception and its duration compared to morphine. Morphine was found to have significant
anti-nociceptive effects from 15 — 120 min at 10 mg/kg/i.p. and 15 — 90 min at 5 mg/kg/i.p. (F (s, 270) =
20.3, p < 0.0001, p < 0.05) (Fig. 3.3 A). While kurkinol had a faster onset of anti-nociceptive effects
with a significant increase compared to vehicle seen from 5 min. There was an overall reduction in
duration of action with anti-nociception lasting until 90 min (5 mg/kg/i.p.) and 60 min (2.5 mg/kg/i.p.,
p < 0.05). The anti-nociceptive effects of kurkinol, from 5 — 60 min, was partially inhibited following
prior administration of the pu receptor selective antagonist, B-FNA (5 mg/kg/i.p., 24 hrs pre-treatment)
(p < 0.05). However, a significant anti-nociceptive effect was also found in B-FNA pre-treated kurkinol
mice between 15 — 45 min (p < 0.05) suggesting either the dose used was not high enough for complete
inhibition of the U receptor or another mechanism of action may be partially responsible for the anti-
nociceptive effect of this compound.

Area under the curve (AUC) analysis was then used to assess the overall anti-nociceptive
effects of kurkinol and morphine, with both showing significantly increased anti-nociception
compared to vehicle-treated mice (Fs, 299 = 144.4, p < 0.0001, p < 0.0001) (Fig 3.3 B). Kurkinol (5
mg/kg/i.p.) was also shown to have significantly lower anti-nociceptive effects than the equivalent
dose of morphine (10 mg/kg/i.p., p < 0.0001). Once again B-FNA pre-treated animals had a significant
reduction to the equivalent dose (p < 0.0001), while no significant difference to vehicle treatment was

seen (p =0.20).
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Figure 3.3 Duration of Action of Kurkinol in the Hot water Tail-flick Assay

Onset and duration of the spinally mediated anti-nociceptive effects of kurkinol and morphine were
assessed in the hot water tail-flick assay. (A) Kurkinol had rapid onset with a slight reduction in duration
of action. Prior administration with the u receptor antagonist f-FNA (5 m/kg) significantly reduced the
anti-nociceptive effects of kurkinol. (B) AUC analysis showed a significant decrease in the anti-
nociceptive effect of kurkinol (5 mg/kg/i.p.) compared to morphine (10 mg/kg/i.p.) and B-FNA pre-
treated mice. (A) Two-way repeated measures ANOVA with Bonferroni multiple corrections test. (B)
One-way repeated measures ANOVA with Bonferroni multiple corrections test, **p<0.01, ***p<0.001,
***%p<0.0001, drug compared to vehicle, #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 compared
to morphine, SSSS p < 0.0001 EDgy compared to EDsp dose, "4p<0.0001 kurkinol compared to
kurkinol+ p-FNA. Data presented as %MPE at each time point and shown as mean + SEM (N = 5-7 per

group). Doses in brackets in mg/kg/i.p.
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3.3.2.1. The Anti-Nociceptive Effects of Kurkinol and Kurkinorin are Reversed in
Mu Opioid Receptor Knock-Out Mice
The selectivity of kurkinorin and kurkinol for the u receptor, and therefore the mechanism

through which the anti-nociceptive effects are induced, was investigated using u receptor”” mice and
their Wt littermate controls. A single injection of vehicle or the morphine (10 mg/kg/i.p.), kurkinol (5
mg/kg/i.p.), or kurkinorin (10 mg/kg/i.p.) were administered and the anti-nociceptive effects assessed
at 30 min (Fig 3.4 A). No significant difference was identified between vehicle-treated p receptor’-and
Wt mice, indicating that the removal of the U receptor does not affect the ability of the mice to
interpret nociceptive stimuli (F(7, 40 = 96.07, p < 0.0001, p > 0.9999). Significant anti-nociception was
found with morphine, kurkinol, and kurkinorin in Wt animals (p < 0.0001), which was significantly
reduced in the W receptor’ mice (p < 0.0001). These results suggest that partial inhibition of anti-
nociception by B-FNA (5 m/kg) is likely due to the low dose and not off target effects. Together
indicating that the anti-nociceptive properties of kurkinol and kurkinorin are induced through their
action at the p receptor.

To ensure the anti-nociceptive effects of kurkinorin were not partially mediated through the
K receptor, 1 receptor”’- mice were pre-treated with the k receptor selective antagonist, Nor-BNI (10
mg/kg/i.p., 24 hrs pre-treatment), and a single tail-flick measurement taken 30 min post-
administration (Fig 3.4 B). Nor-BNI treatment did not affect the tail-flick latency of Wt or p receptor’
animals, so all vehicle-treated animals were pooled into a single group based on genotype (p >0.9999).
In Wt mice kurkinorin induced potent anti-nociception, with no effect of Nor-BNI pre-treatment (Fs,
a8) = 329.5, p < 0.0001, p < 0.9999). In p receptor””, mice there was a significant decrease in the anti-
nociceptive effects compared to their Wt littermate controls, with no further reduction in anti-

nociception in Nor-BNI treated animals (p = 0.2858).
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Figure 3.4 Anti-Nociceptive Effects of Mu Opioid Receptor Agonists in Mu Opioid Receptor Knock
Out Mice and Wildtype Littermate Controls

A single dose of vehicle, morphine (10 mg/kg/i.p.), kurkinol (5 mg/kg/i.p.), or kurkinorin (10 mg/kg/i.p.)
was administered to u receptor” and the anti-nociceptive effects measured 30 mins later. All data is
presented as a %MPE. (A) All Wt animals treated with the u receptor agonists had strong anti-
nociceptive responses at 30 min. These effects were significantly reduced in the u receptor’" mice,
indicating all agonists examined induce their anti-nociceptive effects through the u receptor. (B) Pre-
treatment of u receptor’”- and Wt mice with the k receptor antagonist Nor-BNI (10 mg/kg/i.p., 24 hrs
pre-treatment) did not affect tail-flick latency of kurkinorin. One-way repeated measures ANOVA with
Bonferroni multiple corrections test, ****p<0.0001, drug compared to vehicle, """p<0.0001 u
receptor’”- compared to Wt littermate controls. Data are shown as mean * SEM (N = 5-6 per group).

Doses in brackets in mg/kg/i.p.
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3.3.3. Duration of Action of Kurkinol and Kurkinorin in the Hotplate
Assay

To understand the effect of sex, treatment, and time on thermal supraspinal pain evoked in
the hotplate assay, Three-way mixed ANOVAs were conducted. Unfortunately, the morphine data did
not meet the criteria of equal variance to perform this parametric test as the ratio of variance was
greater than 3. Therefore, non-parametric tests were investigated. However, the data also did not
meet the requirements for these tests. To overcome this issue, the Three-way mixed ANOVA was
performed both with and without the data with unequal variance (30 min and 45 min post-
administration). No significant difference was found between the two analyses, so it was determined
to be robust. From this point, the analysis was conducted without the data with uneven variance. All
other data met the assumptions for ANOVA analysis and was performed as previously described
(Chapter 2, Section 2.6).

The anti-nociceptive effects of morphine (10 mg/kg/i.p.) were found to be affected by the sex
of the animals, with a greater overall effect in females (F3, 0.104) = 3.789, p = 0.014, p = 0.009) (Fig. 3.5
J). The sex of the animals also interacted with morphine to affect anti-nociception over time, with
morphine (5 mg/kg/i.p.) more effective in males at 15 min, 60 min and 90 min (p < 0.05) (Fig. 3.5 A).
Interestingly, at 10 mg/kg/i.p., the opposite was seen with females more affected at 15 min and 120
min (Fs,0.413) = 7.517, p < 0.0001, p <0.05) (Fig. 3.5 D). Overall morphine had a duration of action of 90
and 120 min at 5 and 10 mg/kg/i.p. respectively (F, 0.7y = 14.307, p < 0.0001, p < 0.0001) (Fig. 3.5 G).
Kurkinol had a shorter duration of action than morphine with the anti-nociceptive effects lasting for
only 45 min. This reduced anti-nociceptive effect was found to be dependent on the u receptor as pre-
treatment with the antagonist B-FNA resulted in a full reversal of the anti-nociceptive effects (Fs,
127.117) = 8.478, p < 0.0001, p < 0.05). Unlike morphine, no effect of sex was found with kurkinol (main
effect; F2,5.2) = 2.6, p = 0.119, Interaction over time; F(i,9.45) = 0.945, p = 0.757). The anti-nociceptive
duration of kurkinorin was found to be similar to that of morphine, with effects lasting until 90 min
and 45 min at 10 mg/kg/i.p. and 5 mg/kg/i.p. respectively (F(s, 5.545) = 4.44, p < 0.0001, p < 0.05). Once
again, pre-treatment with B-FNA reduced the anti-nociceptive effects of kurkinorin (10 mg/kg/i.p.)
indicating that the anti-nociceptive effect is due to the actions at this receptor (Fig. 3.5 I). While
kurkinorin and the sex of the animals did not influence anti-nociception over time (Fis, 1.462) = 1.172, p
= 0.303), a main effect of sex on anti-nociception was identified, with males (5 mg/kg/i.p.) showing
increased effects (F3,7.611) = 3.451, p = 0.034, p < 0.0001) (Fig. 3.5 L). When the main anti-nociceptive
effects of each compound were compared, irrespective of sex, morphine, kurkinol, and kurkinorin all
produced a strong anti-nociception compared to vehicle treated mice (Fig. 3.6 A). With dosing effects
also present for all treatments. Furthermore, B-FNA significantly reduced the anti-nociceptive effects
of Kurkinorin (10 mg/kg/i.p.) and kurkinol (5 mg/kg/i.p.) such that no change was identified to vehicle

treated mice (Fs g5) = 50.79, p < 0.0001).
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To ensure that the anti-nociceptive effects of kurkinol and kurkinorin are due to their action
at the p receptor the hotplate assay was also conducted in p receptor’ mice and Wt littermate
controls (Fig. 3.6 B). In the Wt animals’ morphine, kurkinol, and kurkinorin all produced strong anti-
nociception as in the C57BL/6J mice (p < 0.05). These effects were significantly reduced in the p
receptor’- mice, with no anti-nociceptive effect compared to the vehicle controls and interaction (Fiz,
2400 = 10.8, p < 0.0001, p < 0.9999). This confirms that all the analgesic effects seen in the hotplate

assay are dependent on the action at the p receptor.
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Figure 3.5 Kurkinol and kurkinorin has a Similar Duration of Action to Morphine in the Hotplate
Assay

(A-C) Male time course effects. (D-F) Female time course effects. (G) Morphine produced potent anti-
nociception until 90 and 120 min at 5 and 10 mg/kg/i.p. respectively. (H) While kurkinol had a reduced
duration of action at 2.5 mg/kg/i.p. (45 min) and 5 mg/kg/i.p. (60 min). (I) Kurkinorin at both doses
was effective until 90 min. (J-L) Sex was found to affect morphine (10 mg/kg/i.p.) and kurkinorin (5
mg/kg/i.p.) with improved anti-nociception in females and males respectively. Three-way mixed
ANOVA with Bonferroni multiple corrections *p<0.05, ***p<0.001, ****p<0.0001, (G-1) drug
compared to vehicle (J-L) male compared to female, 2*4p<0.0001 drugs compared to -FNA. Data
are shown as mean + SEM (A-C) N = 5-6 per group, (D) N = 5-6 males and 5-6 females per group. Doses
in brackets in mg/kg/i.p.
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Figure 3.6 Overall Effect of Kurkinorin and Kurkinol on Supraspinally Mediated Anti-nociception

(A) Combined male and female data evaluating the effects of kurkinol and kurkinorin in the hotplate
assay show both novel u receptor agonists have similar anti-nociceptive effects to morphine, with a
significant reduction by B-FNA pre-treatment. (B) u receptor”- mice showed no anti-nociceptive effect
with morphine (10 mg/kg/i.p.), kurkinol (5 mg/kg/i.p.), or kurkinorin (10 mg/kg/i.p.) compared to Wt
littermate controls. (A) One-way or (B) Two-way repeated measures ANOVA with Bonferroni multiple
corrections test, ***p<0.001, ****p<0.0001, drug compared to vehicle, S55p<0.001, S555p<0.0001
EDgo compared to EDso, 2p<0.05, Ap<0.01, A\ Ap<0.0001 u receptor”” or f-FNA compared to control.

Data are shown as mean + SEM (N = 5-7 per group). Doses in brackets in mg/kg/i.p.
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3.3.4. Effectiveness of Kurkinol and Kurkinorin in Chemotherapy-
Induced Neuropathic Pain

3.3.4.1. Paclitaxel-Induced Allodynia Does Not Differ Between Sexes
To induce chronic, neuropathic pain in mice we utilised the preclinical model of paclitaxel-

induced allodynia in both male and female C57BL/6J mice. Paclitaxel (PTX) (4 mg/kg/i.p.) or vehicle (1;
1; 18, ethanol; kolliphor; saline) was administered on days 0, 2, 4, and 6 (cumulative dose; 16 mg/kg).
The development of mechanical and cold allodynia was tracked on days 0, 2, 4, 7, 11, 13, and 15, with
behaviour conducted before PTX injections on days 0, 2, and 4.

To determine whether the induction of mechanical and cold allodynia differed between male
and female animals Three-way mixed ANOVA with Bonferroni corrections test were conducted. This
identified a significant induction of mechanical allodynia from day 2, with a 40% decrease in
mechanical threshold from day 0 and a stable 77% reduction from by day 15 when the sexes were
combined (F.952,7.338 = 22.362, p < 0.0001, p < 0.05) (Fig. 3.7 A). However, no significant effect sex was
identified to alter the induction of mechanical allodynia over time (F.9s2, 0.066) = 0.201, p = 0.961).
Similarly, no statistically significant effect of sex was found for the induction of cold allodynia, despite
female mice responding for an average of 25% on day 7, with an average increased responding time
of 11% from day 2 - 15 (F(2.503, 0.049) = 0.266, p = 0.844). When the two sexes were combined an increase

in cold allodynia was seen from day 2 - 15 (F(2.503, 2.517) = 24.648, p < 0.0001, p < 0.0001) (Fig. 3.7 B).
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Figure 3.7 Paclitaxel Produced Stable Disease by Day 15 in Male and Female C57BL/6J Mice

(A) Measures of mechanical allodynia performed on days 0 — 15 showed male and female mice
developed allodynia from day 2, with no effect of sex. (B) Mice also developed a sensitivity to cold
stimuli from day 2, with no statistical difference between genders. Three-way mixed ANOVA with
Bonferroni multiple corrections. Data are shown as mean + SEM. *p<0.05, ****P<0.0001 (Vehicle N =

5 males & 6 females, PTX N = 30 males & 30 females).
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3.3.4.2. Kurkinol is Significantly More Potent than Morphine in the Acute Phase
of the Chemotherapy-Induced Neuropathic Pain Model
Dose response effects of all compounds were assessed regarding both mechanical and cold

allodynia on day 15. Before the dose response, the mice were grouped based on the induction of
mechanical and cold allodynia to ensure the results were not confounded by higher or lower starting
values (Appendix Fig 7.1). The dose response curves of kurkinol and kurkinorin were assessed in
response to morphine and gabapentin, a non-opioid treatment prescribed for chronic pain.

Analysis of the ability of morphine, kurkinol, kurkinorin, and gabapentin to alleviate
mechanical allodynia in male and female mice indicated a significant effect of gender on potency.
However, no differences were identified between the sexes of a given treatment, suggesting that sex
does not play a role in modulating their effects in the treatment of mechanical allodynia (Fs, 35 = 0.60,
p =0.0004, p >0.9999) (Fig. 3.8 A, B, Table 3.2). Between the sexes, the pattern of potency remained
the same, with kurkinorin and morphine being equipotent while kurkinol was more potent (Table 3.2).
A significant effect of sex was also identified for cold allodynia, with kurkinorin found to be 1.4 fold
more potent in males (IDso = 10.17 mg/kg/s.c.) compared to females (IDsp = 14.62 mg/kg/s.c.) (Fs, 35 =
1.43, p =0.0022, p = 0.0035) (Fig. 3.9 C, D, Table 3.2). In both sexes and measures of mechanical and
cold allodynia kurkinorin was found to be equipotent with morphine, while kurkinol was significantly
more potent (Table 3.2).

The dose response curves generated for each sex were then combined to assess their overall
potency in alleviating mechanical and cold allodynia (Fig. 3.8). In doing this, kurkinol (EDso = 1.56
mg/kg/s.c.) was found to be more potent at alleviating mechanical allodynia than both morphine (EDso
=9.26 mg/kg/s.c.) and gabapentin (EDso = 4.22 mg/kg/s.c.), while kurkinorin (EDso = 9.11 mg/kg/s.c.)
was equipotent with morphine (F3 440 =11.12, p <0.0001) (Fig. 3.8 E, Table 3.3). Cold allodynia showed
the same pattern of potency, with kurkinol (EDso = 1.91 mg/kg/s.c.) having increased potency
compared to morphine (EDsp = 10.5 mg/kg/s.c.), while kurkinorin (EDsp = 11.69 mg/kg/s.c.) was
equipotent (F3 449 = 8.39, p = 0.0002) (Fig. 3.8 E, Table 3.3).
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Figure 3.8 Kurkinol is more Potent than Morphine at Alleviating Chemotherapy-Induced Neuropathic

- Morphine

Pain in Male and Female C57BL/6J Mice

The potency and efficacy of kurkinol and Kurkinorin were assessed in male (A, B) and female (C, D)
C57BL/6J mice in the paclitaxel-induced neuropathic pain model. (E, F) The data from male and female

mice was then combined to assess the overall potency and efficacy. Data are presented as an average
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Table 3.2 Kurkinorin is Significantly more Potent at Inhibiting Cold Allodynia in Male Mice

Males Females

Females

Males

Females

Females

1
9.52+1.74 9.04+1.13 | >0.9999 0.8771 | 0.8292 i 9.82+1.52 8.08+1.64 | >0.9999 0.8608 | 0.9943
4.40+3.10 2.55+1.58 | >0.9999 | n.s | 0.6218 | 0.7695 i 3.28+1.15 4.66+1.33 >0.9999 | n.s | 0.5589 | 0.9939
4.59 +0.76 1.55+0.66 | >0.9999 | n.s | 0.8603 | 0.7890 i 2.05+0.28 1.75+1.45 | >0.9999 | n.s | 0.8423 | 0.9625
10.98+0.40 | 7.80+2.38 | >0.9999 | n.s | 0.8377 | 0.7412 i 10.17+2.16 | 14.62+1.17 | =0.0035 | ** | 0.8670 | 0.9855

Nonlinear regression of the dose response effects was used to calculate the EDso and IDsovalues for mechanical and cold allodynia. No significant effect of sex

was found for mechanical allodynia. Kurkinorin is more potent at inhibiting cold allodynia in males compared to females. Two-way repeated measures ANOVA

with Bonferroni multiple corrections test. **P< 0.001, n.s = non-significant. Doses in mg/kg/s.c. (N =5 — 6 males and 6 females per group).
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Table 3.3 Combined Dose Response Effects on Mechanical and Cold Allodynia in the Paclitaxel Model of Chronic Pain

9.26+1.01 - - - - 0.8502 10.5+1.12 - - - - 0.7997
4.22+1.75 =0.2906 n.s - - 0.6824 i 4.35+0.87 =0.1111 | ns - - 0.5461
1.56+0.38 <0.0001 | **** | =0.0310 * 0.8229 i 1.91+0.89 =0.0445 * =0.9767 n.s | 0.7739
9.11+1.19 >0.9999 n.s =0.1331 n.s | 0.7560 i 11.69 £ 2.93 =0.3623 | nss | =0.0015 ** 1.0.7649

Nonlinear regression of the dose response effects was used to calculate the EDso values for all treatment groups. Kurkinol was shown to be more potent than
both morphine and gabapentin in alleviating mechanical and cold allodynia. One-way repeated measures ANOVA with Bonferroni multiple corrections test. *

p< 0.05, ¥*P < 0.01, ****<0.0001, n.s = non-significant. Doses in mg/kg/s.c. (N =5 — 6 males and 6 females per group



3.3.4.3. Blockade of the Mu Opioid Receptor inhibits the Anti-Nociceptive
properties of Kurkinol and Kurkinorin
To ensure the anti-nociceptive effects of kurkinol and kurkinorin in paclitaxel-induced

neuropathic pain are dependent on the p receptor male C57BL/6J mice were treated with the selective
U receptor antagonist B-FNA (5 mg/kg/s.c.) on day 14 (24 hrs pre-treatment, Fig 3.9). This led to a
rightward shift of the dose response curves for morphine, kurkinol, and kurkinorin in both mechanical
(Fig. 3.9 A) and cold (Fig. 3.9 C) allodynia. Furthermore, a decrease in mechanical threshold is seen for
morphine (9.5 mg/kg/s.c.), kurkinol (1.5 mg/kg/s.c.), and kurkinorin (9 mg/kg/s.c.) (Fs, 300=9.12, p <
0.0001, p < 0.01) (Fig. 3.9 B). The effects of morphine on cold allodynia were also significantly reduced
with B-FNA pre-treatment (F(s, 30)=5.26, p = 0.0014, p = 0.0404). While kurkinol and kurkinorin showed
no difference (p > 0.9999). This suggests that antagonism with 5 mg/kg/i.p. B-FNA is not enough to

fully reverse the anti-nociceptive effects in this model.
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Figure 3.9 Anti-Nociception Induced by Kurkinol and Kurkinorin is Mediated by the Mu Opioid
Receptor

Male C57BL/6J mice were administered the u receptor antagonist f-FNA (5 mg/kg/s.c.) 24 hrs before
the cumulative dose response to assess the role of u receptor in anti-nociception. (A) The dose effects
of morphine, kurkinol and kurkinorin on mechanical allodynia were significantly reduced with none
forming a full dose response curve. (B) Responses at the EDs, dose are is significantly reduced for all -
FNA pre-treated animals. (C) Dose dependent effects on cold allodynia were also reduced with 5-FNA
pre-treatment. (D) At the EDs, dose, the time spent responding to acetone was significantly increased
compared to untreated. One-way repeated measures ANOVA with Bonferroni multiple corrections test,
Ap < 0.05, "p < 0.01 drug compared to 5-FNA pre-treatment. Data are shown as mean + SEM (N = 6

per group). Doses in brackets in mg/kg/s.c.
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3.3.4.4. Kurkinol and Kurkinorin Do Not Show Reduced Tolerance to
Neuropathic Pain
For the chronic phase of the experiment, MICE remained in their original treatment groups

and were administered the EDsy dose determined by the cumulative dose response mechanical
allodynia in males (Table 3.2). Behavioural measurements were taken 30 min after the injection of
each compound to assess the induction of tolerance from day 17 - 37. Mechanical and cold allodynia
measurements were also taken before the compound administration to assess the induction of
hyperalgesia. The interaction of sex and treatment on mechanical and cold allodynia measurements
over time were assessed via Three-way mixed ANOVA with Bonferroni correction tests.

Tolerance to mechanical allodynia was found to occur independently of sex, either a main
effect (F(s, 0.068)= 0.135, p = 0.984) or a factor of time (F(3s.404, 1.842) = 1.216, p = 0.147) (Fig. 3.10 A, B).
When the data from both sexes were combined morphine, gabapentin, kurkinol, and kurkinorin
produced significant anti-nociception from day 17 — 33, with no compound showing improvement in
the development of tolerance (Fz6.404, 11.473) = 7.857, p < 0.0001, p < 0.05) (Fig. 3.10 C). As with
mechanical allodynia, the development of tolerance to cold allodynia with chronic dosing of morphine,
gabapentin, kurkinol, and kurkinorin occurred independently of sex, as a main effect of sex (Fs, .068) =
0.326, p = 0.895) and a factor of time (F(0.007, 38.849) = 6.457, p < 0.0001) (Fig. 3.10 E, F). When grouped
independently of sex, morphine and gabapentin produced anti-nociception until day 27. While a delay
4 and 6-day delay in the return to baseline measurement of PTX-vehicle treated mice was observed
for kurkinol and kurkinorin respectively (Fig. 3.10 E).

The development of hyperalgesia to mechanical and cold stimuli and the interaction between
sex and the drug on the development of hyperalgesia over time was also assessed. No induction of
mechanical hyperalgesia was identified as a main effect of sex (F(s, 0385 = 1.478, p = 0.211), and the
drugs did not interact with sex to affect mechanical withdrawal thresholds over time (F2s,0.792) = 0.901,
p =0.601). Furthermore, no compounds were shown to induce mechanical hyperalgesia, irrespective
of sex (Fzs,0.97) = 1.078, p = 0.368) (Appendix Fig. 7.2). However, an overall effect of the drugs on cold
hyperalgesia was identified, upon further investigation, no significant change in cold thresholds in
response to drug treatments was identified over time (Fzs, 0.007) = 1.597, p = 0.038, p > 0.9999). No
main effects of sex (Fs, 0421) = 0.084, p = 0.646), nor the compounds and sex interacting to affect

allodynia over time were identified (F(2s,0.135 = 1.202, p = 0.20) (Appendix Fig. 7.2).
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Figure 3.10 Effect of Sex on the Induction of Tolerance to Mechanical Allodynia

On day 17 of PTX-induced neuropathic pain, daily administration of vehicle, morphine, gabapentin, kurkinol, or kurkinorin was initiated and the reversal of
mechanical and cold allodynia assessed. (A) Time course of anti-nociception in male mice. (B) Time course analysis of anti-nociception in female mice. (C)
When the sexes were combined a significant effect was seen over time, with neither kurkinol nor kurkinorin showing any major improvements in the
development of anti-nociceptive tolerance (day 17 — 33). (D) Time course of anti-nociceptive effects in male mice. (E) Time course of anti-nociceptive effects in
female mice. (F) When the sexes were combined, kurkinorin (day 17 — 31) had a 4-day delay in the development of tolerance in measures of cold allodynia,
while kurkinol (day 17 — 33) showed a 6-day delay compared to morphine and gabapentin (day 17- 27). Three-way mixed ANOVA with Bonferroni multiple
corrections test. Data are shown as mean + SEM. * p< 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001 drug compared to PTX/Veh (N = 5 -6 males & 6 females

per group). Doses in brackets in mg/kg/i.p.



3.3.5. Anti-Nociceptive Z-Scores Shows Improvements to Morphine
with Kurkinol, But Not Kurkinorin

Generation of Z-scores was used to evaluate the induction anti-nociception following
administration of 5 mg/kg morphine, kurkinol, or kurkinorin. The directionality of the Z-score indicates
the level to which anti-nociception is induced, with values > 0 indicating a decrease in pain-like
behaviours, while < 0 occurs if no anti-nociception is induced. As the tail-flick was only performed in
males, it has been excluded from the combined Z-scores and overall male Z-score to allow the
comparison to the female data. Slight differences in the anti-nociceptive profiles can be seen between
male and female mice, with kurkinol and morphine being more effective in the hotplate in females
compared to males (Fig. 3.11 A, B). The overall anti-nociceptive Z-scores for morphine (male =4.41 Vs
female = 3.75) and kurkinol (male = 9.45 Vs female = 11.96) are also larger in females. While kurkinorin
shows the opposite, with a higher anti-nociceptive Z-score in males (male = 3.6 Vs female = 2.90) (Fig.
3.13 A & B). When the Z-scores from male and female mice were combined, morphine (Z-score = 5.47)
and kurkinorin (Z-score = 4.73) induced a similar level of anti-nociception at 5 mg/kg, while kurkinol

had a larger Z-score indicating a greater anti-nociceptive effect (Z-score = 10.08) (Fig. 3.11 C).
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Figure 3.11 Kurkinol and Kurkinorin Show the Same Behavioural Pattern as Morphine

Z-score analysis of the anti-nociceptive effects of morphine, kurkinol, and kurkinorin showed a similar
pattern of effect between behavioural assays in (A) males, (B) females, (C) and when the sexes were
combined. However, kurkinorin was found to have a slight reduction in anti-nociceptive ability

compared to morphine and kurkinol. Abbreviations:

PTX = paclitaxel VF = Von Frey Filaments
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3.4. Discussion
It has been widely postulated that G-protein biased p receptor agonists may hold the key to

developing analgesics for the treatment of severe acute and chronic pain with reduced tolerance at
the u receptor (Bohn et al., 1999, Chen et al., 2013, DeWire et al., 2013). This is of great importance
due to the current lack of effective treatments for chronic pain and the worsening opioid crisis, in part
caused by the over prescription of opioids such as oxycodone and morphine (Breivik et al., 2006, Peavy
et al., 2012, Shipton et al., 2017, Sullivan et al., 2001, Vowles et al., 2015). Kurkinol and kurkinorin are
two novel compounds with varying G-protein bias (Crowley et al., 2016). In this chapter, we aimed to
investigate the effects that the bias of the compounds had on their anti-nociceptive effects in vivo in

preclinical rodent behavioural models.

3.4.1. G-Protein Bias Correlated to Increased Potency and Decreased
Tolerance in Spinally Mediated Thermal Anti-Nociceptive Models

The dose response effects of the u receptor agonists, kurkinol and morphine were assessed
using the hot water tail-flick assay as a measure of acute thermal anti-nociception. In this assay,
kurkinol was found to be significantly more potent than morphine with no difference in efficacy and
no significant tolerance. Comparatively, kurkinorin was previously shown to be equipotent with
morphine with a moderate induction of tolerance compared to morphine (Crowley et al., 2016). These
results show that in acute thermal nociceptive models of anti-nociceptive tolerance G-protein bias
correlates to an increase in potency and decreased tolerance (Table 3.4 and 3.6).

