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ABSTRACT

Cannabinoid Receptor 1 (CB4), an abundant G-protein coupled receptor (GPCR) in the central
nervous system, is currently of significant interest as a therapeutic target. The cellular control
of receptor trafficking is intimately linked with drug effects, however in comparison with other
GPCRs, the study of CB; trafficking is in its infancy. Although the existing literature suggests
CB; should be classified as a “dual-fate” receptor, some conflicting evidence exists as to the
conditions under which CB, recycles or degrades. Of particular interest is the widely noted
intracellular pool which has been speculated to form part of a constitutive internalisation and

recycling pathway.

This study performs a detailed quantification of CB, trafficking in four cell lines, one of which
expresses CB4 endogenously. A novel high-throughput immunocytochemistry-based approach
is applied to quantitatively measure receptor trafficking. An important advance on previous
studies is the use of a proteolytic method to directly quantitate intracellular receptors. Contrary
to previous reports, the data suggests that CB; does not recycle following constitutive or
agonist-induced internalisation but instead exhibits a primarily degradative phenotype.
Evidence is obtained through antibody ‘“live-feeding” protocols and the effects of protein
synthesis inhibitors, among other approaches. In addition, the data suggests that the
intracellular pool does not traffic to the cell surface and therefore does not contribute to CB;
signalling via classical paradigms. The effects of Rab GTPase dominantly-acting positive and

negative mutants on basal CB localisation corroborate these results.

The findings of this thesis have significant implications for the interpretation of CB; biochemical
studies and call for a revision of the currently held theories of CB; intracellular trafficking. The
study provides a foundation for further mechanistic studies and may impact the design and

application of cannabinoid therapeutics.



ACKNOWLEDGEMENTS

This thesis would not have been possible if not for the input of the following people who | would

like to take this opportunity to acknowledge and thank whole heartedly:

First and foremost, Associate Professor Michelle Glass, whose passion, brilliance, and
dedication to science is truly inspiring, and whose supportive and encouraging nature is very
much appreciated. My co-supervisors, Professor Mike Dragunow and Dr Scott Graham, who
are ever enthusiastic, willing to share ideas, and pay great attention to detail. | feel extremely

privileged to have worked with all of you.

Prof. Robert Lodge, Dr Marino Zerial, and particularly Prof. Ken Mackie, who donated materials
and reagents for the project and without whose generosity much of the research in this thesis
would not have been possible. The Marsden Fund of New Zealand and the University of

Auckland whose financial support was greatly appreciated.

Dr Debbie Hay, who generated some beautiful data for inclusion in this thesis, Pritika Naryan,
who provided training for and skilfully assisted in operating the Discovery-1 microscope, Mr
Stephen Vander Hoorn and Dr Marion Blumstein who provided statistical advice, Prof. Nick
Holford who provided advice on data modelling, and Dr Kate Angel who assisted with

experiments that were not ultimately included in this thesis.

Emma Daniel, Megan Dowie, Sandie Fry, Catherine Goodfellow, and Leslie Schwarcz, who |
have learnt so much from and value as both colleagues and dear friends. You have made this

experience so enjoyable.

My family, particularly Mum and Dad, who support me unfailingly and are ever inspiring in their
own work ethic. Finally, Steven, who is incredibly patient, encouraging and always cheerful.

Thank you for believing in me.



TABLE OF CONTENTS

ADSTIACE ...t ne e e s senennnnnnnes ii
ACKNOWIEAGEMENTS ...ttt e e e e e e s e e e e e e e e s nnnneeeeeeas iii
LI 0] (53 ) 07 0 o1 (=T | € R iv
LISt Of FIQUIES ...t e e e e e e e e s e s Vi
I Qo N IF= T o[ PR iX
Y o] o] (=Y = o o 1 X
1 Introduction 1
G-Protein Coupled Receptor Intracellular Trafficking ..., 2
Intracellular trafficking Pathways ... 3
Control and modulation of receptor trafficking .............coi i 7
GPCR trafficking iN diSEASE .......cciiiiiiiiiiiie e 11
Cannabinoid Receptor 1 Function, Pharmacology and Intracellular Trafficking..................... 12
In vivo functions and implications in disease .............cc.coeoveviiii 13

ST 1o | aT= 1111 a T SRt 16
Intracellular trafficking ..., 17
AIMS AN HYPONESES ... .. e e e e et e e e e e e e eearaa s e e e aeeeennnnns 24

2 Materials and Methods 27
[V [o] (=Tet U F=T o o] 1] (o T |V PP PPPPPPR 27

(O] o ]| (1] = PRSPPI 29
TraffiCKiNG @SSAYS ...uuuvuiuuiiiiiiiiiiiii e 33
IMMUNOCYLOCNEMISIIY .. e e e e e e eea e e aaeeeees 36
Imaging and quantification.................cc 38

LoF N = LTS ) TS 38

R4 L=E] (=Y 1 o] (o 11 Vo 39
Data presentation and statistiCS.........cooiiiviiiiiii 40

