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The	aim	of	this	body	of	work	has	been	to	further	understanding	of	the	signalling	and	functional	

properties	of	a	unique	family	of	cell	surface	receptors	known	as	G	protein-coupled	receptors	

(GPCRs),	and	one	of	their	subclasses:	The	CGRP	receptor	family.	These	receptors	are	crucial	for	

transducing	information	from	the	extracellular	to	intracellular	space.	While	much	pharmacological	

research	has	gone	into	understanding	the	signalling	and	function	of	GPCRs	in	recombinant	systems,	

there	is	a	very	little	knowledge	of	these	receptors	in	their	native	environment	and	at	endogenous	

expression	levels.	Nor	is	there	direct	evidence	for	potentially	controversial	phenomena	such	as	

signalling	bias	in	endogenous	cells.	This	provided	the	impetus	to	address	the	need	for	a	better	

understanding	of	the	pharmacology	of	endogenous	human	calcitonin	receptor-like	receptor	(CLR)	in	

its	native	cellular	environment.	Therefore,	primary	human	cardiovascular	cells,	gene	editing	

techniques,	and	a	host	of	intracellular	assays	were	used	to	study	the	signalling	properties	of	this	

GPCR	family,	revolving	around	the	CLR,	to	attempt	to	uncover	how	these	receptors	function	

endogenously.	Through	the	research	presented	here,	it	is	shown	that	the	CLR,	when	stimulated	by	

endogenous	agonists	activates	a	whole	host	of	signalling	pathways	to	bring	about	differing	

physiological	effects.	In	doing	so	it	has	revealed	unique	roles	for	calcitonin-gene	related	peptide	

(CGRP),	adrenomedullin	(AM),	and	the	little-understood	peptide	adrenomedullin	2	(AM2).	All	of	

which	are	dependent	on	the	presence	of	a	group	of	GPCR	accessory	proteins	known	as	receptor	

activity-modifying	proteins	(RAMPs).	These	proteins	are	not	only	crucial	for	CLR	function,	but	this	

dissertation	demonstrates	the	remarkable	way	in	which	they	govern	and	dictate	the	intracellular	

signalling	of	the	CGRP	family	of	peptides	endogenously.	Beyond	this,	the	G	protein	and	accessory	

protein	involvement	in	certain	signalling	cascades,	the	spatiotemporal	aspects	to	CGRP	peptide	

signalling,	and	the	functional	outcomes	of	signalling	in	cell	organoid	models	are	all	explored.	It	is	the	

author’s	belief	that	this	work	adds	a	great	deal	to	the	understanding	of	the	CLR,	and	more	generally	

takes	a	step	forward	in	the	understanding	of	endogenous	GPCR	signalling	bias.	 	



	

	

	

	

	

	

	

	

	

“Don’t	adventures	ever	have	an	end?	I	suppose	not.	Someone	else	always	has	to	carry	on	the	

story.”		

- J.R.R.	Tolkien,	The	Fellowship	of	the	Ring	
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Abstract	
The	aim	of	this	body	of	work	has	been	to	further	understanding	of	the	signalling	and	functional	

properties	of	a	unique	family	of	cell	surface	receptors	known	as	G	protein-coupled	receptors	(GPCRs),	

and	one	of	their	subclasses:	The	CGRP	receptor	family.	These	receptors	are	crucial	 for	transducing	

information	from	the	extracellular	to	intracellular	space.	While	much	pharmacological	research	has	

gone	into	understanding	the	signalling	and	function	of	GPCRs	in	recombinant	systems,	there	is	a	very	

little	knowledge	of	these	receptors	in	their	native	environment	and	at	endogenous	expression	levels.	

Nor	 is	 there	 direct	 evidence	 for	 potentially	 controversial	 phenomena	 such	 as	 signalling	 bias	 in	

endogenous	cells.	This	provided	the	impetus	to	address	the	need	for	a	better	understanding	of	the	

pharmacology	 of	 endogenous	 human	 calcitonin	 receptor-like	 receptor	 (CLR)	 in	 its	 native	 cellular	

environment.	Therefore,	primary	human	cardiovascular	cells,	gene	editing	techniques,	and	a	host	of	

intracellular	assays	were	used	to	study	the	signalling	properties	of	this	GPCR	family,	revolving	around	

the	CLR,	to	attempt	to	uncover	how	these	receptors	function	endogenously.	Through	the	research	

presented	here,	it	is	shown	that	the	CLR,	when	stimulated	by	endogenous	agonists	activates	a	whole	

host	of	signalling	pathways	to	bring	about	differing	physiological	effects.	In	doing	so	it	has	revealed	

unique	 roles	 for	 calcitonin-gene	 related	 peptide	 (CGRP),	 adrenomedullin	 (AM),	 and	 the	 little-

understood	peptide	adrenomedullin	2	(AM2).	All	of	which	are	dependent	on	the	presence	of	a	group	

of	GPCR	accessory	proteins	known	as	receptor	activity-modifying	proteins	(RAMPs).	These	proteins	

are	not	only	crucial	for	CLR	function,	but	this	dissertation	demonstrates	the	remarkable	way	in	which	

they	 govern	 and	 dictate	 the	 intracellular	 signalling	 of	 the	 CGRP	 family	 of	 peptides	 endogenously.	

Beyond	 this,	 the	 G	 protein	 and	 accessory	 protein	 involvement	 in	 certain	 signalling	 cascades,	 the	

spatiotemporal	aspects	to	CGRP	peptide	signalling,	and	the	functional	outcomes	of	signalling	in	cell	

organoid	models	 are	 all	 explored.	 It	 is	 the	 author’s	 belief	 that	 this	work	 adds	 a	 great	 deal	 to	 the	

understanding	 of	 the	 CLR,	 and	 more	 generally	 takes	 a	 step	 forward	 in	 the	 understanding	 of	

endogenous	GPCR	signalling	bias.	
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Chapter	1.	General	Introduction	

Cell	Surface	Receptors	

	

Cell	 surface	 receptors	provide	 the	 interface	between	 cells,	 the	building	blocks	of	 life,	 and	 the	

outside	world.	There	are	multiple	families	including:	Ligand-gated	ion	channels	or	ionotropic	(e.g.	cys-

loop	receptors),	Catalytic	or	enzyme-linked	receptors	(e.g.	Receptor	tyrosine	kinases),	and	lastly	the	

largest	and	most	diverse	is	the	G	protein-coupled	receptor	(GPCR)	or	metabotropic	receptor	family	

(e.g.	 muscarinic	 acetylcholine	 receptors)	 (Lefkowitz	 2004).	 Cell	 surface	 receptors	 can	 come	 into	

contact	with	the	external	environment,	internal	environment,	and	very	often	the	extracellular	matrix	

(ECM).	 Which	 is	 a	 non-cellular	 network	 made	 up	 of	 collagens,	 elastin,	 fibronectin,	 and	 other	

glycoproteins.	 The	matrix	 components	provide	a	 complex	network	 for	 cells	 to	 reside	 in	 tissues	by	

binding	 each	 other,	 matrix	 proteins	 and	 cell	 adhesion	 receptors	 (Theocharis	 et	 al.	 2016).	 The	

molecules	that	can	bind	and	invoke	a	reaction	in	cell	surface	receptors	are	broad	and	include:	peptide	

hormones,	 neurotransmitters,	 cytokines,	 adhesion	molecules	 and	 growth	 factors.	 The	 role	 of	 cell	

surface	 receptors	 is	 to	 then	 transduce	signals	 into	cells	 from	the	extracellular	environment,	which	

ultimately	 regulates	 a	 huge	 array	 of	 cellular	 functions,	 such	 as:	 survival,	 growth,	 migration,	

differentiation,	and	the	maintenance	of	homeostasis.		

G	protein-coupled	receptors	

	

GPCRs	or	7	transmembrane	receptors,	are,	as	mentioned	above,	the	largest	family	of	cell	surface	

receptors	(Lefkowitz	2007).	These	are	characterised	by	their	seven	membrane-spanning	domains,	and	

a	brief	overview	of	this	architecture	is	as	follows:	A	GPCR	contains	one	continuous	polypeptide	starting	

with	 an	 extracellular	 domain	 comprised	 of	 the	 N-terminus	 flowing	 into	 seven	 hydrophobic	
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transmembrane	domains	connected	by	 three	protruding	extracellular	 loops	and	three	 intracellular	

loops,	 followed	by	an	 intracellular	domain	 created	by	 the	C	 terminus	 (Alexander	et	al.	 2019).	 It	 is	

thought	GPCRs	comprise	over	1%	of	the	human	genome	(Bjarnadottir	et	al.	2006,	Smith	et	al.	2018).	

Which	codes	for	approximately	800	distinct	GPCRs;	roughly	350	are	non-sensory	and	the	targets	of	

most	pharmacological	intervention,	the	rest	are	sensory,	with	about	400	olfactory	receptors,	33	for	

taste	and	a	small	amount	of	light	and	pheromone	sensing	receptors	(Alexander	et	al.	2019).	GPCRs	

regulate	almost	all	physiological	functions	and	are	implicated	in	the	pathogenesis	of	a	huge	range	of	

diseases:	such	as	diabetes,	heart	disease,	and	Parkinson’s	to	name	a	few.	Their	importance	in	these	

disease	states	is	such	that	approximately	35%	of	currently	prescribed	drugs	target	GPCRs	making	them	

the	most	heavily	targeted	protein	family	for	therapeutics	(Sriram	and	Insel	2018).	Although	it	wasn’t	

until	 cloning	of	 the	mammalian	b2	adrenoceptor	or	adrenergic	 receptor	and	comparison	with	 the	

visual	rhodopsin	and	its	7-transmembrane	structure	that	it	was	first	realised	they	were	part	of	a	much	

larger	family	of	receptors	(Dixon	et	al.	1986).	Cloning	of	other	adrenergic,	serotonin	and	muscarinic	

cholinergic	receptors	further	confirmed	the	existence	of	this	family	of	receptors	(Dohlman	et	al.	1991).	

They	have	been	multiple	 attempts	 to	 classify	 them	 into	different	 subgroups	or	 families,	 based	on	

distinctive	features.	Although	they	all	share	the	7	stretches	of	25-35	mostly	hydrophobic	amino-acids	

that	reside	in	the	plasma	membrane.	The	main	vertebrate	families	based	on	phylogenetic	analysis	of	

the	human	genome	are:	Glutamate,	Rhodopsin,	Adhesion,	Frizzled/Taste2,	and	Secretin	(Schioth	and	

Fredriksson	 2005).	 Family	 A	 or	 the	 rhodopsin	 family	 is	 the	 largest	 and	 contains	 the	 first	member	

(rhodopsin)	to	be	crystallised	(Palczewski	et	al.	2000).	They	have	characteristically	short	N	termini	and	

the	NSxxNPxxY	motif	in	transmembrane	7.	As	for	the	metabotropic	glutamate	receptors	or	family	C	

they	have	relatively	long	N	termini	and	a	‘Venus	fly	trap’	binding	domain	for	glutamate.	The	adhesion	

family	of	receptors	(Family	B2),	were	first	discovered	through	bioinformatic	studies	(Fredriksson	et	al.	

2002,	Bjarnadottir	 et	 al.	 2004).	 Their	N-termini	 are	 rigid,	highly	 glycosylated	 structures,	 and	 some	

contain	a	GPCR	proteolytic	domain.	Then	there	is	the	frizzled	family	(Family	F),	first	confirmed	as	a	

family	of	GPCRs	by	(Slusarski	et	al.	1997).	They	are	amongst	the	most	highly	conserved	GPCRs,	and	
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contain	common	features	such	as	IFL	in	transmembrane	2	and	SxKTL	in	transmembrane	7.	There	are	

also	the	taste	2	sensory	receptor	subfamilies.	Lastly,	there	is	secretin	or	Family	B	named	after	the	first	

receptor	discovered	in	this	family.	It	has	18	members	coded	by	15	genes	(Table	1.1),	and	it	is	some	of	

the	members	of	this	family	that	will	be	the	focus	of	this	thesis:	Family	B	GPCRs	have	long	N-terminal	

domain	or	extracellular	domain	(ECD)	(100-160	amino	acids),	suitable	for	binding	the	carboxy-terminal	

segment	of	 large	peptide	ligands	(Wootten	et	al.	2017).	This	ECD	is	the	first	stage	of	the	proposed	

‘two-domain	 model’	 of	 binding	 unique	 to	 the	 class.	 The	 family	 B	 GPCRs	 also	 have	 very	 similar	

transmembrane	domains,	despite	the	class	Bs	only	sharing	20-45%	sequence	homology	(de	Graaf	et	

al.	2017).	Moreover,	many	of	the	structures	have	been	solved	by	X-ray	crystallography	and	cryogenic	

electron	microscopy	(Cryo-EM);	the	calcitonin	gene	related	peptide	(CGRP)	receptor	is	the	most	recent	

example	(Liang	et	al.	2018).	This	family	has	been	implicated	in	many	human	diseases;	two	of	which	

are	obesity	and	type	2	diabetes,	and	for	this	reason	they	have	been	the	a	target	for	much	drug	design	

(Archbold	 et	 al.	 2011),	 although	 this	 has	 not	 been	without	 its	 challenges	 (Hoare	 2005)	with	 non-

peptide	targeting	proving	difficult	up	until	very	recently	(Zhao	et	al.	2020).	In	this	study	they	found	a	

non-peptide	agonist	for	the	glucagon-like	peptide-1	(GLP-1)	receptor	that	could	activate	the	receptor	

through	a	novel	agonist	binding	site.	
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GPCR	activation	and	signalling	

		
GPCRs	perform	their	functions	through	initiating	signalling	cascades;	in	order	to	do	this	they	need	

to	 be	 activated,	 (although	 this	 can	 happen	 constitutively	 (Zhang	 et	 al.	 2014))	 it	 is	 predominately	

achieved	through	binding	ligands	that	act	as	agonists.	There	are	a	huge	variety	of	possible	agonists	

including:	 small	 molecules,	 peptides,	 large	 peptide	 hormones,	 large	 protein	 domains,	

neurotransmitters,		photons,	odorants	and	ions	(Alexander	et	al.	2017).	The	receptors	themselves	are	

allosteric	proteins	(DeVree	et	al.	2016),	meaning	they	exist	in	multiple	conformational	states	and	the	

Family	B	GPCRs	 Ligands	
GCGR	 Glucagon,	Oxyntamodulin	
GIP	 GIP	
GLP-1	 GLP-1,	Exendin	,	Liraglutide,	Glucagon	
GLP-2	 GLP-2,	Teduglutide	
Secretin	 Secretin,	VIP	
GHRH	 GHRH,	D-Ala2-GHRH	
PAC1	 PACAP-27,	PHM	
VPAC1	 VIP,	PACAP-27,	PG	99-465	
VPAC2	 VIP,	PACAP-27,	BAY55-9837	
PTH1	 PTH,	PTHrP,	TIP	
PTH2	 PTH,	PTHrP,	TIP	
CRF1	 CRF,	Urocortin	1,	Sauvagine	
CRF2	 CRF,	Urocortin	1,	Sauvagine,	Urocortin	3	
CLR	 CGRP,	Adrenomedullin,	Adrenomedullin	2	
CGRP	 CGRP,	Adrenomedullin,	Adrenomedullin	2	
AM1	 CGRP,	Adrenomedullin,	Adrenomedullin	2	
AM2	 CGRP,	Adrenomedullin,	Adrenomedullin	2	
CT	 Calcitonin,	Amylin,	CGRP	

AMY1	 CGRP,	Amylin	
AMY2	 Amylin	

Table	1.1.	Family	B	GPCR	members.	All	18	members	of	the	GPCRs	in	the	Family	B	classification	
system,	separated	into	five	subfamilies	based	on	similarities	in	their	physiological	roles.			 
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above	 agonists	 can	 change	 their	 confirmation	 through	 binding	 to	 the	 extracellular	 face	 of	 the	

receptor.	This	triggers	a	series	of	events	whereby	the	receptor	undergoes	a	conformational	change,	

this	then	opens	the	transducer	binding	site	and	influences	intracellular	protein	engagement	with	the	

receptor	(Hilger	et	al.	2018,	Kenakin	2017).	Just	as	there	are	many	molecules	capable	of	interacting	

with	GPCRs	at	their	extracellular	face,	there	is	also	a	huge	variety	of	 intracellular	proteins	that	can	

engage	with	the	receptor	from	inside	the	cell.	Some	of	which	are:	G	proteins,	arrestins,	PDZ-domain-

containing	scaffolds,	and	those	without	such	as	A	kinase	anchor	proteins	(AKAPs)	and	Receptor	activity	

modifying	proteins	(RAMPs)	(Dunn	and	Ferguson	2015,	Peterson	and	Luttrell	2017),	and	these	will	be	

explored	in	more	detail	below	starting	with	G	proteins.	

G	protein	activation	and	signalling	

	

G	proteins	are	the	canonical	GPCR	interacting	proteins.	They	are	heterotrimeric	meaning	that	they	

are	composed	of	3	subunits:	Ga,	Gb,	and	Gg.	Although	Gb	and	Gg	are	obligate	heterodimers.	Their	

canonical	activation	pathway	involves	agonist	binding	first,	this	then	induces	a	conformational	change	

in	the	receptor.	This	 in	turn	promotes	a	conformational	change	 in	the	G	proteins,	 importantly	this	

causes	guanine	exchange	factor	(GEF)	activity	to	catalyse	the	release	of	guanosine	diphosphate	(GDP)	

and	replacement	with	guanosine	triphosphate	(GTP)	on	the	Gα	subunits,	which	is	aided	by	a	much	

greater	concentration	of	GTP	in	cells	relative	to	GDP	(Oldham	and	Hamm	2008).	This	destabilises	the	

complex	and	 leads	to	Gα	and	Gβγ	subunits	dissociating	and	activating	a	host	of	possible	signalling	

pathways	 specific	 to	 each	 G	 protein	which	will	 be	 discussed	 further	 separately.	 There	 are	 16	 Ga	

proteins,		5Gb,	and	13	Gg	subunits	(Wootten	et	al.	2018)	producing	many	different	combinations.	The	

16	Ga	proteins	are	further	categorised	into	four	major	families	(Table	1.2).	Furthermore,	there	are	a	

series	of	subtype-specific	residues	in	each	of	the	families	of	Ga	proteins	around	the	protein	core	(Flock	

et	al.	2017).	These	residues	create	a	selectivity	barcode	enabling	selective	G	protein	binding	by	the	

specific	GPCR-agonist	combination.	This	barcode	can	also	be	read	differently	by	different	GPCRs	as	
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they	may	bind	the	same	positions	in	the	GPCR	but	a	receptor	can	have	distinct	residues	in	that	position	

(Flock	et	al.	2017).	

	

Ga	subunits	
Gas/olf	 Gai/o	 Gaq/11	 Ga12/13	
as	 ai1,	ai2,	ai3	 aq	 a12	
asXL	 ao	 a11	 a13	
aolf	 at	 a14	 	
	 az	 a15/16	 	
	 agust	 	 	

	

There	 are	multiple	 effectors	 regulated	 by	G	 proteins	 These	 can	 include	 adenylyl	 cyclase	 (AC),	

guanylyl	cyclase	(GC),	phosphodiesterases	(PDEs),	phospholipase	A2	(PLA2),	phospholipase	C	(PLC),	

phosphoinosite	 3-kinases	 (PI3Ks).	 These	 are	 capable	 of	 directly	 or	 indirectly	modulating	 levels	 of	

second	 messengers	 such	 as	 cyclic	 adenosine	 monophosphate	 (cAMP),	 cyclic	 guanosine	

monophosphate	(cGMP),	diacylglycerol	(DAG),	inositol	trisphosphate	(IP3),	phosphatidylinositol	4,5-

bisphosphate	 (PIP2),	 Phosphatidylinositol	 (3,4,5)-trisphosphate	 (PIP3),	 and	 calcium.	G	 proteins	 also	

modulate	 extracellular	 signal-regulated	 protein	 kinases	 1	 and	 2	 (ERK1/2),	 and	 ion	 channel	 activity	

(Marinissen	and	Gutkind	2001).	Each	in	turn	can	trigger	distinct	signalling	cascades.	Some	of	which	

are	shown	in	(Figure	1.1).	The	most	well-studied	of	these	pathway	is	the	Gas	mediated	pathway.	Once	

activated	this	itself	then	activates	a	family	of	enzymes	known	as	the	adenylyl	cyclases	(ACs).	These	

belong	to	the	Class	III	nucleotidyl	cyclase	family	(along	with	the	guanylyl	cyclases,	that	convert	GTP	to	

cGMP).	There	are	10	adenylyl	cyclase	isoforms,	the	first	nine	are	bound	to	the	membrane	and	AC10	

is	soluble	(Willoughby	and	Cooper	2007).	Once	activated	by	Gas	they	convert	ATP	into	cAMP,	however	

they	can	be	regulated	by	other	proteins	and	molecules	such	as	calcium	bound	to	calmodulin,	this	is	

capable	of	stimulating	AC1	and	AC8,	and	calcium	alone	inhibits	AC5	and	AC6.	PKA	and	PKC	are	also	

Table	1.2.	Ga	subunit	classification.	All	16	member	of	the	Ga	 family	of	proteins	divided	 into	
classes	broadly	based	on	their	function.	
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known	to	modulate	adenylyl	cyclases	(Halls	and	Cooper	2017).	cAMP	itself	can	activate	a	myriad	of	

downstream	effects	by	activating	effectors	 such	as	protein	kinase	A	 (PKA)	and	 the	cAMP-	and	 the	

cAMP-regulated	exchange	factor	for	Rap1	(EPAC),	or	cAMP	response	element–binding	protein	(CREB)	

leading	to	gene	regulation,	regulation	of	metabolism,	positive	inotropy	in	the	heart,	gluconeogenesis	

or	lipolysis	(Ravnskjaer	et	al.	2016,	Boularan	and	Gales	2015).	It	is	thought	that	adenylyl	cyclases	can	

also	exist	in	lipid	rafts	(Pike	et	al.	2002)	these	compartmentalise	cAMP	signalling	enabling	localised	

and	distinct	signalling	events,	within	these	rafts	many	other	proteins	can	co-localise	with	a	host	of	

other	proteins	including	A	kinase	anchoring	proteins	(AKAPs),	PKA,	PKC,	and	phosphodiesterases	–	the	

enzymes	that	degrade	cAMP.	Together	this	can	create	signalling	micro-domains	(Ayling	et	al.	2012).		

The	next	family	to	mention	is	the	Gai/o,	defined	by	their	ability	to	inhibit	adenylyl	cyclases	and	their	

sensitivity	to	inhibition	by	pertussis	toxin	(PTX).	It	is	important	to	note	that	it	is	not	simply	Ga	subunits	

that	trigger	signalling	cascades.	The	Gbg	subunit	also	has	many	important	roles	such	as	stimulating	

small	GTPases	such	as	Ras	to	activate	MAPKs,	they	can	also	regulate	K+	channels	(e.g.	in	the	heart	via	

M2	muscarinic	receptors),	and	phosphatidylinositol	3-kinase	(PI3K)	(Neves	et	al.	2002).		

The	Gq/11	pathway,	and	a	subunits	are	made	up	of	the	members	described	in	(Table	1.2),	of	these	

Gaq	and	Ga11	are	the	most	ubiquitously	expressed	and	share	88%	amino-acid	sequence	homology	

(Mizuno	 and	 Itoh	 2009).	 They	 are	 activated	 in	 the	 same	manner	 as	 the	 previous	 G	 proteins,	 but	

activate	a	unique	signalling	cascade:	Gaq/11	binds	and	activates	phospholipase	C	(PLC)	at	the	plasma	

membrane	 (Figure	 1.1).	 This	 then	 hydrolyses	 phosphatidylinositol-4,5-bisphosphate	 (PIP2)	 into	

diacylglycerol	and	inositol	1,4,5	trisphosphate	(IP3).	DAG	itself	can	then	activate	protein	kinase	C	which	

has	a	number	of	phosphorylation	targets.	But	the	most	well	studied	continuation	of	this	pathway	is	

through	IP3;	this	diffuses	into	the	cell	to	the	IP3	receptor	on	the	endoplasmic	reticulum	(ER)	membrane	

(Kamato	et	al.	2017).	This	receptor	acts	as	a	channel	allowing	calcium	release	into	the	cytosol	from	

these	ER	stores,	the	response	 is	then	enhanced	by	calcium	mediated	calcium	release	to	produce	a	

wave	of	calcium	before	it	is	quickly	taken	back	up	into	the	ER	by	store	operated	calcium	entry	(SOCE)	
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(Thillaiappan	et	al.	2019).	Lastly	there	is	the	Ga12	and	Ga13	G	protein	family.	The	a	subunits	have	70%	

amino-acid	 sequence	 homology	 (Singer	 et	 al.	 1994)	 and	 are	 ubiquitously	 expressed.	 As	 for	 the	

downstream	pathways,	these	are	much	less	well	understood.	Having	said	that,	it	has	been	established	

that	they	can	regulate	the	activation	of	RhoGTPases	(Aittaleb	et	al.	2010).	In	order	to	do	so	they	must	

first	activate	their	effectors;	proteins	belonging	to	a	family	known	as	RH	domain	containing	guanine	

nucleotide	exchange	factors	for	Rho	(RH–RhoGEFs).	Examples	of	these	known	to	be	regulated	by	Ga12	

and	Ga13	 include:	p115RhoGEF,	PDZ–RhoGEF	and	LARG	(Fukuhara	et	al.	2000,	Kourlas	et	al.	2000).	

RhoGTPases	belong	to	the	RAS	family	of	monomeric	(as	opposed	to	heterotrimeric	G	proteins)	GTP	

binding	proteins	with	a	slow	rate	of	innate	GTPase	activity	so	are	bound	to	GTP	or	GDP	depending	on	

their	 state	 of	 activation.	 They	 can	 then	 lead	 to	 the	 regulation	 of	 many	 processes	 such	 as	 gene	

expression	and	actin	cytoskeleton	rearrangement	(Sit	and	Manser	2011).	Ga12	and	Ga13	themselves	

are	regulated	by	kinases,	PKC	 is	a	kinase	has	been	heavily	 implicated	 in	 their	phosphorylation	and	

regulation	it	was	initially	thought	only	Ga12	was	regulated	by	PKC	(Kozasa	and	Gilman	1996),	before	it	

was	shown	that	Ga13	is	also	inhibited	by	PKC	(Offermanns	et	al.	1996).	

	It	is	also	important	to	acknowledge	that	there	is	a	temporal	aspect	to	the	above	GPCR	signalling,	

in	 the	 example	 of	 the	 parathyroid	 receptor	 (PTHR)	 there	 is	 short	 and	 long	 term	 signalling,	which	

appears	physiologically	relevant	as	short	term	signalling	appears	to	cause	rapid	calcium	mobilisation	

at	the	bone	surface	whereas	long	term	signalling	seems	to	lead	to	bone	growth	(Hanyu	et	al.	2012).	

There	 is	also	evidence	 that	 sustained	 	b-	 adrenenoreceptor	 signalling	 leads	 to	upregulation	of	 the	

PCK1	 gene	 (Tsvetanova	 and	 von	 Zastrow	 2014).	 In	 the	 canonical	 model	 of	 GPCR	 signalling	 these	

second	messengers	 then	 lead	 to	 kinase	 activation	 (GRKs,	 PKA,	 PKC)	 and	negative	 feedback	 to	 the	

receptor	 by	 b-arrestin	 recruitment	 to	 the	 phosphorylated	 receptor,	 G	 protein	 uncoupling,	 and	

recruitment	of	endocytic	machinery	(Pavlos	and	Friedman	2017).	
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G	protein-independent	signalling	

		

Arrestins,	briefly	mentioned	above,	act	as	negative	regulators	of	G	protein	signalling,	there	are	

two	 non-visual	 arrestins	 in	 humans:	 b-arrestin1	 and	 b-arrestin2.	 Interestingly,	 they	 also	 act	 as	

scaffolds	 for	 G	 protein	 independent	 signalling,	 primarily	 for	 the	 activation	 of	 mitogen-activated	

protein	 kinases	 such	 as	 ERK1/2	 (MAPKs)	 (Figure	 1.1),	 AKT,	 SRC,	 nuclear	 factor-κB	 (NF-κB)	 Kinases	
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ATP
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Figure	 1.1.	 Typical	 signal	 transduction	 pathways	 downstream	 of	 a	 GPCR	 Schematic	
representation	of	 a	 ligand	 stimulating	 GPCR	 activation;	 capable	 of	 recruiting	 Ga,	 Gq,	 and	b-
arrestin	and	their	subsequent	second	messenger	signaling	pathways	represented	here	by	cAMP,	
calcium,	and	pERK1/2	 respectively.	 Also	shown	 is	 the	 inherent	amplification	possible	 from	the	
stimulation	of	a	single	GPCR	producing	a	wave	of	second	messenger	production	intracellularly.	
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(Ranjan	et	al.	2017).	Moreover,	 it	 is	now	known	they	undergo	conformational	changes	upon	GPCR	

binding,	and	the	extent	of	these	changes	leads	to	different	outcomes	(Lee	et	al.	2016).	

GPCR	Internalisation	and	Termination	

	

In	the	canonical	GPCR	activation	scheme,	receptors	are	phosphorylated,	often	by	GRKs	(Benovic	

et	al.	1986).	They	can	also	be	phosphorylated	by	protein	kinase	A	(PKA)	and	Protein	Kinase	C	(PKC),	

they	then	phosphorylate	serine	and	threonine	residues	on	the	carboxyl	tail	or	in	the	third	intracellular	

loop	of	the	agonist	bound	receptor.	This	results	in	b-arrestin	binding	which	prevents	further	G	protein	

recruitment	thus	terminating	signalling.	It	is	thought	this	is	achieved	by	binding	similar	regions	to	the	

G	proteins	in	the	intracellular	core	thus	sterically	hindering	them.	b-arrestins	then	mediated	receptor	

internalisation	via	clathrin	coated	pits	and	degradation	or	recycling	(Goodman	et	al.	1996,	Oakley	et	

al.	1999).	Other	proteins	involved	in	this	process	include	clathrin	adaptor	protein	2	(AP2)	which	aids	

in	clathrin	coated	pit	formation,	and	dynamin	that	cuts	the	clathrin	coated	pit	off	from	the	remainder	

of	the	plasm	membrane	(both	of	which	are	targeted	by	inhibitors	later	in	this	dissertation).	A	major	

component	 of	 this	 process	 is	 the	 activity	 of	 the	 regulators	 of	 G	 protein	 signalling	 (RGS)	 proteins	

mentioned	above,	the	shorten	the	length	of	time	that	GTP	is	bound	to	a	G	protein	(and	therefore	how	

long	it	is	activated)	through	stimulating	GTP	hydrolysis.	There	are	over	20	members	of	the	RGS	protein	

family	 (Coleman	 et	 al.	 1994).	 Although	 this	 termination	 pathway	 can	 proceed	 as	 above	 for	 some	

receptors,	the	picture	is	much	more	complex	than	the	original	model	for	others;	with	some	receptors	

having	been	shown	to	bind	G	proteins	and	b-arrestins	at	the	same	time	and	forming	a	‘super-complex’	

(Thomsen	et	al.	 2016);	 this	 can	be	attributed	 to	 the	 recently	observed	biphasic	engagement	of	b-

arrestins	by	 receptors	 (Shukla	et	al.	2014)	where	 it	was	 shown	 that	 the	N-terminal	domain	of	 the	

arrestin	 interacts	with	the	phosphorylated	C-terminal	 tail	of	 the	GPCR	first.	Then	a	second	weaker	

interaction	is	possible	which	involves	the	finger	loop	of	the	arrestin	inserting	into	the	receptor	core.	

This	 interaction	 is	 thought	 to	 occlude	 G	 protein	 binding.	 This	 provides	 a	 possible	 explanation	 for	
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another	 recently	 observed	 phenomenon:	 GPCRs	 capable	 of	 mediating	 signalling	 from	 multiple	

subcellular	locations;	including	the	golgi	membranes	and	endosomes	(Eichel	and	von	Zastrow	2018,	

Yarwood	et	al.	2017).	This	demonstrates	their	signalling	goes	beyond	purely	the	plasma	membrane,	

and	distinct	pools	of	plasma	membrane	or	intracellular	cAMP/pERK1/2	have	been	detected	providing	

evidence	for	a	spatial	as	well	as	temporal	elements	to	GPCR	signalling.	

GPCR	Signalling	bias		

	

Signalling	bias	or	biased	agonism	is	a	concept	that	describes	the	ability	of	individual	ligands	acting	

at	the	same	GPCR	to	trigger	different	conformations	leading	to	distinct	levels	of	effector	recruitment,	

patterns	of	signalling,	and	potentially	unique	physiological	outcomes	(Figure	1.2).	An	appreciation	for	

this	 phenomenon	 first	 began	 when	 G	 protein	 independent	 b-arrestin	 mediated	 signalling	 was	

discovered	(Wei	et	al.	2003,	Violin	and	Lefkowitz	2007).	From	there	ligand	bias	was	then	demonstrated	

between	G	proteins	and	b-arrestin	mediated	signalling	(Violin	and	Lefkowitz	2007).	Whereby	different	

ligands	had	a	preference	for	activating	different	pathways	through	the	same	receptor	(Figure	1.2).	

Whereas,	 traditionally	 GPCRs	 were	 considered	 to	 switch	 between	 “on”	 and	 “off”	 conformations;	

known	as	the	two-state	model,	it	is	now	largely	defunct.	Due	to	the	understanding	that	receptors	can	

exist	in	a	multitude	of	confirmations,	and	that	these	can	be	influenced	by	ligands.	Crucially,	ligands	

can	be	described	in	terms	of	two	innate	properties:	affinity	and	efficacy.	The	former	describes	their	

ability	 to	 bind	 a	 receptor	 and	 the	 latter	 describes	 their	 ability	 to	 elicit	 a	 functional	 consequence.	

Antagonists	for	example	possess	an	affinity	for	a	receptor	but	no	efficacy,	whereas	agonists	possess	

both,	and	it	is	now	known	both	affinities	and	their	efficacies	can	vary	at	a	single	GPCR	(Wisler	et	al.	

2014).	 Importantly,	bias	 is	a	 relative	 term,	and	 is	usually	 in	 reference	to	a	 ‘balanced	 ligand’	at	 the	

signalling	pathways	or	a	 single	endogenous	agonist	 for	 the	 receptor	 in	 studies	of	 synthetic	biased	

agonists	(Smith	et	al.	2018).	If	we	take	the	ligand	from	(Figure	1.1)	as	an	example	of	a	balanced	ligand	

then	 (Figure	 1.2)	 shows	 three	 different	 examples	 of	 possible	 biased	 ligands	 at	 that	 receptor.	
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Furthermore,	there	are	subtle	differences	in	types	of	bias:	 ligand	encoded	bias	is	generated	by	the	

ligand	and	the	conformational	changes	it	induces	in	the	GPCR:	preferentially	recruiting	one	G	protein	

over	another,	or	G	proteins	vs	b-arrestins.	Observed	as	an	increased	potency	in	dose-response	analysis	

of	one	pathway	and	decreased	potency	at	another	(relative	to	the	balanced	agonist).	Biased	receptors	

are	those	that	stimulate	one	pathway	over	another	despite	stimulation	by	the	balanced	agonist;	this	

can	 be	 different	 receptors	 in	 the	 same	 family,	 or	 a	 receptor	 containing	mutations	 that	 means	 it	

recruits	certain	effectors	less	well	(Kliewer	et	al.	2019).	Then	there	is	system	bias	where,	expression	

or	 overexpression	 of	 certain	 proteins	 such	 as	 GRKs,	 G	 proteins	 or	 	b-arrestins	 can	 bias	 a	 system	

towards	a	certain	response,	demonstrating	that	some	bias	can	be	tissue	specific.	 It	 is	 important	to	

Figure	1.2.	Representation	of	GPCR	signalling	bias.	Schematic	representation	of	a	ligand	stimulating	
GPCR	 activation;	 capable	 of	 recruiting	 Ga,	 Gq,	 and	 b-arrestin	 and	 their	 subsequent	 signaling	
pathways	 represented	 here	 by	 cAMP,	 calcium,	 and	 pERK1/2	 respectively.	 	 GPCR	 activation	 and	
signalling	 bya	 ligand	biased	 towards	 cAMP	 (A),	 calcium	 (B),	 or	 pERK1/2	 (C)	 signalling	 relative	 to	 a	
balanced	ligand	represented	schematically	in	Figure	1.1.	
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distinguish	 between	 ligand	 bias	 and	 system	bias	 (Onaran	 et	 al.	 2014).	 This	 can	 be	 achieved	 using	

methods	such	as	quantifying	bias	-	bias	can	be	quantified	through	adapting	the	operational	model	of	

pharmacological	agonism	(Black	and	Leff	1983,	Kenakin	2017),	and	through	the	generation	of	bias	

plots	(Gregory	et	al.	2010).			

Biased	 agonism	 created	 renewed	 interest	 in	 GPCRs	 as	 therapeutic	 targets,	 by	 providing	 a	way	 to	

theoretically	design	 ligands	 to	produce	desired	outcomes,	while	minimising	unwanted	 side	effects	

through	the	same	GPCR.	Rather	than	simply	activating	or	antagonising	the	receptor	(Rajagopal	et	al.	

2010,	Davenport	et	al.	2020).	An	important	example	of	bias	and	its	therapeutic	implications	comes	

from	the	µ-opioid	receptor.	Morphine	acts	through	this	receptor	to	produce	potent	analgesic	effects.	

However,	alongside	these	it	also	causes	undesirable	side	effects	including	respiratory	depression	and	

constipation.	A	trailblazing	mouse	knockout	study	suggested	that	the	adverse	effects	and	morphine	

tolerance	were	mediated	by	b-arrestin	2	signalling	and	receptor	regulation,	whereas	the	beneficial	

analgesic	effects	were	thought	to	be	G	protein	driven	(Raehal	et	al.	2005).	Thus,	paving	the	way	for	

the	development	of	biased	agonists	at	the	µ-opioid	receptor,	and	providing	a	potential	example	of	

how	signalling	bias	can	be	therapeutically	beneficial.	Oliceridine	is	one	G	protein	biased	agonist,	with	

reduced	b-arrestin	recruitment,	currently	under	clinical	trail	evaluation.	Compared	to	morphine	this	

drug	 showed	equivalent	 levels	of	 analgesia	with	 reduced	 side	effects	 (Singla	et	 al.	 2019),	 crucially	

when	examined	 specifically	 there	was	 a	 reduction	 in	negative	 respiratory	 side	effects	 (Ayad	et	 al.	

2020)		However,	the	development	of	biased	agonists	is	not	without	its	challenges	and	controversies;	

a	recent	study	of	another	G	protein	biased	agonist	in	mice	still	demonstrated	respiratory	depression	

despite	 being	 G	 protein	 biased	 (Hill	 et	 al.	 2018).	 Furthermore,	 a	 recent	 study	 using	 b-arrestin	

recruitment	deficient	mutations	of	the	µ-opioid	receptor	in	mice	showed	increased	analgesia	but	no	

reduction	in	respiratory	side	effects	(Kliewer	et	al.	2019).	Although	this	does	not	entirely	refute	the	

original	 findings,	 with	 multiple	 studies	 still	 supporting	 the	 evidence	 that	 reducing	 b-arrestin	 2	

recruitment	does	reduce	tolerance	(Raehal	et	al.	2011).	Most	recently	a	study	that	produced	their	
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own	b-arrestin	2	knockout	mice	recorded	morphine	evoking	negative	side	effects	such	as	constipation	

and	 respiratory	 depression	 (Kliewer	 et	 al.	 2020)	 suggesting	 all	 negative	 side	 effects	 cannot	 be	

attributed	to	b-arrestins.	Overall	this	seems	to	suggest	that	signalling	bias	observed	in	recombinant	

and	mouse	studies	and	how	they	reflect	the	outcomes	seen	in	humans	is	not	as	fully	understood	as	

previously	 thought;	and	observations	may	well	have	been	 simplified	 too	heavily	down	 to	a	binary	

choice	between	G	proteins	and	b-arrestins.	Therefore,	these	reports	demonstrate	further	study	of	the	

underlying	signalling	bias	is	needed.	As	well	as	highlighting	the	perils	and	limitations	of	extrapolating	

from	rodent	studies	to	human.	

The	calcitonin	receptor-like	receptor	

	

In	 1993,	 The	 calcitonin	 receptor-like	 receptor	 (CLR),	 originally	 classified	 as	 CRLR,	 was	 first	

identified	and	cloned	in	mammalian	systems	(Chang	et	al.	1993,	Njuki	et	al.	1993).	It	is	a	member	of	

the	aforementioned	family	B	GPCRs	(Table	1.1),	it	is	most	closely	related	to	the	calcitonin	receptor,	

and	is	endogenously	activated	by	peptide	ligands	(McLatchie	et	al.	1998).	These	ligands	are	calcitonin	

gene	related	peptide	(CGRP),	adrenomedullin	(AM)	and	adrenomedullin	2	(AM2);	all	members	of	the	

CGRP	superfamily	of	peptides	(calcitonin	and	amylin	are	the	other	members	that	do	not	activate	CLR).	

As	with	most	GPCRs	it	primarily	couples	to	G	proteins,	in	heterologous	systems	it	has	been	shown	to	

activate	Gs,	Gi/o,	Gq/11/14	(Hay	et	al.	2018).	These	are	able	to	regulate	effectors	such	as	adenylyl	cyclase	

and	PL	C	to	generate	intracellular	second	messengers	including	cAMP	and	Ca2+,	which	then	activate	

their	respective	intracellular	signalling	cascades.	There	is	also	much	evidence	of	CLR	recruitment	of	b-

arrestins,	internalisation	and	recycling	(Hilairet	et	al.	2001,	Kuwasako	et	al.	2000,	Gingell	et	al.	2020).	

The	 CLR	 has	 been	 implicated	 in	 many	 diseases	 such	 as	 osteoporosis	 and	 renal	 cell	 carcinoma	

(Nikitenko	et	al.	2013).	
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Receptor	activity-modifying	proteins	

	

The	CLR	is	unique	in	that	it	forms	obligate	heterodimers	with	Receptor	activity-modifying	proteins	

(RAMPs)	in	order	to	traffic	and	form	a	functional	receptor	at	the	plasma	membrane	(McLatchie	et	al.	

1998,	Muff	et	al.	1998).	RAMPs	are	small	membrane	spanning	proteins,	all	have	a	large	extracellular	

N	terminus,	a	single	transmembrane	domain	and	a	small	intracellular	C-terminal	domain	that	regulate	

the	function	of	certain	GPCRs.	There	are	three	members	of	the	family;	RAMP1,	RAMP2,	and	RAMP3	-	

and	amino	acid	alignment	shows	31%	homology	between	them	all	 (Barbash	et	al.	2017).	They	are	

widely	expressed	 in	humans,	RAMP1	is	expressed	 in	the	brain,	pancreas	and	gastrointestinal	tract,	

while	RAMP2	is	more	highly	expressed	in	the	lungs	(McLatchie	et	al.	1998).	Most	work	has	focused	on	

the	 interaction	 of	 RAMPs	with	 Family	 B	GPCRs	 as	 such	 at	 least	 9	 of	 the	 18	 Family	 B	GPCRs	 have	

recognised	RAMP	 interactions	 (Hay	 and	 Pioszak	 2016).	With	 a	 further	 two	 known	 receptor-RAMP	

interactions	outside	of	Family	B	(Serafin	et	al.	2020),	as	Family	B	make	up	a	very	small	proportion	of	

the	GPCR	family	as	a	whole	yet	at	least	half	interact	with	RAMPs	it	is	likely	that	a	huge	range	of	GPCR-

RAMP	interactions	are	yet	to	be	discovered;	this	is	supported	by	predictions	from	co-evolution	studies	

(Barbash	et	al.	2019).	Returning	to	RAMP	interactions	with	the	CLR	specifically,	it	is	one	of	the	most	

heavily	 studied	 receptor-RAMP	 interaction	 in	 heterologous	 systems,	 and	 the	 RAMPs	 form	 three	

individual	 receptors	 in	 combination	 with	 the	 CLR:	 CLR-RAMP1	 named	 the	 ‘CGRP	 Receptor’,	 CLR-

RAMP2	the	‘AM1	Receptor’	and	CLR-RAMP3	the	‘AM2	Receptor’	(McLatchie	et	al.	1998).	Of	the	three	

the	CLR-RAMP1	 is	 the	only	one	 to	have	had	 its	 structure	 resolved	 (Liang	et	 al.	 2018)	 (Figure	1.3),	

moreover	 it	 is	currently	the	only	receptor	bound	to	a	RAMP	to	have	 its	structure	published	at	this	

resolution.	
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CGRP	peptide	family		

CGRP	overview	

	

Calcitonin	Gene-Related	Peptide	or	CGRP	is	a	37	amino	acid	peptide	–	the	main	a-form	is		produce	

by	alternative	RNA	processing	of	the	calcitonin	gene	and	was	first	discovered	in	1982	(Amara	et	al.	

1982).	There	is	also	a	b-form,	produced	from	a	different	gene	but	thought	to	be	a	duplication	of	the	

gene	for	the	a-form,	 it	differs	by	only	three	amino-acids	and	they	both	have	similar	roles.	The	key	

difference	is	that	the	a-form	is	found	systemically	whereas	the	b-form	is	found	in	the	enteric	system	

(Zaidi	et	al.	1990,	Alevizaki	et	al.	1986).	When	CGRP	is	discussed	in	the	literature,	and	here,	 it	 is	 in	

reference	to	the	major	a-form	unless	otherwise	stated.	CGRP	is	predominantly	known	physiologically	

Figure	 1.3.	 Calcitonin	 receptor-like	 receptor.	 CGRP–CLR–RAMP1–Gs	 cryo-EM	 structure	
illustrating	the	extent	of	CLR	interactions	with	other	proteins	in	the	-structure.	Figure	from	(Liang	
et	al.	2018).	
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as	a	potent	vasodilator	(Brain	et	al.	1985),	as	well		as	having	roles	in	pain	regulation,	in	the	peripheral	

and	central	nervous	system,	and	in	the	cardiovascular	system	(Rosenfeld	et	al.	1983).	