To further assess the anti-nociceptive role of B-arrestin2 the hot water dose response tail-flick
assay was conducted in B-arr27- mice to evaluate tolerance. In the absence of B-arrestin2, the potency
of morphine was significantly increased compared to Wt littermate controls, while neither kurkinol
nor kurkinorin showed a difference in potency between genotypes. As in C57BL/6J mice, Wt littermate
controls showed tolerance to morphine and kurkinorin over the 9 days while kurkinol did not. These
tolerance effects of morphine were significantly reduced in the B-arr2” mice, while kurkinorin
produced no tolerance (Table 3.4). Previous literature had identified the leftward shift and reduced
tolerance to morphine in B-arr2” mice (Bohn et al., 1999, Raehal et al., 2011), GRK37* mice (Gliick et
al., 2014, Grecksch et al., 2011, Terman et al., 2004), and in knock-in mice with limited B-arrestin2
recruitment (Kliewer et al., 2019). While the lack of potency changes following kurkinol administration
in both B-arr2”" mice and their Wt littermate controls can be attributed to the G-protein bias,
kurkinorin was predicted to have a slight increase in potency in these mice. However, only morphine
showed a leftward shift in dose response curve, with a 2 mg/kg difference between the EDsp dose in
the B-arr2”" mice and their Wt littermate controls on day 1. This indicating the differences in anti-
nociceptive potency may be too subtle to see when B-arrestin2 recruitment is already limited, as

shown in the cell signalling data from kurkinol and kurkinorin. Assessing B-arrestin2 biased agonists in
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this model may allow better identification of the role of B-arrestin in the development of anti-
nociceptive tolerance.

The hot water tail-flick assay was also used in a repeated measures fashion to assess the
duration of action of a single dose. In this assay, kurkinol had a significantly faster onset of action
compared to morphine (5 min vs 10 min) while, overall, having a shorter duration of action at both
the high (45 min vs 120 min) and low doses (45 min vs 90 min). This may be due to the high
resemblance to the parent compound Sal A, which is known to have low bioavailability and a short
duration of action in mice as it is quickly metabolised to the inactive product Salvinorin B (John et al.,
2006, Kutrzeba et al., 2009, McCurdy et al., 2006, Schmidt et al., 2005).

The addition of the alcohol group also may have increased the recognition by degradation
enzymes, resulting in a shorter half-life and increased clearance compared to its structural analogue
kurkinorin, which has a duration of 120 min at 10 mg/kg/i.p. (Crowley et al., 2016). When animals
were pre-treated with the p receptor specific antagonist B-FNA (5 mg/kg/i.p., 24 hrs) the anti-
nociceptive effects of kurkinol (5 mg/kg/i.p.) were significantly reduced, however, a significant anti-
nociceptive effect was still induced (Table 3.4). To assess whether this was due to latent k receptor
affinity or insufficient dosing of the antagonist, the anti-nociceptive effects were also assessed in u
receptor’” mice at 30 min, the time of peak anti-nociception. Kurkinorin was also assessed in
receptor’ mice, as the prior hot water tail-flick experiments carried out on kurkinorin by Nirajomhoan
Shivaperumal used the mixed opioid antagonist naloxone rather than a p receptor selective
antagonist, the k receptor induced anti-nociception was not known (Crowley et al., 2016). Morphine,
kurkinol, and kurkinorin all induced strong anti-nociception in Wt mice which was reduced in u
receptor’ mice. Although no statistical difference was observed between vehicle and kurkinorin in p
receptor” mice, a trend towards anti-nociception was observed. Therefore, the experiment was
performed in p receptor’ mice with nor-BNI (10 mg/kg/i.p.) pre-treatment to assess the role of k
receptor. This showed no difference to animals who did not receive nor-BNlI, indicating that the anti-

nociceptive effects in the tail-flick assay are induced solely via the p receptor.
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Table 3.4 Summary of Kurkinol and Kurkinorin Anti-Nociceptive Effects

5=90 min 5=90 min
7.0 5.02 16.67 9.12 Fully Fully 10.5
10=120 10=120 9.26 mg/kg Day 33 Day 27
mg/kg | mg/kg | mg/kg | mg/kg reversed reversed mg/kg
min min
2.5=60 2.5=45
2.3 3.89 3.67 5.07 Fully Fully 1.91
min min 1.56 mg/kg Day 33 Day 33
mg/kg | mg/kg | mg/kg | mg/kg reversed reversed mg/kg
5=90 min 5=45min
5=60min 5=60 min
5.81 5.32 8.0 6.02 Fully Fully 11.69
10 =120 10=90 9.11 mg/kg Day 33 Day 31
mg/kg | mg/kg | mg/kg | mg/kg reversed” reversed mg/kg
min* min
4.35
n.d n.d n.d n.d n.d n.d n.d n.d 4.22 mg/kg Day 33 Day 27
mg/kg

Summary of when sexes are combined looking at the differences between compounds and genotypes

Dose response tolerance show doses in in mg/kg/s.c., all other values are in mg/kg/i.p,

CINP tolerance; Days = loss of anti-nociception compared to vehicle

*(Crowley et al., 2016)

ANaloxone in place of f-FNA

n.d = not determined




3.4.2. Kurkinol and Kurkinorin have Reduced Duration of Action in
Supraspinal Thermally Mediated Anti-Nociception

To assess the duration of action of kurkinol and kurkinorin in supraspinal anti-nociception the
hotplate (50°C) assay was utilised. The effects were also compared between male and female animals
to assess interactions between sex and treatment on anti-nociception. This identified differential
effects of sex between the treatment groups, with morphine affecting females to a greater extent at
the 10 mg/kg/i.p. dose while the males were more affected at 5 mg/kg/i.p. No effect of sex on anti-
nociception over time was found for either kurkinol or kurkinorin, however, there was a simple effect
of treatment and sex such that kurkinorin produced stronger anti-nociception in males. The finding
that the 5 mg/kg/i.p. morphine and kurkinorin had a greater effect on males fits with our current
understanding of sex anti-nociception interactions at the u receptor (Table 3.5). In rodents, the
existence of sex differences is more established. Multiple studies show that morphine is more
efficacious in males in a variety of pre-clinical anti-nociception models. These include; inflammatory
models (Loyd et al., 2008, Wang et al., 2006), visceral models (Ji et al., 2006, Neelakantan et al., 2015),
tail-flick (Kepler et al., 1989, Kest et al., 1999), and hotplate assays (Cicero et al., 1997, Posillico et al.,
2015). In humans, the existence of sex differences in u receptor analgesia is controversial, with some
reports stating no sex difference (Bijur et al., 2008, Niesters et al., 2010) and others show morphine is
less efficacious in females than males (Cepeda et al., 2003).

With sexes combined morphine produced potent anti-nociception from 15 - 90 min and 120
min post-administration for the 5 and 10 mg/kg/i.p. doses. Kurkinol had an early onset at 15 min, while
the anti-nociceptive duration was only 45 min for both 2.5 and 5 mg/kg/i.p. doses. The 5 mg/kg/i.p.
kurkinorin induced strong anti-nociception from 15 — 60 min, this was extended to 90 min at the 10
mg/kg/i.p. dose. As in the tail-flick assay, the duration of action is reduced in the kurkinol and
kurkinorin treated mice compared to morphine (Table 3.4 and 3.6). However, the duration of action
is still significantly increased compared to Sal A which has shown to induce no increase in hotplate
latency in rats at 10 mg/kg/i.p. (Wang et al., 2008) and a 30 min duration of action in mice at a 2
mg/kg/i.p. dose (Kivell lab unpublished data). The anti-nociceptive effects were shown to occur
through the U receptor as 24 hr pre-treatment with B-FNA (to avoid transient k receptor agonism
following acute administration) reduced the anti-nociception. However, the effects were not fully
reduced by this dose of B-FNA. While some papers have shown that 2 - 10 mg/kg/i.p is able to reverse
the effects of morphine in the tail flick assay (Zagon et al., 1985, 19869), the doses used can be as high
as 40 mg/kg. Unfortunately, we did not have access to this amount of B-FNA and could not realistically
afford to purchase the volume required for this dose. However, we did have access to the u receptor
 mice. To ensure the effects were mediated by this receptor we also conducted the experiment in
this mouse line resulting in the complete ablation of anti-nociception with all p receptor agonists in
the W receptor”’” mice.
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Table 3.5 Summary of Main Effects of Sex on the Anti-Nociceptive Effects of Kurkinol and Kurkinorin

=0.009

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

=0.0035

>0.9999

>0.9999

Q= Female
d = Male

n.d = not determined

n.d

>0.9999

>0.9999

>0.9999

>0.9999



3.4.3. The Effect of G-protein Bias in Anti-Nociceptive Potency and
Tolerance in Chemotherapy-Induced Neuropathic Pain

3.4.3.1. Induction Phase
The CINP model is a well-established model of neuropathic pain both in the literature and

Kivell lab. It is a non-surgical method of inducing neuropathic pain with reproducible induction of
mechanical and cold allodynia. The disease phenotype in rodents closely mimics the peripheral
sensitivity seen in humans where a ‘glove and stocking’ distribution in the hands and feet is
predominant (Starobova et al., 2017), allowing a good translation from rodents to humans. During the
induction phase of CINP male and female mice show no difference in the induction of mechanical
allodynia, as was found here. Unlike mechanical allodynia, a sex difference is commonly observed with
the induction of cold allodynia (Naji-Esfahani et al., 2016, Wang et al., 2018, Kivell Lab Unpublished
data). While a visual trend of increased sensitivity can be seen in the female mice, a statistically

significant difference was not observed for cold allodynia (Table 3.5).

3.4.3.2. Acute Phase
In the acute phase the dose response effects of kurkinol and kurkinorin were compared to

morphine and gabapentin, a first line non-opioid analgesic for chronic pain (Attal et al., 2010). The
dose response measurements for mechanical allodynia showed that the sex did not influence their
potency. Overall the combined potency revealed kurkinol was significantly more potent than
morphine and gabapentin, while kurkinorin was equipotent with morphine (Table 3.4 and 3.6).
Interestingly kurkinorin was 1.4 fold more potent at alleviating cold allodynia in males (EDso= 10.17
mg/kg/s.c.) than females (EDso = 14.62 mg/kg/s.c.), this is consistent with previous literature stating
higher doses of | receptor agonists are required to produce equivalent anti-nociception in female
rodents (Barrett et al., 2002, Collins et al., 2016). However, no such difference was found for morphine
or kurkinol (Table 3.5). The overall pattern of anti-nociception to cold allodynia was the same as seen
with mechanical allodynia; kurkinol was more potent, while kurkinorin was equipotent with morphine
and less potent than gabapentin. Again, the potency of kurkinol and kurkinorin fit with the theory of
biased agonism, with reduced B-arrestin2 recruitment associated with increased potency (Bohn et al.,
2000, Bohn et al., 1999). In the hot water tail-flick assay the EDso dose of morphine and kurkinorin is
significantly lower than what was required to induce the same response in the CINP model. This is a
phenomenon that has been previously documented in the CCl model of neuropathic pain with both
10 and 30 mg/kg mg/kg/s.c. morphine having reduced effects compared to sham animals. Indicating
that in an environment of abnormal nociception and neuronal hyperexcitability larger doses are
required to overcome this damage (Ochiai et al., 2016). Despite this fact, the dose of gabapentin
required to alleviate mechanical and cold allodynia is significantly lower than what is required in
humans (1200 — 3600 mg/day) and what is published in CCl models of neuropathic pain, with effective

doses ranging from 17.9 - 100 mg/kg (Atwal et al., 2019, Gao et al., 2019, Li et al., 2019, Zulazmi et al.,
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2015). To date the only published data on gabapentin in the paclitaxel-induced neuropathic pain
model has used an i.c.v dose of 100 pug/mouse, making the extrapolation to i.p. injection difficult
(Juarez-Salinas et al., 2018). Overall indicating a lower dose of i.p. gabapentin is enough to induced

reliable anti-nociception in this model.

3.4.3.3. Chronic Phase
For the chronic phase of the CINP model animals continued in the same treatment group from

the acute phase, with the EDso dose determined from the male mechanical dose response
administered daily from day 17. Ideally, the dose of the drugs would have been administered at sex
specific EDgo doses, unfortunately, due to limitations in the supply of kurkinorin, the EDso from the
male mechanical dose response had to be used for all animals.

Over the 21 days of chronic administration, all compounds assed began to develop tolerance,
independent of sex, with no significant improvements for either kurkinol or kurkinorin. Effective anti-
nociception to mechanical allodynia was lost on day 33 for all compounds while tolerance to cold
allodynia developed on day 27 for morphine and gabapentin, day 33 for kurkinol and day 31 for
kurkinorin. The induction of tolerance to both mechanical and cold allodynia at the same rate as
morphine is an unexpected result as gabapentin showed no tolerance in CINP in rats (Mangaiarkkarasi
et al., 2015), other pre-clinical rodent models, and clinically in humans (Chu et al., 2011, Field et al.,
1997, Putzke et al., 2002). Previous work has shown that the target of gabapentin, the a26-1 subunit
of the voltage-gated Ca%* channel, is increased in the dorsal horn of the spinal cord following PTX
treatment, resulting in increased intracellular Ca®* and nociceptor hyperresponsiveness. The
mechanism of anti-nociception is therefore believed to be the regulation of atypical Ca?* signalling
(Xiao et al., 2007). Subsequent use of gabapentin in the Kivell Lab has shown no tolerance in the same
model of chronic pain, with the experimenter the only different variable. Together this suggests an
experimenter or environmental cause of the tolerance.

While the acute effects of kurkinol and kurkinorin line up with the theory of biased agonism
the chronic phase does not. Neither compound had any significant delay in the development of
tolerance to mechanical allodynia (day 33), while a slight increase in anti-nociceptive effects was seen
for cold allodynia (kurkinol; day 33, kurkinorin; day 31). This is in direct opposition to the hot water
tail-flick dose response tolerance assay where the degree of G-protein bias correlated to decreased
tolerance (Crowley et al., 2016). The difference between the models is the state of the pain pathways,
with the hot water dose response acting on an undamaged spinothalamic pain pathway. While PTX
treatment results in the loss of peripheral nerve fibres, demyelination, and dysregulated Ca?* signalling
in the peripheral nerves, DRG and dorsal horn of the spinal cord, as well as inflammation in the DRG
and dorsal horn of the spinal cord. This induces hyperexcitability of excitatory neurons within the
ventral lateral PAG and inhibition of inhibitory neurons to send faciliatory signals through the

spinothalamic pathway in response to thermal non-noxious and noxious stimuli (Li et al., 2017,
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Samineni et al., 2017, Xiao et al., 2011). Further dysregulation can be seen in the reorganisation of 166
brain regions, such that connections between the striatum and hindbrain, including key areas of pain
circuitry (e.g. PAG, parabrachial nucleus, raphe nucleus, and the trigeminal nerve) are increased. The
PAG also loses connections to limbic areas and increases the connections with the raphe (Ferris et al.,
2019). The full dysregulation of the pain pathways from the terminal ends of nociceptors to the
dysregulation of the descending pathway may override any benefits G-protein bias has in reducing
tolerance. Especially with regards to increases in Ca?* channels and signalling throughout the
descending pain pathway, as the inhibition of Ca?* channels is a key mechanism of | receptor agonists.
When B-arrestin2 is deleted from the system p receptor increase their coupling to VG Ca?* channels
to inhibit internalisation, but not the induction of cellular tolerance (Walwyn et al., 2007). It may also
be possible that the cellular mechanism of tolerance in the CINP model is dependent on GRK2-ERK1/2
mediated desensitisation of ion channels not receptor internalisation (Dang et al., 2009). Overall, this
indicates that decreased B-arrestin2 recruitment may not result in decreased anti-nociceptive

tolerance when used long-term for the treatment of chronic pain.
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Table 3.6 Summary of the Anti-Nociceptive Profiles of G-Protein Biased Mu Opioid Receptor Agonists

1.8- More potent than | Longer duration of Reduces phase | & Effective reversal Effective in SNL,
No tolerance [3-6]
2.8 [1] morphine [2-6] action [3, 4, 6] 1112, 6] [5] CCl, CINP [3, 4, 6]
0.5-1 | More potentthan | Longer durationof | Tolerance in SNL Reduces phase II o
n.d Effective in SNL [11]
[1, 7] morphine [8-10] action [8-10] [11] [12]
More potent than Same duration of
n.d n.d n.d n.d n.d
morphine [13] action [13]
3-4 More potent than Same duration of No tolerance [15,
n.d n.d n.d
[14, 15] morphine [15, 16] action [15, 16] 16]
More potent than same tolerance as Same effect as
n.d n.d n.d n.d
morphine [17] morphine [17] morphine [17]
Less potent than o . same tolerance as
3.23 Similar duration of Reduces phase | &
morphine [15, 18, . morphine [15, 18, n.d n.d
[15] action [15, 18, 19] Il [15, 18]
19] 19]
5.-55 | Similar potency to | Longer duration of
n.d n.d n.d n.d
[20] morphine [20, 21] action [20, 21]
40 - Similar potency to )
Longer duration of No tolerance [20,
102 morphine [20, 22, n.d n.d n.d

(20]

23]

action [20, 22]

22]




€1t

Contralateral; both

- 0.95 Reduced tolerance phases
Herkinorin n.a No effect [24] n.d n.d

[24] [25] Ipsilateral; no

effect [25]

Similar duration of

0.32 More potent than Reduced tolerance | Reduces phase | &

Kurkinorin action to morphine n.d Effective in CINP
[24] morphine [24] [24] Il [n.p]
[24]
shorter duration of
0.14 More potent than
Kurkinol action to morphine | No tolerance [26] n.d n.d Effective in CINP

[26] morphine [26]

[26]
Bias Factors reported as values > 1 are G-protein biased agonists, except for herkinorin, kurkinorin, and kurkinol where < 0 is G-protein biased

Abbreviations:

CCl = chronic constriction injury

CINP = chemotherapy induced neuropathic pain
n.a = not applicable

n.d = not determined

n.p. = not published

SNL = sciatic nerve ligation
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3.4.4. Limitations and Future Directions

A large source of variation in behavioural tests is the experimenter and environment, with
stress-induced anti-nociception the largest concern. This can be caused by a multitude of factors
including the environment, apparatus noise, scuffing/injection, and restraint required to perform the
assay. To mitigate these factors animals were habituated to the room, apparatus noise, scuffing, and
any restraint in the presence of white noise for a minimum of 3 days. One large, uncontrollable,
environmental change during this thesis was the movement to a new animal facility causing slight
differences in dose response tolerance EDso values in Wt littermate controls and decreased duration
of action in Wt from W receptor” breeding in the hotplate. The same trend occurred at each facility,
indicating the results are a true representation of the drug’s effects.

In the initial stages of this thesis, the behavioural effects of morphine and kurkinol were only
assessed in male C57BL/6J mice. This includes the dose response tolerance hot water tail-flick assay,
which was used to inform the doses in subsequent pain and side effect assays. Due to the known sex
differences of u receptor agonists in preclinical rodent models of anti-nociception, it would have been
beneficial to also assess the dose response effects in female C57BL/6J mice (Cicero et al., 1997, Kepler
etal., 1989, Kest et al., 1999, Posillico et al., 2015). In the paclitaxel experiment, both male and female
mice were assed, but the same dose of drug was administered to both male and female mice, despite
the shown sex differences. This may have skewed the tolerance data, in future running these
behavioural assays at a sex specific dose will show if decreases in duration of action in the hotplate
assay are overcome at an equivalent, sex specific, dose and if tolerance differs between sexes.

The measurements for hot water tail-flick, hotplate, and acetone in the CINP model are all
reliant on the reaction time of the experimenter to determine when pain behaviour occurs or is
terminated. To reduce these effects, baseline measurements are taken to normalise to both
experimenter reaction time and nociceptive threshold of each animal. The implementation of an
apparatus with an automatic stop when pain behaviours occur, such as the IITC tail-flick analgesia
meter that stops when a beam break occurs, would further improve accuracy. Thermal nociceptive
thresholds are also influenced by the temperature of the skin temperature at the area assessed (e.g.
tail, foot) and core temperature (Hole et al., 1993, Tjglsen et al., 1989) and were not controlled for in
these experiments. As morphine and other p receptor agonists are known to dose-dependently induce
hypo- and hyperthermia this could affect tail-flick latency, paw withdrawal, or shaking (Muraki et al.,
1987). In future, the monitoring tail or paw temperature would help control temperature thermal
measurements.

CINP is a simple, reproducible, and non-surgical method of inducing neuropathic pain with a
disease a progression and phenotype comparable to what occurs in humans. However, the rates are
not with 11 — 87 % of patients treated with PTX developing neuropathic pain compared to 100 % of

rodents (Banach et al., 2016, Zajgczkowska et al., 2019). High rodent induction rates are necessary to
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avoid unethical use of animals but comes at the expense of clinical translation due to slight variation
in the pathological process. Furthermore, the outcome measures are evoked by the VF filaments or
acetone. Where human disease typically presents as spontaneous, continuous, or paroxysmal pain
with low rates of mechanical (57%) and thermal (33%) hypersensitivity (Maier et al., 2010). Adding a
spontaneous measure of nociception to rodent models, such as mouse grimace scale (Langford et al.,
2010) or spontaneous burrowing (Andrews et al., 2012, Deacon, 2009), would improve the translation
of the model. Due to the complexity of the pathological processes leading to neuropathic pain multiple
models of pre-clinical neuropathic pain should be utilised. This could be a surgical model such as CCl
to the sciatic nerve or non-surgical model such as HIV-induced neuropathy where there are currently
few effective treatments (Phillips et al., 2010).

While the CINP pain model was conducted in both sexes, the decision was made to use one
dose, the male mechanical EDso, to simplify the daily experimental procedure. Given no significant
interaction of sex and potency implies a relative dose for both sexes were used. Further, the absence
of sex differences in the chronic phase indicates no overall impact on the integrity of the experiment.
As already mentioned, this experiment was run at the EDsp dose rather than the EDgp as the volume of
kurkinorin required for the EDso was not available. In future, this experiment should be repeated using
the EDgo doses. Repeating CINP in B-arr2”- mice would also allow the role of B-arrestin2 in anti-
nociceptive tolerance to be investigated further, as both kurkinorin and kurkinol had no improvements
compared to morphine.

Throughout this thesis, a large volume of tissue was collected from the tail-flick dose response
and CINP experiments. This includes: the L4-L6 spinal cord of B-arr2”- mice from the dose response
tolerance tail-flick assay and the L4-L6 spinal cord, DRG, left sciatic nerve, and the PAG from CINP. In
future immunohistochemistry (IHC) can be used to assess the level u receptor localisation and
expression within the L4-L6 spinal cords of B-arr2”- and Wt littermate controls and C57BL/6L mice
from the tail-flick and CINP experiments will allow the correlation to tolerance to be assessed in both
models. Further, Co-labelling of the VG-Ca?* channels and p receptor would allow the evaluation of
both mechanisms of cellular tolerance to be assessed and potentially identify the mechanism through
which the different levels of tolerance are induced.

Furthermore, the spinal cord, DRG, and sciatic nerve could be used to investigate the PTX
disease progression. This could include markers of neuroinflammation such as Glial Fibrillary Acidic
Protein to assess astrocyte activation, ionized calcium binding adaptor molecule 1 for the activation
of microglia, and the infiltration of macrophages into the DRG with CD68. Furthermore, the cytokines
they release, including TNFa, IL-1B, and CCL2, are believed to play an important role in the peripheral
sensitisation that occurs with PTX treatment and can also be assessed via IHC. Other changes that
could be assessed is the altered localisation of ion channels within the periphery and spinal cord. With

the upregulation of the a28-1 subunit of the VG Ca?* channel, Na* channels NaV;; and NaVi¢ and
115



decreases in the TRAAK and TREK-1 potassium channels associated with the neuronal
hyperexcitability. While the level of axonal degradation in the sciatic nerve and DRG could be assessed
via transcription factor 3 and sterile alpha and TIR motif-containing protein 1 markers of neuronal
damage and black gold staining for the level of myelination. Any difference seen between PTX and

treatments providing information on pathogenesis and potential targets for phenotype reversal.
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Chapter 4. Side Effect Profile of Kurkinorin and
Kurkinol

4.1. Introduction

The small therapeutic window between the analgesic and on-target side effects of current p
receptor analgesics is a major limiting factor in the treatment of strong acute and chronic pain.
Especially considering this window is consistently reduced with the onset of analgesic tolerance. It is
well established that tolerance to side effects does not develop at the same rate as analgesic
tolerance, or at all (Martins et al., 2015). On-target side effects (i.e. side effects elicited through the
binding of the u receptor) can include; addiction (Compton et al.,, 2006), respiratory depression
(Martins et al., 2015), coordination impairment, sedation (Aubrun et al., 2001), constipation, urinary
retention, nausea, and vomiting (Ruan, 2007). The high abuse liability and addiction to prescription
opioids is a major contributor to the opioid crisis worldwide with respiratory depression being the
cause of death in opioid overdose cases (Marotta et al., 2018, Shipton et al., 2017, Vowles et al., 2015).
In this chapter, we aimed to investigate the effect that G-protein bias has on the side effect profile of
kurkinol and kurkinorin to determine whether G-protein bias was associated with improved side
effects. To evaluate this, we used the rotarod assay to assess motor coordination impairment, faecal
accumulation and the charcoal meal assay to assess the induction of constipation, urinary retention
with urine accumulation, and whole-body plethysmography to assess the induction of respiratory

depression.

4.1.1. Mu Opioid Receptor Expression and the Induction of on-target
Side Effects

The W receptor is widely located throughout the peripheral and central nervous system, in
areas associated with pain and other biological functions. It is this wide expression that results in the
induction of on-target side effects upon the systemic administration of u receptor agonists such as

morphine and fentanyl.

4.1.1.1. Central Nervous System

4.1.1.1.1. Locomotion
Morphine and other pu receptor agonists have dose dependent effects on locomotion in

rodents, with low doses causing hyperactivity and motor-coordination impairment (Cartmell et al.,
1991, Stone et al., 2014), while higher doses result in sedation (Stone et al., 2014). These effects are
postulated to occur via increases in dopamine and serotonin, alongside the activation of muscarinic
cholinergic receptors in the VTA (Di Chiara et al., 1988a, Tao et al., 1994, Wasserman et al., 2013). The
dopamine increase is caused by the inhibition of GABAergic interneurons, disinhibiting the

dopaminergic neurons, and increasing dopamine release in the ventral and dorsal striatum (Di Chiara
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et al., 1988a, b) (Table 4.1). The selective activation of post-synaptic dopamine D1, D2, and D3
receptors is believed to induce the dose dependent locomotor effects, with the D1 and D2 receptors
increasing locomotion while D3 receptor activation inhibits locomotion (Missale et al., 1998).
Interestingly, morphine induces the same level of dopamine release in the striatum of B-arr2”" mice
and Wt littermate controls, while spontaneous locomotion is reduced in the open field test (Bohn et
al., 2003). This indicates that it may not be the p receptor recruitment of B-arrestin2 that is responsible

for the induction of motor coordination deficits following morphine administration.

Table 4.1 Mu Opioid Receptor Location and Associated Side Effects

W receptor Location

Locomotion VTA[1-3]
ventral and dorsal striatum [3]
. Pons, medulla oblongata, LC, NTS, and ACC [4-7]
Respiratory ) .
. Carotid bodies [9]
Depression

Vagus nerve [10]

Submucosal and myenteric plexuses of the gastric antrum, ileum, and

Constipation .
P distal colon [7, 10-13]

Lymphocytes, monocytes, macrophages, granulocytes, splenocytes,

e astrocytes and microglia [14]

References:

1.Wasserman, et al. 2013.

2.Tao and Auerbach. 1994.

3.Di Chiara and Imperato. 1988.
4.Delfs, et al. 1994.

5.Mansour, et al. 1987.

6.Peckys and Landwehrmeyer. 1999.
7.Peng, et al. 2012.

8.Wharton, et al. 1980.
9.Lundberg, et al. 1979.
10.Bagnol, et al. 1997.
11.Gray, et al. 2006.

12.Lupp, et al. 2011.
13.Sternini, et al. 2004.
14.Machelska and Celik. 2020.

118



4.1.1.1.2. Respiratory depression
Under normal conditions, the respiratory pattern is set by the pre-Botzinger (inhalation) and

retro-trapezoid and parafacial respiratory group (RTN/pFRG) (exhalation) in the ventrolateral medulla
(Janczewski et al., 2006, Lumsden, 1923, Onimaru et al., 2003, Smith et al., 1991). However, they do
not act in complete isolation, with the pons, particularly the Kélliker-Fuse nucleus, LC, and PB, heavily
influencing respiratory rhythm (Rybak et al., 2004). p receptor are densely located throughout many
of the respiratory centres, including the pons, medulla oblongata, LC, NTS, and ACC (Delfs et al., 1994,
Mansour et al., 1987, Peckys et al., 1999, Peng et al., 2012) (Table 4.1). As well as in the carotid bodies
(Lundberg et al., 1979a, Wharton et al., 1980) and vagus nerve (Lundberg et al., 1979b) that aid in
sensing blood oxygen levels (Table 4.1).

The mechanism through which p receptor agonists induce respiratory depression is not fully
elucidated, with current evidence indicating the inhibition of the RTN/pFRG, Kélliker-Fuse nucleus,
NTS, and parabrachial nucleus as key areas. When DAMGO is applied to the pre-Botzinger complex in
isolation, neuronal excitability is decreased and the respiratory rate slows, indicating opioid sensitivity.
When both pre-Bétzinger complex and RTN/pFRG are included the respiratory rate is slowed and a
change in pattern occurs, with inhalation periodically skipped, known as a quantal pattern. This occurs
as the opioid insensitive RTN/pFRG continues to fire inducing exhalation and phasic excitatory signals
to the pre-Botzinger complex. However, opioid-induced hyperpolarisation of the pre-Botzinger
complex results in inconsistent firing and skipped inhalation (Mellen et al., 2003). i receptor agonists
further disrupt the respiratory pattern via the inhibition of the GABAergic neurons in the Kolliker-Fuse
nucleus causing a delay in the exchange between inspiration and expiration, increasing the cycle time
of a single breath (Dutschmann et al., 2006, Dutschmann et al., 2004). Furthermore, the microinjection
of DAMGO into this area decreases tidal volume in a GIRK dependent manner (Levitt et al., 2015). The
activation of u receptor in the NTS (Cerritelli et al., 2016, Zhang et al., 2011) and, the parabrachial
nucleus (Prkic et al., 2012) have also been implicated in opioid-induced respiratory depression (OIRD).

