Characterizationf the Cannabis Terpene MyrceimeJoint Pain and Inflammatian a
RatModel of Rheumatoid Arthritis

Meagan K. McKenna

Submitted in partial fulfilment of the requirements
for the degree dflaster of Science

at

Dalhousie University
Halifax, Nova Scotia
August 2019

© Copyright by Meagan K. McKenna, 2019



For my father, Chuck



Table of Contents

LISt Of TADIES....cciiei e Xii
LIS Of FIQUIES.....eeeeeeeeeeeeee et eeer e Xiv
N 6] 1 = T S PP TP PP PPTPPTPPPPPPRPPT XVil
List Of ADDIreVIatioNS USE..........uuuiiiiiiiiiiiiiii et XVili
ACKNOWIEAGEMENTS......cciiiiieeeiieee e e e e e errmr s e e e e e e e e e e e e e e e esaeeee s XXIi
Chapter 1: INTrOAUCTION ......cooiieiiiiii e e ee bbb e e e e e e ean 1
1.1 Overview of arthritis in Canada.............ccooiiiiiiiieemiiee e 1
1.2 KNEEe JOINT BNAOMY....cciiiiiiieieieiiii e ee e 1
1.2.1  Structure of the human knee joint.............ccooovviiiieeeii 2
1.2.2  Vasculature of the knee joint............oooiiiiiiiiiiemn e 3
1.2.3 Innervation of the knee joint..............oovviiiiiiicccieeeee e 4

1.3  Physiological basis Of Pain.............uuiiiiiiiiiiieeeiiei e 6
13.1 TYPES Of PAIN.....ovieiiiiiiie e e 6
1.3.2 Pain tranSMISSION.......ccooiiiiiieiiiiirree e eeeesnnseeneeeeeeeeeeee s
1.3.3  Neumgenic inflammation...............cooooriiiice e 8

1.4  The human immune system and acute inflammation.............c..ccccceeeeunee. 9
141 INNAtE IMMUNITY.....coiiiiiii e e 9
1.4.2  Other acute iImmune MediatorS..........cooeveiiiiiiiiiccceee e 10
1.4.3 Leukocyte trafficKing.........coveeiiiiiiiiie e eeeee e 11



1.5 Inflammatory arthritiS........ccccooeeeeeeiiiii e 12

151 Rheumatoid arthritis.............cccuuviiiiiiieeei e 13
1.5.1.1 Risk factors anghathophysiology of rheumatoid arthritis............... 15
1.5.1.2 DiIGQNOSHICS...cceeeiiiuiiiiiniiiiiae e e ceeeteiiiiaaa s e e e e e e e e e e eeeeanensseeaeeeaaeeeeeeeeennes 20
1.5.1.3 Current rheumatoid arthritis treatments..............c.oocvvvieeeieeeeennnne 21
1.5.1.4 Experimental rheuatoid arthritis...............cccvviiiiiiieemiiien 25

1.6 OVerview Of CaNNaDIS. .......cooiiiiiiiiiie e 26
16.1 Plant origin and historic medical cannabis.use................cccevvveeeenn. 26
1.6.2  Cannabis Use in arthritiS............ccooiiiiiiiiieeneeee e e 27

1.7  Endocannabinoid SYStEM..........coouiiiiiiiiiiiiicc e 28
1.7.1 Receptors and signaling transduction..............ccoeeeeevieeeiiiiei e, 28

1.7.2 Endocannabinoids; Metabolic pathways of the endocannabinoids.30

1.8  CannabisS COMPOUNGS..........cooiiiiiiiiiiieeee e 31
1.8.1  SynthetiC COMPOUNGS.........cooiiiiiiiiiiitirrer e 31
1.8.2 PhytocannabiNOids..............iiiiiiiie e eeeeeeee e 32

1.8.2.1 Cannabidiol..........ccooiiiiiiiiiiie e 33
1.8.2.1.1 CBDin pain and inflammation................ccccceeiiiicemerrvnrnennnn. 34
1.8.2.1.2 CBD in arthritis (preclinical/clinical)...............oooooiiiiiiinnnninns 34

1.8.3 =] 01T = 36
1.8.3. 1 MYICEBNE....cceeiiittiiiiiee et ettt eee e e e e e e e e e e e e e e e eaennneees 36



1.8.3.1.1 The analgesic properties of myrcene...........cccccvvvvvvvieeeeeeeeennn. 39

1.8.3.1.2 The antiinflammatory properties of myrcene.........................: 41

1.9 The entourage effeCl........coovviiiiiiiiiiiic e A2
1.10 Measuring pain and inflammation in arthritic rodents...................ccccceee.. 43
1.10.1 Nociceptive and pain behaviour measurements in rodents............43
1.10.1.1 Dynamic weight bearing............ccccccoviiiiiieenee 43
1.10.1.2 LOCOMOLOr ACHIVILY........cceiiiieeiiiiiiiimmce et 44
1.10.1.3 Von Frey hair algesiometry..........cccccvvviiriririeemiiiiiiiiiiieeeeeeeeeeeeenn. A4
1.10.2 Inflammatory measurements in rodents...........ccceeveeeeeceecicceeeeeennn. 45
1.10.2.1 Intravital microscopy and leukocyte trafficking............................ 45
1.10.2.2 Laser speckle contrast analysis...........cccceevvvvevieeee e e 46
1.10.2.3 JOINt 0BAEMA......cceeiiiiiiieiiiiiieiiee e AT
1.10.2.4 Cytokine multiplex analysis............ccccceeeeiiiiicecvenviiiciieeee e 47
1.11 Experimental hypothesis and Objectives...........cccccvvivimmmrniiniii 48
Chapter 2: Methods and MaterialS..........cccccoeeeeiiiiiiiieeei e 50
2.1 ANIMAIS. ..t 50
2.2  Experimental rheumatoid arthritis..............cccooeviiiiee e 50
2.3 PaiN MEASUINEIMENIS. ... ..uuuiiiiiiiiiieieeieaessiitreeereeeeeeeeeeeeeesasemseeeeeeeeaaaeaaeeeaeas 50
2.3.1  Von Frey hair algesSiometry.........ccuuiiiiiiiiiiiiicie e eevvmmeens 50
2.3.2 Dynamic iNCAPACITANCE..........cceeiiiiiiieieiiiccee e e 51



2.3.3  ACHVILY MEASUIES......ciiiiieeeeeeeeieeeeeieeet e e e e e e e e et e e eeeeeae e mnmr e e e e eeeeeernnnne 52

2.4 INflammatOry MEASUIES........uuurieiiiiei e ettt e e ereer e e e e e e e 53
241 JOINE OCUEIMA....ceiiiiiiiiiiiiee e eee et e e e e 53
24.2 Intravital MICTOSCOPY......ciii i ittt ie e e s eeeee e 53

2.4.2.1 Surgical preparation.........ccccceeeeeeeeeeeiieeeie e e e eee e eeeerrne e 53
2.4.2.2 Leukocyte trafficking assesSment.............cocevvvvvvrimmmeeeeeeeeeeennnnnnnns 54
2.4.3  Laser speckle contrast analysis...........cccoevvvvvviiemmeeeeieeeee 55
2.4.4  CytoKing @nalySiS.......ccooiiiiiiiiiiiiiieee e 55
2.4.4.1 Blood collection and plasma separation..............ccccoeevveeeevrvvnnnnns 55
2.4.4.2 MUIIPIEX e 56

2.5  JoINt dAmMAge MEASUIES.........uuuuuiiiieeieeeeeeriiiiiiia s e e e e e e e e e e e e e rmeesaa s e e e aaaaaaaes 56
2.5.1  JOINENAIVESL ...ttt e e e e 56
2.5.2  Joint histopathology.......ccccooeeieeiiiiiieee e, 57

2.6 MALEIIAIS. ... .uuiiiiiieiiiiie e 57
2.6.1 Drugs and reagentS...........eeeeeiiieeeeceeeiiciie e eeen e 57
2.6.2 EQUIPMENT. ...ttt 58

2.7  StatistiCal @BAIYSES.........ovuuiiiiiii e 58

2.8 TADIES. oo 59

2.9 FIQUIES. . ittt e e e e e e et ——————— 67

Chapter 3: Effect of Acute Treatment of Myrcene on Pain and Inflammation
Induced by Freund 6 s Comp |l e.t.e...,Ad.j.uv.an.t. ... 74

Vi



3.1 Background and hypothesSes...........ccceiiiiiiiiicccecicr e eeeeen e 74

3.2  The effects of myrcene treatment in a naive cohort..........cccccvvvvueemnenee. 75
3.2.1 Pain behaviour methods and experimental design..................c...... 75
3.2.2 Pain behaviour reSulLsS...............oouviiieiiiccciieeeiiiiiceee e ] O
3.2.3 Inflammation methods and experimental design...............ccoevvvieeen. 76
3.24 INflammation reSUIS..........oevviiiiii e 77

3.3  The effects of acute myrcene treatment on pain behaviour in the FCA

70T [ SRR 77
3.3.1 Methods and experimental design.............ccoovvvviiiieeer e, 77
3.3.2 RESUIES. .t 79

3.3.2.1 FCA-injected animals exhibit secondary allodynia and weight
bearing defiCitS.........uuuiiiiie e e 79

3.3.2.2 Diclofenac attenuates evoked and spontaneous pain behaviour in
the FCAMOAEL.......co oo 79

3.3.2.3 Myrcene improved secondary allodynia but did mepiove weight
bearing defiCitS........eeii e 80

3.4 Involvement of the endocannabinoid system in myrdadaced analgesia 80
3.4.1 Methods and experimental design............cccuuvvviiiiimeeiiiiiiiiiiieeeeeee 80
3.4.2 RESUILS. ...ttt eeeaes 81

3.4.2.1 CB:and CB receptor antagonists did not attenuate myreene
induced analgesia............ooeieiiiiiiiiiceei e 81

3.5 Comparing the analgesic effects of myrcene to a positineaat peak
(<71 (=T B 1 = PSRRI 82

3.5.1 Methods and experimental design............ccccuvrrrriiimemniiiiiiiniieeeeeeee 82

Vii



352 RESUILS. . e e e 83

3.5.2.1 The analgesic effect of myrcene was comparable to the positive

CONtrol diClOfENAC.........eeiiieiii e 83

3.6  The effects of myrcene on inflammation in the FCA model.................... 83
3.6.1 Methods and experimental design.............ccovvvviiiiieeer e, 83
3.6.2 RESUILS. ...t e 84

3.6.2.1 FCA-injected animals exhibited joint oedema, increased leukocyte
trafficking and hyperaemia.............cccccvviiiiimemniiieee e 84

3.6.2.2 Diclofenac improved leukocyte trafficking and blood flow but joint
oedema was unchanged............ccccciiiiieemiiiiiiee e 85

3.6.2.3 Myrcene did not improve joint diameter compared to vehicle.....85

3.6.2.4 Myrcene reduced leukocyte rolling but not adherent leukocytes or

blood flow to the KNee...........eviiiiiiiieee e 85

3.7 Involvement of the endocannabinoid system in inflammation................ 86
3.7.1 Methods and experimental design.............ccoooviviiiieee e, 86
3.7.2 RESUILS. ...ttt e 87

3.7.2.1 CBiand CB receptor antagonists inhibited leukocyte rolling over a
ONE NOUN PEIIOM. ... 87

3.7.2.2 The antiinflammatory effect of myrcenis attenuated by both GB

and CB receptor antagonists at 30 MINULES..............eeeeeeevieeeeennns 88

3.8 Comparing the effects of myrcene to diclofenapesk effect time............. 38
3.8.1 Methods and experimental design............ccccuvvviiiiimemiiiiiiiiiiieeeeeeee 88
3.8.2 RESUILS. ...t e 88

viii



3.8.2.1 The antiinflammatory effects of myrcene were not different from

ICIOTENAC. ... 88
3.9 Chapter SUMMALY.........covveiiiiiiiiiiimmr e et e e e e e e e e emmmsnsas e s e e e e aeeeaaeenens 89
310 TABIES. .. 90
G 00 I T[0TSO 92

Chapter 4: The Effects of Repeated Administration of Myrcene on Pain,

Inflammation and JOiNt DAMAJE..............uuuuuiiuiiiiiieeeeieerr e e e eren s 117
4.1  Background and hYpOthESES.........cevviiiiiiiiiiiieeeeeee e 117
42  Methods and experimental deSign............uuuueiiiiisieceiviieer e 118
4.3 RESUILS....oeeiiiiiii e 119

4.3.1 Repeated administration of myrcene attenuates mechanical allodynia

4.3.2 Locomotor activity is not altered by repeated treatment with myrceae

4.3.3  Myrcene treatment blood flow and leukocyte trafficking but not
ChIrONIC OBUEMAL......coiiieeee e 120

4.3.4  Myrcene does not alter any systemic cytokine levels after repeated
LU= 100 01T | PP 121

4.3.5  Myrcene is unable to reverse joint damagderatepeated treatment..121

4.4 Chapter SUMMALY.........uuuuuiiiieee e e e ceeetiaisas e e e e e e eeeaeeessaeeeseeaaaeaaaaeeeeeennnnes 121
S 1 o] =S 122
A6 FIQUIES. ..ottt e ee e e e e e e aa e e e e aaaaan 125

Chapter 5: Combination Effects of Cannabidiol and Myrcene on Inflammatory
Joint Pain and INflammation .............oouuiiii e 142

5.1 Background and hypotheses..........coooiiiiiiiiiiicce e 142



5.2  Effect of acute CBD admistration on pain behaviour.................cccco...e. 143

5.2.2 RESUILS. . e e e 144

5.2.2.1 FCA-injected animals exhibited mechanical allodynia and weight
bearing defiCitS.........ooviii e 144

5.2.2.2 Low dose CBD did not reduce mechanical allodynia or spontaneous
PAIN DENAVIOUL.......ueiiiii e reee e 145

5.2.2.3 Combination therapy improved mechaniabbdynia but did not
improve weight bearing deficits compared to vehicle................ 145

5.2.2.4 Lack of synergistic analgesia with combinattoeatment compared

tO ArugS @lONE.....ceeeeece e 146

5.3  Effect of acute CBD treatment on local inflammation........................... 146
5.3.1 Methods and experimental design...............oovvvvviieeee e 146
5.3.2 RESUILS. ...t 147
5.3.2.1 FCA-induced local joint inflammation...............ccc.oovvvveeeeeennenee. 147

5.3.2.2 Low dose CBD had no effect on joint oedema, leukocyte trafficking
or blood flow in inflamed knee microvasculature...................... 148

5.3.2.3 Combination treatment reduced leukocyte trafficking, but had no
effect on blood flow or oedema............cccooeeiiiiiiiceciiiiiiee 148

5.3.2.4 Combination treatment did not improve oedema, vascular

inflammation or blood flow compared to myrcene...................... 149
5.4 Chapter SUMIMALY.......uuuuiiiiiiiiiiiiiieieeeee ettt et e e e e e e e e e ammme e e e e e 149
5.5 TABIES...eeie 151
5.6 FIQUIES. .ottt bbbttt et e e e e e rnr e e e e e as 153



Chapter 6: Discussion and CONCIUSIONS..........ccceeeeiiiiieiiiieeee e eeeeeeeeeeeeeeeaenmen 169

6.1  Effect of acute and chronic myrcene treatment on pain....................... 169
6.2  Effect of acute and chronic myrcetteatment on inflammatian............... 175
6.3  Effect of low-dose CBD alone, and in combination with myrcene on pain
and INFlamMmMALION...........oeiiii e 180
6.4 SUMIMAIY ... iiieiii et eeeee et e e e e ettt smena e e e e e e e et e e e e eeetn s mmmrsnnes 181
6.5  Study lIMItatiONS.......cooiiiiieeie e e e e e 182
6.5.1 10T [ USSR 182
6.5.2 Pain TECHNIQUES........uvueeiiii i eeees e 183
6.5.3 Inflammation teChNIQUES..........coooiiiiiii e 183
6.5.4 [ (T PP 184
6.5.5  ANAIYSIS.. oot a e e e e 184
6.6  FULUre dir€CHONS ... ..ueiiiiiiiiiiii et 185
6.6.1 Is myrcene a peripherally acting therapeutiC?...........cccvvvveeeieeenns 185
6.6.2  What is the mechanism of myrcene analgesia in joints?.............. 185

6.6.4  Can our existing combinatn therapy be improved?....................... 186
G A @70 T 11 11 (o L= PR 187
RETEIENCES. ... et e 188

Xi



List of Tables

Table 1. 1 Descriptive characteristics of primary afferent fibers..............c..oooveeeee.. 5
Tablel. 2 Major cytokines found in the serum and synovial fluid of RA patients..17

Table 1. 3 American college of Rheumatology (ACR)/Euampeeague Against
Rheumatism (EULAR) Classification Criteria for the diagnosis of rheumatoid
L1 ] 1 PO U T T TTRTPP 21

Table 2. 1 Leica DFC 3000 camera recording parameters in the Leica Application
Suite (LAS V.4.5.0 SOftWAIE).........coveieiiiiiiiicimme e e e e e e e e e 59

Table 2. 2 Cytokine targets and respective identifiers provided with the
ProcartaPle® Multiplex immunoassay ThermoFisher, Burlington, Ontario,
Canada (Thermteisher Scientific 2017).........uuuuiiiiiiie e e eeeee e 59

Table 2. 3 Rat knee inflammation scoring criteria as described by Bolder BioPATH,
Inci Boulder, Colorad, USA (Bendele 2019)...........coooriiiiiiiiiiimmmeeeeeeeeeeinn 60

Table 2. 4 Rat cartilage damage scoring criteria as described by Bolder BioPATH,
Inci Boulder, ColoradoJSA (Bendele 2019)..........ccoovvriiiiiiiiiiieemeee e 61

Table 2. 5 Rat knee bone resorption scoring criteria as described by Bolder
BioPATH, Inci Boulder,Colorado, USA (Bendele 2019)...........cccccceeeeeiiiicecnnnnnnnnd 62

Table 2. 6 List of drugs used for acute and chronic delivery experiments...........! 63
Table 2. 7 List of reagents used..t.ob6dcompl e
Table 2. 8 List of equipment wused..t.65 compl
Table 3. 1 Myrcene treatment result SUMMAIY.............ueuiiiiiiceceeiiiiiiene e 90
Table 3. 2 Diclofenac treatment result SUMMALY.........cccccoeiiiiiieeciiiieeeee s Q0

Table 3. 3 Comparison of myrcene treatment with the positive control diclofenac
LU= 100 11T 0| PP 91

Xii



Table 4. 1 Histopathological breakdown of inflammation, pannus, cartilage and
bone resorption scores in knee joints from rat cohorts receiving either vehicle or
myrcene treatment over a 21 day time COULSE........ouvvrirrvriiimmmreeeeeeerrria e 122

Table 4. 2 Histopathological observations of knee joints in rat cohorts receiving

either repeated vehicle or myrcene treatment over a 21 day time course........... 123
Table 4. 3 Pain behaviour result SUMMALY...........oiiiiiieene e 124
Table 4. dnflammation and joint damage result summary.............ccoevvvvvvieeeeeennn. 124
Table 5. 1 CBD treatment result SUMMArY...........coovvviiiiiiimmmneeeeeeeeeeeiiii e 151
Table 5. 2 Combination treatment result sUMMary............ccceevvivieeeieeeeeeeeeeeeeee, 151
Table 5. 3 Combination treatment result SUMMary...........ccccoevviiiccceeieeen 152

Xiii



List of Figures

Figure 1.1 Anatomy of the right knee joInt................ovvvviiiiccciiiieeee e 2
Figure 1.2 Arterial vasculature of the right Knee joint...........cccooiiiiiiiiceciiiiiiiinnnee 4

Figure 1.3 Integrin and adhesion molecule involvement in the leukocyte
EXErAVASALION PIOCESS. ... uvvvrrreieieieiireesreeererreeerteeeeeeaaaaaeeessamateeeeeaaaaaaaasssassaanssnnneeeas 12

Figure 1.4 Healthy control knee joint (A) compared to a knee joint affected by
rheumatoid arthritiS (B)........uuuueu it reee e e e e 19

Figure 1.5 Arachidonoylethanolamide or anandamide (A) and 2
arachidonoylglycerol (B) biosynthesis and degradation pathways....................... 31

Figure 2.1 Von Frey hair algesiometry experimental set up using the elevated six
chambered von Frey apparatus with mesh flooring.(A)........ccccovviiiiiieeenen. 67

Figure 2.2 Dynamic weight bearing incapactiance experimental set up (A) and
respective offline video/sensor pattern analysSis.(B)..........ccooovviiiiiiccc, 68

Figure 2.3 Acute surgical preparation visualizatiQn................ccoovveeeevieiieeeeeeeeeee, 69

Figure 2.4 Intravital microscopy experimental gpt(A) and recording of the video
for offline @aNAlYSIS (B)........uuuuieiiiiii i ee et ————— 70

Figure 2.5 Postapillary venule in the knee joinbntaining Rhodamine 6G labelled
=] 0 T03 Y (= S UPPPPPRPPPRRRRY 41

Figure 2.6 Laser speckle contrast analysis (LASCA) experimental setup............. 72

Figure 2.7 Laser speckle contrast (LASCA) analysis via PIMSoft (V.1.5.4.8078)
software, including the intensity image (A) and perfusion view.(B)....................... 72

Figure 2.8 ProcartaPléx Mutliplex Immunoassay preparation protocol (Thermo
Fisher, Burlington, Ontario, Canada)...........cccccevvverviimiiiiiieeeeeeiiieeeeeeevvmemrninn e d 3

Figure 3.1 Effect of myrcene on evoked and spontaneous pain behaviour in naive
ANHIMIALS e et as 93

Xiv



Figure 3.2 Effect of myrcene on leukocyte trafficking and blood perfusion in the
microvasculature in the Knee JoINt...........cccuiiiiiiiicee e 95

Figure 3.3 Confirmation of mechanical allodynia and weight bearing deficits with
PSP 97

Figure 3.4 Effect of diclofenac on evoked and spontaneous pain behaviour........ 99

Figure 3.5 Effecbf myrcene treatment on evoked and spontaneous behaviour in
FCA-INjected animalsS..........cooiiiiiiiiiiiiiecme e e e e e e e e e e emens 101

Figure 3.6 The effect of cannabinoid receptor antagonists on myjroguneed
ANAIGESIA. .t i et ———— e 103

Figure 3.7 Effect of myrcene on pain behaviour compared to the positive control

diclofenac at peak effeCct time...........ooeviieiiiii e 105
Figure 3.8 Confirmation of inflammation in FGAjected rats................cccvvvvviinienne 107
Figure 3.9 Effect of diclofeac compared to vehicle on local inflammation........... 109

Figure 3.10 The effect of myrcene treatment on leukocyte traffickindplaod
perfusion in FCAInflamed Knee JoiNtS............ccoooiiiiiiiiiieeee e 111

Figure 3.11 The effect of cannabinoid receptor antagonists on myirecmeed
rolling leukocyte redUCHIONS. .......uuuiiii e eeeeeeee e e 113

Figure 3.12 Effect of myrcene on inflammation compared to diclofenac............. 116
Figure 4.1 The effect of repeated myrcene treatment on evoked pain behaviout26
Figure 4.2 Effect of repeated myrcene treatment on spontaneous pain behaviol29
Figure 4.3 Preand posttreatment analysis of locomotive activity......................... 133

Figure 4.4 The effect of recunemyrcene treatment on FGAduced joint oedema
over a 21 day ChroniC tiMe COULSE........coiiiiiiii et e eeeee e 134

Figure 4.5 Myrcene exhibits antiflammatoryproperties after repeated
=0 ] 0011 ]S = 11 0] o WP SSPPPPPN 136

XV



Figure 4.6 Comparison of plasma cytokine concentrations (pg/ml) at end point
between myeene treated and vehicle treated COhOILS............coovviiviiieenie e, 138

Figure 4.7 Effect of repeated administration of myrcene on joint damage.......... 139

Figure 4.8 Knee joint histopathology comparison between myrcene treated and
vehicle treated CONOIMS........cooiiiiii e e 141

Figure 5.1 Confirmation of mechanical allodynia and weight bearing deficits in day
oA L= A O g [=Tor (=T I = | £ O 154

Figure 5.2 Effect of CBD on evoked and spontaneous pain behaviaut.............. 156

Figure 5.3 Effetof combination therapy on evoked and spontaneous pain
DENAVIOU. ... eeee ettt nnne e e e e e e e e errannee 158

Figure 5.4 Effects of combined myrcene and CBD on palaviour compared to
individual treatment 120 minutes after treatment.............ccoovvvvvieee i, 160

Figure 5.5Confirmation of FCAinduced inflammation and pgraemia on day

Figure 5.6 Effect of CBD on inflammation and blood flow in the knee joint
MICTOVASCUIALUIE. ... e e e e e eerer e s e e e e e e e e e e e e e eeeeeeeenmnneeeeeeeees 164

Figure 5.7 The effect of combination therapy versus vehicle on local inflammatid®

Figure 5.8 Effect of myrcene and CBD combination compared to individual
therapies on joint oedema, leukocyte trafficking and blood flow in the inflamed
knee joint microvasculature at 30 MIBE............cccuvviiiiiiiiieee e 168

XVi



Abstract

Rheumatoid arthritis is a progressive inflammatory condition resulting in joint
damage and debilitating pain. Current treatments presenvaritibleefficacy and
negativeside effects, leaving pain management a priority. The endocannabinoid system
has ben targeted to relieve both inflammation and pain in disease conditions.
Specifically, the noreuphoric cannabis terpene myrcene offers analgesic actions in acute
pain models, and animflammatory potentiain vitro. We investigated the effect of both
acute and chronic administration of myrcene alone, and in combination with cannabidiol,
on pain and inflammation in the Freunddos
rheumatoid arthritis. The involvement of the endocannabinoid system was also explored.
Evokedand spontaneous pain behaviour were analyzed using von Frey hair algesiometry,
dynamic weight bearing, and locomotor activity. Inflammatory parameters assessed were
oedema, leukocyte trafficking, blood flow to the injured area, cytokine levels, and joint
histopathology.

Our study found that both acute and chronic administration of myrcene attenuated
evoked mechanical allodynia, but did not improve FH@duced weight bearing deficits,
and did noglter locomotor activityAcute administration of myrcenedweced leukocyte
trafficking. Chronic administration reduced leukocyte trafficking and blood flow, yet had
no effect orcytokine levelsor disease progression. These -amftammatory effects were
mediated via the endocannabinoid system; however, endodaoidadbependent
analgesia was not confirmed.

Excluding blood flow, the analgesic and anflammatory effects of myrcene
were comparable to diclofenac. The combination of myrcene with a suboptimal dose of
cannabidiol did not enhance any of the above parars.