3 Quantitative Assay Development 41
INEFOAUCTION .. e 41
METhOAS ... .. 43
(@70] (071 11571 1o o PRSP 44
Image acquisition With DiSCOVEry-1T™ e e e e e e eeaeees 44



Assessment of receptor expression by Total Grey Value per Cell..............oooooeeieeei. 47
RESUIS ... 49
Selection of antibodies and verification of SPecCifiCity ............cccouiiiiiiiii, 49
Selection of conditions for antibody recognition of surface receptors..........cccccvvvivviiinnnnnes 57
CB; internalisation quantified with TGVC and Granularity ..............cccccvvvviiiiiiieiiiiiiinn, 60
Development of method for selective detection of intracellular CBq ...........ccooovviiviiiiniennnnn. 64
Selection of appropriate drug concentrations for co-stimulation experiments .................... 68
DISCUSSION ... 73
4 Investigations into CB, Trafficking and the Role of the Intracellular Pool 79
T (oo 11 o3 1To] o USSR 79
METNOAS ... 80
RESUILS ... 81
CB; is present both at the cell surface and in a large intracellular pool in transfected and
endogenously expressing Cell INES ..........ci i e 81
CB; undergoes rapid agonist-induced internalisation .................cccvvvviiiiiiiiiiiiiiis 85

Surface repopulation of CB; following agonist stimulation is dependent on ratio of agonist
(o TN 1YY =TT Vo [o] 1L O 87

Antibody live-feeding indicates internalised CB; does not recycle and is instead degraded

Constitutively internalised CB; is degraded following endocytosis and does not accumulate
to form the intracellular POOL........... .. e e 95

Blockade of constitutive internalisation results in an upregulation of surface and total CB;

which is prevented by protein synthesis inhibition ... 98
Surface, but not intracellular CB;, is degraded with chronic agonist stimulation .............. 102
Intracellular CB4 does not colocalise with Ga SUbUNItS .........coovuiiiiiiiiie e, 105
DISCUSSION ... 107
5 Rab GTPase Modulation of CB4 Trafficking 115
1] (oo 11 o7 1T o 115
METhOAS ... . 117
Rab GTPase CONSITUCES ........coiiiiiiiiiiee e 118
Transient tranSTECHION ... ... . e 120
CB; and Rab GTPase quantification.............ccoooiiiiiiiiiii e, 121
RESUIS ... 122
Optimisation of transient transfeCtioN...............vvviiiiiiiiiiiii s 122



Rab GTPase modulation of basal CB1 expression ... 128

Rab GTPases do not influence inverse agonist-induced surface upregulation or recycling

following agonist stimulation ..., 142
DISCUSSION ... 144

6 Discussion, Conclusions and Future Directions 155
Method optimiSation ...........cooi i 156
CB1iS @ NON-TECYCIING MECEPLON. ...ttt e e 161
Source and role of the CB; intracellular pool ..., 164
Rab GTPases and CB1 trafficking..........coouiiiiiiiii e 165
Perspectives and future directions..............cooo i 166

7 Appendices 171
Details of statistical testS.........oooiiii e 171
Derivation of secondary equation for MFR calculation .............ccccceeiiiiii 180
Note regarding COPYIIGNT........coiii i 181

8 References 182

vi



Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7
Figure 4.8
Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

LIST OF FIGURES

Comparison of antibodies for surface CB; immunocytochemistry ...............ccccvvvuee. 52
Comparison of antibodies for total CB1 immunocytochemistry ............cccooiiiiieennen. 54
Test for non-specific staining of selected antibodies on fixed and permeabilised cells
NOt €XPreSSING CBy .ottt eeeeeenennennnnes 56
Detection of surface CB; at different temperatures in the presence or absence of
= o [0 1 ] AP 59
CB, agonist-induced internalisation, quantified with TGVC and Granularity............ 62
Demonstration and optimisation of trypsin treatment for selective detection of
gLt p=Tot=] (10 F= T O = 7 T 67

Selection of monensin, CHX, ConA and SR concentrations for subsequent co-

stimulation eXPeriMeENtS ......... ... s 71
CB; localisation in HEK, CHO, AtT-20 and Neuro-2a cells..........ccccoevvieiiiineriinnnenn. 83
HU and WIN-induced CB; InternaliSation ...........cooeeeeee oo 86
CB; cell surface repopulation following agonist-stimulated internalisation .............. 89

Antibody live-feeding indicates endocytosed CB; does not recycle and is instead
L0 =T 0 =T 1Yo 93
CB+1 undergoes constitutive endocytosis but is subsequently degraded.................. 97

Inverse-agonist induced cell surface upregulation is blocked by protein synthesis

INNIDITION L.ttt e et e e nee e e enneeeans 100
Chronic agonist stimulation results in CB4 degradation .............ccccvvvvvvviiviiinvnnnnnn, 103
Intracellular CB; is not colocalised with inhibitory Ga subunits.............................. 106
Optimisation of transient transfection protoCol...............cooeviviviiiiiiiiiiiiiiiiiias 126