The role of B-arrestin2 in the OIRD is currently unclear. Initially, morphine was found to have
little effect on respiratory frequency in B-arr2”- mice (Raehal et al., 2005), however, these effects have
never been replicated. Multiple studies have since shown that novel p receptor G-protein biased
agonists have reduced OIRD pre-clinically in male C57BL/6 mice and Sprague Dawley rats (DeWire et
al., 2013, Manglik. et al., 2016, Schmid et al., 2017). Further independent studies of these same
compounds have more recently shown opposing effects in male C57BL/6 and CD1 mice and male
Sprague Dawley rats (Altarifi et al., 2017, Austin Zamarripa et al., 2018, Hill et al., 2018, Kudla et al.,
2019). With no clear role of B-arrestin2 in OIRD, the clinical utility of G-protein biased agonists is being

guestioned.
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4.1.1.2. Enteric nervous system
The induction of constipation is common with both acute and chronic administration of p

receptor analgesics. The u receptor is present throughout the enteric nervous system with high levels
found within the submucosal and myenteric plexuses of the gastric antrum, ileum, and distal colon of
dogs (Allescher et al., 1989), rats (Bagnol et al., 1997, Gray et al., 2006), Guinea pigs (Galligan et al.,
1991, Lay et al., 2016), and humans (Lupp et al., 2011, Peng et al., 2012, Sternini et al., 2004) (Table
4.1). The neurons of the myenteric plexus release neurotransmitters that induce the contractions
(Substance p and acetylcholine) and relaxation (ATP, nitrous oxide, vasoactive intestinal peptide) of
the longitudinal and circular muscles of the Gl tract (Roy et al., 1998, Thompson et al., 2014). While
the submucosal plexus contains secretomotor neurons that release acetylcholine and vasoactive
intestinal peptide to activate chloride channels on enterocytes, inducing osmosis of water into the gut
lumen (Brookes, 2001). When p receptor agonists are applied to this system Ca?* and Na* channels are
inhibited and GIRK channels activated, resulting in a decrease in the release of ATP, nitrous oxide, and
vasoactive intestinal peptide. Together, this functions to increase muscle tone and decrease
propulsion within the small intestine (Bauer et al., 1991, Morita et al., 1982, North et al., 1977, Smith
et al., 2012, Surprenant et al., 1990). While in submucosal neurons, pu receptor activation inhibits
acetylcholine and vasoactive intestinal peptide release, decreasing chloride and water movement into
the ileum to further induce constipation (Gaginella et al., 1983). u receptor-induced G.| effects are
abolished in p receptor”’ mice and can be reduced with the administration of peripherally restricted
U receptor antagonists such as methylnaltrexone (Roy et al., 1998, Thompson et al., 2014).

In B-arr2”- mice acute administration of morphine inhibiting smooth muscles contraction the
same extent in the small intestine and colon of B-arr2” mice as it does in Wt littermate controls
(Akbarali et al., 2014, Kang et al., 2012). Interestingly, faecal output was still increased in B-arr27- mice
compared to the Wt littermate controls (Raehal et al., 2005). The induction of tolerance to
constipation is well documented in the S.I of rodents (Goldstein et al., 1973, Paton, 1957, Rezvani et
al., 1983) and is also present in the ileum of B-arr2”" mice (Kang et al., 2012, Maguma et al., 2012).
Indicating different regulatory mechanisms in the development of tolerance between the small

intestine and colon with no dependence on B-arrestin2 recruitment.

4.1.1.3. Mu Opioid Receptor Expression on Immune Cells
u receptor mRNA and/or protein has been identified in multiple immune cell lineages,

including lymphocytes, monocytes, macrophages, granulocytes, splenocytes, astrocytes and microglia
(reviewed in Machelska et al., 2020) (Table 4.1). In chronic pain states, such as the CCl model in mice,
W receptor positive immune cells are increased and secrete endogenous opioids to aid in anti-
nociception (Celik et al., 2016). While chronic morphine treatment has been shown to induce the
secretion of CRF and Il-1f to induce the release of endogenous opioids causing anti-nociception (Cabot

et al., 1997, Schafer et al., 1996).
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In the periphery, there is evidence that immune cells expressing the W receptor play an anti-
nociceptive role in response to endogenous opioids. Systemic, chronic administration of u receptor
agonists results in the suppression of multiple immune cell populations and their functions. This
includes natural killer cells (Sacerdote et al., 1997, Yeager et al., 1995), decreased antibody production
(Taub et al., 1991), inhibited T cell response (Pellis et al., 1986), enhanced apoptosis (Singhal et al.,
1998, Yin et al., 1999), decreased phagocytosis (Rojavin et al., 1993, Tubaro et al., 1985), decreased IL-
1B, IL-2, TNF-a, IFN-y, and increased TGF-B1 and IL-10 production (Pacifici et al., 2000). The mass
inhibition of the innate and adaptive immune systems results in higher rates of infection in opioid
addicts, particularly HIV, hepatitis C, and pneumonia (Alter et al., 1999, Strathdee et al., 2010, Wiese
et al.,, 2019, 2018). The expression of u receptor on CNS immune cells, such as microglia and
astrocytes, has also been suggested to play a role in the development of hyperalgesia. For example,
chronic opioid administration has been correlated to an increase in the number of M2 reactive
microglia and pro-inflammatory markers (IL-1B, IL-6, and TNF-a) in the cerebral spinal fluid and spinal
cord tissue of male Sprague Dawley rats, resulting in peripheral sensitisation (Hutchinson et al., 2008,

Johnston et al., 2004).

4.1.2. Side Effect profiles of Pre-clinical G-protein biased agonists

There are many novel G-protein biased u receptor agonists being developed for the treatment
for chronic pain because of the reduced respiratory depression, constipation, and motor coordination
impairment seen in the B-arr2”" mice, leading to the hypothesis that G-protein biased agonists could
reduce the side effect profile of U receptor agonists (Bohn et al., 2003, Raehal et al., 2005). Clinically
available pu receptor agonists have also been screened to further investigate the role of G-protein
biased signalling has on the prevalence of side effects. This includes the identification of Loperamide
and Buprenorphine as G-protein biased agonists (refer to Chapter 5, Table 5.1) with overall
improvements in side effect profiles compared to morphine (Cowan et al., 1977, Dahan, 2006, Kuo et
al., 2015, Liles et al., 1992, Sadeque et al., 2000, Tan-No et al., 2003, Tompkins et al., 2014) (Table 4.3).

Two novel G-protein biased p receptor agonists with reduced side effect profiles are TRV130
and PZM21. Initially, these compounds showed improved locomotor, G.I, respiratory, and reduced
rewarding properties (DeWire et al., 2013, Manglik. et al., 2016). However, independent analyses have
indicated increased abuse liability, respiratory depression, and constipation (Altarifi et al., 2017,
Zamarripa et al., 2018, Hill et al., 2018, Kudla et al., 2019) (Table 4.3). This calls into question whether
signalling bias seen in cellular assays translates to clinical use. Despite this, many novel compounds
continue to be developed to probe the role of G-protein bias in the initiation of side effects, including
the SR- G-protein biased agonists that have potent anti-nociceptive effects with reduced respiratory
depression and abuse liability (Gillis et al., 2020a, Grim et al., 2020, Schmid et al., 2017, Schwienteck
et al., 2019) (Table 5.3).
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4.1.3. Side Effects of Kurkinorin and Herkinorin

The side effect profiles for herkinorin and kurkinorin have been partially investigated. This has
revealed no reduction in core temperature, significantly decreased rewarding effects in the
conditioned place preference assay and limited motor coordination impairment previously conducted
in the Kivell lab by Dr Kelly Paton and Nirajomhoan Shivaperumal (Crowley et al., 2016) (Table 4.3).
While the lack of on-target effects of herkinorin is most likely due to the poor brain penetrance, the
improved side effect profile of kurkinorin is believed to be due to reduced B-arrestin2 recruitment, as
seen by a relative decrease in potency in the PathHunter assay compared to the level of cAMP
inhibition it the HitHunter assay. Further assessment of other on-target side effects is required to fully
understand the role of B-arrestin2 recruitment on the side effect profile of kurkinorin and kurkinol,

and the potential effect that co-activation of k receptor may play.
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4.2. Aims & hypothesis

The theory of biased agonism at the u receptor promises to create pharmacotherapies with
improved analgesic effects and reduced side effects, thus increasing the therapeutic window. In this
chapter, we investigate the role of B-arrestin2 recruitment in side effect induction using the novel
agonists, kurkinorin and kurkinol. We therefore assessed the induction of motor coordination
impairment, gastrointestinal inhibition, and respiratory depression in pre-clinical behavioural models
in C57BL/6J and B-arr2”" mice. In line with the theory of biased agonism, kurkinol was hypothesised
to show an improvement in therapeutic window, with a moderate improvement for kurkinorin. We
further hypothesised the global deletion of B-arrestin2 would further decrease any side effects

present.

Aims;

1. Evaluate the effects of kurkinol on motor coordination in male and female C57BL/6J mice

using the accelerating rotarod assay.

2. Determine the impact of G-protein bias on the G.I and urinary systems using the faecal
accumulation, charcoal meal, and urinary retention assays in male and female C57BL/6J mice

and B-arr2” mice.

3. Examine the role of B-arrestin2 in the induction of respiratory depression using the novel p

receptor agonists kurkinol and kurkinorin in whole-body plethysmography using unrestrained

C57BL/6J and B-arr2”" mice.
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4.3. Results

4.3.1. Kurkinol has a Reduced Duration of Motor Coordination
Impairment

The induction of motor coordination impairment was assessed over 180 min utilising the
accelerating rotarod assay in both male and female mice after the administration of vehicle, morphine
or kurkinol. The higher 10 mg/kg/i.p. dose of morphine showed no significant differences in motor
coordination with the sex of the mice over time (F(a.223,4.838= 1.617, p = 0.199) (Fig 4.1 A, C). However,
the 5 mg/kg/i.p. dose of morphine was found to have a greater overall impact on male mice (F(1, 11.111)
= 4.834, p = 0.035, p = 0.011) (Fig 4.1 E). When the data from the male and female mice were
combined, morphine was found to impair motor coordination for the duration of the time course, with
dosing effects observed between 15 — 30 min (F (s.147, 93.946) = 14.695, p < 0.0001, p < 0.05) (Fig. 4.1 G).
In comparison, no effect of sex was seen following kurkinol administration in relation to time (Fs.s21,
s.242) = 0.608, p = 0.443) or a simple main effect (F(2,3.342) = 1.137, p = 0.333) (Fig 4.1 B, D, H). A shorter
duration of impaired motor coordination was seen following kurkinol administration than what was
observed with morphine when data obtained from both sexes were combined, with decreases
observed between 15 and 60 min following 2.5 mg/kg/i.p. and up to 90 min at the 5 mg/kg/i.p. dose
(Fs.612, 120.997) = 23.030, p < 0.0001, p < 0.05) (Fig. 4.1 F).

The data obtained from male and female mice AUC analysis was then combined to assess the
overall effect and allow the direct comparison of the two compounds. In doing this, a 21%
improvement in the overall anti-nociception was seen following kurkinol (5 mg/kg/i.p.) administration
to the equivalent dose of morphine (10 mg/kg/i.p., p = 0.0043), with no difference between with the
lower dose (F (4, 58) = 24.46, p < 0.0001, , p = 0.145) (Fig 4.2).
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Figure 4.1 Kurkinol Has a Shorter Duration of Motor Coordination Impairment

The induction of motor coordination impairment was assessed in male and female mice following
morphine (5 or 10 mg/kg/i.p.) or kurkinol (2.5 or 5 mg/kg/i.p.) administration. (A, B) Time course of
motor coordination impairment in males. (C, D) Time course of motor coordination impairment in
females. (E) Combining the sexes revealed impaired coordination over the 180 min time course with
morphine (5 and 10 mg/kg/I.p.). (F) While kurkinol only had reduced effects compared to 60 and 90
min at the 2.5 mg/kg/i.p. and 5 mg/kg/i.p. doses respectively. (G) Overall males were more impaired
at 5 mg/kg/i.p. (H) While sex did not affect kurkinol induction of motor coordination impairment.
Three-way mixed ANOVA with Bonferroni multiple corrections. *p<0.05, **p<0.01, ****p<0.0001
compared to vehicle, ###p<0.001, ####p<0.0001 EDsocompared to EDsodose. N; males =7, females =

5-6. Data presented as a percent of the baseline. Doses in brackets in mg/kg/i.p.
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Figure 4.2 Kurkinol Induces Less Motor Coordination Impairment

When data from male and female mice were combined a significant improvement in AUC was seen
following kurkinol (5 mg/kg/i.p.) administration and the equivalent dose of morphine (10 mg/kg/i.p.).
One-way ANOVA with Bonferroni multiple corrections ***p<0.001, ****p<0.0001 compared to

vehicle, ##p<0.01, compared to morphine. N; males =7, females = 5-6. Doses in brackets in mg/kg/i.p.
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4.3.2. Gastrointestinal Effects of Kurkinol and Kurkinorin

Constipation is the most common side effect of chronic opioid use, occurring in >50% of
patients. Here we assess the ability of kurkinol and kurkinorin to inhibit G.I utilising both the faecal

accumulation assay (overall G.I transit), and the charcoal meal assay (small intestine transit).

4.3.2.1. Increased G-protein Recruitment Does Not Correlate to Decreased
Faecal Accumulation
To assess the effect of our drugs on G.I transit in both male and female mice the total weight

of faeces produced over 6 hrs was measured.

The accumulation of faeces upon morphine administration was not affected by the sex of the
animals overall, or over time (main effect; F(, 0.043) = 0.509, p = 0.605, Over time; F(a.71,0.42) = 2.022, p
=0.083) (Fig. 4.3 A, D, J, K). However, a decrease in faecal production was identified between 1 -6 hr
when data obtained from male and female mice were combined (F(a.917,0.187) = 8.971, p < 0.0001, p <
0.05). Significant differences between the EDso and EDgo doses of morphine were also identified with
a 37% increase at 5 hr post-administration and 32% increase 6 hrs post-administration of the 5
mg/kg/i.p. dose compared to 10 mg/kg/i.p. (p < 0.01) (Fig. 4.3 G). Interestingly the more G-protein
biased drug, kurkinol, also reduced faecal production throughout the 1 - 6 hr at timepoints the EDg
anti-nociceptive dose (5 mg/kg/i.p). However, the EDso anti-nociceptive dose of 2.5 mg/kg/i.p. only
reduced faecal production in the mice at the 4 hr time point (Fs 360, 0.115) = 4.372, p = 0.001, p < 0.05)
(Fig. 4.3 H). This effect was found to be independent of sex, both over time (Fs.360, 0.016) = 0.601, p =
0.811) and as a simple main effect (F(,0.135) = 1.452, p = 0.248) (Fig 4.3 B, E, J, K). As with morphine and
kurkinol, the reduced G.I transit in response to kurkinorin was found to be independent of sex over
time (F(6.152, 0.038) = 1.316, p = 0.24) and as a main effect (F(, 0.007) = 1.049, p = 0.361) (Fig 4.3 C, F, J, K).
When the data from male and female mice were combined a similar pattern was identified than with
the EDgo anti-nociceptive dose (10 mg/kg/i.p.) reducing the faecal accumulation between 1 — 6 hr,
while the EDspanti-nociceptive dose (5 mg/kg/i.p.) only showing a significant reduction at the 3 hr time
point (Fs.152,0.118 = 4.073, p = 0.001, p < 0.05) (Fig. 4.3 1).

The cumulative weight of faeces over the 6 hr period was then used to assess the overall
reduction in G.I transit and to directly compare treatments. This identified significant reductions in
total faeces production with morphine, kurkinorin (10 mg/kg/i.p.), and kurkinol (5 mg/kg/i.p.)
compared to the vehicle-treated mice (F, 90 = 8.83, p < 0.0001, p < 0.05). While at the EDso dose, only
morphine showed a significant transit impairment (p = 0.0178), while the faecal output of kurkinol

and kurkinorin treated animals was not significantly different to the vehicle (p > 0.05) (Fig. 4.3 L).
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Figure 4.3 Sex Does Not Affect the Overall Accumulation of Feces

Kurkinol (2.5)

Female

(A-C) Faecal accumulation in males treated with morphine, kurkinol, or kurkinorin. (D-F) Faecal

accumulation in females treated with morphine, kurkinol, or kurkinorin. (G) When the sexes were

combined morphine (10 & 5 mg/kg/i.p.) induced significant constipation at both doses administered.

(H) While kurkinol only induced an effect 5 mg/kg/i.p., (1) as did kurkinorin. (J, K). (L) Total weight of

accumulated faeces at the EDso and EDso doses shows no interaction of sex and treatment. (A-J) Three-

way mixed ANOVA or (L) One-way repeated measures ANOVA with Bonferroni multiple corrections

test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle, #p<0.05, ##p<0.01,

##1#t#0<0.0001 compared to EDgo dose. Doses in brackets in mg/kg/i.p.
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4.3.2.2. Kurkinorin Does Not Significantly Alter Transit Through the Small

Intestine
Due to the differential control of the large and small intestine we also chose to directly assess

the effect of morphine (5 or 10 mg/kg/i.p.), kurkinol (2.5 or 5 mg/kg/i.p.), and kurkinorin (5 or 10
mg/kg/i.p.) on the transit through the S.I using the charcoal meal assay (Fig. 4.4).

In doing this we found that morphine, kurkinol, and kurkinorin were all unaffected by the sex
of the mice (EDso: F(3, 54 = 2.85, p = 0.045, EDso: F3,53 = 0.73, p = 0.533, p > 0.9999) (Fig 4.4 A). When
the data from male and female mice were combined, morphine and kurkinol were found to
significantly reduce the S.I transit at their respective EDsgp doses. With a 62% reduction following
morphine (10 mg/kg/i.p.) administration while kurkinol (5 mg/kg/i.p.) reduced transit by 46%
compared to vehicle-treated mice (p < 0.0001). Interestingly, the EDgy dose of kurkinorin (10
mg/kg/i.p.) only produced a 23% reduction in transit with no significant difference identified to the
vehicle-treated mice (Fs, 95y = 12.19, p <0.0001, p = 0.1354). The induction of S.l inhibition was rescued
at the EDso dose of both kurkinol (2.5 mg/kg/i.p.), with the decrease in transit reduced to only 16%
less than that of vehicle-treated animals. Once again, kurkinorin produced a 23% reduction in S.|
transit with no difference to vehicle-treated animals at the EDsp anti-nociceptive dose (5 mg/kg/i.p.).
Morphine (5 mg/kg/i.p.) was the only drug that inhibited S.I transit at the EDsp anti-nociceptive dose,
with a 37% reduction compared to vehicle-treated control mice (p = 0.0003) (Fig. 4.4 B).

This experiment was then repeated in female B-arr2”- mice and Wt littermate controls to
assess the role of B-arrestin2 in S.I transit (Fig 4.4 C). The treatments were again found to affect
intestinal transit in Wt mice (F(7,35 = 11.25, p <0.0001). The absence of B-arrestin2 had no significant
effect on the transit of the S.I, with no differences identified between the genotypes with any drug (p
> 0.9999). However, kurkinorin showed no difference to vehicle controls in Wt mice but did induce a

significant impairment in the B-arr27- mice (p = 0.027), indicating greater constipation in this strain.
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Figure 4.4 Sex Does Not Play a Role in the Inhibition of the Small Intestine

The percent transit (% transit) of the charcoal meal through the small intestine was used to assess the
effects of sex and u receptor agonists on S.I inhibition. (A) The inhibition of small intestine transit after
administration of morphine (5 or 10 mg/kg/i.p.), kurkinol (5 or 2.5 mg/kg/i.p.), or kurkinorin (5 or 10
mg/kg/i.p.) was not impacted by sex. (B) When data male and female mice were combined morphine
at both (10 and 5 mg/kg/i.p.) significantly reduced transit, while kurkinol only had an effect at 5
mg/kg/i.p. Kurkinorin showed no reduction transit distance while showing improvement to morphine.
(C) The absence of S-arrestin2 did not alter transit through the small intestine with the administration
of the u receptor agonists. (A) Two-way or (B, C) One-way ANOVA with Bonferroni multiple corrections
tests, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle, ####p<0.0001 compared
to Morphine, "p<0.01 compared to EDso dose. Data are shown as mean + SEM (N = 6-10 males and

6-8 females per group). Doses in brackets in mg/kg/i.p.
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4.3.3. Urinary Retention was Not Induced by Kurkinol or Kurkinorin

Urinary retention is induced in 10 - 84% of patients receiving mu-opioids post-operatively and
often requires catheterization and longer hospital stays (Tomaszewski et al., 2014, Wroblewski et al.,
1980). This side effect was assessed in tandem with the faecal accumulation study. Urine samples
were collected every hour for 6 hrs post drug administration to assess the effects on urine production.

Over the 6 hr period assessed, the vehicle-treated control male mice were shown to produce
a significantly larger total volume of urine compared to their female counterparts. However, no sex
differences were identified following administration of the W receptor agonists (F(2, 1.295) =6.191, p
=0.005, p =0.002) (Fig. 4.5 J,K). When the data from male and female mice were combined morphine
was found to impair urine production for the first hour at the lower EDso dose, 5 mg/kg/i.p. and up to
4 hrs with the higher EDgo dose of 10 mg/kg/i.p. (F(6.859, 0.577) = 2.937, p = 0.008, p < 0.05) (Fig. 4.5
G). Neither of the G-protein biased drugs, kurkinol or kurkinorin, produced urinary retention in the
C57BL/6J mice over time (kurkinol; F(6.658, 0.211) = 1.457, p = 0.186, kurkinorin; F(7.051, 0.0050) =
0.596, p = 0.758) (Fig 4.5 H, J). When the data from male and female mice were combined, an AUC
analysis was performed to allow direct comparisons to be made between the ability of morphine,
kurkinol, and kurkinorin to induce urinary retention. This data confirmed that no drug had a significant

effect on urinary retention (Fig. 4.5 L).
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Figure 4.5 Morphine Reduces Urine Output in C57BL/6J Mice

(A-C) Time course effects of morphine, kurkinol, and kurkinorin in males (D-F) Time course effects of
morphine, kurkinol, and kurkinorin in females. (G) Morphine (10 mg/kg/i.p) decreased urine output at
2 and 4 hr, with a significant dose effect at 4 hrs. (H, 1) Kurkinorin and kurkinol did not affect urine
output. (J, K) Only the vehicle showed a main effect of sex on urinary output. (L) Analysis of the total
urine produced for each treatment over 6 hrs showed no significant difference compared to vehicle.
(A-K) Three-way mixed ANOVA with Bonferroni multiple corrections test, *p<0.05, ****p<0.0001
compared to vehicle, #p<0.05 compared to EDg, dose. (L) One-way repeated measures ANOVA with
Bonferroni multiple corrections test, ***p<0.001 male compared to female. Data are shown as mean
+ SEM (N = 6-8 males and 6-8 females per group). Doses in brackets in mg/kg/i.p.
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4.3.4. Respiratory Depression in C57BL/6J and B-arrestin2 Knockout

Mice
To assess the respiratory effects of kurkinol and kurkinorin on respiratory depression whole-
body plethysmography in unrestrained mice was performed in male and female C57BI/6J mice. The
respiratory frequency, tidal volume (V1) (volume of air taken in a single respiratory cycle), and minute
volume (Vmin) (total volume of air over a minute) were then calculated from the raw trace and Three-

way mixed ANOVAs with Bonferroni multiple corrections used to assess treatment and sex over time.

4.3.4.1. Kurkinorin Only Induces Respiratory Depression in Female C57BL/6)
Mice

Kurkinol induced potent reductions in respiratory frequency between 5 — 60 min, while
morphine had a delayed onset with reductions seen between 15 - 60 min (F21,0.120) = 3.922, p < 0.0001,
p < 0.05) (Fig 4.6 C). This effect was independent of sex, with no differences identified at any time
point (F21,0.052)= 1.716, p =0.027, p > 0.05) (Fig. 4.6 A, B). The sex of the mice also did not interact with
kurkinol or morphine to affect Vr over time (F(11.392,0377) = 1.754, p = 0.063) (Fig. 4.6 C, D). However,
the treatments did influence Vr irrespective of sex, with morphine producing a stable decrease in tidal
volume from 10 - 60 min while kurkinol had a slightly faster onset of action with effects observed from
5 min (F(11.329, 0.401) = 1.866, p = 0.045, p < 0.05) (Fig. 4.6 F). Decreases in the Vmin were also observed
with morphine at 10 min and between 40 — 60 min. Again, kurkinol had a faster onset with significant
decreases observed between 5 — 60 min (F(2.667, 0.76s) = 1.806, p = 0.038, p < 0.05) (Fig. 4.6 1). With
morphine and kurkinol having no significant differences in male and female mice in the Vmin over time
(Fr12.667,0.687) = 1.663, p = 0.073) (Fig. 4.6 G, H). The induction of respiratory depression by kurkinol was
shown to occur via the u receptor as pre-treatment with B-FNA (5 mg/kg/i.p., 24 hrs) reversed all
respiratory depression effects observed (p < 0.05) (Fig. 4.6 A-).

Initially, kurkinorin also appeared to produce respiratory depression, with a significant
decrease in frequency observed between 15 — 60 min (F(1, 0.135) = 4.439, p < 0.000, p < 0.05) (Fig. 4.7
C). With the sex of the animals not playing a role (F (21, 0.026) = 0.840, p = 0.670) (Fig. 4.7 A, B). An
effect sex on kurkinorin induced changes in Vrwas seen, with a significant decrease in Vrobserved
between 20 — 50 min in female, but not male mice (F(13.576,0.243) = 1.842, p = 0.036, p < 0.05) (Fig. 4.6 D,
E). Interestingly, when the data from male and female mice was combined, no significant decreases
in Vr were identified. Instead kurkinorin showed improvements compared to morphine from 5 — 20
min and 60 min following administration (F(13:s76, 0.202) = 2.229, p = 0.009, p < 0.05) (Fig. 4.7 F).
Improvements in Vmin was also observed following kurkinorin administration compared to morphine
from 5 — 10 min (F12.595,0.527) = 1.780, p = 0.03, p < 0.05) (Fig. 4.7 1), with no influence of sex (F(12.595, 0.290)
=0.902, p = 0.549) (Fig. 4.7 G, H). Once again, the respiratory effects of kurkinorin were shown to be
depended on the p receptor with pre-treatment of B-FNA (5 mg/kg/i.p.) reducing all respiratory
depressive effects (p < 0.05) (Fig. 4.7 A-).
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Other respiratory measures were also assessed after the administration of p receptor
agonists, including inspiration time, expiration time, total cycle time, and inspiratory volume
(Appendix 7.6). Analysis of this data revealed that morphine and kurkinol significantly altered all other
respiratory measures (Appendix Fig 7.4). While the expiration time and total cycle time were the only
other measures significantly altered following kurkinorin administration (Appendix Fig 7.5). No sex

differences were identified for any of the above measures.
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Figure 4.6 Kurkinol Induces Potent Respiratory Depression in Male and Female C57BL/6J Mice

(A-B) Sex and treatment interacted to affect respiratory frequency over time, however, no differences between sex s at a given time point were identified. (C)
Overall a significant impact on frequency was seen earlier with kurkinol. (D) Effect of kurkinol and morphine on Vrin males. (E) Effect of kurkinol and morphine
on Vrin females. (F) Kurkinol reduced Vr measurements between 5 - 60 min where morphine had a slower onset and showed effects from 10 -60 min. (G) Effect
of kurkinol and morphine on Vpmin in males. (H) Effect of kurkinol and morphine on Vin in females. (1) Kurkinol significantly decreased Vmin over the 60 min time
course, where morphine had a continuous reduction from 40 — 60 min. Three-way mixed ANOVA with Bonferroni multiple corrections test, *p<0.05, **p<0.01,
***¥p<0.001, ****p<0.0001 compared to vehicle, Ap<0.05, *p<0.01, " *p<0.001, " p<0.0001 compared to p-FNA pre-treatment. Data are shown as mean

+ SEM (N = 5-7 males and 5-6 females per group). Doses in brackets in mg/kg/i.p.
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Figure 4.7 Kurkinorin Produces Greater Respiratory Depression in Female C57BL/6J Mice

(A) Effect of kurkinorin and morphine on frequency in male mice. (B) Effect of kurkinorin and morphine on respiratory frequency in female mice. (C) A significant
impact on frequency was seen from 15 — 60 min with kurkinorin and morphine. (D-E) Kurkinorin induced a greater reduction in Vr between 20 — 50 min in
female mice. (F) Overall kurkinorin did not affect Vr where morphine showed reductions between 10 -60 min. (G) Effect of kurkinorin and morphine on Vi, in
males. (H) Effect of kurkinorin and morphine on Vi, in females. (1) Kurkinorin significantly decreased Vmin at 40 min, where morphine continuous reductions
from 40 — 60 min. Three-way mixed ANOVA with Bonferroni multiple corrections test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle,
#p<0.05, ##p<0.01, ###p<0.001 compared to morphine, *p<0.05, " p<0.01, A" *"p<0.0001 compared to f-FNA pre-treatment. Data are shown as mean + SEM

(N = 5-7 males and 5-6 females per group). Doses in brackets in mg/kg/i.p.



4.3.4.2. Respiratory Depression Occurs in B-arrestin2 Knockout Mice
The role of B-arrestin2 in OIRD was further investigated using whole-body plethysmography.