Compared to other analgesic treatments, myrcene may be a safer therapeutic to
use in conjunction with diseaseodifying treatments to adequately manage pain and

inflammation in rheumatoid arthritis.
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Chapter 1: Introduction

1.1 Overview of arthritis in Canada
Arthritis is an umbrella term for over 100 conditions affecting the musculoskeletal
sydem(Krustev et al. 2015Derived fromtheGr ee k O6art hr o6 meani ng
meaningnflammation, arthritis targets the jointhesynoval membrane, joint capsule,
cartilage tendons, ligaments and surrounding tisqeset al. 2018)It is one of the
most prevalent chronic sikaseandcan impact all personkowever, both prevalence
and incidence aheseconditiorsis higher in females and older agdividuals(Public
Health Agency of Canada 2017)
Patiens with arthritic conditions often present with joint stiffness, redness,
swelling and pairfLee and Weinblatt 2001 ommonly affected joints include, but are
not limited to the hip, the kngeint, the spineand the handd.agacé et al. 2010)
Persistent symptoms and resulting damage can cause physical disabilities, reduced mental
wel-bei ng, and | esseni ng (bafjackenad 2040) over al |l qu
As the leading cause of disability in North America, arthritis also asserts a
substantial economic burden and strain on
economy(Lagace et al. 2010 ombined direct and indirect costs in Canada associated
with arthritis are estimated to be 6.4 billion dollars in the year 2000 dlagacé et al.
2010)
Unfortunately, at this time there is no cure for arth(lBiembardier et al. 2011)
Therefore, the treatment has focused on managing pain and sustaining joint function with

the goal of preventing overall disabilifBombardier et al. 2011)

1.2 Knee jointanatomy

It is important to outline thanatomicaktructure, vasculature and innervation of
the knee joint to have a better understanding of how physiological pain transmission and
inflammation propagation can influence thesculoskeletadystem under arthritic

conditions.



1.2.1 Structure of the human knemrjt

The knee joint, as illustrated in Figure 1.1, is a crucial synovial joint with a
modified hinge capability allowing for both flexion and extengidfelsh 1980) Vital for
providing stability during load bearing activitiébulhasan and Grey 201, &#he knee
joint consists of the conjoining femoral condyle and tibiatgaux(Welsh 180). The
patella, better known as the kreap, is another bony component of the knee joint
(Welsh 1980)Secured to the tibial tuberosity and the quadriceps muscles by the patellar
ligament, the patella glides over the femur and tibia with help from articulaagartil
(Abulhasan and Grey 2017As a classical synovi@int, the knee joint contains a fluid

filled capsule with a membranous synovial layer lining the inner su¥deésh 1980)
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Figure 1.1 Anatomy of the right knee joint. Aut h or 6 s babed@mdemteno
and Clinuic et al. (2015)

Fibrous strands of tissue known as ligaments, ensure the stability of thisglint
(Welsh 198). Two groups of ligaments exist to support the knee joint: collateral



ligaments and cruciate ligamerfsbulhasan and Grey 2017)he medial collateral
ligament connects the femur and tibia and reinforces against valgus movement
(Abulhasan and Grey 2017lhe lateral collateral ligament attaches from the femur to the
fibular head to reinforce against varuswvement(Abulhasan and Grey 2017)he
anterior cruciatdigament is the primary support, maintaining rotational stability,
meanwhile the posterior cruciate ligament resists posterior displacement of the bones in
the joint(Abulhasan and Grey 2017)

Unique to the knee joint, a cartilaginous tissue known as the meniscus lies
between the femur and tibj@/elsh 1980) Located bdt laterally and medially, the
menisci are responsible for shock absorption and reduction of friction from bones that
would otherwise rub togethéAbulhasan and Grey 201 )nlike other tissues in the
knee joint, the inner portions of the menisci and the entire cartilage are av@dtelkir
1980)

1.2.2 Vasculature of the kngeint

The knee is also made up of an extensive vascular nefwigikre 1.2)
(Scapinelli 1968)The primary &€eding arterial supplies are the supreme genicular artery
(highest genicular artery), the medial and lateral superior geniculaegrtee medial
and lateral inferior genicular arteg the middle genicular artery, and the anterior or
posterior tibialrecurrent arteryScapinelli 1968)Also pictured, the descending branch of
the lateral femoral circumflex recurrent fibular artery also provides blood supply to the

knee joint(Scapinelli 1968)
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Figure 1.2 Arterial vasculature of the right knee joint. Aut hor 6s dr a:wi ng
Gray (1918)

1.2.3 Innervation of the knee joint

In addition to the intricate vascular network, the knee joint is highly innervated by
afferent ancefferent fibers which make it possible to communicate from the periphery to
the central nervous systdiffreeman and Wyke 1967; Kennedy et al. 1982nnedy et
al. (1982)has described a posterior and anterior innervation patterns within the human
knee joint. The posterior group consists of the posterior articular nerve and the obturator
nerve(Freeman and Wyke 1967)hese nerves innervate the posterior portion and
medial aspect of the joinapsule respectivelfFreeman and Wyke 1967)he anterior
group includes articular branchigem the femoral, common peroneal, and saphenous
nerve(Kennedy et al. 1982Branches from the femoral nerve play a distinct role in
innervating the quadriceps muscles and they can also innervaeténemedial aspect of

the joint capsuléKennedy et al. 1982 he lateral articular and recurrent peroneal

b a



branches from the common peroneal nerve innervate the lateral portion of the joint
capsulemeanwhile the infrapatellar branch deriving from the saphenous nerve innervates
the inferior capsule ard&ennedy et al. 1982; Vas et al. 201%hese anatomical
distinctions are common to human, rat, and cat sp@éreeman and Wyke 1967;
Kennedy et al. 1982; Hildebrand et al. 1991)

Fiber type (Table 1.1) has alsedn investigate(Kennedy et al. 1982)ype I, Il,
[l and IV were each found to innervate the jdikennedy et al. 1982; Ferrell et al.
1992) Type | afferents included myelinatec@ Aibers responsible for proprioception
(Ferrell et al. 1992)Slightly smaller type Il myelinatedAafferents were found to
transmit proprioceptio(Ferrell et al 1992) Myelinated Al type 11l fibers together with
unmyelinated type IV, @ibers are responsible for transmitting noxious sig(fegsrell et
al. 1992) Small, noamyelinatel efferent fibers originating from thgosteriorandmedial
articular nervesvere also determined to innervate the j¢iitdebrand et al. 1991)

These fibers make up two thirds of the unmyelinated fiiditdebrand et al. 1991)

Table 1.1 Descriptive characteristics of primary afferent fibers. Adapted from
Krustev et al. (2015) with additional info from Ferrell (1992)and Urch (2007)

Fiber Diameter  Myelin Conductance Function/ Area of Pain
Type (mMm) (m/s) Activation innervation Sensation
Afferent
Aa (D) 10-18 Thick 60100 Proprioception Ligaments N/A
Ab (1) 5-12 Thick  20-70 Proprioception Fibrous N/A
layer
Ad (1) 1-5 Thin 2.520 Nociception  Fibrous Pricking,
(Thermal, layer, short
mechanical)  synovium  acting
C (V) <1 N/A <25 Nociception  Fibrous Dull,
(Thermal, layer, aching,
chemical, synovium  non
mechanical) localized
Efferent
Symp 0424 N/A 1 Sympathetic/ Posterior/  N/A
athetic vasomotor Medial
tone region of
joint
capsule




1.3 Physiological basis of pain

The International Association for the Study of Pain defines pain as the
culmination of sensory and emotional experiences from damaging stiraaer and
Treede 2008)Nociception, distinct from pain, is the objective outcome of a nhoxious
stimulusthat istransmitted by afferents the central nervous systdhoeser and Treede
2008)

1.3.1 Types opain

Pain is characterized into three main components: nociceptive, inflammatory and
neuropathic paiLoeser and Treede 2008jociceptive pain occurs somatically or
viscerally through activation of nociceptors on peripheral affe(¢oisser and Treede
2008; Su et al. 2014kvolutionarily important as a warning defense mechanism that
alerts the body to danger, nociceptors may be activated by chemicatongdihermal
disturbances, or inflammatory mediators from tissue injBrgscott and Ratte 2012)
Activation of nociceptors prompts a centrally mediated withdrawal response along with
redness, swelling, and pain sensations which vary from-saipping to dutaching
(Prescott and Ratte 2012}hese sensations remain while the stimulus is préSergt al.
2014)

Inflammatory pain originates as nociceptivepense by chemical, mechanical, or
thermal activation of nociceptors in the periph@€idd and Urban 2001; Xu and Yaksh
2011) Unlike nociceptive pain however, inflammatgrain can occur secondarily
without the noxious stimuli actually being preséxa and Yaksh 2011)nflammatory
mediators released in response to tissue injury or other damage are able to alter the
sensitization of nociceptors on neuronal afferents making them more responsive, known
as hyperalgesi@Prescott and Ratte 2012his can also result in allodynia, where a
typically a nonnoxious stimulus will indue pain sensatior(toeser and Treede 2008)
Proinflammatory mediators responsible for inflamtory pain include prostaglandins,
bradykinins, cytokines/interleukins, serotonin, glutamate, histamine, or hydrogen or
potassium iong¢Prescott and Ratte 2012)

Neuropathic pain, on the other hand, arises through injury or disease to the
somatosensory nervous systédroeser and Treede 2008)his can occur centrally by



lesions to the brain or spinal cord, or peripherally by aigerto the A, Ad or Cfibers
(Colloca et al. 2017)Neuropathic pain can occur in a numbenefirogenerative
disorders, diabetes, or even arthritis and usually presents as tinglingosex{gaboster
et al. 2007; Colloca et al. 2017; Philpott et al. 2017)

Pain is often characterized by durat{@meede et al. 2015)n humansthe term
chronic pain is used to describe pain that persists for more thapntiome®s, whereas

acute pain encompasses the time beforefitrgtde et al. 2015)

1.3.2 Pain transmission

The overall mechanics of pain can be described as three primary components:
transduction, transmission, and modulai{@sterweis et al. 1987} he transduction
phase begins in the periphery, where nociceptive fibers can detect the products of a
noxious evenfYam et al. 2018)The interaction of an excitatory, piaflammatory
molecule with its respective receptor on the nociceptive fiber initiates a chemical
depolarization of the &ffe r e n t 0 @sterveeis et al.NLA8I7)f the intensity of the
stimuli are high, the threshold poteh is surpassed, and an electrical impulse known as
an action potenti al is directed towards th
and, subsequently, to the spinal c@@dterveis et al. 1987; Yam et al. 201&mall
diameter fibers capable of transmitting noxious signals from the periphery to the central
nervous systemr@ble 1.} have been identified as thinly myelinated #bers and non
myelinated Cfibers(Kitahata 1994; Yam et al. 2018)

Nociceptos synapse onto second order neurones in the dorsal horn of the spinal
cord in laminae | and Il. Signals are then propagated from the spinal cord to the thalamus
(Osterweis et al. 198@nd then relayed to specific areas of the somatosensory cortex and
limbic system where they are processed into the physiological and emotional components
of pain(Osterweis et al. 1987)

The magnitude of nociception and/or pain can be worsened by modulation of
transmission atarious sites within the periphery or central nervous syg§@@sterweis et
al. 1987) Peripheral sensition occurs when there is persistent activation of the
nociceptors by inflammatory mediatqiéam et al. 2018)As a consequence, the firing

threshold is reduced and a lower number of nociceptive mediators are required to activate



the fiber(Yam et al. 2018)Like peripheral sensitization, central sensitization results
from reduced firing potentigBennett 200Q)Due to these persistent signals from the
periphery, an influx of SP and glutamate are released within the dorsal horn synapse
(Bennett 2000; Yam et al. 201&)ohesive binding of these abundant neuromodulators
remove magnesium from tiemethytD-aspartatéNMDA) channel(Bennett 2000Q)

This allows for increased glutamate binding and ultimately increased excitability of the
second order neurdBennett 200Q)Secondary allodynia, a painful response to a non
noxious stimulugLoeser and Treede 2008)ay also occur as a result of central
sensitizatior(Yam et al. 2018)Nociceptive fibers, along with peripheral and central
sensitization, is also implicated in neurogenic inflammatiteppelmann and Pawlak
1997)

1.3.3 Neurogenic inflammation

The concept of neurogenic inflammation was first described by Bayliss et al.
(1901) Experi mental evidence of vasodilation
sensory afferents implicatéle peripheral nervous system in this type of inflammatory
responsé€Bayliss 1901 McGillis and Fernandez, 199%he origin of the neurogenic
inflammatory response has since been elucidated to peripheral antidromic impulses which
bifurcate into neighouring branches of the activated C fiber affe{eptvis and
Zotterman 1927; Jancsé et al. 196IMis branching potential, known as the axon reflex
(Lewis and Grant 1924prompts the release of vesidt®red neuropeptidéBrain
1997) SP, CGRP, neurokiniA (NKA), and VIP are each implicated in the neurogenic
inflammatory respons@rain 1997) Of these, SP and CGRP are heavily researched and
associated with neurogenic inflammati@rain 1997)

Releasef pro-inflammatory and algogenic neuropeptides into the periphery can
result in increased activation and afferent firf{8ghaible et al. 2009These peptides
have also been implicated in the siéimation of peripheral fibers by reducing the
nociceptive firing threshol@Schaible et al. 2009Aa a result, neurogenic inflammation
can contribute to a damaging inflammatory and nociceptegifack loop, facilitating

the chronicity of some inflammatory patholog{€sescott and Ratte 2012)



1.4 The human immune system and acute inflammation

1.4.1 Innate immunity

The innate i mmune spedsfic,dirstline of defehse agairstd y 6 s
invading pathogens or diseg#dberts et al. 2002)The virtually immediate response
instigates the cardinal signs associated with inflammation: ssgn@rmth, swelling and
pain(Bennett et al. 2018)'he human body is equipped to detect foreigntsmioss that
have escaped the physical barriers put in place by the innate immune @stents et
al. 2002) Pattern recognition receptors (PRRs) are able to discern between self and
foreign through the recognition of pathogassotated molecular patterns (PAMPS);
sequences uniquely exhibited by pathog@enett et al. 2018)

Pdtern recognition occurs with the help of circulating white blood cells known as
leukocyteqMolnair and Gair 203). Leukocytesare a broad category of immune cells
tasked with cleaning up and eliminating foreign or damaged maglidhair and Gair
2013) Monocytes, macrophages, mast cells and dendritic cells are all examples of
leukocytegMolnair and Gair 2013)The transmigration of circulating leukocytes to the
site of inflammation is described in detail later in this section. Recognition of a pathogen
precipitates phagocytosis of the substance and recruitment of mkoeyées to the
scengBennett et al. 2018Macrophages, dendritic cells, and neutrophils are known for
their phagocytic behavioufglberts et al. 2002; Bennett et al. 2018pwever,
neutrophils are the most abundant leukocyte and are often the preliminary leukocyte in
the removal procegdlolnair and Gair 2013)Natural killer(NK) cells lyse pathogens
rather than dealing with them through phagocytBenett et al. 2018)

Detection and elimination of foreign material also promotes the secretion of
cytokines(Zhang and An 2007 proteins responsible for communicating the
inflammatory messag@hang and An 2007Production of cytokines by the innate
immune response can occur mainly by macrophages and neut{@pblaitgy and An
2007) Interleukins (L) are leukocytesecreted cytokines known to exhibit biio-
inflammatory and antinflammatory actiongZhang and An 2007)These cytokines can
stimulate nearby leukocytes, resulting in activation and production of more immune
mediatorgBennett et al. 2018)They also interact with lymphocytes belonging to the

adaptive immune respon@@ennett et al. 2018)T'umor necrosis factor alpha (TN,



IL-1b, and L-6 are integral pranflammatory cytokines whereak-#4 and L-10 are
common antinflammatory cytokinegBennett et al. 2018)

The innate system is also respoissilor activating the adaptive immune response
(Alberts et al. 2002Bennett et al. 2018Phagocytic leukocytes, like macrophages and
dendritic cells, are characterized as antigen presenting cells (AB&s)ett et al. 2018)
Fragments of the engulfed foreign pathogen reappear on the external surface of the APC
and are delivered to the lymphatic organs and the lymphocyte populgtibests et al.

2002)

1.4.2 Other acute immune mediators

Prostaglandins are also known to contribute to the acute inflammatory response
(reviewed byMorteau 2000; Ricciotti and FitzGerald 201During an inflammatory
event, arachidonic acid is freed from the phospholipid membrane by phospholipase A
(Ricciotti and FitzGerald 2011 Arachidonic acid is then converted to prostaglandin H
by prostaglandin kHsynthases known as cyclooxygenase enzymes (COX1 or COX2)
(Morteau 2000)From there, various prostaglandins are produced including:
prostaglandin E(PGE,), prostaglandin B prostaglandinzland prostaglandinaF
(Morteau 2000; Ricciotti and FitzGerald 201Thromboxane Ais also produced from
prostaglandin Bl(Ricciotti and FitzGerald 2011PGE is commonly known for its
pyretic and inflammatory actions which occur by increasing vascular permeability and
inducing oedeméViorteau 2000)PGE has also been implicated in atgmic processes
by binding afferent terminal®©sterweis et al. 1987\Ithough prostaglandins can act as
pro-inflammatory mediators, they also play a role in homeostatic functions by exerting
protective mechanisn{8/orteau 2000)For example, prostaglandin synthesis in the
gastrointestinal syste aids gastric motility, promotes gastric secretions and protects
against injury(Morteau 2000)COX-1 has been linked to helpful homeostatic
prostaglandin synthesis, whereas G@X¥nzymes are often implicated in the
inflammatoy responséRicciotti and FitzGerald 2011)

Seveal other mediators within the inflammatory mixture play a critical role in the
production of inflammatioiBasbaum et al. 2010Histamine for example, can be

released from degranulated mast cells, resulting in oe¢iRosa and Fantozzi 2013)
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Leukotrienes are also upregulated during an inflammatory response and contribate to
inflammatory responsgOsterweis et al. 1987Bradykinins can also activate nociceptors,

sensitize peripheral afferents and increase vascular permeg@bgigrweis et al. 1987)

1.4.3 Leukocyte trafficking

When the body suffers an injury, infection, or inflammatory event, immune
mediators such as leukocytes are required to help fight and repair the damage
(Nourshargh and Alon 2014) 0 do this, they must transmigrate across the vascular
endothelium of postapillary venules in order to accdbg inflamed are@Nourshargh
and Alon2014) As pictured in Figure 1.3, this process is called leukocyte extravasation
or diapedesigMuller 2011) Under normal homeostatic conditions, leukocytes are free
flowing and are carried along by the laminar blood f{duller 2011) During an
inflammatory event, postapillary venulegreate signalthat increase thekkelihood that
leukocytes will interact with the endotheliMuller 2011) This protective process can
become pathogenic if the process is unregulated, executed excessively, or directed
against seltissuegNourshargh and Alon 2014)

Initiating the travasation process is known as captuflrey 1996) At this
point, leukocytes make weak but rapid associations with endothelial selectins, such as L
selectin and electin, and capture them from mainstream blood flazy 1996; Miller
2011) Continuous, rapid, on and off binding witksBlectin and newly activated E
selectin promote greater endotheldgakocyte interactions, known as the rolling state of
the extravasation proce@duller 2011). Vi sual | vy, | eukocytes 6ro
wall (Ley 1996) Activated cells can then produce chemoattractant molecules such as |
8, C5a, and leukotriene B4 responsible for activating intedlriexs 1996) Activated
integrins promote endotheliutmase adhesion ligands such as intercellular adhesion
moleculel (ICAM-1), intercellular adhesion molect@(ICAM-2), and vascular cell
adhesion molecuié (VCAM-1) (Muller 2011) This leads to the adhesion of leukocytes
to the endotheliuniMuller 2011) Transmigration of the adherent leukocytes typically
occurs at the tight junctions between endothelial cells in the vasculgiMugikr 2011)

Leukocytes can then extravasate by squeezing through the junction into the interstitial

11



space to perform their immunoregulatory effdtisy 1996; Muller 2011; Nourshargh
and Alon 2014)

P-Selectin P-Selectin ICAM-1,-2 PECAM, VE-Cadherin,
L-Selectin ESelectin VCAM-1 ICAM-1,-2, JAMs, Chemokines

Endothelial cell
layer

Free
flowing Capturing Rolling Adhesion Diapedesis

Vascular lumen

-
Blood flow
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L <N L L S
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L b [ <X
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membrane
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Tissue Injury migrated

Chemokines Leukocyte
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Figure 1.3 Integrin and adhesion nolecule involvement in the leukocyte
extravasation process. Adapted from Nourshargh et a(2014) ICAM, intracellular
adhesion molecule; VCAM, vascular cell adhesion molecule; PECAM, platelet

endothelial cell adhesion molecule; VEeadherin, vascular endothelialcadherin.

1.5 Inflammatory arthritis
Inflammatory arthritis (I1A) is a subcategory of arthritis characterized by
inflammatory flares within the joints and surrounding tisgshas can develop acutely or
over time(Ledingham et al. 2017)A conditions often involve autoimmune disorders
where the bodyds i nnat-ssue mmunarespasesnsteadof mo u n
invading foreign substancélsedingham et al. 2017Yhe systemic nature of these
conditions is yet another distinguishing attribute, where several joints may be
simultaneously impacte@d.edingham et al. 2017Commonly known conditions of 1A
are rheumatoid arthritis (RA), psatic arthritis, ankylosing spondylitis, juvenile
idiopathic arthritis, and systemic lup(lssdingham et al. 2017)
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1.5.1 Rheumatoid arthritis

Of all of the inflammatory conditions, RA is the mgsevalent{Ledingham et al.
2017) This polyarthritic condition is ahronic progressive arthritis that typically
localizes in a few joints, before spreading bilateraligl producingystemic effecte
other organglLee and Weinblatt 2001)

RA is estimated to affect over 300 thousand Canadians, roughly one percent of
t he nat i on(Rublic idealth Aderacy of @anada 201The prevalence of RA is
expected to rise t0.3 percent over the next 30 ye@dombardier et al. 2011Yhe
autoimmune condition is reported to b& #imes more prevalent in woméamolen and
Steiner 2003)The onset of RA can commence at any @yaolenand Steiner 2003)
However, the majority of newly diagnosed cases occur after the age of 40 and the
condition is reported to be more prevalent in the aging populé@ambardier et al.

2011; Public Helth Agency of Canada 2017)

According tothe Lee and Weinblatt2001) pre-disease symptoms are often non
specific. They frequently include a legrade fever, body soreness, mild fatigue and a
gener al i u fLeeecahdlWeinblat 2001Patiemts may also present with
symptoms involving their musculoskeletal system including soreness, morning stiffness,
and tenderness in one or m@r@t areas and surrounding tissii@tetaha and Smolen
2018) Due to the inflammatory component of this arthritis, one or more jeasanay
also experience redness, warmth, and swe{lieg and Weinblatt 2001These
symptoms can affect larger diarthrodial joints such as thejkivder hip joins (Lee and
Weinblatt 2001; Aletaha and Smolen 201pre frequently, smaller joints such as the
metacarpophalangeal (MCP) joints and proximal interphalangeal (PIP) joints in the hands
and metatarsophalangeal (MTP) joints in the feet are also involved by themselves or in
association with larger join{fé.ee and Weinblatt 2001As the disease progresses,
bilateral and/or symmetric symptemmanifes{Aletaha et al. 2010Patients may
experience restricted mobility or loss of function in the affected j¢irgts and Weinblatt
2001) Severe cases of lofgsting fatigue, loss of appetiéad weight loss may also
accompany the previously described sympt@bee and Weinblatt 2001)

RA patients may present with radiologievidence of articular damagaletaha

and Smolen 2018Radiologi@al abnormalities include bone erosion, joint space
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narrowing, cartilage damage and ankyldkise and Weinblatt 2001; Aletaha and Smolen
2018) The joirts in the hand may also experience subluxatiee andWeinblatt 2001,
Aletaha and Smolen 2018)

Synovitis, an inflamed synovial lining, is one of the defining histological features
of RA (Aletaha et al. 2010Perpetuated by an infiltration of immune cells into the
synovial layerMcInnes and Schett 201 XJellular hyperplasia of the synovium occurs
and carextend from 3 cells thick top to20 cells thickk'Smolen and Steiner 2003)
Additionally, increased vascularity known as angiogen@gsritsen 208) also
transpires as supportmechanisnasthe enlargedsynovialtissue require an augmented
blood-supply (Lee and Weinblatt 2001)

The physically debilitating symptoms of Rduch as extreme persistent pain and
loss of musculoskeletal mobility, can impose a significant burden on the personal
psychological, and social wdbkeing of the patientLiitze and Archenholtz 2007)
Personal burdens can include difficulty ca
daily personal care tasksagacé et al. 2010YheArthritis Alliance of CanadAAC)
reports that more than 50 thousand Canadian RA patients find personal hygiene tasks,
grooming tasks, going to bathroom, and getting dressed diff@oihbardier et al.

2011) These patients often rely on, or become dependent on, the sustained care from

friends and family to perform essential tagkdtze and Archenholtz 200.7%ocially, RA

patients report the need to modify basic life activities such as l@edrecreatiorbased

on energy levels, disease progressionsawrity of disease symptorfiditze and
Archenholtz2007) Persistent symptoms, loss of dependence or social participation, and

selfi nsecurities can create negatibeieg i mpact s
which may lead to depression or anxi@idyckens et al. 2003janDyke et al. 2004)

Rheumatoid arthritis can alscagla significant role in workplace disability
(Gunnarsson et al. 2015 ccording to théArthritis Alliance of Canadad.75% of the
labor force has diagnosed early to late stage RA, a number that is estimated to double in
the next thirty year@Bombardier et al. 2011Missed work angbroductivity losse$rom
RA patientsequated to financial losses of 26tllion dollars annually within the U.S.

(Gunnarsson et al. 2013h addition to increased |grterm disability leave, a separate
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study reported that RA patients were unlikely to return to workgisability leave
(Hansen et al. 2017)

1.5.1.1 Risk factors and pathophysiology of rheumatoid arthritis

Although the exact cause of RA is unknown, several genetic and environmental
factors are known to influence oneb6s chanc
effects(Deane et al. 2017Environmental factorsuch aseavylong-duration cigarette
use(Hutchinson et al. 2001; Costenbader et al. 208i6pollutants and dust exposiaee
associated witla higher relative risk of RADeane et al. 2017Bacteria in the oral
cavity andspecific florasuch adrevotella coprin thegut microbiome have also been
connected with elevated incidences of B&her et al. 2012; Scher et al. 2013)

Unmodifiable risk factors acknowledgeg Deane et a(2017)include sex,
genetic susceptibility, and shared inheritance. As mentioned previously, R3ximare
likely to occur in femalegPublic Health Agency of Canada 201The exact basis fo
this is unknownhowever hormonal involvement is thought to be a factor whereas
pregnancy and breast feeding have been associated with fewer cases of disease onset and
disease symptom remissi¢@ilman et al. 1992; Karlson et al. 2008)milarly, post
partumperiodshave been associated with exacerbation of the condBitman et al.
1992)

Heritability and genetic interplay have also been linked toR#umantaki et al.
1997; Frisell et al. 2016)0ccurrence of RA is higher in populations that have a close
family relative with the diseag&oumantaki et al. 1997; Frisell et al. 2016)
Additionally, incidence rates are higher in monozygotic twins relative to dizytyains
suggesting some genetic liflacGregor et al. 2000Compellingly, studies report that
genetics may account for roughly 60 percent of disease susceptibility in certain cohorts
(MacGregor et al. 2000)

Genetic modification can also alter susceptibility to the dis@asestein 2003)
One identified genetic epitope that confers susceptibility is a variable region in the human
leukocyte antigen (HLA) locuwithin themajor histocompatibilitcomplex(MHC)
(Gregersen et al. 1987; Firestein 20@3¢emedta 0 s hared epitoped by
colleague41987) thisregion is thought to modify antigen presentation of arthritogenic
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peptides by the MHC complex, thus influencing onset and pathogenesis of the disease
(Gregersen et al. 1987; Firestein 2003; Mateen et al. 2016)

The selfreactivity of RA is in part due to autoantibodies and their loss of
tolerance to innate antige(Suo et al. 2018)Rheumatoid factor (RF), discovered by
Waaler in 1940, is an antlbly that binds to the Fc region of immunoglobulin G (IgG)
(Waaler 1940; Franklin et al. 195Bresence of the autoantibody can be indicative of an
increased disease sevelifgrawal et al. 2007)Produced by Rells or Fcells in
response to presentation of an antijagegnoli et al. 2013)RF is thought to contribute
to RA pathogenesis through creation of immwomplexedy binding with lgGand
subsequent displacementthe synovium(Zvaifler 1973; Ingegoli et al. 2013) This
facilitates recruitment of immune cells equipped to perform phagocytngesgnoli et al.
2013)

Yet another important autoantibody involved in the pathogenesis of RA is the
arti-citrullinated protein antibody (ACPAKurowska et al. 2017 )Citrullination occurs
as a postranslational deamination of an arginine residygeptidylargininealtering the
peptide so that it is considered foreign and may be recognized by antigen presenting cells
(Derksen et al. 2017Peptides affected by this modificat include fibrin, fibrinogen
and vimetin(Kurowska et al. 2017hese cells present antigens to B and T cell
populations, where ACPAs are created and propagate the autoimmune component of the
diseas€éChoy 2012) ACPAs, once generated, form immune complexes with citrullinated
proteins and promote activation of immune cells such as macropt&geasove et al.