Demonstration of transiently-transfected EGFP expression variability and effect of

wild-type Rab GTPase expression on CBq.......cooooviiiiiiiiiiieee 127
Basal CB1 with Rab5 Co-eXpression ...........cccccccevivviiiii 130
Basal CB1 with Rab4a CO-eXPreSSion ...........uuuciiiiieiiiiiiiiiiie et 133

Vii



Figure 5.5 Basal CB; with Rab4b co-eXpression ..o, 135
Figure 5.6 Basal CB; with Rab11 CO-eXPreSSion .........cccuuuiiiiiiiiiiiiiiiieeee e 137
Figure 5.7 Basal CB; with Rab7 CO-€XPreSSiON .......ccccoiiiiiiiiiiieiececcee e 140
Figure 5.8 Rab GTPase influence on SR-induced CB, surface upregulation and recycling with

live antibody fEEAING .......ooviiiiieiieeeeeee e —————————— 143

viii



LIST OF TABLES

Table 2.1 Receptor constructs ULISEd ...........coii i e e 28
Table 2.2 Cell lINES ULIlISEA ......cooiiiiiiiee e 30
Table 2.3 Drugs and chemicals ULIISEA ..........ccooeiiiiiiiiii e e 35
Table 2.4 AntiDOdies ULIIISEA ........cooiiiieeeeeee e 37

Table 3.1 Discovery-1™ filter and dichroic mirror settings with associated fluorophore
excitation and emission PropPerties ..........couuiii i 46

Table 3.2 Drug concentrations selected for use in this study in comparison with previously

PUDBIISEd STUAIES ... e e 78
Table 5.1 Rab GTPase isoforms and point-mutants used in this study .............ccccciiiinn. 119
Table 5.2 PCR cycling conditions for site-directed mutagenesis ...........ccccevvvvvvviiviieiiiiiinnnnnn, 120
Table 7.1 Statistical tests performed to assess data..........cocoovviiiiiiiiiiiiiii e, 173
Table 7.2 Tukey post-test result for trypsin inhibitor optimisation, surface CBi ...................... 175
Table 7.3 Tukey post-test result for monensin concentration response, surface CB;............. 175
Table 7.4 Tukey post-test result for monensin concentration response, cell counts............... 176
Table 7.5 Tukey post-test result for CHX concentration response, total CB...........covvvvvennnees 176
Table 7.6 Tukey post-test result for CHX concentration response, cell counts............c.......... 176
Table 7.7 Tukey post-test result for ConA concentration response, surface CBi ................... 177
Table 7.8 Tukey post-test result for SR concentration response, surface CBi ....................... 177
Table 7.9 Tukey post-test result for SR upregulation in HEK cells ............oovvviiiviiiiiiiiiiiiiinnnns 177
Table 7.10 Tukey post-test result for SR upregulation in Neuro2a cells.............cccevvvvvvrvennnnns 177

Table 7.11 Tukey post-test result for transient transfection methods, transfection efficiency.178

Table 7.12 Dunn’s post-test result for transient transfection methods, cell counts.................. 178
Table 7.13 Tukey post-test result for Rab5 influence on basal CB1............cevvvvvviiiiiiiiiiiiinnnnn, 178
Table 7.14 Tukey post-test result for Rab7 influence on basal CB1............cvvviiiiviiiiiiiiiiiinnnnn, 179



ANOVA, analysis of variance

ATCC, American Type Culture Collection
B-AR, B.-adrenergic receptor

BSA, bovine serum albumin

cAMP, cyclic adenosine monophosphate
CB;, Cannabinoid receptor 1

CB,, Cannabinoid receptor 2

cDNA, complementary DNA

CHX, cycloheximide

ConA, Concanavalin A

D4, Dopamine receptor 1

DMEM, Dulbecco’s modified eagle’s medium
ECso, half maximal effective concentration
EGFP, enhanced green fluorescent protein
ER, endoplasmic reticulum

FBS, fetal bovine serum

FSM, full-serum media

g, grams

G-protein, GTP binding protein

GASP, GPCR-associated sorting protein
GPCR, G-protein coupled receptor

h, hour

HA, haemagglutinin

HEK, human embryonic kidney-293

HU, HU 210

kDa, kilodaltons

ABBREVIATIONS

min, minutes

M, mol/L (molar)

MFR, mean fluorescence ratio

NA, not applicable

NFM, non-fat milk

PCR, polymerase chain reaction
PBS, phosphate-buffered saline
PBS-T, PBS with 0.2% Triton X-100
PFA, paraformaldehyde

p, p-value

Pg., page

PNGase F, peptide-N-glycosidase F
Rab, Ras-like from brain

RT, room temperature

RM, repeated measures

sec, seconds

SFM, serum-free media

SR, SR 141716A

t%, half-life

TBS-T, Tris Buffered Saline with 0.05%
Tween

TIS, trypsin inhibitor from soybean
TGVC, total grey value per cell
WIN, WIN 55212-2

wt, wild-type

xg, times gravity