With respiratory frequency, Vr, and Vmin evaluated following administration of morphine, kurkinol, or
kurkinorin in male B-arr2”- mice and Wt littermate controls. Before statistical analysis, vehicle-treated
mice from both genotypes were compared. With no significant differences observed between B-arr2-
- and Wt mice for respiratory frequency, V1, or Vmin. Based on this data, all vehicle-treated mice were
combined (Fig 4.8, Fig 4.9) (Appendix 7.7).

Upon the administration of morphine and kurkinol, no significant change in respiratory
frequency was identified over time (morphine; F(16176) = 3.258, p = 0.0613, kurkinol; F(6 192) = 1.376, p
=0.1570) (Fig. 4.8 A, D). While kurkinorin was shown to significantly reduce the respiratory frequency
at 5 min and between 30 — 60 min for both genotypes, with an average decrease of 13% in the Wt
littermate controls and 15% decrease in the B-arr2” mice over the 60 min period assessed (Fs, 176) =
1.819, p = 0.0318, p < 0.05) (Fig 4.8 G). The V+ following the administration of morphine or kurkinol
was found to have no significant effect over time despite an average decrease of 23% and 13% from
vehicle-treated mice over the 60 min time course for morphine and kurkinol respectively (morphine;
Fiis, 168)= 1.252, p = 0.2342, kurkinol; Fs, 200)= 1.03, p = 0.4271) (Fig 4.8 B, E). Kurkinorin showed the
same effect in male B-arr2”" mice as it did in C57BL/6J mice, with no change in Vr over 60 min (Fs, 16)
=0.7791, p = 0.7076) (Fig 4.7 H). Despite an average decrease of 26% in Vmin over the 60 min period
assessed no statistically significant effect was identified following morphine administration (Fs, 1s4) =
0.9967, p = 0.4623) (Fig 4.8 C). Kurkinorin also showed no change over time as expected (Fs, 176) =
0.799, p = 0.6855) (Fig 4.8 1). On the other hand, kurkinol induced reduction in Vmin between 5 — 60
min, with an average decrease of 35% compared to the vehicle-treated mice. Interestingly, in the B-
arr2”- mice, a 29% decrease was observed at 40 min, while showing an average 42% improvement in
the Vmin reduction between 10 — 15 min compared to the Wt littermate controls (Fig 4.8 F). Other
respiratory measured assessed (inspiration time, expiration time, total cycle time, and inspiratory
volume) also showed no significant effect of genotype following morphine, kurkinol, or kurkinorin
administration (Appendix Fig 7.7).

Thus far, these results are inconclusive regarding the role of B-arrestin2 in the induction of
respiratory depression. This is largely due to the lack of statistical significance identified, due to low
group sizes. However, the data appears to show a non-significant trend towards reduced respiratory
depression following kurkinol administration in the absence of B-arrestin2, while morphine and
kurkinorin appear unaffected (Fig. 4.7). In order to further assess the mechanism of OIRD an AUC
analysis was performed to assess the main effect on the 3 respiratory measures. In doing so, we were
able to identify no effect of genotype on any morphine-induced changes respiratory measures
(frequency; F(, 22) =5.714, p = 0.0099, p > 0.05, V1, F(, 21y = 7.033, p = 0.0046, p > 0.05, Vimin; Fi2, 23) =
5.589, p = 0.0105, p < 0.05) (Fig 4.9 A, B, C). Similarly, the absence of B-arrestin2 did not alter the
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respiratory changes induced after the administration of kurkinol (respiratory frequency; Fz,22) =7.83,
p =0.0027, p > 0.05, V1; F2, 21) = 1.803, p = 0.1895, Vnmin; F2,22) = 1.302, p = 0.2922) (Fig. 4.9 G, H, 1).
While decreases in respiratory frequency and Vmin were not altered by genotype following kurkinol
administration (frequency; F2, 24y =6.714, p = 0.0048, p > 0.05, Vmin; (2,26) = 15.85, p < 0.0001) (Fig 4.9 D,
F), an effect was seen for Vr with an 11% improvement observed in the B-arr2”- mice (F(, 25 = 7.137, p
=0.0035, p < 0.05) (Fig 4.9 H). This result indicates that B-arrestin2 may play a role in OIRD of highly

selective and potent p receptor agonists such as kurkinol.
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Figure 4.8 f-arrestin2 Knock Out Mice Show a Small Statistical Inprovement in Respiratory Measures Following Kurkinol Administration

Whole-body Plethysmography was repeated in f-arr2”- mice and Wt littermate controls to further assess the role of p-arrestin2 in the induction of OIRD.
Morphine-induced a change in (A) respiratory frequency (B) Vr and (C) Vmin over time with no effect of genotype on any measure. (D) Kurkinol decreased the
respiratory frequency and (E) Vr to the same level in B-arr2”- mice and Wt littermate controls. (F) However, V.in was decreased to a greater extent in the Wt
mice which was partially rescued in the f-arr2” mice. (G) Kurkinorin induced reduced respiratory frequency over time, independent of the genotype. Neither
(H) Vror (I) Vmin were affected in Wt or S-arr2”- mice who received kurkinorin. Two-way repeated measures ANOVA with Bonferroni multiple corrections test,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to vehicle, p<0.01 compared to f-arr2”- mice. Data are shown as mean * SEM (N = 6-7 per group).

Doses in brackets in mg/kg/i.p.
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Figure 4.9 Kurkinol Induced Changes in Tidal Volume were Reduced in f-arrestin2 Knock Out Mice

AUC analysis was conducted on respiratory frequency, V1, and Vmin measurements to assess the overall
respiratory effects of morphine, kurkinol, and kurkinorin, and the role of f-arrestin2 in these effects.
(A) Respiratory frequency and (B) Vr were both decreased over the 60 min recording, with differences
between Wt and p-arr2”- mice. (C) Vmin was significantly reduced in the Wt but not S-arr2”" mice. (D)
kurkinol reduced the respiratory frequency independent of genotype, however, both (E) Vr and (F) Vimin
were rescued in the B-arr2”" mice. (G) Respiratory frequency was significantly decreased in both
genotypes upon administration of kurkinorin, with no significant changes in (H) Vr and (1) Vmi» across
the 60 min assessed. One-way Mixed ANOVA with Bonferroni multiple corrections test, *p<0.05,
**9<0.01, ****p<0.0001 compared to vehicle, "p<0.05 compared to B-arr2”- mice. Data are shown as

mean + SEM (N = 6-7 males per group). Doses in brackets in mg/kg/i.p.
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4.3.5. Kurkinorin has an Improved Side Effect Z-score in C57BL/6J Mice

Generation of the Z-scores was used to evaluate side effects following administration of
morphine, kurkinol, and kurkinorin. The directionality of the Z-scores indicates the level to which the
side effect is induced, with a value of > 0 indicating no difference to the vehicle and a value < 0
indicating a reduction compared to vehicle. In male mice, kurkinorin had improved rotarod, urinary
retention, and S.I transit scores, with an overall increase in side effect score (Z-score = -3.14) compared
to morphine (Z-score = -4.87) and kurkinol (Z-score = -4.24) confirming the improved safety profile of
this compound (Fig. 4.10 A). However, in female mice kurkinorin has a Z-score of -4.41, indicating the
same level of side effects are induced as following morphine (Z-score = -4.38) and kurkinol (Z-score =
-4.36) administration, reinforcing the sex differences of kurkinorin (Fig. 4.10 B). The Z-scores
generated from male and female data was then combined to assess the overall Z-scores. This revealed
that despite the induction of side effects in females, there was still an overall improvement in
conditioned place preference, S.I transit, rotarod, and tolerance to acetone in CINP following
kurkinorin administration (Fig. 4.10 C), with an improved side effect score (Z-score = -2.96) compared

to morphine (Z-score = -3.99) and kurkinol (Z-score = -3.59).
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Figure 4.10 Kurkinorin Has an Improved Z-score Profile Compared to Morphine

Kurkinol has a reduced side effect Z-score in (A) male mice and (C) when the sexes are combined. (B)
However, these side effects are produced to the same extent in female mice. Negative Z-scores indicate
strong side effect induction. Therefore, the closer to the centre of the radial plot the greater the

induction.
Abbreviations:

CPP = conditioned place preference
WBP = whole-body plethysmography
PTX = paclitaxel

G.l = gastrointestinal

S.1=small intestine
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4.4, Discussion

Currently, available u receptor agonists develop tolerance, an effect that limits the effective
treatment of chronic pain (Martins et al.,, 2015). The induction of dependence, addiction, and
respiratory depression are of concern due to high rates of opioid-induced overdose and increasing
illicit use of prescription opioids (Compton et al., 2006, Martins et al., 2015). Initial studies showed
these effects were reduced with the removal of B-arrestin2 (Bohn et al., 2000, Raehal et al., 2005).
However, this has not been replicated pharmacologically (Table 4.3) or in the B-arr2”" line. With G-
protein biased agonists, such as TRV130 and PZM21 still inducing respiratory depression and abuse
liability in preclinical behavioural assays (Altarifi et al., 2017, Austin Zamarripa et al., 2018, Hill et al.,
2018, Kudla et al., 2019). Moreover, the only other published work on the B-arr27-line found the same
level of constipation and respiratory depression as in Wt littermate controls (Kliewer et al., 2019,
2020). Therefore, we aimed to investigate the side effect profile of kurkinol and kurkinorin, novel

compounds with varying bias factors, in Wt C57BL/6J mice and B-arr2” mice.

4.4.1. Improved Motor Coordination of Kurkinol Not Correlated to G-

Protein Bias
The effect of G-protein bias on the induction of motor coordination impairment was assessed

using the accelerating rotarod assay. No effect of sex on motor coordination was observed for
kurkinol, however, morphine (5 mg/kg/i.p.) was shown to affect males more than females (Table 4.4).
When the sexes were combined, kurkinol induced the same level of motor coordination impairment
as morphine with a shorter duration of action (45 min vs 180 min). The reduced motor deficits
observed reflect the reduced duration of effects in the tail-flick assay. This indicates that the shorter
half-life is responsible for the reduced motor coordination impairment, not the G-protein bias.
Interestingly, previous work has shown that the less G-protein bias, kurkinorin, only induced
significant motor coordination impairments 15 min post-administration and had an overall
improvement compared to morphine in the same assay (Crowley et al., 2016) (Table 4.2). The
previously developed G-protein biased U receptor agonists buprenorphine and TRV130 have also both
been shown to induce motor coordination deficits to the same extent as morphine, with PZM21 the
only compound to no observable locomotor effects (open field in mice) (Table 4.3).

The data we have generated in this study and that from the literature suggests that G-protein
bias does not reduce the motor coordination impairment induced by u receptor activation and is in
direct opposition to what is stated under the theory of biased agonism. Moreover, it does not reflect
what has been shown in B-arr2”" mice (Bohn et al., 2003). In the original study by Bohn et al, (2003)
the measure of locomotion used was the open field assay, this assesses the induction of spontaneous
locomotion/hyperactivity. The number of beam breaks over 180 min following morphine (10

mg/kg/s.c.) administration was observed to be lower in the B-arr2”- mice compared to Wt littermate
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controls, with dose dependent decreases also observed at doses as high as 40 mg/kg/s.c.
Comparatively, the rotarod experiment is a measure of fine motor control and is, therefore, a more
sensitive measure. This may explain why our highly G-protein biased pu receptor agonist, kurkinol,
shows a strong reduction in fine motor control in the rotarod assay. Indicating that while an overall
reduction in spontaneous locomotion occurs, a severe deficit in fine motor control may be present.
Furthermore, the use of a global B-arr2”- mice mouse alters multiple GPCR signalling pathways,
particularly signalling through the dopamine receptors. Urs et al. (2011) investigated this potential
explanation for the decrease in spontaneous locomotion in B-arr2” mice. In doing so they were able
to show that the formation of B-arr2-ERK1/2 signalling complexes at the D1 receptor, but not the p
receptor, was impaired in the B-arr2”" mice (Urs et al., 2011). While more recently, the D2 receptor
has been shown to drive locomotor activity in the absence of G-protein signalling as measured in the
open field assay in mice, further indicating that the reduction in locomotion in the B-arr2” mice is due
to the action at the post-synaptic dopamine receptors (Donthamsetti et al., 2020). If true, u receptor
G-protein biased agonists would never elevate the locomotor and coordination impairment induced
by U receptor mediated dopamine release.

To fully elucidate the role of B-arrestin2 recruitment at the p receptor vs the D1, D2, and D3
receptors the level of fine motor coordination and spontaneous locomotion needs to be measured
with the selective knockdown of B-arrestin2 in the neuronal populations that express each receptor.
To achieve this a Cre mouse for each receptor would need to be generated and crossed with the floxed
B-arr2”f mouse line (Urs et al., 2016, Zhu et al., 2017) to generate neuronal-specific knockdown of B-

arrestin2.
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Table 4.2 Summary of the Side Effect Profiles of Kurkinol and Kurkinorin

Wt p-arr2” Wt **B-arr2””

5; 180 min 5;6 hrs 5; decreased 10; 5;1hr Reduced measures Reduced all High abuse

10; 180 min 10; 6 hrs 10; decreased | Decreased | 10; 1- 4 hrs of respiration measures liability
2.5; 60 min 2.5;4 hr 10; no effect 5; Reduced measures Low abuse

No change Improved Vr and Vmin

5; 90 min 5;6 hrs 5; decreased | Decreased of respiration liability

5;3hr 5; no effect 10; Reduced respiratory | Reduced respiratory Low abuse
10; 15 min* No change
10; 6 hrs 10; no effect | Decreased frequency frequency liability*

All doses in bold are presented in mg/kg/i.p.

All measures only presented for male mice to allow comparison to the *kurkinorin rotarod, **B-arr2”- whole-body plethysmography, and conditioned place

preference that have only been assessed in males.

*(Crowley et al., 2016)



4.4.2. Kurkinol and Kurkinorin Induce Gastrointestinal Inhibition

Constipation is the most common side effect in patients prescribed mu-opioids for chronic
pain and is one of the main reasons for discontinuation of pain medication (Webster, 2015). It is
therefore an important side effect to investigate when developing novel opioids pain medications. To
assess the effects of kurkinol and kurkinorin on G.| transit two assays were performed, the faecal
accumulation assay that assesses overall transit, and the charcoal meal assay that specifically
investigates transit through the S.1. Due to the nature of the separation of the faeces and urine in the
faecal accumulation assay, the induction of urinary retention was also assessed by simply collecting

both excrements every hour for 6 hrs.

4.4.2.1. Improvements in Small Intestine Transit are not Present in Overall
Transit
Sex was found to not affect faecal output over time, however, when sexes were combined

morphine, kurkinol, and kurkinorin all induced significant effects on faecal accumulation. Morphine (5
and 10 mg/kg/i.p.) induced a large reduction in faecal output. While kurkinol only reduced
accumulation at 5 mg/kg/i.p. Interestingly, it was again kurkinorin (5 and 10 mg/kg/i.p.) that showed
the most improved G.I side effect profile, with higher faecal output compared to the equivalent EDsg
and EDgo doses of morphine and kurkinol and no significant difference from the vehicle (Table 4.2).
Interestingly, the reduction in faecal accumulation lasted significantly longer than the anti-nociceptive
duration of action of all 3 compounds. This is due to the inhibition of gastric emptying and slowing of
reabsorption resulting in constipation for hours after the u receptor agonists anti-nociceptive effects
have dissipated.

This opposes our hypothesis that the more G-protein biased u receptor agonist, kurkinol,
would show the best side effect profile. When B-arr2”- mice were initially assessed in this assay by
Raehal et al. (2005) morphine was shown to have reduced impairment of faecal accumulation in -
arr2”- mice compared to Wt littermate controls. However, the only G-protein biased p receptor
agonist with reduced impact on G.I transit is TRV0109101 (Koblish et al.,, 2017), with PZM21,
buprenorphine, mitragynine-3, all showing severe inhibition of G.I transit. While TRV130 has been to
both induce and not induce in various mouse and rat models (Table 4.3). Furthermore, a recent
attempt to replicate the results of faecal accumulation in B-arr2”- found that morphine inhibited faecal
accumulation to an equal extent in both Wt and B-arr2”" mice, adding to the controversy around the
role of B-arrestin2 in G.l inhibition (Kliewer et al., 2020). This data is direct opposition to the original
findings, highlighting the requirement for repeating experiments in multiple laboratories. Our data in
the faecal accumulation assay appears to agree with the work of Kliewer et al. (2020), as our most G-
protein biased agonist, kurkinol induced the same level of G.I inhibition as morphine. These recent

findings have added to the controversy surrounding the role of B-arrestin2 in G.l inhibition.
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To further investigate i receptor induced constipation the charcoal meal assay was performed
to look at the S.I when the compounds have the maximum possible effect (30 min). Again, no effect
of sexon S.I transit was found, when the sexes were combined morphine (5 and 10 mg/kg/i.p.) induced
significant impairment, while kurkinol only induced slowed S.I transit at the 5 mg/kg/i.p dose (EDso
dose in anti-nociceptive assays). Once again, the biggest improvement was seen with kurkinorin (10
and 5 mg/kg/i.p.), with no reduction in G.| transit observed at both EDsg and EDsgo anti-nociceptive
doses (Table 4.2). B-arrestin2 has previously been shown to have no impact on the S.I transit upon
morphine administration, as no difference in transit was seen between B-arr2”- and Wt littermate
controls (Raehal et al., 2005). When this experiment was replicated in female B-arr2”/" and Wt
littermate controls this same response was seen with no change in transit induced by morphine and
kurkinol in the absence of B-arrestin. However, kurkinorin induced a stronger G.I inhibition in the B-
arr2”- mice indicating that B-arrestin2 may have a protective role in the induction of constipation in
the S.I. Another potential explanation for the absence of S.I transit inhibition with kurkinorin may be
latent k receptor activity, as traditional k receptor agonists such as U69,553 and U50,488H show little
to no effect on S.I transit (La Regina et al., 1988, Porreca et al., 1984). The disparity between the effects
on kurkinorin in the faecal accumulation and charcoal meal assays indicates that colonic transit may
be impaired by kurkinorin, as morphine and other opioids are known to impair colonic transit to a
greater extent (Ono et al., 2014, Raehal et al., 2005). This question can be easily answered in future

by running the glass bead expulsion assay.

4.4.2.2. The Mu Opioid Receptor Agonist Induced Urinary Retention is Limited in
C57BL/6J Mice
Opioids can also induce urinary retention resulting in the need for catheterisation causing

further discomfort and increased infection risk (Tomaszewski et al., 2014, Wroblewski et al., 1980).
The classical u receptor agonists morphine and DAMGO administered i.t into the lumbosacral spine
and i.c.v into the ventrolateral PAG of Sprague Dawley rats inhibits the spinobulbospinal pathway
resulting in decreased bladder contractions and volume evoked bladder emptying (Dray et al., 1984,
Matsumoto et al., 2004) in a naloxone sensitive manner (Igawa et al., 1993, Kontani et al., 1988). To
our knowledge, this is the first investigation into the effect of G-protein bias on urinary retention. Our
results have shown that in C57BL/6J mice pu receptor agonists have limited, sex independent, effects
on urinary output with only morphine (10 mg/kg/i.p.) having a significant effect. One of the few
urinary retention studies conducted in mice has shown urinary retention to i receptor agonists occurs
with chronic administration and is more prevalent in males (Shuey et al., 2007). Therefore, a single
dose may not be enough to induce urinary retention in mice, and a chronic dosing scheme and regular

measurement may be required to assess its induction.
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Table 4.3 Summary of the Side Effect Profiles of G-Protein Biased Mu Opioid Receptor Agonists

1.8- Equal to morphine Less than Less than Less than Less than
n.d
2.8 1] [2] morphine [3, 4] morphine [3, 4] morphine [3, 5, 6] morphine [6]
0.5-1 g Equal to morphine More than g Less than Equal to morphine
n. n.
[1,7] [8] morphine [8] morphine [9] [10]
Less than Less than Equal to morphine Less than
N.R n.d n.d
morphine [11] morphine [11] [11] morphine [11]
Less than Less than Less than
3-4 Equal to morphine | morphine [12, 13] 4 g morphine [12, 13] morphine [12, 13]
n. n.
(12, 13] (12, 13] Equal to morphine Greater than Equal to morphine
[14, 15] morphine [14, 15] [14]
Less than Less than
N.R n.d n.d n.d n.d
morphine [16] morphine [16]
Less than
3.23 Less than Less than Equal to morphine | Equal to morphine | morphine [13, 17] Less than
[15] morphine [13, 17] morphine [13, 17] [17] [13,17, 18] More than morphine [13]
morphine [18]
0.81- Equal to morphine
n.d n.d n.d n.d n.d

2.5[19]

(19]




SST

Less than Equal to morphine
SR-14968 5.1[19] n.d n.d n.d n.d
morphine [19, 20] [19]
SR-15908, 19,27 Less than
n.d n.d n.d n.d n.d
51099 [19] morphine [19]
40 - Less than Less than
SR-17018 n.d n.d n.d n.d
102 [19] morphine [21] morphine [19, 22]
0.95 Less than
Herkinorin n.d n.d n.d n.d n.d
[23, 24] morphine
0.32 Less than Less than Less than Less than
Kurkinorin n.d n.d
[23] morphine [23] morphine [23] morphine morphine
0.14 Less than Less than Less than
Kurkinol n.d Equal to morphine | Equal to morphine
[25] morphine morphine [n.p] morphine

n.d = not determine

n.p = not published
N.R = not reported

References:

. Burguenio, et al. 2017.

. Liles and Flecknell.

1992.

. Tompkins, et al. 2014.
. Cowan, et al. 1977.

.Kuo, et al. 2015.

1
2
3
4
5. Dahan. 2006.
6
7
8

. Thompson, et al. 2015.
. Yanagita, et al. 1979.

9. Sadeque, et al. 2000.
10. Tan-No, et al. 2003.

11. Véradi, et al. 2016.

12. DeWire, et al. 2013.
13. Manglik., et al. 2016.
14. Altarifi, et al. 2017.

15. Zamarripa, et al. 2018.
16. Koblish, et al. 2017.

17. Kudla, et al. 2019.

18. Hill, et al. 2018.

19. Schmid, et al. 2017.
20. Schwienteck, et al. 2019.

21. Grim, et al. 2020.
22. Gillis, et al. 2020.

23. Crowley, et al. 2016.
24. Lamb, et al. 2012.
25. Crowley, et al. 2020



4.4.3. Reduced pB-arrestin2 Recruitment Does Not Improve the
Respiratory Depressive Effects of Mu Opioid Receptor Agonists

The ability of kurkinol and kurkinorin to induce respiratory depression in male and female
C57BL/6J mice was assessed using whole-body plethysmography in unrestrained mice and the
respiratory frequency, Vr, and Vmi, assessed over 60 min. This allowed us to assess the induction of
acute respiratory depression and therefore the risk of death with overdosing. Due to this experimental
design, we were not able to figure out the duration of the respiratory depressive effects of our novel
compounds. This is also an important clinical measure to assess and a longer time course should be
performed in the future. To avoid the induction of artefacts induced by u receptor dependent
hyperactivity only the EDso dose of morphine (5 mg/kg/i.p.), kurkinol (2.5 mg/kg/i.p.), and kurkinorin
(5 mg/kg/i.p.) were assessed. To fully understand the respiratory depressive effects of G-protein
biased agonists repeating the experiment at higher, sedative dose would need to be performed.
Morphine and kurkinol both differently effected frequency in male and female mice over time.
However, no difference was found between sexes at a given time point. By increasing the number of
animals per group these effects may be teased apart.

Overall, morphine reduced respiratory frequency from 15 min, with a faster onset from 5 min
with kurkinol. Morphine and kurkinol did not show any further effect of sex on Vr and Vmin. Combining
the sexes revealed a faster onset of respiratory depression for both Vrand Vmin measures with kurkinol
(5 min) compared to morphine (10 min). Kurkinorin also significantly decreased respiratory frequency
in combined treatment groups from 15, with no effect of sex. A sex effect was observed with V1, with
only female mice more affected between 20 — 50 min (Table 4.4). However, when the sexes were
combined no overall decrease in Vy was observed, with significant improvements to morphine
between 5 —20 min and at 60 min. The increased respiratory depressive effects of L receptor agonists
in females has been well established in healthy human volunteers (Pleuvry et al., 1980, Sarton et al.,
2000). Its presence in only the kurkinorin treated animals is interesting, however, previous reports of
strain differences in the respiratory depressive effects of u receptor agonists in rodents may play a
part in this effect (Mohammed et al., 2013). Despite this, Vmin Was not differently affected by sex, with
a significant decrease seen at 40 min when data from both sexes were combined. The generation of
respiratory rhythm is the first respiratory change to occur in response to p receptor agonists. This
occurs via the inhibition of the pre-Botzinger complex and has been detected at sub-analgesic doses
(Lalley, 2003, Lumsden, 1923). Thus, indicating that the anti-nociceptive dose of kurkinorin induces
respiratory effects to a sub-analgesic level. To further assess the relationship between B-arrestin2
recruitment and OIRD the experiment was repeated in male B-arr2”" mice and their littermate
controls. Key research in the field of biased agonism had established a diminished depressive effect
on the respiratory frequency with morphine in B-arr2”- mice (Raehal et al., 2005). In opposition to this,

we identified no difference in the depression of respiratory frequency in either genotype.
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Furthermore, the V1 was not altered by removal of B-arrestin. Interestingly, minute volume was only
decreased in Wt mice, however, there was also no significant improvement in B-arr2”- mice. While
kurkinorin did not change in Vr and Vminin C57BL/6J mice, the reduction of respiratory frequency was
predicted to be reduced in the B-arr27- mice. As with morphine, no difference was identified indicating
B-arrestin2 does not play a role in OIRD. However, the highly potent and G-protein biased kurkinol
had an overall improvement in the V1 B-arr2” mice, while Vimin was only decreased in the Wt littermate
controls. The effects of morphine and kurkinol on the respiratory frequency and Vmi, are again in
opposition to the current interpretation of the in vivo role of B-arrestin.

This is not the first case of a reported G-protein biased agonists inducing significant OIRD, as
TRV130, PZM21, SR-11501, SR-14969, and SR-14968 all induce respiratory depression to the same
level as morphine and fentanyl (see Table 4.3). This prompted a more detailed investigation into the
role of B-arrestin2 in OIRD. When the c-terminal of the mouse p receptor was mutated to impair B-
arrestin2 recruitment to varying degrees, decreased [B-arrestin2 recruitment was correlated to
increased OIRD (Kliewer et al., 2019). Furthermore, the experiments assessing the respiratory
depressive effects of morphine in B-arr2”- has been repeated by 3 independent labs, in 3 countries,
with all finding morphine-induced respiratory depression to the same level in B-arr2”-and Wt mice
(Kliewer et al., 2020). The possibility that B-arrestin2 recruitment limits respiratory depressive effects
of U receptor agonists would explain the induction of respiratory depression by kurkinol and other G-

protein biased agonists (Table 4.3).
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Table 4.4 Effect of Sex in the Induction of Side Effects by Morphine, Kurkinol, and Kurkinorin

Morphine at the 5 mg/kg/i.p. produced more motor coordination impairment in males than in females.

>0.9999

>0.9999

>0.9999

=0.0002

>0.9999

>0.9999

>0.9999

=0.011

>0.9999

>0.9999

>0.9999

>0.9999

=0.002

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

>0.9999

Female mice produce significantly less urine over 6 hrs than male counterparts, but no interaction of treatment and sex was seen.

Kurkinorin induced a greater reduction in tidal volume in female mice compared to their male counterparts.

Q= Female

& =Male

>0.9999



4.4.4. Abuse Liability Is Lowered with G-Protein Biased Agonists

The abuse liability of u receptor agonists is one of the most important side effects to assess as
no novel agonists will be approved for human use without lower abuse potential than the currently
available therapeutic options. When the abuse liability of kurkinol and kurkinorin were assessed in
conditioned place preference assay neither kurkinol (5 mg/kg/i.p.) nor kurkinorin (5 and 10 mg/kg/i.p.)
induced a place preference for the drug paired chamber, indicating significantly lowered abuse
potential (Crowley et al., 2016, Kivell Lab unpublished data). Despite the often-repeated dogma that
biased agonism can provide novel analgesics with reduced abuse liability, the original work by Bohn
et al. (2003) showed morphine increases dopamine in the striatum of B-arr27" mice, correlating to
increased abuse liability compared to the Wt littermate controls. Similarly, the G-protein biased
agonist TRV130 did not receive FDA approval for human use after the initial application was submitted
in 2018 over concerns that the benefits did not outweigh the risks, including respiratory depression
and high abuse potential (Altarifi et al., 2017, Austin Zamarripa et al., 2018). While other compounds
such as PZM21, SR-14968, and buprenorphine all have reduced liability compared to current u
receptor analgesics they still show increases abuse liability compared to vehicle-treated mice in the
conditioned place preference assay (see Table 4.3).

Together this indicates B-arrestin2 is needed to limit dopamine release in the striatum and
therefore abuse liability. The lack of abuse liability of kurkinol and kurkinorin is therefore unexpected
but may be explained by potential binding and activation of k receptor. The k receptor is present
throughout the mesolimbic system causing aversion or reduced rewarding effects of other drugs that
increase dopamine within NAc (Bals-Kubik et al., 1993, Spanagel et al., 1992). Further, activation of
the k receptor system has been shown to have anti-addictive properties, with the selective agonism
of the k receptor able to block cocaine-induced conditioned place preference in rats (Crawford et al.,
1995, Mori et al., 2002) while also decreasing cocaine self-administration in rats (Glick et al., 1995,
Schenk et al., 1999) and monkeys (Mello et al., 1998). Moreover, the scaffold structure that kurkinol
and kurkinorin were derived from, Sal A, has been shown to reduce cocaine-primed reinstatement in
rats (Morani et al., 2009), while other k receptor Sal A analogues have also been shown to reduce
cocaine-primed reinstatement (Morani et al., 2013, Morani et al., 2012, Simonson et al., 2015).
Therefore, any latent k receptor activation within the mesolimbic system by | receptor selective Sal A
analogues, kurkinol and kurkinorin could negate the p receptor induced disinhibition of dopaminergic
neurons, limiting the abuse liability. To assess this the conditioned place preference experiment would
need to be run with nor-BNI pre-treatment, or assessment in k receptor 7 mice to assess whether

blocking k receptor results in increased abuse potential.
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4.4.5. Limitations and Future Directions

As with behavioural measures of anti-nociception, stress can also impact the presentation of
side effects. Stress can increase respiration (Isom et al., 1982, McGregor et al., 1994, Suess et al.,
1980), slow S.I transit, and increase colonic propulsion (Enck et al., 1989, Williams et al., 1988). To
mitigate these effects, mice in our studies were habituated to the experimental environment and
scuffing and restraint were performed for 3 days before experimentation. Whole-body
plethysmography habituations were extended to 2 weeks to ensure full relaxation under experimental
conditions.