2011) Seropositive in 6@0 percent of RA patien{é\grawal et al. 2007; Aggarwal et al.
2009) this antibody is considered an establisimelicator of the disease and an accurate
future predictor of disease ongetviewed byKurowska et al. 2017)

Inflammatory mediators, constituting the innate and adaptive immune system
play a critical role in driving the pathogenesis of Billustrated in Figure 1Hussein
et al. 2008; Mateen et al. 201®endritic cells, macrophages, monocytes, and natural
killer cells are all involved in establishing the inflammatory pathogenesis of RAghr
detection, phagocytosis, presentation to the adaptive immune cells, and production of
inflammatory mediators such as cytokif€hoy 2012) Commonly éevated cytokines

are described in Table 1.2.
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Table 1.2 Major cytokines found in the serum and synovial fluid of RA patients.

Cytokine Serum Synovial Fluid  Reference
TNF-alpha %+ + (Tetta et al. 1990)
(Hamed et al. 2007)
IL-1B + + (Hamed et al. 2007)
IL-6 + + (Hamed et al. 2007)
(Houssiau et al. 1988)
IL-12 + + (Kim et al. 2000)
IL-17° + + (Metawi et al. 2011)
IL-42 + / (Rivas et al. 1995)
IL-107 + + (Cush et al. 1995)

*Synovial fluid (SF)is not relative to healthy controls, rather is elevated relative to
osteoarthritisQA) SF

& Ant-inflammatory cytokines

b Relative to SF from healthy controls

¢ Positively correlated with SF levels

TNF-aandL-1b are critical c ignitaroplthophgsplogicdl at e X €
actions(Choy and Panayi 2001Both cytokines are mainkecreted by monocye
macrophages, as well as B and T cell populat{@m®y and Panayi 2001primarily,
they act to propagate inflammation in the affected area by stimulating other immune cells
to further produce cytokind€hoy and Panayi 2001ncreased levels ohatrix
metalloproteinasedMMPs) from fibroblasts and chondrocytes are also a direct result of
IL-16 and TNFa stimulation, resulting in connective tissue and cayéldamag€Choy
2012) Adding to their inflammatory influence, TN&rand L-1b have demonstrated the
ability to upregulate adhesion molecule expression on fibroblasts and endothelial cells
(Choy and Panayi 2001) he proliferation of adhesion molecule expression imparted by
these cytokines can aid in the recruitment and transmigration of leukocytes to the
inflamed aredChoy 2012. Specifically, TNFa may play a role in the recruitment of
neutrophils to the joint, where their secretory proteaaa trigger cartilage damage
(Choy and Panayi 2001l -1b also mediates bone erosiand structural joint damage
through the activation of osteoclagidateen et al. 2016)

17



Similar to TNFa andIL-1b, IL-6 is also produced by monocytes, macrophages,
and T-cells; but can also be produced by chondrocytes and endotheligGteshs and
Panayi 2001)IL-6 can stimulate and cause proliferation efélls, B-cells, and
fibroblasts(Choy and Panayi 2001Analogous to the previous cytokingshoy and
Panayi 2001)IL-6 also upregulates adhesion molecules, recruits and stimulates
neutrophil production of cartilage degrading enzymes, and can activate osteoclasts
contributing to significant bone damag@ehoy 2012; Mateen et al. 201&)niquely, L-6
can aid in the production ehscular endothelial growth factofyEGF), a growth factor
deemed respaiible for the proliferation of pannMateen et al. 2016)

Produced by monocytes and dendritic cells1P contributes to inflammation by
stimulating natural killer cells tproduce interferolgamma (IFNo {Mateen et al. 2016)
In a positive feedback loop, IFBl r ever t s back -lm@ithmuaecells o n
to produce morell-12 (Choy and Panayi 2001Jhis cytokine is also known to act on
helper Fcells and create a shift to a-Ihprofile (Mateen et al. 206).

IL-17 has recently been identified as an arthritogenic cytqklnssein et al.
2008) Produced by CD4+-€ells and natural killer cells, L7 mimics oter cytokines
and increases production of TNF IL-1b, IL-6, IL-8 and MMPs from fibroblasts
(Mateen et al. 2016 his interleukin can also contribute to osteoeiadticed bae
damage, MMHnduced cartilage damage, and recruitment of immune cells to the affected
area through production of a chemotactic gradi€hby 2012)

Anti-inflammatory mediators such ds-# and L-10 are als@&levated in RA
patient sample€Cush et al. 1995; Ras et al. 1995; Verhoef et al. 200These
mediators contribute to aAnflammatory effects by inhibiting further production of
pathogenic molecules like TN&, IL-1b, IL-6, IL-8, andIL-12 (Isomaki et al. 1997;
Mateen et al. 2016)nhibition of MMPs has also been obserwvath these anti
inflammatory cytokinesindthis could prevent further damage of connective tissue
(Mateen et al. 2016pPatients with mildorms of thedisease tend to have upregulations
of IL-10 suggesting that this cytokine has the potential to mitigate disease severity
(Verhoef et al. 2001)Despite their notable uggulation and andinflammatory effects,
theactionsof these cytokinemay not be enough to suppress the disease comyplete
(Choy and Panayi 2001)
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Figure 1.4 Healthy control knee joint (A) compared to a knee joint affected by

rheumatoid arthritis (B). Bone erosion (C), synovial hyperplasia with immune cell

infiltration (D), and cartilage degradation (E) are depicted. Clinical signs of
rheumatoid arthritis are bolded. Adapted from Smolenand Steiner(2003) APC,

antigenpr esenti ng

cel

T N Falpha; Ilt, intevleukin; (+ c r o s i s

stimulation or (-) inhibition of a pathological process.

Inflammatorymediators not only contribute tssuedamage, but also play a

centralrole in the pain experienced by RA matis(Schaible et al. 2002)oint

innervating sensory fibeexpresytokine receptors, pattern recognizing receptors- (toll

like receptorsTLR), transient receptor potential recagt¢TRP), among others

(Osterweis et al. 1987)nflammatory mediators are able to activate their respective

receptors omociceptors leading to the generatioraofion potentialsvhich are then

transmitted centrallgyam et al. 2018)Furthermore, RA patients exhibit increased levels
of SP in both plasma and synovial fluid compared to controls and OA pdiartshall

et al. 1990; Hernanz et al. 1993hese aspects contribute to increased excitability known

as peripheral sensitizatiggchaible 1996)CGRPandVIP were also upregulated in

synovial fluid in RA patients compared to OA patiefiiernanz et al. 1993ontributing
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to the vasodilatory neurogenic inflammatory response, as well as transmission of pain
(Russell et al. 2014)

The upregulation of algogenic neuropeptides is altatureof central
sensitization in RA patien{Schaible 1996; Dessein et al. 2000; Schaible et al. 2002)
Peripheral and central sensitization may be responsible for the thermal and mechanical
hyperalgesia observed in RA patients compared to haalihywduals(Schaible et al.
2002; Edwards et al. 20Q9)

1.5.1.2 Diagnostics

The 2010 College of Rheumatology/European League Against Rheumatism
guidelinegAletaha et al. 2010pndapted from the 1987 versi(hrnett et al. 1988)
remains one of the most widely used classification criteria for definitive diagnosis of RA.
For the scale to be employed, the patient must prestinaileast one joint exhibiting
clinical synovitis(Aletaha et al. 2010)The classification criteria then utilizes a
cumulative scordased algorithm in the categories of joint involvement, serology, acute
phase reactants and duration to confirdiagnosigTable 1.3 Aletaha et al. 2010A
score above or equal to six, accompanied by one seropositive test and one positive acute

phase reactant is indicative of the definitive presence of/A#aha et al. 2010)
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Table 1.3 American college ® Rheumatology (ACR)/European League Against
Rheumatism (BJLAR) Classification Criteria for the diagnosis of rheumatoid
arthritis. Adapted from Aleteha et al. (2010)

2010 American college of Rheumatology/European Leagégainst Rheumatism
Classification Criteria
Joint Involvement

1 large joint 0
2-10 large joint involvement 1
1-3 small joint involvement (with or without large joint involvement) 2
4-10 small joint involvement (with or without large joiintvolvement) 3
>10 small joint involvement (at least 1 small joint must be involved) 5
Serology

Negative RF and Negative ACPA 0
Low positive RF or low positive ACPA 2
High positive RF or high positive ACPA 3
Acute Phase Reactants

Normal CRP onormal ESR 0
Abnormal CRP or abnormal ESR 1
Symptom Duration

Less than or equal to six weeks 0
More than six weeks 1

ACPA, Anti-citrullinated protein antibodyCRP, Creactive protein; RF, rheumatoid

factor; ESR, erythrocytsedimentation rate.

1.5.1.3 Current rheumatoid arthritis treatments

Research into the pathophysiology of RA has paved the way for the development
of clinical therapeutics to address disease progression and symptom mand§emgant
et al. 2015)Early diagnosis and treatment has been identified as paramount to the
successful management of this chronic condifi®ingh et al. 2015)Early treatment
targeting inflammatorynduced damage may lend to reducing disease severity, pai
severity, and can aid in improving overall functional outcomes and quality ¢fL&fd et
al. 2001; Nell et al. 2004)

Over time, the treatment paradigmroA has transformed to prioritize the
attenuation of the damage and pathogenesis associated with the (Bsagiset al.
2015) This clinical objective produced the discovery of conventional disease modifying

antirrheumatic agents (cDMARD) and biological disease modifyingraetimatic
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agents (bDMARD)Nurmohamed and Dijkmans 200%)linically availableand
commonly used cDMARDBInclude methotrexate, leflunomide, sulfasalazine,
minocycline, and hydrochloroquirfslurmohamed and Dijkmans 2006DMARD
therapeutics predominantly target pathological steps in the inflammatory pathway
responsible for progressive destroat{Benjamin and Lappin 2019For example,
methotrexate, the gold standard for cOMARD prescripfidarmohamed and Dijkmans
2005) functions to inhibit dihydrofolate reductase resulting inratigprotein synthesis
and increased adenosine, which can ultimately inhibit neutrophil and cytokine synthesis
(Nurmohamed and Dijkmans 2005; Friedman and Cronstein 20a€éipus studies have
reported the efficacy of methotrexate in reducing disease scoresdargtaphic damage
compared to placeb@remer and Phelps 1992; Strand et al. 1988yilar to
methotrexate, leflunomide can also alter protein synthesis, reduce production of pro
inflammatory cytokines and adhes molecules, but may also inhibit N+~B
(Nurmohamed and Dijkmans 2005; Guo et ai.&)

Despite efficacy, both methotrexate and leflunomide can inflict adverse side
effects that may limit treatment compliang@emer and Phelps 1992; Strand et al.
1999) Common adverse effects shared by both treatmesresgastrointestinal
irritations (nausea, diarrhea, abdominal pain), centrally mediated headaches and
dizziness, skin disturbances, pdeia, and infectiond&remer and Phelps 1992; Stdhet
al. 1999; Cannon et al. 2004; Nurmohamed and Dijkmans 20R@ihotrexate may also
be responsible for respiratory infectidikee pneumonitis, mouth sores, malignancies and
leukopenigNurmohamed and Dijkmans 2005)

Biologic DMARD treatments distinctly target specific inflammatory mediators
liable for the structural damage associated with(Réely 2010) This group of
therapeutics is often used in combination with a cDMARD rather than as a monotherapy
(Singh et al. 2012; Singh et al. 201B)ologics largely consist of TNBIpha inhibitors
such as infliximab, adalimumab, etanercept, golimumab, and certolizumal{ipegiyl
2010; Singh et al. 2012; Guo et al. 2QIB)rough various mechanisms, inhibition can
reduce inflammation by preventing further production of inflammatory mediators and
chemokines and by limiting immune cell migration and infilnat thus reducing

inflammation(Feely 2010; Guo et al. 281 Moderate adverse effects include
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gastrointestinal disturbances, urinary tract infections, respiratory infections, and
cutaneous reactions at the injection éilereland et al. 1997More serious effects
include increased risk of hypertension and heart faiM@eland et al. 1997;
Nurmohamed and Dijkmans 2005)

Other preinflammatory cytokines targeted by bDMARDSs includlellb
(anakinra, canakinumab, rilonacept);17 (secukiumab) and IL6 (tocilizumab)Guo
et al. 2018)Biologicals caralso target immune cell populations such aseBs
(rituximab, ofaturmumab, belimumab, atacicept, and tabaluyriatglls (abatacept and
belatacept), and kinases within inflammatory pathways (tofacitinib, baricitinib, and
filgotinib) (Guo et al. 2018)

Although attenuating disease progression is one treatment giratksgjuate pain
management is of utmost importance to the patient popul@tionster et al. 2007)
Opioids areeffective at relievingcutejoint painbut their longterm use is problematic
(Crofford 2010) Despite the risingseof opioidsin RA patientstheir analgesic efficacy
is questionabléwWhittle et al. 2013)A review conducted by the Cochrane Library
concluded limited (30%) analgesic efficacy and a lack of functional improvement across
several North American and European trials using a comparative plabéitte et al.
2013) Limited aralgesic efficacy of opioids in treating chronic R&sociated pain is
likely attributed to tolerancéBenyamin et al. 2008; Crofford 201@ownregulation of
opioid receptors in affected tissugs et al. 2005) anddesensitization of opioid
receptor§Ueda and Ueda 2009)

The nost commonly noted adverse effects associated with opioid use are
gastrointestinaincludingnausea, vomitingCepeda et al. 2003and constipation
(Cherny et al. 2001; Swegle and Logemann 2006ynitive adverse eventsch as
drowsiness, euphoria, hallucinations, sedation, and confusion are notable side effects
(Cherny et al. 2001; Benyamin et al. 2008; Crofford 200@ntral cardiovascular
(orthostatic hypertension and bradycardia) and respiratory adverse events (respiratory
depression and bronchoconstriction) have also been observed at highéCeapsela et
al. 2003; Crofford @10; Solomon et al. 2010Addiction, dependence, tolerance, abuse
and overdose potential are harmful disadvantages associatezhvatiicopioid use

(reviewed byBenyamin et al. 2008)
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Non-steroidal antinflammatory druggNSAIDs) are an over the counter
prescribedclass of drugvhosemechanism involves the inhibition of prostaglandin
synthesis from arachidonic adi@rofford 2013) Two main enzymes are responsible for
the hydrolysis ofrachidonicacid into an intermediate prostaglandailled prostaglandin
H> (Morteau 2000) Theseenzymesarecyclooxygenaséd (COX-1) and cyclooxygenase
2 (COX-2) (Crofford 2013) Typical NSAIDs are nofselective, meaning they inhibit
both the homeostatic COXenzyme and theaducibleCOX-2 enzymewhich is
typically activated during inflammatory ever{@Grofford 2013) Examples ofion
selective NSAIDsnclude: acetylsalicylic acid, diclofenac, naproxen, ibuprofen,
nabumetone, piroxicam, and indomethg&nofford 2013)

Across studies examining NSAID use, treatment withdrawal wasalypi
determined by lack of efficacy and adverse effect profiféasner et al. 1981; Shi et al.
2004) Gastrointestial side effects are considered to be the most common complaint
(Crofford 2013) These may include dyspepsia, abdominal pain, diarrhea, constipation,
nausea or vomiting/Nasner et al. 1981; Silverstein et al. 2Q@Q)t also may include
developnent of gastrointestinal ulcers, bleeding, intestinal obstructions or perforations,
esophagitis, or coliti€Crofford 2013) Incidence ofenal complications ancardiac
eventsarealsoseriousadverse eventassociated with NSAIDESilverstein et al. 2000;
Crofford 2013) Crofford (2013)mentionsthat NSAID use may lead todney orheart
failure, hypertensionmyocardial infarction, and stroke in the general population.
However, risk of adverse cardiac events appears unaltered in an inflammatory
polyarthitis population(Goodson et al. 2009)

Attribution of side effect profiles to the naeledivity of typical NSAIDs
prompted the discovery and employment of G@Xelective inhibitor¢Simon et al.

1998; (hen et al. 2008)CommonCOX-2 selective inhibitors include celecoxib,
rofecoxib, etoricoxib, valdecoxib, lumiracoxib, meloxicam, and etod@aen et al.
2008) Selective inhibition of prostaglandin synthesis in inflammatory or pathological
states was able to reduce the occurrence of gastrointestinal adverse effects, while
maintaining similar efficacyCollantes et al. 2002; Shi et al. 2004pwever, renal
adverse events were not alteradd the incidence a@ardiac adverse events was

increased in selective COXinhibitors compared to neselective NSAIDgreviewed by
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Fine 2013) Significant cost of these selective inhibitors may also deter sustaseed

(Fine 2013) Acetaminophen may act as an analgesic through inhibition of prostaglandin
formation through inhibition of the COX enzymgGraham and Scott 200%)r by
preventing reuptake of endocannabindidama and Sagen 2010; Klinggratz et al.

2018) Tolerabilityof this treatment is high, however over 60 percent of RA patients
found that it lackee@fficacy (Wolfe et al. 200Q)

1.5.1.4 Experimental rheumatoid arthritis

Many experimental rodent models of RA are used to replicate the human disease
in anin vivo setting(Brand 2005; Roy and Ghosh 2013; Choudhary et al. 2@ular
experimental modes include collageuced arthritis (CIA), antigemduced
experimental arthritis (AA), and adjuvaimiduced arthritis (AIAYBrand 2005; Roy and
Ghosh 2013; Choudhary et al. 2018)

Freunddos compl et e adjtoundwenahrorficadudant i s wi
polyarthritisin rodens. Initially describedy Pearsor§1956) dried, heatkilled
Mycobacterium tuberculossuspended imineral oilis injected intradermally proximal
to lymphatic drainage are@Baurog et al. 1988Exposure to this foreign bacteria and oil
mixture induces the production of cytokines aheémokines such as TN#pha, 11-:12,
and IL-6 (Billiau and Matthys 20011

Systemic moculation with the FCA emulsion and resulting immune activation
produces a robust acute inflammatory respoviseh gives way to ahronic
inflammation within 914 daygTaurog et al. 1988; Bendele 200l)creasegoint
temperature, increased joint circumference/paw vol(oedema), functional weight
bearing limitations and joint/tendon tenderness are observed compared to control groups
(Pearson 1956; Bendele 2001; Snekhalatha et al. 2Rad@pgraphic changes, as
observed in RA, such as joint space narrowing and bone damage are evident within 21
days(Taurog et al. 1988; Butler et al. 1992; Bendele 2001; Snekhalatha et3l. 201
Histologicalchangesncluding synovitis, enlarged synovial layer, immuoed|
infiltration, granuloma formation and pannus formation are also characteristic of this
model(Bendele 2001)
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Systemic delivery of FCA has since been modified to a lagattion proximal to
the joint(Grubb et al. 1991; Donaldson et al. 198B)ntraarticularly (Butler et al. 1992)
to address concerns regardsygtemic effects ithe modelButler et al. 1992;
Chillingworth and Donaldson 2003Jibiotarsal or knegints are frequently used to
investigate FCAnduced monoarthriti@©onaldson et al. 1993; Mcdougall et al. 1995)
FCA has also been associated vifthilateral joint destruction, pannus formation and
increasegroduction ofalgogenic mediators such as SP and CGRP in the dorsal root
ganglia(Butler et al. 1992; Donaldson et al. 1993; Sbleaet al. 2002andin the spinal
cord(Hammell et al. 2016)Although less severe than systemic polyarthritis, these
pathologies allow focomparisons between treated and-treated joints and
investigation of clinically relevant disease manifestations in an ethical manner
(Chillingworth and Donaldson 2003)

1.6 Overview of cannabis

1.6.1 Plant origin and historic mgical cannabis use

Evidence ofCannabis sativgollen has been traced back to over 19.6 million
years aggMcPartland et al. 2019While cannabis cultivation is now widespr&&ainall
2015) cannabis originated in central Asia near the Tibetan Plateau in the Himalaya
mountains at Ningxia in Chind/cPartland et al. 2019 onsidered one of the oldest
cash cropgClarke and Watson 200 Fannabis sativprovides a plethora of important
products including fiber in clothing, human and livestock food consumption, recreational
narcotics and medical remedigarke and Watson 2007¥outhAsian cultivated plants
are typically hidp in psychoactive compounds and sought after for recreational purposes,
whereas the European based cannabis chemovars are characteristically used for textile
purposegClarke and Watson 2007)

Sexually dioecious, female plargge known to produce resbased compounds
from their glandular trichomg&mall 2015) Male varieties lack glandular trichomes but
contribute to cultivation through pollinatig®mall 2015) As of 2014, over 545 chemical
constituents have been identified within the cannabis (r8ohly and Gul 2014)

The earliest known descriptions of medical use occurred in 2700 BC in the Pen
t séau c hi(Zugdi 2006) DAring thisatime, cannabis was indicated for
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rheumatic conditions, gastrointestinal disturbances, and reproductive digoederwed

by Zuardi 2006) The spread to Indiled to cannabigelated medical use as an analgesic,
anticonvulsantanaestheticamong other indication®ikuriya 1969; Zuardi 2006)

|l ntroduction into Western s®BoerntueyfHandstalwas not
2016) Experiments by Wi lliam O6Shaughnessy d
rheumatic and respiratory illnesqétand et al. 2016)Despite its therapeutic promise,

cannabis was made illegal by the Canadian governmd®2a @ct to Prohibit the

Improper use of Opium and Otherugs1923).In 2001, access to the plant for clinical

use was granted under diheal ARcrepces ¢ 90 Cnaq &l
(Controlled Substances A2001) These regulations were repealed when recreational use

of cannabis was legalized in 2018 unther Cannabis AqiBill C-452018).

1.6.2 Cannabis use in arthritis

The Canadiarrthritis Society(Arthritis Society 2019jeports that 65% of
prescribed medical cannabis users in Canada are, in fact, arthritis patients. Medical
cannabis use was also noted in a UK arthritis patient cohort, which made up 21 percent of
medical us€Ware et al. 2005)Relief of chronic pain is typically the predominant reason
for the use of medical cannalfi?/are et al. 2005)Anecdotally, arthritis patients
experiencemproved joint function, sleep and reduced joint pain when using cannabis
(Blake et al. 2006)Ware et al(2005)report that 68 percent of patients they interviewed
reported that cannabis ameliorated their symptoms. Studies report that medical cannabis
can act as a substitute for other therapeutics; one study reported a 64 percent reduction in
opioid use while NSAIB consumption also dramatically declir@behnke et al. 2016;
Baron et al. 2018)

Although cannabis shows efficacy in alleviating the pdiarthritic conditions
(Baron et al. 2018)dverse sideffects are also observ@dolkow et al. 2014)For
example, cannabis users sedported experiencing panic attacks, instances of psychosis,
and adverse physical symptofit©romas 1996)Acutely, cannabis can impair reasoning
(Morrison et al. 2009)affect recall memory an@dducecognitive perbrmance in non
chronic usergMorrison et al. 2009Hart et al.(2001)noted increased decision making

time. Euphoria is yet another effect reported by cannabis users, accainpaare
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increased heart rafelart et al. 2001)Longterm effects also occur and may include
bronchitisandlung-infections(Volkow et al. 2014)Cannabisnduced neuronal damage

in memory predominant brain areas may be associated with adverse memory effects of
long-term usgZalesky et al. 2012atton el al(2002)also described a twimld

increase in the development of depression and anxiety with moderate cannabis use.
Impaired learning, rention or recall of information were also repor(eiart et al. 2001)
Dependence and addiction are also a significant concern istdomgcannabis users
although further research is required in this &fég®mmas 1996)

1.7 Endocannabinoidsystem

The endocannabinoid system is an innate, widespread physiological system in the
human body, and other vertebrate spefi#ishick and Egertova 200linvolved in the
maintenance of homeostasis and physical or mentalbselih(Battista et al. 2012)
Labell ed as t heaen diepmrtot esd tddarps et af(tid98ptidty Di
endocannabinoid system has a profound role in mood, sleeping, appetite, temperature
control, cogition, immune function, motor coordination, and reproduction as reviewed
by Clarke and Watso(Clarke and Watson 20Q7)hree integral components of the
endocannabinoid system include the cannabinoid receptors, endogen@lsrezdn
molecules, and enzymes responsible for the synthesis and degradation of these
compoundgBattista et al. 2012; Lu and Mackie 2016)

1.7.1 Receptors and signaling transduction

Cannabinoid receptors are necessary for ligands to exert their influence and to
enable the widespread physiological functions of the endocannabinoid gistend
Mackie 2016) Matsuda et al1990)identified the first cannabinoid recep{@B:R) in
1990. The current literature suggests that”CB primarily located in the central nervous
system(Herkenham et al. 1990Discovery of the receptor in peripheral areas, including
sensory afferents and immune cells, has more recently been rgBuotedoula et al.
1993; Richardson et al. 199&)nlike theCB1R, the cannabinoi@ (CB2R) discovered
shortlyafterwards byMunro et al.(1993)is acknowledged as a peripherdibcated

receptor(Howlett 2002) CB;R is largely localized on the cell membranes of immune
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cells or immunogenic orgarislowlett et al 2002)but can also be found on afferent
nerve terminal$Griffin et al. 1997; Schuelert and McDougall 20@8) in the central
nervous systerfGong et al. 2006)Both of these receptors arep®tein coupled
receptorGPCR)consisting of seven transmembrane spanning dorfldmslett 2002)
They alsocexhibit pertussin toxin sensitivity, which infergd®rotein couplingHowlett
et al. 1986)Heightened expression of @Band CBRs has been detected in the
synovium of RA patients compared to @Atients suggesting a role of the
endocannabinoid system in inflammatory joint disg&3ehardson et al. 2008 third
associated orphan recept@PR55, has been identifi€Bawzdargo et al. 199Put its
role as a cannabinoid receptor is still controversial.