CGRP	Pharmacology	

	

The	receptor	through	which	CGRP	predominately	acts	and	has	been	most	well	studied	in	relation	

to	CGRP	is	CLR-RAMP1	or	the	CGRP	receptor.	It	is	worth	also	noting	that	when	the	calcitonin	receptor	

(CTR)	is	co	-expressed	in	heterologous	studies	produces	the	amylin	1	receptor	which	has	a	high	affinity	

receptor	for	CGRP	(as	well	as	amylin)	(Walker	et	al.	2015).	Although	it	is	not	known	whether	this	has	

any	 physiological	 relevance	 (Gingell	 et	 al.	 2019).	 Research	 has	 also	 suggested	 that	 receptor	

component	 protein	 (RCP)	 is	 essential	 to	 CLR-RAMP	 function	 (Evans	 et	 al.	 2000),	 but	 there	 is	

controversy	over	how	universal	this	protein’s	function	is,	as	it	is	also	a	component	of	RNA	polymerase	

III	 (Hu	 et	 al.	 2002).	 It	 is	 also	 important	 to	 note	 that	 CLR-RAMP2	 and	 CLR-RAMP3,	while	 generally	

considered	as	AM	receptors	also	bind	and	respond	to	CGRP	(Weston	et	al.	2016,	Qi	et	al.	2013)	in	co-

expression	models	but	again	the	relevance	of	this	is	yet	to	be	fully	explored.	As	for	the	pharmacology	

of	 the	CGRP	acting	at	 the	CGRP	receptor,	 first	and	 foremost	 it	 is	a	Gs-coupled	receptor	capable	of	

potent	stimulation	of	cAMP	accumulation.	There	are	many	co-expression	studies	reporting	a	host	of	

potencies,	however	a	recent	study	(Hay	et	al.	2018)	compiled	these	for	the	studies	of	the	human	CGRP	

receptor	providing	an	average	pEC50	of	9.61.	CGRP	is	also	capable	of	causing	cAMP	recruitment,	as	

alluded	 to	 above,	 at	 other	 members	 of	 the	 receptor	 family	 with	 the	 rank	 order	 of	 potencies:	

CGRP>AMY1>AMY3>AMY2>CTR>AM2>AM1.	 It	has	also	been	demonstrated	 that	GCRP	can	couple	 to	

Gq/11	and	elicit	calcium	mobilisation	with	a	potency	of	8.19	in	a	HEK-293	cell	line	(Weston	et	al.	2016).	

CGRP	 could	 also	 mobilise	 calcium	 at	 the	 CLR-RAMP2	 and	 CLR-RAMP3	 receptors.	 In	 the	 same	

publication	CGRP	mediated	cAMP	accumulation	showed	little	sensitivity	to	pertussis	toxin	(PTX)	at	the	

CLR-RAMP1	but	there	was	a	strong	effect	on	CGRP	responses	at	CLR-RAMP2	and	RAMP3	suggesting	

that	CGRP	can	signal	through	Gi/o	proteins	at	the	CLR-RAMP2	and	CLR-RAMP3	but	not	CLR-RAMP1.	
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There	are	also	reports	of	CGRP	being	able	to	stimulate	the	MAPK	pathway	(Kawase	et	al.	1999),	as	

well	 as	 protecting	 cells	 from	 oxidative	 stress	 via	 ERK/12	 and	 p38	 MAPKs	 (Schaeffer	 et	 al.	 2003),	

although	it	remains	uncertain	which	receptor	CGRP	acted	through.	Then	there	is	the	topic	of	bias,	and	

CGRP	provides	a	good	example	with	the	above	work	suggesting	that	CGRP	at	the	CGRP	receptor	is	

strongly	 biased	 towards	 Gs	 coupling	 in	 a	 HEK-293	 cell	 line	 (Weston	 et	 al.	 2016).	 In	 terms	 of	

internalisation,	a	recent	co-expression	study	demonstrated	robust	 internalisation	of	CLR-RAMP1	in	

response	to	CGRP	(Gingell	et	al.	2020).	Moreover,	there	is	evidence	that	this	internalisation	does	not	

terminate	signalling,	as	continued	CGRP	signalling	from	endosomes	has	been	observed	(Yarwood	et	

al.	2017),	in	this	study	inhibitors	of	clathrin	were	shown	to	prevent	this	signalling	suggesting	that	CGRP	

mediated	CLR-RAMP1	internalisation	is	b-arrestin	and	clathrin	driven.	

CGRP	Physiology	

	

CGRP	levels	circulating	in	the	plasma	are	relatively	low	which	is	likely	due	to	the	fast	metabolic	

breakdown	of	the	circulating	peptide	(Kraenzlin	et	al.	1985).	Endothelial	cells	are	known	producers	of	

CGRP	(Doi	et	al.	2001)	although	its	exactly	role	remains	unclear.	It	is	also	often	found	at	sensory	never	

endings,	 where	 it	 is	 released	 in	 response	 to	 neuron	 signal	 transmission	 and	 depolarisation;	 from	

vesicles	alongside	substance	P	via	the	typical	calcium	stimulated	exocytosis	mechanism	(Matteoli	et	

al.	1988).	A	potential	mediator	of	CGRP	release	in	this	nerve	fibres	are	transient	receptor	potential	

vanilloid	1	(TRPV1)	channels,	they	are	important	pain	transducers	and	the	connection	to	CGRP	release	

has	been	demonstrated	in	vitro	and	in	vivo	(Quallo	et	al.	2015,	Van	der	Schueren	et	al.	2008).	CGRP	

levels	change	 in	physiological	and	pathophysiological	 conditions;	 firstly,	 in	pregnancy	where	 it	 is	a	

proposed	 vascular	 regulator	 (Dong	 et	 al.	 2002).	 As	 well	 as	 in	 the	 cardiovascular	 disease	 and	

hypertension;	in	these	scenarios	whether	it	has	a	contributory	or	protective	role	is	still	a	source	of	

confusion,	although	it	 is	proposed	to	play	a	protective	role	in	heart	failure	(Brain	and	Grant	2004).	

However,	 CGRP’s	 role	 in	migraine	 is	 clearer	 cut.	 	Where	 it	 has	been	a	major	 target	 for	 successful	



	

	 38	

therapeutic	 intervention.	Firstly,	with	small	molecule	antagonists	such	as	Olcegepant	(Olesen	et	al.	

2004)	 and	 then	 with	 monoclonal	 antibodies,	 the	 first	 of	 which	 to	 be	 approved	 was	 Erenumab	

(Goadsby	et	al.	2017).	Even	more	recently	small	molecule	positive	modulators	have	been	identified	

for	the	CLR	including	the	CGRP	receptor	with	great	therapeutic	potential	(Hendrikse	et	al.	2020).		

Systemic	 administration	 of	 CGRP	 in	 healthy	 human	 causes	 vasodilation	 (Gennari	 and	 Fischer	

1985),	what	is	more	in	the	microvasculature	it	is	the	most	potent	vasodilator	known	(Brain	et	al.	1985).	

Yet	 administration	 in	 humans	 also	 has	 a	 positive	 chronotropic	 and	 ionotropic	 effect	 on	 the	 heart	

(Gennari	and	Fischer	1985).	Studies	in	small	mammals	suggest	this	is	mediated	by	a	combination	of	

direct	effects	on	the	heart	muscle	and	sympathetic	nerve	activity.	However,	in	the	brain,	when	CGRP	

is	directly	injected	into	the	ventricular	system	this	caused	vasoconstriction	(Fisher	et	al.	1983).	This	

suggests	different	actions	of	CGRP	in	different	cell	types	and	organ	systems.	Looking	at	the	overall	

picture;	in	complete	genetic	knockout	studies	in	mice	where	CGRP	has	been	removed	an	increase	in	

baseline	blood	pressure	was	observed	in	one	study	(Gangula	et	al.	2000),	whereas	in	another	there	

was	no	effect	on	the	cardiovasculature	(Lu	et	al.	1999).	Even	more	confusingly	clinical	trials	of	small	

molecule	CGRP	antagonists	 for	conditions	such	as	migraine	have	shown	no	adverse	cardiovascular	

effects	(Petersen	et	al.	2005),	including	long	term	studies	into	the	safety	of	the	monoclonal	antibody	

Erenumab	(Ashina	et	al.	2019).	Even	in	a	study	of	patients	with	stable	angina	acute	CGRP	inhibition	

did	not	produce	a	significant	difference	(Depre	et	al.	2018)	in	this	specific	scenario,	however,	much	

further	work	is	needed	to	ascertain	whether	chronic	CGRP	depletion	would	negatively	affect	patients	

with	cardiovascular	disease.	Although	good	for	drug	discovery	in	non-cardiovascular	related	disease,	

more	work	is	needed	to	marry	the	cardiovascular	effects	of	CGRP	with	the	seemingly	contradictory	

clinical	 trial	results.	 In	terms	of	cardiac	disease	CGRP	plays	a	protective	role.	 It	has	been	shown	to	

protect	against	heart	failure	(Li	et	al.	2013)	and	improve	cardiac	performance	in	heart	failure	patients	

(Gennari	et	al.	1990).	This	has	been	demonstrated	in	multiple	human	studies	confirming	that	CGRP	

has	a	beneficial	effect	on	the	failing	heart;	because	there	is	an	anticipated	increase	in	cardiac	output	
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coupled	with	a	decrease	in	vascular	resistance	(Anand	et	al.	1991).	However,	CGRP’s	half	life	is	short	

and	the	effects	are	lost	shortly	after	halting	administration.	Therefore,	there	has	been	recent	work	

attempting	to	evaluate	CGRP	analogues	which	may	have	future	therapeutic	benefit	(Sheykhzade	et	

al.	2018).	

It	 is	 thought	 that	CGRP	mediates	 its	vasodilatory	effects	 through	a	combination	of	effects	and	

pathways	in	endothelial	and	smooth	muscle	cells	(SMCs)	but	that	endothelial	cells	are	not	essential	

as	vasodilation	can	be	observed	 in	SMCs	without	endothelial	 cells	present	 in	a	 study	using	bovine	

derived	cells	(Crossman	et	al.	1990).	Although	there	is	the	caveat	that	the	evidence	presented	for	this	

is	 compiled	 from	 a	 combination	 of	 different	 animal	model:	 CGRP	 is	 thought	 to	 increase	 cAMP	 in	

endothelial	cells	and	SMCs,	but	without	directly	increasing	cGMP	in	either.	This	activates	PKA	which	

phosphorylates	ATP-sensitive	potassium	channels	in	the	SMCs	and	leads	to	direct	vasodilation	(Nelson	

et	al.	1990).	 In	the	(rat)	endothelial	cells	cAMP	release	was	observed,	and	so	was	nitric	oxide	(NO)	

production	and	this	was	thought	to	diffuses	into	SMCs	to	cause	cGMP	production	and	relaxation	of	

the	aorta,	as	the	pan	nitric	oxide	synthase	(NOS)	 inhibitor	-	N	omega-Nitro-L-arginine	methyl	ester	

hydrochloride	 (L-NAME)	 based	 inhibition	 of	 NO	 production	 also	 inhibited	 cGMP	 production	 and	

relaxation	 (Gray	 and	 Marshall	 1992).	 It	 was	 also	 concluded	 that	 cAMP	 increases	 caused	 NO	

production,	 although	 there	 was	 no	 evidence	 linking	 the	 two.	 This	 suggests	 that	 the	 picture	 is	

incomplete	and	further	work	is	needed	to	elucidate	the	signalling	mechanisms	for	vasodilation,	and	

which	 receptors	 are	 involved,	 especially	 in	 humans	 where	 the	 evidence	 is	 limited	 to	 systemic	

administration	of	the	peptide	and	our	understanding	of	the	mechanisms	involved	are	based	on	studies	

in	animal	tissue.		

	

	



	

	 40	

Adrenomedullin	overview	

	

Adrenomedullin	(AM)	is	another	member	of	the	CGRP	superfamily	of	peptides	which	exerts	 its	

effects	through	the	CLR.		The	peptide	has	a	multitude	of	different	biological	activities,	foremost	among	

them	is	AM’s	potent	activity	as	a	vasodilator	(Kato	and	Kitamura	2015).	It	also	plays	a	key	regulatory	

role	in	the	cardiovascular	and	lymphatic	system,	as	well	as	in	angiogenesis,	and	vascular	homeostasis.	

AM	was	first	discovered	in	1993	(Kitamura	et	al.	1993).	AM	is	a	52	amino-acid	length	peptide.	The	

human	AM	gene	is	located	on	chromosome	11	and	contains	4	exons	and	3	introns.	It	is	translated	into	

the	 185	 amino	 acid	 long	 precursor	 prepro-AM	which	 is	 eventually	 converted	 into	mature	 AM.	 It	

contains	a	few	residues	which	are	highly	conserved	and	found	in	all	members	of	the	CGRP	peptide	

family:	these	are	two	N-terminal	cysteines	forming	a	disulphide-bonded	ring	structure	and	a	threonine	

within	this	structure	(Wimalawansa	1997).	There	is	also	an	N-terminal	extension,	shared	with	AM2,	

although	 it	 seems	 to	be	of	 limited	physiological	 significance	as	 truncation	of	 it	 has	 little	 effect	on	

binding,	 signalling,	 and	 internalisation	 compared	 to	 the	wild-type	 peptide	 (Schonauer	 et	 al.	 2015,	

Santiago	et	al.	1995).	

Adrenomedullin	pharmacology	

	

AM	like	CGRP	and	AM2	acts	at	the	Class	B	GPCR	–	the	CLR.	It	is	also	suggested	that	it	may	have	

some	activity	at	the	calcitonin	and	amylin	receptors,	amylin	receptors	are	formed	by	the	dimerization	

of	CTR	with	either	RAMP1	or	RAMP2	(Hay	et	al.	2018).		When	considering	the	pharmacology	of	the	

human	 AM	 at	 the	 human	 receptors	 formed	 by	 the	 CLR	 (CLR-RAMP1/2/3).	 Most	 work	 primarily	

considers	AM	and	the	CLR	simply	as	a	Gs-coupled	receptor	(Poyner	et	al.	2002)	and	considers	cAMP	

accumulation	as	a	measure	of	its	activity.	With	that	in	mind	AM	is	known	to	activate	all	three	receptors	

with	potency	at	AM1	(CLR-RAMP2)	and	AM2	(CLR-RAMP3)	significantly	higher	than	at	the	CGRP	(CLR-
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RAMP1)	 receptor.	 This	 is	 based	 on	 the	 study	 combining	multiple	 co-expression	 studies	 using	 the	

human	receptor.	The	rank	order	of	pEC50	values	is	AM2	(9.36)>AM1(9.19)>CGRP(8.09)	(Hay	et	al.	2018),	

suggesting	AM	is	not	actually	most	potent	at	the	receptor	that	takes	its	name	but	that	it	 is	slightly	

more	 potent	 at	 CLR-RAMP3.	 Despite	 these	 very	 similar	 potencies	 and	 cognate	 ligand	 the	 two	

adrenomedullin	receptors	(AM1	and	AM2)	are	pharmacologically	distinct	receptors	(Hay	et	al.	2003).	

The	signalling	bias	of	AM	through	pathways	beyond	purely	cAMP	has	recently	been	documented	

(Weston	et	al.	2016).	There	is	evidence	of	this	at	the	CGRP	receptor	where	AM	elicits	a	comparatively	

weak	 cAMP	 response	 (Gs).	 However,	 it	 has	 been	 shown	 that	 AM	 in	 fact	 also	 signals	 through	 Gi/o	

proteins	at	 the	CGRP	receptor.	Providing	an	explanation	for	 the	weak	cAMP	signal	 induced.	 In	 the	

same	publication,	 there	was	also	evidence	of	AM	evoking	Gq/11	coupling	 to	 the	CLR	 (Weston	et	al.	

2016).	 Thus	 far	 these	 results	 have	 only	 been	 shown	 in	 overexpression	 systems	 and	 need	

demonstrating	 in	 the	 native	 system	 in	 order	 to	 determine	 the	 physiological	 relevance	 of	 AM	and	

AM2’s	biased	signalling.		

In	 terms	 of	 internalisation	 and	 receptor	 recycling,	 research	 suggests	 AM	 can	 drive	 the	

internalisation	of	CGRP,	AM1,	and	AM2	receptors	(Nikitenko	et	al.	2006).	Furthermore,	it	is	likely	to	

be	b-arrestin	driven	 (Hilairet	et	al.	2001)	and	when	AM	internalises	with	AM1	 it	 likely	stays	bound	

throughout	the	internalisation	and	degradation	process	(Schonauer	et	al.	2015).	More	evidence	that	

the	 internalisation	 is	b-arrestin	driven	comes	from	a	very	recent	co-expression	study	documenting	

robust	b-arrestin	recruitment	by	AM	at	the	CLR-RAMP2	receptor	(Hendrikse	et	al.	2020).	Although	

further	work	is	needed	to	elucidate	the	precise	differences	in	signalling	between	the	peptide-receptor	

combinations	in	cellular	systems	where	the	receptors	are	endogenously	expressed.	
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Adrenomedullin	physiology	

	

AM	 is	 widely	 expressed	 in	 the	 human	 body;	 systems	 of	 note	 where	 it	 is	 found	 are	 the	

cardiovascular,	 placenta,	 reproductive	 and	 blood	 (Eto	 et	 al.	 2003,	 Ichiki	 et	 al.	 1994).	 Although	

circulating	 levels	 are	 generally	 low	 (as	 with	 CGRP)	 due	 to	 its	 short	 half-life,	 it	 can	 be	 elevated	

physiologically	and	pathophysiologically	(Lewis	et	al.	1998).	AM	is	mainly	(and	highly)	synthesised	and	

released	from	endothelial	cells	suggesting	a	 likely	auto/paracrine	role	 in	the	cardiovascular	system	

(Sugo	et	al.	1994).	

In	terms	of	AM’s	physiology	AM	is	 involved	in	 lymphangiogenesis	and	the	control	of	 lymphatic	

vascular	 function	 through	 stabilising	 the	 lymphatic	 endothelial	 barrier	 and	 sustaining	 vascular	

permeability	(Klein	and	Caron	2015).	AM	is	also	expressed	alongside	CLR	and	RAMP2	in	osteoblasts	

and	promotes	bone	growth	and	mineralisation	(Naot	and	Cornish	2008).	There	is	a	large	increase	in	

circulating	AM	in	healthy	pregnant	women	and	it	plays	a	part	in	multiple	processes	including	immune	

regulation,	decidualisation,	implantation	and	placentation	(Matson	and	Caron	2014).	With	the	caveat	

that	its	role	is	still	not	yet	completely	understood.	AM,	like	CGRP,	is	a	potent	vasodilator	(Kato	and	

Kitamura	2015),	work	performed	in	a	rat	model	suggested	that	this	is	mediated	by	NO	release	from	

endothelial	cells	and	its	subsequent	well	documented	actions	on	vascular	smooth	muscle	cells	(Feng	

et	 al.	 1994)	however,	 it	 is	 not	 clear	whether	 it	 is	 via	 a	 cAMP-dependent	or	 -independent	method	

(Tsuruda	et	al.	2019).	 It	 is	thought	AM	plays	multiple	roles	 in	endothelial	cells,	another	of	which	is	

regulating	 endothelial	 barrier	 function	 (Temmesfeld-Wollbrück	 et	 al.	 2007).	 It	 is	 thought	 to	 cause	

barrier	 stabilisation	 and	 protect	 against	 infection	 mediated	 junctional	 protein	 disappearance.	 All	

brought	 about	 initially	 through	 cAMP	 production	 (Hocke	 et	 al.	 2006).	 In	 the	 heart,	 and	 cardiac	

myocytes,	AM	is	also	synthesised,	however	its	exact	role	is	a	source	of	much	controversy	(Bisping	et	

al.	2007).	Some	report	that	AM	is	a	positive	inotrope	acting	in	the	same	cAMP	driven	manner	as	b-

adrenoreceptor	 agonists	 in	 humans	 (Bisping	 et	 al.	 2007).	 While	 others	 report	 it	 having	 negative	
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inotropic	effects	on	the	human	heart	(Mukherjee	et	al.	2002,	Perret	et	al.	1993).	Nevertheless,	AM	is	

widely	 acknowledged	 to	 be	 cardioprotective	 through	 regulating	 cell	 proliferation	 as	 it	 has	 an	

antiapoptotic	effect	on	endothelial	cells,	reportedly	in	a	cAMP-independent	manner	via	NO	(Sata	et	

al.	 2000).	 AM	 can	 also	 increase	 cardiac	 output	 by	 causing	 vasodilation	 of	 coronary	 vessels	 and	

decreasing	 vascular	 resistance	 (Nagaya	 et	 al.	 2000).	 The	 potent	 vasodilatory	 effects	 of	 AM	 are	

important	in	the	lung	circulation	and	can	decrease	vascular	resistance	in	pulmonary	hypertension	as	

well	as	protecting	against	hypoxic	pulmonary	damage	 (Nagaya	and	Kangawa	2004).	Therefore	 it	 is	

accepted	that	in	the	multiple	disease	states	where	AM	levels	are	increased	it	is	playing	a	protective	

role	(Perez-Villa	et	al.	2004)	Several	clinical	trials	have	been	performed	using	AM	in	patients,	due	to	

the	potential	protective	effects	AM	might	provide	in	multiple	disease	states.	Three	examples	include	

trails	using	AM	in	patients	with	pulmonary	hypertension	(Nagaya	et	al.	2000),	heart	failure	(Nagaya	et	

al.	2000),	and	myocardial	infarction	(Kataoka	et	al.	2010).	The	possible	use	of	AM	as	a	therapy	option	

comes	with	 the	 advantages	 and	 disadvantages	 often	 associated	with	 peptide	 drugs;	 such	 as	 high	

potency	and	low	toxicity,	but	also	low	bioavailability	and	stability.	

Adrenomedullin	2	Overview	

	

Adrenomedullin	2	(AM2)	or	intermedin	(From	here	on	referred	to	solely	as	adrenomedullin	2)	was	

first	 discovered	 in	 2004	 (Roh	 et	 al.	 2004,	 Takei	 et	 al.	 2004)	 and	 is	 the	 final	member	 of	 the	 CGRP	

superfamily	of	peptides	to	be	addressed	in	detail	here,	as	well	as	the	least	well	understood	(Hay	et	al.	

2018).	This	peptide	hormone	is	again,	as	with	the	others,	an	agonists	at,	and	exerts	its	physiological	

effects	 through,	 the	 CLR	 (Hay	 et	 al.	 2005).	 Physiologically,	 AM2	 has	 effects	 on	 the	 cardiovascular	

system,	adipose	 tissue,	macrophages	and	 the	kidney,	 it	 can	also	activate	 the	sympathetic	nervous	

system	 (Hong	 et	 al.	 2012).	 AM2	 is	 a	 53	 amino	 acid	 peptide.	 The	 human	 AM2	 gene	 is	 found	 on	

chromosome	22	and	codes	for	prepro-AM2	which	 is	148	amino	acid	residues	 in	 length	before	 it	 is	

converted	 into	 mature	 AM2,	 interestingly	 mature	 AM2	 shares	 only	 87%	 sequence	 identity	 with	
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mature	AM2	in	rodents	(Roh	et	al.	2004).	Mature	AM21-53	can	also	be	cleaved	into	AM21-47	and	

AM21-40	 (Morimoto	 et	 al.	 2007).	 Currently	 antibodies	 cannot	 distinguish	 between	 them	 and	 the	

prominence	 of	 each	 in	 vivo	 remains	 uncertain.	 As	 does	 the	 physiological	 and	 pharmacological	

relevance	of	these	cleavage	fragments.	AM2	shares	the	conserved	residues	with	the	other	members	

of	 the	CGRP	superfamily	but	 is	most	closely	 related	to	AM	as	 they	both	have	a	unique	N-terminal	

extension	(Hong	et	al.	2012),	despite	having	only	limited	sequence	homology	(28%).	

Adrenomedullin	2	pharmacology	

	

Although	as	stated	previously	it	is	the	least	well	studied	of	the	peptides,	AM2	as	with	AM	and	CGRP	

before	has	activity	at	all	three	of	the	CLR	based	receptors	(measured	in	terms	of	cAMP)	(Hay	et	al.	

2005).	It	also	appears	be	most	potent	at	activating	the	AM2	receptor:	Here	referring	to	a	compilation	

of	 multiple	 co-expression	 studies	 using	 the	 human	 receptor	 the	 rank	 order	 of	 potencies	 at	 each	

receptor	 are	 AM2(9.01)>CGRP(8.23)>AM1(7.91)	 (Hay	 et	 al.	 2018).	 Therefore,	 when	 comparing	 the	

peptides	with	each	other	they	have	similar	potencies	at	the	CGRP	and	AM1	receptor,	with	the	main	

difference	being	AM’s	significantly	greater	potency	at	the	AM2	receptor.	But	as	discussed	above	the	

potency	of	AM	at	the	AM2	receptor	has	been	estimated	as	9.36.	So	AM2	is	not	the	most	potent	ligand	

acting	at	the	AM2	receptor.	Moreover,	even	if	it	was	the	most	potent	in	these	studies	it	is	still	not	clear	

which	receptor	AM2	exerts	its	activity	through,	especially	as	AM2	appears	to	have	a	large	amount	of	

cardiovascular	functions	as	mentioned	below	yet	there	is	very	little	RAMP3	expression	in	this	region	

(Bell	and	McDermott	2008).	Therefore,	much	more	work	is	needed	to	understand	which	receptor	AM2	

exerts	its	effects	through	physiologically,	and	what	relevance	the	above	potencies	have	in	this.	

AM2	is	also	capable	of	eliciting	signalling	bias	at	human	receptors	in	overexpression	systems:	There	is	

evidence	for	Gi/o	coupling	at	all	three	CLR	based	receptors	in	response	to	AM2	in	certain	immortalised	

cell	 lines	(Weston	et	al.	2016)	as	well	as	a	small	amount	of	Gq/11	and	Gi/o	coupling	 in	all	three	CLR-
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RAMP	combinations.	Looking	at	these	responses	from	the	perspective	of	the	AM2	receptor	the	PTX	

sensitivity	was	cell-line	dependent	and	therefore	the	Gi	coupling	varied	and	was	not	definitive.	But	in	

terms	of	Gq	coupling	and	calcium	release	the	receptor	produced	a	detectable	signal	 in	response	to	

CGRP,	AM	and	AM2.	

Adrenomedullin	2	physiology	

	

AM2	is	much	like	the	other	CGRP	family	members	in	that	it	is	widely	expressed	throughout	the	

body	(Morimoto	et	al.	2007),	and	particularly	high	expression	levels	are	seen	in	the	hypothalamus,	

pituitary,	heart,	GI	tract,	kidney	and	circulation.	It	is	believed	to	play	a	protective	role	in	the	renal	and	

cardiovascular	 systems;	 inhibiting	 ER	 stress,	 inflammation	 and	oxidative	 stress	 (Takei	 et	 al.	 2004).	

Rodent	studies	confirm	the	vasodilatory	effects	of	AM2;	showing	that	it	can	increase	blood	flow	and	

decrease	vascular	resistance	in	many	organs	including	the	heart,	lungs,	liver	and	kidneys.	Intriguingly,	

it	has	even	been	suggested	that	it	does	so	more	potently	than	AM	(Jolly	et	al.	2009).	Although	it	is	

unclear	which	of	the	CLR-RAMP	combinations	it	is	acting	through	(Takei	et	al.	2004).	In	another	rodent	

study	AM2	reportedly	exerts	this	effect	through	increasing	endothelial	nitric	oxide	production	(Yang	

et	al.	2006).	As	with	AM,	AM2	can	stabilise	vascular	junctions	through	its	actions	on	endothelial	cells,	

as	well	as	help	prevent	apoptosis	 (Aslam	et	al.	2012,	Chen	et	al.	2006).	Multiple	different	 	animal	

studies	report	that	AM2	has	a	positive	inotropic	effect	on	the	heart	(Charles	et	al.	2006,	Fujisawa	et	

al.	2007),	moreover	it	has	been	suggested	that	this	is	mediated	through	an	increase	in	intracellular	

calcium	and	PKC	activation	(Dong	et	al.	2006).	However,	AM2	is	not	universally	accepted	as	a	positive	

inotrope,	with	another	rodent	study	reporting	that	AM2	has	a	negative	inotropic	effect	on	the	heart,	

and	that	it	is	mediated	by	NO	release	(Pires	et	al.	2012).		

Equally,	AM2	 is	elevated	 in	pregnancy	and	has	a	hypotensive	effect,	while	 low	AM2	 levels	are	

associated	with	pre-eclampsia	(Chauhan	et	al.	2016).	 In	the	case	of	cardiac	disease	AM2	levels	are	
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increased	 during	myocardial	 infarction	 as	well	 as	 acute	 coronary	 syndrome	 in	 humans	 (Bell	 et	 al.	

2016).	Multiple	studies	have	suggested	that	it	plays	a	protective	role	in	these	conditions	(Chen	et	al.	

2013),	particularly	during	ischaemic	cardiac	injury,	and	this	has	been	demonstrated	consistently	in	rat	

models,	firstly	in	isolated	myocytes	(Bell	et	al.	2008)	and	later	in	whole	organism	studies	(Wei	et	al.	

2015).	

Aims	

	

While	 specific	 aims	will	 be	 outlined	 subsequently	 in	 individual	 chapters	 there	 are	 some	 clear	

overarching	aims	of	this	body	of	work.	The	first	is	to	explore	the	extent	of	CLR	signalling	bias	where	it	

is	endogenously	expressed.	Much	work	as	outlined	above	has	profiled	the	signalling	of	this	receptor	

using	overexpression	 in	 immortalised	cell	 lines.	This	work	aims	 to	explore	 the	signalling	 in	a	more	

physiologically	 relevant	 system.	 Then	 a	 further	 aim	 will	 be	 to	 assess	 how	 RAMPs	 influence	 this	

signalling;	 when	 distinct	 primary	 cell	 systems	 are	 established	 that	 express	 different	 CLR-RAMP	

combinations,	their	signalling	will	be	studied	and	compared.	These	endogenous	expression	systems	

will	be	used	to	explore	the	involvement	of	CLR	and	its	ligands	in	some	physiological	outcomes	further	

downstream	of	the	receptor’s	second	messenger	signalling	pathways	then	later	the	work	will	go	even	

further	and	see	whether	this	is	involved	in	the	functional	outcomes	in	cell	organoid	models.	It	will	also	

be	 explored	 whether	 there	 are	 spatiotemporal	 aspects	 to	 the	 signalling	 of	 the	 receptors	 in	 the	

endogenous	 setting	 and	 whether	 this	 can	 be	 observed,	 as	 well	 as	 seeing	 whether	 different	

endogenous	ligands	evoke	different	spatiotemporal	responses	in	the	same	receptor	and	cell	system.	

Then	 finally	gene	editing	 techniques	will	be	used	to	 interrogate	whether	 the	contrasting	signalling	

responses	from	the	CLR	ligands,	seen	in	different	primary	cell	lines	is	related	to	the	differing	RAMP	

expression	 in	these	cell	 lines,	 i.e.	 if	 the	RAMP	expression	changes	to	what	extent	will	 the	receptor	

signalling.	
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Chapter	2.	Material	and	Methods	

Materials	

Peptide	ligands	and	compounds	

	

Human	αCGRP,	adrenomedullin	(1-52),	AM2/intermedin,	calcitonin,	amylin	and	adrenomedullin	

(22-52)	 (all	 Bachem	UK	 Ltd,	 St.	 Helens,	 UK)	 are	 dissolved	 in	water	 containing	 0.1%	Bovine	 Serum	

Albumin	 (BSA),	 to	 a	 1	 mM	 concentration	 and	 stored	 as	 7	 μl	 aliquots.	 VEGF,	 acetylcholine	 and	

isoproterenol	 (Sigma-Aldrich	 UK,	 Gillingham,	 UK)	 are	 dissolved	 in	 water	 +	 0.1%	 BSA	 at	 1	mM.	 3-

Isobutyl-1-methylxanthine	(IBMX)	is	from	Sigma-Aldrich.	Olcegepant	(BIBN-4096)	(Tocris	Biosciences,	

Bristol,	UK)	is	made	to	a	1	mM	stock	in	Dimethyl	Sulphoxide	(DMSO).	Ionomycin	(Cayman	Biosciences,	

Cambridge,	UK)	is	dissolved	in	absolute	ethanol,	forskolin	and	phorbol	12-myristate	13-acetate	(PMA)	

(Sigma-Aldrich)	are	dissolved	in	DMSO	all	at	10	mM.	YM-254890	(Alpha	Laboratories),	ESI-09	(Sigma-

Aldrich),	 Rp-8-Br-cAMPs	 (Santa	 Cruz	 Biotechnology)	 are	 dissolved	 in	 DMSO	 at	 10	 mM.	 PTX	 was	

purchased	 in	 solution	 (ThermoFisher	 Scientific,	 Waltham,	 MA,	 USA).	 Barbadin	 (Aobious,	

Gloucestershire,	 UK),	 dynasore	 (Sigma-Aldrich),	 Pitstop	 2	 (Sigma-Aldrich),	 Compound	 101	 (Sigma-

Aldrich)	are	dissolved	in	DMSO	at	10	mM.	

All	other	general	laboratory	reagents	are	analytical	grade	and	purchased	from	Sigma-Aldrich	unless	

otherwise	stated.	
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Media	and	solutions	

	

DMEM	(–	glutamate	and	+	non-essential	amino	acids)	growth	medium	is	supplemented	with	10%	

heat	inactivated	Fetal	Bovine	Serum	(FBS).	Endothelial	Cell	Growth	Media	(ECGM),	Cardiac	Myocyte	

Growth	Media	(CMGM)	and	Smooth	Muscle	Cell	Growth	Media	(SMCGM)	are	all	supplied	as	complete	

media	(Promocell,	Heidelberg,	Germany).	All	media	combined	with	1%	antibiotic	antimycotic	solution	

(100x	Sigma)	upon	opening	and	before	use	in	cell	culture.	

Phosphate	buffered	saline	(PBS)	is	made	by	dissolving	a	tablet	(Sigma-Aldrich)	in	200	mL	distilled	

water	and	is	autoclaved.	Sterile	Hank’s	balanced	salt	solution	(HBSS)	is	purchased	with	and	without	

calcium	(Lonza).	

Oligonucleotides	

	

Listed	here	are	all	oligonucleotides	(Table	2.1)	used	for	all	RT-PCR	demonstrating	gene	expression	

in	later	chapters.	

Oligonucleotides	

	

Sequence	 Amplicon	size	

(bp)	

Human		 	 	

GAPDH		 5’	-	TGCACCACCAACTGCTTAGC-	3’	 87	

	 5’	-	GGCATGGACTGTGGTCATGAG-	3’	

Gαs	 5’	-	CGACGACACTCCCGTCAAC-	3’	 177	

	 5’	-	CCCGGAGAGGGTACTTTTCCT-	3’	 	

Gαi1	 5’	-	TTAGGGCTATGGGGAGGTTGA-	3’	 186	

	 5’	-	GGTACTCTCGGGATCTGTTGAAA-	3’	 	
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Gαi2	 5’	-	TACCGGGCGGTTGTCTACA-	3’	 89	

	 5’	-	GGGTCGGCAAAGTCGATCTG-	3’	 	

Gαi3	 5’	-	ATCGACCGCAACTTACGGG-	3’	 229	

	 5’	-	AGTCAATCTTTAGCCGTCCCA-	3’	 	

Gα11	 5’	-	GGCTTCACCAAGCTCGTCTAC-	3’	 172	

	 5’	-	CACTGACGTACTGATGCTCG-	3’	 	

Gα12	 5’	-	CCGCGAGTTCGACCAGAAG-	3’	 245	

	 5’	-	TGATGCCAGAATCCCTCCAGA-	3’	 	

Gα13	 5’	-	CAGCAACGCAAGTCCAAGGA-	3’	 220	

	 5’	-	CCAGCACCCTCATACCTTTGA-	3’	 	

Gα14	 5’	-	GAGCGATGGACACGCTAAGG-	3’	 168	

	 5’	-	TCCTGTCGTAACACTCCTGGA-	3’	 	

Gα15	 5’	-	CCAGGACCCCTATAAAGTGACC-	3’	 126	

	 5’	-	GCTGAATCGAGCAGGTGGAAT-	3’	 	

Gαo	 5’	-	GGAGCAAGGCGATTGAGAAAA-	3’	 169	

	 5’	-	GGCTTGTACTGTTTCACGTCT-	3’	 	

Gαz	 5’	-	GGTCCCGGAGAATTGACCG-	3’	 175	

	 5’	-	ATGAGGGGCTTGTACTCCTTG-	3’	 	

Gαq	 5’	-	TGGGTCAGGATACTCTGATGAAG-	3’	 144	

	 5’	-	TGTGCATGAGCCTTATTGTGC-	3’	 	

CTR	 5’	-	CCTATCACCCAATAGAGCCCAAG	-	3’	 91	

	 5’	-	TGCATTCGGTCATAGCATTTGTA	-	3’	 	

CLR	 5’	-	ACCAGGCCTTAGTAGCCACA	-	3’	 298	

	 5’	-	ACAAATTGGGCCATGGATAA	-	3’	 	

RAMP1	 5’	-	CTGCCAGGAGGCTAACTACG	-	3’	 298	
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	 5’	-	GACCACGATGAAGGGGTAGA	-	3’	 	

RAMP2	 5’	-	GGGGGACGGTGAAGAACTAT	-	3’	 227	

	 5’	-	GTTGGCAAAGTGGATCTGGT	-	3’	 	

RAMP3	 5’	-	AACTTCTCCCGTTGCTGCT	-	3’	 353	

	 5’	-	GACGGGTATAACGATCAGCG	-	3’	 	

b-arrestin-1	 5’	-	AAAGGGACCCGAGTGTTCAAG	-	3’	 159	

	 5’	-	CGTCACATAGACTCTCCGCT	-	3’	 	

b-arrestin-2	 5’	-	TCCATGCTCCGTCACACTG	-	3’	 82	

	

RCP	

5’	-	ACAGAAGGCTCGAATCTCAAAG	-	3’	

5’	-	AGAGCAGCGTAAAGAAAGTGG	-	3’	

5’	-	CTGACAATTTCAGGACTCTGGTG	-	3’	

	

129	

	

Methods	

Cell	culture	

	

HEK-293S	 cells	 and	 HEK-293S	 DCTR/CLR/RAMPs	 (formerly	 MedImmune	 now	 AstraZeneca,	

Cambridge),	and	PC3	cells	were	cultured	 in	25	cm2	flasks,	 in	the	DMEM	+	10%	FBS.	The	cells	were	

passaged	approximately	every	4	days	depending	on	confluency	with	a	final	volume	of	10	ml	produced	

from	1	ml	of	the	previous	cell	culture	and	9	ml	of	the	growth	medium.	The	cells	were	grown	in	an	

incubator	 (37	 °C,	 humidified	95%	air,	 5%	CO2)	 between	passaging.	 Primary	 cell	 lines;	HUVECs	 and	

Table	 2.1.	 Oligonucleotides	 used	 in	 RT-PCR.	 Oligonucleotides	 for	 use	 in	 RT-PCR	 are	
acquired	from	PrimerBank	and	synthesised	by	Sigma-Aldrich.	
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HUAECs	 (PromoCell)	 were	 cultured	 in	 (ECGM)	 (PromoCell),	 and	 Cardiac	 Myocytes	 (human)	 were	

grown	in	CMGM,	and	Human	Vascular	Smooth	Muscle	Cells	were	grown	in	SMCGM.	Cells	were	grown	

in	25	cm3	flasks	or	75	cm3	flasks	depending	on	cell	density	required.	They	were	passaged	every	4	days	

and	split	at	a	1/5	dilution	and	used	from	passage	1-6.	All	cells	grown	with	1%	antibiotic	antimycotic	

solution	(Sigma).	The	cells	were	grown	in	an	incubator	(37	°C,	humidified	95%	air,	5%	CO2)	between	

passaging.	

For	cryo-storage	and	recovery	all	cells	irrespective	of	cell-type	are	grown	to	approximately	90%	

confluency	in	a	25	cm3	flask,	harvested	and	re-suspended	in	1	ml	of	their	respective	culture	media	+	

10%	DMSO.	The	cell	 solution	 is	 transferred	 to	a	cryogenic	vial	and	 frozen	gradually	 in	polystyrene	

protective	packaging	to	-80°C.	Following	this	cells	are	transferred	to	liquid	nitrogen	where	they	can	

be	stored	long	term.	For	removal	from	cryo-storage	vials	containing	cells	can	be	taken	out	and	stored	

on	dry	ice	for	a	maximum	of	10	min	before	being	quickly	thawed	in	a	37	°C	water	bath.	1	ml	containing	

vials	then	have	the	cell	solution	removed	and	placed	in	9ml	complete	media	pre-warmed	to	37	°C.	

The	resulting	10	ml	of	cell	solution	is	centrifuged	(1400	RPM,	4	min).	Cells	are	then	re-suspended	in	

5ml	pre-warmed	complete	cell	media	and	transferred	to	a	25	cm3	flask	for	growth	in	an	incubator	(37	

°C,	humidified	95%	air,	5%	CO2)	and	passaging	as	above.	

Bacterial	transformation	and	DNA	purification	

	

Escherichia	coli	(E.	coli)	are	transformed	with	plasmids	containing	genes	for	Ampicillin	resistance	

and	the	CLR	(or	a	RAMP)	according	to	laboratory	protocol:	E.	coli	cells	are	defrosted	and	left	on	ice	for	

30min.	Then	10	μl	ligation	buffer	and	1	μl	plasmid	DNA	are	added	to	the	cells	and	they	are	returned	

to	ice	for	5	min.	The	cells	are	heat	shocked	in	a	42°C	water	bath	for	2	min,	before	returning	to	ice	

again	for	5	min.	After	30	min	recovery	the	cells	are	added	to	100	ml	LB	(Luria	Bertani	Broth)	with	2	μl	

ampicillin	added	to	kill	any	bacteria	that	did	not	take	up	and	express	the	plasmid	DNA.	The	bacteria	
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are	then	grown	in	a	shaking	incubator	for	24	h.	Following	incubation,	the	plasmid	DNA	is	purified	using	

a	QIAGEN	plasmid	maxi	kit	according	to	the	manufacturer’s	protocol	using	manufacturer’s	reagents.	

Following	 this	 the	 concentration	 of	 the	 DNA	 is	 then	 determined	 using	 a	 NanoDrop	 Lite	

Spectrophotometer	(Thermo	Scientific).	

Cell	transfection	

	

From	HEK-293	cell	stock	dilutions	of	1/2,	1/4,	1/6	and	1/8	are	made	in	DMEM	up	to	a	final	volume	

of	2ml	in	6	well	cell	culture	plates	The	different	dilutions	spaced	out	cell	growth	so	transfections	and	

therefore	assays	could	take	place	on	different	days.	After	incubation	of	usually	24	h	for	1/4	and	48	h	

for	1/8,	the	cells	had	achieved	optimal	confluency	(about	80%)	for	transfection.	To	individual	wells	on	

the	plate	a	75	μl	solution	of	DNA	preparation	is	added.	This	is	composed	of	2	μg	DNA	(1	μg	CLR,	1	μg	

RAMP),	6	μl	Fugene	HD	(Promega)	and	serum	free	DMEM	making	up	the	volume	(the	presence	of	

serum	reduces	transfection	efficiency	(Jacobsen	et	al.	2004)).	Fugene	is	the	reagent	used	to	transfer	

plasmids	across	the	plasma	membrane.	It	is	used	at	a	3:1	Fugene:DNA	ratio	as	per	the	manufacturers’	

instructions.	10	min	after	it	is	made,	the	DNA	preparation	is	added	to	a	well	containing	cells.	Then	the	

cells	 are	 incubated	 (48	 h,	 37	 °C,	 humidified	 95%	 air,	 5%	 CO2)	 to	 achieve	 optimum	 transfection.	

Constructs	used	are	pcDNA3.1-FLAG-RAMP1,	pcDNA3.1-FLAG-RAMP2,	pcDNA3.1-FLAG-RAMP3	and	

pcDNA3.1-cmyc-CLR-GFP	(Weston	et	al.	2016)	

RNA	extraction	and	RT-PCR	

	

First	cells	are	grown	to	confluency	in	a	6	well	plate.	All	RNA	extraction	steps	are	performed	in	a	

fume	hood	where	possible,	and	all	surfaces	and	equipment	sterilised	with	70%	ethanol.	Prior	to	RNA	

extraction	cell	media	is	removed	and	cells	are	washed	twice	(PBS,	500	μl).	Approximately	2x105	cells	

are	used	per	extraction	(RNAqueous-4PCR	kit,	Ambion).	They	are	then	lysed	with	350	μl	Lysis/Binding	
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Solution	and	a	sterile	scrapper.	An	equal	volume	(350	μl)	of	64%	ethanol	is	added	and	the	solution	

mixed	 before	 being	 transferred	 to	 a	 filter	 cartridge	 inside	 a	 collection	 tube.	 This	 is	 spun	 in	 a	

microcentrifuge	(12,500	rpm,	1	min).	The	cartridge	is	then	washed	with	700	μl	wash	solution	1	and	2	

x	500	μl	wash	solution	2/3	(spun	between	each	wash).	The	cartridge	is	transferred	to	a	fresh	collection	

tube	for	RNA	elution	with	50	μl	preheated	(70-80°C)	elution	solution	(0.1	mM	EDTA).	1	μl	DNase	1	and	

0.1vol	 (5	 μl)	 10X	DNase	 1	 buffer	 is	 added	 (30	min,	 37°C)	 to	 remove	possible	 contamination	 from	

genomic	DNA.	Finally,	DNase	inactivation	reagent	0.1vol	(5.6	μl)	is	added	(1	min,	RT)	then	the	solution	

is	 spun	 (10,000	 rpm,	 30	 secs)	 and	 supernatant	 collected.	 Purity	 of	 RNA	 samples	 quantified	 using	

NanoDrop	Lite	spectrophotometer	(Thermo	Scientific),	samples	with	yields	over	100	ng/μl	and	with	

A260/280	vaules	over	1.9	used.	