An interesting finding from this study was the increase in respiratory measures following the
antagonism of the u receptor with B-FNA. Moreover, kurkinorin is strongly respiratory depressive in
females. This indicates that there may be an interaction between gender and biased agonism or
kurkinorin and the k receptor. The lack of interaction between the gender and degree of bias has not
been identified in any other behavioural profiles. Leading us to believe that there may be latent
selectivity for the k receptor as sex differences are well documented at this receptor and traditional k
receptor agonists have little to no effect on respiration while reversing the effects of u receptor
agonists (Castillo et al., 1986, Dosaka-Akita et al., 1993, Vankova et al., 1996). These sex differences
have been attributed to the interaction between the oestrogen receptor/oestrous cycle and the k
receptor. It has been shown that oestrogen-dependent sequestration of GRK2 leads to a decrease in
PERK levels, thus inhibiting anti-nociception but not side effects, reducing the therapeutic window
(Abraham et al.,, 2018). To investigate the role this receptor plays in the respiratory effects of
kurkinorin the whole-body plethysmography experiment should be performed following either pre-
treatment with the k receptor antagonist, nor-BNI, or using the k receptor knock out mouse line. If an
in vivo effect is seen with the absence of the k receptor the overall improvement in seen following
kurkinorin administration in the rotarod assay (motor coordination impairment) and charcoal meal
assay (S.l transit) should also be assessed.

Due to time and animal number limitations the role of B-arrestin2 in the induction of OIRD
was only assessed using male B-arr2” mice. However, as kurkinorin only showed significant
respiratory effects in female mice and not male future experiments in the B-arr2”- mice will therefore
be necessary to fully assess its role in the respiratory effects of kurkinorin. This should also be
conducted for morphine and kurkinol to fully investigate the role that B-arrestin2 has on the induction
of OIRD.

So far, the abuse liability of kurkinol and kurkinorin has only been assessed in the conditioned
place preference assay. This provides an idea of the abuse liability, but not whether the kurkinol or
kurkinorin would be self-administered and display abuse potential. To assess this further addiction
models, such as self-administration, drug discrimination, or the two-bottle choice would need to be

performed. While self-administration and the drug discrimination assay are approved by the Victoria
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University Animal Ethics Committee in rats, the volume of drug required was not available. In future,
either with the provision of larger drug volumes, these two experiments should be performed to fully
understand the abuse potential of kurkinol and kurkinorin. Furthermore, since the original abuse
liability and dependence of p receptor agonists were assessed in the B-arr2” mouse line these
experiments have not been replicated (Bohn et al., 2000, Bohn et al., 2003). Due to the recent work
from Gillis et al. (2020a) and our inability to replicate the reduction in OIRD the in these mice it is
important to reassess these assays.

Another behavioural measure that is reduced in both the B-arr2”- mice following the
administration of morphine and the G-protein biased agonists TRV130 and PZM21 is the open field
assay (DeWire et al., 2016, Kudla et al., 2019, Manglik et al., 2016). While we have shown that kurkinol
reduces fine motor movement in the rotarod assay, there may be an overall decrease in the level of
spontaneous locomotion, while kurkinorin may show an even greater reduction. Furthermore, the
role of B-arrestin2 at the W receptor is being questioned, with the global deletion of B-arrestin2 in the
knock out mice thought to change the signalling at the dopamine receptors resulting in the reduced
spontaneous locomotion in this assay (Donthamsetti et al., 2020, Urs et al., 2011). By assessing the
spontaneous locomotion in the B-arr2”- mice and following the selective knock down of B-arrestin2 at
the W receptor and the Dopamine D1 receptors to determine what receptor is responsible for these
effects. Moreover, this highlights the lack of selectivity and the poor translation that a global knock
out induces, calling into question the other data from the B-arr2”- mice. To directly assess the role of
B-arrestin2 signalling at the p receptor specifically a cre-flox system to selectively knock down [-
arrestin2 mice before the assessment of all behavioural measures assessed in this thesis. With the

anti-nociceptive potency, tolerance, and respiratory depressive measures the most important.
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Chapter 5. Cell Signalling Properties of Kurkinol and
Kurkinorin

5.1. Introduction
5.1.1. Biased Agonism at the Mu Opioid Receptor

The theory of biased agonism has dominated the field of opioid receptor research since its
role in the regulation of u receptor mediated anti-nociception and on-target side effects were
originally identified. With the theory of biased agonism applied to the p receptor in 1999, when it was
shown that the genetic knockdown of B-arrestin2 in mice caused an increase in anti-nociceptive
potency and a decrease in anti-nociceptive tolerance (Bohn et al., 1999). Since then other on-target
side effects such as respiratory depression, motor coordination, and constipation have been
associated with the recruitment of B-arrestin2 (Bohn et al., 2006, Raehal et al., 2011, Raehal et al.,
2005), and hundreds of novel p receptor agonists have been developed and screened for G-protein
bias. From these in vitro screens, many have progressed to in vivo testing. However, these compounds
have rarely resulted in marked improvements in side effects or translation into the clinical use (see
chapter 3, section 1.1 & chapter 4, section 1.1 for review). In the last 5 years, this has led many
researchers to question the methods utilised to question signalling bias and the control of
confounding factors that can influence bias. This includes the cell background, species of u receptor,
reference ligand, pathways assessed, the cellular and receptor modifications that some assays require
to measure pathway activation, and the different ways of calculating bias (Schattauer et al., 2017,
Stahl et al., 2019, Stahl et al., 2015, Thompson et al., 2016).

While there has been some consistency in the methods for calculating bias at the p receptor
the assays require either the addition of large tags to the receptor and signalling molecules which can
influence downstream signalling (DiscoverX PathHunter B-arrestin2 recruitment assay). While others
require large signal amplification (DiscoverX HitHunter cAMP inhibition assay) or only directly assess
receptor activation and not the level of pathway activation (GTPyS assay) biasing the outcome of the
calculations. The many ways to calculate bias are shown in Table 5.1, with the AALog(tKA) equation
for the determination of bias the most commonly utilised. It is also clear from this data that the bias
factors can still vary greatly for the same compound when different methods are used. This is most
clearly seen with morphine where bias switches from G-protein to B-arrestin2 when the method of
evaluating G-protein activation is altered (Ehrlich et al., 2019, Schmid et al., 2017, Thompson et al.,
2015). While a change in p receptor species switches fentanyl’s bias (Ehrlich et al., 2019, Schmid et al.,
2017) (Table 5.1). This suggests that data generation and application of bias calculation does not
mitigate all confounding factors influencing the outcome (Kenakin, 2019). Experimentally, the use of

a G-protein assay that requires high levels of artificial signal amplification compared to the B-arrestin2
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output, where little to no amplification occurs, known as system bias (e.g. cCAMP vs B-arrestin2
recruitment). Failure to differentiate the system bias from ligand bias can result in the identification
of false positive G-protein biased agonists (Lane et al., 2017, Michel et al., 2018, Onaran et al., 2017).
Ideally, bias should only be performed on natively expressed protein, and in the specific cell types that

are activated in vivo to ensure the correct identification of signalling bias.

5.1.2. Biased vs Low Efficacy Agonists

The lack of translatability at the u receptor has also led to the development of alternate
theories to explain the behavioural profiles of compounds previously determined as G-protein biased.
Over the last 3 years, the theory of relative intrinsic efficacy as the cellular mechanism for the
improved safety profiles of some u receptor agonists that were previously identified biased agonists.
Under this theory the traditional pharmacological and pharmacokinetic parameters of partial
agonism, or low efficacy agonists, at both G-protein and B-arrestin2 dependent signalling pathways
proposed as the mechanism.

Partial agonism and low efficacy agonists are well-established in the pharmacological
literature, having been identified and studied since the 1970s. However, both system bias of highly
amplifying G-protein assays and large receptor reserves in in vitro assays, where only a subset of
receptor activation is required to produce a maximal response, may have masked the partial agonism
at the pu receptor (Herenbrink et al., 2016, Kelly, 2013, Onaran et al., 2017). This alternate hypothesis
on the mechanism of improved therapeutic effects must be considered when designing in vitro
screens for bias determination. Not only will this allow for the immediate removal of the previously
identified confounding variables, but also more reliably delineate the role of biased vs partial agonism
at U receptor. The recent publications by Yudin et al. (2019) and Gillis et al. (2020a) have further shown
this with by correlating partial agonism at multiple p receptor dependent pathways to the improved

therapeutic windows of PZM21, TRV130, and SR-17018.
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Table 5.1 Summary of Biased Mu Opioid Receptor Agonists

. . Bias . o Reference
Ligand Bias Factor Bias Quantification Assays Cell Type Ligand
Met-
. . 2.85 [1] AALogR cAMP (h p receptor) vs B-arrestin2 recruitment (h L receptor) .
Buprenorphine | G-protein 1.84 (2] AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) CHO Enkephglln
Morphine
Arrestin | 0.06 [3] 22&%:?; cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) CHO
Endomorphin-1 | G-protein | -1.2 [3] o erationgal E:ﬁcac GTPyS (h u receptor) vs. B-arrestin2 recruitment (N.R.) CHO DAMGO
N.R N.R [4] P ) ¥ GTPYS (r u receptor) vs. B-arrestin2 recruitment (N.R.) Hek293
AAL K
G-protein | 0.2 2] 0g(tka) cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) Morphine
) AALog(tKa) . . CHO ;
. Arrestin -0.5 [5] . . cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) Pfizer
Endomorphin-2 . Operational Efficacy . . Hek293
Arrestin N.R [4] . GTPYS (r 1 receptor) vs. B-arrestin2 recruitment (N.R.) standard-1
. (t) Operational . . Hek293 .
G-protein | 0.69 [6] ! GTPyS (r 1 receptor) vs. B-arrestin2 recruitment (N.R.) Leu-enkephalin
Efficacy (t)
G-protein | 1.65 [1] AALogR cAMP (h p receptor) vs B-arrestin2 r.ecrwtmelnt (h 1 receptor) CHO Met- .
. cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) Enkephalin
G-protein | 0.96 [2] AALog(tKa) . . CHO .
. GTPYS (h 1 receptor) vs. B-arrestin2 recruitment (h 4 receptor); Morphine
Arrestin | 0.18[7] AALog(tKa) . . CHO/U20S
Fentanyl . cAMP (h p receptor) vs. B-arrestin2 recruitment (h L receptor) DAMGO
G-protein | 2.8 [7] ABLog(tKy) GTPyS (m W receptor) vs. B-arrestin2 recruitment (m CHO/U20S DAMGO
Arrestin | 0.5 (7] AALog(tKn) ysimurecep ' H CHO/U20S
Arrestin | 0.15[7] AALog(tKa) receptor) Brain slices DAMGO
' BithA GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) DAMGO
Herkinorin G-protein | 0.95 [8] AALog(tKa) cAMP (h u receptor) vs. B-arrestin2 recruitment (h i receptor) CHO DAMGO
Kurkinol G-protein | 0.14 [9] AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (h | receptor) CHO DAMGO
I . 0.32[8, . .
Kurkinorin G-protein 9] AALog(tKa) cAMP (h u receptor) vs. B-arrestin2 recruitment (h i receptor) CHO DAMGO
Levorphanol G-protein _[io(; AALog(tKa) GTPYS (h u receptor) vs. B-arrestin2 recruitment (h u receptor) CHO DAMGO
. . Met-
1.00 [3] GTPYS (h u receptor vs. B-arrestin2 recruitment (N.R.) Enkenhalin
Loperamide G-protein | 0.97 [3] AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) CHO P
0.65 [1] cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) DAMGO
' Hrecep : o DAMGO
Mit i
itragynine G-protein | N.R[11] N.R GTPYS (m u receptor) vs. B-arrestin2 recruitment (N.R) CHO DAMGO

Pseudoindoxyl




L9T

0.02

MP103 G-protein [12] AALog(tKa) cAMP (m p receptor) vs. B-arrestin2 recruitment (h L receptor) Hek293/CHO DAMGO
MP105 G-protein | 0.2 [12] AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) Hek293/CHO DAMGO
DAMG
. AALog(tKa) GTPyS (h u receptor) vs. B-arrestin2 recruitment (N.R.) CHO ©
Arrestin 0.86 [3] . . DAMGO
. AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (N.R.) CHO
Arrestin -0.9 [3] . . DAMGO
. AALog(tKa) GTPYS (h u receptor) vs. B-arrestin2 recruitment (h u receptor); CHO/U20S
G-protein 1.3 (7] . . DAMGO
. . AALog(tKa) cAMP (h p receptor) vs. B-arrestin2 recruitment (h L receptor) CHO/U20S
Morphine Arrestin | 0.62 [7] . . DAMGO
. AALog(tKa) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m p CHO/U20S
G-protein | 0.8 [7] DAMGO
. AALog(tKa) receptor) CHO/U20S
Arrestin 1.9 (7] . . . L DAMGO
. AALog(tKa) GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) Brain slices/U20S
G-protein | 1.99[1] AALogR Gai2 BRET (m W receptor) vs B-arrestin2 (m p receptor) CHO Met-
& a2 K P K P Enkephalin
Met-
Oxycodone G-protein | 1.89 [1] AALogR Gai2 BRET (m W receptor) vs B-arrestin2 (m W receptor) DRG neurons Enkes:\alin
Arrestin 0.16 [7] GTPYS (h u receptor) vs. B—arrest!nZ recru!tment (h L receptor); CHO/U20S
. cAMP (h p receptor) vs. B-arrestin2 recruitment (h L receptor)
Sufentanil Arrestin | 0.06 [7] AALog(tKA) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m CHO/U20S DAMGO
Arrestin | 0.14[7] & ¥>im U recep receptor] " CHO/U205S
-protein | 1.9[7 Brain slices/U2
G-protein g GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) rain slices/U20S
3.23[1 . . N.R
. [1] AALog(tKA) cAMP vs. B-arrestin2 recruitment Hek293/U20S
PZM21 G protein N-R AALogR Gai2 BRET (m p receptor) vs B-arrestin2 (m  receptor) DRG neurons Met-
[13] & i W P W P Enkephalin
TRV0109101 G-protein 3[131? N.R cAMP (h u receptor) vs. B-arrestin2 recruitment (h i receptor) Hek293 N.R
. . Morphi
G tei 3[2] AALog(tKA) cAMP (h u receptor) vs. B-arrestin2 recruitment (h i receptor) CHO D(,)ArI\F;IGI?)e
TRV130 [-lprzo 1eS|]n 4.2 [15] RA; cAMP (h p receptor) vs. B-arrestin2 recruitment (h pL receptor) CHO Met-
4.02 [1] AALogR Gai2 BRET (m W receptor) vs B-arrestin2 (m p receptor) DRG neurons Enkephalin
rrestin | 0410 T GTorS m  reeenton) ve. Batrestins rearetment (ma | CHO/U208
SR-11501 restin 1 0127 AALog(tKa) V> M R TECEpTOn V. ! CHO/U205S DAMGO
7 0.23[7] receptor) Brain slices/U205S
) GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor)
11 7] GTPYS (h W receptor) vs. B-arrestinz recru?tment (h p receptor); CHO/U20S
2.5 [7] cAMP (h p receptor) vs. B-arrestin2 recruitment (h u receptor) CHO/U205S
SR-14969 G-protein ' AALog(tKa) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m p DAMGO
2.9 (7] receptor) CHO/U20S
8.6 [7] P Brain slices/U20S

GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor)




891

3171 GTPYS (h u receptor) vs. B-arrest!nz recru!tment (h p receptor); CHO/U205
5.1 [7] cAMP (h p receptor) vs. B-arrestin2 recruitment (h L receptor) CHO/U205
SR-14968 G-protein ' AALog(tKa) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m p DAMGO
6.7 [7] receptor) CHO/U20S
417 Brain sli 2
34071 GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) rain slices/U205
29 7] GTPYS (h u receptor) vs. B-arrest!nz recru!tment (h u receptor); CHO/U205
19 [7] cAMP (h p receptor) vs. B-arrestin2 recruitment (h W receptor) CHO/U205
SR-15908 G-protein AALog(tKa) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m p DAMGO
11 (7] receptor) CHO/U20S
> 1] GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) Brain slices/U205
4717] GTPYS (h W receptor) vs. B—arrest!nZ recru!tment (h L receptor); CHO/U20S
27 7] cAMP (h p receptor) vs. B-arrestin2 recruitment (h W receptor) CHO/U20s
SR-51099 G-protein 12 7] AALog(tKa) GTPYS (m W receptor) vs. B-arrestin2 recruitment (m p CHO/U205 DAMGO
receptor) o
7 B | 2
> 7] GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) rain slices/U205
85 [7] GTPYS (h u receptor) vs. B-arrestllnz recru-ltment (h p receptor) CHO/U205
40 7] cAMP (h p receptor) vs. B-arrestin2 recruitment (h W receptor) CHO/U205S
SR-17018 G-protein 30 [7] AALog(tKa) GTPy S(m u receptor) \;:i;:f)stlnz recruitment (m W CHO/U20s DAMGO
1027 GTPyS (mbrain) vs. B-arrestin2 recruitment (m p receptor) Brain slices/U205

Summary of u receptor biased agonists that have been assessed in vivo or are clinically available. Hundreds of other compounds have been generated and not

assessed in vivo, these are not the focus of this thesis and have therefore been excluded.

N.R = not reported

h 1 receptor = human p receptor

m W receptor = mouse U receptor

r U receptor = rat pL receptor

BRET = bioluminescent resonance energy transfer
GTPyS =Y irradiated guanine triphosphate

References: . 6. Rivero, et al. 2012. 12. Gutridge, et al. 2020.
1. Ehrlich, et al. 2019. 7. Schmid, et al. 2017. 13. Manglik., et al. 2016.
2. Burguefio, et al. 2017. 8. Crowley, et al. 2016. 14. Koblish, et al. 2017.
3. Thompson, et al. 2015. 9. Crowley, et al. 2020. 15. DeWire, et al. 2013.
4. McPherson, et al. 2010. 10. Le Rouzic, et al. 2019.

5. Hothersall, et al. 2017. 11. Véradi, et al. 2016.



5.2. Aims and Hypothesis

In this study, we aimed to investigate a range of different subcellular signalling pathways to
determine whether this improves the correlation of signalling bias to improved anti-nociceptive
effects and reduced side effects of kurkinol and kurkinorin. We further aimed to compare the effect
different cell lines and bias equations on the generation of bias factors. We hypothesised that a more
detailed cell signalling profile may generate a bias factor that is more representative of the cell
signalling pathways activated upon receptor binding, therefore allowing for the correlation of specific

cell signalling pathways to behavioural effects.

Aims;

1. Investigate the activation of G-protein dependent pathways in human u receptor CHO
and Hek293 cells using the Molecular Devices Membrane Potential and Potassium

Assays.

2. Assess the recruitment of B-arrestin2 using the downstream subcellular signalling

molecule, CREB.

3. Assess the timing and role of G-protein and B-arrestin2 signalling pathways on the
activation of ERK1/2 by kurkinol and kurkinorin in human p receptor expressing CHO

cells.
4. Utilise both the simplified method of bias calculation and the relative intrinsic efficacy

model to determine the role of cell line and signalling pathway on the calculation of

bias factors.
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5.3. Results

5.3.1. Activation of G-Protein Dependent Pathways by Kurkinol and
Kurkinorin

5.3.1.1. Membrane Potential Assay
We assessed the inhibition of the VG Ca?* channel using a Membrane Potential-sensitive dye

(Molecular Devices) in both Hek293 (Fig. 5.1) and CHO (Fig 5.2) cells expressing the human u receptor.
The ECso and Emax Values were determined from the dose response curves which were then compared
to the prototypical u receptor agonists DAMGO (reference ligand) and morphine.

In Hek293 cells stably expressing the human p receptor, DAMGO, kurkinol, and kurkinorin
were significantly more potent than morphine (p < 0.0001) with no increase or decrease in potency
compared to DAMGO (F3, 39) = 29.29, p < 0.0001, p > 0.05, Table 5.2). Differential effects were also
found between Emax values, with morphine, kurkinol and kurkinorin having higher maximal effects than
DAMGO (F3,42) = 7.860, P = 0.0003, p <0.05) (Fig. 5.1 A, Table 5.2). Antagonism of the p receptor with
B-FNA (10 uM) reversed the effects of the highest dose of all compounds assessed (Fig 5.1 B). When
this experiment was repeated in CHO cells stably expressing the human p receptor, DAMGO, kurkinol,
and kurkinorin were all more potent than morphine (F, 33 = 19.78, p < 0.0001, p < 0.05). DAMGO was
also found to have a significantly lower maximal efficacy compared to morphine (F, 37 = 3.483, p =
0.0253, p <0.05) (Fig. 5.2 A, Table 5.2). As with the Hek293 cells, the u receptor specific antagonist B-
FNA (10 uM) reversed the effects, confirming signalling was mediated via the p receptor (Fig 5.2 B).

The ECso and Emax values were then compared between the two cell lines to assess the
potential impact of cell type on second messenger signalling. This identified significant differences
between the ECso values, with DAMGO and morphine being more potent in the human p receptor CHO
cell line (F7, 73 = 35.31, p < 0.0001, p < 0.01) (Table 5.3). However, no significant differences were
identified between the Emax values between the cell lines (F(7,79) = 5.151, p < 0.0001, p > 0.9999) (Table
5.3).
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Figure 5.1 Kurkinol and Kurkinorin Potently Inhibit Membrane Depolarisation

(A) Kurkinol and kurkinorin potently inhibited forskolin (10 uM) induced membrane depolarization in a
dose-dependent manner in Hek293 cells stable stably expressing the human u receptor using the
Membrane Potential Assay (Molecular Devices). (B) When cells were incubated with the u receptor
specific antagonist f-FNA and the highest dose of the u receptor agonists there was significant
inhibition of FSK-induced depolarisation. One-way repeated measures ANOVA with Bonferroni multiple
corrections test, ****p<0.0001 compared to S-FNA pre-treated. Each point presented as a percent
inhibition of FSK induced change in Membrane Potential. All data are presented as mean + SEM from

a mean of 4 experimental replicates, each conducted in triplicate.
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Figure 5.2 Kurkinol and Kurkinorin are Potent Inhibitors of Membrane Depolarisation

(A) Dose-dependent effects on membrane depolarisation were seen for all compounds in the
Membrane Potential Assay when in CHO cells stably expressing the human u receptor. (B) Co-
administration of DAMGO (10 uM), morphine (20 uM), kurkinol (10 uM), or kurkinorin (3.3 uM) with
B-FNA significantly reduced inhibition of forskolin-induced depolarisation. One-way repeated
measures ANOVA with Bonferroni multiple corrections test *p>0.05, **p<0.01, ***p<0.001,
**%*p<0.0001 compared to 6-FNA pre-treated. Each point presented as a percent inhibition of FSK
induced change in Membrane Potential. All data are presented as mean + SEM from a mean of 4

experimental replicates, each conducted in triplicate.
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Table 5.2 ECso and Enmqx of Kurkinol and Kurkinorin in the Membrane Potential Assay in Hek293 and CHO cells Stably Expressing the Human Mu Opioid

Receptor

Hek293 11.24+8.41 - - <0.0001 ok 85.59+7.06 - - 0.0041 *x 0.8617
CHO 0.43+0.13 - - =0.0229 * 68.73 £4.41 - - 0.0169 * 0.6115
Hek293 81.03+6.17 | <0.0001 | **** - - 58.34£5.10 0.0041 *x - - 0. 9005
CHO 1.07£0.12 0.0229 * - - 88.97 +3.88 0.0169 * - - 0.8726
Hek293 5.65+0.73 0.2672 n.s <0.0001 rokkx 91.84 £3.40 >0.9999 n.s | 0.0002 Ak 0.8757
CHO 0.028 £0.0072 | 0.0019 e <0.0001 rokkx 79.37£5.38 0.5589 n.s | 0.8255 n.s 0. 8566
Hek293 9.04 +0.89 0.6888 n.s <0.0001 oAk 78.37+4.64 >0.9999 n.s | 0.0456 * 0. 9009
CHO 0.19+0.017 0.3104 n.s =0.0001 owk 76.42 +3.84 >0.9999 n.s | 0.4021 n.s 0.7718

Nonlinear regression of the dose response effects was used to calculate the ECso and Emax values for all u receptor agonists in the human u receptor expressing

CHO cells. Kurkinol and kurkinorin were found to be more potent than morphine, while morphine had a higher En.xcompared to DAMGO. One-way repeated

measures ANOVA with Bonferroni multiple corrections test *p>0.05, **p<0.01, ***p<0.001, ****p<0.0001. All data is a mean of 4 experimental replicates

conducted in triplicate. Data presented as mean + SEM.
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Table 5.3 Effect of Cell Background on the ECso and Enmq.x Values in the Membrane Potential Assay

k%

81.03+8.41 0.43+0.13 0.0021 85.59 +7.06 68.73+4.41 >0.9999 n.s
11.24 +6.17 1.07+£0.12 <0.0001 rokkx 58.34 +£5.10 88.97 +3.88 >0.9999 n.s
9.04 +0.89 0.19+0.017 0.8938 n.s 91.84 +3.40 79.f37 £5.38 >0.9999 n.s
5.65+0.73 0.028 £0.0072 0.3638 n.s 78.37 £ 4.64 76.42 +3.84 >0.9999 n.s

The effect of the cell background was then assessed by comparing the ECso and Emax values from all u receptor agonists in the human u receptor expressing

Hek293 and CHO cells. DAMGO and morphine were more potent in Hek293 cells, whit no differences between the kurkinol and kurkinorin. No effect on the

Emax values was identified between the two cell lines. One-way repeated measures ANOVA with Bonferroni multiple corrections test **p<0.01, ***p<0.001,

***%p<0.0001. All data is a mean of 4 experimental replicates conducted in triplicate. Data presented as mean + SEM.



5.3.1.2. Potassium Assay
GIRK channel (Kirs) activation by the GBy subunit was assessed using a potassium assay, which

again utilises a voltage-sensitive fluorescent dye that exits the cell upon activation of the Kis channel
and dose response effects were evaluated (Fig 5.3 A). However, no differences in potency or maximal
efficacy were identified for DAMGO, morphine, kurkinol, or kurkinorin (ECso; F3,20) = 1.044, p = 0.3945,
Emax; F(3,20 = 0.9782, p = 0.4227) (Fig 5.3 A, Table 5.4). These effects were shown to be U receptor
dependent as administration of B-FNA significantly decreased Kis activation (F(7,64 = 13.77, p < 0.0001,

p < 0.05) (Fig. 5.3 B).
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Figure 5.3 All the Mu Opioid Receptor Agonists are Equipotent Activators of the GIRK Channels

(A) Kurkinol and kurkinorin induce potent activation of the inwardly rectifying potassium channels in
CHO cells stably expressing the human u receptor as measured by the Molecular Devices Potassium
Assay. (B) Treatment with the highest concentration of u receptor agonist in the presence of the u
receptor antagonist -FNA resulted in a significant reduction in potassium channel activation. One-
way repeated measures ANOVA with Bonferroni multiple corrections test **p<0.01, ***p<0.001,
***%p<0.0001 compared to -FNA pre-treated. Each point presented as percent inhibition of vehicle.
All data are presented as mean + SEM from a mean of 7 experimental replicates, each conducted in

triplicate.
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Table 5.4 Kurkinol and Kurkinorin offer no Increase in Potency and Efficacy of GIRK channel activation

2.17+1.29 n.s n.s n.s n.s 56.8 £ 8.08 n.s n.s n.s n.s 0. 5495
2.76 £0.66 n.s n.s n.s n.s 81.9+16.9 n.s n.s n.s n.s 0.6520
0.68+0.25 n.s n.s n.s n.s 66.93+9.9 n.s n.s n.s n.s 0. 6901
2.22+1.62 n.s n.s n.s n.s 59.74 +7.97 n.s n.s n.s n.s 0.6193

Nonlinear regression of the dose response effects on the Ki.s channel was used to calculate the ECso and Emqax values for all u receptor agonists in the human u
receptor CHO cells. No significant differences were found between the ECso and Emax values of the compounds assessed. One-way repeated measures ANOVA.

All data are presented as mean + SEM from a mean of 7 experimental replicates, each conducted in triplicate.



5.3.2. B-arrestin2 Dependent CREB Phosphorylation

The activation of CREB via phosphorylation is a downstream pathway of B-arrestin2
recruitment and signalling (Fig 5.4). We, therefore, utilised this non-amplifying method of assessing
the ability of DAMGO, morphine, kurkinol and kurkinorin to signal via the B-arrestin2 pathway using
the Cisbio (Melbourne, Australia) pCREB (Ser133) cellular kit in CHO cells stably expressing the human
U receptor. DAMGO and morphine were found to be equipotent, with kurkinol less potent and
kurkinorin more potent than the two typical u receptor agonists (F3,32=37.57, p < 0.0001, p < 0.001)
(Table 5.5). However, there was no significant difference in the Emax produced by the different

treatments (F(3,32) = 0.6969, p =0.5608) (Table 5.5).