Activation of the CBR and CBR with agonist ligands initiates an inhibitory
cascaddy inhibition of adenylyl cyclas¢o attenuateyclic adermsine monophosphate
(cAMP) productiontherebypreventing theghosphorylation of protein kinase(Matsuda
et al. 1990) This agonismeadsto the inhibition of voltageated calcium channels,
preventing the positively charged influx of calcig@uo 2004) Activation of distal
cannabinoid receptors and pguactional receptors on afferent nerve termirfelswlett
2002)resuls in hyperpolarization of the prgynaptic terminal, preventing the release of
neurotransmitters capable of transmitting nesigthals(Matsuda et al. 1990; Howlett
2002) Thiscan also lead to the activationraitogenactivated protein kinagMAPK)
pathways resulting in the dowegulation of genes and reduced production of cytokines,
adhesion molecules and other{mfammatory mediatoré/Vartmann et al. 1995;
Kobayashi et al. 2001)

Coined the ionotropic cannabinoid recept@kopian et al. 2008)the transient
receptor potential family of cation channels hagynificant contribution to
endocannabinoihediated processé€aterina et al. 1997Found predominantly in the
periphery and specifically on afferent nerve termif@lso and Valtschanoff 2008hese
ligand-gated cation channels are known for theiriftammatory, nociceptive and
temperature sensing actiof@3aterina et al. 1997ppecifically, cannabinoids have been
shown to bind to th&ansient receptor potentignillioid-1 cation channel (TRPV1)
(Ahluwalia et al. 2003)TRPV1 overstimulation can also produce anaciceptive effects

through receptor desensitization and algogenic neurogegipletion/Ahluwalia et al.
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2003; Ruparel et al. 2011gneel et al.(2011)demonstrated that TRPV1 channels were
prevalent in the synovial fibroblasts of RA patieatsl preclinical evidence indicates the
presence of TRP\(positive nerve fibres in the knee joint of mi€ho and Valtschanoff
2008)

1.7.2 Endocannabinoids; Metabolic pathways of the endocannabinoids

The existence of humanized cannabinoid receptors inferred the evolutionary
production of endogenous ligan@ou and Kumar 20185everal lipidbased molecules
possess the ability to interact with conventional and atypical cannabinoid receptors and
have been termed endocannabingldsand Mackie 2016)Seven endocannabinoids
have so far been identified both peripherally and centrally: arachidonylethanolamine
(AEA or anandamide),-2rachidonoylglycerol (AG), virodhamine, noladin ether-N
arachidonoyldopamine (NADA), palmitoylethanolamine (PEA) and N
oleoylethanolamine (NEA) as described by Battista €2all2) Of these, AEA,
discovered byevaneet al.(1992)and 2AG, identified by Mechoulam et g/1995)are
the principle endocannabinoids that have been researched th@Battista et al. 2012)

An importar feature of endocannabinoids is their characteristidemand
synthesis (Figure 1.5), rather than vesicle sto(Bg&larzo et al. 1994)Activation of a
membrane bound receptor, prompts the conversion of phospholipid precursors into
specific endocannaoids (Lu and Mackie 2016)Descrbed by Devane et g1992) the
synthesis of anandamide involves the conversion of phosphatidylethanolamine to N
arachidonoyl phosphatidylethanolamine byadyltransferase followed by conversion
with N-acylphosphatidylethanolamimdospholipase D (NARPLD) (Di Marzo et al.
1994; DiMarzo 2008) Anandamide is degraded by the fatty acid amide hydr@ise
Marzo 2008) Mechoulam et al1995)subsequently discoveredAs in 1995. The
intermediate molecule diglglycerol (DAG) is synthesized by converting
phosphatidylinositol 4 hiphosphate (PH with phospholipase C (PLEDi Marzo et al.
1994; DiMarzo 2008) 2-AG is formed when diacylglyerollipase (DAGL) acts on DAG
to reach its final endocannabinoid stdde Marzo 2008) Monoacylglycerollipase
(MAGL) is responsibldor the inherent breakdown of2G (Di Marzo 2008) COX2
enzymes are yet another degradative mechafiisilarzo 20@®). Investigation
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regarding the transport and reuptake of these molecules is unclear and research to identify

these mechanisms is-going(Zou and Kumar 2018)

A Phosphatidyl- B Phosphatidylinesitol 4,5
ethanolamine (PE) biphosphate (PIP,)
N-acyltransterase Phospholipase C
(NAT) (PLC)
N-arachidonoyl-PE Diacylgly.ceml
(NAPE) (DAG)

NAPE phospholipase D Diacylglycerollipase
(NAPE-PLD) (DAG-lipase)

Arachidonoylethanolamide 2-arachidonoylglycerol
(AEA) (2-AG)
Cyclooxygenase-2 Cyclooxygenase-2
(COX-2) Fatty acid amide Monoacyl (COX-2)
hydrolase (FAAH) glycerollipase (MAGL)

Prostaglandin- Arachidonic acid (AA) Arachidonic acid (AA) Prostaglandin-glycerol
ethanolamide & ethanolamine & glycerol ether (PGH,-G)
(PGE,-EA)

Figure 1.5 Arachidonoylethanolamide or anandamide (A) and 2
arachidonoylglycerol (B) biosynthesis and degradation pathways. Enzymes
responsible for synthesis are listed in green; whileejradative enzymes are in red.
Adapted from: Di Marzo (2008).

1.8 Cannabis compounds

1.8.1 Synthetic compounds

Due to the promising research being conducted with phytocannabinoids, synthetic
cannabinoids have emerged as a new stream of reggarchnd Kumar 2018 hese
compounds are created to structurally mimic the phytocannabinoids or to possess
improved cannabinoid receptor binding affinfBou and Kumar 20185elective CBR
agents with high binding affinity include-&)-methandamide, arachidone¥I6
chlorethylamine (ACEA), andrachidonylcycloproglamide(Lin et al. 1998; Hillard et
al. 1999) In addition, CBR selective compounds alsoigband include JWH 133, JWH
015 and HU30§Hanus et al. 1999; Huffman et al. 200Rpn-selective synthetic
derivatives are also available. Most commonly investigated have been CP 55 940, HU210
(syntheticddta-9 tetrahydrocannabintiband) and WIN55-212 (Mechoulam et al.
1988) These compounds have the ability to interath woth of the cannabinoid
receptors, but may show preferred affinity to @dechoulam et al. 1988Although

created wh pharmacological therapeutic intent, those withiRBinding affinity have
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been used illegally under t Hreviewedbbyes ©0K204,
Hourani and Alexader 2018)

Synthetic inhibitors of cannabinoid receptors have also been designed. Pertwee et
al. (1995)was the first to demonstrate that AM636i¢8opravadoline) could be used as
an antagonist for the GR. In the study, AM630 competitively antagonized non
selective cannabinoid compounds like CP8B and WIN55-212 in the mouse vas
deferengPertwee et al. 1995)sing CB transfected cells, furthetudies demonstrated
that AM630 could prevent CP 850 activation ancffS]-GTP2S binding to the CER
and was determined to be an inverse agonist of th&® (Boss et al. 1999N-
(morpholin4-yl)-1-(2,4-dichloropheni)-5-(4-iodophenyl}4-methyt 1H-pyrazole3-
carboxamide (AM281) was developed as an improvement to thie @Bagonistfd] -
(pperidin1-yl)-1-(2,4-dichlorophenyh5-(4-iodophenyl}4-methyl1H-pyrazole3-
carboxamide (AM251jLan et al. 1999)The binding affinity Kvalue for AM281
binding toCB:R was12nM (Lan et al. 1999and effectively inhibited the acetylcholine
releasing actios of WIN-55-212 in the rat hippocampy&ifford et al. 1997)

1.8.2 Phytocannabinoids

Phytocannabinoids are naturatigcurring cannabigerived molecules
synthesized in the glandular trichomes of the cannabis ({@#arke and Watson 2007;
Russo 2011)Contributing to 30 percent of the dried weight of the flower tops,
phytocannabinoids originate from the compound gerd@ilsirke and Watson 20Q7)he
most recent tallgpeculates that over 120 phytocannabinoids have been identified
(Morales et al. 2017)These compounds are hydrocarbon basegs{@ictured) and
combined with oxygen moleculé€slorales et al. 2017)NVhile they are known to interact
with the endogenous cannabinoid recep(@wartsch et al. 2010)heir binding affinty is
not limited to the endocannabinoid systéRusso 2011)

The most abundant and perhaps the mostknelivn phytocannabinoid is delta
tetrahydrocanabinol (THC) which is notorious for its psychoactive propeltssso
2011) Other abundant phytocannabinoids include: e@ltetrahydrocannabinol,
cannabinol, cannabigerol, cannabichromene, cannabidiol, tetrahydrocannabivarin,

cannabivan and cannabidivarifMorales et al. 2017Beyond recreational use for
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purely euphoric experiences, these compounds are now contributing to novel medical
therapiegMorales et al. 2017; Russo and Marcu 2017)

1.8.2.1 Cannabidiol

Cannabidiol (CBD), chemically identified ag PR-3-methy6R-(1-
methylethenyh2-cyclohexenl-yl]-5-pentyl1,3-benzenediol, is a naturally occurring
phytocannabinoigRusso 2011)Discovered by Mechoulam and SHi®63) CBD has a
chemical structure of £H3002 and a molecular weight of 314.469g/nf@lorld Health
Organization 2017)CBD is naurally produced in the glandular trichomes of the
cannabis planftClarke and Watson 200@nd can be found in many chemovars of
cannabigRusso and Marcu 2017roduction of CBD originates from cannabigerolic
acid, which is transformed tannabidiolieacid by cannabidioli@cid synthaséTaura et
al. 2007) Cannabidiolieacid produces the final product of CBD when exposed to heat or
light through decarboxylatiofiaura et al. 2007)T'he crystalline solid is insoluble in
water but can be dissolved in dimethyl sulfoxide (DMSO) and ett{sivtld Health
Organization 2017)

One of the most appealing attributes of CBD is its inhererdengnoric
propertes(Consroe et al. 1979Lonsroeet al.(1979)showed that cohorts receiving just
oral CBD had no psychomotor deficits and were timely in a production based timed test.
These participants also reported feeling 6
control(Consroe et al. 1979%pupporting this claim, participantscesving CBD
cigarettes report ed (Hamegdtalr2ql6)ineonorduphoigch 6 s ens
attributes of CBD relative to THC may be in part due to receptor mechamiiems.
example, CBD is reported to have little to no affinilythe orthostericsite of CB1RS,
those responsible for centraliyediated psychoactive effe¢teviewedPertwee 2008)

Other studies have demonstrated that CBD acts as an atlostetulator of th€B;R,
thus diminishing the effects of GB agonists like THC and-2G (Laprairie et al. 2015)
CB2R affinity is also relatively lowreviewedPertwee 2008 However CBD has been
demonstrated to act as an agonist at TRPV1 cha(Bistsgno et al. 2001; Costa et al.
2004; Philpott et al. 2017yvhich may lend to its anthflammatory properties explained
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later. Russo et af2005)also outlined that CBD may activatd-d serotonerig
receptorsor may activate GPR§Ryberg et al. 2007)
Metabolism of CBD occurs mainly in the liver by human liver microsofdiesg
et al. 2011) Although eight mondiydroxylated metabolites have béed e nt i-f i ed ( 6 U
OH-, -6H, 7-OH-, -QHs, -QH, -GHd, -@Hba n d-OW-)phydroxylation to
6 WH-, -GHb, and ZOH-CBDs are most prominefidiang et al. 2011)Jiang et all.
(2011)demonstrated thatytochromesCYP3A4 and CYP2C19 were thaza/mes
responsible for the metabolism of CBD into the commonly described metabolites.

1.8.2.1.1 CBD in pain and inflammation

Preclinical literature has demonstrated the efficacy of CBD in treating
neuropathic paiDe Gregorio et al. 201#nd cancer paifWard et al. 2014)These
actions are thought to be mediated by TRPV1 receptors-&tith Seceptors respectively
(Ward et al. 2014; De Gregorio et al. 201@)inically, CBD has shown efficacy in
reducing peripheral neuropathic péBerpell et al. 2014nd a THC:CBD combination
reduced pain associated with multiple scler@Rissso and Guy 2006As a result,
Sativexa (1:1 THGCBD ratio), indicated for multiple sclerosis painaifederally
approved therapeutic with CB®ertwee 2009)The effect of CBD on inflammation in
preclinical models has also been thoroughly reviewed and is suggested to be mediated by
CB2R, TRPV1 channelsr adenosine recepto(Burstein 2015)

1.8.2.1.2 CBD in arthritis (preclinical/clinical)

Preclinically, CBD has been effége in alleviating symptoms associated with
arthritic conditiongMalfait et al. 2000; Costa et al. 2004; Costa et al. 2007; Hammell et
al. 2016; Philpott et al. 201.7In the monoiodoaceta{®lA) model of OA in rats, CBD
(300ug) adninistered locally over the arthritic joint was able to reduce mechanical
allodynia (acutely and prophylactically) and improve weight bearing on the injured limb
(Philpott et al. 2017)CBD was also able to reduce modaluced neuropathy and dese
dependently reduced noxious firing in afferent fio@silpottet al. 2017)CBD also
reduced inflammation by lowering both rolling and adherent leukocytes, but not blood
flow to the affected are@hilpott et al. 2017)TRPV1 antagonists attenuated the
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improvements in mechanical allodynia and partially inhibited the reductions of leukocyte
trafficking. AM630, the CBR antagonist, also prevented leukocyte trafficking inhibition
(Philpott et al. 2017)

CBD has also been employed in various experimentafrigedels(Malfait et al.
2000; Costa et al. 2004; Costa et al. 2007; Hammell et al. 201i&e mouse CIA
model, oral and intraperitoneal administratiorlC&D was able to improve clinical
scoring of joint involvement and reduce levels of i&E8nd [-12 at optimal doses of
25mg/kg and 5mg/kg respectivéMalfait et al. 2000) Interestingly, Malfait et al.
(2000)demonstated a betshaped doseesponse curve. Oral administration of CBD in a
carrageenaimduced model of synovitis showed reductions in oedema, attenuation of
thermal hyperalgesiaeductions irPGE, aswell as reduced levels of nitric oxide and
COX enzymesn the affected tissugosta et al. @04).

The effects of CBD have been investigated in the FCA model of RA with both
transdermal application and oral administra{i@osta et al. 2007; Hammell et al. 2016)
Orally deliveredand transdermal application of CBD were both able to increase latency
to paw licking thus improving thermal hyperalge&asta et al. 2007; Hammell et al.
2016) Oral administration also atteated mechanical hyperalgesia in (@ssta et al.
2007) Improvements in hyperalgesia were antagonized by TRPV1 receptor antagonists
(Costa et al. 200Qoinciding with results by Philpott et §2017) In these models, CBD
was also able to modulate prdlammatory targets. PGEnd nitric oxide were reduced
by oral administratioiiCosta et al. 2007 Additionally, CBD prevented synovial
enlargement, reduced immune cell infiltration into the synovium, and reduced expression
of CGRP in the spinal cofgHammell et al. 2016)These rests are indicative of CBD
being an effective analgesic and anflammatory agent in RA, especially in the FCA
mode(Costa et al. 2007; Hammell et al. 2016)

Clinically approved use of CBD Isnited to date, but is gaining acceptance as a
viable therapeutic optio(Blake et al. 2006)A randomized controlled trial showed that
Sativex (1:1 ratio of CBD and THC) could improve disease progression in RA as
measured by theiBeaseActivity Scale(DAS) and McGill pain questionnaire compared
to the placebo coho(Blake et al. 2006)Additionally, a trial investigating the effects of
pure CBD in psoriasis and OA is currently ongojNgtional Institute of Health 2010)
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1.8.3 Terpenes

The terpenes are comprised of basic hydrocarbon (@iitgh and Sharma 2015)
Following a minimalistic formula of §Hgterpenes are categorized by how many
isoprene units they contaflarke 2008)A monoterpene consists of two isoprene units
(C1oH16), @ sesquiterpene comprises of threghles), and a diterpene is made up of four
(C20H32). Any terpenes thereaftereareferred to as polerpenegClarke 2008) Terpenes
can also be classified as aliphatic or cy(@tarke 2008) Generally, terpenes are
colorless liquid compounds that are insoluble in wgerhan et al. 1999)They are
highly volatile and easily oxidizabl€larke 2008)

Originally, terpenes were known primarily for their purpose as an ingestible toxin
to predators, oasticky defense mechanism in plants and insect vertebrate species
(Gershenzon and Dudareva 2007; Singh and Sharma. Z015) are also found in
essential oils and are used cosmetically, as remedies, in fragrances, and as flavoring
agentgSingh and Sharma 2013y cannabis, the terpenes are synthesized in the
glandular tricmmes of the plant and are responsible for the pungent, yet uniqusobdor
the various chemova($ingh and Sharma 201%)ver 200 terpenes have been identified
to date within the cannabis plgiRusso and Marcu 2017)he cannabislerived
monoterpenes include: limonene, alpha or{pét@&ne myrceneand linalool(Russo and
Marcu 2017) Commonly referenced sestgrpenes within the cannabis plant are beta
caryophyllene, nerolidol, and humulefRusso and Marcu 2017n addition to their
aromatic benefiSingh and Sharma 20133usso et al2017)reviews that they have
several medical advantages and may be helpful in treating cancer, neurological disorders,

chronic inflammatory conditions and chronic pain.

1.8.3.1 Myrcene

Myrcene, or more specificallf-Methyl-3-methylenel,6-octadieneis an acyclic
monoterpene (gH1e) with a molecular weight of 136.24g/m@®ational Institute of
Healh 2010) This colourless liquid is highly volatile and has a high boiling point of 167
°C (Behr and Johnen 20Q9Ylyrcene has two isotypes: betgyrcene and alphenyrcene
as ilustrated in Figure 1.@ehr and Johnen 20QRuzicka and Stoll discovered in 1924

that betamyrcene was the naturally occurring isotype (myrcene will henceforward be
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used to reer to the naturally occurring betayrcene isotypej)Behr and Johnen 20Q9)
Myrcene can be extracted or steam distilled from essentigBgls and Johnen 2009)
but can also be synthesized directly by pyrolyzing the monoterpengibetee (from
turpentine) at temperatures exceeding 45MBehr and Johnen 20Q9)hrough various
chemical modifications, myrcene can be converted to other terpene products and
pheromones as described by Behr & Joh2€©9)

Limited information was available conce
pharmacological properties. A study by the National Institute of Health in 2010 described
that myrcene was preferentially metabolized inteh§@roxylinalool (Madyastha and
Srivatsan 1987)Elevated levels of CR2B suggest that myrcene is broken down by this
inducible liver enzyméFreitas et al. 199NIH, 2010. Further investigation showed-10
hydroxylinalool, 7methy}l3-methyeleoct-6-enel,2-diol, 1-hydroxymethyi4-
isopropenyl cyclohexanol, i€arboxylinalool and ydrxy-7-methyl3-methyeleneoct-
6-enoic acid metabolites in the urine of rats treated mighcene(National Institute of
Health 2010) The elimination hafife of myrcene has been reported as 285 minutes
(roughly 4.75 hours) in one study investigating puetal effects of myrcen@®elgado et
al. 1993) As with most terpenes, myrcene is insoluble in w@téeidenhamer et al.

1993; Fichan et al. 199%ut soluble in alcohol or ethef®ehr and Johnen 2009)

Myrcene generates a woody, turpentine, musty odor with hints of fBets and
Johnen 2009)Iit can be found in many essential oils derived from natural products like
lemongrasshops, bay leaveand thymgBehr and Johnen 20Q9)s natural derivation
and aromatic characteristics lend itself to the common use in fragrances, cosmetics,
flavoring, and esential oil remedie@ehr and Johnen 2009\yrcene is also the most
abundant monoterpene found within cann#@Bisss and Elsohly 1996; Booth et al.
2017) and is present in many chemovéBsron et al. 2018)0f the three most prevalent
cannabis chemovars in an arthritic patieoshort(OG Shark, Cannatonic, and Sweet
Skunk CBD) myrcene was the most abundaminderpengBaron et al. 2018)

The mechanism of action of myrcene is controveesial has long been debated.
An initial study by Da Silva et a{1991)demonstrated that exploratory behaviour was
not hindered by myrcene, nor did drdribute to or cause anxiolytic propert{&sa Silva

et al. 1991)However, a separate study found that intraperitoneal administodition

37



myrcene (10€200mg/kg) decreased locomotor behaviours such as the numbers of
guadrant crosses, number of rearing events and incidence of grd@uoiMale et al.

2002) The same doses also reduced time spent on the rotarod which measures
neuromuscular coordination and showed increased sleeping time in a pentebarbital
induced sleeping te¢Do Vale et al. 2002)These sedative effects were not noted at the
lower dose of 50mg/k@Po Vale et al. 2002)At 25mg/kg, entries into the open arms in

the elevated plus maze, which tests explorataryddytic behaviour, were reduced
compared to controls, but time spent in the open arms was not éDer&thle et al.

2002) The sedative properties of myrcene, as demonstrated by this study, determined it
was responsible for the sedative, or more
(Russo and Marcu 2017)hese varying results could be attributed thegithe

differences in doses or the route of administration.

Although having been deemed safe by the American Food and Drug
Administration, the European Council, and
Association in 196%Behr and Johnen 20Q9yrcene may have toxicological effects.
Several studies proposed that myrcene may be linked to nephrosis in the kidneys and
increased incidence of renal tumors in male (fdttional Ingitute of Health 2010; Cesta
et al. 2013) In mice, hepatotoxicity was demonstrated and was accompanied with
increased incidences of adenomas and carcin@ia®nd Institute of Health 2010)

These events occurred significantly less in females of both sgbieigsnal Institute of
Health 2010) Lethal oral doses were notatllg/kg in the 2 year repeated administration
study and 2mg/kg in the 3 month repeated administration $§iNational Institute of
Health 2010) The lethabral dose for a single exposure was 11.39g/kg in rats and
5.06g/kg in micdPaumgartten et al. 1990 single exposure lethal dose of 5g/kg in rats
and 2.25g/kg when injected into the peritoneal cavity in mice was demonstrated
(Paumgartten et al. 1990%Bingle exposure toxicity symptoms associated with higher
doses included piloerection, rapid atleing, nasal bleeding, hypoactivity, loss of
righting, ataxia, and hypertonus of the stomach mug¢Bksmgartten et al. 1990)
Paumgartten et a11998)also reported that myrcene did not affect incidences of female
mating patterns or female pregnancy. Despite slight elevations in kidney and liver

weights, no other maternal or fetal toxicities were n¢Ratlmgartten et al. 1998)o
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genotoxicity was noted from myrcene admstration(National Institute of Health 2010)
Critiques of these studies suggest that these doses are not proportionate to the relative
exposure humans would encoemin naturally derived producf$isserand and Yong

2014)

1.8.3.1.1 The analgesic properties of myrcene

Essential oils containing a moderate amount of myrcene have demonstrated
analgesic effects. The essential oilEEoémanthus erythropapp$0.03% myrcene) and
Bougatnvella glabrg4.4% myrcene), administered orally, were both able to increase
reaction tine to a noxious thermal stimulus in mice and (8tzusa et al. 2008;
Ogunwande et al. 2019Bougatnvella glabravas more effective than the standard
control aspirin at 100mg/k@gunwande et al. 20LEremanthus erythropappadso
demonstrad the ability to reduce paw licking in mice in the formalin test and-dose
dependently inhibited writhing by 187 percent in the acetic acid chemonociception test
(Sousa et al. 2008[ssential oil derived frorieucrium stocksianui(®.64% myrcene),
administered into the peritoneal cavity, desgd similar writhing inhibition in mice
(Shah et al. 2012Additionally, the essential oil derived fro@hamaecypris obtusa
(26.4% myrcene), administered igtrticularly 4.5 hours after induction of carrageenan,
an experimental model of inflammatory arthritis, was able to improve weight bearing on
the ipsilateral limi{Suh et al. 2016)These improvements to weight bearing were
comparable with the NSAID indomethadiBuh et al. 2016)The promising analgesic
effects exhibited by treatment with these essential oils cannot solely be attributed to
myrcene, as it is only one of the many terpene components within the essential oils that
may be individually or synergistically contributing teetexhibited analgesia.

Few studies have examined the analgesic effects of isolated pure myrcene. The
first, performed by Rao et al. (1990) investigated the antiociceptive effects of
myrcene isolated frol@ymbopogon citratus mice. Myrcene dose dependently
(10mg/kg or 20mg/kg; i.p.) increased reaction time to paw licking in the hot plate test
(Rao et al. 1990)The antinociceptive effects in this test were observed for 2 hours and
were found to be less efficacious compared to the standard opioid analgesic morphine
(Rao et al. 1990When admistered subcutaneously (20mg/kg or 40mg/kg), myrcene
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treated animals had fewer instances of writhing in the acetic acigResiet al. 1990)
The authors demonstrated that both naloxone, ssal@ttive opioid recept@ntagonist,
and yohimbine, an alphaadrenergic receptor antagonist, partially inhibited both the
improvement in reaction time and reduction of acatid induced writhefRao et al.
1990) Based on these findingsa® et al(1990)concluded that myrcene may be
exerting its analgesic effects by inhibiting the-py@aptic alph& adrenergic receptor,
and subsequently inhibiting endogenous opioid relaaskescribed by Pettibone and
Mueller (1981)

Similarly, Lorenzetti et al(1991)investigated the peripheral acting mechanism of
myrcene isolatefom Cymbopogon citratuOral administration of lemon grass oil {15
120mg/kg) and isolated myrcene4B85mg/kg) to rat cohorts was able to attenuate
hyperalgesia induced by carrageenan and G not dibutyry\cAMP (Lorenzetti et
al. 1991) Both preparations were alsdelo reduce the number of writhes induced by
peritoneal injection of acetic ac{tlorenzetti et al. 1991)Jnlike the preious study, oral
administration of myrcene did not significantly improve reaction time in mice using the
hot-plate tes{Lorenzetti et al. 1991)nterestingly, Lorenzetti et gl1991)demonstrate
that the same desof myrcene administered for five consecutive days was able to
maintain the same level of analgesia whereas consecutive administration of morphine did
not. No mechanistic investigations were reported. In summary, this study showed that
myrcene shows sindl analgesic patterns to its derivative essential oil and that its
analgesic effects occurred without toleraflogrenzetti ¢ al. 1991)

A more recent study confirmed the previous antinociceptive findings of myrcene
in mice using myrcene isolated frad@timum gratissimur(PaulaFreire et al. 2013)
Myrcene (5,10mg/kg; administered orally) was able to increase the time it took for paw
licking to occur in the hot plate test and this was sustainébthe last teting pointat
four hours(PaulaFreire et al. 2013)Similar to Rao et a(1990) naloxone was able to
attenuate the myrcerirduced improvement in reaction time suggestingapioid
receptor involvemen(iPaulaFreire et al. 2013)Licking latency was also increased in
both the first and second phase of the formalin test at the highest dose of myrcene
(10mg/kg)(PaulaFreire et al. 2013Morphine demonstrated enhanced analgesic effects

in the hotplag test, except at the four hour time point where the analgesic effects had
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subsided and the effects were less pronounced in the first phase of the formalin test
(PaulaFreire et al. 2013)Uniquely, Pauldrdre et al.(2013)found no effects of a

higher dose of myrcene (80mg/kg) on motor coordination with the rotarod test, but noted
an increase in locomotion and climbing. Slight reductions in ambulatmdefecation

were noted in toxicology studies at a dose of 100m(PlegilaFreire et al. 2013)In
conclusion, these findings suggest that myrcene is an effective analgesic in acute pain
models without substantial toxicology or impairments to locomdfRaulaFreire et al.