Complementary	 DNA	 is	 synthesised	 using	 a	 QuantiTect	 reverse	 transcription	 kit	 (Qiagen).	

Template	RNA	is	diluted	such	that	1	μg	is	added	to	RNase-free	water	and	2	μl	gDNA	wipeout	buffer	

and	made	up	to	14	μl.	This	is	incubated	in	a	heat	block	(2	min,	42	°C).	Meanwhile	mastermix	is	made	

up	on	ice:	1	μl	reverse	transcriptase,	4	μl	RT	buffer,	1	μl	RT	primer	mix.	This	is	then	combined	with	the	

template	RNA	and	incubated	(15	min,	42	°C),	before	RT	is	inactivated	by	incubation	(15	min,	95°C).	

The	cDNA	is	then	available	to	perform	real-time	PCR	with	oligonucleotides	previously	published	and	

verified	for	genes	of	interest,	synthesised	and	supplied	by	Sigma	Aldrich	(UK),	sequences	recorded	in	

appendices.	

Electrophoresis	 is	performed	on	a	2%	agarose	 (in	TAE)	gel.	The	 Image	 is	captured	using	G	Box	

iChemi	 gel	 documentation	 system	 utilising	 GeneTools	 analysis	 software	 (Syngene)	 densitometry	

analysis	 performed	 using	 GeneTools.	mRNA	 levels	 of	 the	 genes	 of	 interest	 normalised	 to	 GAPDH	

expression.	
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Intracellular	signalling	assays	

	

Where	inhibitors	are	used,	the	conditions	and	concentrations	remain	constant	across	all	assays.	

YM-254890	the	Gq/11/14	inhibitor	is	applied	(100	nM)		as	a	pre-treatment	30	min	before	the	assay	start	

(Takasaki	et	al.	2004).	ESI-09	the	non-selective	EPAC1/2	inhibitor	and	pre-treatment	is	also	required	

(100	 µM,	 15	 min)(Almahariq	 et	 al.	 2013).	 Rp-8-Br-cAMPs	 the	 PKA	 inhibitor	 has	 pre-treatment	

conditions	of	(100	µM,	15	min)	(Schwede	et	al.	2000).	PTX	inactivates	Gai	proteins	and	requires	(200	

ng/ml,	16	h,	37	°C)	pre-treatment	conditions	(Weston	et	al.	2016).	The	GPCR	internalisation	inhibitors	

have	 the	 following	 pre-treatment	 conditions:	 Barbadin	 (100	µM,	 30	min)	 (Beautrait	 et	 al.	 2017),	

dynasore	 (80	µM,	30	min)	 (Macia	et	al.	2006),	Pitstop	2	 (100	µM,	30	min)	 (Beautrait	et	al.	2017),	

Compound	101	(100	µM,	30	min)	(Thal	et	al.	2011,	Lowe	et	al.	2015).	

Preparation	of	peptide	ligands	

As	with	many	of	the	assays	subsequently	described	in	this	section	a	range	of	stimulating	ligand	

concentrations	 is	needed	 to	perform	dose	 response	experiments.	To	perform	 ligand	dilutions	or	a	

serial	dilution:	stock	solutions	of	ligand	are	10-3M,	these	are	made	to	10-4M	by	a	1/10	dilution	in	H2O	

+	BSA	(0.1%).	Then	2	μl	of	each	dilution	is	added	to	the	first	well	of	each	ligand’s	respective	column	

on	the	96	well	plate.	On	this	plate	where	the	ligand	dilution	series	is	made,	the	same	is	done	for	the	

positive	control,	in	the	case	of	cAMP	this	is	forskolin,	this	is	added	as	8	μl	aliquots	in	the	first	well.	This	

is	alongside	92	μl	SB	(see	below)	in	the	case	of	cAMP	in	each	of	these	first	wells,	and	98	μl	SB	in	each	

of	the	first	wells	containing	ligand.	After	this	all	wells	have	90	μl	SB	added.	Then	10	μl	is	taken	out	of	

the	first	well	 in	each	column	and	mixed	with	the	subsequent	well,	and	so	on	all	the	way	down	the	

column	to	create	a	dilution	series.	
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Measurement	of	intracellular	cAMP	accumulation	

	

cAMP	assays	(PerkinElmer,	Beaconsfield,	UK)	are	performed	according	to	manufacturer’s	protocol	

and	(Weston	et	al.	2016),	in	detail;	First	stimulation	buffer	(SB)	is	prepared:	0.02	g	(0.1%)	of	BSA	and	

10	μl	 IBMX	(a	phosphodiesterase	 inhibitor)	are	added	to	20	ml	of	PBS	(phosphate-buffered	saline)	

warmed	to	37°C.	All	in	a	20	ml	universal	tube,	it	is	then	vortexed.	

Antibody	solution	is	then	prepared	by	creating	a	1/100	dilution	of	the	Alexa	Fluor	647-anti	cAMP	

antibody	 is	made	 in	SB.	Cells	are	 later	resuspended	 in	 this	solution.	Cell	preparation	 is	carried	out	

under	a	fume	hood	with	all	equipment	cleaned	with	ethanol	to	generate	a	sterile	environment	and	

minimise	the	risk	of	infection	in	cell	culture.	Cells	have	their	media	aspirated	off	and	500	μl	of	0.05%	

Trypsin-EDTA	is	added	to	each	individual	well	where	cells	are	grown	in	a	6	well	plate.	The	cells	are	

subsequently	returned	to	the	incubator	for	10	minutes	to	trypsinise.	500	μl	of	media	is	then	added	to	

each	 well,	 the	 cells	 are	 thoroughly	 dislodged	 through	 repeated	 pipetting,	 and	 added	 to	 1.5	 μl	

Eppendorf	 tubes.	 The	 cells	 are	 centrifuged	 (1000rpm,	 5	min)	 to	 form	 a	 pellet	 so	 than	 the	 trypsin	

containing	 media	 can	 be	 removed.	 The	 cells	 are	 washed	 and	 re-suspended	 in	 500	 μl	 PBS	 and	

centrifuged	two	further	times	before	final	resuspension	in	PBS.	A	10	μl	aliquot	of	each	cell	suspension	

is	 added	 to	a	haemocytometer.	 It	 is	used	 to	 count	 the	number	of	 cells	 in	a	given	area,	under	 the	

microscope,	to	calculate	the	number	of	cells/μl.	This	process	is	also	carried	out	for	pERK1/2	assays.	

Cells	 are	 resuspended	 in	 the	 antibody	 solution	 so	 as	 to	 produce	 a	 concentration	 of	 the	 final	

solution	such	that	a	5	μl	aliquot	will	contain	2000	cells.	A	5	μl	aliquot	is	added	to	each	well	of	the	384	

well	white	the	384-well	Optiplate.	To	plate	cells	for	a	cAMP	assay,	the	antibody	and	cell	solution	is	

added	in	5	μl	aliquots	to	each	well.	In	the	first	column	forskolin	is	added	in	5	μl	aliquots	in	descending	

concentrations	from	10-4	M	to	10-11	M.	To	the	subsequent	columns	each	of	the	3	ligands	and	any	other	

stimulating	conditions	are	added	individually	in	5	μl	aliquots	in	concentrations	descending	from	10-6	
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M	to	10-13	M.	The	Optiplate	is	covered	in	foil	to	reduce	light	exposure.	Then	incubated	on	a	shaker	

plate	(room	temperature,	30min).	This	stimulation	time	varied	depending	on	the	cell	type	used.	All	

HEK-293	cell	experiments	had	an	8	min	stimulation	time,	and	all	primary	cells	30	min.	

If	 antagonist	 studies	 are	 being	 performed	 they	 diluted	 alongside	 the	 stimulating	 agonists	 and	

added	to	the	cells	in	the	form	of	co-stimulation.	

2500	μl	of	detection	buffer	(DB)	is	usually	made	up	for	an	assay	as	per	manufacturers’	suggestion	

and	protocol:	This	provides	approximately	enough	for	up	to	12	columns	on	the	384	well	Optiplate	

allowing	for	pipetting	error.	The	DB	is	made	in	a	small	universal	tube	(10	ml)	wrapped	in	foil	to	prevent	

light	interference.	2460	μl	of	cAMP	Detection	buffer	is	added	along	with	20	μl	of	Eu-SA	and	20	μl	of	b-

cAMP.	The	Eu-SA	is	taken	from	2	μl	Eu-W8044	labelled	streptavidin	diluted	in	34	μl	detection	buffer	

(generating	a	1	in	18	dilution).	b-cAMP	is	made	from	4	μl	Biotin-cAMP	diluted	1	in	6	in	20	μl	detection	

buffer.	The	final	2500	μl	volume	of	DB	for	the	assay	is	incubated	(room	temperature,	15	min).	

After	 the	 30	min	 incubation	 period	 10	 μl	 of	 detection	 buffer	 is	 added	 to	 all	 wells	 before	 the	

Optiplate	 is	 again	 covered	 in	 foil	 and	 incubated	on	 the	 shaker	plate	 (room	 temperature,	 60	min).	

Following	the	incubation	period,	the	Optiplate	is	immediately	read	by	the	Mithras	LB	940	multimode	

microplate	reader	(Berthold	technologies,	Harpenden,	UK).	Light	pulses	from	the	plate	reader	at	340	

nm	excite	 the	Eu-chelate	molecules	bound	to	biotin-cAMP,	 itself	bound	to	 the	antibody.	Energy	 is	

transferred	to	the	Alexa	molecules	which	emit	light	at	665	nm,	and	this	is	detected	by	the	plate	reader.	

As	intracellular	cAMP	is	produced	this	competes	for	antibody	binding	and	reduces	the	fluorescence	

intensity	detected.	

In	order	to	perform	the	time	course	experiments	all	conditions	are	kept	consistent	except	for	the	

stimulation	time,	detection	buffer	 is	added	at	each	different	time	point	to	freeze	or	end	the	assay	

from	0	min	post	stimulation	up	to	30.	Experiments	are	also	performed	at	4°C	to	assess	the	influence	

of	temperature	on	these	time	course	assays.	This	was	achieved	by	pre-cooling	all	equipment	a	4°C	
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cold	 room,	 and	 subsequently	 performing	 the	 assay	 steps	 in	 a	 4°C	 cold	 room	 rather	 than	 at	 the	

standard	room	temperature.		

Measurement	of	intracellular	calcium	signalling		

	

All	 cell	 lines	were	plated	at	20,000	cells/well	on	 fibronectin	coated	 (40	min,	100	µl,	10	µg/ml,	

exposure	24	h	prior	to	cell	plating)	Costar	96	well	black	clear-bottom	plates,	and	cultured	as	previously	

described.		

On	the	day	of	the	assay	cells	media	is	removed	from	cells	and	the	cells	are	loaded	with	10µM	and	

40µl	per	well	Fluo-4/AM	(Fluo-4/AM	assay	kit,	Invitrogen).	Cell	preparation	is	carried	out	under	a	fume	

hood	with	all	equipment	cleaned	with	ethanol	to	generate	a	sterile	environment	and	minimise	the	

risk	of	infection	in	cell	culture.		Loading	takes	place	in	the	dark	at	room	temperature	for	1	hour.	Cells	

are	then	washed	twice	with	Hank’s	Balance	Salt	Solution	(HBSS)	(Lonza,	Slough,	UK),	then	are	left	in	

100	µl/well	Calcium-free	HBSS	for	the	duration	of	the	assay.	In	wells	where	I	attempt	to	inhibit	Gaq/11	

signalling	 cells	 are	wells	 are	 pre-treated	with	 100nM	YM-254890	 (as	 above)	 in	 calcium	 free	HBSS	

(Ligands	are	made	up	exactly	as	described	above	but	in	Calcium	free	HBSS	such	that	a	20μl	volume	

can	be	added	to	100	μl	cells	during	the	assay	over	a	concentration	range	of	1	pM	to	1	μM).	All	assays	

are	performed	using	the	BD	Pathway	855	Bioimaging	Systems	(BD	Biosciences,	San	Jose,	CA,	USA).	

Which	injects	ligands	into	individual	wells	of	the	96	well	plate	prior	to	the	fluorophore	being	excited	

at	 a	wavelength	of	 494	nm	and	emission	being	 recorded	at	 516	nm.	 The	 fluorophore	 fluo-4	 is	 an	

analogue	of	fluo-3,	and	the	fluo-4	AM	ester	is	cleaved	upon	cell	entry	so	it	does	not	leave	and	only	

measures	intracellular	calcium,	which	it	binds	to	in	order	to	increase	fluorescence	output	upon	cell	

stimulation.	With	Images	taken	every	second	for	2	minutes	so	that	calcium	transients	in	the	cytoplasm	

of	the	cells	in	each	well	can	be	imaged.	Peak	responses	in	each	treatment	are	then	normalised	to	the	

positive	control	(10	µM	ionomycin).	
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Measurement	of	intracellular	nitric	oxide	

	

As	with	calcium	assays	all	cell	lines	were	plated	at	20,000	cells/well	on	fibronectin	coated	(40	min,	

100	µl,	10	µg/ml,	exposure	24	h	prior	to	cell	plating)	Costar	96	well	black	clear-bottom	plates.	On	the	

day	of	the	assay	cells	are	loaded	with	40µl,	10µM	DAF-FM	diacetate	(ThermoFisher	Scientific)	This	dye	

theoretically	records	intracellular	nitric	oxide	as	upon	entering	the	cells	the	diacetate	is	cleaved	by	

esterases	trapping	the	dye	inside	the	cells	(Falcone	et	al.	2008).	Loading	takes	place	in	the	dark	(room	

temperature,	30	min).	Cells	are	then	washed	with	HBSS	(Lonza)	and	remain	in	that	for	the	duration	of	

the	assay.	All	assays	are	performed	using	the	BD	Pathway	855	Bioimaging	Systems	(BD	Biosciences).	

Which	injects	ligands	into	individual	wells	of	the	96	well	plate	prior	to	the	Fluorophore	being	excited	

at	a	wavelength	of	494	nm	and	emission	is	recorded	at	516nm(Falcone	et	al.	2008).	With	Images	taken	

every	second	for	2	minutes	so	that	nitric	oxide	transients	in	the	cytoplasm	of	the	cells	in	each	well	can	

be	observed.	

An	alternative	single	end	point	nitric	oxide	assay	involved:	Primary	cells	were	cultured	as	above.	

24	 hours	 prior	 to	 assay	 cells	 were	 plated	 on	 Costar	 96	 well	 black	 clear	 bottom	 plates	 at	 40,000	

cells/well.	The	assay	was	performed	according	to	manufacturer’s	protocol.	Briefly;	cells	pre-incubated	

with	NO	dye	and	assay	buffer	1	(Fluorometric	Nitric	Oxide	Assay	Kit,	Abcam,	UK)	for	30		min	at	37°C	

in	5%	CO2.	Any	inhibitors	requiring	30	min	pre-treatment	(YM-254890/L-NAME/DMSO	control)	were	

added	at	this	point.	Ligand	stimulation	occurred	immediately	after	this	for	15	min	at	37°C	C	in	5%	CO2.	

Stain	and	ligand	solution	were	removed,	assay	buffer	II	was	added,	and	wells	were	read	immediately.	

The	absorbance	was	measured	using	a	Mithras	LB940	microplate	reader	with	an	excitation/emission	

of	 540/590	nm.	 Endothelial	 cell	 responses	were	 normalised	 to	 10	µM	acetylcholine	 (Holton	 et	 al.	

2010)	or	HCM	responses	were	normalised	to	10	µM	Isoproterenol	(Vaniotis	et	al.	2013,	Gauthier	et	

al.	1998).	
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Measurement	of	intracellular	phospho-ERK1/2	(Thr202/Tyr204)	

	

Primary	cells	were	grown	to	100%	confluency	in	6	well	plates,	HEK-293	cells	were	grown	to	the	

same	level,	including	a	transfection	step	(as	above).	On	the	day	of	the	experiment	media	was	replaced	

with	serum	free	media	4	h	prior	to	cell	harvesting.	Tyrpsin-EDTA	was	used	to	dissociate	the	cells	and	

they	are	spun	down,	counted	and	re-suspended	HBSS	with	0.1%	BSA	as	previously	described	in	the	

cAMP	 accumulation	 assay	 section.	 Ligands	 are	 also	 diluted	 in	 HBSS-BSA	 (as	 in	 above	 assays	 and	

described	in	detail	in	cAMP	assay	section).	Cells	are	then	plated	on	384	well	plates	in	8	μl	aliquots	at	

a	density	of	35,000	cells/well.	Next	Ligands	are	added	(4	μl)	for	5	min	stimulation	at	room	temperature	

in	 this	 range	10-4	M	to	10-11	M,	 ligands	are	diluted	as	described	above.	Cells	are	 then	 lysed	as	per	

manufacturer’s	instructions	with	4μl	of	lysis	buffer	(Cisbio	phosphor-ERK1/2	cellular	assay	kit)	for	30	

min	shaking	at	 room	temperature.	The	2	specific	antibodies;	one	 labelled	with	Eu3+-Cryptate	 (the	

donor)	and	the	other	is	labelled	with	d2	(the	acceptor)	are	pre-mixed	in	1:1	ratio.	Then	4	μl	is	added	

to	each	well	and	the	plate	incubated	for	a	further	4	h.	Then	fluorescence	emissions	were	read	at	665	

nm	and	620	nm	using	a	Mithras	LB940	microplate	reader.	

In	order	to	perform	the	time	course	experiments	all	conditions	are	kept	consistent	except	for	the	

stimulation	time,	detection	buffer	 is	added	at	each	different	time	point	to	freeze	or	end	the	assay	

from	0	min	post	stimulation	up	to	60.	As	in	the	cAMP	accumulation	time	course	assays.	

Measurement	of	cell	proliferation	

	

All	 cell	 lines	 were	 cultured	 and	 trypsinised	 as	 above	 in	 order	 to	 be	 seeded	 at	 a	 density	 of	

2500	cells/well	 in	a	clear	flat	bottom	96-well	plate	(Corning,	NY,	USA)	and	incubated	at	37°C	in	5%	

CO2.	 After	 24	 h,	 cells	 were	 exposed	 to	 ligands	 and	 control:	 the	 dilution	 series	 is	 performed	 as	

explained	 in	 extensive	 detail	 above	 but	 in	 complete	 endothelial	 cell	 growth	 media	 (HUVECs	 and	
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HUAECs)	or	myocyte	growth	media	 (HCMs)	 rather	 than	H2O+BSA	 (cAMP)	or	HBSS+BSA	 (ERK1/2	and	

calcium)	so	that	cells	can	continue	to	be	incubated	and	grow	over	a	period	of	up	to	10	days.	Cells	were	

incubated	for	a	further	72	h	at	37°C	in	5%	CO2.	After	72	h	incubation,	5	μl	of	Cell	Counting	Kit	–	8	(CCK-

8)(Sigma)	was	added	to	each	well	cells	were	then	incubated	for	another	2	h	at	37°C	in	5%	CO2	and	in	

the	 dark	 as	 per	 (Safitri	 et	 al.	 2020):	 The	 active	 compound	 is	 2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,	monosodium	salt,	or	WST-8		which	is	reduced	by	

cellular	dehydrogenases	when	the	electron	carrier	1-Methoxy	PMS	is	present,	to	an	orange	formazan	

dye.	The	absorbance	of	each	well	was	measured	using	a	Mithras	LB940	microplate	reader	with	an	

excitation	of	450	nm.	The	absorbance	measured	from	formazan	is	directly	proportional	to	the	number	

of	viable	cells.		

Statistical	analysis	

	

All	data	analysis	was	performed	 in	GraphPad	Prism	8.4	 (GraphPad	Software).	For	cAMP	assays	

data	analysis,	the	raw	fluorescence	data	from	an	assay	it	is	interpolated	to	the	standard	curve	using	

the	inbuilt	GraphPad	function.	This	generates	a	new	set	of	values	which	accounts	for	variability	in	the	

plate	reader	and	assay	kit.	These	interpolated	values	are	then	normalized	to	the	forskolin	values,	with	

the	highest	(100	μM)	and	lowest	(10	pM)	values	providing	the	maximum	and	minimum	levels	of	cAMP	

production,	and	accounting	for	day	to	day	variation	in	cellular	responses	but	retains	the	variance	for	

control	values.	Then	the	data	could	be	analysed	using	the	nonlinear	regression	(curve	fit)	function	to	

produce	 concentration-response	 curves	 for	 agonist	 stimulation.	 Where	 he	 means	 of	 individual	

experiments	were	combined	to	generate	the	curves	shown.	 In	the	case	of	calcium	and	nitric	oxide	

(time	resolved)	assays	images	are	stacked,	corrected	for	background	fluorescence	and	peak	intensity	

measured	 in	 the	 region	 of	 interest	 using	 ImageJ.	 Data	 were	 then	 exported	 to	 Prism	 to	 plot	

fluorescence	time	courses	and	generate	dose-response	curves.	All	calcium	responses	are	normalised	

to	calcium	release	from	intracellular	stores	driven	by	10	μM	Ionomycin	(Yoshida	and	Plant	1992).	For	



	

	 61	

data	 generated	 in	 the	 ERK1/2	 assay	 the	 fluorescence	 reading	 at	 665	 nm	 is	 divided	 by	 the	 620	 nm	

reading	 and	 the	 result	multiplied	 by	 1000	 for	 every	 individual	well.	 The	 resulting	 data	were	 then	

further	 analysed	 in	 GraphPad	 Prism	 8.4,	 where	 values	 are	 normalised	 to	 ERK1/2	 phosphorylation	

caused	from	cells	 in	response	to	100	μM	phorbol	12-myristate	13-acetate	(PMA).	Cell	proliferation	

was	 calculated	as	a	percentage	of	number	of	 cells	 treated	with	vehicle	alone.	Data	were	 fitted	 to	

obtain	concentration–response	curves	using	either	the	three-parameter	 logistic	equation	-	used	to	

obtain	 values	 of	 Emax	 and	 pEC50	 or	 the	 operational	 model	 of	 receptor	 agonism	 was	 used	 where	

necessary	 to	 obtain	 efficacy	 (t	 and	 equilibrium	disassociation	 constant	 (KA)	 values	 (Black	 and	 Leff	

1983,	Baltos	et	al.	2016,	Qin	et	al.	2017).	All	statistical	tests	are	performed	in	GraphPad	Prism,	and	

outlined	in	the	legend	of	each	table	or	figure	where	they	are	used,	but	briefly:	Statistical	differences	

were	analysed	using	one-way	ANOVA	followed	by	Dunnett’s	post-hoc	(for	comparisons	amongst	more	

than	two	groups)	or	unpaired	Student’s	t	test	with	Welch’s	correction	(for	comparison	between	two	

groups)	with	a	p	value	<	0.05	considered	the	threshold	for	significance.	Values	are	reported	in	tables	

are	means	+/-	SEM.	Bias	factors;	DD(t/Ka)	were	calculated	for	each	ligand	at	each	pathway	and	from	

this	generated	signalling	bias	plots.	This	is	done	by	taking	the	logarithm	of	the	t/Ka		and	plotting	the	

ratios	of	each	pathway	 to	one	another	on	a	 logarithmic	 scale.	Correlations	between	pEC50	values	

were	 assessed	 by	 scatter	 plot	 and	 Pearson’s	 correlation	 coefficient	 (r)	 was	 calculated	 with	 95%	

confidence	interval.	
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iCell	myocyte	specific	cell	culture	and	functional	assays	

	

iCell	myocyte	cell	culture	

	

Monolayer	(2D)	

iCell	Cardiomyocytes	(Cellular	Dynamics,	Madison,	WI,	USA)	were	stored	in	liquid	nitrogen	until	

use	and	 thawed	according	 to	 the	manufacturer’s	 instructions	as	outlined	above	 in	 the	cell	 culture	

section.	Wells	to	be	used	of	an	E-Plate	CardioECR	48	(ACEA	Biosciences,	Inc.	San	Diego,	CA,	USA)	are	

coated	in	gelatine	(50	µl,	0.1%)	(Sigma-Aldrich)	2	hours	before	plating.	Thawed	cells	are	diluted	in	pre-

warmed	 iCell	 CM	plating	medium	and	 then	plated	 at	 30,000	plateable	 cells/well	 in	 100	µl	 plating	

media.	Cells	were	allowed	to	adhere	at	room	temperature	for	15	min.	Then	placed	in	a	humidified	

incubator	with	5%	CO2	at	37°C.	Plating	media	is	replaced	with	iCell	cardiomyocyte	maintenance	48	h	

after	 seeding.	Medium	 change	 was	 then	 performed	 every	 other	 day	 for	 12	 days.	 After	 this	 time	

spontaneous	cell	beating	will	have	stabilised	and	then	Cells	were	assayed	after	this.		

	

Organoid	(3D)	

iCell	 Cardiomyocytes	 (Cellular	 Dynamics,	 Madison,	 WI,	 USA)	 were	 thawed	 according	 to	 the	

manufacturer’s	 instructions	 and	 re-suspended	 in	 plating	media	 at	 (2000	 cells/µl).	 Human	 Cardiac	

Fibroblasts	(Promocell,	Germany)	were	routinely	cultured	according	to	supplier	recommendations	in	

Fibroblast	growth	media	and	re-suspended	at	the	required	density	(500	cells/50	µl)	in	plating	media.	

Spheroids	were	seeded	by	combining	Cardiomyocytes	(2000/well)	and	fibroblasts	(500/well)	with	1	

ul/6x10E4	 cells	 Gold/iron	 oxide	 nanoparticle	 reagent	 (Nanoshuttle-PL,	 n3D	 Biosciences,	 USA),	 and	

then	plated	in	100	µl	plating	media	in	ultra-low	attachment	96	well	plates	(Corning).	Cultures	were	
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incubated	 at	 37°C	 5%	 CO2	 in	 an	 humidified	 incubator.	 Plating	 media	 is	 replaced	 with	 iCell	

cardiomyocyte	maintenance	media	24	h	after	seeding.	Then	50%	is	replaced	every	2	days	afterwards.	

After	plating	the	spheroids	then	self-assemble	and	were	able	to	be	transferred	to	96	well	sensor	plates	

(NSP-96	CardioEcyte96	sensor	plates	0.6	mm,	Nanion	Technologies	GmbH,	Germany).	Before	transfer	

a	sensor	plate	 is	coated	with	10	μg/ml	fibronectin	and	was	aligned	with	neodymium	magnet	plate	

(AstraZeneca,	Cambridge,	UK)	this	helped	magnetically	guide	the	spheroids	to	settle	themselves	and	

position	 exactly	 above	 the	 central	 sensing	 electrode	 located	 in	 the	 well	 base	 when	 they	 are	

transferred:	Spheroids	are	 transferred	using	a	multi-channel	manual	pipettor	equipped	with	wide-

bore	 tips	 to	 allow	 for	 spheroid	 transfer	 into	 the	 tip	 without	 disruption.	 Contents	 were	 carefully	

pipetted	directly	onto	the	central	sensor	electrode	area.	Visual	inspection	with	a	microscope	is	used	

to	assess	whether	spheroids	are	positioned	above	the	central	sensing	electrode.	Only	spheroids	that	

settle	within	the	boundary	of	the	central	sensor	electrode	area	can	be	assayed.	2	days	after	transfer	

to	sensor	plates	Impedance	assays	can	then	be	performed	on	the	CardioExcyte96	platform	(Nanion	

Technologies).	

Measurement	 of	 beat	 rate	 determined	 by	 cellular	 impedance	

recordings		

	

Monolayer	(2D)	

Complete	media	change	performed	on	the	day	of	the	experiment,	at	least	4	h	prior	to	compound	

addition.	Ligands/control	are	diluted	(as	described	previously)	in	50	ul	iCell	maintenance	media,	50	µl	

is	removed	and	ligand/control	are	added	to	return	the	volume	per	well	to	100	µl.	Recording	is	begun	

immediately	on	the	xCELLigence	RTCA	CardioECR	system	(ACEA	Biosciences,	Inc.)	and	Impedance	data	

were	collected	providing	beat	 rates	 for	 the	spontaneously	beating	cardiomyocytes.	Readings	were	
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taken	every	minute.	Data	were	then	exported	to	GraphPad	Prism	Software	for	graphing	and	statistical	

analysis.	Data	are	representative	of	at	least	3	independent	experiments.	

Organoid	(3D)	

Complete	media	change	performed	on	the	day	of	the	experiment,	at	least	4	h	prior	to	compound	

addition;	 ensuring	 200	 µl/well	 volumes.	 This	 becomes	 250	 µl	 with	 ligand/control	 addition	 (50	 µl	

compound	added	in	Maintenance	media).	Immediately	after	ligand/control	addition	Sensor	plates	are	

loaded	onto	 a	CardioEcyte96	platform	 (Nanion	Technologies)	 (Doerr	 et	 al.	 2015).	 Impedance	data	

were	 then	 collected	with	 reading	 sweeps	 taken	 every	minute.	 Data	were	 then	 exported	 to	 Prism	

(GraphPad	 Software)	 for	 graphing	 and	 statistical	 analysis.	 Data	 are	 representative	 of	 at	 least	 3	

independent	experiments.	

Measurement	of	intracellular	calcium	signalling	in	iCell	myocytes	

	

Cells	are	thawed	and	cultured	as	above	in	Cell	Carrier	ultra	plates	(PerkinElmer)	coated	in	gelatine	

(50	µl	0.1%)(Sigma-Aldrich).	Complete	media	change	performed	on	the	day	of	the	experiment,	at	least	

4	h	prior	to	compound	addition.	Replacing	media	with	50	µl	of	maintenance	media.	30min	prior	to	

compound	addition	remove	25	µl	of	media	and	add	25	µl	Ca5	dye	(FLIPR	Calcium	5	Explorer	Assay	Kit,	

Molecular	Devices).	Cells	incubated	at	37°C	5%	CO2	until	ligand/control	addition.	Ligand/control	then	

added		in	50	µl	media	and	cells	imaged	on	FLIPR	Tetra	System	(Molecular	Devices).	

Quantitative	RT-PCR	

	

Cardiomyocytes	were	thawed	and	suspended	as	above	in	iCell	plating	medium	and	plated	in	a	24	

well	 plate	 (pre-coated	 in	 gelatine)	 at	 100,000	 cells/well.	 Plating	 media	 is	 replaced	 with	 iCell	

maintenance	48	h	after	seeding.	Medium	change	was	then	performed	every	other	day	for	12	days.	
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Media	 is	 then	 removed	and	cells	are	washed	 in	PBS.	RNA	 is	extracted	and	gDNA	eliminated	using	

QIAGEN	 RNA	 extraction	 kit	 as	 per	manufacturer’s	 instructions.	 The	 yield	 and	 quality	 of	 RNA	was	

assessed	 by	 measuring	 absorbance	 at	 260	 and	 280	 nm	 (Nanodrop	 ND-1000	 Spectrophotometer,	

NanoDrop	 technologies	 LLC).	 RNA	 was	 used	 immediately	 for	 the	 preparation	 of	 cDNA	 using	 the	

Multiscribe	reverse	transcriptase.	For	the	preparation	of	cDNA	100	ng	of	RNA	was	reverse	transcribed	

using	 Taq-man	 reverse	 transcription	 kit	 (Life	 Technology,	 MA,	 USA)	 according	 to	 manufacturer’s	

instructions.	Reactions	were	performed	on	a	thermal	Cycler	as	following:	25°C,	10	min;	48°C,	30	min;	

95°C,	5	min.	cDNA	was	stored	at	-20°C.	

For	each	independent	sample,	qPCR	was	performed	in	triplicate	using	TaqMan	Gene	Expression	

assays	 according	 to	 manufacturer’s	 instructions	 (Life	 Technologies,	 MA,	 USA)	 for	 GAPDH	

(Hs02786624_g1),	CALCR	(Hs01016882_m1),	CALCRL	(Hs00907738_m1),	RAMP1	(Hs00195288_m1),	

RAMP2	 (Hs01006937_g1),	 RAMP3	 (Hs00389131_m1)	 and	 plated	 onto	 fast	 microAmp	 plates	

containing	 2	 μl	 cDNA,	 1	 μl	 Taq-man	 probe,	 10	 μl	 Taq-man	 fast	 universal	 master	 mix	 (Applied	

Biosystems)	and	10	μl	ddH2O.	PCR	reactions	were	performed	on	ABI	7900	HT	real	time	PCR	system.	

The	program	involved	initial	heating	at	5°C	for	2	min	and	denaturation	at	95°C	for	10	min,	fluorescence	

was	then	detected	over	40	cycles	(95	for	15	s	60	for	1	min).	Data	are	expressed	as	relative	expression	

of	the	gene	of	interest	to	the	reference	gene	GAPDH	where:	Relative	expression	=	2-((Cq	of	gene	of	interest)	–	

(Cq	of	ACTB)).	For	some	genes	no	mRNA	was	detected.	This	is	indicated	in	the	figure	legends	(Ostrovskaya	

et	al.	2019).	

iCell	specific	statistical	analysis	

	

Raw	impedance	data	were	analysed	using	xCELLigence®	RTCA	CardioECR	Data	Analysis	software	(for	

2D	experiments).	The	software	enables	the	assessment	of	cardiac	cell	beating	and	beat	rate	data	to	

be	generated	this	is	defined	as	the	number	of	beats	per	unit	time	and	is	expressed	as	beats/min,	and	
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processed	into	graph	format	in	GraphPad	Prism.	Impedance	and	from	a	sensor	plate	experiment	were	

processed	 using	 Nanion	 CardioExcyte	 Control	 software	 (for	 3D	 experiments).	 Beat	 detection	 and	

therefore	beat	rate	was	calculated	for	each	sweep.	This	was	then	exported	and	processed	into	graph	

format	in	GraphPad	Prism.	Data	are	mean	±	S.E.M.	and	statistical	significance	was	calculated	using	

unpaired	Student’s	t	test	with	Welch’s	correction.	

CRISPR-cas9	cell	generation,	imaging	and	analysis	

Immunofluorescence	

	

This	 is	the	overarching	protocol	so	where	it	differs	it	 is	outlined	in	the	respective	section.	Cells	

were	 seeded	 in	 Cell	 Carrier	Ultra	 96	well	 plate	 (Perkinelmer,	 Boston)	 at	 a	 cell	 density	 of	 160,000	

cells/well	and	maintained	at	37°C	in	5%	CO2	with	relevant	cell	culture	media.	Cells	were	washed	twice	

with	PBS,	fixed	with	4%	paraformaldehyde	(PFA)	in	PBS	(10	min,	RT)	then	washed	three	times	with	

PBS.	The	cells	were	permeabilized	with	0.05%	Tween	20	in	PBS	(60	min,	RT),	and	then	incubated	with	

10%	goat	serum	in	PBS	(60	min,	RT).	The	cells	were	then	incubated	in	primary	antibody	for	RAMP1,	or	

RAMP2	 protein	 (Discovery	 Antibodies)	 (diluted	 at	 various	 manufacturer	 recommended	

concentrations	 in	 PBS/0.05%	 Tween/3%	 BSA)	 at	 4°C,	 overnight	 and	 protected	 from	 light	 (other	

primary	antibodies	described	in	the	sections	they	were	used).	The	cells	were	washed	three	times	with	

PBS	 and	 incubated	 with	 AlexaFluor	 488	 donkey	 anti-rabbit	 /	 AlexaFluor	 568	 goat	 anti-rabbit	

(Invitrogen,	1/500)	(1hr,	RT)	protected	from	light.	Cells	were	washed	three	times	with	PBS,	then	nuclei	

were	 stained	 with	 Hoechst	 (Invitrogen)	 (1/2000	 in	 PBS,	 10min,	 RT).	Multi-wavelength	 analysis	 of	

results	is	performed	on	the	CV7000	following	a	repeat	of	the	3x	wash	in	PBS	w/o	Mg2+	or	Ca2+i	and	

immediately	imaged	at	20x	magnification	(Cell	Voyager	7000S,	Yokogawa).	
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Kill	curve	generation		

	

To	generate	a	kill	curve	first	cells	at	90%	confluency	were	harvested	from	flasks	with	Trypsin,	then	

plated	in	cell	carrier	ultra	96	well	plate	at	10,000	cells	per	well	and	incubated	24	hours,	37°C	5%	CO2.	

24	h	later	cells	were	treated	with	Puromycin	and	Blasticidin	(stock	at	10mg/ml)	in	the	dosing	regime	

ranging	from	0	µg/ml	to	30	µg/ml	as	outlined	in	the	Results	section.	Cells	are	then	Incubated	for	72	

hours	37°C	5%	CO2.	72	h	later	cell	culture	media	was	changed	containing	fresh	antibiotic.	48	h	after	

this	cells	were	fixed	and	permeabilised	in	their	plates	as	above.	Cells	are	washed	three	times	in	PBS	

and	then	incubated	in	1:2000	dilution	of	Hoechst	(Invitrogen)	in	PBS	+	0.05%	Tween20	+	3%	BSA	for	1	

hour	 protected	 from	 light.	 The	 cells	 were	 stored	 at	 4°C	 prior	 to	 imaging	 on	 CV7000	 as	 outlined	

previously.		

CRISPR-cas9	genome	engineering	and	MOI	optimisation	in	HUVECs	

	

HUVECs	 with	 the	 RAMP2	 gene	 knocked	 out	 or	 the	 control	 HPRT1	 gene	 knocked	 out	 were	

generated	by	CRISPR/Cas9	homology	directed	repair	(Ran	et	al.	2013).	The	sgRNA	sequences	that	were	

designed	 and	 manufactured	 targeting	 RAMP2	 were	 (5’-CGCTCCGGGTGGAGCGCGCCGG-3’),	 (5’-

TCCGGGTGGAGCGCGCCGGCGG-3’),	 and	 (5’-CCCGCGTCTCCCTAGGACCCGA-3’)	 for	 Cas9	 targeting	 to	

the	human	RAMP2	gene	(Sigma-Aldrich).	Positive	control	virus	targeting	HPRT1	gene	was	purchased	

‘off	the	shelf’	from	(Sigma-Aldrich).	All	guides	were	delivered	in	the	LV01	vector	(U6-gRNA:ef1a-puro-

2A-Cas9-2A-tGFP)	vector	provided	by	(Sigma-Aldrich).		

An	 optimal	MOI	 of	 transduction	 had	 to	 be	 established	 to	 do	 this	 -	 cells	 at	 90%	 confluency	were	

harvested	from	flasks	with	Trypsin,	then	plated	in	cell	carrier	ultra	96	well	plate	at	10,000	cells	per	

well	 and	 incubated	 24	 hours,	 37°C	 5%	 CO2.	 Such	 that	 24	 h	 later	 cells	 were	 approximately	 70%	

confluent.	Media	 is	 removed	 from	 the	 cells	 24	 h	 later	 and	media	 containing	 Polybrene	 (110	µl,	 8	
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µg/ml)	and	virus.	The	concentration	of	virus	varied	to	achieve	an	MOI	range	of	0.01	to	10.	An	amount	

was	taken	from	the	stock	of	pooled	virus	with	a	titre	of	5533333	TU/ml	ranging	from	0.02	µl/well	to	

18	µl/well	to	achieve	the	desired	MOI.	Virus	is	stored	at	-70°C	at	all	times.	The	amount	of	time	it	is	

removed	from	storage	was	kept	to	a	minimum	to	reduce	the	chance	of	degradation	as	well	as	keeping	

samples	on	ice	until	application	to	cell	samples.	Following	viral	application	cells	are	incubated	for	24	

hours	 37°C	 5%	 CO2.	 The	 following	 day	 media	 is	 removed	 and	 replaced	 with	 media	 containing	

puromycin	(1	μg/ml)	(Thermo	Fisher	Scientific)	for	3	days	to	select	for	transduced	cells.	At	this	time	

media	 is	changed	again.	 In	the	control	well	that	did	not	have	viral	addition	upon	media	change	no	

living	cells	remained,	confirmed	antibiotic	selection.	cells	were	fixed	and	permeabilised	as	above.	The	

cells	were	then	incubated	in	primary	antibody	for	cas9	protein	(Cell	signalling	technology)	7A9-3A3,	

diluted	1/700	 in	PBS/0.05%	Tween/3%	BSA)	 at	 4°C,	 overnight	 and	protected	 from	 light.	 	 Cells	 are	

washed	 three	 times	 in	PBS	and	 then	 incubated	 in	1:2000	dilution	of	Hoechst	 (Invitrogen)	 in	PBS	+	

0.05%	Tween20	+	3%	BSA	for	1	hour	protected	from	light.	The	cells	were	stored	at	4°C	prior	to	imaging	

to	imaging	on	CV7000	as	outlined	previously.		

Once	 an	 optimal	 viral	MOI	was	 determined	 CRISPR-cas9	 engineered	 cells	 could	 be	 generated	 for	

assays	and	sequencing,	an	overview	of	the	process	is	shown	in	in	(Figure	2.1)	In	detail:	

More	than	one	cell	line	was	generated,	as	a	control	HPRT1	KO	cell	line	was	needed	alongside	the	

RAMP2	KO	HUVECs;	described	below	is	the	generation	of	RAMP2	KO	using	the	virus	pool	at	an	MOI	

of	10:	HUVEC	cells	were	seeded	in	6	well	plates	at	a	cell	density	of	160,000	cells/well	and	maintained	

at	37°C	in	5%	CO2	with	Complete	Endothelial	Cell	Growth	Media	containing	100	μg/ml	streptomycin	

(Sigma-Aldrich).	24	h	after	seeding	pooled	virus	containing	sgRNA/Cas9	constructs	containing	an	MOI	

of	10,	ensuring	that	each	cell	is	infected	by	several	lentivirus	and	increasing	the	likelihood	of	achieving	

KO.	Transduction	was	performed	in	media	containing	8	μg/ml	Polybrene	(Sigma-Aldrich).	Cells	were	

cultured	for	24	h	then	treated	with	Puromycin	(1	μg/ml)	(Thermo	Fisher	Scientific)	for	3	days	to	select	

for	transduced	cells.	Cells	then	cultured	in	fresh	media	containing	puromycin	and	expanded	before	
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cells	were	collected	for	genotyping	by	Sanger	sequencing	(described	below),	qRT-PCR,	and	functional	

assays	(described	previously).	All	data	shown	were	from	cells	expanded	from	these	colonies.		

Sequencing	 of	 genomic	 loci	 was	 performed	 by	 first	 extracting	 Genomic	 DNA	 from	 virally	

transduced	HUVEC	cells	by:	collecting	approximately	10,000	cells,	washing	in	PBS	(sigma-Aldrich)	and	

then	 lysing	with	DirectPCR	 Lysis	 Reagent	 (Viagen	Biotech)	 containing	Proteinase	K	 (Qiagen)	 at	 0.4	

mg/ml.	The	lysate	was	incubated	at	55°C	for	4	h;	85°C,	for	10	min;	12°C	for	12	h.	PCR	reaction	was	

then	set	up	in	(20	μl)	as	follows:	2x	Flash	Phusion	PCR	Master	Mix	(Thermo	Fisher)	(20	μl),	forward	

primer	 (5’-	 AATTCGGGGAGCGATCCTG	 -3’)	 (Eurogentec)(1	 μl)(10	 μm).	 reverse	 primer	 (5’-	

GAGACCCTCCGAAAATAGGC	-3’)	(Eurogentec)	(1	μl)(10	μm).	DNA	(100	ng/μl)(1	μl),	ddH2O	(7	μl).	The	

product	was	amplified	by	PCR	using	the	following	program:	98°C,	1min;	35x	(98°C,	10secs;	55°C,	10	s;	

72°C,	15	s),	72°C,	1	min;	4°C,	hold.	PCR	clean-up	was	performed	prior	to	sequencing	using	the	Illustra	

GFX	 PCR	 DNA	 and	 Gel-band	 Purification	 Kit	 (Illustra,	 now	 Sigma)	 according	 to	 manufacturer’s	

instructions.	Editing	of	RAMP2	gene	was	confirmed	by	Sanger	sequencing	(Eurofins,	Camberley,	UK)	

with	the	raw	traces	displayed	the	results	section	and	online	TIDE	analysis	also	reported	in	the	results	

section.	