12500 7
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©
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Log [Drug M]

Figure 5.4 Kurkinol and Kurkinorin Significantly Differ in the Activation of pCREB

Kurkinol was found to be a potent activator of the f-arrestin2 dependent signalling molecule pCREB in
comparison to morphine and DAMGO in CHO cells stably expressing the human p receptor. A rightward
shift in the dose response curve was identified with kurkinorin, indicating that it is a poor activator of
CREB compared to DAMGO, morphine, and kurkinol. All data are presented as mean + SEM from a

mean of 3 experimental replicates, each conducted in triplicate.
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Table 5.5 Potency and Efficacy of Kurkinol and Kurkinorin at Activating pCREB in CHO Cells Stably Expressing the Human Mu Opioid Receptor

1.51+ 0.0653 - - n.s n.s 10537+843.1 n.s n.s n.s n.s 0.7213
1.34+0.0353 n.s n.s - - 9747+456.2 n.s n.s n.s n.s 0.8649
0.61£0.0271 <0.0001 oAk <0.0001 oAk 9877+399.9 n.s n.s n.s n.s 0.8422
2.7210.03646 0.0013 o 0.0001 oAk 9424+420.3 n.s n.s n.s n.s 0.8799

Nonlinear regression of the dose response effects on the activation of CREB was used to generate the ECsp and Emax values for DAMGO, morphine, kurkinol,
and kurkinorin in the human u receptor CHO cell line. The ECso values were found to differ significantly between treatments with no effect on the Enax. One-
way repeated measures ANOVA with Bonferroni multiple corrections test. All data are presented as mean + SEM from a mean of 3 experimental replicates,

each conducted in triplicate.



5.3.3. Phosphorylation of ERK1/2 by Kurkinol and Kurkinorin
To assess the timing of ERK 1/2 phosphorylation p receptor agonists were added to cells stably

expressing the human u receptor at 5, 10, 20, 30, 60, 120, and 180 min. Cells were lysed and protein
samples run through electrophoresis gel before transfer to PVDF membranes and immunolabeling for
PERK (Santa Cruz, sc-7383) and total ERK (Cell Signalling, Ab:9012). The western blots were analysed
using Imagel) and the levels of pERK normalised total ERK before calculation of fold change from
untreated cells. Full vehicle controls were run for both time course and antagonist experiments, with
no significant change in pERK levels identified (Appendix 7.16).

Neither DAMGO nor morphine showed a significant change in pERK levels overtime (DAMGO:
Fis, 45y = 1.615, p = 0.1474, morphine; Fg 45y = 1.073, p = 0.3989). Both classical W receptor agonists did
show a trend towards biphasic ERK activation with two distinct activation peaks between 5-20 min
and 150-180 min (Fig. 5.5 A, B). Kurkinol induced potent ERK activation with significant differences
between 5-20 min (Fs44) = 2.649, p = 0.0183, p < 0.05). From 30 min onward, pERK expression trends
towards a decrease before the levels appear to rise again at 180 min. Overall, the levels of pERK remain
at a higher level over the 180 with kurkinol compared to DAMGO and morphine (Fig. 5.5 C). pERK
immunolabeling was also significantly higher with kurkinorin treatment over the 180 min period and
occurred in a biphasic manner, with early (10-30 min) and late (120-150 min) phases showing
significant increases when compared to untreated cells (Fs40) = 4.263, p =0.0009, p < 0.05) (Fig. 5.4 D).

To investigate the role of G-protein and B-arrestin2 in the biphasic activation of pERK Hek293
cells stably expressing the human p receptor were pre-treated with either Px (100 nm/ml, 24 hrs, Gy,
inhibitor) or dynosore (50 uM, 1 hr, B-arrestin2 inhibitor) before the treatment with vehicle or p
receptor agonists for 0, 10, or 180 min (Fig. 5.6). As with the full time course, the variation in the
experiment masked any differences between treatments for DAMGO (F,20) = 0.1329, p = 0.9685) and
morphine (Fa22) = 1.774, p = 0.1700). While no obvious trend can be seen with DAMGO and
antagonists (Fig. 5.6 A), morphine’s induction of pERK at 10 min trends towards a decrease with Px,
while dynosore appears to decrease activation at the 180 min time point (Fig. 5.6 B). The effect of
kurkinol on pERK levels was found to be reversed with dynosore at both 10 and 180 min, while a large
decrease was also seen with Px at 10 min (Fs, 24y = 3.642, p = 0.0190, p < 0.05) (Fig. 5.6 C). No significant
effect of pre-treatment with either antagonist was found for kurkinorin at 10 or 180 min. A trend
towards both pertussis and dynosore reducing the pERK levels at the 10 min time point, while only

dynosore reduces activation at 180 min (F4, 22 = 1.654, p = 0.1965) (Fig. 5.6 D).
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Figure 5.5 Kurkinol and Kurkinorin are Both Potent Bi-phasic Activators of pERK

Western blotting was used to assess the timing of ERK activation was assessed in Hek293 cells stably
expressing the human | receptor. (A) DAMGO (1 uM) increases ERK phosphorylation over a 180 min
time course. (B) Morphine (10 uM) time course of ERK activation. (C) Kurkinol (10 uM) significantly
increases ERK1/2 activation from 5-20 min and appear to have a second phase starting at 180 min. (D)
Biphasic ERK phosphorylation can also be seen between 10— 30 min and 120 — 150 min with kurkinorin
(10 uM). One-way mixed ANOVA with Bonferroni multiple corrections test. *P < 0.05, P < 0.01, P <

0.001. All data is a mean of 4 experimental replicates. Data presented as mean + SEM.
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Figure 5.6 Dynosore Reduced both Early and Late Phase Activation of pERK in Hek293 Cells Stably
Expressing the Human Mu Opioid Receptor

(A) The phosphorylation of ERK by DAMGO (1 uM) is not significantly reduced by either pertussis toxin
(100 ng/ml) or dynosore (50 uM) at 10 or 180 min. (B) pERK is also not significantly reduced when
pertussis toxin or dynosore are applied alongside morphine (10 uM). However, a trend towards
decreased pERK with pertussis at 10 min and decreases with dynosore at 180 min can be seen. (C)
Dynosore significantly reduces pERK levels at both 10 and 180 min. (D) Both pertussis and dynosore
appear to reduce ERK phosphorylation at 10 min, while only dynosore reduced levels at 180 min of
treatment. Two-way mixed ANOVA with Bonferroni multiple corrections test. *P < 0.05, P < 0.001. All

data is a mean of 4 experimental replicates. Data presented as mean + SEM.
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5.3.4. Generation of Bias Factors for Kurkinol and Kurkinorin

When the selectivity of kurkinorin, kurkinol, DAMGO, and morphine were assessed for G-
protein and B-arrestin2 signalling pathway activation, kurkinol was shown to be a strong activator of
the G-protein dependent pathways with little to no activation of the B-arrestin2 pathways. Conversely,
morphine appeared to show poor selectivity for all pathways measured. While kurkinorin appeared
to be a more balanced agonist (Fig 5.7). This pathway selectivity data appears to indicate that kurkinol
is an extremely G-protein biased agonist, while kurkinorin and morphine appear more balanced. To
confirm the pattern of biased agonism for these compounds the dose response data were used to
generate bias factors. To assess the effects of cell line and calculation type on bias factor generation
we used both the simplified bias calculation (Crowley et al., 2020, Crowley et al., 2016) and the RA;
calculation (Gillis et al., 2020a, Rajagopal et al., 2010) (See Chapter 2, Section 2.4). To further add to
the analysis we assessed the effect of using two different cell lines in the generation of bias factors
and utilised non-amplifying G-protein dependent effectors signalling to remove some of the system

bias.

Web of Bias
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B-arr2 recruitment K+ Assay
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Kurkino|
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Figure 5.7 Kurkinol Shows Increased Selectivity for G-Protein Dependent Pathways

Radar plot of pathway selectivity, compared to DAMGO as a reference agonist, expressed as
Alog(Ema/ECs0) values for three G-protein dependent pathways and two f-arrestin2 dependent

pathways in CHO cells stably expressing the human L receptor.

Abbreviations:

p-arr2 = p-arrestin2 MP = Membrane Potential

cAMP = cyclic adenosine monophosphate pCREB = phosphorylated cAMP response
K+ = potassium element binding protein
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When the effect of the cell line was compared using the Membrane Potential assay in both
Hek293 and CHO cells and bias calculated using the pCREB assay in CHO cells to evaluate the
downstream B-arrestin2 signalling, large discrepancies were identified between the 2 cell lines. The
simplified bias calculation identified all 3 of the test u receptor agonists as B-arrestin2 biased,
irrespective of the cell background (morphine; CHO =-0.30, Hek293 = -1.04, kurkinol; CHO = 0.88, Log
Hek293 =-0.03, kurkinorin CHO = 0.68, Hek293 = 0.36) (Table 5.6). When the RA; model was used to
determine the pathway bias using the data from CHO cells a similar pattern of bias was observed as
previously described, with morphine (Log RA; = 0.78) showing the weakest G-protein bias, followed by
kurkinorin (Log RA; = 1.77) and then kurkinol having strong G-protein bias (Log RA; = 1.97) (Crowley et
al., 2020, Crowley et al., 2016).

In contrast, when the Membrane Potential data from Hek293 cells was compared to the
pCREB data from the CHO cells, all three compounds were strongly B-arrestin2 biased using the Log
RA; (morphine Log RA; = -2.78, kurkinol Log RA; = -1.78, kurkinorin Log RA; = -1.37) and simplified bias
calculations (morphine B =-1.04, kurkinol  =-0.03, kurkinorin B = 0.36). These results show significant
signalling differences exist between cell lines, introducing inaccuracy that is not controlled by these
equations (Table 5.6).

We further investigated the ability of bias calculations to account for differences in the
subcellular pathways used to measure G-protein activation. With both calculations run using either
the Membrane Potential or potassium assay in CHO cells vs. the phosphorylation of CREB in CHO cells
stably expressing the human p receptor (Table 5.6). The simplified bias calculation again identified
morphine (GIRK; § = 0.03), kurkinol (GIRK; B = 0.20), and kurkinorin (GIRK; B = 0.31) as having varying
levels of B-arrestin2 bias, independent of the measure of G-protein activation (Table 5.6). When the
RA; model was applied to the potassium assay data the degree of bias no longer followed the same
pattern of bias. Instead, morphine (Log RA; = -0.28) and kurkinol (Log RA; = -0.10) were identified as
moderately B-arrestin2 biased, while kurkinorin was very weakly G-protein biased (Log RAi= 0.0007)
(Table 5.6).

We hypothesised that by combining multiple subcellular signalling pathways associated with
G-protein and B-arrestin2 recruitment we would be able to generate a bias factor that more accurately
represented the signalling in vitro, providing an improved correlation to the behavioural effects in
vivo. Therefore, the two measures of G-protein activation in human p receptor CHO cells were
combined to give a single G-protein ECsp and Emax per compound. this was then compared to the level
of CREB phosphorylation. When the simplified bias calculation was used all 3 test compounds were
identified as B-arrestin2 biased (morphine; B = -0.53, kurkinol; B = -0.21, kurkinorin; B = -0.10).
Whereas the RA; model identified all 3 test compounds as G-protein biased with morphine showing

the lowest level of B-arrestin2 bias (Log RAi= 0.55), followed by kurkinol (Log RAi= 0.87) and kurkinorin
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(Log RAi= 0.98) (Table. 5.6). Again, indicating that the RA; model provides a more robust assessment

of signalling bias.
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98T

Cell Line and Assay

ECso (uM)

Emax (% DAMGO)

Table 5.6 Comparison of the Bias Factors Generated from Two Different Cell Backgrounds

Cell type

Emax (% DAMGO)

CHO Membrane Potential 0.43+0.13 100 +6 1 0
Hek293 Membrane Potential 11.24 +8.41 100 +8 1 0
CHO 1.51+ 0.0653 100+ 8
CHO Potassium 2.17+1.29 100 + 14 1 0
CHO combined 1.303+0.13 100+ 10 1 0
CHO Membrane Potential 1.07+£0.12 129 +6 -0.30 0.78
Hek293 Membrane Potential 81.03+6.17 68 t6 -1.04 -2.78
CHO 1.34 £ 0.0353 93+4
CHO Potassium 2.76£0.66 144 + 30 0.03 -0.28
CHO combined 1.91+0.12 136.5+18 -0.53 0.55
CHO Membrane Potential 0.028 £ 0.017 115 +8 0.88 1.97
Hek293 Membrane Potential 5.65+0.73 107 +4 -0.03 -1.78
CHO 0.61+0.0271 94+4
CHO Potassium 0.68 £0.25 118 +17 0.20 -0.10
CHO combined 0.35+0.017 116.5+12.5 -0.21 0.87
CHO Membrane Potential 0.198 +0.072 111 +6 0.68 1.77
Hek293 Membrane Potential 9.04 £ 0.89 92 45 0.36 -1.37
CHO 2.72+0.03646 89+t4
CHO Potassium 2.22+1.62 105+ 14 0.31 0.0007
CHO combined 1.21 +0.072 108 £+ 10 -0.10 0.98

Log RA;; 0 is balanced, less than 0 is f-arrestin2 biased, greater than 0 is G-protein biased

Simplified bias calculation; 1 is a balanced agonist, less than 1 is f-arrestin2 biased, greater than 1 is G-protein biased



5.3.5. pCREB Efficacy Correlates to Therapeutic Window

A simple linear regression analysis of the relationship between efficacy for the
phosphorylation of CREB and the therapeutic window (tail-flick or PTX mechanical Vs charcoal meal)
revealed a high correlation coefficient (Tail-flick R? = 0.7071, PTX mechanical R? = 0.8407) (Fig. 5.8 A-
B). This data suggests that CREB phosphorylation may be a good in vitro marker to predict the level of
constipation W receptor agonists may induce. A correlation was also identified between the different
bias factors calculated with the RA; model when pCREB was used to assess B-arrestin2 signalling. This
was found irrespective of the measure of G-protein signalling used when all in vitro studies were
performed in CHO cells stably expressing the human p receptor (Fig. 5.9 A-D). With R? values ranging
from 0.4341 to 0.6821. Interestingly, a moderate positive correlation was also found between the
therapeutic window and RA; signalling bias when the data from Membrane Potential assay performed
in Hek293 cells were used. Despite all u receptor agonists being identified as B-arrestin2 biased, the
closer towards balanced the agonist was the larger the therapeutic window. With R? values of 0.7168
and 0.5627 for the therapeutic windows generated with the tail-flick and mechanical PTX data
respectively (Fig. 5.9 E, F). When the relationship between the therapeutic window and signalling bias
was assessed using bias factors generated from the simplified method of bias a moderate to low
correlation was identified, with R? values ranging from 0.0809 to 0.6821 (Appendix Fig. 7.17). This
indicates that the simplified bias calculation does not produce bias factors that allow for the prediction

of the behavioural effects of u receptor agonists.
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Figure 5.8 Decreased CREB phosphorylation Selectivity Correlates to Improved Therapeutic
Windows

(A, B) The selectivity for pCREB activation (ALog (Emex/ECs0)) was plotted against the therapeutic
window generated using either the tail-flick or PTX induced mechanical allodynia as the measure of
anti-nociception in comparison to the charcoal meal assay. Simple linear regression analysis showed
that decreased CREB activation was strongly correlated to increased therapeutic windows generated
using either (A) tail-flick and (B) paclitaxel mechanical dose response data.
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Figure 5.9 Increased Therapeutic Windows Correlate to Increased G-Protein Bias

Increased G-protein biased signalling as determined by the ALog RA; equation using data from the
(A, B) Membrane Potential assay, (C, D) combined G-protein (Membrane Potential and potassium
assay) in CHO cells stably expressing the human p receptor, and the (E, F) Membrane Potential assay
in Hek293 cells vs the pCREB assay in CHO cells all showed moderately positive correlations to larger

therapeutic windows.
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5.4. Discussion

The clinical utility that p receptor G-protein biased agonist may have in the treatment of
strong acute and chronic pain is not clear, this is in large part due to the bias factors calculated from
in vitro data not translating to pre-clinical or clinical in vivo benefits. Many underlying factors have
been identified as influencing the generation of bias factors, potentially identifying high rates of false
positive G-protein biased agonists, explaining the disparity between bias factors and the behavioural
profiles of u receptor biased agonists. In this study, we aimed to assess the effects of some of these
factors, including the role of cell background, non-amplifying measures of B-arretin2 signalling, and
alternate subcellular signalling pathways have on the generation of bias. To achieve this, we
conducted two non-amplifying assays of G-protein activation, the Molecular Devices Membrane
Potential and Potassium Assay in addition to quantifying the B-arrestin2 dependent activation of CREB.
These are in addition to the HitHunter cAMP and PathHunter B-arrestin2 recruitment assays
previously used by our research team to assess signalling bias at the p receptor (Crowley et al., 2020,
Crowley et al., 2016). This enables signalling bias to be evaluated in greater depth. To further
investigate how the bias calculation is affected by cell type the Membrane Potential assay was also
conducted in CHO and Hek293 cells expressing the human p receptor. This data was then run through
2 different calculations to determine signalling bias and to assess the reproducibility of bias factors

calculated.

5.4.1. G-Protein Dependent Pathway Activation Matches Pre-
Determined Bias

5.4.1.1. Membrane Potential Assay of Adenylyl Cyclase Inhibition
The Membrane Potential assay is the most common non-amplifying measure of cAMP

inhibition used for the assessment of biased signalling at the pu receptor (Gillis et al., 2020a, Knapman
et al., 2014a, Knapman et al., 2014b, Knapman et al., 2012). Upon the application of the AC activator,
forskolin, the membrane hyperpolarises to induce efflux of the fluorescent dye. When forskolin is
added in the presence of a U receptor agonist, dose dependent inhibition of AC occurs. This is
hypothesised to occur via the activation of PKA and K* channel inhibition resulting in the efflux of the
fluorescent dye in both CHO and AT-1 cells, however, the exact mechanism is not known (Knapman et
al., 2012, Knapman et al., 2014a, Knapman et al., 2014b).

Using this assay, we were able to show that the novel p receptor agonists kurkinol and
kurkinorin were full agonists at this pathway with 20% and 38% increases in potency in Hek293 cells
stably expressing the human U receptor respectively. We further investigated the effect of cell type
on the inhibition of forskolin-induced membrane depolarisation by performing this assay in CHO cells
stably expressing the human p receptor. The same potency trends were identified in this cell line, with

kurkinol (morphine = 85%, DAMGO = 93%) and kurkinorin (morphine = 82%, DAMGO = 93%) more
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potent than morphine and DAMGO (Fig 5.10). These effects on membrane potential were determined
to be u receptor dependent as pre-treatment with the W receptor antagonist B-FNA reduced the
response.

Despite the identification of the same pattern of potency, significant differences were
identified between the ECsp values. With both DAMGO and morphine found to be more potentin CHO
cells compared to the Hek293 cell line. This has large implications for the output of the bias
calculations as a shift in the reference compound (DAMGO) will change what is defined as ‘balanced’
within the calculations. The shift in DAMGOs (reference) ability to activate subcellular signalling
molecules in the CHO and Hek293 cells may explain the disparity between the bias factors for
morphine (Hek293 =-2.78, CHO = 0.78), kurkinol (Hek293 =-1.78, CHO = 1.97), and kurkinorin (Hek293
=-1.37,CHO = 1.77), when the cell type is the only variable changed (Table 5.6). However, this analysis
is complicated by the extremely high doses required to elicit a dose response in the Hek293 cell line.
Not only are the ECso values for morphine and DAMGO significantly higher than what has been
published previously, but the highest doses would have also saturated the culture (Knapman et al.,
2012, Knapman et al., 2014a, Knapman et al., 2014b). Resulting in the compounds acting directly on
ion channels and influencing the ECso values. Based on this, the data from this cell line cannot be taken
as a direct measure of u receptor signalling and the validity of any further analysis of this data is called

into question.

5.4.1.2. Kurkinol and Kurkinorin May Act A Partial Agonist at GIRK Channels
To further explore the effects of the u receptor agonism on Membrane Potential we

quantified the ability of kurkinol and kurkinorin to activate the GIRK (Kis), a G-protein dependent
signalling pathway, using the Molecular Devices Potassium Assay. As with the Membrane Potential
assay, efflux of a K* channel sensitive dye allows the measurement of G-protein activation without
signal amplification (Knapman et al., 2015).

Unlike previous measures of G-protein activation, no difference was identified between the
potency or maximal effects induced by DAMGO, morphine, kurkinol, or kurkinorin. Upon further
investigation we found that the CHO cell line contains low levels of endogenous potassium currents
(Yu and Kerchner, 1998, Gamper, Stockand, and Shapiro., 2005). Therefore, in order for the sensitivity
of this assay to be improved, and true effects of our novel compounds on potassium channels
assessed, this experiment needs to be repeated with the co-transfection of Ki; GIRK channels. Due to
this error in experimental protocol the data from this experiment and any further analysis does not
represent the true signalling and cannot be taken as accurate.

When performed following the correct experimental protocol Gillis et al. (2020a) showed the
“G-protein” biased agonists TRV130, PZM21, SR-17018, and methadone are partial agonists for GIRK

activation in the Potassium assay. Furthermore, herkinorin, the parent compound of kurkinol and
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kurkinorin, TRV130 and PZM21 show reduced GIRK2 activation in Hek293 cells. This led Yudin et al.
(2019) to conclude that either B-arrestin2 is required for GIRK activation, or these drugs are partial
agonists for this pathway. Despite this, no definitive answer can be given on the role partial agonism
at GIRK channels plays in the behavioural profiles of kurkinol and kurkinorin. With partial agonism of
the TRPM3 channels, VG Ca?*,, channels, and Ga, recruitment upon p receptor activation by TRV130
and PZM21. This inclusive signalling profile indicates that partial agonism of multiple G-protein
dependent pathways, not just at GIRK channels, may be required for widening the therapeutic window

(Gillis et al., 20204, Yudin et al., 2019).
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Figure 5.10 Summary of Pathway Selectivity at the Mu Opioid Receptor for Morphine, Kurkinol,
and Kurkinorin

The selectivity in the Potassium assay, Membrane Potential assay, and pCREB assay were determined
using the ALog (Ema/ECso) and the level of ERK phosphorylation by the fold change of pERK compared
to vehicle. The level of selectivity for each pathway is presented as a slight increase (1), large increase

(77), decrease ({), or no change (-) in comparison in the reference ligand DAMGO.
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5.4.2. Kurkinorin is a Poor Activator of Mu Opioid Receptor-Induced

CREB
Phosphorylation of the transcription factor, CREB, is thought to play a major role in the

rewarding properties of many drugs of abuse, including the p receptor agonists morphine (Narita et
al., 2010), Tramadol (Sadat-Shirazi et al., 2019), and the fentanyl analogue, ohmefentanyl (Gao et al.,
2003). Further evidence supports the role of u receptor-induced CREB activation modulating reward,
with CREB mutant mice (reduced activity) showing no conditioned place preference to morphine
(Walters et al., 2001). CREB phosphorylation has been shown to be dependent on B-arrestin signalling
at the k receptor (Bruchas and Chavkin, 2010, Kang et al., 2005) while at the muscarinic receptor the
induction of pCREB occurs in a B-arrestin-ERK dependent manner (Sabbir and Fernyhough, 2018).
Furthermore, G-protein pathways, such as cAMP, correlate to decreased pCREB immunoreactivity
within the catecholaminergic cell line of neuronal origin (Widnell et al., 1994). Based on this research
on other GPCRs and the in vivo role of CREB on U receptor-induced reward we chose to investigate
the induction of CREB by DAMGO, morphine, kurkinol, and kurkinorin as a downstream measure of -
arrestin2 signalling.

We showed that although all the p receptor agonists tested had the same efficacy in this
pathway, there were significant differences in potency with kurkinol the most potent, followed by
morphine, DAMGO, and finally kurkinorin (Fig. 5.10). Interestingly, kurkinorin (the second most potent
and efficacious in the G-protein assays) was found to be the least potent activator of CREB.
Furthermore, the level of pCREB showed a strong correlation to higher therapeutic windows
generated from the tail-flick or CINP mechanical allodynia dose responses and inhibition of the small
intestine gut motility. This correlation may be expandable to other p receptor induced side effects as
kurkinorin also induces less respiratory depression and motor coordination impairment compared to
kurkinol and morphine. The correlation between the bias factors generated using the level of CREB
phosphorylation further indicates that it provides a more accurate indication of the behavioural profile
of novel W receptor agonists in vivo. Although requiring further validation, this pathway holds promise
for the development of better in vitro screens with improved translation to in vivo u receptor

dependent behaviours.

5.4.3. Kurkinol and Kurkinorin are Potent Activators of ERK

GPCR activation of ERK has been shown to occur in a biphasic manner, with early phase
phosphorylation (< 20 min) associated with G-protein activation while later phases of phosphorylation
(> 60 min) are typically associated with B-arrestin2 signalling (Belcheva et al., 2005, Shenoy et al.,
2006). Our data has shown that bi-phasic ERK phosphorylation occurs at the i receptor, however, only
kurkinol and kurkinorin showed significant increases in pERK from baseline. With kurkinol inducing

increases between 5 — 30 min while kurkinorin induced increases at both 10 — 30 min and 120 — 150
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min (Fig. 5.10). To further investigate the role of G-protein vs. B-arrestin2 dependent signalling
pathways, ERK activation was assessed in the presence of Gy, inhibitor or B-arrestin2 inhibitor at the
selected time points of 10 min and 180 min. Px is a well-established inhibitor of Gy protein dependent
signalling, however, at the time this experiment was performed there were no readily available -
arrestin2 inhibitors. Therefore, in order to block B-arrestin2 dependent ERK activation we used a
dynamin inhibitor, Dynosore, as B-arrestin has been shown to drive MAPK signalling in clathirin coated
structures once internalised (Eichel et al., 2016, Garcia et al., 2009). Therefore, inhibiting these areas,
with dynosore and similar compounds, has been proposed to inhibit arrestin dependent MAPK
signalling. Once again, no significant difference for DAMGO or morphine was found when the
inhibitors of G-protein or B-arrestin2 were present. Interestingly, kurkinol and kurkinorin showed a
full reversal in the presence of both inhibitors. This indicates a flaw in the experimental procedure and
provides no further indications on the role of G-protein and B-arrestin2 dependent signalling in the bi-
phasic nature of pERK. This is most likely due to the low sensitivity of western blotting. When coupled
with low reproducibility and high error (35 - 80%), smaller changes in protein levels are often missed
using this technique (Koller et al., 2005). To increase the sensitivity and speed of the measurement of
ERK phosphorylation to identify its role in the behavioural profiles of U receptor agonists the use of
high throughput assays, such as the AlphaScreen® SureFire® pERK1/2 assay, would be required.
While research has shown the biphasic nature of pERK is due to G-protein vs B-arrestin2
signalling the link to the behavioural profiles is not clear. Interestingly, the current data indicates that
high levels of ERK phosphorylation, irrespective of activation time, is associated with negative
physiological outcomes. For example, high levels of pERK are typically seen within the shell of the
nucleus accumbens (early and late phase) and the VTA (early phase) (mesolimbic system) following
the administration of morphine and fentanyl and is associated with preference for drug paired
chambers in mice and rats using the conditioned place preference assay (Lesscher et al., 2003, Rosas
et al., 2016). While in the dorsal horn of the spinal cord, high levels of pERK are associated with anti-
nociceptive tolerance and hyperalgesia (Bobeck et al., 2016, Deng et al.,, 2019). Furthermore,
inhibition of MEK1/2 or ERK1/2 increases the anti-nociceptive properties of morphine in the CCl model
of neuropathic pain (Popiolek-Barczyk et al., 2014), and alleviates hyperalgesia induced by
inflammation (Ciruela et al., 2003, Ji et al., 2002, Ma et al., 2002, Obata et al., 2004a, Obata et al.,
2004b, Sammons et al., 2000). The strong induction of pERK by the novel p receptor agonists may
throughout the 180 min time course, in part, explain the induction of hyperalgesia with kurkinol and
tolerance in the CINP model with both novel compounds (Chapter 3, Section 3.3.4). However, this is
not a perfect explanation as neither show tolerance to acute-thermal stimuli (Chapter 3, Section 3.3.1)
nor do they have increased abuse liability in the CPP assay (Crowley et al., 2020), indicating other
subcellular signalling pathways are involved in differentiating the u receptor agonist properties of

kurkinol and kurkinorin exerting these physiological and behavioural effects.
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5.4.4. Experimental Bias Alters the Generation of Bias Factors

Since the Black and Leff operational model of biased agonism (Black et al., 1983), many more
operational models have been developed, such as the simplified operational model (Kenakin et al.,
2012) and Slack and Hall operational model (Hall et al., 2018, Slack et al., 2012). The non-operational
models that have been generated, allow the simplification of quantifying signalling bias. Such models
include the simplified bias calculation (Crowley et al., 2020, Crowley et al., 2016, Paton et al., 2020b),
the RA; (Ehlert et al., 1999, Griffin et al., 2007) and the extended RA; model which calculates the bias
factor from the Log RA; compared to a reference ligand in an ‘equi-active comparison’ (Rajagopal et
al., 2010). Each model has been shown to have pros and cons concerning the other available models.
Therefore, we chose to compare the bias factors generated by two different calculations, the
simplified bias calculation and the RA; model. This not only allowed us to determine whether kurkinol
and kurkinorin are biased agonists and if these values support the hypothesis that G-protein biased p
receptor agonists display reduced side effects. But also allowed for the assessment of the
reproducibility between equations. To ensure that this was performed in a robust fashion multiple cell
signalling pathways, including the potential, GIRK, and pCREB assays in Hek293 and CHO cells stably
expressing the human p receptor cells to interrogate the role of cell background on bias factors.