2013)

1.8.3.1.2 The antiinflammatory properties of myrcene
Plantderived essential oil products containing myrcene have also demonstrated
antrinflammatory propertiesEremanthus erythropapp$0.03% myrcene) and
Bouganvillea glabra(4.4% myrcene) both reduced carrageeimalniced paw oedema in
rats when administered orall$ousa et al. 2008; Ogunwande et al. 20D@spite
improving paw oedema, the preparation frBougatnvella gilbrawas inferior to a high
dose of the NSAID diclofenac at 100mg/ggunwande et al. 2019)eukocyte
trafficking was also altered by essential oils derived fEremanthus erythropappasd
Zingiber officinaleRoscoe (14% nrgene). Sousa et §2008)showed that oil from
Eremanthus erythropappusuld reduce the number of leukocytes present in a pleural
exudate in a carrageenarduced model of pleurisy. Ginger oil extracZsngiber
officinale) showed reductions in multiple aspectdeafkocyte kinetic§Nogueira De
Melo et al. 2011)Rolling, adherent, and transmaded leukocytes in the vasculature and
surrounding scrotal chamber were all reduced when given the essential oil preparation 4
hours after carrageenamduced inflammatiofNogueira De Melo et al. 2011)
Porophyllum ruderalea myrcenébased essential oil from the Asteraceae species,
also prevented leukocyte migration and was alde to inhibit RArelevant
inflammatory mediatoréSouza et al. 2003Pral treatment of oil frorPorophyllum
ruderaleultimately inhibited production of IFN, but also inhibited thanti
inflammatory cytokinell-4 in a lipopolysaccharide pleurisy mo@8buza et al. 2003)
Similarly, synovial tissue levels of-1 bIL-6, T N Fdod COX2 were decreased as
early a2 hours postreatment withChamaecypans obtusarats with carrageenan
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induced inflammatiofSuh et al. 2016)Reductions in the same inflammatory mediators
(except TNE) were observed in meniscal tisg@ih et al. 2016)Definitive conclusions
surrounding antinflammatory properes of myrcene are difficult to ascertain due to the
chemical diversity of the essential oils and the unreported concentration of myrcene.
Only one study has examined the antiammatory effects of pure myrcene.
Using both human chondrocytes from daondergoing knee arthroplasty and a human
chondrocyte cell lineG-28/12), the authors demonstrated that myrcene could intibit |
1b-induced nitric oxide production and inducible nitric oxide synthase mRNA levels
(Rufino et al. 2015)Additionally, myrcene attenuat®tF-a Bactivation by inhibiting
kinase phosphorylatiofRufino et al. 2015)Rufino et al(2015)also shaved that
myrcene could inhibiextracellular signafregulated kinaséERK) 1/2 phosphorylation,
p38 phosphorylation an@Jun Nterminal kinas€JNK) phosphorylation suggesting the
inhibition of all three MAPK inflammatory pathways. Reduced levels of MMPs and
increased levels of their tissue inhibitors (TIMPs) were obsdiRatino et al. 2015)
further substantiating the antiflammatory and potentially chondroprotective properties
of myrcene. These findings suggest that myrcene may be a valuable component in
preventing inflammatioiby attenuating activation of arthritic inflammatory pathways and

by inhibition of cartilage degrading mediatgRufino et al. 2015)

1.9 The entourage effect

Cannabis sativdnas a complex chemical prof{El Sohly and Gul 2014)
Identification and isolation of specific compounds has enabled research of their
individual therapetic properties, referred to as monother@pgnn-Miller et al. 2018)
However, studies demonstrating better efficacy with whole plant extracts, relative to their
isolated properties, suggest a synergistic interaction amongst the achegnatal
constituentgRyan et al. 2006; Russo 2019ynergy is observed when the combination
of compounds demonstrates an effect greater than that of each of the compounds
individually (Berenbaum 1989)nterestingly, Ryan et aj2006)showed a heightened
calcium response to a 1:1 THC:CBD extract mix compared to the individual compounds
alone(Ryan et al. 2006)Ben-Shabat et a[1998)showed that inactive compounds on

their own (2lino-glycerol and Zpalm-glycerol) could enhance binding ofA5, thus
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potentiating adenylyl cyclase inhibition. They coinedgimeergistic effects of the

cannabi s compoundsBen$habatetalntOBu r age ef fect o
Theinter-relationship betweemHC and CBD habeensummarizedn the

literature(Russo and Guy 2006¢BD was ale to attenuate TH@hduced adverse events

including intoxication, sedation, and other centrallgdiated effect&reviewedby Russo

and Guy 2006)Relevant to this study, CBD enhanced the analgesic properties of THC, a

known ligand of CBR and CBR by increasing latency to thermal reactions in the

hotplate tesf(Karniol and Carlini 1973)However, CBD did not potentiate analgesia

associated with abdominal contractions in the formalin(¥&siburn et al. 1976)

Additionally, inactive doses of phytocaaininoids like THC were able to enhance anti

nociception when combined with an active dose of eopiaid (Smith et al. 1998)

These findings suggest that the combination of more than one canglabésl compound

may demonsaet e synergistic interactions or quald@

increasing therapeutic effica¢williamson 2001)

1.10 Measuring pain and inflammation in arthritic rodents
1.10.1 Nociceptive and pain behaviour measurements in rodents

1.10.1.1Dynamic weight bearing
RA patients use affected joints less frequently due to (ha® and Weinblatt
2001) Furctional deficits include reduced load bearing of affected joints/limbs and
impaired gaitLee and Weinblatt 200Dynamic weight bearinDWB) measures
spontaneous paimhere no stimulus is applied, by allowing for the quantification of
weight distributi on [Deuswtale2®l7hheanindlesnt 6s f ou
placed in a closed area and allowed unrestricted movement, while pressure sensors on the
floor of the enclosure and video recordings allow for the capture of load bearing data
(Piel et al. 2014)This method allows for the examination of unilateral nociceEm®it
guantifies weight bearing deficits between ipsilateral and contralateral(Qaadros et
al. 2015; Deuisteal. 2017)
Studies show that inflammatory models posit weight bearing defigritfioen et
al. 2015; Quadros et al. 2019pecifically, FCAinjected mice demonstrated reduced

weight bearing on the FGhjected paw. Similar findings were noted in a CIA and
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antigen induced model of R@riffioen et al. 2015)Improvement in weight bearing

deficits have been demonstratedentusing analgesic substan¢@siadros et al. 2015)
Recovery of the ipsilateral weight bearing deficit was observed when NSAIDs, biologics,
and DMARDs were administeré@uadros et al. 2015These findings suggest that
dynamic weight bearing analysis is an effective tool to interpret nociception and pain
(Griffioen et al. 2015; Quadros et al. 2015)

1.10.1.2Locomotor activity

Arthritis patients can experience pain when performing routine daily activities
like walking short distancesr climbing the stair§Bombardier et al. 2011 o avoid
pain, these activities are curtaildcagacé et al. 2010Qs a result, locomotor activity has
been used as a nimvasive indicator of spontaneous pain in rodent modXdsiis et al.
2017) Locomotor analysis can be performed using an open field setup thbexrimal
is permitted unrestricted movemé€Riel et al. 2014)These movementse captured by a
camera and/or sensors/lasers placed around the arena providing an unbiased inference of
pain(Piel et al. 2014)

Although acute noxious stimuli may increase locomotion due to innate escape
reflexes(Chuang and Lin 1994)nflammatory arthritis and its associated disease
conditions can reduce locomotor behavi@iatson et al. 2006 Research shows that
inflammatory arthritic conditions reduced general movements (horizontal locomotion)
and vertical rearingMatson et al. 2006)The attenation of these limitations with the
administration of morphine corroborates the use of this methodology as an inferred
measurement of paiMatson et al. 2006)0ther locomotor tests in the literature include
time spent immobile, distance travelled, grooming, and feeding beha(ixeus ¢ al.
2017)

1.10.1.3Von Frey hair algesiometry

Evoked pain behaviour is another method used to investigate nociceptive pain
responses in animal modé€Beuis et al. 2017)Unlike the two previously noted
spontaneous measures, this technique involves applyingaoxaous stimulus to elicit a

withdrawal response, representativerefchanical allodyni&Gregory et al. 2013; Deuis
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et al. 2017)One of te most commonly used evoked pain test is von Frey hair
algesiometry, invented by Maximilian von Fr@euis et al. 2017)While automatic and
manual versions exist, manual applications of von Frey hairs are st§Deand et al.
2017) Filaments of various bending force apply frmxious tactile stimuli to
ipsilateral hind paw in a sequential man(@haplan et al. 1994This process is
explained further in the methods section. The force required for production of a paw
withdrawal in fifty percent of animals is then calculaf®tkon 1980) This test is used to
examine the inflammatoreferred pain, possibly attributed to central sensitization
(Muley et al. 2016)

Von Frey hair algesiometry has been used to demonstrate mechanical allodynia in
FCA-injected ratgLiu et al. 2009; Li et al. 2014 Withdrawal threshold was drastically
altered in FCA cohorts compared to conftou et al. 20091 et al. 2014) Analgesics,
including morphine, were able to improve withdrawal thresholds in these arfirnets
al. 2014) Von Frey algesiometry has also been used in many neuropathic pain thodels
et al. 2014)and osteoarthritis mode(Rhilpott et al. 207). This widely used test is
efficacious for inferring pain in inflammatory mod¢lsu et al. 2009; Li et al. 2014,
Philpott et al. 2017)

1.10.2 Inflammatory measurements in rodents

1.10.2.1Intravital microscopy and leukocyte trafficking

Intravital microscopy (IVM) is a form ah-vivo microscope imaging that permits
the visualization of cellular and biological events like leukocyte trafficking in real time
(Weigert et al. 2010; Herr et al. 201&)is most commonly used for imaging of brain
microcirculation, tumor pathology, and the immunology of vasculature within tissue or
organg(Masedunskas et al. 2012)

The area of interest is displayed on a fluorescent microscope in an anesthetized
animal(Weigert et al. 2010)Efforts to maintain the moist environment and pH of tissues
are made, hwever fully recapitulating biologic conditions is difficult to maintain, this
being one disadvantage of the technif¥eigert et al. 2010)Jsing a singleohoton, or
a two/threephoton microscope, cellular interactiobstween leukocytesnd the

endotheliuncan be visualized using fluorescent ligiteigert et al. 2010yhen labeled
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with an exogenous fluorescent prabehodamine 6GWith the help of a high resolution
camera, these iaetactions can be video recorded for later ana(j&sedunskas et al.
2012) Typically, oneminute videos are recorded at severad)¥essels for each time in
guestion enabling quantification of rolling and adherent leuko§pt®rton et al. 1972;
Herr et al. 2015)

Leukocyte trafficking using intravital microscopy hagbeised in previous joint
arthritis modelgKrustev et al. 207; Philpott et al. 20179nd joint inflammation models
(Krustev et al. 2014; Krustev et al. 201%hese studies demoretied elevated
leukocyteendothelial interactions that could be modified by prospective anti
inflammatory agentfKrustev et al. 2014; Krustev et al. 2015ulgy et al. 2016; Krustev
et al. 2017; Philpott et al. 201As a result, IVM has therefore been shown to be an

efficacious technique fan vivoinvestigation of joint inflammation.

1.10.2.2Laser speckle contrast analysis

Increased blood flow to an injurdflamed area is typical during an
inflammatory respons@ennett et al. 2018).aser speckle contraanalysis (LASCA),
developed by Briers and Webster(Briers and Webster 1996} a technique that
extrapolates the velocity of particles moving within a mediBnrers and Webster 1996)
With amaximumpenetrating depth of 1mm, LASCA can be used to investigate blood
flow in the capillary microcirculation networkBriers 2001) When the laser hits the
surface of an object, the light scatters producing an interference pattern or speckle pattern
(Briers and Webster 1996; Briers 200If the object in question is moving, this speckle
pattern constantly fluctuates. During blood flow analysis, light can scatter off exposed
capillary walls and red blood corpusci@iers and Webster 1998)sing a CCD camera
and a frame grabber, images of the varying speckle patterns are captured and transformed
into a contrasting false colour mépriers and Webster 1996Jhe contrast in speckle
pattern intensities relates to the speed of the objects in the illuminated area, allowing for
the inference of cellular veloci{Briers 2001)

Using the Peffamsystem, blood flow velocity is assigned arbitrary perfusion
units for quantification. At a frame capture rate of 25 images per second and a
computation time of 0.02 seconds, LASCA is effectively a real time method for
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measuring blood flow to an area ofarest(Briers 2007) Clinically, LASCA has been
used to analyze cutaneous burn injuries, microcirculation injuries, ophthalmological
pathologiesand much moréBriers et al. 2013)Preclinically, differences in speckle
patterns and inferred blood flow have been utilized in the paws ofiR@éted mice

suggesting hyperemia at the arthritic $Ben et al. 2014)

1.10.2.3Joint oedema

As discussed previously, oedema is a cardinal sign of inflamm@emett et al.
2018) As such, this parameter is a reproducible, quantifiable occurrence investigated in
many inflammatory conditions including OA and RA mod@éldaes et al. 2014, Tian et
al. 2015) Several methodologies are d¢e asses oedema in rodent models, which
depend on the site of inflammati¢@harma et al. 2004for example, oedema of the paw
can be infared by measuring the total paw volume using a plethysmoif&tarma et al.
2004) Joint oedema, however, is more practically quantified bgsoméng articular
diameter(Tian et al. 2015)These measuremis are typically made with digital calipers
(Tian et al. 2015)FCA produces significant increases in both ankle joint and knee joint
diameters compared to contrélsu et al. 2009; Tian et al. 2015; Hammell et al. 2016)
Joint diameter or circumference is also a targeted parameter for the testing of anti
inflammatorieqTian et al. 2015; Hammell et al. 2016)

1.10.2.4Cytokine multiplex analysis

Collection of serum or plasma is a relatively fiomasive way tanfer systemic
inflammation bymeasuring pronflammatoryor antrinflammatory cytokinegZhou et al.
2010) Multiplex technology permits analysis of multiple cytokines within a single
sample using antibodyoated beadd eng et al. 2008)Cytokines will bind to their
respective antibody creating araplex, which binds to a fluorescenthbelled
secondary antibodfteng et al. 2008)

Plasmaa wholeblood sample including fibrinogen and other proteins, is acquired
using ethylenediamine tetra acetic acid (EDTA) to prevent clofihgu et al 2010)
Some studies argue that serum detection of cytokines is more sef@Gitiea et al.

2016) yet other studies argue that sample clotting may alter cytokine levels and that
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plasma samples exhibit higher cytokine stab(lititavasu et al. 1992; Scott et al. 1996;
Zhou et al. 2010) Cytokine levels were typically constant when comparing plasma
versus serum sampléaziz et al. 1999; Gruen et al. 2016)

In the FCA model of RA in ratsLt1b, IL-12, IL-2 and TNR serum cytokines
are elevated 19 days post intraarticular H@8duction(Liu et al. 2009) IL-10, however,
showed marked decreases compared to control anjmalst al. 2009) Kim et al.
(2016)showed significant increases in serum levels of ‘B\H.-1b and L-6 ten days

post intradermal paw FGAduction.

1.11 Experimental hypothesis and objectives

As described above, previous studies have shown that myrcene is an effective
analgesic in rodent acute pain models by working through cannabinoid, opioid and
adrenergic pathway®ao et al1990; Lorenzetti et al. 1991; PatHaeire et al. 2013)In
anin vitro study, myrcene demonstrated anfiammatory properties by reducing
arthritogenic pranflammatory mediator productigiiRufino et al. 2015)Additionally,
CBD has exhibited analgesic, airtflammatory, and disease modifying properties in the
FCA and CIA models of RAMalfait et al. 2000; Costa et al. 2007; Hammell et al. 2016)

The analgesic, aninflammatory, and diseaseodifying properties of myrcene
have not yet been investigated iniawvivomodel of RA. Nor has its interaction with the
endocannabinoid system been tested. Additionally, the synergism of myrcene and CBD
has not yet been evaluated in acute or diseaselsn@#sed on these understandings, the
purpose of this project was to investigate the analgesiejndliatinmatory and disease
modifying potential of acute or chronic administration of myrcene in the FCA model of
RA. The involvement of the endocannabinsydtem and the synergism of myrcene with
CBD were also investigated.

Our hypothesis was thatute and chronic administration of myrcene would
reduce pain and inflammation via the endocannabinoid system in FGfjected
rats. Secondarily, we hypothesizedatra sukclinical dose of the phytocannabinoid CBD
would enhance the analgesic and-amtammatory effect of myrcene in FGilvjected
rats. To evaluate our hypothesis, we had three main objectives:
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Objective 1: to assess the analgesic and-aflammatry effect of two acute

doses of myrcene administered in Fdfected rats

Objective 2: to investigate the effect of repeated doses of myrcene on pain,

inflammation and disease progression over eday period in the model

Objective 3: to characterize trsynergisticeffects of myrcene and CBD when
administered acutely in the FCA rodent model of RA.
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Chapter 2. Methods and Materials

2.1 Animals
Male Wistar rats236-432g preinduction) from Charles River Laboratories,
Sennevie, Quebec, Canada were dually housed in ventilated racks at a temperature of 22
+ 2°C with a 12 hour light2 hour dark cyclglights on7:00- lights off 19:00) Cages
were lined withsterilewood chips enviradry shavings, andnvironmental enrichmés
Animals had unrestricted access to standard lab eimolwater. The animals were
allowed to acclimate to the facility for one week prior to experimentation. All animal
ethics protocols (1417, 17114, 16077,1808 9) wer e compl i ant wi t h
University Committee on Laboratory Animals (UCLA) and adhered to the Canadian

Council of Animal Care (CCAC) guidelines.

2.2 Experimental rheumatoid arthritis

Freundds complete adjuvant (Sigma F5881
rheumatoidnonaarthritis inthe right knee jointAnimals were deeply anesthetized (2%
isoflurane, 100% & 1L/min) until the flexorwithdrawal reflex was absent. Prior to
induction, tke kneejoint was shaved, swabbed with sterile alcohol (70% isopropyl
alcohol; Fisher Scientific Company, Ottawa, Ontario, Canaidh the knegoint gently
flexed, a 36guage needlattached to Aml syringe was inserteahteriorlybetween the
femoral hadand tibial plateau into theint space. Twentyive microlitersofF r e und 6 s
completeadjuvant was injected into the posterior region of the joint before the needle
was then withdrawn slightly until resting in the anterior chamber, at whichetiogher
25m was administered. The kngant was then flexed and extended for ten seconds to

di stribute the Freundbs complete adjuvant

2.3 Pain measurements

2.3.1 Von Freyhair algesiometry
Mechanical allodynia was assessed using von Freyalggsiometryadapted

from Chaplan et al. 1994Animals wereacclimated to a quiet testing room for at least
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one houprior toassessmenAnimals were transferred to the testing apparatus 10
minutes before testing commenced. The testing apparansssted oin elevated
(61cm) six-chamberedPlexiglass structuré31cm x 9.5cm x 25cm/chamber) wahwire
mesh flooring(Figure 2.1A) This allowed for unrestricted access to ppkentar surfaces
of ipsilateral and contralateral hind paws of each animal. Von Frey hairs54.84)
were used fotactile sensitivityasessment (North Coast Medical, Gilroy, CA, USA
Figure 2.1B)

Beginning with the lowest bending force (4.31g), von Frey filaments were applied
perpendicular to the plantar surface of the hind paw until a slight bend was achieved; and
held for two seconds. Withdrawal responses, or lack thereof, were recorded deiring th
application or removal of the filament. No visible behavioural response was deemed a
negative response and prompted the ti@gkerhair in the graded series to be appliéd
the animal exhibited a positive withdrawal response, as indicated by thetiogtor flick
of the paw and/diicking of the paw area, the preceding filament (less bending force) was
then employedif the response waambiguoughe currenstimuluswas repeated.esting
continued until a cut off force (5.18g hair) was achieveioradditional esponses
were recordedfter the initial positive response (Figure 2.1Elye seconds were allotted
in between each filament application.

The 50% withdrawal threshold was calculated using the following equation:

1
R RO o L—

pmmnm
Where8'(s the bending force of the last von Frey filament used (in log ufitsthe

tabular value for the pattern of the last six responses anithe mean difference (in log

units) between stimuli.

2.3.2 Dynamicincapacitance
Dynamic weight bearingheasurements were assessed usiDgnamic
Incapacitancehambei(Bioseb, Boulogne, France). Animals were brought to the testing

room to acclimate to thiecal environmentor at least one hour prior to testifguring
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testing, each animal was placed into the Bioseb Perspex testing chambem(x

24.5cm x 33.0cm)yhich containsa touch/pressure sensitive fldgtigure 2.2A) The
animabwere observedolr a period of three minutesiring whichboth video and weight
bearing patterns were recordesing a DFK22AUCO03 cameralind-limb weight bearing

and hindlimb weight bearing surface area were analy&egure 2.2B) Weight placed

on the ipsilateral paw was represented as a percentage of the combirkainwwdight

and ipsilateral hind paw surface area was calculated as percent contralateral surface area.
Von Frey hair algesiometry and dynamic incapactiance measuts were taken

consecutively

2.3.3 Activity measures

Activity was used as a proxy to measure pain behaviour and levaaénodl
sedation. The threminute videos generatédxy the Bioseb dynamic incapacitance
software were analyzed to measure three typastofity: quadrant crossirsgquantity of
rears, and time spent rearing.

To quantify quadrant crossigghe squareshaped arena was divided equally into
four quadrants. The animal was considered to cross quadrants if either thavisrer
hindpaws,n addi ti on to over f i femteyedarewguadnant. o f
Entry, followed by reversal back into the previous quadrant was deemed two crosses.
Crossing could occur into adjoining quadrants or diagonally, which in either case was
consideed as only one crossing. Validated crosses were quantified for the entirety of the
threeminute video.

Rearing was analyzed by quantifyititgenumber otimes the animal stood on its
hindlimbs,in addition to the time spent rearing. A rearing eventeeasted if the
animal raised its front paws, bearing weight solely on the hind limbs. A new rear was
guantified every time the animal returned its forelimbs to ground position and
subsequently elevated. Time spent rearing was measured by manually tienoegitd
where the animal raised its front limbs and remained upright. Timing was stopped when
the forelimbs returned to the floor. Total time spent rearing was calculated as the sum of

all rears within the threminute period.
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2.4 Inflammatory measures

2.4.1 Joint oedema

Joint oedema was assessed by measuring joint diameter using digital callipers
(Traceable Products, Webster, Texas, USAyee neasurements were recorded along
thejoint line in a medidateralplaneand averagedaseline measurements weredgak
immediately before induction of arthritis attdoughout acute (@80 minutes) and

chronic (321 days) time courses.

2.4.2 Intravital microscopy
2.4.2.1 Surgicalpreparation

Surgical preparation was performed for all acute inflammatory time courses
(Figure2.3). Animals were anesthetized with 25% urethane in salin¢ I(#ading dose;
0.5-0.7m top-ups every 20 minutes) until ocullalink and pedalithdrawalreflexes
were absent. Internal temperature (37 £ 1°C)wasrded using a rectal thermometer
andkept stdle with a thermostatically controlled heating pad during surgical
preparations and throughout the entirety of the experinf€@4000 Rat probe/monitor;
CWE Inc., Ardmore, Pennsylvania, USA).

Once a stable, deep plane of anesthesia was achieved,ntad wasplaced ora
surgical boardnd te ipsilateral joint was stabilized by placing a leg stage underneath
the kneeprior to securing the hind paw to the bowith Transpore tapeA longitudinal
midline incision was made down the midline of the anifnain below the chiro the
sternum. Next, the surrounding fat and skin layers were blunt disse@gdosdhe
sternohyoid muscle. Blunt dissection was continued through the sternohyoid muscle, and
the trachea was isolated. A transverse incision was pradecartilaginous section of
trachea using micreurgical scissors and a tracheal cannulaZBE 5cm) was inserted
and secured with two sutures@4urgical silk thread). Once inserted, any liquid or
mucous in théracheavasextractedo ensure clear, unobstructed airway

The carotid artery was then isolated frire surrounding tissue and vagus nerve
using blunt dissection techniques. Once isolated, the distal end of the artery was tied off
with two surgical knots to halt blood flow. A surgicaacip was inserted between two

untied sutures at the proximal end of the carotid artery. A sntidionwas made in the
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artery using micresurgical scissors andfime cannula (PE50; 25cm)containingwarmed
1% heparinized saline was insertetb the cartid and secured with the two sutures. The
cannulawas attached to aBay stopcock and a 9rayringe The @rotidartery

cannulation was performed in order to record mean arterial pressure (MAP)
measurementda a BLPR2 pressure transducer connected #iilarated, bridged
amplifier (World Precision Instruments, Sarasota, Florida, USA).

The jugular vein was then isolateahdcannulated (P#0; 25cm) with tubing
flushed with warmed 1% heparinized saline. Rhodamine 6G [05mg/10nh; Sigma
Aldrich, St. Lauis, Missouri, USA) a fluorescent dyeyasinjectedto label leukocytes
within thesystemic circulation

The knee joint was subsequently exposed by removing a seasilbnof skin
directly above the jointConnective tissue and fascia were removed to expese
underlying microvasculaturef the knee jointapsule

Endpoint measurements for theranicseries of gperiments did not require
tracheal, carotid or jugular cannulation as only one time pastecordedinstead,
rhodamine 6G (0.1m5mg/10nh) was administered by tail vein injectiom{lLsyringe;

30g needle) to avoid unnecessary invasive surgery.

2.4.2.2 Leukocytdrafficking assessment

Intravital microscopy was used to assess leukocyte traffickitign the
microvasculature of the ipsilateral knee jdiRigure 2.4) RhodamineésG-labelled
leukocytes were visualized with fluorescent ligh80nm absorbance; 556nm
fluorescenceBrackmann 2000)singa Leica DM2500 microscope, with a HCX APOL
20X objective and HC Plan 10X eyepie&traight, unbranched post capillary venules
(15-50mm) located inthe knee joint were selected and three-mirgute videos were
recorded at a final magnification of 200x ugim Leica DFC 3000 camera (Leica
Microsystems Canada Inc, Richmond Hill, Ontario, Canalidgiitional camera
recording parameters are detailed in Table 2.1.

The videos were then analyzed offline in a blinded manner, where rolling and
adherent leukocytes wequantified Figure 2.5) Rolling leukocytes were defined as

cellsmoving slower than blood flowg pag an arbitrary lingperpendicular to the vessel
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of interest. The number oblling leukocytes per minut@as quantifiedLeukocytes were
considered addrent if they were stuck to the endothelium and were immobile for more
than 30 seconds within a 1@ span of the postcapillary venule (leukocytesify)

The number of adherent leukocytes was quantified for each of th@ioné recordings.

2.4.3 LaserspeckE contrastanalysis

Laser speckle contrast analysising the PeriCam PSI System (Perimed Inc,
Ardmore, PA) was used to assess blood perfusion to the kneefjmitdrest (Figure
2.6). A oneminute recording was taken at a working distance of 10cm é&atha
capture rate of 25 images/second using PIMSaftivare(Version 1.5.4.8078). LASCA
recordings were performexmbnsecutivelyvith IVM recordings throughout the
infl ammatory time course. Post eoiithefomhasi a,
and subtracted from experimental perfusion values as a biological zero to naitigate
Brownian motioror tissue optical interferenc&he speckle pattern was subsequently
analyzed offline in a blinded manner ared¢ordedn arbitrary perfusion units for each
time-specific recordingBlood perfusiorto a specific region of interesthich

corresponded to the joint capsule was recordeglif€ 2.7)

2.4.4 Cytokineanalysis

2.4.4.1 Bloodcollection andplasmaseparation

Plasma samples were collected to assess systemic cytokine levels in treated versus
nontreated cohorts at endpoint of the chronic administration study. Collection was
performed on theasne cohor of animals used for IVM and LASCA recordings.