RAMP	reintroduction	in	RAMP	KO	HUVECs	

	

In	 HUVECs	 cells	 where	 RAMP2	 KO	 was	 confirmed	 RAMP1	 expression	 achieved	 through	

transduction	of	virus	containing	RAMP1	MISSION	TRC3	Open	Reading	Frame	(ORF)	plasmid	(pLX_304)	

(Sigma-Aldrich)	into	RAMP2	KO-HUVECs.	HUVEC	cells	were	seeded	in	6	well	plates	at	a	cell	density	of	

160,000	cells/well	and	maintained	at	37°C	in	5%	CO2	with	Complete	Endothelial	Cell	Growth	Media	

containing	100μg/ml	streptomycin	(Sigma,	US).	24	h	after	seeding,	virus	containing	the	ORF	construct	

was	transduced	into	cells	in	media	containing	8	μg/ml	Polybrene.	Cells	were	cultured	for	24	h	then	

treated	with	blasticidin	(5	μg/ml)	(ThermoFisher	Scientific)	for	6	days	to	select	for	transduced	cells.	
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Cells	were	collected	for	genotyping	by	qRT-PCR	and	expanded	for	functional	assays	methods	for	both	

outlined	previously.	All	‘HUVEC	RAMP1’	data	shown	were	from	cells	expanded	from	these	colonies	

and	grown	in	blasticidin.	
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Figure	2.1. CRISPR-cas9	workflow.	Schematic	representation	of	 the	gRNA	sequence	targeting	the	
1st	exon	of	the	WT	RAMP2	gene	in	the	lentiviral	vector	expressing	gRNA,	puromycin	resistance,	GFP	
and	 cas9	 supplied	by	 (Sigma-Aldrich)	 (A).	 Schematic	 the	workflow	 for	 generation	 of	 gene	 edited	
HUVEC	cell	pools	(B). 
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Chapter	3.	Identification	and	Characterisation	of	CLR	

Signalling	in	a	Primary	Cell	Model.	

Aims	and	Hypothesis	
The	overall	aim	of	the	thesis	was	to	study	endogenous	agonist	bias	at	the	CLR.	As	a	result	the	first	

aspect	of	the	study	was	to	identify	a	primary	cell	model	that	could	be	grown	in	cell	culture	and	used	

over	multiple	passages	to	study	CLR	signalling	and	function	in	its	endogenous	environment.	Due	to	

the	 unique	 requirement	 of	 CLR	 to	 dimerise	 with	 a	 RAMP	 in	 order	 to	 traffic	 and	 function	 it	 was	

imperative	 that	 a	 cell	 line	was	 identified	 that	only	 expressed	a	 single	 	 RAMP:	 (RAMP1,	RAMP2	or	

RAMP3).	To	enable	the	receptor	activity	observed	to	be	purely	attributed	to	one	CLR-RAMP	complex,	

and	 thus	 further	our	understanding	of	 that	complex,	 rather	 than	 there	being	question	marks	over	

where	the	signalling	comes	from.	Further	to	this	 it	was	also	 important	to	 identify	a	cell	model	not	

expressing	CTR,	as	the	only	other	receptor	known	to	bind	and	respond	to	the	CGRP	family	peptides.	

In	the	literature	HUVECs	have	been	used	for	a	long	time	as	a	good	primary	model	for	endothelial	cell	

function	 at	 early	 passage	 numbers	 (Jaffe	 et	 al.	 1973,	 Onat	 et	 al.	 2011),	 and	 having	 recorded	

responsiveness	 to	 AM	 in	 an	 angiogenesis	 study	 (Fernandez-Sauze	 et	 al.	 2004).	Which	 promisingly	

suggested	there	may	be	some	endogenous	CLR.	However,	there	were	no	studies	exploring	the	GPCR	

pharmacology	in	these	cells,	specifically	for	the	CLR	mediated	agonist	bias	in	these	cells.	Therefore,	

the	first	step	in	this	study	was	to	determine	the	CGRP	family	receptor	composition	of	the	cell	line	in	

question.	 	Following	successful	 identification	of	the	CLR	in	this	cell	 line	the	aim	was	to	identify	the	

expression	of	proteins	relevant	to	GPCR	signalling.	As	well	as	establish	the	primary	cell	model	 in	a	

variety	 of	 intracellular	 signalling	 assays	 and	 profile	 the	 signalling	 responses	 that	 the	 endogenous	

peptides	could	elicit	through	the	CLR.	Depending	on	the	RAMP	present	it	was	established	whether	the	

cognate	 ligand	 vs	 the	 other	 two	 produced	 different	 signalling	 responses	 (if	 any)	 in	 the	 second	

messenger,	and	physiological	response	pathways.	
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On	top	of	a	desire	to	consider	endogenous	receptor	activity	in	a	more	‘human’	cell	line.	An	issue	

which	is	often	not	considered	is	that	most	commonly	used	immortalised	cell	lines	already	express	one	

or	more	RAMPs	and	quite	often	the	CTR	as	it	is	believed	to	be	important	for	cell	line	growth/	survival	

(Findlay	2006).	In	the	literature	experiments	are	usually	performed	on	receptor	RAMP	complexes	that	

are	overexpressed	 in	these	cells	 (Hay	et	al.	2018).	However,	 the	background	expression	 in	them	is	

often	overlooked/left	unexplored	(Weston	et	al.	2016).	Moreover,	even	when	the	cell	line	in	question	

is	 the	 same	 as	 another	 it	 is	 often	 said	 that	 that	 no	 one	 ‘HEK’	 line,	 for	 instance,	 is	 the	 same.	 The	

laboratory	was	fortunate	to	be	gifted	a	HEK-293	line	which	did	not	express	the	CTR,	CLR	and	RAMPs	

(Medimune,	now	AstraZeneca,	Cambrdige).	 It	was	thought	pertinent	to	replicate	the	 literature	co-

expression	studies	of	CLR	and	RAMPs	to	see	if	the	same	signalling	patterns	could	be	observed	in	these	

HEK-293	 cells	 with	 a	 ‘clean	 background’.	 These	 results	 here	 could	 then	 be	 viewed	 in	 light	 of	 the	

pharmacological	studies	performed	in	the	primary	cell	system.	

Then	 returning	 to	primary	cells	 and	having	established	HUVECs	as	a	good	and	novel	model	of	

endogenous	CLR/RAMP2	function	the	aim	was	to	identify	another	primary	cell	 line	expressing	only	

CLR/RAMP2	and	 look	at	 the	 signalling	bias	 that	 the	CGRP	peptide	 family	 could	elicit	 to	determine	

whether	the	patterns	of	signalling	and	rank	orders	of	potency	observed	were	unique	to	CLR/RAMP2	

in	HUVECs	or	whether	they	appeared	in	other	primary	cells	expressing	the	same	receptor.	Endothelial	

cells	seemed	a	good	starting	point	and	HUAECs	were	the	cells	identified	as	model	cells.	Finally,	an	aim	

was	 to	 find	a	primary	 cell	 line	expressing	CLR/RAMP1,	 to	establish	how	 the	CGRP	 family	peptides	

signalled	 in	 a	 line	 expressing	 this	 receptor	 naturally,	 and	 what	 this	 would	 mean	 for	 the	 more	

physiological	outcomes.	
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Results		

HUVEC	CGRP	family	Receptor	Expression	Profile	
	

	RT-PCR	was	 performed	 in	 HUVECs	 using	 oligonucleotides	 for	 the	 CLR-related	 components	 of	

interest.	 This	was	 done	 alongside	 a	 housekeeping	 gene	 (GAPDH)	 for	 reference	 and	 normalisation	

purposes.	The	mRNA	expression	was	observed	 for	 the	CTR	and	CLR	receptors	as	well	as	 the	 three	

RAMPs.	The	results	are	shown	here	as	relative	expression	(Figure	3.1)	generated	from	densitometry	

analysis	of	the	PCR	gel	(Supplemental	Figure	8.1).	The	data	showed	that	the	HUVECs	expressed	CLR	

and	RAMP2,	and	crucially	the	presence	of	the	CTR,	RAMP1	or	RAMP3	were	not	detected	at	the	mRNA	

level.	These	data	suggested	that	HUVECs	may	be	a	suitable	model	for	the	study	of	the	endogenous	

CLR-RAMP2.	

	

	

Figure	 3.1.	 	 Calcitonin	 family	 Receptor	
expression	 in	 HUVECs.	mRNA	Expression	of	
CALCR,	CALCRL,	RAMP1,	RAMP2,	and	RAMP3	
genes	 in	 HUVECs	 as	 determined	by	 RT-PCR.	
Data	 represent	 mean	 +	 S.E.M.	 of	 3	
independent	experiments	relative	to	GAPDH	
expression.	 Where	 no	 expression	 was	
detected	values	are	reported	as	0. 
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Measurement	of	CLR-mediated	Intracellular	cAMP	

accumulation	
	

Given	the	 initial	 result	promised	the	potential	expression	of	a	single	 receptor/RAMP	complex.	The	

next	step	was	to	determine	whether	there	was	any	functional	receptor	in	this	these	cells.	In	order	to	

achieve	this	cAMP	accumulation	was	used	as	CLR	has	been	suggested	to	be	a	Gs-coupled	receptor	in	

the	literature	(McLatchie	et	al.	1998).	To	assess	whether	HUVECs	were	suitable	for	this	assay	it	had	to	

first	be	determined	whether	they	produced	a	detectable	amount	of	cAMP	in	this	system.	To	do	so	

forskolin	was	used;	a	direct	activator	of	adenylyl	cyclase	over	a	concentration	range	of	(100	pM-100	

µM)	 using	multiple	 passages	 (between	 P1	 and	 P6)	 (Figure	 3.2).	 This	 shows	 that	 there	 is	 a	 dose-

dependent	relationship	between	the	concentration	of	forskolin	added	and	the	concentration	of	cAMP	

measured.	 These	data	 confirm	 that	 these	 cells	 had	 all	 the	 apparatus	 necessary	 to	measure	 cAMP	

accumulation	 in	 response	 to	 ligand	 stimulation.	 Therefore,	 it	 could	 be	 seen	whether	 there	was	 a	

detectable	cAMP	response	when	a	GPCR	shown	to	be	present	at	the	mRNA	level	(CLR)	was	stimulated	

with	ligands	known	to	activate	it	(CGRP,	AM	and	AM2).		

Figure	 3.2:	 cAMP	 Production	 in	
HUVECs.	 Characterisation	 of	 cAMP	
accumulation	 in	 response	 to	
stimulation	 by	 forskolin	 over	 a	
concentration	 range	 of	 100	 pM	 to	
100µM.	 Data	 are	 analysed	 using	 a	
three-parameter	 non-linear	
regression	curve.	All	values	represent	
mean	 +	 S.E.M.	 calculated	 from	 4	
Independent	experiments. 
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CGRP	family	peptides	mediated	cAMP	production	in	HUVECs	
	

While	the	RT-PCR	showed	the	presence	of	CLR	and	RAMP2	this	was	not	enough	evidence	to	prove	

that	there	was	a	functional	receptor	complexes	at	the	surface	of	the	cells.	Therefore		pharmacological	

investigation	of	the	CLR-RAMP2	complex	was	performed	using	cAMP	accumulation	as	a	readout	 in	

response	to	CGRP,	AM	and	AM2	the	three	peptides	known	to	bind	the	CLR	and	produce	a	functional	

response	(Figure	3.3).		It	was	apparent	that	all	3	agonists	were	able	to	produce	a	functional	cAMP-

mediated	 response.	 In	 contrast	 a	 negative	 control	was	 provided	by	 both	 calcitonin	 and	 amylin	 as	

neither	of	which	were	able	to	produce	a	functional	response	above	baseline	in	the	HUVECs	confirming,	

as	anticipated	from	the	RT-PCR	data,	that	no	functional	CTR	was	present	in	these	cells	(Figure	3.3A).		

In	terms	of	the	specific	responses	observed	to	CGRP,	AM	and	AM2,	based	on	previous	research	

(Weston	et	al.	2016,	Hay	et	al.	2018)	with	CLR/RAMP2	co-expressed	in	HEK-293	cells	it	was	anticipated	

that	AM	would	be	the	most	potent	 ligand	at	eliciting	a	cAMP	response,	with	both	CGRP	and	AM2	

significantly	 less	 potent	 than	 AM	 and	 indeed	 this	 proved	 to	 be	 the	 case	 in	 the	 HUVECs	

(AM>AM2>CGRP)(Table	3.1)(Figure	3.3B).		Whereas	In	HEK-293	cells	CGRP	was	the	next	potent	and	

AM2	the	least,	this	is	the	other	way	around	in	HUVECs	with	AM2	very	clearly	more	potent	than	CGRP	

(Figure	3.3).	This	is	demonstrated	in	their	pEC50	values,	AM2	is	almost	10-fold	less	potent	than	AM	

and	CGRP	almost	100-fold,	producing	a	very	weak	cAMP	response	(Figure	3.3C).	Application	of	the	

operational	model	of	agonism	(Black	and	Leff	1983)	enabled	operation	parameters	to	be	determined	

(Table	3.1).	These	parameters	will	subsequently	be	used	to	provide	an	analysis	of	the	signalling	bias	

present	in	endothelial	cells.	
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Figure	3.3.	cAMP	signalling	in	HUVECs	in	response	to	the	calcitonin	peptide	family	and	CGRP	
peptide	family.	Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	Calcitonin	
and	Amylin	in	HUVECs	relative	to	100µM	forskolin	(A).	Characterisation	of	cAMP	accumulation	
in	 response	 to	 stimulation	 by	 CGRP,	 adrenomedullin	 (AM)	 and	 adrenomedullin	 2	 (AM2)	 in	
HUVECs	relative	to	100	µM	forskolin	(B).	Data	are	analysed	using	a	three-parameter	non-linear	
regression	curve.	Individual	pEC50	values	+	S.E.M.	are	the	plotted	for	HUVECs	(C).	All	values	are	
calculated	from	6	individual	data	sets.	Statistical	significance	compared	 to	 the	cognate	ligand	
(AM)	 and	 determined	 using	 one-way	 ANOVA	 with	 Dunnett’s	 post-hoc	 test,	 (*,	 p<0.05;	 **,	
p<0.01;	***,	p<0.001;	****,	p<0.0001). 

Table	3.1.	cAMP	signalling	in	HUVECs	in	response	to	the	CGRP	peptide	family.	Characterisation	
of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	HUVECs	relative	to	
100	µM	forskolin.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	
are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	pEC50:	negative	logarithm	of	the	
agonist	concentration	required	to	produce	a	half-maximal	response.	Emax:	maximal	response	to	
ligands	 expressed	 as	 a	 percentage	 of	 forskolin.	 pKa:	 negative	 logarithm	 of	 the	 equilibrium	
dissociation	constant	for	each	ligand	generated	using	the	operational	model	of	agonism	(Black	
and	Leff	1983).	Log!:	coupling	efficiency	parameter	of	the	ligand	(Black	and	Leff	1983).	Statistical	
significance	compared	to	the	cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	with	
Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001). 
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	   cAMP	 	  
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CGRP	family	peptides	mediated	pERK1/2	activation	in	HUVECs	
	

The	 next	 signalling	 pathway	 downstream	 of	 GPCRs	 to	 consider	 in	 exploring	 and	 profiling	 the	

signalling	of	this	peptide	family	in	HUVECs	is	ERK1/2	phosphorylation.	First	a	commonly	used	positive	

control	was	established:	PMA	(Verin	et	al.	2000)	could	produce	a	measurable	response	in	these	cells	

(Figure	 3.4A).	 From	 there	 the	dose-response	 that	 could	be	produced	by	CGRP,	AM	and	AM2	was	

profiled	(Figure	3.4B),	and	how	distinct	they	were	from	each	other	through	statistical	analysis	of	the	

differences	between	each	ligand	induced	response	compared	to	the	cognate	ligand	for	the	receptor	

(AM)	(Table	3.2).	It	was	found	that	both	CGRP	and	AM2	had	significantly	different	potencies	(Figure	

3.3C).	Surprisingly	not	only	was	the	CGRP	response	the	most	significantly	different	but	it	was	more	

potent	than	the	cognate	ligand	for	the	receptor	at	ERK1/2	phosphorylation.	With	a	pEC50	of	7.71±0.10	

(Table	3.2)	this	makes	CGRP	more	than	ten	times	more	potent	at	eliciting	ERK1/2	phosphorylation	than	

AM	 (pEC50:	 6.36±0.12)	 and	 over	 100	 times	 more	 potent	 than	 AM2	 (pEC50:	 5.45±0.20).	 Again	

application	 of	 the	 operational	 model	 of	 agonism	 (Black	 and	 Leff	 1983)	 has	 enabled	 operation	

parameters	to	be	determined	(Table	3.2).	
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Figure	3.4.	 ERK1/2	 signalling	 in	HUVECs	 in	 response	 to	 the	calcitonin	peptide	 family	and	
CGRP	peptide	 family.	Characterisation	of	pERK

1/2
	activation	 in	response	to	stimulation	by	

PMA	 over	 a	 concentration	 range	 of	 100	 pM	 to	 100	 µM	 (A).	 Characterisation	 of	 pERK
1/2
	

activation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	HUVECs	relative	to	100	µM	
PMA	(B).	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve.	Individual	
pEC50	values	+	S.E.M.	are	then	plotted	for	HUVECs.	All	values	are	calculated	from	4	individual	
data	sets.	Statistical	significance	compared	to	the	cognate	ligand	(AM)	and	determined	using	
one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	
p<0.0001). 

Table	 3.2.	 ERK1/2	 signalling	 in	 HUVECs	 in	 response	 to	 the	 calcitonin	peptide	 family	 and	
CGRP	peptide	 family.	Characterisation	of	pERK

1/2
	activation	 in	response	to	stimulation	by	

CGRP,	AM	and	AM2	relative	 to	100	µM	PMA.	Data	are	analysed	using	a	three-parameter	
non-linear	regression	curve,	and	are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	
sets.	pEC50:	negative	 logarithm	of	 the	agonist	concentration	 required	 to	 produce	a	half-
maximal	response.	Emax:	maximal	response	to	ligands	expressed	as	a	percentage	of	PMA.	
pKa:	negative	logarithm	of	the	equilibrium	dissociation	constant	for	each	ligand	generated	
using	 the	 operational	 model	 of	 agonism	 (Black	 and	 Leff	 1983).	 Log!:	 coupling	 efficiency	
parameter	 of	 the	 ligand	 (Black	 and	 Leff	 1983).	 Statistical	 significance	 compared	 to	 the	
cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-hoc	test,	
(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001). 
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	 	 	 pERK1/2	 	 	
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CLR-mediated	 signalling	 in	 a	 clean	 background	 HEK-293	 cell	

line	
	

Initially		the	signalling	response	of	un-transfected	HEK-293S’s	vs	the	‘clean	background’	(i.e.	those	

without	 background	 CTR/CLR/RAMP	 expression)	 HEK-293S’s	were	 looked	 at	 to	 see	 if	 there	was	 a	

difference	 in	 background	 expression	 (Figure	 3.5).	 Using	 calcitonin	 and	 CGRP	 there	 was	 a	 clear	

difference;	 in	 the	un-transfected	HEK-293S	cells	 that	had	not	undergone	receptor	KO	both	 ligands	

produced	a	potent	response	(Figure	3.5.A)	whereas	in	the	‘clean	background’	HEK-293S	cells	only	a	

very	small	response	was	observable	above	baseline	at	the	highest	concentration	(Figure	3.5.B).	Then	

the	 CLR	 and	 three	 RAMPs	were	 individually	 over-expressed	 in	 this	 clean	 background	 cell	 line	 and	

profiled	the	signalling	of	CGRP,	AM	and	AM2	through	cAMP	production	and	then	directly	compare	

this	to	the	responses	observed	in	primary	human	cells.	As	well	as	ERK1/2	signalling	to	potentially	inform	

the	 understanding	 of	 the	 primary	 cell	 ERK1/2	 signalling	 (Figure	 3.4).	 The	 rank	 order	 of	 potencies	

produced	 in	 the	 cAMP	 assays	 for	 CLR-RAMP2	 (Figure	 3.6B)	 corresponded	 with	 the	 cAMP	 data	

produced	 in	 HUVECs.	 Interestingly	 AM2	 again	 was	 more	 potent	 than	 CGRP	 contrasting	 with	 the	

previous	literature	reports	(Table	3.3)	(Weston	et	al.	2016).	Across	the	board	the	CGRP	responses	are	

less	potent	than	those	seen	in	the	literature.	The	increased	CGRP	potency	seen	in	the	literature	may	

be	related	to	the	strong	CGRP	response	recorded	in	un-transfected	HEK-293S	cells	that	did	not	have	

no	background	CLR/CTR	expression.	While	only	an	example	this	demonstrated	the	importance	of	a	

clean	background	in	these	pharmacological	studies.	In	the	ERK1/2	phosphorylation	experiments,	the	

peptides	were	in	general	less	potent	than	at	cAMP	accumulation	with	the	notable	exception	of	AM	in	

the	 CLR-RAMP1	 expressing	 cells	 (Figure	 3.6A).	 Here	 it	 was	more	 potent	 at	 pERK1/2	 than	 at	 cAMP	

accumulation.	The	responses	produced	by	CGRP,	AM	and	AM2	were	also	less	distinct	from	each	other	

shown	 by	 a	 lack	 of	 significance	 compared	 to	 the	 cognate	 ligand	 (Table	 3.3).	 In	 contrast	 to	 cAMP	
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signalling,	where	in	all	cases	apart	from	CLR-RAMP3	the	pEC50s	were	significantly	different	from	the	

cognate	ligand	(Table	3.3).	

	

	

	

Figure	3.5.	cAMP	signalling	in	HEK-293	cells	in	response	to	calcitonin	and	CGRP.	Characterisation	of	
cAMP	accumulation	in	response	to	stimulation	by	calcitonin	and	CGRP	in	HEK	293S	and	HEK	293	CTR,	
CLR	and	RAMP	knockout	cells,	relative	to	100	µM	forskolin	(A).	Characterisation	of	cAMP	accumulation	
in	response	to	stimulation	by	CGRP	in	HEKs	relative	to	100	µM	forskolin	(B).	Data	are	analysed	using	a	
three-parameter	non-linear	regression	curve.	All	values	are	calculated	from	3	individual	data	sets. 

Figure	3.6.		cAMP	and	ERK1/2	signalling	in	HEK-293	cells	co-expressing	CLR-RAMP1,	CLR-RAMP2	and	
CLR-RAMP3	in	response	to	the	CGRP	peptide	family.	Characterisation	of	cAMP	and	ERK1/2		in	response	
to	stimulation	by	CGRP,	AM	and	AM2	 in	HEKs	relative	 to	100µM	forskolin(A-F).	Data	are	analysed	
using	a	three-parameter	non-linear	regression	curve.	Individual	pEC50	values	+	S.E.M.	are	the	plotted	
for	HEKs.	All	values	are	calculated	from	3	individual	data	sets. 

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M
%

 R
es

po
ns

e
(r

el
at

iv
e 

to
 fo

rs
ko

lin
)

HEK-293-delta-CT/CLR/RAMPs

CGRP

Calcitonin

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

HEK-293

Calcitonin

CGRP

A B

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

CLR-RAMP1 cAMP Response

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 P
M

A
)

CLR-RAMP1 pERK1/2  activation

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

CLR-RAMP2 cAMP Response

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 P
M

A
)

CLR-RAMP2 pERK1/2  activation

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5
0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

CLR-RAMP3 cAMP Response

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 P
M

A
)

CLR-RAMP3 pERK1/2  activation

CGRP

AM

AM2

A B C

D E F



	

	 81		

Table	 3.3.	 cAMP	 signalling	 in	 HEK-293	 cells	 co-expressing	CLR-RAMP1,	 CLR-RAMP2	 and	
CLR-RAMP3	 in	 response	 to	 the	 CGRP	 peptide	 family	 and	 CGRP	 peptide	 family.	
Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	
HEK-293S	relative	to	100	µM	forskolin.	Data	are	analysed	using	a	three-parameter	non-linear	
regression	curve,	and	are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	pEC50:	
negative	 logarithm	 of	 the	 agonist	 concentration	 required	 to	 produce	 a	 half-maximal	
response.	Emax:	maximal	response	to	 ligands	expressed	as	a	percentage	of	forskolin.	pKa:	
negative	logarithm	of	the	equilibrium	dissociation	constant	for	each	ligand	generated	using	
the	operational	model	of	agonism	(Black	and	Leff	1983).	Log!:	coupling	efficiency	parameter	
of	the	ligand	(Black	and	Leff	1983).	Statistical	significance	compared	to	the	cognate	ligand	
(CLR-RAMP1:	 CGRP,	 CLR-RAMP2:	 AM,	CLR-RAMP3:	AM2)	 and	determined	using	 one-way	
ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	
	
	  cAMP	

	  CGRP	 AM	 AM2	

CLR-
RAMP1	

pEC50	 7.62	 0.07	 6.05****	 0.12	 6.84**	 0.07	
Emax	 76.99	 1.77	 79.14	 4.83	 69.48	 1.78	
pKa	 6.98	 0.09	 5.40***	 0.20	 6.35*	 0.08	
Logt	 0.51	 0.04	 0.54	 0.13	 0.32	 0.04	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

CLR-
RAMP2	

pEC50	 6.17**	 0.12	 7.17	 0.11	 6.42**	 0.13	
Emax	 46.24*	 2.65	 58.84	 1.91	 55.31	 3.02	
pKa	 5.93**	 0.14	 6.85	 0.12	 6.11*	 0.15	
Logt	 -0.12	 0.05	 0.03	 0.04	 0.03	 0.06	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

CLR-
RAMP3	

pEC50	 5.22	 0.65	 6.50	 0.19	 6.59	 0.20	
Emax	 41.18	 23.24	 47.84	 3.72	 53.91	 4.23	
pKa	 5.00	 0.82	 6.23	 0.21	 6.29	 0.23	
Logt	 -0.17	 0.42	 -0.07	 0.07	 0.01	 0.08	
n	 3	 3	 3	

	        
  pERK1/2	

	  CGRP	 AM	 AM2	

CLR-
RAMP1	

pEC50	 5.88	 0.35	 6.82	 0.13	 5.74	 0.44	
Emax	 41.21	 8.96	 32.83	 1.70	 41.01	 10.60	
pKa	 5.65	 0.39	 6.65	 0.13	 5.52	 0.50	
Logt	 -0.14	 0.16	 -0.33	 0.04	 -0.19	 0.20	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

CLR-
RAMP2	

pEC50	 5.60	 0.22	 5.56	 0.35	 5.92	 0.24	
Emax	 43.16	 6.04	 32.04	 7.52	 24.81	 3.40	
pKa	 5.36	 0.25	 5.40	 0.39	 5.81	 0.26	
Logt	 -0.14	 0.11	 -0.35	 0.15	 -0.51	 0.08	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

CLR-
RAMP3	

pEC50	 5.06	 0.43	 5.77	 0.31	 5.36	 0.42	
Emax	 32.28	 14.64	 12.25	 1.95	 24.04	 7.11	
pKa	 4.90	 0.53	 5.73	 0.32	 5.26	 0.46	
Logt	 -0.34	 0.30	 -0.95	 0.10	 -0.56	 0.19	
n	 3	 3	 3	
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CGRP	 family	 peptide	 signalling	 and	 receptor	 expression	 in	

HVSMCs	
	

In	the	initial	search	for	a	cell	 line	expressing	a	single	receptor/RAMP	complex	the	possibility	of	

using	 vascular	 smooth	muscle	 cells	 (HVSMCs)	was	explored	as	 a	model	 alongside	profiling	HUVEC	

receptor	expression,	cAMP	and	pERK1/2	responses,	the	same	experiments	were	performed	in	HVSMCs.	

The	cAMP	and	ERK1/2	assays	performed	promisingly	suggested	that	there	was	functional	CLR	at	the	

surface	 (Figure	 3.7A,B).	 These	 data	 showed	 that	 in	 the	 HVSMCs	 that	 CGRP	was	 the	most	 potent	

peptide	at	cAMP	accumulation,	AM	the	least,	but	in	the	ERK1/2	phosphorylation	the	most	and	least	

potent	peptides	were	AM	and	AM2	respectively.	Unfortunately,	the	RT-PCR	showed	that	both	RAMP1	

and	RAMP2	are	expressed	(Figure	3.7C).	While	this	does	not	mean	to	say	both	are	translated,	 the	

current	 paucity	 in	 well	 regarded	 antibodies	 (Hay	 et	 al.	 2018)	 (and	 indeed	 later	 optimisation	

experiments	potentially	confirming	this	(Supplemental	Figure	8.10))	meant	that	this	was	not	possible	

at	 the	 time	 to	easily	 assess	with	 certainty	whether	only	RAMP1	was	expressed	at	 the	 cell	 surface	

despite	 the	 fact	 that	 CGRP	 was	 the	most	 potent	 mediator	 of	 cAMP	 in	 this	 cell	 type	 (Table	 3.4).	

Moreover,	with	both	RAMPs	transcribed	there	are	no	guarantees	that	certain	conditions	or	forms	of	

stimulation	might	stimulate	translation	of	the	other	RAMP.	Given	this	uncertainty	it	was	concluded	

that	it	was	necessary	to	choose	a	suitable	model	cell	line	with	a	‘clean’	expression	pattern	from	the	

mRNA	 level	 onwards.	 To	 provide	 as	 much	 certainty	 as	 possible	 about	 what	 receptor	 complex	 is	

producing	the	observed	effects.	This	led	to	future	work	focusing	on	HUVECs	as	well	as	HUAECs	and	

HCMs	as	will	be	detailed	later	on	in	this	chapter.	
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Figure	3.7.	cAMP	signalling,	ERK1/2	activation	and	receptor	expression	in	HVSMCs.	Characterisation	of	
cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	HVSMCs	relative	to	100	µM	
forskolin	(A).	Characterisation	of	pERK

1/2
	activation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	

HVSMCs	relative	to	100	µM	PMA	(B).	mRNA	Expression	of	CALCR,	CALCRL,	RAMP1,	RAMP2,	and	RAMP3	
genes	 relative	 to	 GAPDH	 in	 HVSMCs.	 Determined	 by	 RT-PCR	 (C).	 Data	 are	 analysed	 using	 a	 three-
parameter	non-linear	regression	curve.	All	values	are	calculated	from	at	least	3	individual	data	sets. 

Table	3.4.	cAMP	signalling	and	ERK	activation	in	HVSMCs.	Characterisation	of	cAMP	accumulation	in	
response	 to	 stimulation	 by	 CGRP,	 AM	 and	 AM2	 in	 HVSMCs	 relative	 to	 100	 µM	 forskolin.	
Characterisation	of	pERK

1/2
	activation	in	response	to	stimulation	by	CGRP,	AM	and	AM2	in	HVSMCs	

relative	to	100	µM	PMA.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	
are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	 

	   cAMP	 	  
		 CGRP	 AM	 AM2	
pEC50	 7.79	 0.11	 5.97	 0.16	 6.59	 0.11	
Emax	 33.61	 1.21	 33.72	 3.00	 34.37	 1.51	
pKa	 7.60	 0.11	 5.79	 0.15	 6.45	 0.13	
logt	 -0.33	 0.03	 -0.33	 0.05	 -0.32	 0.04	
n	 4	 4	 4	

 

	   pERK1/2	 	  
		 CGRP	 AM	 AM2	
pEC50	 6.27	 0.22	 7.69	 0.29	 5.33	 0.43	
Emax	 18.16	 2.00	 15.28	 1.57	 18.80	 5.38	
pKa	 6.16	 0.25	 7.52	 0.27	 5.56	 0.32	
logt	 -0.70	 0.07	 -0.80	 0.05	 -0.75	 0.11	
n	 3	 3	 3	
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Antagonising	 CGRP,	 AM	 and	 AM2-mediated	 cAMP	

accumulation	in	HUVECs	
	

The	evidence	thus	far	suggests	that	HUVECs	could	be	the	best	model	going	forward	as	the	CLR	

and	a	single	RAMP	-	RAMP2	are	expressed	(Figure	3.1),	and	that	they	produce	a	functional	CLR-RAMP2	

receptor	 at	 the	 cell	 surface.	 However,	 in	 order	 to	 prove	 beyond	 doubt	 that	 all	 cAMP	 responses	

produced	by	the	CGRP	family	of	peptides	were	due	to	CLR-RAMP2	receptor	signalling	attempts	were	

made	to	antagonise	the	response	using	a	known	antagonist	of	the	CLR-RAMP2	receptor	(Hay	et	al.	

2003):	AM22-52.	A	cleaved	version	of	 full	 length	adrenomedullin	peptide	with	no	 intrinsic	agonist	

ability.	 Experiments	 were	 also	 performed	 to	 attempt	 to	 antagonise	 the	 cAMP	 responses	 with	

Olcegepant:	 the	 clinically	 approved	 antagonist	 of	 the	 CLR-RAMP1	 receptor	 (Petersen	 et	 al.	 2005).	

Figure	 3.8	 shows	 that	 AM22-52	was	 able	 to	 significantly	 antagonise	 the	 responses	 from	 all	 three	

ligands.	It	has	reduced	the	potency	of	AM	and	AM2	as	shown.	The	change	in	CGRP	pEC50	was	not	

significant	however	this	may	be	related	to	the	error	produced	by	curve	fitting	to	a	very	small	response,	

and	indeed	the	reduction	in	response	is	confirmed	by	a	significant	drop	in	Emax	(p<0.01).	In	contrast	

to	the	effects	seem	with	AM22-52.	Olcegepant	did	not	significantly	alter	any	of	the	responses	(Figure	

3.8)	demonstrating	that	no	signalling	responses	are	occurring	through	CLR-RAMP1,	in	alignment	with	

previous	results	showing	no	RAMP1	expression	(Figure	3.1).		



	

	 85	

	

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

CGRP

Control

Olcegepant NS

NS

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

Adrenomedullin

Control

Olcegepant NS

NS

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

Adrenomedullin 2

Control

Olcegepant NS

NS

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ok
lin

)

CGRP

Control

AM22-52

NS

**

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ok
lin

)

Adrenomedullin

Control

AM22-52 NS

**

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

Adrenomedullin 2

Control

AM22-52

*

*

Figure	3.8.	Antagonism	of	cAMP	signalling	in	HUVECs	with	CLR-RAMP2	and	CLR	RAMP1	
antagonists.	Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	
adrenomedullin	 (AM)	 and	 adrenomedullin	 2	 (AM2)	 in	 HUVECs	 in	 the	 presence	 and	
absence	of	100	nM	AM22-52	or	Olcegepant	respectively.	All	relative	to	100	µM	Forskolin.	
Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	 regression	 curve.	 Statistical	
significance	 determined	 compared	 to	 control	 using	 an	 unpaired	 t	 test	 with	 Welch’s	
correction:	 *,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001.	 NS	 denotes	 no	 statistical	 significance	
observed.	All	values	are	calculated	from	at	least	3	individual	data	sets.	Horizontal	arrows	
show	pEC50,	and	Vertical	arrows	show	Emax	statistical	significance. 
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Table	 3.5.	 Antagonism	 of	 cAMP	 signalling	 in	 HUVECs	 with	 CLR-RAMP2	 and	 CLR-RAMP1	
antagonists.	Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM,	
and	 AM2	 in	 HUVECs	 in	 the	 presence	 and	 absence	 of	 100	 nM	 AM22-52	 or	 Olcegepant	
respectively.	 All	 relative	 to	 100	 µM	 forskolin.	 (c)	 represents	 control	 treated	 data.	 Data	 are	
analysed	using	a	three-parameter	non-linear	regression	curve,	and	are	presented	here	as	mean	
±	S.E.M.	of	n	individual	data	sets.	Statistical	significance	determined	compared	to	each	individual	
control	using	an	unpaired	t	test	with	Welch’s	correction:	*,	p<0.05;	**,	p<0.01;	***,	p<0.001. 

	   AM22-52	 	  
		 CGRP	 AM	 AM2	
pEC50	 7.08	 1.81	 6.69**	 0.11	 6.67*	 0.24	
Emax	 2.71**	 1.71	 47.68	 2.16	 26.74*	 2.67	

pEC50	(c)	 6.24	 0.28	 8.08	 0.13	 7.52	 0.16	
Emax	(c)	 27.36	 4.60	 45.66	 1.74	 42.02	 2.15	

n	 3	 3	 3	
 
	   Olcegepant	 	  
		 CGRP	 AM	 AM2	
pEC50	 5.70	 0.18	 7.82	 0.12	 7.20	 0.14	
Emax	 38.74	 4.93	 46.90	 1.72	 36.91	 1.82	

pEC50	(c)	 5.79	 0.20	 7.88	 0.15	 7.15	 0.17	
Emax	(c)	 40.54	 4.58	 48.93	 2.43	 34.14	 2.17	

n	 6	 6	 6	
 



	

	 87	

Exploring	 the	 effect	 of	 primary	 cell	 passage	 number	 on	

signalling	

		
	The	above	results	are	taken	from	experiments	on	cells	from	P1-6	only	due	to	the	suggestion	that	

outside	of	this	range	HUVECs	can	lose	the	expression	of	certain	proteins	(Jersmann	et	al.	2001).	It	was	

explored	whether	the	cAMP	response	to	the	peptides	and	therefore	GPCR	signalling	would	change	

over	passage	numbers	beyond	those	suggested	as	the	optimal	limit	by	the	literature.	The	following	

experiments	were	performed	from	passage	3	to	14.	After	which	the	cells	went	into	senesce	and	would	

not	grow	any	further.		The	results	show	that	for	CGRP	and	AM	induced	cAMP	signalling	the	responses	

do	not	 significantly	differ	over	passage	number	between	 results	up	 to	passage	6	and	 results	after	

passage	6	(Figure	3.9).	This	suggests	that	the	cellular	signalling	machinery	and	receptor	expression	

levels	do	not	significantly	change	up	until	the	cells	enter	senescence	after	passage	14.	However,	there	

were	two	cases	of	AM2	EC50s	differing	significantly	from	the	early	passage	data,	at	passage	11	and	1	

2(Table	3.6).	Although	the	Emax	data	does	not	differ	and	the	AM2	potencies	at	subsequent	passages	

are	not	significantly	altered.	Suggesting	these	are	isolated	differences	and	not	part	of	a	wider	trend.	

As	there	is	no	other	statistical	evidence	for	the	signalling	changing	in	a	meaningful	way.	This	suggests	

that	the	CLR-RAMP2	Gs	function	of	the	cells	remains	consistent.	There	were	some	isolated	differences	

observed	in	the	AM2	data	but	overall	there	were	no	observable	trends	or	deviations.	Although	future	

work	was	performed	at	passages	only	up	to	6	to	remain	in	line	with	literature	evidence	that	these	cells	

become	 less	 ‘endothelial	 like’	 at	 later	 passages	 it	 has	 been	 demonstrated	 that	 it	 is	 possible,	 if	

necessary,	to	explore	cAMP	signalling	dynamics	at	later	passages	with	some	level	of	confidence	that	

the	results	will	not	differ	from	those	seen	at	earlier	passages.	
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Figure	 3.9.	 CGRP	 family	 peptide	 cAMP	 signalling	 in	 HUVECs	 beyond	 passage	 6.	
Characterisation	 of	 cAMP	 accumulation	 in	 response	 to	 stimulation	 by	 CGRP,	
adrenomedullin	(AM)	and	adrenomedullin	2	(AM2)	in	HUVECs	relative	to	100	µM	forskolin	
across	multiple	passages.	Data	are	analysed	using	a	three-parameter	non-linear	regression	
curve,	and	pEC50/Emax	values	are	plotted	from	3	individual	data	sets	 
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Table	 3.6	 CGRP	 family	 peptide	 cAMP	 signalling	 in	 HUVECs	 beyond	 passage	 6.	
Characterisation	 of	 cAMP	 accumulation	 in	 response	 to	 stimulation	 by	 CGRP,	
adrenomedullin	 (AM)	 and	 adrenomedullin	 2	 (AM2)	 in	 HUVECs	 relative	 to	 100	 µM	
forskolin	across	multiple	passages.	Data	are	analysed	using	a	three-parameter	non-linear	
regression	curve,	and	are	presented	here	as	mean	±	 S.E.M.	of	n	 individual	data	sets.	
Statistical	significance	compared	to	the	mean	+	S.E.M.	of	CGRP,	AM	and	AM2	for	pEC50	
and	Emax	from	Table	1.1	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-
hoc	test	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001,	p<0.001	****). 

CGRP
Passage pEC50 S.E.M. Emax S.E.M. n

6 5.78 0.12 14.72 3.44 3
7 5.44 0.18 21.80 1.62 3
8 5.87 0.35 24.15 8.06 3
9 6.03 0.25 22.49 2.46 3
10 5.62 0.33 22.50 5.58 3
11 5.79 0.19 26.28 0.61 3
12 5.83 0.42 27.03 1.12 3
13 5.38 0.08 29.24 2.08 3
14 5.62 0.42 21.67 4.17 3

AM
Passage pEC50 S.E.M. Emax S.E.M. n

6 7.91 0.22 44.12 2.00 3
7 7.82 0.24 47.10 1.62 3
8 7.66 0.12 40.52 1.23 3
9 8.13 0.25 40.53 1.24 3
10 8.59 0.28 49.45 3.51 3
11 7.80 0.19 39.50 0.72 3
12 8.16 0.34 50.54 0.95 3
13 7.83 0.13 40.39 2.80 3
14 7.94 0.41 43.29 3.42 3

AM2
Passage pEC50 S.E.M. Emax S.E.M. n

6 6.56 0.16 26.28 1.73 3
7 6.67 0.19 32.12 6.55 3
8 6.79 0.11 30.61 4.11 3
9 6.81 0.06 29.39 4.77 3
10 6.79 0.14 37.90 5.87 3
11 6.09** 0.56 29.75 7.22 3
12 6.44* 0.03 38.46 5.14 3
13 7.03 0.14 25.09 1.99 3
14 6.72 0.22 38.80 1.15 3
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CGRP	family	peptide	mediated	intracellular	calcium	release	in	

HUVECs	
	

i[Ca2+]	mobilisation	was	the	next	commonly	measured	second	messenger	utilised	by	GPCRs	that	

was	 aimed	 to	 measure	 in	 HUVECs	 in	 response	 to	 CGRP,	 AM	 and	 AM2.	 First	 a	 positive	 control	

(ionomycin)	was	used	to	determine	whether	it	was	possible	to	observe	i[Ca2+]	mobilisation	in	these	

cells.	This	was	possible	as	seen	 in	Figure	3.10A	and	provided	a	positive	control	 for	assessing	GPCR	

induced	calcium	release.	From	there	the	dose-dependency	that	could	be	produced	by	CGRP,	AM	and	

AM2	was	 profiled	 (Figure	 1.11B).	 Dose-response	 curves	were	 generated	 by	 normalising	 the	 peak	

fluorescence	produced	 to	 ionomycin	 (Supplemental	 Figure	8.3).	 Then	how	distinct	CGRP,	AM	and	

AM2	responses	were	from	each	other	was	determined	through	statistical	analysis	of	the	differences	

between	each	ligand	induced	response	compared	to	the	cognate	ligand	for	the	receptor	(AM)	(Figure	

1.11C).	Strikingly,	AM2	here	produces	the	most	potent	response	and	an	even	more	significantly	higher	

maximal	level	of	calcium	release,	relative	to	the	comparatively	modest	level	produced	by	the	cognate	

ligand	(AM).	In	contrast	to	AM	and	AM2,	CGRP	was	able	to	stimulate	effectively	no	calcium	release	

from	internal	stores.	Again	application	of	the	operational	model	of	agonism	(Black	and	Leff	1983)	has	

enabled	operation	parameters	to	be	determined	(Table	3.7).	
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Figure	 3.10.	 Intracellular	 calcium	 signalling	 in	 HUVECs	 in	 response	 to	 the	 CGRP	 peptide	 family.	
Characterisation	 of	 i[Ca

2+
]	 release	 in	 response	 to	 stimulation	 by	 Ionomycin	 at	 10	 µM	 (A).	