The calculation of bias factors from dose response data has many caveats that must be
accounted for to determine bias without the generation of false positives and negatives. We have
accounted for system bias by selecting measures of both G-protein (Membrane Potential and
potassium assays) and B-arrestin2 (pCREB assay) signalling that does not require amplification.
However, a component of the potassium assay was missed, the concentrations required for the
membrane potential assay in Hek293 cells were significantly higher than previously published
concentrations, and further observational bias induced by the assay conditions were not fully
controlled. During the generation of the human p receptor stable cell lines, the expression levels were
assessed and those determined to moderately express the receptor were selected to ensure the data
was not impacted by the presence of large receptor reserves. Despite these efforts, all dose response
experiments used for the generation of bias factors were performed without the presence of a u
receptor antagonist. Thus, receptor reserves were still present and may have masked the true cell
signalling properties, incorrectly identifying bias resulting in inaccurate ECsp and Enmax values. Gillis et
al. (2020a) were able to show this in the membrane potential assay, whereby PZM21, TRV130, and
SR17018 were only partial agonists at this pathway in the presence of the pu receptor antagonist [3-
chlornaltrexamine, which also resulted in a rightward shift in their potencies. In terms of our data, in
the presence of an antagonist, the potential partial agonism in the Potassium assay may be clearer
and the potency differences teased apart more in all pathways assessed. Due to the recent publication
of this work, time (COVID-19 delays), and reagent limitations, this was not performed and the possible

implications of the inaccurate identification of signalling bias kept in mind when assessing these
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results. In future, it would be ideal to repeat these assays in the presence of the i receptor antagonist

B-FNA to remove all possibility of observational bias generating false results.

5.4.5. Different Equations Give Different Bias Factors
By comparing the two methods of generating bias factors we were able to show that bias

factors generated by the same calculation are comparable, even when the measure of G-protein
activation was changed. However, large variation was identified between the two equations when the
same data was used. In general, the simplified bias equation identified all the u receptor agonists as
B-arrestin2 biased, while the RA; model mainly identified G-protein bias. The lack of consistency
between different calculations when using the same data is concerning and calls into question the

Ill

reliability and accuracy of all bias calculations and the actual “signalling bias” of compounds. This is
particularly concerning for the simplified bias equation which identified all agonists as B-arrestin2 bias
despite the selectivity analysis showing kurkinol and kurkinorin are highly selective for the G-protein
pathways, with significantly lower levels of B-arrestin2 recruitment and pCREB activation (Fig. 5.7).

Furthermore, the original pattern of bias, generated using the simplified bias calculation and
cAMP inhibition vs B-arrestin2 recruitment was not consistently replicated with this new data
(Crowley et al., 2020, Crowley et al., 2016). The method of data generation originally used may be
responsible for this inconsistency, as an amplifying G-protein (cAMP) assay vs non-amplifying B-
arrestin2 (PathHunter B-arrestin2 recruitment) assay was used, immediately biasing the results
towards the G-protein pathway. Additionally, the simplified bias calculation was utilised, which we
have shown to correlate poorly to the behavioural data and therapeutic windows. Overall, this
indicates that the bias factors generated from this method of data generation and analysis has a high
chance of falsely identifying kurkinol and kurkinorin as G-protein biased and cannot be used as a
reference for the bias factors generated in this thesis.

In terms of this study, it calls into question what bias factor accurately represents the
signalling bias of these compounds. Based off previously discussed behavioural data (chapters 3, 4)
and the correlations to improved therapeutic windows, the RA; model and data from the Membrane
Potential and pCREB assays conducted in CHO human p receptor cells most accurately represents the
behavioural profiles of kurkinol and kurkinorin. Whether this is to say this represents the best method
of bias generation, or that signalling bias is correlated to the behavioural profiles, is not within the
scope of this thesis. To answer this question a thorough investigation into the cellular mechanisms of
behaviour and a more robust profile of the downstream signalling pathways may allow for the
generation bias factors that accurately predict the behavioural profiles of u receptor agonists. This can
be further improved by utilising an operational model of determining signalling bias. As the kinetic

measures of agonist receptor binding and receptor pathway activation remove more system bias from
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the analysis that may be altering the generation of bias factors and pushing the output towards a

predefined answer.

5.4.6. Different Cellular Backgrounds alter G-protein Bias
One of the most common ways that bias is introduced into the calculation of signalling bias is

assessing G-protein and B-arrestin2 dependent pathways in different cell lines. This commonly occurs
due to the use of the DiscoverX assays that require the purchase of cell lines with the presence of the
large subcellular reporters that are only available in CHO and Hek293 cell backgrounds. The lack of
consistency between cell lines is not a surprising find due to the unusually high concentrations of all
four compounds required to have an effect in the membrane potential assay when the Hek293 cell
line was used. However, there have been numerous other studies that have shown that when the cell
background is the only factor changed bias values vary greatly, showing cell-specific activation of
subcellular signalling pathways, resulting in observational bias (Kenakin, 2019) (See table 5.1). Despite
this, it is still common to see the use of different cell lines to generate bias factors, even from leaders
in the field. With Bohn et al. (2017) determining signalling bias for the SR- compounds using cAMP in
CHO cells or GTPYS in mouse membranes vs B-arrestin2 recruitment in U20S cells (See table 5.1).
While the bias of PZM21 has been determined using the cAMP inhibition in Hek293 cells Vs B-arrestin2
recruitment in CHO cells (Ehrlich, et al. 2019).

These cell-specific differences in the activation of subcellular signalling molecules is likely due
to cell-specific expression of regulatory proteins, such as the RGS proteins. This is a family of GTPase
accelerating proteins that increase the rate of GTP hydrolysis (100 fold) to negatively regulate the
action of u receptor activation and downstream signalling pathways (Tesmer et al., 1997). While there
is some specificity for the expression of RGS proteins and their selectivity for receptors and G-proteins
throughout the CNS, the regulatory role individual RGS proteins play in altering p receptor signalling
is not fully understood. For example, when RGS9 and the p receptor were co-transfected into Hek293
cells the rates of receptor deactivation increased resulting in reduced cAMP inhibition by morphine
(Masuho et al., 2013). While a global insensitivity of the Ga, G-protein subunit to RGS proteins in mice
resulted in decreased coupling and activation of GIRK channels in response to DAMGO and fentanyl in
the PAG rather than the expected increase (McPherson et al., 2018). These differential effects of RGS
proteins is most likely due to their ability to form multiprotein signalling complexes, rather than act as
GTPases. With different RGS proteins able to directly interact with GPCRs, AC, GIRK channels, and Ca?*
channels (Abramow-Newerly et al., 2006). Therefore, the differential expression of RGS proteins in
CHO and Hek293 cells may play a role in the different potency in the Membrane Potential Assay, either
via their GTPase activity or the formation of RGS signalling complexes differentially affecting the GIRK
channels. Calling into question the validity and translatability to behavioural profiles in mice of the

bias factors generated using this pathway as a measure of G-protein signalling.
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Overall, RGS proteins are important regulatory proteins that are poorly understood and often
ignored when generating data for the determination of signalling bias, further simplifying a complex
signalling system adding to the error, bias, and poor translation of u receptor G-protein biased

agonists.

5.4.7. Limitations and Future Directions

The largest limitations of this study lie in the lack of comparison between the cell lines in all
assays. Ideally, the potassium assay (with GRIK channels transfected), pCREB, and pERK experiments
would have all been performed in both cell lines. Unfortunately, due to the arrival of the different cell
lines, time to perform the experiments due to the pandemic, and the inability to order in new reagents
these experiments were only performed in one of the two cell lines. In future, the examination of both
cell lines may be able to provide more robust evidence on how cell-specific signalling affects the
generation of bias. Furthermore, the concentrations required to induce a response in the potassium
and CREB assays may have been able to clarify if the high doses required in the membrane potential
assay were due to low receptor expression or if other unknown factors were influencing that
experiment.

A further limitation of this study is that the dose response effects on ERK phosphorylation at
early and late time points were never assessed due to time restrictions. As previously discussed, the
biphasic nature of ERK activation is thought to play a role in the different physiological effect of u
receptor agonists, with late-phase (or B-arrestin2 dependent) believed to be involved with abuse
liability, tolerance, and hyperalgesia (Lesscher et al., 2003, Rosas et al., 2016). The dose response
analysis of ERK phosphorylation at these time points would further add to the accuracy of the bias
calculations and provide a better understanding of the role ERK in the behavioural effects of U receptor
agonists.

A major limitation in the field of biased agonism is the poor translation of bias factors
generated in vitro, to pre-clinical models of anti-nociception and side effects, and then to human
clinical trials. This is likely a major factor limiting the clinical translation of many G-protein biased p
receptor agonists. The use of immortalised cell lines from different species requiring the transfection
of human p receptor, mouse W receptor, or rat p receptor is thought to play a role in the poor
translation. Especially with known differences in GPCR cell signalling in different species (Schattauer
et al., 2017, Schattauer et al., 2012) and recruitment of non-cognate G-proteins (Chakrabarti et al.,
2005, Seyedabadi et al., 2012, Wang et al., 2005b). A move towards a primary cell-based generation
of cell signalling data and bias factors from multiple neuronal populations may help overcome these
issues.

This has been conducted for the k receptor, with Schmid et al. (2013) were able to show

selectivity for pERK over AKT for 6’-guanidinonaltrindole compared to U69,593 (reference). While Ho
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et al. (2018) observed that signalling bias for triazole 1.1 and 1.2 determined in CHO cells was
maintained in primary striatal cultures. However, to quantify G-protein and B-arrestin2 dependent
pathways in neurons, as Schmid et al. (2013) and Ho et al. (2016) have done, requires time consuming
and low throughput experiments, such as confocal analysis of receptor internalisation and western
blotting for ERK1/2 phosphorylation. Furthermore, these experiments have required the transfection
of GFP-tagged receptors, introducing receptor reserves and system bias to their analysis. However,
with the development of the live-cell CADDi cAMP reporter (Montana Molecular; Bozeman, USA) the
level of cAMP inhibition in primary cultures can be assessed via plate reader in a high throughput
manner. Recent work has also shown this method of determining real-time cAMP levels is compatible
with primary neural stem cells, indicating it may be used successfully in primary striatal cultures (Yu
et al., 2020). This experiment can be further strengthened by utilising the recently released B-arrestin2
CADDi (Montana Molecular). If co-transfected with the cAMP CADDi, the dose response effects of both
signalling pathways could be assessed simultaneously in the same cell. Performing these experiments
in primary cultures will allow for improved translation between in vitro screens and in vivo behavioural
models conducted in rodents. While also reducing observational bias as p receptor levels will
intrinsically be at physiological levels. Unfortunately, there will still be a large system bias introduced
by the need to constitutively activate AC to allow Gip mediated decreases in cAMP to be detected.
To remove the system bias involved in the measurement of cAMP ex vivo, Muntean et al.
(2018) developed a cAMP reporter mouse (CAMPER; cAMP encoded reporter) by knocking-in a
fluorescent cAMP reporter. Allowing for the determination of increases and decreases in cCAMP levels
from baseline via a FRET signal given by the reporter. When used in primary cultures, the
measurement of cAMP can be semi-high throughput by utilising high throughput confocal analysis.
This still represents a decrease in data collection speed compared to the CADDis plate reader analysis.
The CAMPER mouse does have one key advantage, the reporter is adeno-associated virus-Cre
inducible allowing for the activation and determination of cAMP levels in a subset of neurons.
Moreover, it is compatible with optogenetics allowing for the spatio-temporal dynamics of cCAMP to
be assessed over time in a specific subset of neurons. This can also be run in tandem with behavioural
measures allowing direct correlations to be identified between in vivo cell signalling and behaviour.
With the ability of RGS proteins to regulate downstream signalling of L receptor agonists in a
cell dependent manner the use of primary cultures from different brain regions is also important. For
example, RGS9 and RGS4 are localised within the PAG and dorsal horn of the spinal cord and have
been implicated in regulating the anti-nociceptive effects of u receptor agonists. While in the pons
RGS4, 7, and 8 are localised and may play a role in regulating the induction of OIRD (Senese et al.,
2020). Therefore, to fully investigate the downstream pathways activated by the p receptor and their
physiological and behavioural consequences the full regulatory mechanism must be in place. Thus,

indicating that the bias of a compound must be determined in primary cultures from the areas
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associated with the behavioural effects. To translate the accurate generation of bias factors into a cell
line-based system to decrease cost and time involved in primary cultures, more extensive research
into the localisation and role of RGS and other regulatory proteins is required. Until we understand
the cell-specific regulation of the L receptor pathways the translation from in vitro screens through to
clinical benefits will remain poor, and the success rate of clinical approval will remain low.

The role that heterodimers play in the differential signalling profiles of kurkinol and kurkinorin
are unknown. the potential formation of W receptor/k receptor heterodimers of most interest.
Currently, few studies directly assessing the role p receptor/k receptor heterodimers have been
published. However, it has been shown that they occur in the spinal cord, producing robust anti-
nociception in male mice and female mice dependent on the stage of their menstrual cycle
(Chakrabarti et al., 2010). The mechanism of this sex difference was later identified as the differential
regulation of oestrogen and progesterone receptors by the p receptor/k receptor heterodimer vs the
individual opioid receptors (Liu et al., 2011). Indicating that the subcellular pathways are differentially
regulated upon the formation of the heterodimer, possibly altering the signalling and bias of mixed
agonists, including kurkinorin. Due to the lack of current research in the field and the potential benefit
that mixed p receptor/k receptor may provide clinically, this is an area of opioid signalling that
warrants further investigation (Paton et al., 2020a). To speed up the investigation into the effects if u
receptor/ k receptor heterodimers have on cell sighalling we can draw from the work into the effects
if the & receptor/u receptor heterodimer. This field is in a much more advanced state than any other
GPCR heterodimer research. With changes in levels of ERK1/2 phosphorylation (Gomes et al., 2000),
G-protein recruitment, the inhibition of cAMP (Gomes et al., 2004), and Ca?* signalling (Charles et al.,
2003) inthe presence of the heterodimer vs either opioid receptor on their own. Due to the similarities
between opioid receptors, these pose good first targets to assess the differential signalling of n

receptor/k receptor heterodimers may possess.
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Chapter 6. General Discussion
6.1. Significance of the Study

Chronic pain is a major problem worldwide, with 1 in 5 New Zealand adults affected. Current
treatments are ineffective due to patient differences (gabapentin and anti-depressants) or the
induction of tolerance and addiction (i receptor agonists such as morphine and fentanyl). Despite its
prevalence, little progress has been made in the development of new analgesics. Particularly, in
reducing the tolerance, addiction, and respiratory depression that occurs with u receptor agonists.
One avenue that has been explored is biased agonism. At the commencement of this thesis, it was
believed that preferentially activating G-protein signalling over B-arrestin2 signalling would increase
the therapeutic window of p receptor agonists (Schmid et al., 2017). However, only one G-protein
biased agonist, Olinvyk (TRV130), has gained FDA approval for the management of acute pain severe
enough to require i.v. opioids when alternative treatments are inadequate (FDA, 2020). While pre-
clinical analysis of other G-protein biased u receptor agonists shows poor reproducibility and little
overall improvement in side effect profiles compared to currently available options (Chapter 4, Table
4.3). Furthermore, recent studies have failed to replicate initial findings in B-arr2”mice, indicating
biased agonism may not be responsible for the improved pre-clinical profile of “G-protein” biased
agonists (Kliewer et al., 2020, Kliewer et al., 2019). This led to the identification of other potential
cellular mechanisms for their behavioural profiles. With the main competing theory termed low
intrinsic efficacy stating that partial agonism at G-protein and B-arrestin2 dependent pathways is
responsible for the behavioural improvements of these compounds (Gillis et al., 20204, Gillis et al.,
2020b) (Fig 6.1 A).

The rapid development of this field over the last three years has impacted the hypotheses of
this thesis. We initially aimed to investigate the role of biased agonism in the anti-nociceptive and side
effects using two novel p receptor agonists with varying G-protein bias, kurkinol and kurkinorin. Our
initial hypothesis was that the more G-protein biased kurkinol would show increased anti-nociception,
decreased tolerance, and side effects compared to kurkinorin and morphine. We, therefore, assessed
the potency, tolerance, and duration of action of these two novel compounds in acute thermal spinal
and supraspinal pre-clinical models, and in the CINP model of chronic, neuropathic nociception in male
and female C57BL/6J mice. While the induction of motor coordination impairment, constipation,
urinary retention, hyperalgesia, and respiratory depression were used to assess their side effect
profiles. With the change in the literature surrounding the role of i receptor G-protein bias, we further
investigated the role of B-arrestin2 in the induction of thermal nociceptive tolerance and respiratory
depression in the B-arr2”- mice and Wt controls. Furthermore, we investigated the cell signalling
profile of kurkinol and kurkinorin using non-amplifying measures of G-protein (Membrane Potential

assay and potassium assay) and B-arrestin2 signalling to probe the role of biased vs partial agonism at
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the ureceptor. This data was used to calculate bias factors utilising two different calculations to assess
their reproducibility. The role different cell lines, and therefore regulatory proteins, on the translation
issues of bias, were also probed utilising both CHO and Hek293 cells stably expressing the human p

receptor.

6.2. Key Results

6.2.1. G-Protein Bias Correlates to the Anti-Nociceptive Profile but Not
the Side Effect Profile

In our hands, the degree of G-protein bias was found to correlate to the potency and tolerance
in the tail-flick assay of acute thermal anti-nociception. Furthermore, we were able to repeat the initial
work by Bohn et al. (1999) in B-arr2”- mice, with the anti-nociceptive potency in the tail-flick higher
than in the Wt controls while also displaying significantly reduced tolerance. The moderately biased
kurkinorin also showed reduced tolerance in the B-arr2”- mice indicating that B-arrestin2 is required
for u receptor desensitisation and tolerance. However, the correlation between G-protein bias and
improved behavioural profiles does not translate to the other side effects assessed, with kurkinol
inducing higher levels of motor incoordination, constipation, and respiratory depression than
kurkinorin. Further, neither kurkinol nor kurkinorin showed any improvement in respiratory
depression or small intestine transit in B-arr2”" mice. In addition to this study, these key experiments
in the field have also failed replication, with recent work by 3 groups. With (Kliewer et al., 2020) also
finding the same level of respiratory depression and constipation in B-arr2” mice and their Wt
littermate controls. This indicates an inverse correlation between signalling bias and the side effect
profile. Furthermore, Kliewer et al. (2019) generated a series of yu receptor C-terminal mutations to
dose dependently decrease the level of B-arrestin2 recruitment in vivo. In doing so they observed a
correlation between decreased B-arrestin2 and increases in anti-nociceptive potency and decreases
in the level of tolerance. However, it was also correlated to increased levels of on-target side effects,
including respiratory depression, constipation and opioid withdrawal. Together with previous
literature, our results indicate that signalling bias does correlate to improved anti-nociceptive potency
and tolerance, in acute models, as has been found with TRV130 and SR-17018 (Chapter 3, Table 3.6).
The induction of side effects by G-protein biased agonists can also be seen with PZM21, TRV130, SR-
1150, -14969, -14968, and loperamide, with no 2 agonists showing the same side effect profile
(Chapter 4, Table 4.3).

The correlation of improved anti-nociception with G-protein bias also does not translate to
chronic models, as shown in the CINP model. This highlights the importance of determining the effect
of biased agonism in the disease state it is developed to treat. Especially with the signalling changes

that occur in chronic pain states, potentially altering the behavioural profiles of in acute vs chronic

202



models of anti-nociception (Li et al., 2017, Samineni et al., 2017, Xiao et al., 2007, Xiao et al., 2011).
Despite this, it is rarely examined during the pre-clinical development of G-protein biased p receptor
agonists (Chapter 3, Table 3.6).

The generation of Z-scores for the behavioural anti-nociceptive and side effects assessed
showed that kurkinorin induced an equivalent anti-nociceptive profile and improved side effect profile
compared to morphine, independent of signalling bias. Furthermore, kurkinol provided the largest
therapeutic window between the potency in the tail-flick or potency in PTX-induced mechanical
allodynia and the induction of constipation. While the therapeutic window could not be assessed for
respiratory depression or motor coordination impairment due to a lack of doses for each drug, there
does appear to be a correlation, with kurkinorin having a larger therapeutic window. Kurkinol on the
other hand has a much smaller therapeutic window with the induction of multiple side effects,
specifically respiratory depression. Previously these effects have been attributed to either B-arrestin2
recruitment or the efficacy for pathway activation. However, as mentioned above the level of B-
arrestin2 recruitment does not correlate to the side effect profile, while neither compound showing
partial agonism at the pathways assessed. Alternately, the background k receptor activation may be
enough to mitigate the side effects induced by the u receptor selectivity of kurkinorin. There is also
the possibility that the issues with the measurement and calculation of bias may not correctly identify

the signalling bias of these compounds.

6.2.2. The Therapeutic Potential of Kurkinorin and Kurkinol

The therapeutic potential of our novel u receptor agonists do not match their signalling bias.
As previously mentioned, kurkinol shows no improvement when compared to morphine in measures
of motor incoordination, respiratory depression, or constipation. While it does not appear to have
high abuse liability, the potent induction of these side effects would likely limit its clinical utility and
likely. Due to the improvement in side effects following the administration of kurkinorin compared to
morphine this, moderately G-protein biased agonist holds the most therapeutic potential. With
improvements in tolerance to acute thermal noxious stimuli, reduced abuse liability, motor
coordination impairment, constipation, and respiratory depression compared to morphine.

In comparison to other novel G-protein biased agonists, kurkinorin has a favorable behavioural
profile. Compared to PZM21 kurkinorin is more potent in acute thermal nociception with improved
levels of tolerance (Table 3.6). With both novel p receptor agonists inducing similar levels of locomotor
incoordination, G.I transit impairment, and respiratory depression (Hill et al., 2018, Kudla et al., 2019,
Manglik. et al., 2016). However, the respiratory data for PZM21 is inconsistent between studies (Hill
et al., 2018). While the SR- compounds are at an earlier stage of development, kurkinorin induces less
respiratory depression compared to SR-11501, SR-14969, and SR-15968 (Schmid et al., 2017,

Schwienteck et al., 2019) (Table 4.3). The strongest indicator of kurkinorins therapeutic potential is
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the similarity in behavioural profile to the FDA approved G-protein biased u receptor agonist, Olynvik
(TRV130). With both novel compounds showing improved therapeutic windows between acute
thermal stimuli and measures of G.| transit (DeWire et al., 2013, Manglik. et al., 2016). Furthermore,
in the initial studies TRV130 also showed reduced levels of respiratory depression, motor
coordination, and abuse liability (DeWire et al., 2013, Manglik. et al., 2016). While, more recently
TRV130 was shown to induce respiratory depression and have high abuse liability in pre-clinical rodent
models (Altarifi et al., 2017, Zamarripa et al., 2018). This led to the failure of FDA approval with the
first application, ultimately the re-evaluation in humans resulted in its approval for specific
circumstances (FDA, 2020). Overall this highlights the importance of having the behavioural data of
kurkinorin independently validated before any definite conclusion can be drawn on its therapeutic

potential (Table 3.6 & Table 4.3).

6.2.3. The Role of Other Subcellular Pathways and Regulatory Proteins
When assessing bias in vitro there has been a tendency to oversimplify the measurements of

G-protein and B-arrestin2 signalling pathways. Common measures include B-arrestin2 recruitment,
GTPYS binding, and inhibition of cAMP. However, bias has been identified between the different Gao
subunits at the p receptor in response to DAMGO, Met-enkephalin, and a-neo in a cell dependent
manner (Thompson et al., 2016). This indicates that activation of downstream G-protein dependent
pathways may be differentially activated in both a cellular and ligand dependent manner. By only
assessing the effects of upstream pathways, such as B-arrestin2 recruitment and GTPYS binding, the
role of subcellular pathway molecules on bias factors and behaviour has been overlooked. While other
signalling pathways are beginning to be analysed, such as the Membrane Potential assay that assesses
the activation of ion channels. The role of other signalling molecules, such as activation of MAPK
pathways, are often ignored. Previous investigation of the cellular pathways activated by ‘biased’
agonists may have been too narrow, possibly resulting in important correlations being missed. For
instance, we have shown that the side effect profiles of kurkinol (potent activator) and kurkinorin
(poor activator) may be correlated to the levels of pCREB, specifically the respiratory and motor
coordination deficits. Further experimentation would be needed to confirm these results and prove a
correlation between pCREB and the behavioural effects. The simplest way to assess this correlation
would be to assess the level of pCREB in the brain regions associated with these effects with western
blotting or IHC following administration of kurkinol and kurkinorin. If an increase is seen in these
regions, further experiments may be carried out to assess the behavioural effects when pCREB is
inhibited in these areas. Unfortunately, the correct Cre-Loc system does not exist to selectively
remove CREB from p receptor positive neurons. However, stereotaxic microinjection and siRNA
knockdown may achieve the same results. Due to the location and role of the pre-Botzinger in

respiration, injection directly into this region would most likely not be possible. However, either i.c.v
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or injection into the 4™ ventricle may be optimized to result in knockdown in the pre-Bétzinger. Other
downstream kinases of MAPK have also been associated with behavioural effects, such as pERK1/2
that is associated with the abuse liability (Lesscher et al., 2003, Rosas et al., 2016) and induction of
hyperalgesia by u receptor agonists (Bobeck et al., 2016, Deng et al., 2019). While the activation of
p38 is linked to the induction of anti-nociceptive tolerance (Koch et al., 2004, Yang et al., 2010). As
with pCREB, these molecules are often not measured or included in the analysis of signalling bias
further limiting our ability to accurately predict bias and improve their translation.

Furthermore, regulatory proteins, such as RGS proteins and GRK proteins, can influence the
regulation of the p receptor and therefore the signalling bias that is observed. The phosphorylation of
the U receptor and subsequent increase in B-arrestin2 recruitment in response to GRK2 activation is
well documented, with the overexpression of GRK2 in CHO, AtT20, and Hek293 cells known to result
in increases in B-arrestin2 recruitment (Doll et al., 2012, Schulz et al., 2004, Thompson et al., 2016).
While, RGS proteins are involved in the negative regulation of G-protein activity and the formation of
signalling complexes that function to enhance the activation and deactivation of GIRK and VG Ca?*
channels (Senese et al., 2020) (Fig 6.1 B). This can have widespread, cell-specific impacts on signalling
in response to the same agonist resulting in different behavioural profiles. This has been made clear
by the generation of mutant mouse lines for multiple RGS proteins involved in the regulation of the u
receptor. This includes the constitutive RGS9-2 knockout mouse that shows increased anti-nociception
and a decrease in tolerance to morphine in the hotplate assay. However, this also induced an increase
in place preference and exacerbation of naloxone-precipitated withdrawal (Zachariou et al., 2003). In
the inverse experiment the overexpression of RGD9-2 in the NAc, resulted in the opposite behavioural
profile to morphine (Gaspari et al., 2014). Further, there appears to be ligand-specific regulation of
the W receptor by RGS9-2, as the administration of oxycodone, methadone, or fentanyl to the
constitutive knockout mice resulted in decreased anti-nociception and increased tolerance in the
hotplate assay (Gaspari et al., 2017, Psifogeorgou et al., 2011). Similar changes can be observed upon
the genetic manipulation of RGS7, RGS4, and R7BP, while RGSz1 only negatively regulates the p
receptor (Table 6.1). To further complicate the role of regulatory proteins at the p receptor, the
constitutive knock in of RGS-insensitive Ga0 increased supraspinal anti-nociception measured in the
hotplate assay but decreased spinal anti-nociception in the tail-flick assay. Despite the large
behavioural effects, that regulatory proteins play in modulating the behavioural effects of U receptor
agonists, they are often ignored when signalling bias is assessed.