Whole blood samples were collected by intracardiac puncture usimgsysnge
at endpoint on day 21. The sample was transferred immediately intbE2DGrA coated
tube and placed on ice. Samplesre centrifuged at 1000g at 4 °C for 10 minutes within
30 minutes of collection. Plasma supernatant was transferred into a labelled Eppendorf

tube, and stored a80 °C until use.

55



2.4.4.2 Multiplex

A ProcartaPle® Multiplex immunoassay was custom created pmathased
from Thermo Fisher (ThermoFish&urlington Ontario, Canada The Rat Custom
ProcartaPlex fplex (Lot#196356000; Cat# PPO6-MXTZ9MK) included detection
beads forlL-1b, IL-10, IL-17A, IL-6, and TNFalpha (Table.2).

Frozen aliquotsvere thawed on ice and centrifuged at 10,000 x g-fo® 5
minutes and then diluted with 1X universal assay buffer (prdyided with the kit
Antigen standards and afdld serial diution of the reconstituted standard were prepared
as per the ProcartaaXO Mutliplex Immuroassay for Convenience and Mix&Match
Panels User Guidg-igure 2.8 ThermoFisher Scientific 2017Jhe magnetic beads were
vortexal for 30 seconds and #of the beadsvasadded to each well, before
subsequently removing the liquid and tb6f wash buffer. Standards and jhéuted
plasma samples (5) were added to the beadated wells. Blank wells were filled with
50m of 1X universal assay buffer. The plate was subsequently sealed, covered with the
blackened plate cover, and incubated at room tempe@iusenicroplate shaker at
500rpm(VWR; Friendswood, Texas, USAor 2 hours. Posincubation, the plate was
washed a total dhree times. Twenty microliters of the detection antibody mixture (1X)
was added to each well and incubation took place at room temperature while shaking for
30 minutes (500rpmjollowed bythreewashesNext, 40n of StreptavidinPE (SAPE)
was added teach welland ncubated at room temperature while shaking (500rpm) for 30
minutes. The plate was then prepared for analysis by addimg d2Reading Buffer into
each well and incubiatg for five minutegThermoFisher Scientific 2017)

The prepared plate was then read using aFéx 200 system (Bi®Rad,
Hercules, California, USA) and analyzed in a blinded manner usingIBiomanager
6.0 (Bio-Rad, Hercules, California, USA).

2.5 Joint damagemeasures

2.5.1 Joint harvest
At endpoint on day 2after FCA injectiona select cohort of animals @~was

used forjoint histology Animals were deeply anesthetized with 2% isoflurane until the
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flexor-withdrawal reflex was abseanhdthenwere transcardially perfused witt60 m of
saline, followed bys0m of 4% paraformaldehyde.

The surrounding skin was removed from the ipsilateral joint using a large pair of
surgical scissors.he joint was removed by cutting the femur, tibia and fibula bones
using Rongers. Excess fat and tissueereexcisedfrom the joint before immersion in a
50m Falcon tube with 4% paraformaldehyde for 24 hours. At 24 hourssdleted knee
was washed witterilewater and transferred to 70% ethanol for storage.

2.5.2 Jointhistopathology

Joints from the myrcene treated (n=4) and vehicle treated (n=4) cohort were sent
to Bolder BioPATH Inc. (Boulder, CO, USA) for joint histopathological analysis. Joint
histopathology and analysigereconducted by Alison M. Bendele; statisti@nalysis
was performed by George Bendele and histologic tissue preparation was conducted by
HistoTox Labs, Inc (Boulder, CO, USA).

As per HistoTox Labs, Inc and Bolder BioPATH protocols, the §oeds were
decalcified for 45 days in 5% formic aci(Bendele 2019)After trimming, the joints
werehalvedin the frontal planeBoth halves were embedded in a paraffin bl@&ndele
2019) The blocks were subsequently sli¢8dm thick) at 200mm intervals throughout
the blockand one section was chodentoluidine bluestaining (0.04%; prepared with
acetate buffer working solutioisemwin et al. 2010)The joint section was thenewed
microscopically andgcored for four parameters: inflammation (Tah®,Zartilage
damage (Tabl2.4), bone resorption (TabR5), and a total score @il three parameters
(Bendele 2019)Joint preparation, staining, and scoring protocols areritbes! by
Gerwin et al(2010)

2.6 Materials
2.6.1 Drugs andreagents

Solutions of myrcenel(& 5mg/kg) diutedin soybean ojlwere made up fresh on
the morning of the day of administration. CBD (29}, AM281 (75rg), AM630 (751g),
and diclofenac (1mg/kg) were dissolved in a mixture of DM&&mophor, and saline

(1:1:8)and were also prepared on the day of administration ftook solutiors (10x
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concentration in 100% DMSO stored-20 °Q. Respective @hicle preparationserea
50m bolus of 100% soybean oil or DMS@gemophor, saline mixture (1:1:8) without
drug. A detailed description of the drugs used can be found in Z#&ble
Standard solutions of 0.9% sodium chloride USP, isoflurane, Euthansol, and
Freundo6és complete adjuvant (stored at 4U0C)
Solutions of rhodamin€G (5mg/10mn), paraformaldehyde (4%; 40g/1L) and
heparinized saline (1%; 0.960m) were pepared using a 0.9% sodium chloride saline
solution and stored at 4°C. Rhodamé@® was stored ithedark. Urethane (25%;
12.5g/50nh) was also prepared using a 0.9% sodium chloride saline solution and stored at
room temperature (21 °C). Ethyl alcohol (95%as diluted to a 70% concentration with
distilled water and stored at room temperature.
A more detailed description of the drugs and reagentsingbis projectcan be
found in Table2.6-2.7.

2.6.2 Equipment

Equipmentas previously describets also summarized in Tahke8.

2.7 Statistical analyses
All data were presented as averag@ercent baseline £+ SEM. Normality was
assessed using tk@lmogorov Smirnowormality test. Normally distributed data was
analyzed using a parametric eway andysis of varianceANOVA)wi t h Bonf er r oni
posthoctest two-way ANOVAwi t h B o npbsehoctest orithé snpaired
St u d etest.Oreway data distributions that did not pass normality, and scored data
(joint histopathology) usethe norparametic equivalentTwo-factored data that did not
pass normalitysed the parametric test in the absence of goaoametric equivalenf

P-value less than 0.05 was considered significant.
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2.8 Tables

Table 2.1 Leica DFC 3000 camera recording parameters in theeica Application
Suite (LAS v.4.5.0 softwarg

Parameter Setting

Brightness 20%

Gamma 0.96

Capture format 1296x966; Full frame HQ
Live format 432x322, 3x3, HQ binning
Automatic HDR/Averaging

Table 2.2 Cytokine targets and respective identifiers provided with the
ProcartaPlexO Multiplex immunoassayi ThermoFisher, Burlington, Ontario,
Canada(ThermoFisher Scientific 2017)

Target Name Bead Number Std1 Concentration Standard

pg/ml
IL-1beta 19 53100 Standard Mix A
IL-10 15 24600 Standard Mix A
IL-17A 53 8550 Standard Mix A
IL-6 18 8950 Standard Mix A
TNF-alpha 45 11800 Standard Mix A
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Table 2.3 Rat knee inflammation scoring criteria as described by Bolder BioPATH,
Inc i Boulder, Colorado, USA (Bendele 2019)

Score Intensity Label Description

0 Normal

0.5 Minimal Generally focal infiltration of
inflammatory cells in
synovium

1 Minimal Diffuse infiltration of
inflammatory cells in
synovium

2 Mild Diffuse infiltration of
inflammatory cells in
synovium

3 Moderate Diffuse infiltration with

moderate edema in synoviun
and extending into
periarticular tissues

4 Marked Diffuse infiltration with
marked edema in synovium
and extending into
periarticular tissues

5 Severe Diffuse infiltration with
severe edema in synovium
and extending into
periaticular tissues
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Table 2.4 Rat cartilage damage scoring criteria as described by Bolder BioPATH,

Inc i Boulder, Colorado, USA (Bendele 2019)

Score

Intensity Label

Description

0
0.5

1

Normal
Very Minimal

Minimal

Mild

Moderate

Marked

Severe

Focal or only a few marginal
zones affected

Minimal to mild loss of
toluidine blue staining with nc
obvious chondrocyte loss or
collagen disruption, lesions
mainly in marginal zones
Mild loss of toluidine blue
staining with focal mild
(superficial chondrocyte loss
and/or collagen disruption
mainly in marginal zones ma
have 12 small areas of more
severe degeneration)
Moderate loss of toluidine
blue staining with multifocal
moderate (depth to middle
zone) chondrocyte loss and/c
collagen disruption on at leas
one surface but still mainly in
marginal zones, may have2l
small areas of more severe
degeneration

Marked loss of toluidine blue
staining with multifocal
marked (depth to deegone or
tidemark) chondrocyte loss
and/or collagen disruption on
at least one surface

Severe diffuse loss of
toluidine blue staining with
multifocal severe (depth to
tidemark) chondrocyte loss
and/or collagen disruption
affecting more than 2 caege
surfaces
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Table 2.5 Rat knee bone resorption scoring criteria as described by Bolder
BioPATH, Inc i Boulder, Colorado, USA (Bendele 2019)

Score Intensity Label Description
0 Normal
0.5 Very minimal Normal on low magnification

but with the earliest hint of
small focal areas of resorptio
in a marginal zone

1 Minimal Small definite areas of
resorption in marginal zones
only

2 Small areas of resorption in

marginal zones and extendin
up the distance across the
affected surface

3 Moderate Areas ofresorption extend
beyond marginal zones > %
but less than %2 of subchondr
surface

4 Marked Areas of resorption extend
beyond marginal zones > %
but less than % of the
subchondral surface

5 Severe Areas of resorption extend
beyond marginal zones > % «
the subchondral surface
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Table 2.6 List of drugs used for acute and chronic delivery experiments.

Drug Description Dose/Administration  Source

route

AM281 Cannabinoiel receptor 75mg Cayman
antagonist Chemicals; Ann
GPR55 antagonist (s.c. or topical over  Arbor, Michigan,

exposed area) USA
1-(2,4-dichloropheny}5-(4-
iodophenyh4-methytN-4-
morpholinyl1H-pyrazole3-
carboximide

AM630 CannabinoieR receptor 751y Cayman

antagonist Chemicals; Ann
(s.c. or topical over  Arbor, Michigan,

6-iodo-2-methyt1-(2- ipsilateral knegoint) ~ USA

morpholin4-ylethyl)indo}3-

yl]-4-

methoxyphenyl)menthanone

Cannabidiol  Natural phytocannabinoid 200y Tocris Bioscience,
Cyclohexene Bio Techne;

(s.c. or topical over  Abingdon, UK
(2-[(1R-6R)-3-methy}t6-(1- ipsilateral knegoint)
methylethenyh2-cyclohexenr
1-yl]-5-pentyt1,3
benzenediol)

Diclofenac Non-steroidal anti 1mg/kg ~ 0.35mg Sigma Aldrich; St.
inflammatory drug Louis, Missouri,

(s.c. or topical over USA
ipsilateral knegoint)

Euthansol Pentobarbital sodium with 100mg/kg; intracardiac CDMV;
phenytoin sodium. Shert Dartmouth, Nova
acting barbituric acid. Scotia, Caada
Used as an euthanasia
solution

Isoflurane Fluorinated ether. 2% isoflurane, 100% CDMV;

Used as a general anesthetic Oz; 1L/min Dartmouth, Nova
Scotia, Canada

Myrcene Acyclic monoterpene 1mg/kg ~ 0.484#/50m  Toronto Research

Organic hydrocarbon 5mg/kg ~2.451/50m  Chemicals;

Toronto, Ontario,
7-Methyl-3-methylenel,6- (s.c. or topical over ~ Canada
octadiene ipsilateral knegoint)

Urethane Organic ethyl carbamate. 25% dissolved in Sigma Aldrich; St.

Carbamic acid ester.
Used as an irreversible
anesthetic

saline

1.2-1.5mg/kg i.p.

Louis, Missouri,
USA
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Table 2.7 List of reagents usedtocompke t he st udyods
Reagent Description Source
Cremophor EL Non-ionic emulsifying Sigma Aldrich; St. Louis,
solvent. Used as vehicle for Missouri, USA

Dimethyl sulfoxide

Ethyl alcohol 95%

Ethyl alcohol anhydrous

F r e s €ainplete adjuvant

Heparin

Mineral Oil
Paraformaldehyde
Rhodamine 6G

Saline

Soy bean oil (#1)

Soy bean oil (#2)

reagents unable to dissolve il
water

Organosulfur solvent used to
dissolve polar and nepolar
compounds.

Alcohol based solvent

Alcohol based solvent

Mineral oil emulsion with
heat killedMycobacterium
tuberculosis

RA-inducing agent

Anionic sulfated
glycosaminoglycan. Used as
blood anticoagulant.

Inert liquid paraffin oil

Used to retain moisture
Polymer of formaldehyde.
Used as a tissue/joint fixative
Leukocytelabelling
fluorophore

0.9% Sodium chloride
injection USP (1000t

Solvent; oil extracted from
soy bean flakes
Solvent; oil extracted from
soy bean flakes

Sigma Aldrich; St. Louis,
Missouri, USA

Commercial Alcohols,
Brampton, Ontario, Canada
(purchased from central
stores at Dalhousie
University)

Commercial Alcohols,
Brampton, ON, Canada
(purchased from central
stores at Dalhousie
University)

Sigma Aldrich; St. Louis,
Missouri, USA

CDMV; Dartmouth, Nova
Scotia, Canada

Lawtons; Halifax, NS,
Canada

Fisher Scientific Company;
Ottawa, Ontario, Canada
Sigma Aldrich; St. Louis,
Missouri, USA

B. Braun Medical Inc.,
Scarborough, Ontario,
Canada (purchased from
central stores)
Superstore; Halifax, NS,
Canada

Sigma Aldrich; St. Louis,
Missouri, USA
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Table2.8Li st of equipment used to complete the

Equipment Model Manufacturer
Analytical balance AL-54 Mettler Toledo; Mississauga,
Ontario, Canada
Blood perfusion analysis PIMSoft V.1.5.4.8078 Perimedinc., Ardmore,
software Pennsylvania, USA
Blood perfusion machine PeriCam PSNormal Perimed Inc., Ardmore,
ResolutionSystem Pennsylvania, USA
Blood pressure monitor Pressure Monitor BR World Precision Instruments,
Sarasota, Florida, USA
Blood pressure tradsicer BLPR2 World Precision Instruments,
Sarasota, Florida, USA
Caliper Electronic caliper with digital Traceable Products, Webster
display. Texas, USA.
Cytokine plate analysis Bio-Plex manager 6.0 Bio-Rad, Hercules, California,
software USA
Cytokine plate reader Bio-Plex 200 Bio-Rad, Hercules, California,
USA
Cytokine plate washer Bio-Pl ex Pr oE | Bio-Rad, Hercules, California,
USA
Dynamic weight bearing BIO-DWB-AUTO-R; Bioseb, Boulogne, France
instrument DFK22AUCO03 camera
Intravital microscope Leica DM2500 microscope; Leica Microsystems Canada
HCX APOL 20X objective; Inc., Richmond Hill, Ontario,
HC Plan 10X eyepiece; Canada
Leica DFC 3000 camera
Intravital microscopy Leica Application Suite Leica Microsystems Canada
software (LAS v.4.5.0) Inc., Richmond Hill, Ontario,
Canada
Micropipettes 2-1000m VWR; Friendswood, Texas,

VWR or Eppendorf Researc USA
Fisher Scientific Company;
Ottawa, Ontario, Canada

Microplate Shaker Microplate Shaker VWR; Friendswood, Texas,
USA
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Table2.8cont 6d

Equipment

Model

Manufacturer

Scale #1,2 ,3

Temperature&ontrol monitor
Temperature controlled
heating pad with probe
Von Frey chamber

Von Frey hairs

Water bath

#1 AR5120
#2 CS Series: CS2000

#3 CP2202 S

TC-1000 temperature
controller

TC-1000 Rat

Custom

Touch Test 20 Piece Full Kit
NC12775

Microprocessor Controlled
280 Series

#1-2: Ohaus, Parsippany, Ne\
Jersey, USA.

#3: Sartorius Mechanotronics
Gottigen, Germany.

CWE Inc., Ardmore,
Pennsylvania, USA

CWE Inc., Ardmore,
Pennsylvania, USA

Concept Plastic, Dartmouth,
Nova ScotiaCanada

Touch Test Sensory Evaulato
North Coast

Medical, Gilroy, California,
USA

World Precision Instruments,
Sarasota, Florida, USA
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2.9 Figures

X — positive wiﬂld;ﬁwal -
0 — no observable withdrawal
Xf=5.18; *oxoo0x’ — XO sequence

Figure 2.1 Von Frey hair algesiometryexperimental set up using the elevated six
chambered von Frey apparatus with mesh flooring (A). Mechanical allodynia is
investigated using von Frey filaments (B) anqC)r e cor ded/ anal yzed usi

up down method(Dixon 1980)adapted from Chaplan et al.(1994.
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Figure 2.2 Dynamic weight bearing incapactiance experimental set up (A) and
respective offline video/sensor pattern analysis (B). Unvalidatable masked areas and

correctly validated left and right hind paws are labelled.
Important experimentaloenponents include:

1: DFK22AUCO03 camera

2: Bioseb Perspex testing chamber

3: Touch/pressure sensor pad

4: Sensor pad connection handle
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Figure 2.3 Acute surgical preparation visualization.(A): Tracheal cannulation. (B):
Carotid artery cannulation. (C): Jugular vein cannulation. (D): Leg brace made
from an Eppendorf tube to secure joint. (E): Exposed microvasculature of the knee
joint. (F): Stop-cod controlled cannula filled with 1% heparinized saline; connected
to blood pressure recorder. (G): Stopcock controlled cannula filled with 1%

heparinized saline; used to administer rhodaminésG.
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Figure 2.4 Intravital microscopy experimental set up(A) and recording of the video

for offline analysis (B).

Important experimental components include:

1: BP-1 pressure Monitor

2: Leica DM2500 microscop@HCX APOL 20X objectiveandHC Plan 10X
eyepiece

3: Leica DFC 3000 camera

4: TC-1000temperature controller

5: TC-1000 rat heating pad and probe

6: External light source for Leica DM2500 light microscope
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leukocytes -

Figure 2.5 Postcapillary venule in the knee joint containing Rhodamine 6G labelled

leukocytes Scale bar equals 56m.
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Figure 2.6 Laser speckle contrast analysis (LASCA) experimental setup; the
PeriCam PSI System (A) used to capture the blood perfusion to the knee joint
recording, which is then analyzed by the PIMSoft software (B).

Figure 2.7 Laser speckle contrast (LASCA) analysis via PIMSoft (V.1.5.4.8078)
software, including the intensity image (A) and perfusion view (B).

Important components include:
1. Dissected joint area

2. Region of interest over the knee joint

3. Perfusion intensity scaleab (bluei lowest; red highest)
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Prepare Antigen Standard I

!

Vortex Magnetic Beads (30 seconds)
Add 40pl of the Magnetic Beads to each well
Remove the remaining liquid

1 Wash plate

Add 20pl of Universal Assay Buffer (1X) to beads
Add 20pl of standard, or plasma samples to beads

Seal plate
Incubate while shaking (2 hours; room temperature; 0 (rpm)
‘Wash beads (3 times)

Add 20pul of the Detection Antibody Mix (1X) I

Seal plate
Incubate while shaking (30 minutes; room temperature; 500pm)
‘Wash beads (3 times)

Add 40ul of Streptavidin-PE to each well I
Seal plate
Incubate while shaking (30 minutes; room temperature; 500pm)
‘Wazgh beads (3 times)

Add 120pl of Reading Buffer to each well I
Seal plate
Incubate while shaking (5 minutes; room temperature; 50(rpm)
‘Wazgh beads (3 times)

Record data using plate reader I

Figure 2.8 ProcartaPlexO Mutliplex Immun oassay preparation protocol(Thermo
Fisher, Burlington, Ontario, Canada). Adapted from the ProcartaPlexO Mutliplex

Immun oassay for Convenience and Mix&Match Panels User Guid@ hermoFisher
Scientific 2017)
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Chapter 3: Effect of Acute Treatment of Myrcene on Pain and

| nfl ammation Induced by Freund®os

3.1 Background and hypotheses

Treatment strategies for RA focus on targeting disease modifi¢&iogh et al.
2015) however, adequate pain management remains a predominant concern of patients
(Klooster et al. 2007)Conventional and biologic DMARDs have shown some efficacy in
preventing inflammation and associated joint dam{dyggmohamed and Dijkmans
2005) however, discontinuation due to lack of efficacy or intolerable adverse effects i
common(Nurmadhamed and Dijkmans 20058 upplemental treatments such as opioids
and NSAIDs also remain ineffective in treating the chronicity of the disease and are
riddled with their own adverse effe¢tSrofford 2010; Crofford 2013)rherefore, the
search for an effective therapeutic presenting with limited adverse effects is ongoing.

A significant number of arthritis patients use medical cannabis for symptom relief
(Ware et al. 2005yeporting reduced pain and improved joint funciiBtake et al.

2006) The efficacy of medical cannabis as an analgesic therapeutic in RA patients is
logical due to the involvement of the endocannabinoid system in the inhibition of pain
transmissior{fRusso and Hohmann 2B)and the presence of cannabinoid receptors
within the joints(Schuelert and McDougall 2008)

Cannabis harbours a diverse chemical profile with over 545 identified
compounds, including over 200 terpelesSohly and GuR014) Terpenes are
hydrocarbons responsible for the pungent odor of the cannabigilagh and Sharma
2015) Their analgesic and astiffammatory potential has also been brought to light
recently(reviewed byRusso and Marcu 2017)

Myrcene is the most abundant monoterpene in the cannabis plant and tends to
occur in strains preferred by arthritis and chronic pain pat{&aton et al. 2018)
Althoughmost commonly studied as a fraction of an essential oil, isolated myrcene has
demonstrated analgesic properties in acute pain m(Rlatset al. 1990; Lorenzetti et al.
1991, Paulgreire ¢ al. 2013) Oral and subcutaneous administration of myrcene were

able to attenuate writhing in the noxious acetic acid(Rat et al. 1990; Lorenzetti et al.
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1991; Paulgreire et al2013) Latency to paw licking during the hot plate test was also
improved by oral and intraperitoneal administration of myrd&a® et al. 1990; Paula
Freire et al. 2013)inhibition of these analgesic effects was prevented when naloxone or
yohimbine were administered, implying the involvement of opioidadpias:2

adrenergic receptors in the analgesic mecha(iamn et al1990; Pauldreire et al.

2013)

To date, no research has investigated the effect of acutely administered myrcene
on pain and inflammation in RAhe involvement of the endocannabinoid system in the
actions of myrcene has not yet been examinedvo. Therefore, we investigated the
analgesic and antinflammatory potential of acutely delivered myrcene in both naive and
FCA-injected rats. We also explored the mechanistic actions of myrcene and the

involvement of cannabinoid receptors.

The hypothesegested in this studywere:

Acute administration of myrcene will reduce spontaneous pain behaviour
and mechanical allodynia in FCAinjected rats via the endocannabinoid
system.

Il. Acute treatment of myrcene will reduce knee joint inflammation in the

FCA modsd via the endocannabinoid system.

3.2 The effects of myrcene treatment in a naive cohort
3.2.1 Pain behaviour rathods and experimental design

Preliminary experiments were carried out to test the effect of myrcene in naive
animals. A dose was chosen based on a systemic dose used by R@®80gal.

Joint diameter, von Frey hailgesiometry and dynamic weight bearing
measurements were recorded prior to commencing the three hour pain behaviour time
course. All animals received the following treatments:

l. Vehiclei soy bean oil (501; subcutaneously over the knee joint)

Il. Myrcene (1mg/g; 50n; subcutaneously over the knee joint)
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Following treatment, pain behaviour was assessed over a three hour time course
(protocol schematic shown below). Animals that had received vehicle treatment were

then reused to assess the effect of myrcenattnent after a-2lay wash out period.

Day 0 Naive (BL) Day 7: Pain Behaviour Time course

Diameter Von Frey Hair Algesiometry
Dynamic Incapacitance

| | } } )

(min)

BL | 30 60 120 180
Treatment Diameter
i =
| VEHICLE MYRCENE
(50pls.c) (Imgkg; s.c.)
| |
1

N=T7 | N=T

= —

3.2.2 Pain behaviour results

Thedata for theime course did not pass normalibut wereanalyzed using a
two-way RM ANOVA in the absence of a ngarametric equivalent. Withdrawal
thresholds between myrceard vehiclereated groupwerenot significantly different
(Figure 3.1A, P > 0.05, n = 7 per groupjeatment with myrcene did not sifjoantly
change the weight borne on the ipsilateral hind paw (Figdi P > 0.05, n =7 per
time point) or surface area used to weight bear Figu@, 2 0.05, n = 7 per time

point) compared to vehicligeatment.
3.2.3 Inflammation methods arekperimental design
Joint diameter, leukocyte trafficking and blood perfusion data were recorded in
naive male Wistar rats following one of the following treatments:
l. VehicleT soy bean oil (561; subcutaneously over the knee joint)

Il. Myrcene (1mg/kg; 58k; subcutaneously over the knee joint)
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As described in full detail in Chapter 2 (section 22.2.3), animals were
examined using intravital microscopy to investigate leukocyte trafficking over a one hour
time course. LASCA measurements were also recardesecutively during the same

time course (outlined below).

Day 0 Naive (BL) Day 7: Inflammatory Time course

Diameter Leukocyte trafficking: 3 x 1 minute videos
Blood flow: 1 minute video & record blood pressure

| l | | |

BL ‘ 5 15 30 60

(min)

Treatment LASCA

Dead
scan

4 VEHICLE
I (50pL topical
expos

| overesposed )

3.2.4 Inflammation results

Joint diameter was not significantly different between treatment groups at the
conclusion of the three hour time course (Figure 3.2A, P > 0.05, n = 7 per group).
Additionally, rolling leukocytes were not significantly different between the myrcene and
vehicle-treated cohorts (Figure 3.2B, P > 0.05, n-& jer time point). Adherent
leukocytes increased over time in both groups; reaching 481580L% baseline in the
vehicletreated group compared to 313°366.7%6 baseline in the myrcerteeated
cohort. Adherent leukocytes in the myrcetreated group were significantly different
than vehiclereated animals (Figure 3.2C, P < 0.0001, r6=ger time point). Blood
perfusion to the affected area was also not significantly different between treatments in
nave animals (Figure 3.2D, P > 0.05, n+6 Pper time point).

3.3 The effects of acute myrcene treatment on pain behaviour in the FCA model

3.3.1 Methods and experimental design
Myrcene has demonstrated analgesic qualities in the acute hot plate, formalin and
acetc acid testg¢Rao et al. 1990; Lorenzetti et al. 1991; Pédreire et al. 2013)ut has
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not been tested in any disease models. We wanted to characterize the effect of acute
administraton of myrcene on pain in the FCA model of RA.