Characterisation	 of	 i[Ca
2+
]	 release	 in	 response	 to	 stimulation	 by	 CGRP,	 adrenomedullin	 (AM)	 and	

adrenomedullin	2	(AM2)	in	HUVECs	relative	to	100	µM	ionomycin	(B).	Data	are	analysed	using	a	three-
parameter	non-linear	regression	curve.	Individual	pEC50	values	+	S.E.M.	are	then	plotted	for	HUVECs	
(C).	All	values	are	calculated	from	at	 least	3	individual	data	sets.	Statistical	significance	compared	to	
the	 cognate	 ligand	 (AM)	 and	 determined	 using	 one-way	 ANOVA	 with	 Dunnett’s	 post-hoc	 test,	 (*,	
p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

Table	 3.7.	 Intracellular	 calcium	 signalling	 in	 HUVECs	 in	 response	 to	 the	 CGRP	 peptide	 family.	
Characterisation	of	i[Ca

2+
]	release	in	response	to	stimulation	by	CGRP,	AM	and	AM2	relative	to	10	

µM	 ionomycin.	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	 regression	 curve,	 and	 are	
presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	pEC50:	negative	logarithm	of	the	agonist	
concentration	 required	 to	 produce	 a	 half-maximal	 response.	 Emax:	maximal	 response	 to	 ligands	
expressed	as	 a	 percentage	of	 ionomycin.	 pKa:	negative	 logarithm	of	 the	 equilibrium	dissociation	
constant	for	each	ligand	generated	using	the	operational	model	of	agonism	(Black	and	Leff	1983).	
Log!:	 coupling	 efficiency	 parameter	 of	 the	 ligand	 (Black	 and	 Leff	 1983).	 Statistical	 significance	
compared	to	the	cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-
hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	   Calcium	 	  
		 CGRP	 AM	 AM2	
pEC50	 5.44**	 0.33	 6.47	 0.26	 7.48*	 0.10	
Emax	 2.26****	 0.54	 34.72	 3.71	 66.36***	 2.66	
pKa	 5.44	 0.34	 6.29	 0.27	 7.03*	 0.10	
logt	 -1.63****	 0.10	 -0.28	 0.07	 0.29****	 0.05	
n	 3	 10	 10	
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CGRP	family	peptide	signalling	in	HUVECs	from	a	single	donor	
	

All	HUVEC	experiments	described	previously	were	performed	using	HUVECs	from	pooled	donors	

as	standard.	The	signalling	responses	of	CGRP,	AM	and	AM2	were	profiled	in	HUVECs	from	a	single	

donor	 to	assess	whether	 the	 same	patterns	of	 responses	 could	be	 seen	across	 all	 three	 signalling	

pathways.	 In	 the	 case	 of	 cAMP	 the	 same	 rank	 order	 of	 potencies	 was	 observed	

(AM>AM2>CGRP)(Figure	3.11A),	although	the	difference	between	AM	and	AM2	pEC50	is	accentuated	

in	the	single	donor	cells	with	it	now	being	significant.	For	ERK1/2	phosphorylation	CGRP	is	again	the	

most	potent	relative	to	the	other	two	peptides	(Figure	3.11B).	However,	when	comparing	AM	with	

AM2	while	AM2	is	still	the	least	potent	it	is	not	significantly	so	in	these	single	donor	HUVECs.	When	

measuring	 intracellular	 calcium	mobilisation,	 no	 response	was	 recorded	 to	 CGRP	 in	 these	 cells	 so	

curve	fitting	could	not	be	achieved	with	the	data	and	thus	the	pEC50/Emax	values	are	reported	as	

zero	(Figure	3.11C).	This	differs	only	slightly	to	the	pooled	donor	case	as	the	responses	were	very	close	

to	zero,	however	for	those	data	it	was	possible	to	fit	a	curve	and	report	pEC50/Emax	values.	For	the	

other	two	peptides	the	trends	observed	were	also	very	similar	to	the	pooled	donor	responses;	as	AM2	

was	significantly	more	potent	than	AM,	as	was	the	maximal	response.	Overall	In	the	three	pathways	

measured	it	is	apparent	that	CGRP,	AM	and	AM2	produces	very	similar	patterns	of	responses	relative	

to	each	other	in	the	single	donor	case	as	they	do	when	cells	are	pooled	together	from	multiple	donors	

(Table	3.8).	 Therefore,	 it	was	 concluded	 that	 signalling	we	observed	 in	 cells	pooled	 from	multiple	

donors	is	reflective	of	the	signalling	that	occurs	in	cells	from	individual	donors.	
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Figure	 3.11.	 CGRP	 family	 peptide	 cAMP,	 ERK1/2	 and	 calcium	 signalling	 in	 single	 donor	
HUVECs.	Characterisation	of	cAMP	accumulation	(A),	pERK

1/2
	activation	(B)	and	i[Ca

2+
]	release	

(C)	in	response	to	stimulation	by	CGRP,	adrenomedullin	(AM)	and	adrenomedullin	2	(AM2)	in	
HUVECs	relative	 to	forskolin	(100	µM),	PMA	(100	µM)	and	ionomycin	(10	µM)	respectively.	
Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	pEC50	values	are	
plotted	from	at	least	3	individual	data	sets. 

Table	3.8.	CGRP	family	peptide	cAMP,	ERK1/2	and	calcium	signalling	in	single	donor	HUVECs.	
Characterisation	of	 cAMP	accumulation,	 pERK

1/2
	 activation	 and	 i[Ca

2+
]	 release	 in	 response	 to	

stimulation	by	CGRP,	AM	and	AM2	in	HUVECs	relative	to	forskolin	(100	µM),	PMA	(100	µM)	and	
ionomycin	 (10	 µM)	 respectively.	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	
regression	curve,	and	are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	Statistical	
significance	compared	to	the	cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	with	
Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	   cAMP	 	  
		 CGRP	 AM	 AM2	
pEC50	 5.68***	 0.20	 7.93	 0.34	 6.82*	 0.30	
Emax	 17.85****	 4.83	 42.19	 1.61	 35.40	 1.10	
n	 6	 6	 9	
	       

   pERK1/2	 	  
		 CGRP	 AM	 AM2	
pEC50	 7.45**	 0.13	 6.29	 0.22	 5.76	 0.09	
Emax	 36.24	 2.18	 28.20	 2.07	 26.54	 2.72	
n	 3	 3	 3	
	       

   Calcium	 	  
		 CGRP	 AM	 AM2	
pEC50	 N/D	 N/D	 6.37	 0.64	 8.27**	 0.11	
Emax	 N/D	 N/D	 38.87	 2.80	 47.61***	 4.22	
n	 6	 6	 6	
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Optimisation	 of	 nitric	 oxide	measurements	 and	 CGRP	 family	

peptide	nitric	oxide	signalling	in	HUVECs	
	

There	was	no	precedent	in	publications	from	our	lab	for	the	determination	of	nitric	oxide	(NO)	

production	in	cells.	So,	it	was	attempted	to	optimise	an	assay	for	this	purpose.	First	using	DAF-FM,	the	

NO	binding	agent,	on	a	BD	pathway	system	using	published	methods	(Falcone	et	al.	2008),	however,	

this	was	not	successful	(Figure	3.12):	An	observable	response	from	known	positive	controls	for	NO	

release	in	the	HUVECs	could	not	be	measured	over	this	time	range	first	using		acetyl	choline	(ACh)	as	

it	GPCR-ligand	observed	to	stimulate	NO	production	in	HUVECs	(Falcone	et	al.	2008)	(Figure	3.12A).	

As	this	was	unsuccessful,	other	potential	positive	controls	were	tested	to	rule	out	the	possibility	that	

ACh	was	the	issue	(Figure	3.12	B-D).	This	assay	is	 intended	to	detect	concentration	dependent	NO	

fluxes	in	real	time.	However,	for	each	compound	tested	the	fluorescence	detected	remained	stable	

over	 time.	 Moreover,	 for	 compounds	 over	 the	 concentration	 range	 used,	 purely	 looking	 at	 the	

baseline	 fluorescence	 of	 the	 cells	 treated	 with	 different	 concentrations	 there	 is	 no	 detectable	

concentration	dependent	effects:	This	is	shown	by	attempts	to	apply	a	non-linear	curve	fit	to	the	data	

(Figure	3.12	E,F).	It	was	possible	that	either	insufficient	NO	was	produced	over	the	time	range	used	

or	that	the	assay	was	not	sensitive	enough.	As	 it	was	not	practical	 to	measure	NO	in	real	 time	for	

longer	periods,	and	cells	may	die	being	outside	of	an	incubator	for	much	longer.	The	research	direction	

moved	to	find	an	assay	that	could	detect	more	high	throughput	endpoint	NO	production.		

Therefore,	it	attempted	to	optimise	an	alternative	end	point	assay,	with	much	greater	success.	

This	assay	required	ligand	stimulation	time	optimisation;	the	manufacturer	recommended	doing	so	

with	 L-Arginine	 which	 was	 done	 alongside	 ACh	 (Figure	 3.13A).	 15	 min	 was	 decided	 upon	 as	 the	

optimum	stimulation	time	as	it	was	at	this	point	that	ACh,	positive	control	for	GPCR	mediated	NO,	

provided	 the	 greatest	 level	 of	 raw	 fluorescence	 (Figure	 3.13A).	 From	 here	 the	 dose-response	

relationship	of	 the	positive	control	ACh	and	NO	production	was	explored	(Figure	3.13B).	As	 it	was	
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indeed	possible	to	determine	dose	dependent	GPCR-mediated	NO	production	with	this	assay	then	it	

was	 investigated	 whether	 the	 ligands	 of	 interest	 could	 stimulate	 NO	 production	 and	 how	 they	

compared	to	each	other.	All	three	ligands	could	cause	NO	production	in	HUVECs	in	a	dose	dependent	

manner	(Figure	3.13C).	In	terms	of	pEC50	the	rank	order	of	potency	is	AM2>AM>CGRP	(Figure	3.13D),	

however,	they	are	close	enough	such	that	there	was	a	non-significant	difference	between	them	(Table	

3.9).	The	significant	differences	were	observable	between	AM2	and	the	cognate	ligand	for	peptides.	

the	 Emax	 and	 Log	 tau,	 the	AM2	 in	 particular	was	much	 greater	 than	was	 observed	 for	 the	 other	

peptides.	
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Figure	3.12.	Optimisation	of	detection	of	nitric	oxide	release	in	HUVECs.	Characterisation	of	nitric	
oxide	 release	 in	 response	 to	 stimulation	 by	 acetylcholine,	 ATP,	 forskolin	 and	 adrenaline	
respectively	 with	 continuous	 fluorescence	 recording	 for	 5min	 after	 stimulation	 (A-D).	 Multiple	
concentrations	were	used	and	displayed	as	10^X	M.	Data	are	analysed	using	a	three-parameter	
non-linear	regression	curve	(E-F).	 
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Figure	 3.13.	 Nitric	 oxide	 signalling	 in	 HUVECs	 in	 response	 to	 the	 CGRP	 peptide	 family.	
Characterisation	of	NO	release	in	response	to	stimulation	by	ACh	(100	µM),	vector	control,	and	
L-Arginine	at	multiple	time	points	up	to	60min	(A).	NO	release	in	response	to	stimulation	by	ACh	
over	a	concentration	range	of	100pM	to	100	µM	(B).	NO	release	in	response	to	stimulation	by	
CGRP,	AM	and	AM2	in	HUVECs	relative	to	100	µM	ACh	(C,D).	Data	are	analysed	using	a	three-
parameter	non-linear	 regression	curve.	 Individual	pEC50	values	+	S.E.M.	are	 then	plotted.	 All	
values	are	calculated	from	at	least	3	individual	data	sets.		
 

Table	 3.9.	 	 Nitric	 oxide	 signalling	 in	 HUVECs	 in	 response	 to	 the	 CGRP	 peptide	 family.	
Characterisation	of	Nitric	oxide	release	in	response	to	stimulation	by	CGRP,	AM	and	AM2	relative	
to	100	µM	ACh.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	are	
presented	 here	 as	 mean	 ±	 S.E.M.	 pEC50:	 negative	 logarithm	 of	 the	 agonist	 concentration	
required	 to	 produce	 a	 half-maximal	 response.	 Emax:	 maximal	 response	 expressed	 as	 a	
percentage	 of	 NO.	 pKa:	 negative	 logarithm	of	 the	 equilibrium	 dissociation	 constant	 for	 each	
ligand	generated	using	the	operational	model	 (Black	and	Leff	1983).	 Log!:	 coupling	efficiency	
parameter	of	the	ligand	(Black	and	Leff	1983).	Statistical	significance	compared	to	the	cognate	
ligand	(AM)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	
p<0.01;	***,	p<0.001).	 

0 20 40 60 80
14000

16000

18000

20000

22000

Time (mins)

Fl
uo

re
sc

en
e 

(R
FU

)
HUVEC Nitric Oxide release

ACh

Control

L-Arginine

0 -11 -10 -9 -8 -7 -6 -5
0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e 

(re
la

tiv
e 

to
 A

ce
ty

lc
ho

lin
e)

HUVEC Nitric Oxide release
CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5-100
0

100
200
300
400
500
600
700
800

Log [Compound] M

Fl
uo

re
sc

en
e 

(R
FU

)
(b

as
el

in
e-

co
rr

ec
te

d)

HUVEC Nitric Oxide release

Ach

AM2 AM CGRP
4

5

6

7

8

9

10

Peptide

pE
C

50

HUVEC Nitric Oxide release

NS

NS

A B

C D

	   NO	 	  
		 CGRP	 AM	 AM2	
pEC50	 5.73	 0.23	 6.29	 0.24	 6.88	 0.14	
Emax	 21.13	 2.89	 31.92	 4.25	 82.10***	 4.62	
pKa	 5.64	 0.52	 6.08	 0.31	 6.15	 0.15	
logt	 -0.59	 0.18	 -0.33	 0.11	 0.65**	 0.09	
n	 3	 3	 3	
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CGRP	family	peptide	mediated	proliferation	in	HUVECs	
	

With	 the	 continued	 desire	 to	 discover	 whether	 agonism	 bias	 is	 observable	 in	 terms	 of	

physiological	responses	to	CLR	stimulation.	A	well-documented	proliferation	assay	was	utilised	(Safitri	

et	al.	2020)	to	observe	the	effects	of	CGRP,	AM	and	AM2	on	cell	proliferation,	and	how	they	differed	

from	one	another.	The	assay	 involves	the	addition	of	formazan	dye	and	the	absorbance	measured	

from	this	is	directly	proportional	to	the	number	of	viable	cells.	Initially	it	was	demonstrated	that	VEGF	

could	produce	the	expected	pro-proliferative	effect	in	HUVECs	(Figure	3.14A).	Intriguingly	forskolin	

provided	 the	 anti-proliferative	 control	 showing	 strong	 inhibition	 of	 cell	 proliferation.	 With	 these	

controls	established	CGRP,	AM	and	AM2	effects	were	then	explored.	Here	it	was	observed	that	CGRP	

was	 strikingly	 pro-proliferative	 (Figure	 3.14B).	 While	 there	 was	 a	 dose-response	 relationship	

detectable	 for	 AM	 and	 AM2	 in	 the	 pro-proliferative	 direction	 the	maximal	 levels	 of	 proliferation	

achieved	were	106.9%	and	103.7%	respectively	(Table	3.10)	and	therefore	only	marginally	over	100%.	

Where	 100%	 represents	 the	 level	 of	 cell	 growth	 achieved	 by	 control	 treated	 cells	 over	 the	 time	

window.	Unsurprisingly	there	was	a	powerful	level	of	significance	in	the	difference	between	the	Emax	

of	CGRP	and	AM	the	cognate	ligand.	Given	the	very	strong	potency	of	CGRP	at	the	pERK1/2	pathway	

and	the	well	documented	connection	between	pERK1/2	and	cell	proliferation	it	was	hypothesised	that	

this	and	the	proliferation	response	seen	for	CGRP	are	likely	directly	connected.	Also	given	the	strong	

anti-proliferative	effects	 seen	 for	 forskolin	 it	 is	 interesting	 to	observe	 that	CGRP,	 the	 least	 potent	

peptide	 at	 initiating	 cAMP	 accumulation	 is	 then	 the	most	 potent	 at	 stimulating	 cell	 proliferation,	

which	cAMP	appears	to	inhibit.	While	there	is	no	obvious	explanation	for	why	AM	and	AM2	have	little	

to	no	proliferative	effects,	it	may	be	a	case	of	different	pathways	‘balancing	each	other	out’	as	AM	for	

example	is	a	potent	stimulator	of	cAMP.	So	from	the	above	forskolin	evidence	it	might	suggest	that	

AM	could	also	have	anti-proliferative	effects.	On	the	other	hand,	AM	is	a	reasonably	potent	inducer	

of	ERK1/2	phosphorylation,	so	taking	this	evidence	with	the	CGRP	ERK1/2	and	proliferation	response	
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seen	it	may	be	assumed	that	AM	could	also	produce	strong	proliferative	responses.	Therefore,	taking	

the	evidence	together	it	might	not	be	surprising	that	the	level	of	cell	proliferation	seen	in	AM	treated	

cells	does	not	differ	greatly	from	the	control.		These	data	suggest	that	ultimately	signalling	bias	does	

follow	through	to	physiological	outcomes	to	some	degree.	

	

Figure	3.14.	Cell	proliferation	in	HUVECs	in	response	to	the	CGRP	peptide	family.	Characterisation	
of	cell	proliferation	in	response	to	stimulation	by	VEGF	and	forskolin	over	a	concentration	range	of	
100	 pM	 to	 100	 µM	 48	 h	 prior	 to	 detection	 and	 relative	 to	 vector	 control	 treated	 cells	 (A).	
Characterisation	of	cell	proliferation	in	response	to	stimulation	by	CGRP,	AM,	and	AM2	in	HUVECs	
48	h	prior	 to	detection	and	 relative	 to	 vector	 control	 treated	 cells	 (B).	Data	are	analysed	using	a	
three-parameter	non-linear	regression	curve.	Individual	pEC50	values	+	S.E.M.	are	then	plotted	for	
HUVECs	(C).	All	values	are	calculated	from	5	individual	data	sets.	Statistical	significance	compared	to	
the	cognate	 ligand	(AM)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	
p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

Table	3.10.		Cell	proliferation	in	HUVECs	in	response	to	the	CGRP	peptide	family.	Characterisation	
of	 Cell	 proliferation	 in	 response	 to	 stimulation	 by	 CGRP,	 AM	 and	 AM2	 in	 HUVECs	 48	 h	 prior	 to	
detection	and	relative	to	vector	control	treated	cells.	Data	are	analysed	using	a	three-parameter	non-
linear	regression	curve,	and	are	presented	here	as	mean	±	S.E.M.	of	n	individual	data	sets.	pEC50:	
negative	logarithm	of	the	agonist	concentration	required	to	produce	a	half-maximal	response.	Emax:	
maximal	 response	 to	 ligands	 expressed	 as	 a	 percentage	of	 VEGF.	 pKa:	 negative	 logarithm	of	 the	
equilibrium	dissociation	constant	for	each	ligand	generated	using	the	operational	model	of	agonism	
(Black	 and	 Leff	 1983).	 Log!:	 coupling	 efficiency	 parameter	 of	 the	 ligand	 (Black	 and	 Leff	 1983).	
Statistical	significance	compared	to	the	cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	
with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	   Proliferation	 	  
		 CGRP	 AM	 AM2	
pEC50	 8.00*	 0.19	 5.73	 0.68	 7.06	 0.90	
Emax	 140.39****	 2.13	 106.90	 3.47	 103.74	 1.43	
pKa	 7.69	 0.19	 5.69	 0.70	 7.03	 0.90	
logt	 0.02**	 0.06	 -0.95	 0.22	 -1.29	 0.20	
n	 5	 5	 5	
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CLR/CTR	 receptor	 expression	 and	 CGRP	 family	 peptide	

signalling	in	HUAECs	
	

The	next	question	pondered	was	 if	the	patterns	of	signalling	bias	were	 inherent	to	endothelial	

cells,	and	to	address	this	question	HUAECs	were	used.	HUAECs	are	another	human	derived	primary	

cell	line,	again	endothelial	but	now	arterial	rather	than	from	umbilical	vein	as	HUVECs	are.	Using	RT-

PCR		the	receptor	composition	of	these	cells	was	uncovered.	Analogous	to	HUVECs,	HUAECs	express	

CLR	and	RAMP2,	and	had	no	detectable	CTR,	RAMP1	or	RAMP3	expression	(Figure	3.15A).	Providing	

a	similar	starting	point	in	terms	of	expression	to	the	HUVECs.	The	next	step	was	to	profile	the	signalling	

of	CGRP,	AM	and	AM2	in	the	five	previously	established	pathways.	The	first	was	cAMP	accumulation,	

in	this	the	rank	order	of	potency	was	AM>AM2>CGRP	(Figure	3.15D).	The	result	showing	AM	as	the	

most	potent,	and	producing	the	greatest	response	in	terms	of	Emax,	aligns	well	with	literature	reports	

of	CLR-RAMP2	expression,	as	well	as	previously	reported	results	here	expressing	CLR-RAMP2	in	a	HEK-

293	 cell	 line	 and	 results	 here	 from	 HUVECs	 endogenously	 expressing	 CLR/RAMP2.	 Giving	 strong	

evidence	that	this	is	another	CLR/RAMP2	primary	cell	line.	Allowing	for	direct	comparisons	with	the	

HUVECs.	Interestingly	the	potencies	of	all	3	peptides	were	slightly	lower,	as	was	the	Emax	for	each	

e.g.	AM	–	pEC50:7.95±0.09	vs	7.12±0.16	and	Emax:	45.17±1.17	vs	24.97±1.51.	Suggesting	 that	 the	

peptides/receptor	signals	less	strongly	in	HUAECs	when	compared	to	HUVECs.	Moving	to	intracellular	

calcium	release;	AM2	produced	by	far	the	most	potent	response	(pEC50:	7.92±0.14)	(Table	3.11),	next	

was	AM	(pEC50	5.92±0.17),	but	when	comparing	the	maximal	responses,	they	were	very	similar;	AM2	

was	50.11±3.22	compared	to	50.35±4.95	for	AM.	These	are	followed	by	CGRP	which	could	only	elicit	

a	very	small	calcium	response	(Figure	3.15B),	as	in	HUVECs.	In	terms	of	pERK1/2	production	the	rank	

order	 of	 potencies	 was	 CGRP>AM>AM2	 (Figure	 3.15C)	 exactly	 mirroring	 the	 HUVECs	 scenario	

although	 the	 potency	 of	 CGRP	was	 slightly	 less	 at	 a	 pEC50	 of	 7.06±0.18	 vs	 7.71±	 in	 the	 HUVECs.	

Following	this	the	NO	release	assays	were	performed	and	a	rank	order	of	potency	of	AM2>AM>CGRP	
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was	observed	(Figure	3.15E).	This	again	showed	a	striking	role	for	AM2	in	this	pathway	as	it	did	in	the	

HUVECs,	here	it	has	the	greatest	potency	and	Emax	(7.00±0.18	and	71.48±4.88	respectively).	Lastly	in	

the	72	h	proliferation	assay	forskolin	suppressed	proliferation	showing	cAMP	has	a	negative	influence	

on	proliferation,	AM	and	AM2	produced	little	to	no	positive	or	negative	response	(Emax:	102.63±1.30	

and	 107.69±1.03)	 in	 contrast	 to	 CGRP	 which	 stimulated	 a	 potent	 and	 large	 (7.55±0.19	 and	

146.65±2.99)	 response	 over	 baseline	 control	 cell	 growth	 modelled	 here	 as	 100%	 growth	 (Figure	

3.15F).	

	

Figure	3.15:	Receptor	expression,	and	CGRP	family	Peptide	signalling	bias	in	HUAECs.	Expression	of	
CALCR,	 CALCRL,	 RAMP1,	 RAMP2,	 and	 RAMP3	 genes	 in	 HUAECs	 determined	 by	 RT-PCR	 (A).	 Data	
represent	mean	 +	 SEM	 of	 three	 independent	 experiments	 relative	 to	 GAPDH	 expression.	 ND	 =	 not	
detected	in	all	 three	samples.	Characterisation	of	cAMP	accumulation	relative	to	forskolin	(100	µM)	
(B).	 Characterisation	 of	 intracellular	 calcium	 mobilisation	 (C)	 relative	 to	 ionomycin	 (10	 µM).	
Characterisation	of	 total	 nitric	oxide	production	 (D)	 relative	 to	 acetylcholine	 (100	µM).	 Intracellular	
ERK1/2	phosphorylation	(E)	relative	to	PMA	(10	µM).	Characterisation	of	cell	proliferation	(F)	relative	to	
vector	 treated	 control.	All	pathways	measured	 in	response	 to	stimulation	by	CGRP,	adrenomedullin	
(AM)	and	adrenomedullin	2	(AM2),	with	the	addition	of	forskolin	(FSK)	and	VEGF	for	cell	proliferation.	
Data	are	analysed	using	a	three-parameter	non-linear	regression	curve.	All	data	represent	mean	+	SEM	
of	 at	 least	 three	 independent	 experiments.	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	
regression	curve. 
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Table	 3.11.	 pEC50,	 Emax,	 pKA,	 and	 log	 tau	 values	 for	 cAMP	 accumulation,	 i[Ca
2+
]	

mobilisation	 and	 ERK
1/2
	 activation	 signalling	 pathways,	 nitric	 oxide	 release	 and	 cell	

proliferation	 physiological	 responses	 in	 HUAECs.	 Data	 are	 analysed	 using	 a	 three-
parameter	 non-linear	 regression	 curve,	 and	 are	 presented	here	 as	mean	±	 S.E.M.	 of	 n	
individual	data	sets.	pEC50:	negative	logarithm	of	the	agonist	concentration	required	to	
produce	 a	 half-maximal	 response.	 Emax:	 maximal	 response	 to	 ligands	 expressed	 as	 a	
percentage	of	positive	control.	pKa:	negative	 logarithm	of	 the	dissociation	constant	 for	
each	ligand	generated	using	the	operational	model	of	agonism	(Black	and	Leff	1983).	Log!:	
coupling	efficiency	parameter	of	the	ligand	(Black	and	Leff	1983).	Statistical	significance	
compared	 to	 the	 cognate	 ligand	 (AM)	 and	 determined	 using	 one-way	 ANOVA	 with	
Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001). 

	 	 HUAEC	
	 	 CGRP	 AM	 AM2	

cAMP	

pEC50	 5.80***	 0.27	 7.12	 0.16	 6.76	 0.20	
Emax	 17.51*	 2.46	 24.97	 1.51	 17.46*	 1.21	
pKa	 5.72***	 0.28	 6.95	 0.14	 6.78	 0.21	
Logt	 -0.74*	 0.09	 -0.52	 0.03	 -0.75*	 0.05	
n	 10	 10	 10	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

iCa	

pEC50	 5.96	 0.14	 5.92	 0.17	 7.92****	 0.14	
Emax	 3.36****	 0.29	 50.35	 4.95	 50.11	 3.22	
pKa	 5.95	 0.14	 5.65	 0.19	 7.61****	 0.13	
Logt	 -1.46****	 0.04	 -0.01	 0.08	 -0.01	 0.05	
n	 3	 10	 10	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

pERK	

pEC50	 7.06	 0.18	 6.64	 0.15	 5.65*	 0.21	
Emax	 24.23*	 1.62	 16.48	 0.94	 17.59	 2.44	
pKa	 6.99	 0.13	 6.66	 0.21	 5.43*	 0.33	
Logt	 -0.52	 0.03	 -0.75	 0.05	 -0.67	 0.12	
n	 3	 3	 3	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

NO	

pEC50	 5.43	 0.39	 5.85	 0.09	 7.00*	 0.18	
Emax	 43.25	 13.02	 66.07	 2.63	 71.48	 4.88	
pKa	 5.10	 0.56	 5.41	 0.30	 6.47	 0.14	
Logt	 -0.09	 0.28	 0.28	 0.13	 0.40	 0.07	
n	 3	 3	 3	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

Growth	

pEC50	 7.55	 0.19	 11.45	 3.48	 9.93	 0.52	
Emax	 146.65****	 2.99	 102.63	 1.30	 107.69	 1.03	
pKa	 7.44	 0.39	 11.27	 6.72	 9.73	 1.44	
Logt	 -0.35	 0.07	 -1.76	 0.72	 -1.27	 0.20	
n	 3	 3	 3	
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Receptor	 expression	 and	 CGRP	 family	 peptide	 signalling	 in	

human	cardiac	myocytes	
	

RT-PCR	was	performed	to	ascertain	which	of	the	genes	for	the	CTR,	CALCR/CLR	receptor	and	the	

accessory	proteins	RAMP1/2/3	were	expressed	at	the	mRNA	level	in	HCMs.	Of	these	genes,	only	CLR	

and	 RAMP1	were	 expressed	 at	 a	 detectable	 level	 in	 the	 HCMs	 (Figure	 3.16A).	 In	 the	majority	 of	

recombinant	 studies	 the	 CLR/RAMP1	 is	 known	 as	 the	 ‘CGRP	 receptor’	 and	 has	 been	 considered	

primarily	a	Gas	coupled	receptor.	Therefore,	an	intracellular	cAMP	accumulation	assay	was	again	used	

to	 assess	 whether	 function	 receptor	 is	 formed	 and	 as	 the	 mRNA	 suggested	 that	 there	 was	 no	

functional	response	detected	to	the	CTR	ligands	calcitonin	or	amylin	(Figure	3.16B).	However,	CGRP,	

AM	and	AM2	stimulation	showed	that	functional	receptor	is	formed	in	these	HCMs	(Figure	3.16C).	

Moreover,	there	was	a	strong	concentration	dependent	increases	in	cAMP	in	response	to	all	three	of	

CGRP,	 AM	 and	 AM2	 in	 demonstrating	 the	 CLR/RAMP1	 in	 HCMs	 can	 couple	 to	 Gas	 to	 produce	 a	

detectable	 response.	Adding	 confidence	 to	 the	building	 evidence	 that	 the	CLR/RAMP1	 receptor	 is	

formed	in	these	cells,	and	as	CGRP	is	the	most	potent	ligand	at	cAMP	accumulation	followed	by	AM2,	

and	 AM	 is	 the	 least	 potent,	 this	 is	 consistent	 with	 expectations	 based	 on	 data	 from	 transfected	

systems	and	the	previously	reported	observations	in	HEK-293	cells	here	(Figure	3.5).	What	is	more	

statistical	analysis	confirmed	the	significance	of	difference	between	the	pEC50	of	AM	and	AM2	each	

compared	to	CGRP	(Table	3.12)(p109).	
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Figure	 3.16:	 Receptor	 expression,	 and	 CGRP	 family	 Peptide	 cAMP	 accumulation	 in	 Human	
Cardiomyocytes	 (HCMs).	 Expression	 of	 CALCR,	 CALCRL,	 RAMP1,	 RAMP2,	 and	 RAMP3	 genes	 in	
HCMs	 (A)	 Based	on	densitometry	 analysis	 of	 RT-PCR	 (Supplemental	 Figure	8.1).	 Data	 represent	
mean	+	SEM	of	three	independent	experiments	relative	to	GAPDH	expression.	Characterisation	of	
cAMP	 accumulation	 in	 response	 to	 stimulation	 by	 calcitonin	 and	 amylin	 in	 HUVECs	 relative	 to	
100µM	Forskolin	(B).	Characterisation	of	cAMP	accumulation	relative	to	forskolin	(100	µM)(C). 
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Antagonising	CGRP,	AM	and	AM2	cAMP	responses	 in	human	

cardiac	myocytes	
	

As	 in	 the	HUVECs	 it	was	 important	 to	confirm	 the	cAMP	responses	observed	were	due	 to	 the	

suspected	 receptor,	 for	 all	 three	 ligands.	 This	 was	 confirmed	 using	 well	 established	 antagonists;	

AM22-52	 –	 the	 CLR/RAMP2	 antagonist	 had	 no	 significant	 effect	 on	 any	 of	 the	 CGRP,	AM	or	AM2	

responses	(Figure	3.17).	On	the	other	hand,	the	CLR-RAMP1	antagonist	suppressed	all	three	peptide	

responses	to	varying	degrees	of	significance.	In	the	case	of	CGRP	reduction	in	pEC50	and	Emax	were	

both	significant,	for	AM,	the	smallest	response,	only	the	Emax	reduction	was	significant.	The	same	

was	true	for	AM2	although	to	a	greater	extent.	Overall	the	CLR-RAMP1	antagonist	had	the	greatest	

effect	 on	 Emax	 values,	 as	 demonstrated	 by	 the	 Emax	 suppression	 for	 CGRP	 and	 AM2	 having	 a	

significance	value	<	0.001.	Whereas	the	shift	in	potency	produced	in	the	AM	and	AM2	scenarios	were	

not	significant	(Figure	3.17).	
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Figure	 3.17.	 Antagonism	 of	 cAMP	 signalling	 in	 HCMs	with	 CLR-RAMP2	 and	CLR	
RAMP1	 antagonists.	 Characterisation	 of	 cAMP	 accumulation	 in	 response	 to	
stimulation	by	CGRP,	adrenomedullin	(AM)	and	adrenomedullin	2	(AM2)	in	HCMs	in	
the	 presence	 and	 absence	 of	 100	 nM	 AM22-52	 or	 Olcegepant	 respectively.	 All	
relative	to	100	µM	forskolin.	Data	are	analysed	using	a	three-parameter	non-linear	
regression	curve.	Statistical	significance	determined	compared	to	control	using	an	
unpaired	t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	
p<0.0001).	NS	denotes	no	statistical	significance	observed.	All	values	are	calculated	
from	at	 least	 3	 individual	 data	 sets.	Horizontal	 arrows	 show	pEC50,	 and	Vertical	
arrows	show	Emax	statistical	significance. 



	

	 107	

CGRP	family	peptide	signalling	in	human	cardiac	myocytes	
	

Now	 having	 profiled	 the	 CGRP,	 AM	 and	 AM2	 activity	 through	 cAMP	 accumulation	 and	 using	 the	

antagonists	to	provide	evidence	that	the	CLR/RAMP1	receptor	is	 in	these	cells,	 it	was	important	to	

study	how	these	cells	signalling	through	other	signalling	pathways.	Firstly,	intracellular	calcium	release	

was	recorded	in	response	to	the	peptides	(Figure	3.18A).	All	peptides	were	noticeably	very	potent	yet	

still	significantly	different	from	the	cognate	ligand:	CGRP	which	was	also	most	potent.	While	the	rank	

order	of	potency	in	HUVECs	and	HUAECs	in	intracellular	calcium	was	reflected	in	the	NO	response,	it	

was	 not	 the	 case	 in	 HCMs	 where	 AM2	 was	 ostensibly	 the	 most	 potent	 although	 no	 parameters	

significantly	 differed	 from	 each	 other	 (Table	 3.12)	 and	 the	 dose-response	 curves	 almost	 overlaid	

(Figure	 3.18C).	 Moving	 on	 to	 the	 ERK1/2	 phosphorylation,	 remarkably,	 AM	 was	 the	 most	 potent	

(Figure3.18B,	Table	3.12)	at	this	pathway.	This	mirrored	the	HUVEC	and	HUAEC	signalling	where	the	

least	potent	peptide	at	cAMP	accumulation	was	most	potent	at	causing	ERK1/2	phosphorylation.	The	

same	situation	was	observed	in	terms	of	cell	proliferation	(Figure	3.18D)	where	AM	stimulated	the	

highest	level	above	baseline	in	HCMs	(Figure	3.18D,	Table	3.12).	Again	application	of	the	operational	

model	of	agonism	(Black	and	Leff	1983)	has	enabled	operation	parameters	to	be	determined	(Table	

3.12).	
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Figure	3.18:	CGRP	family	peptide	signalling	bias	in	Human	Cardiomyocytes	(HCMs).	Characterisation	
of	intracellular	calcium	mobilisation	(A)	relative	to	ionomycin	(10	µM).	Characterisation	of	total	nitric	
oxide	 production	 (B)	 relative	 to	 acetylcholine	 (100	 µM).	 Intracellular	 ERK1/2	 phosphorylation	 (C)	
relative	to	PMA	(10µM).	Characterisation	of	cell	proliferation	(D)	relative	to	vector	treated	control.	
All	 pathways	 measured	 in	 response	 to	 stimulation	 by	 CGRP,	 adrenomedullin	 (AM)	 and	
adrenomedullin	2	(AM2),	with	the	addition	of	forskolin	(FSK)	and	VEGF	for	cell	proliferation.	Data	are	
analysed	using	a	three-parameter	non-linear	regression	curve.	All	values	are	calculated	from	3	to	8	
independent	experiments.	 

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

HCM cAMP production

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 Io
no

nm
yc

in
)

HCM i[Ca2+] release

CGRP

AM

AM2

0

0

20

40

60

80

100

-11 -10 -9 -8 -7 -6 -5

HCM Nitric Oxide release

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 Is
op

ro
te

re
no

l) CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 P
M

A
)

HCM pERK1/2  activation
CGRP

AM

AM2

0 -10 -9 -8 -7 -6 -5
0

50
75

100
125
150
175
200

Log [Compound] M

%
 P

ro
lif

er
at

io
n

(re
la

tiv
e 

to
 c

on
tro

l)

FSK
CGRP
AM

AM2

VEGF

HCM Cell proliferation

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)

HCM cAMP production

CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

100

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 Io
no

nm
yc

in
)

HCM i[Ca2+] release

CGRP

AM

AM2

0

0

20

40

60

80

100

-11 -10 -9 -8 -7 -6 -5

HCM Nitric Oxide release

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 Is
op

ro
te

re
no

l) CGRP

AM

AM2

0 -11 -10 -9 -8 -7 -6 -5

0

20

40

60

80

Log [Peptide] M

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 P
M

A
)

HCM pERK1/2  activation
CGRP

AM

AM2

0 -10 -9 -8 -7 -6 -5
0

50
75

100
125
150
175
200

Log [Compound] M

%
 P

ro
lif

er
at

io
n

(re
la

tiv
e 

to
 c

on
tro

l)

FSK
CGRP
AM

AM2

VEGF

HCM Cell proliferation

A B

C D



	

	 109			

Table	3.12.	 pEC50,	 Emax,	 pKA,	 and	 log	 tau	values	 for	cAMP	accumulation,	 i[Ca
2+
]	

mobilisation	and	ERK
1/2
	activation	signalling	pathways,	nitric	oxide	release	and	cell	

proliferation	 physiological	 responses	 in	 HCMs.	 Data	 are	 analysed	 using	 a	 three-
parameter	non-linear	regression	curve,	and	are	presented	here	as	mean	±	S.E.M.	of	n	
individual	data	sets.	pEC50:	negative	logarithm	of	the	agonist	concentration	required	
to	produce	a	half-maximal	response.	Emax:	maximal	response	to	ligands	expressed	as	
a	 percentage	 of	 positive	 control.	 pKa:	 negative	 logarithm	 of	 the	 equilibrium	
dissociation	 constant	 for	 each	 ligand	 generated	 using	 the	 operational	 model	 of	
agonism	(Black	and	Leff	1983).	Log!:	coupling	efficiency	parameter	of	the	ligand	(Black	
and	 Leff	 1983).	 Statistical	 significance	 compared	 to	 the	 cognate	 ligand	 (CGRP)	 and	
determined	 using	 one-way	 ANOVA	 with	 Dunnett’s	 post-hoc	 test,	 (*,	 p<0.05;	 **,	
p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	 	 HCM	
	 	 CGRP	 AM	 AM2	

cAMP	

pEC50	 8.39	 0.12	 5.84****	 0.08	 6.73****	 0.10	
Emax	 62.91	 1.85	 63.05	 3.14	 61.04	 2.50	
pKa	 8.05	 0.09	 5.38****	 0.19	 6.29****	 0.14	
Logt	 0.20	 0.03	 0.22	 0.10	 0.18	 0.06	
n	 10	 6	 6	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

iCa	

pEC50	 9.30	 0.10	 8.25*	 0.17	 8.17*	 0.33	
Emax	 64.44	 1.73	 58.12	 2.79	 36.50***	 2.31	
pKa	 8.85	 0.15	 8.10	 0.15	 7.91	 0.35	
Logt	 0.22	 0.05	 0.08	 0.04	 -0.30***	 0.05	
n	 3	 3	 3	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

pERK	

pEC50	 6.99	 0.11	 7.75*	 0.14	 5.66**	 0.17	
Emax	 33.02	 1.52	 40.13	 2.02	 40.41	 4.17	
pKa	 6.77	 0.15	 7.52*	 0.12	 5.52**	 0.18	
Logt	 -0.33	 0.04	 -0.19	 0.03	 -0.20	 0.08	
n	 3	 3	 3	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

NO	

pEC50	 6.27	 0.23	 6.37	 0.27	 6.87	 0.11	
Emax	 49.97	 5.56	 46.98	 5.85	 50.59	 2.18	
pKa	 -5.99	 0.22	 -6.07	 0.22	 -6.55	 0.18	
Logt	 0.01	 0.08	 -0.03	 0.08	 0.03	 0.06	
n	 3	 3	 3	

	 	 	 	 	 	 	 	
	 	 CGRP	 AM	 AM2	

Growth	

pEC50	 5.32	 1.80	 7.08	 0.23	 6.48	 0.58	
Emax	 108.80	 24.20	 160.32*	 6.82	 114.68	 3.58	
pKa	 5.23	 1.90	 6.45	 0.33	 6.38	 0.59	
Logt	 -0.65	 0.80	 0.52	 0.20	 -0.60	 0.12	
n	 6	 6	 6	
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Endogenous	CLR-based	signalling	bias	in	primary	cells	

	
Bias	plots	were	generated	for	each	of	CGRP,	AM,	and	AM2	at	each	pathway	in	the	HUVEC,	

HUAEC,	and	HCM	cell	models,	using	the	!	and	KA	values	obtained	through	the	operational	model	of	

pharmacological	agonism	(detailed	discussion	in	Chapter	2).	Using	the	data	reported	so	far	in	this	

chapter	(Table	3.1,2,7,9-12).	These	are	illustrative	plots	that	represent	the	extent	of	bias	a	ligand	

has	towards	a	certain	pathway.	It	is	a	relative	term,	therefore	in	the	∆(!/KA)	plots	all	responses	are	

normalised	to	the	reference	agonist,	this	is	AM,	as	it	is	the	cognate	ligand	in	the	first	cell	system	

studied	and	normalisation	needs	to	remain	consistent	so	remains	the	reference	agonist	for	all.	Now	

examining	these	plots	give	a	clear	indication	of	which	pathway	ligands	are	biased	towards	in	

different	systems:	In	the	CLR-RAMP2	expressing	HUVECs	(Figure	3.19A)	it	is	clear	CGRP	is	biased	

towards	pERK1/2	and	cell	proliferation	(growth)	whereas	AM2	is	biased	towards	iCa2+	and	NO,	then	

lastly	AM	as	anticipated	is	biased	towards	cAMP.	This	clearly	suggests	that	each	ligand	has	its	own	

distinct	pattern	of	bias	at	CLR/RAMP2	in	the	HUVEC.	Intriguingly,	in	the	HUAECs	(Figure	3.19B)	a	

very	similar	pattern	of	bias	is	observed,	in	these	different	cells	but	that	also	express	CLR-RAMP2.	

While	the	bias	patterns	differ	slightly,	such	as	CGRP	having	a	greater	bias	towards	NO	in	the	HUAECs	

the	overall	trends	are	very	similar.	Moving	on	to	the	CLR-RAMP1	expressing	HCMs	the	pattern	of	

bias	seen	is	completely	different	to	the	HUVECs	and	HUAECs	(Figure	3.19C).	Where	CGRP	is	now	

biased	towards	cAMP,	iCa2+	and	NO,	while	AM	is	biased	towards	pERK1/2	and	cell	proliferation.	These	

bias	plots	provide	a	neat	summary	of	the	bias	exhibited	by	CGRP,	AM	and	AM2	in	the	different	

primary	cells	and	enable	quick	comparison	that	highlights	the	similarities	between	the	two	CLR-

RAMP2	expressing	cells	and	conversely	how	different	the	bias	patterns	of	the	peptides	are	in	the	

CLR-RAMP1	expressing	HCMs.	



	

	 111	

	 	

Figure	 3.19.	 Signalling	 bias	 of	 the	
CGRP	family	of	peptides	in	HUVECs,	
HUAECs,	 and	 HCMs.	 Signalling	 bias	
plots	 were	 calculated	 as	 ∆(!/K

A
)	 for	

HUVECS	 (A),	HUAECs	 (B),	and	HCMs	
(C).	Values	are	on	a	logarithmic	scale	
for	 each	 agonist	 and	 for	 each	
signalling	pathway.	Determination	of	
values	 requires	 normalisation	 to	 a	
reference	 agonist	 (AM)	 alone	 in	
∆(!/K

A
).	 
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Summary	
	

In	this	chapter	It	has	been	shown	how	initially	a	primary	cell	model	was	established	for	the	study	

of	CLR	(+	a	single	RAMP)	and	its	signalling	through	various	pathways	in	an	endogenous	setting.	First,	

the	mRNA	 expression	 for	 evidence	 of	 the	 CTR,	 CLR	 and	 3	 RAMP	 expression	was	 explored	 in	 two	

primary	cell	lines:	HUVECs	and	HVSMCs.	HUVECs	were	chosen	to	move	forward	with	as	the	model	of	

choice	as	they	only	expressed	CLR	and	RAMP2	at	the	mRNA	level	making	them	a	good	candidate	for	

the	study	of	the	so	called	Adrenomedullin	receptor	endogenously.	The	fact	that	CGRP,	AM	and	AM2	

were	able	to	activate	Gs	signalling	and	cAMP	accumulation	provided	strong	evidence	that	functional	

receptor	is	produced	in	these	cells.	In	the	case	of	cAMP	in	HUVECs	there	is	a	very	clear	rank	order	of	

potency	with	a	logarithmic	difference	between	the	EC50s	of	each.	The	antagonism	data	demonstrated	

that	CGRP	and	AM2	as	well	as	AM	signalling	is	exclusively	occurring	through	the	CLR-RAMP2	receptor	

complex.	 Then	 the	 investigation	moved	 on	 to	 profile	 the	 signalling	 of	 CGRP,	 AM	and	AM2	 across	

multiple	pathways:	ERK1/2	phosphorylation,	calcium	release,	NO	release	and	cell	proliferation.	This	

unveiled	an	array	of	different	signalling	patterns	unique	to	the	specific	peptide	and	pathway.	Calcium	

release	produces	a	stark	example	of	how	different	the	activity	of	these	peptides	can	be	at	the	same	

receptor	and	relative	to	each	other.	Where	CGRP	causes	almost	no	release	compared	to	AM,	but	AM2	

causes	 almost	 double	 the	 maximal	 level	 of	 release,	 again	 compared	 to	 AM.	 Demonstrating	 the	

presence	of	agonism	bias	through	the	endogenous	CLR-RAMP2	receptor	and	suggesting	interesting	

and	 distinct	 physiological	 roles	 for	 each	 of	 the	 peptide	 agonists.	 	 Although	 there	 were	 no	major	

differences	observed	over	later	passage	numbers	and	in	the	single	donor	HUVEC	peptide	signalling	

responses.	Nevertheless,	they	serve	to	highlight	the	importance	of	considering	passage	number	and	

where	the	cells	came	from	when	working	with	primary	human	cells,	as	it	is	of	vital	importance	that	

these	cells	remain	as	relevant	and	as	representative	of	the	cells	in	vivo	as	possible.	
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HUAECs	are	another	cell	line	which	has	had	the	receptor	expression	and	signalling	profiled,	they	

also	 express	 CLR-RAMP2	 alone	 and	 show	 remarkable	 similarities	 to	 HUVECs	 with	 rank	 order	 of	

potencies	for	the	stimulating	peptides	mirroring	the	peptides	acting	in	HUVECs	almost	exactly.	There	

are	 subtle	 differences	 such	 as	 the	 larger	 Emax	 for	 AM	 in	 calcium	 release	 and	 nitric	 oxide	 release	

relative	to	the	positive	controls	in	each	cell	line	respectively,	however	in	other	pathways	such	as	cAMP	

accumulation	and	ERK1/2	phosphorylation	the	responses	are,	on	the	whole,	smaller.	Demonstrating	

that	in	different	CLR-RAMP2	expressing	primary	cell	lines	the	unique	signalling	profiles	seen	in	HUVECs	

across	multiple	pathways	can	be	replicated	in	another	such	as	the	HUAEC	albeit	another	endothelial	

cell	line.	