If the RGS and GRK2 expression does not match that of the in vivo target cells the translation
of bias factors will remain poor. This further complicates the generation of bias factors for a receptor
target such as the p receptor that is widely expressed throughout the central and peripheral nervous
system. Coupled with the poor understanding of the regulatory proteins signalling bias would need to

be determined in every cell population where the binding and activation of u receptor induces a
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behavioural response. If this is the case, then bias factors need to be determined for every cell type at
a physiological level of the receptor in question with a range of different signalling molecules assessed
using non-amplifying assays in primary cells ex vivo. This process would be time-consuming, expensive,
and defeat the purpose of developing biased agonism to predict what novel compounds will show

improved safety profiles in vivo.
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Table 6.1 Behavioural Effects of RGS Proteins that Regulate the Mu Opioid Receptor

Behavioural Profile

RGS Subtype Opioid Genetic Manipulation
Anti-Nociception Tolerance Reward | Withdrawal
Morphine [1] Constitutive KO Increased Delayed Increased Increased
Morphine [2] AAV-RGS9-2 overexpression Decreased Accelerated | Decreased | Decreased
RG352 Methadone, Fentanyl [3] Constitutive KO Decreased n.d n.d n.d
Oxycodone [4] Constitutive KO No change Accelerated | Decreased | No change
RGS-7 Morphine [5] Constitutive KO Increased Delayed Increased Increased
Morphine [6] Antagonist CCG-63802 in vIPAG Increased n.d n.d n.d
Fentanyl [6] Antagonist CCG-63802 in vIPAG No change n.d n.d n.d
Res4 Morphine [7] Constitutive KO No change No change | Increased Increased
Methadone, Fentanyl [7] Constitutive KO Decreased n.d n.d n.d
Morphine [8] Constitutive KO Increased Delayed Increased n.d
RGSz1 Methadone, Fentanyl [8] Constitutive KO Increased n.d n.d n.d
Morphine [8] Conditional vIPAG KD Increased Delayed n.d n.d
R7BP Morphine [9] Constitutive KO Increased Delayed n.d n.d
Morphine [10] Constitutive Kl Increased (supraspinal) n.d n.d n.d
RGS-insensitive Gao
Morphine [10] Constitutive Kl Decreased (spinal) n.d n.d n.d

Data summarised from Senese et al. (2020)

Abbreviations:
KO = knockout
KD = knock down
KI = knock in

References:

1. Zachariou, et al. 2003.

2. Gaspari, et al. 2014.

3. Psifogeorgou, et al. 2011.
4. Gaspari, et al. 2017.

5. Sutton, et al. 2016.

6. Morgan, et al. 2020.

7. Han, et al. 2010.

8. Gaspari, et al. 2018.

9. Terzi, et al. 2012.

10. Lamberts, et al. 2013.




6.2.4. Issues with Bias Calculations

Many confounding factors have been identified in the generation of bias factors over the last
decade. Including system and observational bias that has been proposed as a partial explanation of
the inconsistency between in vitro bias factors and in vivo behaviours. As well as the biases identified
in data generation, the calculations have also shown inconsistencies between bias factors generated
from the same data, with Rajagopal et al. (2011) finding that the RA; model did not always produce
the same bias factors given by the Black and Leff operational model, particularly when variable cell
signalling data resulted in poor curve fits. We have added to this previously identified issue with a lack
of consistency between the simplified and Log RA; models of non-operational bias calculations. The
inconsistency between operational and non-operational models of bias is the removal of kinetic
parameters, such as the agonist-receptor dissociation constant, coupling of receptors to cellular
pathways, and receptor population that are considered with operational models. Thus, making them
more robust and a better representation of true signalling bias. We have also shown here that even
within relative intrinsic efficacy-based models of generating bias factors there can be large
discrepancies in the bias factors generated. Moving forward, the field of biased agonism needs to
ensure that all biases are properly controlled for (system, operational, and cell type) and the effects
on multiple signalling molecules measured before the use of the more robust operational models.
Only when these factors are controlled for will we be able to delineate the true role of G-protein

biased agonism at the p receptor and the potential role of partial agonism.
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Figure 6.1 Alternate Theories to Explain the Behavioural Profiles of “G-Protein” Biased Mu Opioid
Receptor Agonists

(A) Recent evidence has correlated partial agonism at both G-protein and f-arrestin2 dependent
pathways to the increased therapeutic window of “G-protein biased” agonists. (B) The RGS family act
as GAP proteins to inhibit the signalling G-protein signalling, they also inform multiprotein signalling
complexes to modulate adenylyl cyclase, GIRK channels, voltage-gated calcium channels, pERK12, and
endocytosis via clathrin-coated pits. Despite this, they are often ignored in the analysis of novel
agonists for signalling bias. (C) The latent selectivity of kurkinorin for the k receptor may result in the
formation and activation of u receptor/k receptor heterodimers that may alter the downstream

signalling molecules, therefore altering the behavioural profiles.
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6.3. Alternative Paths to Non-Addictive Analgesics

Due to the inconsistencies in the field of biased agonism and the work that needs to go into
improving our ability to predict correlations between in vitro analyses and in vivo behaviour, alternate
routes may provide a faster path to non-addictive analgesics. Other promising fields of research in this
area include targeting regulators of u receptor signalling, targeting the k receptor and 6 receptor
individually or as mixed agonists, and the targeting of voltage-gated Na* and Ca?* channels.

Despite the lack of thought into the role of RGS proteins in the assessment of signalling bias,
this protein family has become a target of interest for the treatment of chronic pain. With their
activation and/or inhibition proposed as a mechanism to increase the therapeutic window of current
U receptor analgesics. The RGS4 and RGS9-2 are two RGS proteins that have been directly studied
concerning anti-nociception, with their inhibition shown to increase thermal nociceptive thresholds
after the administration of both endogenous and exogenous agonists (reviewed in Senese et al., 2020).
This provides the 2 mechanisms through which RGS inhibitors have been proposed to treat chronic
pain; as an independent treatment, leading to site-specific enhancement of anti-nociception by
endogenous opioids, or as an adjunct to current u receptor analgesics lowering the dose required to
produce analgesia, thus increasing the therapeutic window. However, targeting these intracellular
proteins has proven difficult due to their low receptor specificity. An example of this is the small
molecule inhibitor, CCG-50014. This molecule has been shown to inhibit RGS1, 4, 5, 14, 17, and 19
(Blazer et al., 2011, Hayes et al., 2018). Despite this promiscuity it still enhances the anti-nociceptive
effects of the u receptor, indicating other RGS outside of RGS4 may be involved (Blazer et al., 2011,
Yoon et al., 2015). This indicates that more basic research needs to be undertaken to understand the
pathophysiological role of RGS protein before inhibitors can be developed for clinical use. But the
promise of site-specific increases in u receptor agonists, or even increasing the therapeutic window
of current pu receptor agonists is worth the effort that is required.

The 2 other classical opioid receptors, k receptor and & receptor, are also expressed in CNS
regions associated with pain and have been observed to induce anti-nociception in pre-clinical rodent
models (Gavériaux-Ruff et al.,, 2008, Nadal et al., 2006). While the traditional k receptor agonist
U50,488 is heavily limited by the potent induction of side effects including sedation, aversion, and
anxiety (Gallantine et al., 2008, Gillett et al., 2013, Land et al., 2009). Similarly, 6 receptor agonists
also induce side effects with seizures the most severe (Broom et al., 2002, Jutkiewicz et al., 2004). Due
to the oppositional side effect profiles of these opioid systems the development of mixed opioid
agonists has been proposed as a mechanism to reduce on-target u receptor induced side effects.
Specifically, the combination of the k receptor with either the u receptor or 6 receptor has been shown
to induce favourable anti-nociceptive and side effect profiles, with a decrease in abuse liability a large
attraction to this combination (Paton et al.,, 2020a). The 3’-iodobenzoyl naltrexamine analogue,

MP1104, is one such mixed opioid agonist (Varadi et al., 2015). In vitro analysis revealed MP1104 had
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3- and 13- fold higher selectivity for the k receptor than the p receptor and 6 receptor respectively,
with full agonism at all three receptors (Varadi et al., 2015). While in vivo it has been shown to induce
potent, long acting anti-nociception in the tail-flick assay in both rats and mice and attenuates cocaine
self-administration in rats (Atigari et al., 2019, Varadi et al., 2015, Varadi et al., 2016). Furthermore, it
does not induce anxiogenic or aversive effects as measured by elevated plus maze, forced swim test,
and conditioned place aversion in rats (Atigari et al., 2019). Ultimately, these u receptor/ k receptor
mixed agonists appear to show the same pre-clinical behavioural profile as what biased agonism is
trying to achieve (Paton et al., 2020a, Varadi et al., 2016). This can also be seen throughout this thesis
with the significant improvements that kurkinorin has shown in terms of its side effect profile, which
may be induced by latent selectivity for the k receptor. While we have yet to prove this, it is an
intriguing path to follow in terms of kurkinorin mechanism of action and the cell signalling changes
that occur in response to co-activation of the receptors. Current research has identified signalling
changes in response to the co-activation of other u receptor heterodimers, however, the pu receptor/
K receptor has been largely ignored in terms of its signalling profile. If kurkinorin does, in fact, co-
activate U receptor/ k receptor heterodimers it would be an interesting scaffold compound to probe
these subcellular pathway changes and draw correlations back to the behavioural profile set out in
this thesis. If the changes in cell signalling that occurs upon the activation of a p receptor/ k receptor
heterodimer does correlate to an improved therapeutic window the development of novel agonists
with the same pharmacological profile it could pose a new avenue to generate non-addictive agonists
for the treatment of chronic pain (Fig 6.1). Unfortunately, this is also not a straightforward method of
generating improved analgesics as the issues of full, partial, or biased agonism and the discrepancies
in bias calculations also exist at the k receptor (Mores et al., 2019, Schattauer et al., 2017, Schattauer
et al., 2012). This means that large volumes of cell signalling research would be required for the action
at the heterodimer to fully understand the correlation of heterodimer activation and behavioural
profiles.

Another route for developing non-addictive analgesics for chronic pain that has renewed
traction is the identification of ion channel blockers. This includes compounds such as gabapentin (Ca?*
channel blocker), and Ziconotide (Ca?* channel blocker) and other novel compounds isolated from
cone snails (conotoxins; x-MrlA & Contulakin-G), and spider venom (PhalB, Ca?* channel blocker)
(Craig et al., 1999, Miljanich, 2004, Nielsen et al., 2005, Tonello et al., 2017, Vieira et al., 2005). In
chronic pain states, they counteract the increase in neuronal excitability caused by the upregulation
of the Ca?* channels, either directly blocking their action, or targeting other channels involved in. As
these compounds are fully independent of the opioid receptors, they induce none of the dose-limiting
side effects. Unfortunately, they are also less effective at treating chronic pain compared to u receptor
analgesics. However, the co-administration of ion channel blockers with 1 receptor agonists has been

shown to reduce the dose of the W receptor agonists required to induce the same level of anti-
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nociception in rodents (Bao et al., 2014, Papathanasiou et al., 2016). Therefore, increasing the

therapeutic window and reducing the potential for accidental opioid overdose and abuse liability.
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6.4. Final Conclusions

There is a great need for the development of potent, non-addictive opioids for chronic pain
highlighted by the unsatisfactory treatment in the eyes of patients and medical professionals due to
tolerance, dose-limiting side effects, and addiction. This has contributed to a large portion of the
opioid deaths in the United States, and the increased rates of opioid overdose seen around the world.
The theory of biased agonism has been thoroughly investigated over the last 2 decades as a potential
method of developing u receptor agonists with improved anti-nociceptive and side effect profiles.
Despite the initial promise this field showed, the lack of reproducibility and poor translation to
improved clinical therapeutics has resulted in the development of alternate theories.

In this thesis, we investigated the behavioural and cell signalling effects of 2 novel U receptor
agonists, kurkinol and kurkinorin, with varying G-protein bias. Our results followed the trend seen in
the more recent literature on biased agonism, whereby the anti-nociceptive and tolerance effects
were correlated to G-protein bias in acute models of anti-nociception. We have also added to the
literature by assessing the development of tolerance to chronic, neuropathic pain, an important step
that is often missed. This allowed us to show that tolerance develops to G-protein biased agonists in
disease states, where the pain pathways are damaged. Furthermore, the highly G-protein biased u
receptor agonist, kurkinol, induces more side effects than kurkinorin, adding to the literature evidence
that correlates reduced B-arrestin2 recruitment to increased side effects.

The results of the in vitro work performed in this thesis reiterates the issues induced by
observational and system bias on the generation of bias factors. As well as highlighting the issues that
the assessment of a few select signalling molecules, rather than multiple subcellular pathways, may
have led to correlations between signalling molecules and behaviour being missed. As well as the
importance of considering the regulatory proteins and other as they are likely to change the direction
and amplitude of signalling at both pathways, adding to the translatability issues of in vitro bias factors.
Furthermore, the method of calculating bias needs to be optimized and standardized throughout the
field as we and others have shown significant differences between the calculations. This includes
accounting for the potency and efficacy of the compounds at the measured pathways and how the
signalling may be altered overtime (kinetic bias). The theory of biased agonism still holds promise as
a method to quickly identify compounds with improved safety profiles once the tools used to generate
the bias factors have been further developed and the regulation of G protein and B-arrestin pathways

are fully understood.
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Chapter 7. Appendix

7.1. Reagent recipes
7.1.1. CHO and Hek293 Growth Media

DMEM/F12-K 35.6 ml

FCS 4 ml

PenStrep 400 ul
7.1.2.PBS-11L

137 mM NaCl 8¢g

2.7 mM KCl 0.2g

4.3 mM Na;HPO4 0.610g

1.47 mM KH,PO4 0.2g

7.1.3. SOCmedia—-11L

0.5% Yeast extract 5g

2% Tryptone 208

10 mM NaCl 0.58¢g
2.5 mM KCl 0.18¢g
10 mM MgCl, 2.03g
10 mM MgSO, 246¢g
20 mM glucose 3.603g

7.1.4. LB brothand LBagar-11

Bacto-tryptone 10g

Yeast extract 5g

NacCl 10g

Ampicillin 100 pg/ml

Agar 10g - added as required for the generation of LB agar

7.1.5. TE Buffer- 50 ml

EDTA (0.5M) 100 pl
Tris (1M) 500 ul
dH,0 49.4 ml
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7.2. Gel Electrophoresis and Western Blotting Solutions

7.2.1. RIPA Buffer (pH7.5)-11L

Tris HCI
NaCl

EDTA
Triton-X-100
SDS

Sodium deoxycholate

1.2g
8.766 g
0.37¢g
10 ml
lg
10g

7.2.2. 5x Reducing Buffer—11L

Tris HCI (pH 6.8)
SDS
Glycerol

Bromophenol Blue

7.2.3. Gels (2x)

62.5mM

2%

20%

1%

7.2.3.1. 10% Separating Gel

dH,0

1.5M Tris (pH 8.8)
10% SDS
Acrylamide

10% APS

TEMED

8 ml

5 ml
200 pl
6.66 ml
100 pl

10pL

Layered with 100% isopropanol while setting.

7.2.3.2. 4% Stacking Gel

dH,0

0.5M Tris (pH 6.8)
10% SDS
Acrylamide

10% APS

TEMED

6.1 ml
2.5ml
100 pl
1.33ml
50 ul

10 pL
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7.2.4. 10x Running Buffer—11L

SDS 10g
Tris HCI 303¢
Glycine 144.1¢g

7.2.5. Western Transfer Buffer—11L

Glycine 1l44¢
Tris HCI 3.03¢g
Methanol 200 ml

7.2.6. 10x TBS (pH 7.5) -1 L
Tris HCI 60.5g

NaCl 87.6¢g

7.2.7. T-TBS

1x TBS with 0.1% Tween-20

7.2.8. Stripping Buffer—11L

SDS 20g
0.05 M Tris HCI, pH 6.8 992.5 ml
B-mercaptoethanol 7.5mL
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7.3. Statistical Analysis

No difference between
Hotplate: >
otp aFe 1.5 Logl0 Yes No 3at 39 and yes analysis with/out 30 and yes
Morphine 45 min .
45 min
Hotplate: Kurkinol 1.6 Square root Yes Yes n.a Yes n.a Yes
Hotplatg: 1.7 Square root Yes No <3 Yes n.a Yes
Kurkinorin
PTX.: mechamcal 19A Square root Yes Yes n.a No n.a Yes
induction
PTX: cold 1.9B Log10 Yes No <3 No n.a Yes
induction
PTX mechanical: 1.13 Square root Yes No <3 No n.a Yes
Tolerance
PTX: cold 1.14 Square root Yes No <3 No n.a Yes
Tolerance
PTX: mechan.lcal Appendix Square root Yes No <3 No n.a Yes
Hyperalgesia
PTX: CO|d. Appendix Logl0 Yes No <3 Yes n.a Yes
Hyperalgesia

Table 7.1 Chapter 3 Statistical Test Assumption Information

Where sphericity was not meet the Greenhouse-Geisser correction was applied



T¢¢C

. . . . . . Variance . . Test of | Three-Way
Section Experiment Figure Transformation | Normality | Homogeneity <3 Sphericity Variance ANOVA
4.3.2 Rotarod: morphine 4.3 Square root Yes No <3 no n.a Yes
4.3.2 Rotarod: morphine 4.4 Square root Yes No <3 no n.a Yes
Faecal Accumulation: 46A,B,G,H
4.1.1.5 Morphine 4.7A Square root Yes Yes n.a Yes n.a Yes
Faecal Accumulation: 46C,D,G,H
4.1.1.5 Kurkinol 478 Logl0 Yes Yes n.a No n.a Yes
4.1.1.5 Faecal Acc.umt.JIatlon: 46E F G H Square root Yes Yes n.a Yes n.a Yes
Kurkinorin 47C
Urinary Retention: 4.10A,B,G, H
4.1.1.7 Morphine 411 A Square root Yes No <3 No n.a Yes
4.1.1.7 | Urinary Retention: Kurkinol 4'104C'11D'BG' H Square root Yes No <3 No n.a Yes
Urinary Retention: 4.10E,F, G, H
4.1.1.7 Kurkinorin 4.11C Reflect & Log10 Yes No <3 No n.a Yes
4.1.1.8 PIethysmogFr:\ezhy: Kurkinol 4.12A,B,C Logl0 Yes No <3 Yes n.a Yes
4.1.1.8 PIethysmogr_Ia_\phy: Kurkinol 412D, E, F Logl0 Yes No <3 No n.a Yes
Vv
4.1.1.8 P'Ethysmg\r/a""hy: Kurkinol 412G, H, | Log10 Yes No <3 No n.a Yes
4.1.1.8 PIethy'sm(?graphy: 4.13A,B,C Logl0 Yes Yes <3 Yes n.a Yes
Kurkinorin Freq
Plethysmography:
4.1.1.8 .. 413D, E, F Logl0 Yes No <3 No n.a Yes
Kurkinorin Ty
4.1.1.8 Plethysmography: 413G, H, | Log10 Yes No <3 No n.a Yes

Table 7.2 Chapter 4 Statistical Test Assumption Information

Kurkinorin Vmin

Where sphericity was not meet the Greenhouse-Geisser correction was applied




7.4. Chemotherapy-Induced Neuropathic Pain Supplementary Data

7.4.1. Paclitaxel Induced Comparable Disease Between Treatment Groups
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Figure 7.1 Treatment Groups Did Not Significantly Differ in the Induction of Neuropathic Pain on Day 15

Mice were placed into treatment groups on day 15 based on the induction of cold and mechanical allodynia.
(A) Male and (B) female mechanical allodynia scores on day 15 showed decreases to vehicle/vehicle-treated
animals with no differences between the groups. (C) There were also no differences between treatment
groups when the genders were combined. (D) Male and (E) female cold allodynia scores on day 15 showed an
increase in time responding to cold stimuli compared to vehicle/vehicle with no differences between groups.
(F) When the genders were combined there was no difference in cold allodynia baselines on day 15. One-Way

ANOVA with Bonferroni Multiple corrections test. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. Data

presented as mean + SEM. N = 6 females and 5/6 males per group, combined data N = 11-12.
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7.4.2. Induction of Hyperalgeisa by Kurkinol and Kurkinorin
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Figure 7.2 Chronic Treatment with Kurkinol or Kurkinorin did not Reverse Disease Progression or Induce
Hyperalgesia to Mechanical or Cold Allodynia

On day 17 of chronic pain daily administration of vehicle, morphine, gabapentin, kurkinol, or kurkinorin was
initiated with the effect on disease progression and/or hyperalgesia tracked every 4 days from day 18. There
was no reduction or increase in mechanical allodynia in (A) male, (B) female, or (C) overall when genders were
combined. No change in cold allodynia was seen with chronic administration in (D) male, (E) female, or (F)
overall when genders were combined. Three-way mixed ANOVA. Data presented as an average of
measurements taken in quadruplicate. Data are shown as mean + SEM. (N = 5 -6 males & 6 females per

group). Doses in brackets in mg/kg/i.p.
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7.5. The Effect of Kurkinol and Kurkinorin on Core Body Temperature

M receptor agonists have the potential to negatively affect core body temperature. To assess the
impact of kurkinol and kurkinorin on core temperature the rectal temperature of male mice was taken for 60
min post-administration. The core temperature following morphine administration was found to significantly
decrease over time (F(s, 102) = 3.36, p < 0.0001, p < 0.05). Neither kurkinol nor kurkinorin showed significant
decreases in rectal temperature, with both showing improvements from 45 — 60 min compared to morphine
(p < 0.05). These temperatures were used during the calculation of respiratory measures from the whole-

body plethysmography assay.
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Figure 7.3 Hypothermic Effects of Kurkinorin & Kurkinol

The change in rectal temperature in response to morphine (5 mg/kg/i.p.), kurkinol (2.5 mg/kg/i.p.), and
kurkinorin (5 mg/kg) was monitored over a 60 min period. Morphine-induced a significant hypothermic
reaction from 15 — 60 min. Neither kurkinorin nor kurkinol induced a change in rectal temperature, with both
showing significant improvements to morphine from 45 — 60 min. Two-way repeated measures ANOVA with
Bonferroni multiple corrections test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to Vehicle,
##p<0.01, ###p<0.001, ####p<0.0001 compared to Morphine. Data are shown as mean + SEM (N = 5 per

group). Doses in brackets in mg/kg/i.p.
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7.6. Whole-Body Plethysmography in Unrestrained Mice

7.6.1. Kurkinol Altered all Measures of Respiration
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Figure 7.4 Kurkinol Negatively Impacts Multiple Measures of Respiration in C57 Bl/6 mice

(A) Effect on inspiration time in males and (B) females. (C) Kurkinol induced no increase in inspiration time.
(D) Effect on expiration time in males and (E) females. (F) kurkinol increased expiration time compared to the
vehicle with improvements to morphine between 40 — 50 min. (G) Effect on total cycle time in males and (H)
females. (1) The total cycle time was increased in kurkinol treated mice, with improvements to morphine from
40 — 60 min. (J) Effect on inspiratory flow in males and (K) females. (L) Kurkinol had a faster onset of 5 min
with a significant decrease between 5 — 60 min. -FNA pre-treatment reduced all effects. Three-way mixed
ANOVA. Data presented as an average of measurements taken in quadruplicate. Data are shown as mean +
SEM. *p< 0.05, ** p< 0.01, ***p< 0.001, ****p< 0.0001 drug to vehicle, #p< 0.05, ## p< 0.01, ###p< 0.001,
####p< 0.0001 drug to morphine, Ap< 0.05, " p< 0.01, **p< 0.001, drug to S-FNA pre-treatment. (N = 7 -8

males & 6-7 females per group). Doses in brackets in mg/kg/i.p.
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7.6.2. Effects of Kurkinorin on Further Respiratory Measures
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Figure 7.5 Kurkinorin has a Reduced Effect on Respiratory Measures in C57 Bl/6 mice

(A) Effect on inspiration time in males and (B) females. (C) Kurkinorin did not affect inspiratory time when
sexes were combined. (D) Kurkinorin reduced expiration time in males at 5, 15, 20, and 40 min, but not in (E)
female. (F) kurkinorin showed improvements in expiration time to morphine from 40-60 min. (G) Effect on
total cycle time in males and (H) females. (I) Total cycle time was increased in kurkinorin treated mice. (J)
Effect on inspiratory flow in males and (K) females. (L) Kurkinorin decreased inspiratory flow at 40 min. Three-
way mixed ANOVA. Data presented as an average of measurements taken in quadruplicate. Data are shown
as mean + SEM. *p< 0.05, ** p< 0.01, ***p< 0.001, ****p< 0.0001 drug to vehicle, #p< 0.05, ## p< 0.01, ###p<
0.001, ####p< 0.0001 drug to morphine, "p< 0.05, " p< 0.01, " "p< 0.001, " *p< 0.0001 drug to -FNA

pre-treatment. (N = 7 -8 males & 6-7 females per group). Doses in brackets in mg/kg/i.p.
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7.6.3. B-arrestin2 Knockout Vehicle Controls from Whole-body
Plethysmography in Unrestrained Mice
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Figure 7.6 Respiratory Measures are not Affected by the Removal of fi-arrestin2

The deletion of S-arr2”- did not affect (A) inspiratory time, (B) expiratory time, (C) total cycle time, (D)
inspiratory duty, (E) inspiratory flow, (F) frequency, (G) tidal volume, and (H) minute volume. The vehicle-
treated animals were combined irrespective of genotype for furthers analyse to reduced error and simplify
the interpretation. Two-way repeated measures ANOVA with Bonferroni multiple corrections test, Data are

shown as mean + SEM (N = 5-6 per group).
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Figure 7.7 The Respiratory Effects of Morphine are not Affected by Deletion of f-arrestin2

The (A) inspiration time, (B) expiration time, (C) total cycle time and (D) inspiratory flow did not differ between Wt and f-arr2”- mice after morphine administration
(5 mg/kg/i.p.). (E) When kurkinol (2.5 mg/kg/i.p.) was administered to f-arr2”- mice a trend towards increased inspiration and (F) total cycle time, with no change in
(G) expiration time. (H) Kurkinol resulted in a significantly decreased inspiratory flow, irrespective of the genotype. (1) Inspiration time, (J) expiration time, (K) total
cycle time and (L) inspiratory flow did not differ between Wt and B-arr2”- mice after kurkinorin (5 mg/kg/i.p.) administration. Two-way repeated measures ANOVA

with Bonferroni multiple corrections test. Data are shown as mean + SEM (N = 5 - 13 per group).



7.7. Plasmid Vector

Mot |
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Figure 7.8 Human Mu Opioid Receptor Plasmid Vector Map

The human p receptor plasmid was purchased from the cDNA resource centre (Bloomsburg, PA, United
States) in a pcDNA3.1 (+/-) plasmid.

7.8. Hek293 &and CHO cells Stably Expressing the Human Mu
Opioid Receptor

7.8.1. Hek293 Cells

Figure 7.9 Hek293 Cells Stably Expressing the Human Mu Opioid Receptor

Confocal microscopy images of Hek293 cells stably expressing the human W receptor. (A) DAPI stained

nucleus, (B) Cy5 labelled human u receptor, and (C) merged image. (D-E) Negative control images
showing no background Cy5 fluorescence.
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7.8.2. CHO Cells

Figure 7.10 CHO Cells Stably Expressing the Human Mu Opioid Receptor

Confocal microscopy images of CHO cells stably expressing the human | receptor. (A) DAPI stained
nucleus, (B) Cy5 labelled human p receptor, and (C) merged image. (D-E) Negative control images

showing limited background Cy5 fluorescence.

7.9. Membrane Potential Assay Optimisation

7.9.1. Optimisation of Forskolin
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Figure 7.11 Dose Response effects of Forskolin on Membrane Potential

The dose of FSK was optimised to induce the largest change in the fluorescent. Baseline measurements
were taken for 120 sec before the addition of FSK (vertical dotted line). 300 nM to 10 uM FSK had no
significant effect on the fluorescent signal. 15 uM FSK induced a strong efflux of the fluorescent dye

via the activation of ion channels. This dose was used in future for all Molecular Devices FLIPR assays.
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7.9.2. Optimisation of B-FNA
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Figure 7.12 f-FNA Inhibition Curve

To ensure that the dose of f -FNA was enough to reduce the effects of u receptor agonists on ion

channels a dose response of the antagonist was applied to cells in tandem with the 50 uM DAMGO.

The ICso of 30 uM was used to antagonise the u receptor in future experiments. Data presented as

mean + SEM. Each dose represents 2 replicates conducted in triplicate.

7.10. Potassium Assay Optimisation
7.10.1. Optimisation of Thallium
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Figure 7.13 Optimisation of Thallium for the Potassium Assay in Human Mu Opioid Receptor CHO

Stable Cells

Due to the presence of organic anion transporters in CHO cells the addition of thallium is necessary to

ensure the activation of the KIR3.1 channel can be detected. Three concentrations (1, 2, and 3 mM)

suggested by the supplier (Molecular Devices) were trialled in duplicate over 2 experiments in response

to 10, 20, and 30 uM DAMGO. The best separation was seen with the 3 mM concentration of Thallium,

which was then used for all subsequent experiments. Data presented as mean + SEM. Each dose

represents 2 replicates conducted in duplicate. Data presented as a percent of vehicle controls.

232



7.11. Western Blot Controls
7.11.1. Secondary Only Control

Mw Mw
marker Protein lysate marker Protein lysate
A) B)
- -
- -

Figure 7.14. Secondary Only Control for Anti-mouse Cy5 and Anti-rabbit Cy5
Secondary only controls revealed no significant background staining for both (A) anti-mouse and (B)

anti-rabbit Cy5.

Abbreviations: Mw = molecular weight

7.11.2. Protein Loading Control

Western blot protein loading control
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Figure 7.15 Protein Loading Analysis Shows a Strong Correlation between Density and Protein

Concentration

When different amounts of protein were added to the wells a positive correlation (R?=0.7951) was
identified between protein loading and band density. This indicates that protein levels utilised in this
study were within the linear range of western blot experiments.
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7.11.3. Quantification of the Molecular Weight of ERK

A) Band Quantification
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Figure 7.16 Quantification of the Molecular Weight the Protein Analysed

(A) To identify the size of the protein visualised the migration distance (mm) of the molecular weight
markers (Precision Plus Protein™ Dual Colour Standards, #1610374, Bio-Rad) were measured and
plotted as a linear regression against the log of their molecular weights. (B) The distance ERK1 and
ERK2 migrated was then used to estimate their molecular weight by substituting the values into the
equation from the linear regression. A reverse log was then taken to determine the band size.

Molecular weights (kDa) obtained.
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7.11.4. Vehicle Controls
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Figure 7.17 Vehicle Treated Cells Show No Significant Change in Baseline pERK levels

(A) Regular full ERK activation vehicle treatment. (B) vehicle from PX-vehicle and Dynosore vehicle-

treated cells. None influence activation over time.
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7.11.5. Total and phosphorylate ERK Western Blot Scans
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Figure 7.18 Time Course Experiment; Full Scans of pERK

A = DAMGO, B = Morphine, C = Kurkinol, D = kurkinorin

Mw marker = molecular weight marker
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Figure 7.19 Time Course Experiment; Full Scans of Total ERK

A = DAMGO, B = Morphine, C = Kurkinol, D = kurkinorin

Mw marker = molecular weight marker
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Figure 7.20 Antagonist Experiment; Full Scans of pERK

A = DAMGO, B = Morphine, C = Kurkinol, D = kurkinorin
Mw marker = molecular weight marker
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Figure 7.21 Antagonist Experiment; Full Scans of Total ERK

A = DAMGO, B = Morphine, C = Kurkinol, D = kurkinorin

Mw marker = molecular weight marker
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7.12, Bias Factor Correlation
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Figure 7.22 There is Poor Correlation Between Therapeutic Window and the Bias Factors

Generated Using the Simplified Bias Equation

Increased G-protein biased signalling as determined by the simplified bias equation using data from

the (A, B) membrane potential assay, (C, D) combined G-protein (membrane potential and potassium

assay) in CHO cells stably expressing the human U receptor, and the (E, F) membrane potential assay

in Hek293 cells vs the pCREB assay in CHO cells all showed a weak positive correlation to the

therapeutic window.
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