A 50m bolus of FCA was injected intraarticularly into the right knee joint of
deeply anaesthetised male Wistar rats (see section 2.2 for further details). Prior to arthritis
induction, the animals were selbjed to baseline pain behaviour measurements (von Frey
hair algesiometry, dynamic weight bearing). A secondary baseline was recorded on day
seven after FCA injection (O minutes) prior to starting the inflammatory assessment time

course. Separate cohoréezeived one of the following treatments:

l. Myrcene \ehiclei soy bean oil (561; subcutaneously over the knee joint)

Il. Myrcene (1mg/kg; 50k; subcutaneously over the knee joint)

[1I. Myrcene (5mg/kg; 50k; subcutaneously over the knee joint)

V. Diclofenac \ehiclei DMSO/cremophor/salingl:1:8; 50m; subcutaneously
over the knee joint)

V. Diclofenac (1mg/kg; 50I; subcutaneously over the knee joint)

Diclofenac and its respective vehicle were tested in this study as a positive control
to FCArinduced pain and flammation. The dose used was based on the systemic dose
used by Hasani et a(2011) Following treatment, von Frey hair algesiometry and
dynamic weight bearing recordings were measured at 30, 60, 120 and 180 minutes (see
section 2.3.42.3.2 for more details).

Joint diameter waalso measured using these same cohorts on day zero, day

seven at 0 minutes and 180 minutes (section 2.4.1).
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Day 0: FCA induction (50ul i.artic) Day 7: Pain Behaviour Time course

Diameter Von Frey Hair Algesiometry
Dynamic Incapacitance

| l l | |
BL | 30 60 120 180

{min}

Treatment Diameter

N

-———-— e

: WVEHICLE - soy I MYRCENE MYRCENE DICLOFENAC r VEHICLE
(30pls.c) (Imgkg; s.c.) (Img/kg; s.c.) (1mgkg; s.c.) 1 DMSOvcrem/sal

1 l (50ul; sc.)

1 N=8 I N=& N=8 N=38 I N=8§

-———— \

-— -

3.3.2 Results
3.3.2.1 FCAr-injected animals exhibgecondanallodynia and weight bearing deficits
Withdrawal threshold was significantly decreased (from 14.88.8g to 7.76
0.369) seven days after F&Aduction compared to pfieduction baseline measurements
(Figure 3.3A, P <0.0001, N = 80 per group). At baseline, animals placed on average
49.80 ° 0.34 percent of their weight on their ipsilateral paw. This was significantly
reduced to 29.41 1.30 percent seven days post F@Auction (Figure 3.3B, P < 0.0001,
n = 7678 per group). Baseline measurements indicated that the surface area animals
placed on their ipsilateral limb was on average 99.6093 percent of the surface area
used in their contralateral limb. This was significantly reduced to 7613220 percent

seven days post FCiladuction (Figure 3.3C, P < 0.0001, n =7@ per group).

3.3.2.2 Diclofenac attenuates evoked and spontaneous pain behaviour in the FCA
model

The effect of diclofenac on evoked and spontaneous pain behaviour was
investigated to act as a positive control. Withdrawal threshold time course data (Figure
3.4A) did not pass mmality, however these data were tested using the parametric two
way RM ANOVA as a notparametric equivalent was lacking. Diclofenac significantly
improved withdrawal threshold compared to vehicle (Figure 3.4A, P < 0.05, n = 8 per
time point). Percent weiig borne on the ipsilateral limb was also improved by diclofenac
treatment (Figure 3.4B, P < 0.0001, n-8 per time point). However, diclofenaieated
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animals did not use a larger surface area while weight bearing was similar to vehicle

controls (Figure3.4C, P > 0.05, n =-8 per time point).

3.3.2.3 Myrcene improvedecondanallodynia but did not improve weighearing
deficits

Withdrawal threshold was significantly different amongst myreeeated and
vehicle treated cohorts (Figure 3.5A, P < 0.05, npeBtime point). The highest
improvement in withdrawal threshold occurred at 120 minutes post treatment where the
1mg/kg dose was 21117.93% and themg/kg myrcene dose was 269:363.27%
higher than the time zero baseline measurement.

Myrcenetreated ohorts did not exhibit significant improvements in the percent
weight borne on the ipsilateral hind paw when compared to the véteaked cohort
(Figure 3.5B, P > 0.05, n = 8 per time point). Percent contralateral surface area borne on
the ipsilateral md paw was also not significantly different between vehicle and myrcene

treated animals (Figure 3.5C, P > 0.05, n = 8 per time point).

3.4 Involvement of the endocannabinoid system irmyrcene-induced analgesia
3.4.1 Methods and experimental design

Previous studies demonstrated that myrcene may be acting througpiard
receptors and2-adrenoreceptordRao et al. 1990; Lorenzetti et al. 1991; Pédiedaire et
al. 2013) Noin vivostudies have looked at endocannabinoid system involvament
myrcene response$o do so, we administered either the synthetigRC&8ntagonist
AM281 or the CBR antagonist AM630 ten minutes prior to myrcene treatragiper the
protocol used by Philpott @l. (2017) The animal cohorts tested in this series of

experiments were:

Antagonist ehiclei DMSO/cremophor/salin€l:1:8; 50r; subcutaneously
over the knee joint)
+ Myrcene (1mg/kg; 58; subcutaneously over the knee joint)

Il. AMG630 (757g; 50m; subcutaneously over the knee joint) +
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Myrcene (1mg/kg; 50k; subcutaneously over the knee in
[1I. AM281(751y; 50m; subcutaneously over the knee joint) +

Myrcene (1mg/kg; 50k; subcutaneously over the knee joint)
IV.  AMG630 (757g; 501; subcutaneously over the knee joint) +

myrcene ‘ehiclei soy bean oil (561; subcutaneously over the knee joint)
V. AM281 (75vy; 50m; subcutaneously over the knee joitit)

myrcene ‘ehiclei soy bean oil (561; subcutaneously over the knee joint)

Previously completed data used for comparison:

i. Myrcene \ehiclei soy bean oil (561; subcutaneously over the knjgént)

il. Myrcene (1mg/kg; 50k; subcutaneously over the knee joint)

Day 0: FCA induction (50ul i.artic) Day 7: Pain Behaviour Time course
Diameter Von Frey Hair Algesiometry
l | | | }
(min)
BL | 30 60 120 180
Treatment Diameter

DMSO Vehicle AMB30 AM2E] f AMG30 A [ AM2E] A

[30pl: s.c.) + (75pg:s.c)+ (73pg: s.c) + I (75pg:s.c)+ 1 1 (pgsc)+ |

MYR (Img/kg: MYR (1mg/kg: MYR (Img/kg; 1 Soy Vehicle 1 Soy Vehicle 1
5.C.) 5.0 5.C.) (30ul; 5.c.) (30ul; 5.c.)
N=% N=8 N=8 | N=8 N N=§ |

3.4.2.1 CB; and CB receptor antagonists did not attenuate myrcemkiced analgesia

3.4.2 Results

Overall, withdrawal threshold varied across treatment cohorts QB
antagonis{AM281) 3 hourtime course (Figure 3.6A, P < 0.0001, n = 8 per time point).
AM281 administered prior to myrcene significantly reduced withdrawal threshold
compared to myrcereatment at 60min (P < 0.01) and 120 minutes (P < 0.0001).
However, vehicle (DMSO/cremophor/sed) with myrcene also showed significant
reductions of withdrawal threshold compared to myrcene at those time points (P < 0.05
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and P < 0.001). AM281 with myrcene, or vehicle (soy bean oil) were not significantly
different from each other.

Significant vaiation in withdrawal threshold also occurred in the 3 hour time
course with a CBR antagonist (Figure 3.6B, P < 0.01, n = 8 per time point). Treatment
with AM630 prior to myrcene, significantly attenuated myrcermiced withdrawal
threshold improvement at 60 minutes (P <0.001) and 120 minute (P < 0.0Q0%}hoc
comparisons. Howevethere was also a significambdsthocreduction of withdrawal
threshold between myrcene and vehicle (DMSO/cremophor/saimé)AM630 120
minutes after treatment (P < 0.01). In addition, AM630 with myrcene versus AM630 with
vehicle (soy bean oil) didat differ in posthocanalysis (P > 0.05).

The antagonistic effect of the CB recep
most efficacious time point, 120 minutes. Overall, withdrawal threshold varied
significantly between treatments 120 minutes dfeatment (Figure 3.6C, P < 0.0001, n
= 8 per group). Both AM630 and AM281 attenuated the myragthgéced improvement
in withdrawal threshold (P < 0.0001 and P < 0.001). However, vehicle
(DMSO/cremophor/saline) with myrcene also attenuated withdrawal waprent (P <
0.01) and did not differ from either antagonist treatment (P > 0.05).

3.5 Comparing the analgesiceffects of myrcene to a positive control at peak effect
time
3.5.1 Methods and experimental design
From the data previously compiled within this study, the peak effect of myrcene
in pain behavioural testing was determined to be 120 minutegrpashent, while the
peak effect for diclofenac was determined to be 30 minutegtigasiment. The top dose
for myrcene was used for comparison. Treatments were compared at their respective peak

effect time points.
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3.5.2 Results

3.5.2.1 The analgesic effect of myrcemneas comparable to the positive control
diclofenac
At peak response, the effect of myrcene on withdrawaktiold was not
significantly different from the analgesic effect of diclofenac (Figure 3.7A, P > 0.05, n =
8 per group). Comparisons of the percent weight borne on the ipsilateral hind paw and
percent surface area of the contralateral paw also showegnificaint differences
between myrcenreatment and the positive control (Figure 3.7B and Figure 3.7C, P >

0.05, n = 8 per group).

3.6 The effects of myrcene on inflammation in the FCA model
3.6.1 Methods and experimental design

In these experiments, vexplored the effects of acute administration of myrcene
on FCAinduced joint inflammation. Baseline joint diameter was measured prior to FCA
induction and again on day seven to confirm inflammation (section 2.4.1). Animals were
then anesthetized with 25%setihane in saline (@l loading dose; 08.7m top-ups every
20 minute¥ and surgical preparations were performed as described in section 2.4.2.1.
These included tracheal, carotid and jugular cannulations, administration of the
fluorescent nuclear stainalamine 6G, and exposure of the knee joint.

Oneminute blood perfusion LASCA recordings and three-omeute recordings
using intravital microscopy were taken at baseline and periodically throughout the one
hour time course. Mean arterial pressure was r@sorded at each of the time points.

Separate cohorts of animals received one of the following treatments:

l. Myrcene \ehiclei soy bean oil (561; topically over the exposed knee jgint

Il. Myrcene (1mg/kg; 50k; topically over the exposed knee joint)

[1I. Myrcene (5mg/kg; 5a1; topically over the exposed knee joint)

V. Diclofenac \ehiclei DMSO/cremophor/salingl:1:8; 50m; topically over the
exposed knee joint

V. Diclofenac (1mg/kg; 50; topically over the exposed knee joint)
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At the end of the time course, a biological zero LASCA recording was faistn
euthanasia and subtracted from all perfusion vatuescount for Brownian moticand

tissue reflection

Day 0: FCA induction (50ul i.artic) Day 7: Inflammatory Time course

Diameter Leukocyte trafficking: 3 x | minute videos
Blood flow: 1 minute video & record blood pressure

| | | | |

BL ‘ S 15 30 60 ‘

(min)

Treatment LASCA

Dead
scan
FEHIC S0y AYRCENE
cal mg/kg; topical
' y

MYRCENE DICLOFENAC r VEHICLE
( Img/kg; topical {Img/kg; topical DMSOerem‘sal
over exposed
Jjoint)

over exposed (50ul; s.c.)
jointy
N=6

| I
| I
N N" )

3.6.2 Results

3.6.2.1 FCA-injected animals exhibited joint oedenmagreased leukocyte trafficking
and hyperaemia

Average pint diameter was significantly elevattdm 9.91° 0.04mm baseline
measurements to an average of 12.0209mm when measured seven days pog-
induction (Figure 3.8A, P < 0.001 n = 80 per group)

Rolling leukocytes were significantly increased at baseline on day seven in FCA
injected animals (86.75 2.84 leukocytes) compared to naive (49.5836 leukocytes)
(Figure 3.8B, P < 0.0001, n =-BY). Adherent leukocytes were also slightly increased
from 1.06° 0.13 leukocytes in naive animals to 1°9@.26 leukocytes in day seven
FCA-injected animals (Figure 3.8C, P < 0.001, n =6#1per group). FCA animals
exhibited higher mean perfusion, 234.020.81PU compared to that of naive animals,

155.7° 13.91 PU (Figure 3.7D, P < 0.05, n =@4).
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3.6.2.2 Diclofenac improved leukocyte trafficking and blood flow but joint oedema was
unchanged

Joint diameter, relative to day seven baseline, was unchanged by diclofenac
treatment (Figure 3.9A, P > 0.05, n = 8 gesup). However, diclofenac significantly
attenuated rolling leukocytes within the elmeur time course (Figure 3.9B, P <0.01, n =
6-9 per time point). The greatest reduction (66.@23% baseline) occurred 30 minutes
after treatment. Time course adherieukocyte data were not normally distributed, but
were analyzed using a tweay RM ANOVA in the absence of a n@arametric
equivalent. There was no change in adherent leukocytes between diclofenac and vehicle
treated animals (Figure 3.9C, P > 0.05, 6+%:per group).

Blood flow to the knee joint was also reduced with diclofenac treatment (Figure
3.9D, P < 0.01, n =-8 per time point).

3.6.2.3 Myrcene did not improve joint diametesmpared to vehicle

There was an overall significant variation of joint dideneelative to baseline
between myrcene and vehighkeated cohortéFigure 3.10A, P < 0.01, n = 8 per group)
Posthoctesting showed that both the 1mg/kg and 5mg/kg dose of myrcene did not differ
from vehicle measures (P > 0.05). The joint diameteativel to day seven baseline, was

significantly increased in the 5mg/kg group compared to the 1mg/kg group (P < 0.01).

3.6.2.4 Myrcene reducettukocyte rollingout notadherent leukocytes or blood flow to
the knee

Rolling leukocytes were significantly reducedli® myrcendreated cohorts
compared to vehicle (Figure 3.10B, P < 0.0001, R7=p@&r time point). The largest
reduction of leukocytes for 1mg/kg of myrcene was 52.8218 % of baseline rolling
leukocytes at 30 minutes and 48°76.35% of baseline rotig leukocytes at 60 minutes
for the 5mg/kg myrcene dose. There was no significant difference between the two
myrcene doses (P > 0.05).

Adherent leukocytes showed a gradual increase over the time course. Percent
baseline values for vehicle, 1mg/kg and Bkggf myrcene were 3834148.5, 195.7

31.1, and 324,8 44.28% respectively. There was no significant different between the
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myrcenetreated and vehicleeated cohorts (Figure 3.10C, P > 0.05, n'Eger time
point). Mean perfusion was also not sigrantly different between myrcene and vehicle
treated groups (Figure 3.10D, P > 0.05, nZ@er time point).

3.7 Involvement of the endocannabinoid system in inflammation

3.7.1 Methods and experimental design

We examined cannabinoid receptor involvement by administering AM281,
AMG630 or vehicle ten minutes prior to applying vehicle or myrcene treatment. More
specifically, separate cohorts received one of the following treatment combinations:

Antagonist ehiclei DMSO/cremophor/salingl:1:8; 50m; topically over the
exposed knee joiht- Myrcene (1mg/kg; 58; topically over the exposed
knee joint)
Il. AM281 (751y; 50m; topically over the exposed knee joint)
Myrcene (1mg/kg; 50k; topically ove the exposed knee joint)
[I. AM630 (751y; 50m; topically over the exposed knee joint)
Myrcene (1mg/kg; 50k; topically over the exposed knee joint)
IV.  AMG630 (757g; 501; topically over the exposed knee joint)
myrcene ehiclei soy bean oil (561; topically over the exposed knee jgint
V. AM281 (751g; 50m; topically over the exposed knee joint)

myrcene ehiclei soy bean oil (561; topically over the exposed knee jgint

The antagonist data were compared to data reported in section 3.4.2. Thosntea
included:

I. Myrcene vehiclé soy bean oil (561; topically over the exposed knee joint)

il Myrcene (1mg/kg; 58i; subcutaneously over the knee joint)
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The same arthritis induction, surgical procedures, and inflammatory
measurements were followed asettion 3.4.1. LASCA dead scans were performed at

the end of the one hour time course paghanasia to obtain a biological zero value.

Day 0: FCA induction (50ul i.artic) Day 7: Inflammatory Time course

Diameter Leukocyte tratficking: 3 x 1 minute videos

| | | | |

BL | 5 15 30 60 |

{min)

topical.) topical) (30pl; topical)
N=9 N=§ N=T

G A

AMO30 AM281 f AM6B30 f #
(75pg; topical) + (75pg: topical) + | (73pg: topical) + | | (73pg
MYR(Imakg; MYR (Imgikg: Soy Vehicle 1 I So?

3.7.2 Results

3.7.2.1 CBy and CB receptor antagonists inhibited leukocyte rolling over a one hour
period

The mechanism by which myrcene mediates leukocyte rolling was investigated
using the cannabinoid receptor antagonists AM63G:)@Bd AM281 (CB). AM281
significantly attenuated theyrceneinduced reductions in leukocyte rolling over a one
hour period (Figure 3.11A, P < 0.0001, n-8 fer time point). Antagonist vehicle
(DMSO/cremophor/saline) with myrcene was not different from myrcene alone (P >
0.05). AM281 with myrcene was alsotrsignificantly different from AM281 with the
myrcene vehicle (P > 0.05).

AM630 administered prior to myrcene also significantly attenuated the myrcene
induced reduction of rolling leukocytes throughout the time course (Figure 3.11B, P <
0.0001, n = @ per time point). Vehicle (DMSO/cremophor/saline) with myrcene did not

significantly attenuate rolling leukocytes (P > 0.05) Additionally, there was no difference

bet ween AM630 with myrcene or AM630 with
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3.7.2.2 The antiinflammatoryeffect of myrcene is attenuated by both @&l CB
receptorantagonists at 30 minutes

The effects of CER and CBR antagonists were examinati30 minutesvhen coe
administered with myrcen&here was a significant variation overall amongst myrcene
treated, individual antagonists administered prior to myrcene, and respective vehicles
(Figure 3.11C, P < 0.0001, n =9gper group)Posthocanalysis confirmed that myrcene
reduced leukocyte rihg (P < 0.01). The CHR antagonist AM630 significantly
attenuated the myrcemeduced reduction of rolling leukocytes (P < 0.05), as did the
CB:R antagonist (P < 0.001). Both antagon#tministered prior to myrceneere
significantly different than therespective vehiclen the presence of myrceié < 0.01,
P < 0.0001). Theosthoccomparison of the grcenetreated and vehicle
(DMSO/cremophor/saline) with myrcene groups was not significantly different (P >
0.05).

3.8 Comparing the effects of myrcened diclofenacat peak effect time

3.8.1 Methods and experimental design

Based on data previously collected within this chaptercdnérmedantr
inflammatory effect of myrcene was compared to that of the positive control diclofenac at
their respective peak eft times. The peak effect for diclofenac was 30 minutes; the

peak effect of myrcene wadsoat 30 minutes.

3.8.2 Results

3.8.2.1 The antiinflammatory effects of myrcene were difterent fromdiclofenac
Modulation of joint diameter was not different between miyecand diclofenac
treated animals (Figure 24, P > 0.05, n = 8 per group). Myrceimauced reductions in
leukocyte trafficking were not significantly different from reductions observed when
using the positive control (Figure 3.12B, P > 0.05, r~g&r group). The effect on
adherent leukocytes wasso not significantly different between diclofenac and myrcene
treated animals (Figure 3.12C, P > 0.05, nEer group). Diclofenac lowered blood
flow to the knee joint significantly more than myrcene treatment (Figure 3.12D, P < 0.01,
n = 67 per grop).
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3.9 Chapter summary

FCA-injected animals exhibited mechanical secondary allodynia and weight
bearing deficits seven days after arthritis induction. These animals also experienced
increases in joint oedema, leukocyte trafficking and blood flow to thejkirgearea. All
of the parameters except surface area and adherent leukocytes were modulated with the
use of the positive control, diclofenac.

By itself, myrcene did not induce paor inflammationin pilot naive animal
studies Acutely, bothof themyrcene doses reducescondarynechanical allodynia, but
did not improve FCAnduced weight bearing deficitslowever, we could not confirm
that the analgesic effects were occurring via the endocannabinoid sisterane also
attenuated rolling leukocytesa endocannabinoidependent mechanisms, but had no
significant impact®n joint oedema, leukocyte adhesion, or blood f\¥ith the
exception of blood flow, e analgesic and antiflammatory effects of myrcene were

comparable to those of diclofenac
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3.10 Tables

Table 3.1 Myrcene treatment result summary.

Parameter Myrcene 1mg/kg Myrcene 5mg/kg
Pain behaviour summan Myrcene improved evoked but not spontaneous pain behavic
Withdrawal threshold Improved withdrawathreshold Improved withdrawal threshol:

Ipsilateral weight bearin¢ No improvement No improvement
Ipsilateral surface area No improvement No improvement
Inflammation summary Myrcene improved leukocyte trafficking

Joint oedema No improvement No improvement

Rolling leukocytes Reduced leukocyte rolling Reduce leukocyte rolling
Adherent leukocytes No improvement No improvement

Blood perfusion to knee No improvement No improvement

Table 3.2 Diclofenac treatment result summary

Parameter Result
Pain behaviour summary Diclofenac reduced evoked and spontaneous pain behaviol
Withdrawal threshold Improved withdrawal threshold

Ipsilateral weight bearing Improved weight bearing
Ipsilateral surface area  No improvement
Inflammation summary  Diclofenac reduced leukocyte trafficking and blood flow

Joint oedema No improvement
Rolling leukocytes Reduced leukocyte rolling
Adherent leukocytes No improvement

Blood perfusion ti&nee Reduced blood flow
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Table 3.3 Comparison of myrcenetreatment with the positive control diclofenac

treatment.

Parameter Myrcene (5mg/kg) vs. Diclofenac (1mg/kg)

Pain behaviour summary Analgesia between myrcene attidlofenac did not differ
Withdrawal threshold No difference

Ipsilateral weight bearing No difference

Ipsilateral surface area  No difference

Inflammation summary  The antiinflammatory actions of myrcene were not superior to

diclofenac
Jointoedema No difference
Rolling leukocytes No difference
Adherent leukocytes No difference

Blood perfusion to knee Diclofenac reduced blood flow

91



3.11 Figures
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Figure 3.1Effect of myrcene on evoked and spontaneous pain behaviour in naive

animals.

(A) There was no significant difference in tactile sensitivity between the mytceated
cohort and vehickreated cohort (P > 0.05, twway RM ANOVA, n = 7 per time point).
(B) Weight borne on the ipsilateral paw (P > 0.05,-tmeoy RM ANOVA, n = 7 per time
point) and(C) surface area borne on the ipsilateral paw (P > 0.05wsy0oRM ANOVA,

n =7 per group) relative to baselinegn@not significantly different between naive
animals that received vehicle or myrcene. Catsstandardized to Isaline and presented

as meari SEM. ANOVA, analysis of variance; BL, baseline, RM, repeated measures.

93



Joint Diameter (% t0 BL)

Rolling Leukocytes (% BL)

Adherent Leukocytes (% BL)

150+
] Vehicle (Soy bean oil)

[ Myrcene Img/kg

NS

100+ ———

50+
0
150-
{F Vehicle (Soy bean oil)
<= Myrcene (1mg/kg)
100+ - % S~< -
50
T
| | | | |
BL5S 15 30 60
Time (min)

600~
{F Vehicle (Soy bean oil)

- Myrcene (1mg/kg)
4004

200+

0 | B | 1 1 1

BLS5 15 30 60
Time (min)

94



D 150+ {F Vehicle (Soy bean oil)

%..%__%_____‘% Myrcene (1mg/kg)
/
1004 ]

50~

Mean Perfusion (% BL)

1
BL5 15 30 60
Time (min)

Figure 3.2 Effect of myrcene on leukocyte trafficking and blood perfusion in the

microvasculature in the knee joint.

(A) Joint diameter relative to the baseline on the day of testing (t0) was not significantly
different between the vehicteeated or myrcent@reated cohorts (P > 0.05, Mann

Whitney U test, n = 7 per grougB) Rolling leukocytes were not significantly difent
between vehicle or myrcesieeated naive cohorts (P > 0.05, tway RM ANOVA, N =

5-6 per time point)(C) Myrcenetreated animals had significantly reduced adherent
leukocytes compared to vehicle controls (P < 0.001;viaap RM ANOVA with

B o n f egposthociest, n = 56 per time point)Posthocsignificance was

demonstrated at 30 and 60 minutes ficsitment (*P < 0.05]D) Mean perfusion was

not significantly different between treatment groups throughout the one hour time course
(P > 0.05, tweway RM ANOVA, n = 56 per time point). Datarestandardized to

baseline and presented as m&&EM. ANOVA, analysis of variance; BL, baselings,

not significant;RM, repeated measures.
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Figure 3.3 Confirmation of mechanical allodynia andweight bearing deficitswith
FCA.

(A) Day 7 withdrawal threshold in FGhjected rats was significantly reduced from

baseline measurements taken prior to FCA induction (P < 0.0001, paired Wilcoxon test, n
= 80 per group)B) Percent weight borne on thesilateral hind paw (P < 0.0001, paired

St u d etest, ®=s75/7 per group) an{lC) percent surface area of the contralateral

paw (P < 0.0001, paired Wilcoxon, n =78 per group) in FCAnjected rats on day

seven was significantly different comparedtfteir preinduction baseline measurements.

Data is presentedasmeaS EM. BL, baseline; FCA, Freund©®o
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Figure 3.4 Effect of diclofenac on evoked and spontaneous pain behaviour.

(A) Diclofenac significantly improved withdrawal threshold compared to vehicle
(DMSO/crem/sal) (P < 0.05, twawvay RM ANOVAwi t h B o rmpbsehoctesin+ 6 s
8 per time point). Podioc analysis revealed a significant improvement in withdrawal
threshold indiclofenaetreated animals at 30 minutes (*P < 0.dB). Diclofenac
significantly improved percent weight borne on the ipsilateral paw throughout the three
hour time course (P < 0.0001, twa@y ANOVAwi t h B o rpbsthoctest n + #8s
per time point Duringposthocanalysis, diclofenac improved ipsilateral weight bearing
at 30 minutes (*P < 0.05) and 60 minutes (*P <0.0(0%) Percent contralateral surface
area was not improved in diclofenac versus vehidated cohorts (P > 0.05, tweay
ANOVA, n = 7-8 per time point). Datarestandardized as percent dagverbaseline

and presented as mean3EM). ANOVA, analysis of variance; Crem, cremophor; D7,

day seven; DMSO, dimethyl sulfoxide; RM, repeated measures; Sal, saline; t0, time zero.
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Figure 35 Effect of myrcene treatment on evoked and spontaneous behaviour in

FCA-injected animals.

(A) There was a significant difference in withdrawal threshold, relative to baseline,
between myrcen&reated cohorts and vehidieeated animals (P < 0.0&wo-way RM
ANOVA wit h Basthdctest, n e &per@ime pointPosthoctesting revealed
that myrcene (5mg/kg) significantly increased withdrawal threshold at 60 minutes (**P <
0.01), 120 minutes (**P < 0.01) and 180 minutes (*P < 0.05) cordpareehicle.