When	performing	both	the	RT-PCR	and	cAMP	accumulation	assay	the	evidence	suggested	that	

these	human	cardiac	myocyte	cells	expressed	functional	CLR-RAMP1.	Using	antagonists	for	this	and	

the	CLR-RAMP2	receptor	confirmed	this,	allowing	research	to	proceed	to	explore	the	responses	of	the	

three	peptides	in	the	other	second	messenger	and	physiological	response	pathways	with	confidence	

that	 the	outcome	observed	was	due	 to	endogenous	CLR-RAMP1.	 Interestingly,	 the	 cognate	 ligand	

CGRP	was	most	potent	at	calcium	release,	but	it	was	AM	that	was	most	potent	at	ERK	phosphorylation	

and	proliferation,	whereas	it	was	AM2,	that	was	very	slightly	most	potent	at	NO	release.	
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Chapter	 4.	 Classification	 of	 Signalling	 pathways,	 and	

Spatiotemporal	aspects	of	CLR-RAMP2	in	a	Primary	Cell	

Model		

Aims	and	Hypothesis	
	

In	 the	 previous	 chapter	 HUVECs	 were	 established	 as	 a	 model	 for	 studying	 endogenous	 CLR	

function	in	primary	human	cells,	and	observed	robust	cAMP	accumulation	reflective	of	a	canonical	Gs	

response	 indicative	 of	 CLR-RAMP2.	 Although	 having	 said	 that	 it	 is	 not	 known	 how	 much	 Gi	

involvement	 there	 is	 in	 the	 cAMP	 response	 observed.	 Alongside	 this	 cAMP	 accumulation	 data,	

interesting	signalling	responses	were	recorded	in	a	number	of	other	pathways,	the	source	of	which	is	

much	less	certain.	For	ERK1/2	phosphorylation	it	was	traditionally	considered	a	downstream	product	

of	 b-arrestin	 recruitment.	 However,	 there	 have	 been	 many	 other	 studies	 showing	 at	 least	 some	

degree	of	activation	from	GPCR	pathways.	Therefore	the	intention	was	to	use	established	inhibitors	

of	 different	 pathways	 and	 effectors	 to	 attempt	 to	 narrow	 down	where	 the	 ERK1/2	 activation	was	

generated	from	and	if	these	changes	depending	on	the	stimulating	ligand.	When	measuring	calcium	

release	 the	 experimental	 conditions	 were	 setup	 such	 that	 the	 only	 available	 calcium	 was	 from	

intracellular	sources.	This	gave	the	confidence	to	hypothesise	that	the	intracellular	signalling	was	Gq/11	

and	IP3	mediated,	and	it	was	attempted	to	confirm	this	using	the	selective	Gq/11	inhibitor	YM-254890.	

Following	 this	 it	was	 also	 attempted	 to	discover	 the	pathways	 involved	 in	NO	production	as	well.	

Another	important	and	recently	advanced	area	of	GPCR	study	is	spatiotemporal	signalling.	This	has	

been	explored	here	in	these	HUVECs	extensively	for	cAMP	signalling.	Using	a	range	of	internalisation	

inhibitors	to	observe	the	effects	these	have	on	signalling	response	at	more	than	one	time	point	and	

with	or	without	the	pan	PDE	inhibitor	IBMX.	The	cAMP	accumulation	assay	is	utilised	as	an	endpoint	

assay	with	the	use	of	a	PDE	inhibitor	to	try	to	measure	the	maximal	cAMP	produced	by	a	receptor	
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stimulated	by	a	 specific	 concentration	of	 ligand.	 In	order	 to	explore	 temporal	 cAMP	signalling	 the	

assay	has	been	modified	where	the	endpoint	is	adjusted	so	that	for	each	assay	it	a	time	between	0	

and	30	min	(the	normal	assay	endpoint),	moreover	IBMX	has	been	omitted	to	observe	natural	fluxes	

in	 cAMP	 level	 to	 build	 up	 and	 overall	 picture	 of	 temporal	 cAMP	 signalling.	 Combining	 this	 with	

internalisation	 inhibitors	 it	 was	 hypothesised	 that	 it	 would	 be	 possible	 to	 build	 a	 picture	 of	

spatiotemporal	cAMP	signalling	in	an	endogenous	environment.		
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Results		
	

As	outlined	in	Chapter	3	HUVECs	and	HCMs	provided	good	primary	cell	models	for	the	study	of	

CLR-RAMP2	 the	 ‘AM	 receptor’	 and	 CLR-RAMP1	 the	 ‘CGRP	 receptor’	 respectively.	 In	 order	 to	

interrogate	the	source	of	certain	signalling	pathways	further	it	was	important	to	first	establish	the	G	

protein	and	b-arrestin	expression	of	these	primary	cells	and	establish	which	of	these	proteins	they	

expressed.	 mRNA	 expression	 was	 explored	 through	 the	 use	 of	 RT-PCR	 which	 was	 able	 to	 show	

whether	 each	 component	was	 or	was	 not	 present	 at	 the	mRNA	 level.	 Densitometry	 analysis	was	

performed	on	raw	gel	 images	shown	 in	 (Supplemental	Figure	8.2).	This	demonstrated	a	host	of	G	

proteins	and	both	b-arrestin	1	and	2	were	present	in	both	HUVECs	and	HCMs	(Figure	4.1).	There	were	

some	notable	differences	 in	expression,	such	as	Gz	expression	 in	HUVECs	but	not	HCMs.	However,	

there	were	many	more	similarities,	and	one	of	these	was	Gs,	reassuringly,	as	this	is	the	only	source	of	

GPCR-mediated	cAMP	production	(outside	of	Golf	in	the	olfactory	system).	Both	of	the	primary	cells	

expressed	other	important	proteins	such	as	Gi1/2/3,	Gq/11/14	and	b-arrestin	1	and	2	whose	contributions	

to	CLR	signalling	in	HUVECs	and	HCMs	will	be	explored	further	in	this	chapter.	
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Figure	4.1.	RT-PCR	assessment	of	G	protein	and	accessory	protein	mRNA	expression	in	
primary	cells.	Expression	of	GCPR	accessory	protein	genes	 in	HUVECs	(A)	and	HCMs	(B).	
Data	 represent	 mean	 +	 SEM	 of	 three	 independent	 experiments	 relative	 to	 GAPDH	
expression.	ND	=	not	detected	in	all	three	samples.	 
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Assessing	 the	 Gi/o	 component	 of	 CGRP	 family	 peptide	 cAMP	

and	pERK1/2	signalling	in	HUVECs	
	

PTX	is	a	well-established	Gi/o	inhibitor	(Weston	et	al.	2016,	Malik	et	al.	2013),	taking	advantage	of	

this	cAMP	and	pERK1/2	assays	was	performed	to	assess	the	contribution	of	Gi/o.	The	presence	of	Gi/o	

proteins	are	confirmed	by	PCR	at	the	mRNA	level	 (Figure	4.1)	 in	HUVECs.	Performing	these	assays	

alongside	 control	 experiments	 and	 assessing	 the	 statistical	 difference	 between	 control	 and	 PTX	

treated	 responses.	 In	 both	 cAMP	 and	 pERK1/2	 accumulation	 assays	 there	was	 no	 effect	 from	 PTX	

treatment	the	cognate	ligand,	AM,	induced	signalling	(Figure	4.2).	Whereas	there	was	for	the	other	

two	 peptides.	 For	 AM2	 PTX	 treatment	 increased	 the	 potency	 and	 maximal	 response	 for	 cAMP	

accumulation,	but	reduced	maximal	levels	of	ERK1/2	phosphorylation	(Table	4.1).	PTX	treatment	had	

the	greatest	effect	on	CGRP	signalling	causing	a	strong	increase	in	cAMP	signalling	potency	as	well	as	

an	equally	strong	decrease	in	pERK1/2	signalling	potency.	This	suggests	that	CGRP	and	AM2,	but	not	

AM	recruit	Gi	proteins	to	the	CLR-RAMP2	receptor	in	HUVECs	and	that	under	normal	conditions	they	

help	supress	the	cAMP	responses	from	CGRP	and	AM2,	but	contribute	to	pERK1/2	signalling.	
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Figure	 4.2.	 cAMP	 and	 ERK1/2	 signalling	 in	 HUVECs	 with	 and	 without	 PTX	 treatment.	
Characterisation	 of	 cAMP	 accumulation	 and	 ERK	 phosphorylation	 in	 response	 to	
stimulation	by	CGRP,	AM	and	AM2	in	HUVECs	in	the	presence	and	absence	of	200	ng/ml	
PTX.	 Pre-treated	 for	 16	 h	 with	 PTX/Control.	 All	 relative	 to	 100	 µM	 forskolin	 or	 PMA	
respectively.	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	 regression	 curve.	
Statistical	 significance	 determined	 compared	 to	 control	 using	 an	 unpaired	 t	 test	 with	
Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	no	
statistical	significance	observed.	All	values	are	calculated	from	at	 least	3	individual	data	
sets.	 Horizontal	 arrows	 show	 pEC50,	 and	 Vertical	 arrows	 show	 Emax	 statistical	
significance. 
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Table	4.1.	cAMP	and	ERK1/2	signalling	in	HUVECs	with	and	without	PTX	treatment.	Characterisation	
of	 cAMP	 accumulation	 in	 response	 to	 stimulation	 by	 CGRP,	 adrenomedullin	 (AM)	 and	
adrenomedullin	 2	 (AM2)	 in	 HUVECs	 in	 the	 presence	 and	 absence	 of	 200	 ng/ml	 PTX.	 Control	
treatment	is	denoted	by	(c).	Pre-treated	for	16	h	with	PTX/Control.	All	relative	to	100	µM	forskolin	
or	PMA	respectively.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	are	
presented	 here	 as	 mean	 ±	 S.E.M.	 of	 n	 individual	 data	 sets.	 Statistical	 significance	 determined	
compared	to	each	individual	control	using	an	unpaired	t	test	with	Welch’s	correction:	*,	p<0.05;	**,	
p<0.01;	***,	p<0.001. 

	   cAMP	+	PTX	 	  
		 CGRP	 AM	 AM2	
pEC50	 7.67***	 0.15	 8.01	 0.05	 7.71*	 0.09	
Emax	 19.43	 0.98	 56.50	 0.94	 50.59*	 1.26	

pEC50	(c)	 5.86	 0.19	 7.97	 0.09	 7.20	 0.19	
Emax	(c)	 19.82	 2.30	 55.31	 1.61	 39.23	 2.76	

n	 5	 5	 5	
	       

   pERK1/2	+	PTX	 	  
		 CGRP	 AM	 AM2	
pEC50	 6.20***	 0.18	 6.03	 0.12	 6.09	 0.13	
Emax	 26.76	 2.24	 27.31	 2.02	 18.51*	 1.27	

pEC50	(c)	 7.76	 0.10	 6.06	 0.10	 5.72	 0.21	
Emax	(c)	 34.58	 1.09	 35.75	 1.73	 33.45	 4.20	

n	 4	 4	 4	
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Interrogation	of	pERK1/2	signalling	by	CGRP	family	peptides	in	

HUVECs	
	

These	experiments	were	conducted	to	attempt	to	narrow	down	the	source	of	pERK1/2	signalling	

in	 this	 system.	From	the	PKA	 inhibitor	experiments	 it	 is	 immediately	apparent	 that	 the	cAMP-PKA	

signalling	arm	does	not	lead	to	an	pERK1/2	response.	Nor	does	it	supress	it,	as	treatment	with	the	PKA	

inhibitor	had	no	significant	effect,	either	positive	or	negative	on	CGRP,	AM	or	AM2	pERK1/2	signalling.	

While	there	looked	to	be	a	small	effect	of	Gq/11	inhibition	on	some	of	the	peptide’s	pERK1/2	responses	

none	of	these	proved	to	be	statistically	significant	in	terms	of	pEC50	or	Emax	changes	(Figure	4.3).	

Application	of	the	EPAC1/2	inhibitor	ESI-09	did	significantly	reduce	the	maximal	response	from	AM	

suggesting	it	contributes	to	pERK1/2	signalling	for	these	peptides	but	not	CGRP.	This	suggests	overall	

that	multiple	pathways	contribute	to	pERK1/2	signalling	and	that	 it	 is	dependent	on	the	stimulating	

ligand.	However,	none	of	the	pathways	interrogated	individually	produce	the	entire	pERK1/2	response.	
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Figure	4.3.	pERK
1/2
	signalling	in	HUVECs	with	and	without	PKA,	EPAC,	and	G

q
	inhibitor	

treatment.	Characterisation	of	pERK
1/2	

activation	in	response	to	stimulation	by	CGRP,	AM,	
and	AM2	in	HUVECs	in	the	presence	and	absence	of	Rp-8-Br-cAMPs	(PKAi),	ESI-09	(EPACi),	
and	 YM254890	 (Gqi)	 respectively.	 Pre-treated	 for	 30	 min	 with	 inhibitor/Control.	 All	
relative	to	100	µM	PMA.	Data	are	analysed	using	a	three-parameter	non-linear	regression	
curve.	Statistical	 significance	determined	compared	 to	control	using	an	unpaired	 t	 test	
with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	
no	statistical	significance	observed.	All	values	are	calculated	from	at	least	3	individual	data	
sets.	 Horizontal	 arrows	 show	 pEC50,	 and	 Vertical	 arrows	 show	 Emax	 statistical	
significance. 



	

	 122	

Interrogation	 of	 intracellular	 calcium	 and	 NO	 signalling	 by	

CGRP	family	peptides	in	HUVECs	and	HCMs	
	

Here	the	aim	was	to	discover	the	source	of	intracellular	calcium	(i[Ca2+])	and	nitric	oxide	signalling	

in	HUVECs.	The	canonical	pathway	for	i[Ca2+]	release	through	GPCR	activation	is	via	Gq/11-IP3-IP3R	and	

release	 of	 calcium	 from	 the	 endoplasmic	 reticulum.	 Therefore,	 the	 effect	 of	 the	 Gq/11	 selective	

inhibitor	was	tested	on	i[Ca2+]	release	from	HUVECs	in	response	to	the	CGRP	family	peptides	(Figure	

4.4A).	 	The	effects	of	YM-254890	was	explored	on	the	maximal	concentration	of	each	of	the	three	

ligands.	With	the	exception	of	CGRP	where	there	is	little	to	no	calcium	signalling	in	the	control	scenario	

the	inhibitor	produced	a	complete	knockdown	of	response.	Thus,	confirming	that	Gq/11	is	recruited	to	

the	CLR-RAMP2	in	HUVECs	and	that	it	directly	leads	to	the	i[Ca2+]	release	observed.	To	determine	the	

source	of	NO	signalling	in	HUVECs	AM2	was	used	as	a	model	compound	initially	due	to	cell	number	

limitations	 and	 as	 it	 produced	 the	 greatest	 response	 and	 therefore	 largest	window	 for	 observing	

inhibitor	effects	 (Figure	4.4B).	The	adenylyl	 cyclase	 inhibitor:	SQ22536	and	PKA	 inhibitor:	Rp-8-Br-

cAMPs	were	used	to	see	whether	the	NO	was	a	result	of	Gs	and	cAMP,	however	neither	had	any	effect	

on	 the	maximal	 level	 of	 NO	 production.	Whereas	 the	 NOS	 inhibitor	 knocked	 down	 the	 response	

completely	verifying	that	the	NO	measured	was	indeed	coming	from	NOS.	Further	to	this	complete	

knockdown	of	 the	 response	was	observed	with	YM-254890	 treatment	 for	AM2	as	well	as	AM	and	

CGRP	(Figure	4.4C).	Showing	the	response	was	downstream	of	Gq/11	and	may	also	be	a	consequence	

of	i[Ca2+]	signalling.	
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From	the	above	results	in	HUVECs	exploring	whether	the	calcium	and	nitric	oxide	responses	were	

due	 to	Gq/11	 signalling	 it	 seemed	plausible	 that	 the	 same	could	be	 the	 case	 for	HCMs,	 indeed	 this	

proved	 to	 be	 the	 case.	 Using	 the	 Gq/11	 selective	 inhibitor	 YM-254890	 the	 complete	 ablation	 of	

intracellular	calcium	release	and	NO	release	was	observed	for	CGRP,	AM	and	AM2	(Figure	4.5A,B).	

Overall	this	work	suggests	that	regardless	of	the	cell	type	or	RAMP	present	CLR	appears	to	be	a	strong	

recruiter	of	Gq/11	signalling	and	seems	to	mediate	all	if	its	i[Ca2+]	through	this	pathway.	

	

	

	

Figure	 4.4.	 Inhibitor	 effects	 on	 i[Ca
2+	

]	 and	 NO.	 Characterisation	 of	 intracellular	 calcium	
mobilisation	with	and	without	YM-254890	relative	to	Ionomycin	(10	µM)	(A).	Characterisation	
of	AM2	mediated	Nitric	Oxide	release	with	and	without	Rp-8-Br-cAMPs,	SQ22536,	L-NAME,	and	
YM-254890	 alongside	 control	 treated	 cells	 with/without	 YM-254890	 (B).	 Characterisation	 of	
Nitric	Oxide	release	with/without	YM-254890	relative	to	Ach	(10	µM)	(C).	Statistical	significance	
determined	compared	to	control	using	an	unpaired	t	test	with	Welch’s	correction	(*,	p<0.05;	**,	
p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	no	statistical	significance	observed.	All	values	
are	calculated	from	at	least	3	individual	data	sets.	 
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Figure	4.5.	 Inhibitor	 effects	on	 i[Ca
2+	
]	and	NO.	Characterisation	of	

intracellular	 Calcium	 mobilisation	 with	 and	 without	 YM-254890	
relative	 to	 ionomycin	 (10	 µM)	 (A).	 Characterisation	 of	 nitric	 oxide	
release	 with/without	 YM-254890	 relative	 to	 Ach	 (10	 µM)	 (B).	
Statistical	 significance	 determined	 compared	 to	 control	 using	 an	
unpaired	 t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	
p<0.001	****,	p<0.0001).	All	values	are	calculated	from	3	individual	
data	sets.	 
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Interrogation	 of	 spatiotemporal	 cAMP	 accumulation	 in	

HUVECs	using	internalisation	inhibitors	
	

The	next	challenge	was	to	try	and	determine	whether	spatiotemporal	signalling	could	be	observed	

at	 the	 endogenous	 CLR-RAMP2	 in	 HUVECs.	 Barbadin	 is	 a	 reported	 inhibitor	 of	 the	b-arrestin-AP2	

interaction	 (Beautrait	 et	 al.	 2017),	 and	 therefore	 is	 able	 to	 prevent	 b-arrestin	 mediated	

internalisation.	First	a	standard	cAMP	accumulation	assay	was	performed	with	barbadin	vs	control	

(Figure	4.6).	Upon	analysing	the	results	barbadin	caused	an	increase	in	potency	in	the	pEC50	of	CGRP	

and	AM2,	although	only	the	CGRP	potency	change	was	significant,	and	the	AM	results	overlaid	well	

suggesting	 there	 was	 no	 effect	 of	 barbadin	 on	 AM	 cAMP	 accumulation	 response;	 confirmed	 by	

statistical	analysis	of	the	pEC50	and	Emax	values.	The	effect	of	barbadin	on	CGRP	seemed	to	suggest	

prevention	 of	 internalisation	 could	 enhance	 CGRP	 mediated	 cAMP	 signalling.	 This	 and	 the	

inconclusive	 effect	 on	 AM2	 provided	 motivation	 for	 further	 exploration	 of	 this	 aspect	 of	 cAMP	

signalling.	Therefore	a	cAMP	assay	was	designed	whereby	the	endpoint	(and	therefore	stimulation	

time)	of	individual	assay	points	varied	from	0min	to	30min	so	that	a	‘time-course’	for	cAMP	signalling	

in	response	to	CGRP,	AM	and	AM2	could	be	observed,	in	the	absence	of	IBMX	so	that	cAMP	levels	

could	fluctuate	‘naturally’.	For	the	three	ligands	there	looked	to	be	an	early	phase	and	late	phase	of	

signalling,	which	 is	particularly	pronounced	 in	AM	(but	not	seen	at	all	 for	CGRP)	before	reaching	a	

plateau	of	sorts	by	8/10min,	and	cAMP	 ligands	 in	the	presence	of	each	of	 the	3	 ligands	remaining	

relatively	 constant	 until	 the	 assay	 endpoint	 at	 30	 min	 (Figure	 4.5).	 The	 same	 experiments	 were	

performed	 in	 the	 presence	 of	 barbadin.	 The	 overall	 shape	 of	 the	 response	 remained	 the	 same,	

however	 the	 CGRP	 response	was	 higher	 and	 the	 plateau	 level	 of	 the	 3	 peptides	 appeared	 closer	

together	prompting	further	exploration.		
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Figure	 4.6.	 Barbadin	 effects	 on	 cAMP	 accumulation	 and	 time-course	 for	 cAMP	
accumulation	 in	 HUVECs.	 Characterisation	 of	 cAMP	 accumulation	 with	 and	 without	
barbadin	(100	µM)	In	response	to	stimulation	by	CGRP	(A),	AM	(B)	and	AM2	(C).	relative	
to	forskolin	(10	µM).	Characterisation	of	cAMP	accumulation	in	response	to	the	3	peptides	
at	 10	 µM	 over	 time	 (D)	 relative	 to	 forskolin	 (10	 µM).	 Characterisation	 of	 cAMP	
accumulation	 in	 response	 to	 the	 3	 peptides	 over	 time	 (E)	 in	 the	presence	of	 barbadin	
relative	to	forskolin	(10	µM).	Statistical	significance	determined	compared	to	control	using	
an	 unpaired	 t	 test	 with	Welch’s	 correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001	 ****,	
p<0.0001).	NS	denotes	no	statistical	significance	observed.	All	values	are	calculated	from	
at	 least	3	 individual	data	sets.	Horizontal	arrows	show	pEC50,	and	vertical	arrows	show	
Emax	statistical	significance. 
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These	two	possible	phases	of	the	response	provided	 impetus	to	explore	this	 in	more	detail	 (in	

terms	of	full	dose-response	experiments).	Therefore,	the	effect	of	multiple	internalisation	inhibitors	

on	CGRP,	AM	and	AM2	signalling	responses	were	observed	at	different	time	points:	8	or	30	min,	with	

and	 without	 IBMX.	 Firstly,	 the	 30	 min	 +	 IBMX	 response	 was	 studied	 (Figure	 4.7).	 Repeating	 the	

barbadin	vs	control	experiment	now	alongside	compound	101,	a	GRK2/3	inhibitor	(Lowe	et	al.	2015),	

dynasore	(Macia	et	al.	2006),	and	pitstop2	(May	et	al.	2014)	both	inhibitors	of	internalisation	complex	

formation.	All	with	the	exception	of	dynasore	reinforced	the	initial	CGRP	observations	by causing	a	

significant	increase	in	pEC50,	there	was	again	no	increase	from	barbadin	or	any	of	the	other	on	AM,	

but	on	this	occasion	the	barbadin	induced	shift	in	AM2	was	significant,	and	although	an	approximate	

half-log	 leftward	 shift	 could	 be	 seen	with	 pitstop2	 and	 compound	 101	 treatment	 these	were	 not	

significant.	Interestingly	while	no	effect	on	CGRP	Emax	was	observed,	at	least	two	of	the	inhibitors	for	

both	AM	and	AM2	saw	an	increase	in	their	Emax	values.	 
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Figure	 4.7.	 Internalisation	 inhibitor	 effects	 on	 cAMP	 accumulation	 and	
time-course	for	cAMP	accumulation	in	HUVECs.	Characterisation	of	cAMP	
accumulation	 with	 and	 without	 barbadin	 (100	 µM),	 dynasore	 (100	 µM),	
pitstop	(100	µM),	and	compound	101	(100	µM),	In	response	to	stimulation	
by	CGRP	(A),	AM	(B)	and	AM2	(C).	relative	to	forskolin	(100	µM)	for	30	min	
stimulation	time	in	the	presence	of	IBMX.	Also	shown	are	pEC50	and	Emax	
values	with	statistical	significance	in	relation	to	control	treated	cells.	Data	
are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	are	
presented	 here	 as	 mean	 ±	 S.E.M.	 of	 4	 individual	 data	 sets.	 Statistical	
significance	 compared	 to	 the	 cognate	 ligand	 (AM)	 and	 determined	 using	
one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	
p<0.001;	****,	p<0.0001).	 
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Next,	 how	 these	 inhibitors	 influenced	 the	 responses	 after	 30min	 stimulation	 without	 PDE	

inhibition	(no	IBMX)	was	studied	and	at	a	much-reduced	stimulation	time	of	8min	with	and	without	

PDE	inhibition	(Figure	4.8)	to	assess	whether	there	was	a	temporal	component	to	the	signalling	and	

whether	PDE	 inhibition	was	masking	 any	of	 these	potential	 spatiotemporal	 aspects.	At	 the	30min	

time-point	the	significant	barbadin	effect	on	CGRP	pEC50	remained	however	the	increases	produced	

by	the	other	inhibitors	were	not	significant.	Likewise,	there	was	again	no	effect	from	any	on	AM	or	

AM2	 pEC50s.	While	 an	 increase	 by	 barbadin	 on	 AM2	 was	 observable	 it	 was	 not	 significant.	 The	

removal	of	PDE	inhibition	appeared	to	abolish	the	Emax	effects	seen	for	AM	and	AM2,	with	none	of	

the	inhibitors	having	a	significant	effect	on	the	Emax	of	any	of	the	stimulating	ligands.	At	the	8min	

time-point	for	ligand	stimulation,	in	the	presence	of	PDE	inhibition	there	was	no	significant	change	

for	any	of	 the	peptides	at	any	of	 the	measured	parameters.	However,	moving	across	 to	 the	8min	

stimulation	time	experiments	there	is	a	noticeable	effect	from	the	inhibitors	on	CGRP	potency,	and	in	

one	 case	 the	 Emax	 increases.	 In	 terms	of	 significance	only	 barbadin	 and	 compound	101	 reach	 an	

appreciable	 level.	 Again,	 for	 AM	 there	 are	minimal	 changes	 between	 the	 responses	with	 none	 of	

statistical	relevance.	For	AM2	it	is	interesting	to	note	that	barbadin	now	causes	a	significant	pEC50	

change	(Table	4.2).	
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Figure	 4.8.	 Internalisation	 inhibitor	 effects	 on	 cAMP	 accumulation	 and	 time-course	 for	 cAMP	
accumulation	 in	 HUVECs.	 Characterisation	 of	 cAMP	 accumulation	 with	 and	 without	 barbadin	
(100µM),	 dynasore	 (100	µM),	 pitstop2	 (100	µM),	 and	 compound	101	 (100	µM),	 In	 response	 to	
stimulation	by	CGRP	(A),	AM	(B)	and	AM2	(C).	relative	to	forskolin	(100	µM).	At	different	time	points	
and	with/without	IBMX. 
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Table	 4.2.	 Internalisation	 inhibitor	 effects	 on	 cAMP	 accumulation	 and	 time-course	 for	 cAMP	
accumulation	in	HUVECs.	Characterisation	of	cAMP	accumulation	with	and	without	barbadin	(100	
µM),	 dynasore	 (100	 µM),	 pitstop2	 (100	 µM),	 and	 compound	 101	 (100	 µM),	 In	 response	 to	
stimulation	 by	 CGRP,	 AM	 and	 AM2.	 relative	 to	 forskolin	 (100	µM).	 At	 different	 time	 points	 and	
with/without	IBMX.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve,	and	are	
presented	here	as	mean	±	S.E.M.	of	4	individual	data	sets.	Statistical	significance	compared	to	the	
cognate	ligand	(AM)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	
**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).	 

	   30mins	+	IBMX	 	  
Control	 CGRP	 AM	 AM2	
pEC50	 6.00	 0.15	 7.84	 0.15	 6.95	 0.18	
Emax	 108.68	 8.83	 101.31	 4.94	 95.76	 7.44	
Span	 105.62	 9.06	 98.89	 5.67	 99.80	 8.24	
n	 4	 	 4	 	 4	 	
       

+	barbadin	 CGRP	 AM	 AM2	
pEC50	 6.81*	 0.22	 7.41	 0.18	 8.05***	 0.11	
Emax	 96.27	 8.46	 115.06	 7.58	 90.83	 2.82	
Span	 92.25	 9.49	 102.50	 8.39	 93.36	 3.62	
n	 4	 4	 4	
	       

+dynasore	 CGRP	 AM	 AM2	
pEC50	 6.80	 0.36	 7.83	 0.15	 6.69	 0.14	
Emax	 95.59	 10.81	 119.41	 6.93	 140.35***	 7.69	
Span	 86.17	 11.79	 111.65	 7.87	 138.79**	 8.52	
n	 4	 4	 4	
	       

+pitstop2	 CGRP	 AM	 AM2	
pEC50	 6.84*	 0.16	 7.62	 0.14	 7.41	 0.14	
Emax	 123.72	 7.46	 133.78*	 7.68	 140.60***	 6.06	
Span	 108.73	 8.29	 122.94	 8.25	 137.82**	 7.42	
n	 4	 4	 4	
	       

+compound101	 CGRP	 AM	 AM2	
pEC50	 6.85*	 0.20	 7.95	 0.12	 7.52	 0.15	
Emax	 85.87	 7.03	 128.72*	 4.90	 103.39	 5.38	
Span	 87.76	 7.67	 125.58	 6.25	 104.26	 6.29	
n	 4	 4	 4	

 

	   30mins	no	IBMX	 	  
Control	 CGRP	 AM	 AM2	
pEC50	 5.98	 0.31	 7.52	 0.35	 6.66	 0.22	
Emax	 113.33	 17.66	 93.36	 11.46	 100.51	 9.54	
Span	 116.58	 17.77	 93.13	 13.02	 98.76	 10.16	
n	 4	 4	 4	
	       

+	barbadin	 CGRP	 AM	 AM2	
pEC50	 7.58**	 0.17	 7.70	 0.25	 7.05	 0.18	
Emax	 129.54	 6.48	 101.68	 10.52	 102.19	 8.66	
Span	 115.42	 7.71	 111.78	 12.63	 100.59	 9.28	
n	 4	 		 4	 		 4	 		
	       

+dynasore	 CGRP	 AM	 AM2	
pEC50	 6.75	 0.23	 7.80	 0.26	 7.26	 0.32	
Emax	 147.52	 14.78	 104.24	 11.26	 88.21	 11.83	
Span	 145.62	 15.97	 112.56	 13.76	 87.35	 12.85	
n	 4	 		 4	 		 4	 		
	       

+pitstop2	 CGRP	 AM	 AM2	
pEC50	 6.78	 0.25	 7.81	 0.25	 7.09	 0.21	
Emax	 127.20	 13.30	 101.65	 10.58	 114.72	 9.42	
Span	 122.50	 14.42	 117.10	 12.98	 111.55	 10.58	
n	 4	 		 4	 		 4	 		
	       

+compound101	 CGRP	 AM	 AM2	
pEC50	 6.52	 0.30	 8.05	 0.29	 7.05	 0.32	
Emax	 121.37	 13.44	 101.95	 13.67	 106.50	 14.14	
Span	 113.92	 14.14	 129.64	 16.78	 108.59	 15.82	
n	 4	 		 4	 		 4	 		

 

	   8	mins	+	IBMX	 	  
Control	 CGRP	 AM	 AM2	
pEC50	 7.00	 0.26	 6.91	 0.15	 6.84	 0.29	
Emax	 102.35	 10.95	 100.80	 6.01	 91.60	 11.22	
Span	 101.36	 12.19	 96.79	 6.63	 89.49	 12.28	
n	 4	 4	 4	
	       

+	barbadin	 CGRP	 AM	 AM2	
pEC50	 7.01	 0.26	 6.87	 0.17	 6.35	 0.25	
Emax	 120.07	 12.75	 105.39	 7.35	 91.71	 10.91	
Span	 118.82	 14.22	 101.56	 8.07	 88.49	 11.25	
n	 4	 4	 4	
	       

+dynasore	 CGRP	 		 AM	 		 AM2	 		
pEC50	 6.66	 0.25	 6.85	 0.09	 6.37	 0.13	
Emax	 124.14	 13.26	 118.12	 4.22	 101.27	 6.15	
Span	 120.20	 14.14	 114.55	 4.63	 99.06	 6.35	
n	 4	 4	 4	
	       

+pitstop2	 CGRP	 		 AM	 		 AM2	 		
pEC50	 6.79	 0.21	 6.73	 0.09	 6.21	 0.18	
Emax	 114.14	 9.99	 101.07	 3.94	 115.95	 10.41	
Span	 110.98	 10.86	 97.67	 4.24	 112.32	 10.67	
n	 4	 4	 4	
	       

+compound101	 CGRP	 		 AM	 		 AM2	 		
pEC50	 7.08	 0.28	 7.24	 0.22	 6.84	 0.14	
Emax	 83.43	 10.12	 88.59	 7.09	 74.37	 4.55	
Span	 90.44	 11.94	 83.28	 8.05	 74.55	 4.98	
n	 4	 4	 4	

 

	   8	mins	no	IBMX	 	  
Control	 CGRP	 AM	 AM2	
pEC50	 6.74	 0.24	 7.60	 0.43	 6.57	 0.30	
Emax	 104.05	 9.03	 95.06	 9.98	 96.37	 12.11	
Span	 106.89	 9.88	 68.32	 11.83	 91.95	 12.82	
n	 4	 4	 4	
	       

+	barbadin	 CGRP	 AM	 AM2	
pEC50	 7.87*	 0.26	 7.36	 0.24	 7.53	 0.21	
Emax	 167.10*	 17.67	 114.15	 8.86	 92.77	 6.67	
Span	 161.61	 18.39	 104.80	 10.55	 93.41	 7.81	
n	 4	 4	 4	
	       

+dynasore	 CGRP	 AM	 AM2	
pEC50	 6.85	 0.24	 7.63	 0.20	 6.49	 0.21	
Emax	 131.03	 12.87	 110.51	 5.50	 114.35	 10.67	
Span	 138.94	 14.59	 82.55	 6.65	 111.68	 11.17	
n	 4	 4	 4	
	       

+pitstop2	 CGRP	 AM	 AM2	
pEC50	 7.37	 0.29	 7.39	 0.24	 6.48	 0.22	
Emax	 112.98	 11.04	 105.52	 6.68	 113.65	 10.69	
Span	 111.65	 12.70	 77.08	 7.68	 108.03	 11.13	
n	 4	 4	 4	
	       

+compound101	 CGRP	 AM	 AM2	
pEC50	 8.26**	 0.35	 7.28	 0.35	 7.92*	 0.45	
Emax	 92.45	 11.56	 97.95	 10.50	 55.70*	 7.83	
Span	 100.01	 14.71	 82.62	 12.31	 51.37	 9.79	
n	 4	 4	 4	
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Parallel	 to	 this	 in-depth	 analysis	 at	 specific	 time	 points	 more	 time	 course	 experiments	 were	

performed	 to	 see	 if	 there	 were	 observable	 changes	 to	 the	 natural	 pattern/shape	 of	 the	 cAMP	

response	(Figure	4.9).	Looking	at	CGRP	alone	alongside	treatment	+	barbadin	or	+	compound	101	it	is	

interesting	that	over	the	course	of	30	min	the	inhibitor	containing	time-courses	produce	slightly	larger	

responses	 in	 terms	 of	 amount	 of	 cAMP	 correlating	 with	 the	 dose-response	 data.	 In	 contrast	 the	

inhibitor	containing	time	courses	for	AM	and	AM2	seem	to	overlay	the	control	time-course,	with	the	

notable	exception	of	 the	 sharp	 initial	 peak	 for	AM	which	 is	 ablated	by	 compound	101	 treatment.	

Although	 this	 does	 not	 pan	 through	 to	 significant	 shifts	 in	 the	 responses	 recorded	 in	 the	 dose-

response	experiments	for	AM	stimulation	without	IBMX	treatment.	Then	plotting	the	compound	101	

time-courses	together	for	all	three	ligands	the	responses	are	much	closer	together	than	the	control	

responses	are	relative	to	each	other.	When	experiments	were	performed	at	4°C	this	 flattened	the	

appearance	of	the	data	as	well	as	reducing	AM	and	AM2	responses	such	that	they	are	now	below	

CGRP	and	at	this	temperature	CGRP	produced	the	greatest	response	which	was	sustained	over	the	

30min.	When	performing	this	experiment	in	the	presence	of	barbadin	the	same	trends	were	observed	

suggesting	cold	 inhibited	internalisation.	This	experiment	was	performed	as	the	literature	suggests	

low	 temperatures	 prevent	GPCR	 internalisation	 from	 the	 cell	 surface	 (Sorkin	 and	Carpenter	 1993,	

Penheiter	et	al.	2002).	
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Figure	4.9.	 Time-course	 for	 cAMP	accumulation	 in	HUVEC	under	different	 conditions.	
Characterisation	of	cAMP	accumulation	over	time	with	and	without	barbadin	(100	µM),	
and	compound	101	(100	µM),	In	response	to	stimulation	by	CGRP	(A),	AM	(B)	and	AM2	
(C).	relative	to	forskolin	(100	µM).	Characterisation	of	cAMP	accumulation	over	time	at	4oC	
(D),	at	4	oC	with	barbadin	(E),	and	in	the	presence	of	compound	101	(F). 
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Interrogation	of	 spatiotemporal	 pERK1/2	 signalling	 in	HUVECs	

using	an	internalisation	inhibitor	
	

The	next	step	was	to	study	the	effect	of	internalisation	on	pERK1/2	signalling.	Looking	at	the	dose-

response	relationship	barbadin	caused	a	strong	decrease	in	CGRP	pEC50	and	a	strong	reduction	in	AM	

Emax,	although	had	no	effect	on	the	small	AM2	response	(Figure	4.10).	Suggesting	that	internalisation	

plays	an	important	part	in	both	CGRP	and	AM	ERK1/2	activation.	This,	as	outlined	previously	is	initial	

pERK1/2	 and	 there	 are	 likely	 multiple	 phases.	 This	 was	 explored	 by	 performing	 a	 time-course	

experiment.	This	showed	whilst	initial	pERK1/2	response	decreases	after	the	initial	peak	at	5min	for	all	

three	peptides	it	does	plateau	and	is	sustained	right	up	the	final	60min	time-point.	The	time-course	

in	the	presence	of	barbadin	showed	small	reductions	of	initial	pERK1/2	and	then	complete	ablation	of	

pERK1/2	almost	immediately	after	that.	This	provides	strong	evidence	that	there	are	multiple	phases	

of	pERK1/2	and	that	they	are	dependent	on	internalisation.	Particularly	after	20min	where	there	was	

little	or	no	pERK1/2	recorded	from	any	of	CGRP,	AM	or	AM2.	
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Figure	4.10.	Barbadin	effects	on	pERK
1/2
	activation	and	time-course	for	pERK

1/2
	activation	

in	HUVECs.	Characterisation	of	pERK
1/2
	activation	with	and	without	barbadin	(100	µM)	In	

response	 to	 stimulation	 by	 CGRP	 (A),	 AM	 (B)	 and	 AM2	 (C).	 relative	 to	 PMA	 (10	 µM).	
Characterisation	of	pERK

1/2
	activation	in	response	to	the	3	peptides	over	time	(D)	relative	to	

PMA	(10	µM).	Characterisation	of	pERK
1/2
	activation	in	response	to	the	3	peptides	over	time	

(E)	in	the	presence	of	Barbadin	relative	to	PMA	(10	µM).	Statistical	significance	determined	
compared	to	control	using	an	unpaired	t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	
***,	p<0.001	****,	p<0.0001).	NS	denotes	no	statistical	significance	observed.	All	values	are	
calculated	from	at	least	3	individual	data	sets.	Horizontal	arrows	show	pEC50,	and	Vertical	
arrows	show	Emax	statistical	significance. 
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Assessing	 the	 Gi/o	 component	 of	 CGRP	 family	 peptide	 cAMP	

accumulation	in	HCMs	
	

Following	the	successful	observation	of	Gi/o	signalling	from	CLR-RAMP2	in	HUVECs,	and	with	the	

conformation	 that	 multiple	 Gi/o	 proteins	 were	 expressed	 in	 the	 HCMs	 (Figure	 4.1)(Supplemental	

Figure	8.2)	It	was	assessed	whether	there	was	a	Gi/o	component	to	CGRP,	AM	and	AM2	cAMP	signalling	

at	 the	 CLR-RAMP1	 in	 HCMs.	 In	 each	 case	 PTX	 pre-treatment	 caused	 little	 or	 no	 change	 in	 cAMP	

accumulation	compared	to	control	(Figure	4.11).	This	was	confirmed	through	statistical	analysis	of	the	

pEC50	 and	 Emax	 values,	 in	 all	 cases	 there	 was	 no	 change	 (Figure	 4.11),	 therefore	 providing	 no	

evidence	that	there	is	Gi/o	coupling	to	the	CLR-RAMP1	in	this	cell	system.	
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Figure	4.11.	cAMP	signalling	in	HCMs	with	
and	 without	 PTX	 treatment.	
Characterisation	of	cAMP	accumulation	 in	
response	to	stimulation	by	CGRP,	AM,	and	
AM2	in	HCMs	in	the	presence	and	absence	
of	200	ng/ml	PTX.	Pre-treated	for	16	h	with	
PTX/Control.	 All	 relative	 to	 100	 µM	
forskolin.	Data	are	analysed	using	a	three-
parameter	 non-linear	 regression	 curve.	
Statistical	 significance	 determined	
compared	 to	 control	 using	 an	 unpaired	 t	
test	with	Welch’s	correction	(*,	p<0.05;	**,	
p<0.01;	***,	p<0.001	 ****,	p<0.0001).	NS	
denotes	 no	 statistical	 significance	
observed.	All	values	are	calculated	from	at	
least	 3	 individual	 data	 sets.	 Horizontal	
arrows	 show	 pEC50,	 and	 Vertical	 arrows	
show	Emax	statistical	significance. 
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Interrogation	of	spatiotemporal	cAMP	and	pERK1/2	signalling	in	

HCMs	using	an	internalisation	inhibitor	
	

Previous	reports	have	demonstrated	CGRP	at	the	CLR-RAMP1	(co-expressed)	continues	to	signal	

via	cAMP	endosomaly	(Yarwood	et	al.	2017).	It	was	therefore	unsurprising	to	see	in	the	presence	of	

the	 internalisation	 inhibitor	 CGRP	 signalling	 is	 significantly	 supressed	 (Figure	 4.12A).	 Interestingly	

however,	none	of	the	other	ligands	are	significantly	affected	by	the	presence	of	barbadin	in	terms	of	

cAMP	signalling	(Figure	4.12A).	Then	the	pERK1/2	response	of	the	three	peptides	was	profiled	with	and	

without	 barbadin.	 All	 of	 which	 were	 significantly	 affected	 in	 different	 ways.	 The	 CGRP	 and	 AM	

responses	were	significantly	enhanced	and	their	potency	at	this	pathway	was	enhanced,	CGRP	to	the	

greatest	extent	as	the	increase	in	potency	was	over	ten-fold.	The	maximum	response	of	AM	was	also	

enhanced	however	unlike	the	others	the	response	was	less	potent	(Figure	4.12B).	
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	 	 									cAMP	 	 	 	 	 										pERK1/2	

Figure	4.12.	Barbadin	effects	on	cAMP	accumulation	and	pERK
1/2
	activation	in	HCMs.	

Characterisation	of	cAMP	accumulation	(A)	and	pERK
1/2
	activation	(B)	with	and	without	

barbadin	 (10	 0µM)	 In	 response	 to	 stimulation	 by	 CGRP,	 AM	 and	 AM2.	 relative	 to	
forskolin	 (100	µM)	and	PMA	(10	µM)	respectively.	Statistical	 significance	determined	
compared	 to	control	using	an	unpaired	 t	 test	with	Welch’s	 correction	 (*,	p<0.05;	 **,	
p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	no	statistical	significance	observed.	
All	 values	are	calculated	 from	at	 least	3	 individual	data	sets.	Horizontal	arrows	show	
pEC50,	and	vertical	arrows	show	Emax	statistical	significance. 
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Summary	
	

When	PTX	effects	on	signalling	were	assessed	the	results	proved	fascinating;	they	suggest	that	

AM	does	not	recruit	Gi/o	proteins.	As	this	has	 long	been	considered	the	cognate	 ligand	 in	terms	of	

cAMP	signalling	and	also	produces	the	most	potent	and	largest	response	it	makes	sense	that	it	does	

not	recruit	the	cAMP	inhibitory	G	proteins	to	the	receptor.	What	is	particularly	interesting	is	that	the	

other	peptides	can	recruit	these	G	proteins	and	that,	while	the	signalling	bias	suggests	this,	this	may	

be	the	first	evidence	presented	here	that	these	peptides	differentially	recruit	G	proteins	to	the	same	

receptor	to	affect	their	unique	signalling	responses.	For	CGRP	this	shows	that	its	response	is	clearly	

biased	 away	 from	 cAMP	 compared	 to	 the	other	 peptides.	Moreover,	 that	 these	Gi/o	 proteins	 also	

contribute	to	enhancing	the	CGRP	pERK1/2	response.	

In	terms	of	assessing	the	contribution	of	other	pathways	to	ERK1/2	signalling	it	is	clear	cAMP-PKA	

does	not	play	a	role	for	any	of	the	peptides.	Similarly,	there	is	little	or	no	contribution	from	the	Gq/11	

pathway	to	ERK1/2	signalling.	Interestingly	there	appears	to	be	an	EPAC	contribution	to	AM	and	AM2	

ERK1/2	signalling	suggesting	that	one	arm	of	signalling	from	cAMP	feeds	into	ERK1/2	phosphorylation	

but	the	other	does	not.	Overall	it	is	apparent	that	there	is	not	one	simple	source	of	pERK1/2	as	no	one	

inhibitor	 completed	 knocked	 out	 signalling	 but	 that	 many	 pathways	 contribute	 to	 the	 pERK1/2	

response.	While	 these	data	disputes	 the	 assumption	 that	b-arrestins	 are	 the	 sole	 source	of	GPCR	

mediated	pERK1/2	activation	it	does	not	rule	out	the	possibility	that	they	provide	some	of	the	response	

observed.	 Indeed,	 this	 is	 supported	 by	 the	 experiments	 using	 barbadin	 which	 inhibits	 b-arrestin	

mediated	internalisation.	As	inhibiting	this	internalisation	reduces	the	ERK	responses	from	CGRP	and	

AM.	This	confirms	that	b-arrestins	are	recruited	to	CLR-RAMP2	endogenously.	It	is	not	direct	evidence	

that	they	are	mediating	the	pERK1/2	response	but	the	fact	that	they	are	recruited	to	the	receptor	and	

that	 the	pERK1/2	 response	occurs	after	 they	mediate	 internalisation	 is	good	evidence	that	they	are	

involved	to	some	degree.	
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It	was	hypothesised	 that	 removal	of	PDE	 inhibition	would	enhance	all	 internalisation	 inhibitor	

effects.	As	it	would	allow	the	natural	breakdown	of	cAMP,	if	internalisation	did	halt	signalling.	Then	

without	 IBMX	 to	 maintain	 cAMP	 levels	 there	 might	 be	 a	 larger	 difference	 between	 control	 and	

Inhibitor	treatment.	While	this	was	supported	by	barbadin	treatment	on	CGRP	at	30	min,	the	effect	

of	the	other	inhibitors	became	less	significant.	In	the	case	of	AM2	the	significance	was	lost	entirely.	

Therefore,	it	is	hard	to	come	to	a	general	conclusion	about	the	effect	of	removing	PDE	inhibition.	Or	

for	that	matter,	about	the	effects	of	the	internalisation	inhibitors	with	each	in	some	cases	changing	

from	ligand	to	ligand,	short	vs	long	stimulation	time	and	IBMX	vs	no	IBMX.	The	lack	of	effect	at	8min	

with	IBMX	for	all	of	them	did	perhaps	show	that	over	this	limited	time	span	coupled	with	prevention	

of	 the	 natural	 breakdown	 of	 cAMP	 it	 is	 not	 possible	 to	 observe	 any	 effects	 of	 internalisation.	

Summarising	the	effects	of	internalisation	on	cAMP	for	each	peptide,	in	the	case	of	AM,	excluding	two	

cases	where	there	was	a	significant	increase	in	Emax,	on	the	whole	regardless	of	stimulation	time	or	

PDE	inhibition	status,	the	internalisation	inhibitors	had	no	real	effect	on	AM	induced	cAMP	suggesting	

that	all	cAMP	signalling	occurs	at	the	surface	with	this	peptide	bound	to	the	CLR-RAMP2,	and	it	may	

not	 internalise	 as	 rapidly	 as	 others.	 This	 leads	 on	 to	 AM2	where	 inhibiting	 internalisation	 across	

multiple	conditions	increased	the	cAMP	response	suggesting	that	it	may	internalise	faster	than	AM	

and	produce	less	cAMP	at	the	surface.	This	leaves	CGRP,	which	was	by	far	the	most	heavily	influenced	

by	the	internalisation	inhibitors,	producing	strong	increases	in	cAMP	production.	CGRP	as	previously	

established	does	not	produce	much	cAMP	relative	to	the	other	and	in	fact	couples	to	Gi/o	as	well	to	

reduce	cAMP.	What	this	work	now	shows	is	that	CGRP	also	seems	to	internalise	rapidly	possibly	also	

to	reduce	its	cAMP	response.	As	chemical	intervention	to	prevent	this	natural	internalisation	markedly	

increases	the	cAMP	recorded	from	CGRP	stimulation.			
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Chapter	5.	Functional	outcomes	of	CLR-RAMP	complexes	

in	cardiac	myocytes	and	HUVECs		

Aims	and	hypothesis	
	

In	this	chapter,	there	are	two	overarching	aims	both	made	possible	through	the	use	of	industrial	

(AstraZeneca)	facilities	and	equipment:	The	first	aim	was	to	explore	the	effects	of	the	CGRP	family	

peptides	on	cardiac	myocyte	function.	Then	the	second	was	to	perform	CRISPR-cas9	gene	editing	in	

HUVECs.	

The	opportunity	was	taken	to	work	on	some	induced	pluripotent	stem	cells	(IPSC)	derived	icell	human	

cardiac	myocytes	as	 these	cells	have	been	established	 for	use	as	an	 in	vitro	 cell	model	 for	cardiac	

function.	This	 is	because	they	beat	spontaneously,	and	although	they	do	not	proliferate,	provide	a	

model	for	studying	how	drugs	affect	cardiac	function,	and	therefore	they	have	primarily	been	used	as	

model	in	drug	safety	screening.	These	cells	have	been	used	to	study	cell	beat	rate	and	intracellular	

calcium	fluxes	in	2D	cell	monolayers,	as	well	as	to	study	3D	spheroid	beat	rate;	when	grown	together	

with	cardiac	 fibroblasts	 (Chapter	2).	 It	was	hypothesised,	based	on	previous	work	here	 in	primary	

proliferating	cardiac	myocytes,	that	CGRP,	AM	and	AM2	may	influence	cardiac	function	to	differing	

extents	 and	 that	 this	 might	 be	 detectable	 as	 effects	 on	 cardiac	 beat	 rate.	 Therefore,	 it	 was	 first	

attempted	 to	 confirm,	 in	 the	 author’s	 hands,	 the	 successful	 functioning	 of	 assays	 for	 intracellular	

calcium	and	beat	rate	in	2D	as	well	as	beat	rate	studies	in	3D;	before	moving	to	study	the	influence	of	

CGRP	family	peptides	on	the	function	of	cardiac	myocytes	in	these	assays.	

Following	 this	 the	 aim	was	 to	 perform	 CRISPR-cas9	 gene	 editing	 in	 HUVEC	 cells.	 In	 co-expression	

studies,	it	is	well	established	that	for	the	CLR	to	traffic	and	function	it	has	an	absolute	requirement	for	

co-expression	of	one	of	the	three	RAMPs.	Having	explored	the	signalling	function	of	endogenous	CLR	
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in	primary	human	cells	in	previous	chapters,	the	aim	was	to	use	CRISPR-cas9	gene	editing	to	knock-

out	 RAMP2	 expression	 in	 HUVECs	 in	 order	 to	 determine	 the	 importance	 of	 RAMP	 expression	 on	

signalling	in	an	endogenous	cell	system.	If	successful,	this	could	be	explored	in	multiple	ways:	One	

way	was	to	see	whether	the	CLR	could	produce	a	signalling	response	without	RAMP	expressed.	With	

the	hypothesis	being	that	it	would	not	be	able	to.	Another	was	to	explore	how	the	expression	of	a	

different	RAMP	could	alter	the	signalling	profiles	of	CGRP,	AM	and	AM2.	In	the	case	where	RAMP-KO	

HUVEC	 cells	 could	 be	 established	 the	 purpose	 of	 re-expressing	 a	 different	 RAMP	 (RAMP1)	 was	

twofold:	The	first	was	to	demonstrate	that,	if	it	could	rescue	CLR	signalling	function,	gene	editing	that	

had	led	to	a	loss	of	CLR	signalling,	had	done	so	through	affecting	RAMP2	gene	expression	exclusively.	

Therefore,	 if	 RAMP	 re-expression	 rescued	 receptor	 function	 this	 could	 confirm	 there	 were	 no	

detrimental	off	target	effects.	Secondly,	by	re-expressing	a	RAMP	different	from	the	endogenous	one,	

it	 could	 be	 observe	 how	 much	 of	 an	 effect	 the	 RAMP	 had	 on	 the	 distinct	 patterns	 of	 signalling	

observed	in	a	HUVEC.	As,	finding	another	cell	line	(HUAECs)	that	expressed	CLR-RAMP2	and	showed	

similar	signalling	patterns	to	CLR-RAMP2	in	HUVECs,	and	finding	a	CLR-RAMP1	cell	line	(HCMs)	that	

demonstrated	different	patterns	of	signalling	all	suggests	it	is	the	RAMP	that	is	crucial	in	governing	

signalling	patterns	through	the	CLR,	only	by	changing	the	RAMP	in	an	identical	primary	background	

could	 it	 be	 shown	with	 certainty	 that	 it	 is	 the	RAMP	 (together	with	 the	 stimulating	 peptide)	 that	

directs	signalling	patterns.		Alongside	attempting	to	knock-out	the	expression	of	RAMP2,	identical	viral	

machinery,	and	methods,	were	utilised	directed	towards	knocking	out	the	unrelated	house-keeping	

gene	HPRT1	to	ensure	that	cells	could	survive	the	CRISPR	process	and	that	this	did	not	prevent	cell	

survival	or	function.	There	are	not	many	reports	of	CRISPR-cas9	gene	editing	in	primary	cells,	nor	for	

CRISPR-cas9	editing	of	GPCR	components.	To	the	best	of	the	authors	knowledge	there	are	no	reports	

of	gene	editing	of	GPCR	components	in	primary	human	cells	and	therefore	of	CLR	or	RAMP	proteins	

in	these	cells	so	it	was	not	known	whether	it	would	be	possible	to	successfully	knockout	the	RAMP2,	

and	whether	HUVECs	would	survive	this.	Lentiviral	gene	editing	techniques	were	used	as	this	has	been	

shown	previously	in	primary	cells	and	is	suggested	for	primary	or	hard	to	transfect	cell	lines.	
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Results		

Establishing	beta-adrenoreceptor	agonist	influence	on	cardiac	

function	in	a	2D	beating	cell	model	
	

First	it	was	attempted	to	record	IPSC	derived	icell	human	cardiac	myocyte	beat	rates	in	response	

to	isoproterenol,	an	established	b-adrenoreceptor	agonist	known	to	stimulate	an	increase	in	beat	rate	

in	this	2D	cell	model.	A	sharp	rise	 in	beat	rate	was	observed	directly	post-stimulation	from	resting	

beat	 rate	 to	approximately	80	beats	per	minute	 (BPM),	which	 is	 sustained	 for	 the	duration	of	 the	

60min	assay,	with	only	a	s	all	drop	towards	the	end	(Figure	5.1A).	Then	the	percentage	increase	in	

beat	rate	was	recorded	in	response	to	isoproterenol	over	vector	treatment	in	control	assays	at	the	

corresponding	time	points:	These	were;	directly	prior	to	stimulation,	then	at	the	peak	of	the	ligand	

response	and	lastly	at	the	final	point	before	the	assay	end-point	(Figure	5.1B).	Just	as	the	myocyte	

response	to	Isoproterenol	was	clear	to	observe	in	the	time-course	(Figure	5.1A)	statistical	analysis	of	

the	percentage	increase	in	beat	rate	caused	by	Isoproterenol	compared	to	the	beat	rate	in	the	control	

assays	confirmed	that	increase	was	strongly	significant.	
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Figure	5.1.	icell	cardiac	myocytes	beat	rate	grown	in	response	to	Isoproterenol	and	Control	
treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	beat	rates	in	response	
to	 isoproterenol	 (100	 nM)	 and	 control	 treatment	 (A).	 Percentage	 increase	 in	 beat	 rate	 in	
response	 to	 Isoproterenol	 and	 relative	 to	 control	 treatment	 at	 multiple	 time	 points	 (B).	
Statistical	significance	determined	compared	to	control	using	an	unpaired	t	test	with	Welch’s	
correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001	 ****,	 p<0.0001).	NS	denotes	 no	 statistical	
significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Exploring	CGRP	family	peptide	influence	on	cardiac	function	in	

a	2D	beating	cell	model		
	

Having	confirmed	observable	increases	in	beat	rate	produced	by	an	established	agonist	then	it	

was	tested	whether	CGRP,	AM	and	AM2	had	any	influence	on	cardiac	beat	rate:	In	Figure	5.2A-C	all	

three	 ligands	 cause	 the	 beat	 rate	 to	 rise	 above	 level	 reached	 in	 the	 control	 cell	 assays	 and	 then	

maintain	a	higher	beat	rate	for	the	duration	of	the	assays.	Plotting	selected	time	points	as	percentage	

increase	 over	 baseline	 shows	 subtle	 differences	 between	 the	 peptide	 responses	 (Figure	 5.2D-F).	

Firstly,	it	shows	that	at	the	peak	response	the	order	of	magnitude	of	response	is	AM2>AM>CGRP	with	

CGRP	producing	a	response	that	is	not	significantly	greater	than	control	as	determined	by	statistical	

analysis.	 Interestingly,	 by	 the	 final	 time	 point	 in	 the	 assay	 the	 order	 of	 magnitude	 is	 reversed:	

CGRP>AM>AM2.	Due	to	the	nature	of	this	assay	setup,	it	was	possible	to	record	the	beat	rate	24	h	

post-stimulation.	This	revealed	that	CGRP	produced	an	even	greater	increase	over	control.	While	AM	

and	AM2	also	maintained	their	effects	the	difference	between	them	and	CGRP	was	further	enhanced	

ay	this	time-point.	The	effects	on	the	amplitude	of	cell	beating	was	also	profiled,	however	there	were	

no	observable	changes	from	control	(Supplemental	Figure	8.5).	
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Figure	5.2.	Beat	rate	of	icell	cardiac	myocytes	grown	in	monolayers	in	response	to	CGRP	family	
peptide	 treatment.	 Measurement	 of	 IPSC	 derived	 icell	 human	 cardiac	 myocyte	 beat	 rates	 in	
response	to	CGRP	(A),	AM	(B),	and	AM2	(C)	(10	µM)	and	control	treatment.	Percentage	increase	
in	beat	rate	 in	response	to	CGRP	(D),	AM	(E),	and	AM2	(F)	and	relative	 to	control	treatment	at	
multiple	time	points	(B).	Statistical	significance	determined	compared	to	control	using	an	unpaired	
t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	
no	statistical	significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Exploring	 CLR-RAMP1	 contribution	 to	 CGRP	 family	 peptide	

mediated	effects	on	beat	rate	in	a	2D	beating	cell	model	
	

It	was	possible	to	use	the	known	CLR-RAMP1	antagonist	Olcegepant	to	determine	whether	the	

beating	response	caused	by	CGRP,	AM,	and	AM2	was	mediated	through	CLR-RAMP1	on	the	surface	

of	 these	 cells.	 Co-treatment	 with	 this	 antagonist	 completely	 ablated	 all	 responses	 from	 all	 three	

peptides	relative	to	control,	for	the	duration	of	the	assay.	This	suggested	that	CGRP,	AM,	and	AM2	

were	mediating	the	entirety	of	their	functional	effects	through	the	CLR-RAMP1	receptor	(Figure	5.3).	
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Figure	5.3.	icell	cardiac	myocytes	intrinsic	calcium	beat	width,	rate,	and	size	in	response	
to	 Isoproterenol	 and	 Control	 treatment.	 Measurement	 of	 IPSC	 derived	 icell	 human	
cardiac	myocyte	 calcium	 peak	width	 (A)	 beat	 rate	 (B)	 and	beat	 size	 (C)	 in	 response	 to	
isoproterenol	(100	nM)	and	Control	treatment.	Percentage	increase	in	calcium	peak	width	
(D)	beat	rate	(E)	and	beat	size	(F)	beat	rate	 in	response	to	Isoproterenol	and	relative	to	
control	treatment	at	multiple	time	points.	Statistical	significance	determined	compared	to	
control	 using	 an	 unpaired	 t	 test	 with	 Welch’s	 correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	
p<0.001	****,	p<0.0001).	NS	denotes	no	statistical	significance	observed.	All	 values	are	
calculated	from	4	individual	data	sets.	 
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Establishing	 beta-adrenoreceptor	 agonist	 influence	 on	

intracellular	calcium	release	in	a	2D	beating	cell	model	
	

Due	to	the	integral	role	intracellular	calcium	fluxes	play	in	cardiac	myocyte	beating	and	function	

the	research	moved	to	establish	whether	in	the	first	instance	isoproterenol	produced	an	observable	

difference.	Here	 is	plotted	 the	 three	parameters	 recorded:	 calcium	peak	width,	 rate	and	size.	The	

FLIPR	 (fluorescent	 imaging	plate	 reader)	 system	 is	able	 to	 record	 the	 intrinsic	 intracellular	calcium	

spikes	that	occur	within	the	icell	myocytes,	and	this	can	then	be	measured	and	reported	as	a	‘Peak	

rate’	 -	 the	number	of	 calcium	peaks	over	 a	 given	 time	 interval.	 It	 also	 records	 the	width	of	 these	

calcium	 peaks	 and	 their	 size	 (calculated	 as	 maximum	 –	 minimum	 fluorescence).	 All	 of	 these	

parameters	were	recorded	per	minute	over	the	course	of	60	min	assays	in	response	to	isoproterenol	

treatment	as	well	as	vector	control	treatment.	It	is	clear	to	see	that	isoproterenol	shortens	the	peak	

width,	slightly	increases	the	peak	size,	and	most	importantly	significantly	increases	the	peak	frequency	

(Figure	 5.4)	 confirming	 it	 is	 possible	 in	 this	 system	 to	 observe	 a	GPCR	mediated	 influence	 on	 the	

intrinsic	calcium	fluxes.	
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Figure	 5.4.	 icell	 cardiac	myocytes	 intrinsic	 calcium	 beat	width,	 rate,	 and	 size	 in	 response	 to	
Isoproterenol	and	Control	treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	
calcium	peak	width	(A)	beat	rate	(B)	and	beat	size	(C)	in	response	to	Isoproterenol	(100	nM)	and	
Control	treatment.	Percentage	increase	in	calcium	peak	width	(D)	beat	rate	(E)	and	beat	size	(F)	
beat	rate	 in	response	to	isoproterenol	and	relative	to	control	treatment	at	multiple	time	points.	
Statistical	 significance	 determined	 compared	 to	 control	 using	 an	 unpaired	 t	 test	 with	Welch’s	
correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001	 ****,	 p<0.0001).	 NS	 denotes	 no	 statistical	
significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Exploring	 CGRP	 family	 peptide	 influence	 on	 intracellular	

calcium	release	in	a	2D	beating	cell	model	
	

Following	the	successful	observation	of	isoproterenol	mediated	changes	in	the	intrinsic	calcium	

peaks	in	icell	myocytes	then	the	myocyte	calcium	responses	were	profiled	in	terms	of	width,	peak	rate	

and	size	changes	when	stimulated	by	CGRP	(Figure	5.5),	AM	(Figure	5.6)	and	AM2	(Figure	5.7).	These	

were	calculated	from	individual	calcium	traces	examples	of	which	are	shown	in	(Supplemental	Figure	

8.4).	 Immediately	 it	was	 clear	 they	 all	 influenced	 the	 calcium	 fluxes	within	 the	myocytes	 through	

decreasing	the	peak	width,	increasing	peak	rate	and	increasing	peak	size.	However	in	comparing	the	

percentage	 changes	 over	 control	 at	 different	 time-points	 (Figure	 5.5,6,7;A)	 this	 reveals	 subtle	

differences	between	the	peptide	effects	on	intracellular	calcium.	Taking	changes	in	the	calcium	peaks	

first	while	none	of	CGRP,	AM,	or	AM2	produced	significant	 increases	over	 the	control	at	any	 time	

point,	of	the	three	CGRP	stimulated	the	highest	calcium	peaks.	Moving	on	to	calcium	peak	frequency,	

at	 their	 peak	 all	 three	 peptides	 stimulated	 a	 statistically	 significant	 increase	 over	 control	 (Figure	

5.5,6,7;B).	Although	of	these	the	CGRP	was	the	smallest	and	appeared	the	most	biphasic	(Figure	5.5A):	

The	 peak	 rate	 dropped	 quickly	 after	 the	 peak	 before	 rising	 back	 up	 by	 the	 end	 of	 the	 assay.	 In	

comparison	AM	and	AM2	produced	sustained	rises	in	peak	rate	throughout	the	assay,	of	the	two	AM2	

caused	the	greatest	increase.	By	the	assay	end-point	only	AM2	still	caused	a	significant	increase	above	

the	 control.	 The	 final	 parameter	 was	 peak	 width,	 and	 all	 of	 the	 ligands	 at	 their	 peak	 caused	 a	

significant	shortening,	in	the	order	of	significance:	AM2>AM>CGRP	and	as	with	peak	frequency	by	the	

assay	end-point	only	AM2	caused	significant	shortening	(Figure	5.7A).	
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Figure	5.5.	icell	cardiac	myocytes	intrinsic	calcium	beat	width,	rate,	and	size	in	response	to	CGRP	
treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	calcium	peak	width,	beat	rate,	
and	beat	size,	in	response	to	CGRP	(A)	(10	µM)	and	control	treatment.	Percentage	increase	in	calcium	
peak	width,	beat	rate,	and	beat	size,	in	response	to	CGRP	(B)	relative	to	control	treatment	at	multiple	
time	points.	Statistical	significance	determined	compared	to	control	using	an	unpaired	t	test	with	
Welch’s	 correction	 (*,	 p<0.05).	 NS	 denotes	 no	 statistical	 significance	 observed.	 All	 values	 are	
calculated	from	4	individual	data	sets.	 

Figure	5.6.	 icell	 cardiac	myocytes	intrinsic	calcium	beat	width,	rate,	and	size	in	response	to	AM	
treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	calcium	peak	width,	beat	rate,	
and	beat	size,	in	response	to	AM	(A)	(10	µM)	and	control	treatment.	Percentage	increase	in	calcium	
peak	width,	beat	rate,	and	beat	size,	in	response	to	AM	(B)	relative	to	control	treatment	at	multiple	
time	points.	Statistical	significance	determined	compared	to	control	using	an	unpaired	t	test	with	
Welch’s	correction	(*,	p<0.05;	**,	p<0.01).	NS	denotes	no	statistical	significance	observed.	All	values	
are	calculated	from	4	individual	data	sets.	 
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Figure	5.7.	icell	cardiac	myocytes	intrinsic	calcium	beat	width,	rate,	and	size	in	response	to	AM2	
treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	calcium	peak	width,	beat	rate,	
and	beat	size,	in	response	to	AM2	(A)	(10	µM)	and	control	treatment.	Percentage	increase	in	calcium	
peak	width,	beat	rate,	and	beat	size,	in	response	to	AM2	(B)	relative	to	control	treatment	at	multiple	
time	points.	Statistical	significance	determined	compared	to	control	using	an	unpaired	 t	test	with	
Welch’s	 correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001).	 NS	 denotes	 no	 statistical	 significance	
observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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CLR	 receptor	 expression,	 signalling,	 and	 function	 2D	 beating	

cell	model	
	

The	next	aim	was	to	look	at	the	calcium	flux	and	whole	cell	beat	rate	effects	of	CGRP,	AM	and	

AM2	 in	more	 detail	 by	 constructing	whole	 dose-response	 curves	 in	 a	 number	 of	 assays.	 This	was	

achieved	in	the	whole	cell	beat	rate	assay	and	in	the	intracellular	peak	frequency	assay.	Beyond	this	

profiled	here	is	the	cAMP	accumulation	produced	by	the	three	ligands	and	the	CTR	receptor	family	

and	RAMP	family	gene	expression.	This	gene	expression	study	demonstrated	that	of	the	receptors	

iCell	myocytes	expressed	only	the	CLR,	however	expressed	both	RAMP1	and	RAMP2,	although	RAMP1	

expression	was	almost	three	times	higher	(Figure	5.8A).	Following	this	the	cAMP	accumulation	assays		

were	performed	and	the	peptide	response	varied:	In	all	experiments	AM	and	AM2	did	not	produce	a	

dose	dependant	response.	CGRP	did	on	the	other	hand,	although	the	response	was	small	relative	to	

the	positive	control	(Figure	5.8C).	Then	following	on	from	the	above	experiments	in	this	chapter	a	full	

dose	 response	 curve	 was	 produced	 for	 the	 calcium	 peak	 frequency	 increases	 produced	 by	 the	

peptides	(Figure	5.8B).	Here	it	was	interesting	to	observe	that	AM2	produced	the	highest	maximal	

response	 (As	seen	 in	Figure	5.7A	above)	but	 the	 full	dose	 response	revealed	 that	CGRP	was	more	

potent	 at	 lower	 concentrations.	Moving	 onto	 the	 dose-response	 curve	 produced	 for	myocyte	 cell	

beating	 increases	 stimulated	 by	 CGRP,	 AM	 and	 AM2.	 AM2	 as	 above	 (Figure	 5.8D)	 produces	 the	

greatest	increase,	this	follows	through	to	potency	at	the	lower	concentrations	and	the	rank	order	of	

potency	observed	was	AM2>CGRP>AM.	
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Figure	 5.8.	 icell	 cardiac	 myocytes	 Gene	 expression	 and	 CGRP	 family	 peptide	 dose-
response	 in	 cAMP	 accumulation,	 Ca

2+
	 peak	 rate,	 and	 peak	 beat	 rate.	 Expression	of	

CALCR,	CALCRL,	RAMP1,	RAMP2,	and	RAMP3	genes	in	icell	myocytes	determined	by	qRT-
PCR.	Data	represent	mean	+	SEM	of	three	independent	experiments	relative	to	GAPDH	
expression.	 ND	 =	 not	 detected	 in	 all	 three	 samples	 (A).	 Dose-response	 curves	 were	
constructed	 for	 myocytes	 stimulated	 with	 CGRP,	 AM	 or	 AM2	 and	 the	 cAMP	 levels	
quantified	 relative	 to	 forskolin	 (100	µM)	 (B),	 peak	 calcium	 rate	 produced	 relative	 to	
isoproterenol	 (100	 nM)	 (C),	 and	 the	 peak	 whole	 cell	 beat	 rate	 produced	 relative	 to	
isoproterenol	(100	nM)	(D).	All	data	represent	mean	+	SEM	of	at	least	three	independent	
experiments.	Data	are	analysed	using	a	three-parameter	non-linear	regression	curve.	 
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Establishing	beta-adrenoreceptor	agonist	influence	on	cardiac	

function	in	a	3D	beating	spheroid	model	
	

Next	an	assay	for	the	study	of	3D	cardiac	spheroid	beating	was	utilised	to	explore	whether	the	

effects	 profiled	 above	 were	 also	 observable	 in	 a	 more	 physiological	 3D	 model.	 These	 spheroids	

contained	the	iCell	myocytes	profiled	above	as	well	as	human	cardiac	fibroblasts;	enabling	the	study	

of	ligand	stimulation	on	individual	cardiac	spheroids	in	suspension.		As	with	the	2D	iCell	monolayer	

assay	above	it	was	important	to	first	confirm	that	ligand	stimulated	effects	could	be	recorded	in	the	

system	 and	 isoproterenol	 was	 used	 to	 do	 so	 (Figure	 5.9).	 Experiments	 with	 isoproterenol	

demonstrated	a	clear	increase	in	spheroid	beat	rate	upon	ligand	stimulation	compared	to	control	from	

immediately	after	drug	addition	(zero	time-point).	This	was	strongly	evident	in	the	statistical	analysis	

of	the	peak	response	and	final	response	showing	a	potent	and	sustained	response	to	isoproterenol	in	

terms	of	beat	frequency	in	this	assay	(Figure	5.9B).	
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Figure	 5.9.	 Beat	 rate	 of	 icell	 cardiac	 myocytes	 grown	 in	 3D	 spheroids	 in	 response	 to	
isoproterenol	 and	 control	 treatment.	 Measurement	 of	 IPSC	 derived	 icell	 human	 cardiac	
myocyte	spheroid	beat	rates	in	response	to	isoproterenol	(100	nM)	and	control	treatment	(A).	
Percentage	increase	in	beat	rate	in	response	to	Isoproterenol	and	relative	to	control	treatment	
at	multiple	time	points	(B).	Statistical	significance	determined	compared	to	control	using	an	
unpaired	 t	 test	 with	 Welch’s	 correction	 (***;	 p<0.001	 ****,	 p<0.0001).	 NS	 denotes	 no	
statistical	significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Exploring	CGRP	family	peptide	influence	on	cardiac	function	in	

a	3D	beating	cell	model		
	

Up	 to	 this	point	observations	of	 the	effects	of	CGRP,	AM	and	AM2	on	 iCell	beat	 rates	 in	a	2D	

system,	 the	3D	 system	 involves	a	3D	co-culture	 system	using	human	cardiac	 fibroblasts	 (Receptor	

expression	 and	 signalling	 responses	 to	 CGRP	 family	 peptides	 in	 (Supplemental	 Figure	 8.6).	 This	

enables	an	even	more	physiologically	relevant	study	of	peptide	effects	on	cardiac	function.	Having	

confirmed	 that	 positive	 effects	 could	 be	 observed	 on	 the	 intrinsic	 beat	 rate	 of	 the	 spheroids	 by	

isoproterenol	then	CGRP,	AM	and	AM2	were	tested	in	the	spheroid	model:	In	(Figure	5.10A)	all	three	

ligands	cause	the	beat	rate	to	rise	above	level	reached	in	the	control	cell	assays	and	then	maintain	a	

higher	beat	rate	for	the	duration	of	the	assays.	The	 increase	 is	to	a	 lesser	extent	than	the	positive	

control	isoproterenol.	Interestingly,	when	plotting	peak	and	final	beat	rates	as	percentage	increase	

over	baseline	this	shows	the	peptides	produced	their	greatest	effects	at	different	times	compared	to	

each	 other	 and	 that	 each	 produces	 a	 significant	 increase	 at	 some	 point	 over	 control.	 The	 peak	

responses	follow	the	same	trend	as	that	observed	in	the	2D	model	system:	AM2>AM>CGRP	with	CGRP	

producing	a	response	that	is	not	significantly	greater	than	control	responses	(Figure	5.10B).	Again,	at	

the	final	time	point	in	the	assay	the	order	of	magnitude	is	reversed:	CGRP>AM>AM2	although	due	the	

variability	of	the	AM	responses	the	AM2	response	is	more	statistically	significant.	It	was	also	possible	

to	record	the	beat	rate	24	h	post-stimulation.	This	revealed	that	CGRP	and	AM2	sustained	the	increase	

in	beat	rate	over	control	(Figure	5.10D-F).	While	AM	showed	a	very	slight	increase	above	the	control	

at	24	h	it	was	not	statistically	significant.	Again,	there	were	also	experiments	to	profile	the	effects	on	

the	amplitude	of	cell	beating,	however	the	peptides	showed	no	difference	over	control	in	these	assays	

(Supplemental	Figure	8.5).	

	



	

	 158	

		 	

0 10 20 30

60

80

100

Time (mins)

B
ea

t R
at

e 
(B

P
M

)

Cardiac Spheroids Beat Rate

CGRP

Control

pre
-tr

ea
tm

en
t 

pea
k

fin
al

24
 h

rs
-10

0

10

20

30

40

B
ea

t R
at

e
(%

 In
cr

ea
se

 o
ve

r 
co

nt
ro

l)

Cardiac Spheroids Beat Rate

ns **ns *

0 10 20 30

60

80

100

Time (mins)

B
ea

t R
at

e 
(B

P
M

)

Cardiac Spheroids Beat Rate

AM

Control

pre
-tr

ea
tm

en
t 

pea
k

fin
al

24
 h

rs
-10

0

10

20

30

40

B
ea

t R
at

e
(%

 In
cr

ea
se

 o
ve

r 
co

nt
ro

l)
Cardiac Spheroids Beat Rate

* * nsns

0 10 20 30

60

80

100

Time (mins)

B
ea

t R
at

e 
(B

P
M

)

Cardiac Spheroids Beat Rate

Control

AM2

pre
-tr

ea
tm

en
t 

pea
k

fin
al

24
 h

rs
-10

0

10

20

30

40

B
ea

t R
at

e
(%

 In
cr

ea
se

 o
ve

r 
co

nt
ro

l)

Cardiac Spheroids Beat Rate

**** *** ****ns

A B C

D E F

Figure	5.10.	Beat	rate	of	icell	cardiac	myocytes	grown	in	3D	spheroids	in	response	to	CGRP	family	
peptide	treatment.	Measurement	of	IPSC	derived	icell	human	cardiac	myocyte	spheroid	beat	rates	
in	response	to	CGRP	(A),	AM	(B),	and	AM2	(C)	(10	µM)	and	Control	treatment.	Percentage	increase	
in	beat	rate	 in	response	to	CGRP	(D),	AM	(E),	and	AM2	(F)	and	relative	to	control	treatment	at	
multiple	time	points	(B).	Statistical	significance	determined	compared	to	control	using	an	unpaired	
t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	denotes	
no	statistical	significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Establishing	protocols	for	selection	of	transformed	HUVECs	
	

In	order	to	perform	CRISPR	in	HUVECs	a	kill	curve	needs	to	be	generated	for	the	antibiotics	that	

will	be	used	as	selection	markers	in	the	generation	of	CRISPR	cells.	Therefore,	cells	were	dosed	with	a	

range	of	concentrations	of	antibiotic	to	determine	a	reasonable	minimum	concentration	needed	to	

cause	complete	cell	death.	The	aim	of	this	study	was	to	investigate	the	levels	of	cell	death	caused	by	

a	range	of	antibiotic	concentrations.	A	10-point	compound	response	was	chosen	and	nuclei	staining	

(Hoechst)	 identified	 cell	 population.	 The	 initial	 antibiotic	 concentrations	 used	 were	 too	 high	 (2.5	

µg/ml	 to	 30	 µg/ml),	 all	 of	 which	 killing	 cells	 completely	 in	 the	 case	 of	 puromycin,	 and	 almost	

completely	with	blasticidin,	without	producing	the	gradient	of	cell	death	that	was	hoped	for	(Figure	

5.11A,B).	Although	the	blasticidin	results	showed	promise	with	there	seeming	to	be	some	cell	survival	

at	the	lowest	concentration	used	(2.5	µg/ml)	(Figure	5.11B).	Next	using	a	lower	range	from	0.25	µg/ml	

to	5	µg/ml.	This	still	caused	complete	cell	death	at	all	concentrations	in	the	case	of	puromycin	(Figure	

5.11C).	However,	blasticidin	over	this	range	produced	a	good	gradient	of	cell	death	(Figure	5.11D)	

showing	a	dose	response	ranging	from	minimal	reduction	in	cell	number	at	the	lowest	concentration	

to	complete	cell	death	at	the	highest.	Therefore,	an	even	lower	range	of	concentrations	was	tested	

(0.025	µg/ml	to	0.5	µg/ml)	for	puromycin	only	(Figure	5.11E).	This	then	produced	the	desired	gradient	

of	cell	death:	0.025	µg/ml	caused	very	little	death,	whereas	0.5	µg/ml	(as	shown	in	Figure	5.11C)	again	

caused	complete	cell	death.	Together	these	data	suggest	that	the	minimum	concentration	needed	for	

puromycin	 to	 cause	 complete	 cell	 death	 is	 0.5	 µg/ml	 (Figure	 5.11E)	 and	 for	 blasticidin	 this	

concentration	is	4	µg/ml	(Figure	5.11D).	Therefore,	moving	forward,	1	µg/ml	puromycin	and	5	µg/ml	

blasticidin	was	used	to	select	for	antibiotic	resistance	in	HUVECs.	
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Figure	 5.11.	 Kill	 curve	 generation	 in	 HUVECs	 with	 puromycin	 and	 blasticidin.	 Cells	 are	
plated	24	h	before	being	treated	with	either	puromycin	or	blasticidin	with	media/antibiotic	
changed	every	2	days.	A	range	of	10	concentrations	were	used:	2.5	µg/ml	to	30	µg/ml	(A-B)	
0.25	 µg/ml	 to	 5	 µg/ml	 (C-D)	 0.025	µg/ml	 to	 0.5	µg/ml	 (E).	 Cells	 were	 then	 imaged	 and	
counted	 before	 dose-response	 curves	 were	 constructed	 for	 each	 antibiotic	 and	
concentration	 range.	 All	 data	 represent	mean	 +	 SEM	of	 three	 independent	 experiments.	
Data	are	analysed	using	a	three-parameter	non-linear	inhibitor	vs	response	regression	curve.	 
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CRISPR-cas9	control	vector	transduction	in	HUVECs	
	

The	experiments	shown	in	(Figure	5.12A)	were	performed	to	provide	a	control	cell	pool,	that	had	

been	through	the	CRIPSR	and	antibiotic	selection	process	using	the	same	viral	vector	but	that	did	not	

target	 the	 gene	 of	 interest	 (RAMP2).	 The	 supplier	 provided	 a	 vector	 targeted	 to	 the	 unrelated	

Hypoxanthine-guanine	phosphoribosyltransferase	(HPRT)	housekeeping	gene	(Figure	5.12A).	HUVECs	

were	transduced	at	a	 range	of	viral	MOIs	 from	0	 (Mock	transduction)	 to	a	multiplicity	of	 infection	

(MOI)	of	10.	Cell	were	selected	with	antibiotic	for	the	time	needed	to	observe	complete	cell	death	in	

mock	transduction	wells.	Cell	survival	was	then	assessed	through	a	cell	count	of	a	random	field	of	view	

during	confocal	imaging	(Figure	5.12B).	Cells	were	then	stained	for	cas9	protein	expression	(Figure	

5.12C)	and	GFP	expression	(Figure	5.12D),	this	was	quantified	and	the	sum	plotted	for	all	MOIs.	As	

expression	is	coded	for	both	on	the	viral	expression	vector.	From	the	cell	survival	data	it	can	be	seen	

that	higher	levels	of	viral	transduction	leads	to	greater	cell	survival.	Transducing	5	or	10	viral	particles	

per	cell	lead	to	the	highest	number	of	cells	remaining	after	antibiotic	selection.	Interestingly	there	is	

considerable	 cell	 survival	 at	 levels	 of	 transduction	 that	 are	 less	 than	one	 viral	 particle	 per	HUVEC	

plated.	Although	it	is	noticeable	that	total	levels	of	fluorescence	from	antibody	staining	for	cas9	and	

intrinsic	fluorescence	from	GFP,	both	coded	for	by	the	viral	vector	is	highest	at	viral	transduction	ratios	

of	equal	or	greater	than	the	number	of	cells	plated.	Particularly	 in	the	case	of	GFP	(Figure	5.12D).	

These	data	demonstrate	clearly	that	the	virus	has	successfully	 integrated	into	the	HUVEC	genome,	

and	can	do	so	in	concentration	dependent	manner,	using	three	different	methods	of	confirmation.	

The	 first	 was	 cell	 survival,	 whereby	 the	 virus	 clearly	 conferred	 antibiotic	 resistance,	 secondly	 it	

enabled	cellular	translation	of	the	cas9	protein,	and	thirdly	translation	of	GFP,	both	of	which	again	in	

a	 viral	 concentration	 dependent	 manner.	 Demonstrating	 that	 this	 viral	 vector	 was	 capable	 of	

successful	uptake	in	HUVEVCs	enabled	the	research	to	move	on	to	attempting	to	use	this	to	method	

to	knockout	the	RAMP2	gene.	
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PCR	Product	Containing	sgRNA	

ACTGCACTCCAGCCTGGGCAACAGAGCGAGATTCCGTCTAAAAAAAAAAAAAAAGAATGTTGTGATAAAAGGTGA
TGCTCACCTCTCCCACACCCTTTTATAGTTTAGGGATTGTATTTCCAAGGTTTCTAGACTGAGAGCCCTTTTCATCTT
TGCTCATTGACACTCTGTACCCATTAATCCTCCTTATTAGCTCCCCTTCAATGGACACATGGGTAGTCAGGGTGCAG
GTCTCAGAACTGTCCTTCAGGTTCCAGGTGATCAACCAAGTGCCTTGTCTGTAGTGTCAACTCATTGCTGCCCCTTC
CTAGTAATCCCCATAATTTAGCTCTCCATTTCATAGTCTTTCCTTGGGTGTGTTAAAAGTGACCATGGTACACTCAGC
ACGGATGAAATGAAACAGTGTTTAGAAACGTCAGTCTTCTCTTTTGTAATGCCCTGTAGTCTCTCTGTATGTTATAT
GTCACATTTTGTAATTAACAGCTTGCTGGTGAAAAGGACCCCACGAAGTGTTGGATATAAGCCAGACTGTAAGTG
AATTACTTTTTTTGTCAATCATTTAACCATCTTTAACCTAAAAGAGTTTTATGTGAAATGGCTTATAATTGCTTAGAG
AATATTTGTAGAGAGGCACATTTGCCAGTATTAGATTTAAAAGTGATGTTTTCTTTATCTAAATGATGAATTATGAT
TCTTTTTAGTTGTTGGATTTGAAATTCCAGACAAGTTTGTTGTAGGATATGCCCTTGACTATAATGAATACTTCAGG
GATTTGAATGTAAGTAATTGCTTCTTTTTCTCACTCATTTTTCAAAACACGCATAAAAATTTAGGAAAGAGAATTGTT
TTCTCCTTCCAGCACCTCATAATTTGAACAGACTGATGGTTCCCATTAGTCACATAAAGCTGTAGTCTAGTACAGAC
GTCCTTAGAACTGGAACCTGGCCAGGCTAGGGTGACACTTCTTGTTGGCTGAAATAGTTGAACAGCTTTAATATAC
AATAATTGTTGCATTATTATTT	

	

Guide:	TTATATCCAACACTTCGTGGGG	

Forward	primer:		GCTCCCCTTCAATGGACACA 

Reverse	primer:		GAAGTGTCACCCTAGCCTGG (reverse complement highlighted above) 

Product	size:	773	
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Figure	 5.12.	 Assessment	 of	 viral	 control	 guide	 integration.	 Section	 of	 genome	 targeted	 by	
sgRNA	and	region	amplified	by	primers	targeted	to	the	HPRT	gene	(A).	After	antibiotic	selection	
cells	were	stained	with	nuclear	marker,	quantified	and	plotted	over	range	of	viral	MOIs	(B).	After	
antibiotic	selection	cells	were	stained	with	an	antibody	for	cas9	protein,	fluorescent	antibody	
staining	was	then	quantified	and	plotted	over	range	of	viral	MOIs	(C).	After	antibiotic	selection	
cells	 were	 imaged	 for	 GFP	 fluorescence,	 fluorescence	 was	 then	 quantified	 and	 plotted	 over	
range	of	viral	MOIs	(D).	All	data	represents	mean	+	S.E.M.	of	3	individual	data	sets. 
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CRISPR-cas9	knock-out	of	RAMP2	gene	in	HUVECs	
	

The	task	now	was	to	transduce	HUVECs	with	the	same	viral	vector	except	each	containing	one	of	

three	different	sgRNAs	targeted	to	exon	1	of	the	RAMP2	gene	generated	by	Sigma	(Figure	5.13A).	

These	were	pooled	and	transduced	into	HUVECs	at	a	range	of	MOIs	to	again	ascertain	whether	(as	in	

the	 control)	 the	 virus	 could	 confer	 antibiotic	 resistance	 and	 lead	 to	 synthesis	 of	 cas9	 and	 GFP.	

Unsurprisingly	 this	 was	 the	 case,	 the	 virus	 caused	 concentration	 dependent	 antibiotic	 resistance	

(Figure	5.13B),	cas9	production	(Figure	5.13C)	and	GFP	production	(Figure	5.13D).	Then	a	sample	of	

the	cells	was	taken	that	had	been	transduced	and	selected	for	successful	integration	with	an	MOI	of	

1	and	using	the	primers	outlined	in	(Figure	5.13A)	amplified	the	guide	targeting	region	of	the	RAMP2	

gene.	This	was	alongside	isolating	and	amplifying	the	same	region	from	control	transduced	cells,	The	

resultant	DNA	was	 sent	 to	 Eurofins	 for	 Sanger	 sequencing,	 and	 Tide	 analysis	 revealed	 a	 knockout	

efficiency	of	39%.	This	was	not	sufficient	to	take	the	cells	forward	for	further	experiments.	Therefore	

the	 same	 experiments	 were	 performed	 and	 DNA	 amplification	 transducing	 the	 HUVECs	 with	 the	

highest	MOI	 that	 had	 been	 previously	 optimised	 for,	 which	 was	 an	MOI	 of	 10.	 Subsequent	 DNA	

extraction	and	Sequencing	revealed	a	knockout	efficiency	of	97.5%.	Further	confocal	images	were	also	

captured	to	demonstrate	the	extent	of	antibiotic	resistance	conferred	by	MOI	10	(Figure	5.14A-C)	(or	

not	 without	 viral	 transduction)	 and	 the	 extend	 of	 cas9	 and	 GFP	 production	 (Figure	 5.14D-F).	