Myrcene (1mg/kg) significantly improved withdrawal threshold at 120 minutes ("P <
0.05) inposthoccomparison to vehicle. There were no significant differences between
1mg/kg of myrcene and 5mg/kg of myrce(®) Weight borne on the ipsilata limb
relative to baseline (P > 0.05, tweay RM ANOVA, n = 8 per time point) an(r)

surface area placed on the ipsilateral paw (P > 0.05wayoRM ANOVA, n = 8 per

time point) were not significantly different amongst treatments. Bastandardize to

day severbaseline and presented as me&@EM. ANOVA, analysis of variance; RM,

repeated measures.
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Figure 3.6 The effect of cannabinoid receptor antagonists on myrcerA@duced

analgesia

(A) Withdrawal threshold varied significantly between myrcene treatment, antagonist
treatments and respective controls in a 3 hour time course (P < 0.0064ayWiM
ANOVA wi t h B o npbsehoctest n + &per time courseposthoccomparison
revealedhat the withdrawal threshold in the group receiving AM281 with myrcene
compared to myrcene was significantly reduced at 60 minutes (**P < 0.01) and 120
(****P < 0.0001) minutes. At 60 and 120 minutes, vehicle (DMSO/crem/sal) was
significantly reduced congped to the myrcereeated group (*P < 0.05; P < 0.001).
AM281 with myrcene and AM281 with vehicle (soy bean oil) comparisons did not show
posthocsignificance (P > 0.05{B) There was a significant difference of withdrawal
thresholdbetween myrcenenyrcene plus CER antagonist AM630, vehicle
(DMSO/crem/sal) with myrcene, and AM630 with vehicle (soy bearm@§ted groups

(P <0.01, tweway RM ANOVAwi t h B o nmpbsthoctest n + &per time point).
AM630 with myrcene attenuated the improvemienwithdrawal threshold observed in
the myrcendreated group at 60 (***P < 0.001) and 120 (****P < 0.0001) minutes.
There was alsposthocsignificance between myrcene, and vehicle (DMSO/crem/sal)
with myrcene at 120 minutes (P < 0.0Rpsthoccomparisons between myrcene plus
AM®630 and vehicle (soybean oil) with AM630 were not significant (P > 0(@3).
Withdrawal threshold amongst treatments, antagonists and appropriate vehicles varied
significantly at 120 minutes (P < 0.0001, emay ANOVAwith Bo n f e r posthoc 0 s
test n = 8 per group). The withdrawal threshold was increased significantly in the
myrcenetreated group compared to its vehicle (****P < 0.0001). AM630 (****P <
0.0001) and AM281 (***P < 0.001) with myrcene exhibited significantijueed
withdrawal thresholdposthoccompared to myrcene at 120 minutes. Vehicle
(DMSO/crem/sal) plus myrcene showed no guost significance between either CB
receptor antagonists (P > 0.05), but was significantly reduced compared to myrcene
treatment (*P < 0.01) Dataarestandardized tday severbaseline and presented as
mean® SEM.ANOVA, analysis of variance; Crem, cremophor; D7, day seven; DMSO,

dimethyl sulfoxide; NS, not significant; RM, repeated measures; Sal, saline; t0, time zero.

108



B Diclofenac (1mg/kg)

Bl Myrcene Smg/kg

w
4

| | | | 1 1
o S < e S
S S S S

=+ ) Q —

(01LA %) PIOYSAIY L, [EMBIPYIAA

<

B Diclofenac (1mg/kg)

I Myrcene Smg/kg

1
= [
uw

150+
100+

(07LA %) Med [exepsd uo S %

A

“of

S o
E o
T E
MS
£ 2
[T
= 9
S =
=

P
- p—

=

104

NS

1
S =
w

150+
1004

(00LA %) TeINE[EHUOD) JO BITY IBLING %,

O



Figure 3.7 Effect of myrcene on pain behaviour compared téhe positive control

diclofenac at peak effect time.

(A) Improvements in withdrawal threshold were not significantly different between
myrcene and diclofenaceated animals (P > 0.05, Makvhitney U test, n = 8 per

group).(B) Weight borne on the ipsilateral pamd(C) surface area used to weight bear
werenot significantly different between myrcene and diclofetnaated cohorts (P >

0. 05, unp a i-test = 8%ergrdup)nForGhesarparisons, the peak effect

time was 30 minutes for diclofenac and 120 minutes for myrcene. Data are standardized
to baseline on day seven and presented as m8&M. D7, day seven, DMSO, dimethyl

sulfoxide; Crem, cremophor; NS, not significant; Sal reglt0, time zero.
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Figure 3.8 Confirmation of inflammation in FCA -injected rats.

(A) Ipsilateral joint diameter was significantly increased in Fi@j&cted rats on day

seven compared to baseline{prduction measurements (****P < 0.0001, paired

St u d etest, =524 per group)B) The FCA cohort had a significantly higher percent
change from baseline joint diameters compared to naive animals (****P < 0.0001-Mann
Whitney U test, n = 1-R0 per group)(C) The number of rolling leukocytes (****P <

0. 0001, un p atest, ®=d1168 peugdoaph anf®sadherent leukocytes

*™*P < 0.0001, un ptesti T=cl1b4 gertgwupepwere Significantly
increased in FCAnjected rats on day seven compared to a naive c§adilean

perfusion in FCAinjected rats on day seven was also significantly increased compared to

napgve animals (**P <estOn=0Q1 64 per grqup)iDatarel St uden

presentedasmedrSEM. BL, baseline; FCA, ,Freund©os

perfusion units.
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Figure 3.9 Effect of diclofenac compared to vehicle on local inflammation.

(A) Joint diameter, relative to baseline, was not significantly different between diclofenac
andvehiclt r eat ed ani mal s ( P -test,Q=8pdrgroupfBp ai r ed
Diclofenac significantly reduced leukocyte rolling compared to vehicle (P < 0.04, two
way RM ANOVAwi t h B o npbsehoctest n £ @ per time point)Posthoc

testing showed that diclofenac reduced leukocyte rolling at*tB € 0.001) and 30

minutes (*P <0.05)C) There was no significant difference in adherent leukocytes
between diclofenac and vehidieated animals (P > 0.05, tweay RM ANOVA, n =6

9 per time point{E) Diclofenac also significantly reduced blood fléevthe knee joint (P
<0.01, tweway ANOVAwi t h B o rpbsehoctest n # @ per time point)Post
hoccomparisons showed a significant reduction at 15 minutes (**P < 0.01), 30 minutes
(***P < 0.001) and 60 minutes (**P < 0.01). Dadeestandardied as percent baseline, or
percent cumulative change and are presented as m&&M). ANOVA, analysis of

variance; Crem, cremophor; DMSO, dimethyl sulfoxid&, not significantRM,

repeated measures; Sal, saline.
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Figure 3.10 The effect ofmyrcene treatment on leukocyte trafficking and blood

perfusion in FCA-inflamed knee joints.

(A) There was significant variation of joint diameter between treatments (P < 0.01, one
way ANOVAwi t h B o rpbsthoctest n + &per group). Neither myroenose
varied from vehicle (P > 0.05), but there was a significant difference between myrcene
doses (**P < 0.01)B) Rolling leukocytes, relative to baseline, were significantly
different amongst treatments (P < 0.0001,-tway RM ANOVA wi post Bonf e
hoctest, n = 67 per time point). Treatment with 1mg/kg and 5mg/kg of myrcene
significantly reduced rolling leukocytes compared to veHigatment at 5, 15 ("M"P <
0.001; **P < 0.001), 30 and 60 minutes (*™™P < 0.0001; ****P < 0.000J)asthoc
analysis. There was mosthocdifferences between the myrcemeated groups (P >
0.05).(C) Adherent leukocytes relative to baseline were not significantly different
between treatment groups (P > 0.05,-tmay RM ANOVA, n = 67 per group)(D)

Mean perfusion to the affected area did not significantly differ between myne=ied

and vehicletreated cohorts (P > 0.05, tweay RM ANOVA, n = 67 per group). Data

are standardized to baseline and presented asr&aNM. ANOVA, analysis of

variance; BL, baseline; RM, repeated measures.
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Figure 3.11 The effect of cannabinoidreceptor antagonists on myrceneinduced

rolling leukocyte reductions.

(A) Leukocyte rolling was significantly different between myrcene, myrcene pluR CB
antagonist AM281, vehicle (DMSO/crem/sal) with myrcene, and AM281 with vehicle

(soy bean oiktreated groups. (P <@0O01, tweway ANOVAwi t h B o rmpbsehocr oni 6 s
test n = 59 per time point). AM281 with myrcene significantly increased leukocyte

rolling at 5 (**P < 0.01), 15 (***P < 0.001), 30 (****P < 0.0001) and 60 (*P < 0.05)

minutes postreatment irposthoctesting. Poshoc comparisons between myrcene and

vehicle (DMSO/crem/sal) were not significant (P <0.05) at any time point. Myrcene plus
AM281 and vehicle (soy bean oppsthoccomparisons were also not significant (P

<0.05).(B) There was a significant difference in rolling leukocytes between groups

receivig myrcene, myrcene andthe 88 ant agoni st AM630, myrcen
vehicle, and AM630 pl us mwayANOVAWE vehicle
B o nf e rposthociest 8 = 59 per time point)Posthocanalysis showed that AM630
increased leukocyte doig at 15 (*P < 0.05), 30 (**P < 0.01) and 60 (**P <0.01)

minutes compared to myrcetreated animals. There was no significaosthoc

comparisons between myrcene and myrcene plus antagonist vehicle (P > 0.05) during.
Posthoccomparison between myrceasd AM630, and AM630 with vehicle (soy bean

oil) was not significantly different (P > 0.05). Othmysthoccomparisons were not

relevant to the research objecti{€) At 30 minutes, there was a significant overall

variation between myrcene, the CB reog@ntagonists and respective vehicles (P <

0.0001, onavay ANOVAwi t h B o mbsehoctest n + O per group)Posthoc
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comparisons showed that myrcene reduced leukocyte rolling compared to its vehicle (*P
< 0.05). AM630 (*P < 0.05) and AM281 (*P < 0.001) significantly increased rolling
leukocytes. Both AM630 and AM281 were significantly different than their vehicle (**P

< 0.01/***P < 0.001) inposthoccomparisons. Othgrosthoccomparisons were not

directly pertinent to the research questiDataarestandardized to baseline and

presented as mednSEM. ANOVA, analysis of variance; BL, baseline; Crem,

cremophor; DMSO, dimethyl sulfoxide; RM, repeated measures; Sal, saline.
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Figure 3.12 Effect of myrcene oninflammation compared todiclofenac.

(A) Joint diameter was not altered between diclofenac and mytasated cohorts (P >

0. 05, unp a i-test = 8%ergrdup)nThdareswere also no significant changes

in (B) rolling leukocytes ofC) adherent leukocytdsetween diclofenac and myrcene
treated ani mals (P -test,d =& Her graup). g9 Diclofedac St ud e n
treatment significantly reduced blood flow to the knee joint compared to myrcene

treatment (**P < 0.01, MankVhitney U test, n =& pergroup).Data are standardized to

percent baseline and presentednasan® SEM. BL, baselineNS, not significant

11€



Chapter 4. The Effects of Repeated Administration of Myrcene

on Pain, Inflammation and Joint Damage

Disclosures:The jointhistopathology preparation and scorimgre conductednd

reportedby Bolder BioPATH Incorporated.

4.1 Background and hypotheses

Having established the acute effects of myrcene (previous chapter), we wanted to
investigate the effect of repeated administratbof myrcene on pain behaviour,
inflammation and disease progression as many RA treatments are routinely taken
throughout the disease to manage chronic symp¢bionsnohamed and Dijkmans 2005)

One study assessed repeated administration of myrcene on prostagtandin
induced hyperalgesi@orenzetti et al. 1991)The authors found that myrcene provided a
consistent level of analgesiaanfive days of oral treatment, suggesting that animals did
not develop tolerance to the chosen dasgenzetti et al. 1991 Myrcene has also been
deemed a sedative terpene as it can reduce exploratory berendéncomotor
coordination, while increasing time spent sleeping at high dése¥ale et al. 2002)
However, several studies show opposing findings on the effect of myrcene on locomotor
behaviounDaSilva et al. 1991; Do Vale el. 2002; Pauldreire et al. 2013)
Locomotion is often used as an indicator of nociception in disease models but can also
provide insight into motor control and alertnéBguis et al. 2017 Currently, no
literature has examined the effects of repeated administration of myrcene on pain or
locomotor activity in the FCA modeif RA.

Discovering a therapeutic with the ability to mitigate the inflammatory flares
responsible for disease progression could be a valuable advan¢8mghtet al. 2015)
The antiinflammatory potential of myrcene has been invegéd in a human
chondrocyte cell mod€Rufino et al. 2015)Researchers showed that myrcene prevented
nitric oxide production and algprevented the phosphorylation of integral proteins in the
NF-a BINK, ERK %2 and p38 pathwayRufino et al. 2015)Additionally, myicene

reduced MMPs responsible for cartilage damage and increased their respective TIMP



inhibitors (Rufino et al. 2015)These findingsuggest that myrcene may be an effective
antrinflammatory mediator and could alter disease progregBofino et al. 2015)No
studes to our knowledge examined the effect of myrcene on RA chronic disease
progression.

We investigated the effect of repeated subcutaneous administration of myrcene on
pain behaviour, activity, inflammation and disease progression in FCA monoarthritic rats

over the course of 21 days.

Hypotheses tested in this study are as follows:

Repeatal administration of myrcene will improve withdrawal threshold,
improve dynamic weight bearing and increase locomotor activity

Il. Repeated doses of myrcene will reduce joint oedema, prevent leukocyte
trafficking , and reduce prceinflammatory cytokines.

II. Repeatd delivery of myrcene will reduce overall joint damage

4.2 Methods and experimental design

We chose to repeatedly administer the higher 5mg/kg dose in order to maximize
analgesic, ardinflammatory, and disease modifying potential of the treatment regimen.
Baseline (BL)ipsilateraljoint diameter, dynamic weight bearif@QWB), activity and
von Frey hair measurements were recoré€i (50m) was injected intraarticularly in
anesthetized?@ isofluraneat 100% Q,1L/min) male Wistar rats on day zefgection
2.2). Twentyfour hours post FCA induction (day @9n Frey, DWB, activity and
ipsilateral joint diameter were assessed again before starting the treatment regimen

(section 2.3). Cohorts received one of the following treatments:

l. Vehicle (100% sp bean oil; 5@&1; subcutaneously over the knee joint)

Il. Myrcene (5mg/kg; 58k in vehicle; subcutaneously over the knee joint)

The identical treatment was administered on days 1, 2, 3, 7, 10, 14, 17 and 21.

Treatment days were chosen to model intense early treatment, followed by sustained

11€



maintenance treatments. Pain behaviour measurements (von Frey, DWB and activity)
were assessdeprior to receiving treatment on each of the listed days and 2 hours post
treatment. Joint oedema was assessed only prior to receiving treatment on the given days
(section 2.4.1). IVM and LASCA recordings, plasma samples and joints were collected

from thesame animal cohorts at the end of the study (da322%ee section 2.4).

Day 0 (BL): FCA induction Von Frey Hair Algesiometry?, Dynamic Incapacitance?, [VM &
(50ul i.artic) Activity?, Joint Diameter® LASCA
(n=7-8)
b | | l | l
(day)
1 2 3 7 10 14 17 21 -
' ' Plasma
Treatment (n=7-8) &
joint
collection
(n=4)
-—— =,
/ 1
| VEHICLE-soy | MYRCENE
1 {30pl; s.c.) I (Smgkg; s.c.)
I N = 8-12 1 N=§-12
! !

o =

*Measurements were performed prior to receiving trearment and 2 hours post reatment on the given day
"Measurements were recorded only prior to receiving treatment

4.3 Results

4.3.1 Repeated administration of myrcene attenuates mechanical allodynia but not
spontaneous pain behaviour
The effect of myrcene on withdrawal threshold throughout the tiourse is
shownin Figures 4.1A and 4B. These data did not pass normality, but were tested using
a parametric twavay ANOVA in the absence of a ngrarametric equivalent.
Withdrawal threshold before receiving treatment each day was significacriiasedn
the myrcendreated cohort compared to vehicle (Figure®4.2<0.0001, n = 1Rer time
point). Posthoctesting revealed that myrcene improved withdrawal threshold ym3ia
(P <0.01), 7 (P <0.001), 10 (P <0.05), 14 (P <0.01), 17 (P <0.001) and 21 (P < 0.05).
There was also a significant improvement of withdrawal threshold in the mytresed

cohort compared to vehicle controls 2 hours after treatment (Figure2.4B.0001, n =
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11-12 per time point). Myrcentreated animals exhibited an improved withdrawal
threshold on days 1 (P < 0.01), 2 (P < 0.001), 3 (P <0.01), 7 (P <0.0001), 10 (P < 0.01),
14 (P <0.05), 17 (P <0.01) and 21 (P < 0.0001).
There was no gnificant change in the amount of weight borne by the ipsilateral
hind paw during préreatment analysis (Figure 4.2A1, P > 0.05, n = 8 per time point) or
post treatment (Figure 4.2A2, P < 0.05, n-8 fer time point) between myrcetreated
or vehicletreated animals. Piteeatment (Figure 4.2B1, P > 0.05, n = 8 per time point)
and postireatment (Figure 4.2B2, P > 0.05, n-8 per time point) analysis of ipsilateral
paw surface area used to bear weight showed no significant difference between treatment

cohorts.

4.3.2 Locomotor activity is not altered by repeated treatment with myrcene

Repeated treatment with myrcene did not significantly increase quadrant crossing
during pretreatment (Figure 4.3A1, P > 0.05, n = 8 per time point) orppeatment
(Figure4.3A2, P > 0.05, n = 8 per time point) analysis when compared to vehicle
controls. Myrcendreated animals exhibited no difference in the number of rears during
pretreatment (Figure 4.3B1, P > 0.05, n = 8 per time point). No significant difference
occurrel throughout the 2 hour time course (Figure 4.3B2, P > 0.05, n = 8 per time
point). Time spent rearing was also not significantly different in myrteraged and
vehicletreated animals in either pteeatment investigations (Figure 4.3C1, P > 0.05, n =
8 per time point) or during pos$teatment analysis (Figure 4.3C2, P > 0.05, n = 8 per time
point).

4.3.3 Myrcene treatment blood flow and leukocyte trafficking not chronic oedema

In the 21 day time course, joint oedema measurements were significantlgrdiffer
in the myrcene treated cohort compared to their vehicle counterparts (Figure 4.4, P >
0.05, n = 12 per time point). Specific time points were not significantly different between
the groups iposthoctesting. At the conclusion of the time course, ryketreated
animals had fewer rolling leukocytes (Figure 4.5A, P < 0.01, +89&r grouppand
fewer adherent leukocytes (Figure 4.5B, P < 0.05, ¥89p@&r group) compared to control

treated animals. Blood perfusion to the affected knee joint was glaficgntly reduced

12C



by repeated myrcene treatment compared to vehicle treated controls at the conclusion of
the time course (Figure 4.5C, P <0.01, n8)7

4.3.4 Myrcene does not altemysystemic cytokine levels after repeated treatment
Analysis of systems inflammation showed that repeated treatment with myrcene

did not significantly alter levels of.}1b (Figure 46A, P > 0.05, n = 7 per group),

17A (Figure 46B, P > 0.05, n = 7 per group),-b (Figure 46C, P > 0.05, n = 7 per

group), or TNFa (Figure 46D, P > 0.05, n = 7 per group). Levels bf10 were also

unchanged by myrcene treatment (FiguGE4P > 0.05, n = 7 per groupevels of

these cytokines were lower than detectable limits in naive animals.

4.3.5 Myrcene is unable toevers jointdamage after repeated treatment

Repeated treatment with myrcene did not reverse overall summed joint damage
(Figure 4.7C, P < 0.05, n = 4 per group). Recurrent treatment also had no significant
effect on joint inflammation (Figure 4.8A, P < 0.05, n = 4gr@up), cartilage
destruction (Figure 4.XB, P < 0.05, n = 4 per group), pannus formation (Figure 4.8C, P <
0.05, n = 4 per group) or bone resorption (Figure 4.8D, P < 0.05, n = 4 per group) in

histologically analyzed knee joints.

4.4 Chapter summary

Repeatd administration of myrcene over the 21 day chronic time course
improved withdrawal threshold, an evoked measure of pain, but did not improve
spontaneous pain parameters such as ipsilateral weight bearing or hindpaw surface area
utilized throughout the tiencourse. Locomotor activity was unchanged during pre
treatment and pogteatment analysis (Table 4.3). Overall, repeated treatment with
myrcene improved local inflammation as evidenced by reducing leukocyte trafficking
and blood perfusion to the affectadea. Myrcene had no significant effect on oedema,

systemic inflammation or joint damage compared to vehicle controls (Table 4.4).
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45 Tables

Table 4.1 Histopathological breakdown of inflammation, pannus, cartilage and

bone resorption scores in knee joints from rat cohorts receiving either vehicle or

myrcene treatment over a 21 day time course. Scoring and histological preparati®n

were performedreported by Bolder BioPath, Boulder, Colorado, USA (Bendek

2019)
Group Histopathology Scores {B)
Vehicle  Inflammation Pannus Cartilage  Bone Summed Score
treated Resorption
Cvi 3 0.5 0.5 0.5 4.5
Cv2 3 0.5 0.5 0.5 4.5
Cv3 2 0.5 0.5 0 3
Cv4 1 0 0 0 1
Myrcene Inflammation  Pannus Cartilage  Bone Summed Score
treated Resorption
CM1 3 0.5 0.5 0.5 4.5
CM2 4 0.5 0.5 0.5 55
CM3 3 0.5 0.5 0.5 4.5
CM4 2 0.5 0.5 0 3

CV, chronic vehicle; CM, chronic myrcene.
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Table 4.2 Histopathological observations of knee jointsn rat cohorts receiving

either repeatedvehicle or myrcenetreatment over a 21 day time course.

Observations, made by Bolder BioPath (Colorado, USAwere provided with the

internal report (Bendele 2019)

Group

Histopathological Observation

Vehicle Treated

Cvl

Cv2

CvVv3

Cv4
Myrcene Treated

CM1

CM2

CM3

CM4

Moderate synovial/periarticular infiltrate of macrophages mainly,
fewer neutrophils, marginal zone pannus, cartilage damage and b
resorption. Microspheres approximately 30um diameter in infiltrate
Moderatesynovial/periarticular infiltrate of macrophages mainly,
fewer neutrophils, marginal zone pannus, cartilage damage and b
resorption. Microspheres approximately 30um diameter in infiltrate
Mild synovial/periarticular infiltrate of macrophages mgjrfewer
neutrophils, marginal zone pannus, and cartilage damage. Focal
iatrogenic injury to lateral tibia (needle stick). Microspheres
approximately 30um diameter in infiltrate.

Minimal synovial/periarticular infiltrate of macrophages mainly, foc
iatrogenic injury to lateral tibia (needle stick). Microspheres
approximately 30um diameter in infiltrate.

Moderate synovial/periarticular infiltrate of macrophages mainly,
fewer neutrophils, marginal zone pannus, cartid@®age and bone
resorption. Microspheres approximately 30um diameter in infiltrate
Marked synovial/periarticular infiltrate of macrophages mainly, few
neutrophils, marginal zone pannus, cartilage damage and bone
resorption. Microspheres approximgt80um diameter in infiltrate.
Moderate synovial/periarticular infiltrate of macrophages mainly,
fewer neutrophils, marginal zone pannus, cartilage damage and b
resorption. Microspheres approximately 30um diameter in infiltrate
Mild synovial/periarticular infiltrate of macrophages mainly, fewer
neutrophils, marginal zone pannus, and cartilage damage. Focal
iatrogenic injury to lateral tibia (needle stick). Microspheres
approximately 30um diameter in infiltrate.

CV, chronic vehicle; ®, chronic myrcene.
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Table 4.3 Pain behaviour result summary.

Parameter Pre-treatment Posttreatment

Pain behaviour summary Myrcene improved evoked but not spontaneous pain

Von Frey: withdrawal threshold Improvedwithdrawal Improved withdrawal
threshold threshold

DWB: ipsilateral weight bearing No improvement No improvement

DWB: ipsilateral surface area  No improvement No improvement

Activity summary Myrcene largely did not enhance locomotor activity

Quadrant crossing No improvement No improvement

Quantity of rears No improvement No improvement

Time spent rearing No improvement No improvement

DWB, dynamic weight bearing.

Table 4.4 Inflammation and joint damage result summary.

Parameter

Result summary

Inflammation summary

Joint oedema

Leukocyte trafficking: rolling
Leukocyte trafficking: adherent
Blood perfusion to affected area
Cytokine analysis

Joint damage summary
Inflammation infiltration
Pannus formation

Cartilage destruction

Bone resorption

Myrcene reduced local but not systemic inflammation
No improvement in joint oedema
Reduced rollindeukocytes
Reduced adherent leukocytes
Reduced blood perfusion

No improvement in cytokine levels
Myrcene did not alter joint damage
No improvement

No improvement

No improvement

No improvement
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Figure 4.1 The effect of repeated myrcene treatment on evoked pain behaviour.

(A) Withdrawal threshold was significantly higher in the myrcene versus veheelted
cohort (P < 0.0001, twavay RM ANOVAwi t h B o rpbsehoctest n ¥ 1 per

time point) when tested prior to receiving treatment eachRlagthocanalysis revealed

that myrcene treatment improved withdrawal threshold on days 3 (**P < 0.01), 7 (***P <
0.001), 10 (*P < 0.05), 14 (**P < 0.01), 17 (***P < 0.001) and(Z2 < 0.05).(B)

Withdrawal threshold was also significantly higher two hours-restment in the
myrcenetreated cohort versus vehicle controls (P < 0.0001;viap ANOVA with

B o nf e rposthociest 8 = 1112 per time point)Posthoccomparisons ere

significant on days 1 (**P < 0.01), 2 (***P < 0.001), 3 (**P <0.01), 7 (****P < 0.0001),
10 (**P < 0.01), 14 (*P < 0.05), 17 (**P < 0.01) and 21 (****P < 0.0001). Withdrawal
threshold data over the 2thy time course did not pass normality, but wasdyaed

using a parametric twavay ANOVA in the absence of a ngrarametric equivalent. An
ordinary tweway ANOVA was used due to a difference in data measurements at one of
the time pointsData are standardized to percent baseline and presenteshas SEM.

ANOVA, analysis of variance; BL, baseline; RM, repeated measures.
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Figure 4.2 Effect of repeated myrcene treatment on spontaneous pain behaviour.

Dynamic weight bearing on the ipsilateral paw was not significantly different in the
myrcenetreated cohort compared to vehicles when investiga&@yl grior to treatment
(P > 0.05, tweway RM ANOVA, n = 8 per group) diA2) 2 hours postreatment (P >
0.05, tweway RM ANOVA, n = 8 per time point). Surface area of the ipsilateral paw
was not signifiantly different in bot{B1) pre-treatment (P > 0.05, twaay ANOVA, n

= 7-8 per time point) an{B2) posttreatment analysis (P > 0.05, tw@y ANOVA, n =
7-8 per time point). Podteatment testing used an ordinary tway ANOVA due to a
missing data poit. Dataarestandardized to baseline and presented as m&&M.

ANOVA, analysis of variance; BL, baseline; RM, repeated measures.
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