Interestingly	 the	 localisation	 of	 these	 proteins	 can	 be	 seen;	 with	 cas9	 predominantly	 nuclear,	

reassuring	 as	 nuclear	 localisation	 is	 required	 for	 its	 function,	 and	 GFP	 seems	 predominantly	

cytoplasmic.	Further	to	this	the	extent	of	genomic	disruption	is	observable	in	the	chromatograms	of	

the	 sequencing	 (provided	 by	 Eurogentecs)	 of	 the	 control	 cells	 RAMP2	 gene	 (Figure	 5.15A)	 vs	 the	

MOI10	transduced	cells	section	of	sequenced	section	of	the	RAMP2	gene	(Figure	5.15B).	The	great	

extent	of	disruption	observed	is	consistent	with	expectations	for	a	pool	of	gene	knockout	cells	treated	
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with	multiple	 different	 sgRNAs	 at	many	 times	 the	 ratio	of	 virus	 to	 cells	 causing	multiple	 separate	

cutting	events	and	DNA	damage	repair	events	(Figure	5.15B).	
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AGCAGCGGCGTCGAGAGGCCGCTGGAGCTCCCAGCCCCCTCCCTCTTCTCCACGTCTGGGAGAGCAGCTT	
GCCGACCCCTCCAGACCCGAAAGAGAGAGGGGGCGACTCGAATTCGGGGAGCGATCCTGGGAGACCCTGG	
AGAGTCCTGGGCGCCACGCAGCCGAGCCCCCGAAATAGATCCCGGTTCCGGGGTTCCGGGAGCTGTCCAG	
CCTCGCGGGGTGAGCTACGAGAGGGTGGGCCAACGCCGGCGAGGCGGAGGGAGCCGCGGGCGCCAGGCGC	
GGGTGAGGCAGCGACTCCCCCTCCAGCCGCGGGCCCCGAGCGTCGCCCCCGCCCCCCACGTGGCCGCCGC	
CGTCCCAGCCCCTCCGAGGAAGCGGCGCGGCTTCCTGCAGCTTGGGCTGGGGATATAGGCGCCCCCACAC	
CCGGGCCCGGCTCAGCGCCGCCGCCGCTCCTCGCCTCCTTGCTGCACGATGGCCTCGCTCCGGGTGGAGC	
GCGCCGGCGGCCCGCGTCTCCCTAGGACCCGAGTCGGGCGGCCGGCAGCGCTCCGCCTCCTCCTCCTGCT	
GGGCGGTGAGCGCGGCGCCCCGAGGCCCGGGCGGGAGGCGCGAGAGGCCCCGGAGGGGAGAGGGGAGAGG	
GGAGAGGGGCTGGATGGCCGAGGCCGGAACGGGCCCTGGGGTGCGGGTTAGGACCGACGTACCTAGCAGC	
ACTGGCCCTCGGACGGTCCCTGACCCCACCTCGGGGCGGGCGCAGCATGAGCTGCTTCCCACCCAGGGAA	
AGCTGGGGTGCTGGCCCCGGCCCCTCGAAGAGGGCTTAGGAGGACGGAAGCTGGCCAGAGATGAGGGGGC	
TTTGGGCCTGGGTGTGAGTGACAAGGAGCTGGTGCCAGCCCCTCCCTCCCCGGCACTGAGGCGTCCGTGG	
GGGCTAGATTATTCCTCCTTTTCTTCCAAGGTAGCCTATTTTCGGAGGGTCTCAGTCCCCCAACCCCCCT	
CGCAGGCTCCACTGCCGGGGTCCCCGCTATGTTACCCT	

Guides:	CGCTCCGGGTGGAGCGCGCCGG	TCCGGGTGGAGCGCGCCGGCGG	CCCGCGTCTCCCTAGGACCCGA	
	
Forward	Primer:	AATTCGGGGAGCGATCCTG	
	
Reverse	Primer:	GAGACCCTCCGAAAATAGGC	(reverse	complement	highlighted	above)	
	
Product	Size:	853	
	

PCR	Product	Containing	sgRNAA B

C D

Figure	5.13.	Assessment	of	RAMP2	targeting	virus	 integration.	 Section	of	genome	targeted	by	
sgRNAs	and	region	amplified	by	primers	targeted	to	the	RAMP2	gene	(A).	After	antibiotic	selection	
cells	were	stained	with	nuclear	marker,	quantified	and	plotted	over	range	of	viral	MOIs	(B).	After	
antibiotic	 selection	 cells	 were	 stained	with	 an	 antibody	 for	 cas9	 protein,	 fluorescent	 antibody	
staining	was	then	quantified	and	plotted	over	range	of	viral	MOIs	(C).	After	antibiotic	selection	cells	
were	imaged	for	GFP	fluorescence,	fluorescence	was	 then	quantified	and	plotted	over	range	of	
viral	MOIs	(D).	All	data	represents	mean	+	S.E.M.	of	3	individual	data	sets. 
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Figure	5.14.	Confocal	assessment	of	virus	integration.	Cell	survival	post-selection	with	mock	
transduction	(MOI	0)	+	puromycin	(A),	Virus	transduction	(MOI	10)	+	puromycin	(B),	and	mock	
transduction	 (MOI	 0)	 no	 puromycin	 (C).	 Nuclei	 stained	 for	 with	 Hoechst	 imaged	 using	 4x	
objective	(A-C).	Confocal	images	of	cells	treated	with	virus	(MOI	10)	and	post	selection	showing	
cas9	alone	(D),	GFP	alone	(E)	and	nuclei	staining	with	all	three	fluorescence	channels	overlaid	
and	image	manually	zoomed	for	single	cell	clarity	(F).	Cells	treated	with	cas9	protein	antibody,	
and	Hoechst	nuclear	stain	imaged	using	20x	objective	(D-F).	 



	

	 166	

	

A

B

Figure	 5.15.	 Sequencing	
results	 for	 Control	HUVECs	 vs	
RAMP2	 KO	 HUVECs.	Genomic	
Sequencing	results	provided	by	
Euorgentics	for	section	of	exon	
1	 of	 RAMP2	 gene	 containing	
sgRNA	 target	 sites	 for	 Control	
HUVECs	(A)	vs	same	section	in	
CRISPR-cas9	 KO	 HUVECs	 (B)	
both	 sequenced	 using	 the	
RAMP2	 primer:	
GCCTATTTTCGGAGGGTCTC.	 
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Assessment	of	RAMP2	knock-out	HUVECs	 through	 functional	

assays	

		
These	RAMP2	knockout	HUVECs	were	 then	used	 to	observe	how	 the	knockout	 influenced	 the	

transcription	and	then	signalling	function	of	RAMP2.	Firstly,	the	qRT-PCR	experiments	performed	on	

these	cells,	in	these	experiments	RAMP2	mRNA	no	longer	appeared	above	detection	threshold	(Figure	

5.16A).	 This	 loss	of	RAMP2	 transcript	detection	 suggests	degradation	 through	nonsense-mediated	

mRNA	decay	(NMD).	Importantly	however	the	expression	of	CLR	remained,	suggesting,	at	the	mRNA	

level	 at	 least,	 that	 CLR	 expression	 was	 unaffected	 by	 RAMP2	 knockout	 (Figure	 5.16A).	 It	 is	 also	

important	to	note	that	the	gene	editing	did	not	have	any	impact	upon	the	cells	rate	of	proliferation	

(Supplemental	Figure	8.7)	or	that	the	Gɑ	subunit/β-arrestin	profile	also	remained	consistent	with	the	

wild	type	HUVECs	(Supplemental	Figure	8.7).	The	maximal	intracellular	signalling	responses	that	the	

CGRP	family	of	peptides	could	evoke	in	these	RAMP2	knockout	HUVECs	vs	the	Control	treated	HUVECs	

were	 recorded.	This	was	measured	at	each	of	 the	 signalling	pathways	previously	profiled	 in	 these	

HUVECs:	iCa2+	mobilisation	(Figure	5.16B),	ERK1/2	phosphorylation	(Figure	5.16C),	cAMP	accumulation	

(Figure	5.16D).	As	well	as	the	more	physiological	responses:	Nitric	Oxide	release	(Figure	5.16E)	and	

cell	proliferation	(Figure	5.16F).	In	all	pathways	responses	were	normalised	to	the	positive	controls	

which	signalled	as	before,	and	in	the	case	of	the	control	cells;	CGRP,	AM	and	AM2	signalling	responses	

mirrored	all	those	outlined	previously.	However,	in	contrast	in	the	RAMP2	knockouts	all	responses	in	

all	 pathways	 measured	 were	 abolished	 (Figure	 5.16B-F).	 Demonstrating,	 unsurprisingly	 given	 the	

overwhelming	data	from	recombinant	studies,	that	without	a	RAMP	present	CLR	does	not	function	

(McLatchie	 et	 al.	 1998),	 and	 this	 is	 indeed	 the	 case	 here	 in	 the	 HUVECs	where	 RAMP2	 has	 been	

knocked	out.	
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Figure	 5.16.	 Receptor	 expression,	 cAMP	accumulation,	 i[Ca
2+
]	mobilisation	 and	pERK

1/2
	

activation	pathways,	nitric	oxide	release	and	cell	proliferation	physiological	responses	in	
control	 transduced	HUVECs	wild-type	 for	RAMP2	expression	 (CTL)	 vs	RAMP2	Knockout	
(KO)	HUVECs.	Expression	of	CALCR,	CALCRL,	RAMP1,	RAMP2,	and	RAMP3	genes	in.	RAMP2	
KO	HUVECs	(A).	Data	represent	mean	+	SEM	of	three	independent	experiments	relative	to	
GAPDH	expression.	ND	=	not	detected	in	all	three	samples.	Characterisation	of	intracellular	
calcium	mobilisation	 in	 CTL	 vs	 KO	HUVECs	 relative	 to	 10	µM	 ionomycin	 (B).	 Intracellular	
ERK

1/2
	phosphorylation	in	CTL	vs	KO	HUVECs	relative	to	10	µM	PMA	(C).	Characterisation	of	

cAMP	accumulation	in	CTL	vs	KO	HUVECs	relative	to	100	µM	forskolin	(D).	Characterisation	
of	 total	nitric	oxide	production	 in	CTL	 vs	 KO	HUVECs	 relative	 to	 10	µM	acetylcholine	 (E).	
Characterisation	of	cell	proliferation	 in	CTL	vs	KO	HUVECs	relative	to	10	µM	VEGF	(F).	All	
pathways	measured	in	response	to	stimulation	by	CGRP,	AM,	and	AM2.	Data	are	analysed	
using	a	three-parameter	non-linear	regression	curve.	All	data	represent	Emax	+	SEM	of	3	to	
5	independent	experiments.	 
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Characterisation	of	RAMP1	expressing	HUVECs	
	

In	order	to	ascertain	whether	CLR	function	could	be	rescued	in	the	RAMP	knockout	HUVECs,	The	

aim	was	to	re-express	RAMP1	in	these	cells,	and	observe	whether	CGRP	peptide	signalling	could	be	

rescued.	Then	if	so	profile	in	detail	the	signalling	patterns	of	the	peptides	and	how	they	might	differ	

with	a	different	CLR-RAMP	complex.	Again	using	lentiviral	transduction,	this	time	containing	a	RAMP1	

ORF	and	blasticidn	selection,	to	overexpress	RAMP1	in	the	RAMP2	knockout	HUVECs	(further	details	

in	Chapter	2).	The	presence	of	transcripts	for	RAMP1	post-selection	was	confirmed	by	qRT-PCR	in	the	

HUVECs	(Figure	5.17A).	The	next	step	was	to	ascertain	whether	functional	CLR-RAMP	complexes	were	

now	formed	in	these	cells.	This	was	first	assessed	through	cAMP	accumulation	as	this	pathway	was	

once	seen	as	the	canonical	CLR	signalling	pathway	and	most	well	understood.	In	these	RAMP1-HUVECs	

CGRP,	AM	and	AM2	are	now	able	evoke	a	dose-dependent	increase	in	cAMP	accumulation.	Strikingly	

for	HUVECs,	but	as	would	be	expected	of	the	CLR-RAMP1	receptor	complex	(or	‘CGRP	receptor).	CGRP	

was	now	the	most	potent	ligand	(Figure	5.17B),	and	by	a	significant	margin	(Figure	5.17C).	It	has	an	

EC50	of	9.03±0.12	(Table	5.1).	This	is	over	a	hundred	times	more	potent	than	CGRP	was	in	wt-HUVECs.	

AM	 is	 the	 next	 most	 potent	 ligand,	 followed	 by	 AM2,	 making	 the	 rank	 order	 of	 potencies:	

CGRP>AM>AM2.	 These	 rescue	 data	 not	 only	 confirm	 that	 RAMP2	 knockout	 had	 no	 adverse	 side	

effects	on	CLR	or	other	components	of	GPCR	signalling	but	that	by	expressing	a	different	RAMP1	you	

can	dramatically	alter	the	signalling	pattern	observed	in	terms	of	cAMP	accumulation.			
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Figure	5.17.	Receptor	expression	and	cAMP	accumulation	in	HUVECs	transduced	with	a	RAMP1	ORF,	
in	response	to	the	calcitonin	peptide	family	and	CGRP	peptide	family.	Expression	of	CALCR,	CALCRL,	
RAMP1,	RAMP2,	and	RAMP3	genes	determined	by	qRT-PCR	(A).	Data	represent	mean	+	SEM	of	three	
independent	 experiments	 relative	 to	 GAPDH	 expression.	 ND	 =	 not	 detected	 in	 all	 three	 samples.	
Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM,	and	AM2	in	RAMP1-
HUVECs	 relative	 to	 100	 µM	 forskolin	 (B).	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	
regression	 curve.	 Individual	 pEC50	 values	 +	 S.E.M.	 are	 the	 plotted	 for	 HUVECs	 (C).	 All	 values	 are	
calculated	from	6	individual	data	sets.	Statistical	significance	compared	to	the	cognate	ligand	(CGRP)	and	
determined	using	one-way	ANOVA	with	Dunnett’s	post-hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	
****,	p<0.0001).	 
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Further	 characterisation	 of	 CGRP	 family	 peptide	 signalling	 in	

RAMP1-HUVECs		
	

The	next	step	was	to	explore	whether	the	CGRP	peptide	family	could	signal	through	the	other	

pathways	explored	thus	far	 in	this	body	of	work,	and	how	their	signalling	profiles	now	compare	to	

each	other.	In	the	case	of	intracellular	calcium	signalling	CGRP	is	again	now	the	most	potent	peptide,	

followed	by	AM	and	AM2	(Figure	5.18A).	This	is	in	sharp	contrast	to	the	results	seen	in	wt-HUVECs	

where	CGRP	barely	evokes	a	response.	Then	for	pERK1/2	signalling	AM	is	now	the	most	potent	ligand.	

Perhaps	surprising	for	the	CLR-RAMP1	receptor	but	in	fact	reflective	of	the	work	in	chapter	3	(Figure	

3.18)	 in	 another	 primary	 cell:	 the	 human	 cardiac	myocytes	which	 also	 expressed	CLR-RAMP1	and	

there	too	the	 intriguing	ERK1/2	response	was	seen;	where	the	non-cognate	 ligand	displays	a	strong	

potency.	 Then	 in	 nitric	 oxide	 signalling	 all	 three	 ligands	 produce	 a	 response	with	 a	 rank	 order	 of	

potency:	 CGRP>AM>AM2	 (Figure	 5.18C),	 this	 order	 is	 identical	 to	 that	 of	 intracellular	 calcium	

signalling	mirroring	 a	 trend	 seen	 in	wild	 type	 HUVECs	 and	 HUAECs.	 Lastly	 all	 three	 peptides	 also	

promoted	cell	proliferation	(Figure	5.18D),	a	difference	from	all	previous	cell	models,	moreover	the	

potencies	were	less	distinct	from	one	another	–	none	were	statistically	different	from	CGRP	(Table	

5.1).	 However,	 AM	 was	 the	 most	 potent	 which	 reflected	 the	 HCM	 results	 and	 therefore	 this	

proliferation	result	is	consistent	with	the	CLR-RAMP1	receptor	in	another	primary	cell	type	(HCM).	As	

the	comparisons	above	suggest	 these	results	would	benefit	 from	further	analysis	of	CGRP	peptide	

family	signalling	at	these	CLR-RAMP	complexes	across	the	multiple	primary	cells	studied	in	this	body	

of	work.	 Therefore,	 in	 the	 subsequent	 sections	 the	 overall	 bias	 plots	 for	 the	 peptides	 have	 been	

assessed	in	each	model	and	how	their	signalling	between	the	cell	models	correlate	to	enable	side-by-

side	comparison.	
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Figure	 5.18.	 i[Ca
2+
]	mobilisation	 and	pERK

1/2
	 activation	 signalling	 pathways,	 nitric	

oxide	 release	 and	 cell	 proliferation	 physiological	 responses	 in	 RAMP1-HUVECs.	
Characterisation	of	intracellular	calcium	mobilisation	in	RAMP1-HUVECs	relative	to	10	
µM	ionomycin	(A).	Intracellular	ERK

1/2
	phosphorylation	in	RAMP1-HUVECs	relative	to	

10	µM	PMA	(B).	Characterisation	of	 total	nitric	oxide	production	 in	RAMP1-HUVECs	
relative	 to	 10	 µM	 acetylcholine	 (C).	 Characterisation	 of	 cell	 proliferation	 RAMP1-
HUVECs	relative	to	10	µM	VEGF	(D).	All	pathways	measured	in	response	to	stimulation	
by	 CGRP,	 AM,	 and	 AM2.	 Data	 are	 analysed	 using	 a	 three-parameter	 non-linear	
regression	curve.	All	data	represent	Emax	+	SEM	of	3	to	5	independent	experiments.	 
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	 		  HUVEC	RAMP1	
	  CGRP	 AM	 AM2	

cAMP	

pEC50	 9.03	 0.12	 7.43****	 0.17	 7.16****	 0.11	
Emax	 43.20	 1.29	 38.95	 2.08	 32.66**	 1.57	
pKa	 8.87	 0.11	 7.20****	 0.14	 6.97****	 0.16	
Logt	 -0.15	 0.02	 -0.22	 0.03	 -0.344**	 0.05	
n	 4	 4	 4	

	        
  CGRP	 AM	 AM2	

iCa	

pEC50	 7.90	 0.12	 7.24***	 0.09	 5.78****	 0.10	
Emax	 51.30	 2.06	 44.13*	 1.42	 40.46**	 2.26	
pKa	 7.52	 0.09	 6.97*	 0.10	 5.64****	 0.18	
Logt	 0.03	 0.03	 -0.10	 0.03	 -0.18**	 0.06	
n	 6	 6	 6	

	        
  CGRP	 AM	 AM2	

pERK	

pEC50	 6.62	 0.20	 7.47*	 0.08	 6.90	 0.14	
Emax	 38.69	 3.40	 47.57	 1.48	 45.35	 2.89	
pKa	 6.52	 0.17	 7.16*	 0.13	 6.56	 0.14	
Logt	 -0.19	 0.05	 -0.02	 0.04	 -0.06	 0.05	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

NO	

pEC50	 7.11	 0.16	 6.77	 0.19	 5.90**	 0.23	
Emax	 75.15	 4.51	 56.30	 4.50	 53.96	 7.60	
pKa	 6.54	 0.18	 6.43	 0.21	 5.51*	 0.29	
Logt	 0.47	 0.09	 0.11	 0.08	 0.08	 0.14	
n	 3	 3	 3	

	        
  CGRP	 AM	 AM2	

Growth	

pEC50	 6.07	 0.49	 6.77	 0.40	 5.85	 0.17	
Emax	 143.61	 12.20	 195.27*	 14.23	 201.29*	 11.45	
pKa	 5.89	 0.70	 5.84	 0.81	 5.02	 0.44	
Logt	 -0.09	 0.30	 1.10	 0.64	 0.71	 0.34	
n	 4	 4	 4	

 

Table	5.1.	pEC50,	Emax,	pKa,	and	 log	 tau	values	 for	 cAMP	accumulation,	 i[Ca
2+
]	

mobilisation	 and	 ERK1/2	 activation	 pathways,	 nitric	 oxide	 release	 and	 cell	
proliferation	physiological	responses	in	RAMP1-HUVECs.	Data	are	analysed	using	a	
three-parameter	 non-linear	 regression	 curve,	 and	 are	 presented	 here	 as	mean	 ±	
S.E.M.	 of	 n	 individual	 data	 sets.	 pEC50:	 negative	 logarithm	 of	 the	 agonist	
concentration	 required	 to	 produce	 a	 half-maximal	 response.	 Emax:	 maximal	
response	to	ligands	expressed	as	a	percentage	of	forskolin.	pKa:	negative	logarithm	
of	 the	 equilibrium	 dissociation	 constant	 for	 each	 ligand	 generated	 using	 the	
operational	 model	 of	 agonism	 (Black	 and	 Leff	 1983).	 Log!:	 coupling	 efficiency	
parameter	of	the	ligand	(Black	and	Leff	1983).	Statistical	significance	compared	to	the	
cognate	ligand	(CGRP)	and	determined	using	one-way	ANOVA	with	Dunnett’s	post-
hoc	test,	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001;	****,	p<0.0001).		
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Comparison	 of	 CGRP	 family	 peptide	 signalling	 bias	 across	

primary	cells	
	

Here	are	reported	the	bias	plots	generated	in	chapter	3	for	each	of	CGRP,	AM,	and	AM2	at	each	

pathway	 in	 the	 different	 cell	 models	 here	 again	 for	 comparison	 alongside	 new	 plots	 for	 HUVEC-

RAMP1s,	as	well	as	other	bias	new	plots.	These	additional	bias	plots	represent	the	∆∆(!/KA):	this	is	

achieved	by	normalising	the	date	to	a	reference	ligand	and	reference	pathway.	In	this	case	all	data	

were	normalised	to	AM	an	as	well	as	being	normalised	to	cAMP.	The	reason	for	this	additional	level	

of	normalisation	 to	 cAMP	 is	 so	 it	 is	 possible	 to	 visualise	bias	 also	 relative	 to	 a	 reference	pathway	

(Figure	5.19).	Another	addition	is	the	generation	of	bias	plots	for	HUVEC	RAMP1s	(Figure	5.19D).	The	

bias	plots	for	HUVEC-RAMP1s	exemplify	the	remarkable	effect	that	switching	the	RAMP	has	had	on	

bias	in	these	HUVECs	(Figure	5.19A	vs	D),	as	the	bias	patterns	now	reflect	the	cells	that	endogenously	

express	CLR-RAMP1	(HCMs)	(Figure	5.19C).	They	are	not	identical	with	large	differences	between	the	

ligand	bias	at	NO,	and	smaller	ones	at	pERK1/2	and	cell	proliferation.	However,	the	strongest	displays	

of	ligand	bias	such	as	CGRP	at	cAMP,	and	the	strong	bias	of	AM	towards	pERK1/2	and	cell	proliferation	

are	seen	in	both	systems	reflecting	the	integral	role	that	the	CLR-RAMP	combination	plays	in	directing	

signalling	bias.	The	∆∆(!/KA)	exemplify	CGRP’s	bias	 towards	proliferation	 in	HUVECs	and	AM’s	bias	

characteristics	in	HCMs	and	HUVEC	RAMP1,	showing	that	AM	has	a	strong	bias	towards	all	pathways	

except	cAMP,	which	is	representative	of	the	very	weak	potency	observed	for	AM	at	that	pathway.		
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Figure	 5.19.	 Signalling	
bias	of	 the	CGRP	 family	
of	 peptides	 in	 primary	
human	 cells.	 Signalling	
bias	 plots	 were	
calculated	 as	 ∆(!/K

A
)	 or	

∆∆(!/K
A
)	for	HUVECS	(A),	

HUAECs	 (B),	 HCMs	 (C),	
and	HUVEC-RAMP1s	(D).	
Values	 are	 on	 a	
logarithmic	 scale	 for	
each	 agonist	 and	 for	
each	signalling	pathway.	
Determination	 of	 values	
requires	 normalisation	
to	 a	 reference	 agonist	
(AM)	 alone	 in	 ∆(!/K

A
)	 ,	

while	for	∆∆(!/K
A
)	values	

were	normalised	to	both	
a	reference	agonist	(AM)	
and	a	reference	pathway	
(cAMP).	 
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Assessment	of	the	correlation	in	CGRP	family	peptide	signalling	

of	primary	cells	expressing	the	same	or	different	RAMPs	
	

This	work	aims	to	analyse	the	correlation	between	the	responses	of	the	CGRP	peptide	family	in	

different	cell	types	To	provide	more	direct	comparisons	between	them	the	degree	of	correlation	was	

determined	for	the	potencies	induced	by	all	three	peptide	agonists	at	all	five	signalling	pathways,	and	

producing	 four	 separate	 cell	 type	 comparisons	 (Figure	 5.2A-D).	 Firstly,	 analysis	 of	 the	 correlation	

between	 peptide	 agonist	 potency	 in	 RAMP1-HUVECs	 and	 HCMs	 for	 the	 five	 different	 signalling	

pathways	 revealed	 a	 positive	 correlation:	 (r	 =	 0.55	 (95%	 confidence	 interval,	 0.051	 to	 0.82;	 p	 <	

0.05)(Figure	 5.20A)	 showing	 	 how	 closely	 aligned	 the	 signalling	 properties	 in	 RAMP1-HUVECs	 and	

HCMs	are.	In	contrast,	when	performing	the	same	analysis	of	the	correlation	between	HUVECs	and	

HCMs	 (Figure	 5.20B),	 and	 then	HUVECs	 and	 RAMP1-HUVECs	 there	was	 no	 detectable	 correlation	

(Figure	5.20C).	 In	both	 these	comparisons	one	cell	 type	expresses	CLR-RAMP1	and	 the	other	CLR-

RAMP2.	Lastly	for	the	two	wild-type	endothelial	cells	(HUVECs	and	HUAECs),	where	there	was	a	strong	

similarity	in	the	bias	plots	across	the	five	different	pathways.	This	was	then	further	supported	by	a	

significant	 correlation	 in	 potency	 when	 comparing	 all	 ligands	 in	 all	 pathways	 (r	 =	 0.73	 –	 95%	

confidence	interval	0.35	–	0.90;	p	<	0.01)(Figure	5.20D).		
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Figure	5.20.	CGRP	family	peptide	signalling	bias	 in	RAMP1	expressing	HUVECs	correlates	
with	 that	 in	human	 cardiac	myocytes.	The	 correlation	of	 log	agonist	potencies	 ±	SEM	for	
CGRP,	AM,	and	AM2	stimulated	cAMP	accumulation,	mobilisation	of	Ca

2+
,	NO	production,	

intracellular	 pERK
1/2
	 and	 cell	 proliferation	 in	 RAMP1	 expressing	 HUVECs	 and	 HCMs	 (A),	

HUVECs	and	HCMs	(B),	HUVECs	and	RAMP1	expressing	HUVECs	(C),	and	HUVECs	and	HUEACs	
(D)	was	analysed	by	a	scatter	plot	and	Pearson's	correlation	coefficients	(r)	were	calculated.	
A	significant	positive	correlation	was	observed	for	RAMP1-HUVECs	vs	HCMs	(A),	and	HUVECs	
vs	HUEACs	(D).	The	presence	of	a	line	indicates	a	positive	correlation.	 
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Summary	
	

This	 chapter	 started	 with	 research	 designed	 to	 further	 explore	 whether	 the	 CGRP	 family	 of	

peptides	 were	 capable	 of	 differentially	 influencing	 physiologically	 relevant,	 functional	 cellular	

outcomes.	The	was	explored	through	assessing	their	 impact	on	 IPSC	derived	cardiac	myocyte	beat	

rates,	in	2D	and	3D	models,	and	intracellular	calcium	fluxes.	It	was	reported	that	all	three	peptides	

had	 a	 positive	 impact	 on	myocyte	 beat	 rate,	 but	 there	were	 subtle	 differences	 in	 their	 effects	 at	

different	 time	 points.	 Then	 it	was	 reported	 that	 they	 could	 also	 increase	 the	 rate	 of	 intracellular	

calcium	release,	both	these	systems	revealed	an	intriguing	role	for	AM2,	as	the	most	potent	stimulator	

of	these	effects.	While	there	appeared	to	be	the	presence	of	two	RAMPs,	at	least	at	the	mRNA	level	

in	these	stem	cell	derived	myocytes,	there	appeared	to	be	only	one	functional	receptor	exerting	the	

beat	rate	effects	seem	upon	agonist	addition.	This	was	determined	through	the	use	of	the	CLR-RAMP1	

receptor	antagonist	Olcegepant.	Then	the	effects	of	CGRP,	AM	and	AM2	on	myocyte	beat	rate	in	a	3D	

model	were	studied.	The	trends	observed	in	the	2D	system	could	be	seen	again	in	the	3D	model	with	

AM2	producing	a	strong	increase	in	beat	rate	short	term,	and	CGRP	appearing	to	exert	its	effect	in	a	

more	long	term	manner.	

Next	the	aim	was	to	use	CRISPR-cas9	gene	editing	techniques	to	manipulate	RAMP	expression	in	

HUVECs.	First	a	control	lentiviral	construct	was	used	to	provide	a	proof	of	principle	for	the	successful	

integration	of	lentivirus	in	HUVECs,	and	having	shown	this	was	possible	through	conferring	antibiotic	

resistance	and	lentiviral	vector	contained	protein	expression	(GFP	and	cas9).	This	viral	vector,	now	

containing	sgRNAs	specifically	targeted	to	the	RAMP2	gene	was	used	to	attempt	to	knockout	RAMP2	

expression.	 A	 pooled	 guide	 system	was	 used,	 and	 found	 that	 a	 high	 ratio	 of	 virus:cell	 (MOI)	was	

required	to	produce	the	desired	level	of	gene	knockout.	Then	using	these	cells	it	was	confirmed	that	

in	the	HUVECs	CLR	was	unable	to	function	without	RAMP	co-expression.	Following	this	it	was	possible	

to	rescue	CLR	function	through	the	expression	of	RAMP1	in	the	knockout	HUVECs.	This	rescued	CLR	
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function	 in	all	pathways	measured,	and	then	enable	CGRP,	AM	and	AM2	to	evoke	subtly	different	

signalling	patterns	in	the	RAMP1-HUVECs.	To	more	directly	compare	these	RAMP1-HUVECs	with	wt	

HUVECs,	and	the	other	CLR-RAMP1	expressing	primary	cell	line	that	have	been	profiled	here	(HCM),	

as	 well	 as	 comparing	 the	 non-genetically	 altered	 primary	 cell	 types	 with	 each	 other	 bias	 and	

correlation	plots	were	 generated.	 These	 helped	 illuminate	 the	 similarities	 and	differences	 seen	 in	

CGRP	peptide	family	signalling	between	the	different	cell	types,	as	well	as	reinforcing	the	importance	

of	CLR-RAMP	expression	and	how	it	dictates	CGRP,	AM	and	AM2	signalling.	

	 	



	

	 180	

Chapter	6.	Discussion	

CLR	based	Receptors	in	Primary	Human	cardiovascular	cells	
	

In	 order	 to	 best	 understand	 the	 signalling	 properties	 of	 CGRP,	 Adrenomedullin	 and	

Adrenomedullin	2	in	primary	cells	an	integral	part	of	this	was	to	discover	which	of	the	calcitonin	family	

of	GPCRs	were	expressed	and	which	of	the	RAMP	accessory	proteins.	The	CLR	was	the	object	of	this	

body	of	work	and	the	receptor	for	the	three	ligands.	However,	as	mentioned	previously	the	CTR	can	

form	a	 high	 affinity	 receptor	 for	 CGRP	 through	 co-expression	with	RAMP1	 (AMY1R)	 (Walker	 et	 al.	

2015).	Therefore,	it	was	crucial	to	confirm	whether	CTR	was	present	in	the	primary	cells	of	interest	to	

ensure	 that	 the	CGRP	 response	observed	was	purely	 due	 to	CLR-RAMP	 receptor	 complexes	 not	 a	

mixed	population.	Furthermore,	 it	was	also	 important	to	discern	between	the	different	CLR-RAMP	

complexes	 was	 present	 in	 each	 cell	 as	 each	 receptor-RAMP	 complex	 forms	 unique	 and	 distinct	

receptors	with	their	own	signalling	properties	(Hay	et	al.	2003).	The	first	primary	cells	studied	included	

HUVECs	and	VSMCs.	Comparing	purely	their	receptor	expression	at	an	mRNA	level	both	expressed	

solely	 the	 CLR	 (no	 CTR),	 and	 the	 HUVECs	 expressed	 only	 one	 RAMP:	 RAMP2	 however	 the	 SMCs	

expressed	two	RAMPs:	RAMP1	and	RAMP2.	Having	a	potentially	mixed	pool	of	receptors	can	limit	the	

insights	that	can	be	gained	into	the	receptor	itself,	and	produce	difficulties	in	targeting	one	particular	

receptor	(Walker	et	al.	2015)	For	this	reason	the	choice	was	made	to	proceed	with	investigations	in	

primary	cells	where	only	one	CLR-RAMP	complex	was	detectable	at	the	mRNA	level,	firstly	HUVECs,	

and	then	later	HUAECs	and	HCMs.	This	enabled	conclusions	to	be	made	about	the	signalling	properties	

of	a	single	endogenous	receptor.	
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CGRP,	AM	and	AM2	Gs	signalling	at	the	CLR	in	primary	cells	
	

In	heterologous	cell	systems	Gas	signalling	at	the	CLR	was	the	first	signalling	pathway	discovered	

from	the	receptor	and	by	far	the	most	well	studied,	with	the	CGRP,	AM	and	AM2	signalling	patterns	

at	each	of	the	CLR-RAMP	combinations	well	established	in	these	systems	(Weston	et	al.	2016,	Hay	et	

al.	2018),	however	what	had	not	been	established	is	how	individual	CLR	receptor	complexes	signalled	

in	 primary	 cell	 human	 cell	 systems	 where	 there	 are	 endogenous	 expressed	 as	 opposed	 to	 over-

expressed	in	their	non-native	environment.	In	HUVECs,	the	first	cell	line	of	interest	the	CLR-RAMP2	

receptor	was	discovered	in	these	cells.	This	does	not	mean	to	say	a	functional	receptor	is	produced	in	

these	cells.	Therefore,	the	endogenous	peptide	ligands	for	the	CLR:	CGRP,	AM	and	AM2	were	used	to	

assess	whether	a	 functional	 response	could	be	observed.	They	were	capable	of	producing	distinct	

dose	dependent	cAMP	responses.	As	the	CLR-RAMP2	is	known	as	the	AM	receptor,	and	the	relevance	

of	 other	 peptides	 acting	 at	 it	 endogenously	 is	 uncertain	 receptor	 specific	 inhibitors	were	 used	 to	

provide	further	evidence	that	the	receptor	being	studied	was	in	fact	the	AM	receptor.	Reassuringly,	

all	peptide	responses	were	suppressed	by	an	AM	antagonist	but	the	CGRP	receptor	antagonist	had	no	

effect	on	any	of	the	responses.	Moreover,	calcitonin	and	amylin	could	not	evoke	a	cAMP	response	in	

these	cells	giving	two	insights,	the	first	more	evidence	that	there	is	no	calcitonin	receptor	in	HUVECs,	

and	the	second	that	the	endogenous	CLR-RAMP2	does	not	respond	at	a	detectable	level	to	these	two	

peptides.	Returning	to	the	cAMP	responses	produced	by	CGRP,	AM	and	AM2.	These	represent	a	closer	

representation	of	the	cAMP	profile	these	peptides	will	be	producing	in	these	endothelial	cells	in	vivo,	

than	has	been	produced	up	until	now.	This	makes	the	comparison	of	these	responses	with	data	from	

co-expression	models	interesting.	The	rank	order	of	the	peptides	at	the	CLR-RAMP2	as	an	average	of	

multiple	studies	is:	AM(9.19)>	AM2(7.91)>CGRP(7.16)	(Hay	et	al.	2018).	Then	looking	at	the	rank	order	

of	 potencies	 for	 the	 endogenous	 CLR-RAMP2	AM	 (7.95)>AM2(7.24)>CGRP(5.46);	 immediately	 it	 is	

clear	that	in	both	cases	it	is	a	CLR/RAMP2	response,	with	AM	the	most	potent	and	CGRP	the	least,	
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interestingly	 the	 differences	 arise	 in	 the	 potencies,	 all	 of	 the	 literature	 data	 shows	 much	 higher	

potencies,	this	could	be	a	result	of	receptor	over-expression	and	signalling,	as	well	as	the	much	greater	

signalling	capacity	of	an	immortalised	cell	such	as	a	HEK-293,	COS-7	or	CHO-K1	cells	compared	to	a	

primary	HUVEC.	There	is	also	the	possibility	of	background	receptor	expression;	many	immortalised	

cell	lines	express	the	calcitonin	receptor	(Eglen,	Gilchrist,	and	Reisine	2008)	and	RAMPs	that	may	not	

be	screened	for.	Given	the	knowledge	that	the	CTR,	CLR	and	RAMP1	all	form	potent	CGRP	receptors	

(Walker	et	al.	2015)	if	there	is	any	background	expression	in	the	cells	used	for	co-expression	studies	

it	could	explain	the	almost	hundred	fold	greater	potency	of	CGRP	in	these	cells	vs	HUVECs:	7.16	vs	

5.46.	

	

	

	

	

	

	

	

	

	

	



	

	 183	

Recruitment	 of	 G	 proteins	 and	 pathways	 beyond	 Gas	 in	

primary	cells	
	

In	the	 literature	there	 is	some	suggestion	that	the	CLR	can	couple	to	G	proteins	and	pathways	

beyond	Gas,	with	reports	that	Gi	coupling	can	be	seen	in	some	cell	types,	and	that	Gq	mediated	calcium	

release	is	also	possible	(Weston	et	al.	2016)	all	in	co-expression	systems,	but	the	question	remains,	

does	 this	 coupling	 exist	 in	 physiologically	 relevant	 cell	 systems,	 and	 to	 what	 end?	 It	 has	 been	

demonstrated	 that	 Gi,	 Gq,	 and	 pERK1/2	 (discussed	 further	 later)	 signalling	 as	 well	 as	 Nitric	 Oxide	

(discussed	 below).	 PTX	 was	 used	 as	 a	 known	 specific	 inhibitor	 of	 Gi	 proteins	 to	 assess	 their	

involvement	 in	 cAMP	 accumulation,	 and	 intracellular	 calcium	 fluxes	 as	 an	 indirect	measure	 of	 Gq	

protein	coupling,	but	also	in	combination	with	a	Gq	specific	inhibitor	which	was	able	to	directly	link	

calcium	release	to	Gq	protein	activity.	Gi	coupling	is	the	next	G	protein	revealed	here	to	directly	couple	

to	 the	CLR	 in	primary	HUVECs.	The	coupling	upon	stimulation	by	CGRP	 is	particularly	 interesting	–	

CGRP	is	weak	promoter	of	cAMP	accumulation	at	CLR-RAMP2	in	HUVECs	these	could	be	attributed	at	

first	 glance	 to	 a	 relative	 inability	 to	 recruit	Gs.	 However,	 the	 PTX	 revelation	 that	Gi	 inhibition	 can	

significantly	 increase	CGRP	mediated	 cAMP	production	 shows	 that	under	natural	 conditions	CGRP	

recruits	Gi	 proteins	 and	 actively	moves	 the	 receptor’s	 signalling	 away	 from	 cAMP	production	 and	

inhibits	adenylyl	cyclase.	Moreover,	 the	observation	that	PTX	also	 inhibits	the	CGRP	mediated	ERK	

response	suggests	that	the	purpose	of	Gi	recruitment	is	twofold:	to	suppress	cAMP	production	and	to	

promote	 ERK1/2	 phosphorylation	 this	 is	 also	 likely	 to	 be	 mediated	 separately	 by	 the	 G	 protein	

components;	 as	 Ga	 subunit	 inhibits	 AC	 and	 the	 Gbg	 subunit	 has	 previously	 been	 implicated	 in	 Gi	

mediated	ERK	activation	(Koch	et	al.	1994).	There	is	no	evidence	from	the	data	here	that	AM	recruits	

Gi	proteins	to	the	CLR-RAMP2.	This	is	perhaps	unsurprising	as	it	is	the	cognate	ligand	for	the	receptor	

and	produces	such	a	potent	cAMP	response.	AM2	does	seem	to	recruit	Gi	to	a	limited	extent,	both	

pathways	show	similar	patterns	to	the	CGRP	mediated	recruitment,	but	to	a	lesser	extent.	PTX	based	
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studies	 in	 the	 human	 cardiac	 myocytes	 revealed	 more	 interesting	 differences	 between	 the	 CLR-

RAMP2	and	CLR-RAMP1	 in	 that	none	of	 the	peptides	seemed	able	 to	 recruite	Gi	proteins	which	 is	

markedly	different	from	the	scenario	just	described	at	the	CLR-RAMP2.	It	is	interesting	as	the	initial	

prediction	may	have	been	that	there	would	be	a	parallel	scenario	where	the	non-cognate	ligand,	so	

AM,	might	recruit	Gi	proteins	to	some	extent,	but	it	did	not,	and	neither	did	CGRP	or	AM	highlighting	

the	differences	between	RAMP1	and	RAMP2	and	their	influences	on	G	protein	recruitment.	Together	

these	results	from	the	PTX	studies	gives	us	a	greater	overall	understanding	of	how	the	three	peptides	

mediate	their	cAMP	and	pERK1/2	signalling	effects	endogenously.		

Another	protein	of	importance	in	the	CLR	signalling	field	is	Receptor	Component	Protein	(RCP),	It	

is	thought	to	be	 important	 in	the	signalling	of	some	CLR	based	receptors	although	no	effects	from	

knocking	 down	 this	 protein	 in	 the	 HUVEC	 system	 could	 be	 observed	 (Supplemental	 Figure	 8.8).	

Although	much	controversy	accompanies	the	discussion	of	RCP	as	it	is	also	a	component	of	human	

RNA	 polymerase	 III.	 Throwing	 into	 question	 the	 cause	 of	 effects	 seen	 from	 knockdown	 studies	

(Routledge	et	al.	2020).	

Further	 exploration	 of	 this	 ERK	 signalling	 in	 HUVECs	 suggested	 that	 ERK	 phosphorylation	 is	 a	

signalling	event	that	ultimately	multiple	pathways	may	converge	on.	This	is	a	concept	that	has	been	

explored	previously	(Belcheva	and	Coscia	2002).	The	contribution	that	Gi	makes	to	CGRP	mediated	

pERK1/2	 through	 CLR-RAMP2	 in	 the	 primary	 setting	 has	 already	 been	 discussed	 here.	When	 using	

inhibitors	of	other	GPCR	signalling	components	it	was	discovered	that	inhibition	of	EPAC1/2	supressed	

AM	mediated	pERK1/2	slightly,	but	significantly,	suggesting	that	EPAC	partly	contributes	to	AM’s	ERK	

response,	but	not	to	CGRP	or	AM2’s.	This	may	make	sense	due	to	AM’s	bias	towards,	and	reliance	

upon,	cAMP	production	relative	to	the	other	peptides,	to	mediate	its	signalling.	Interestingly	however	

PKA,	 which	 is	 also	 downstream	 of	 cAMP	 did	 not	 contribute	 to	 ERK	 phosphorylation,	 stating	 the	

importance	of	signalling	divergence	further	downstream	from	the	second	messenger.	PKA	also	does	
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not	contribute	to	any	of	the	other	peptides	ERK	response,	neither	does	the	Gq	pathway	to	any	of	the	

ERK	responses	ruling	out	that	G	protein	pathway	as	a	contributor.	

Importantly	the	revelation	that	AM2	is	the	most	potent	ligand	at	eliciting	calcium	release	at	the	

AM	receptor	demonstrates	a	previously	unknown	signalling	role	for	AM2	at	this	receptor.	 If	 this	 is	

then	considered	alongside	the	CGRP	bias	towards,	and	potency	at	pERK1/2	this	begins	to	suggest	that	

the	nomenclature	referring	to	CLR-RAMP2	as	the	AM	receptor	is	over-simplified	and	based	entirely	

on	Gs	receptor	coupling.	Whereas	this	work	beings	to	show	that	CLR-RAMP2	has	many	more	signalling	

properties	beyond	AM	stimulated	cAMP	production	(Figure	6.1).	
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Figure	 6.1.	 Representation	 of	 the	 signalling	 outcomes	 downstream	 of	 CLR-RAMP2	
stimulated	 by	 CGRP,	 Adrenomedullin	 or	 Adrenomedullin	 2	 in	 a	 HUVEC.	 Including	 G	
proteins	 known	 to	 couple	 to	 CLR-RAMP2	 and	 their	 signalling	 pathways	 as	 a	 result	 of	
peptide	mediated	 receptor	 activation.	 Solid	 arrows	 indicate	 known	pathways.	Dashed	
arrows	represent	possible	pathways.	 
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Physiological	 Outcomes	 and	 Relevance	 of	 signalling	 through	

CLR	in	primary	human	cells	
	

The	two	pathways	investigated	here	to	attempt	to	undercover	whether	CGRP,	AM,	and	AM2	have	

a	more	physiological	roles	in	the	cells	 in	question,	as	well	as	whether	signalling	bias	plays	a	part	in	

dictating	 these	 roles	 are:	 NO	 and	 proliferation.	 NO	 is	 a	 direct	 mediator	 of	 vasodilation	 and	 an	

important	regulator	of	vascular	homeostasis	and	observing	cell	proliferation	 is	a	direct	measure	of	

growth	and	 the	overall	effects	of	 these	peptide	hormones	on	cellular	physiology.	 It	has	been	well	

studied	in	reports	of	the	systemic	actions	of	CGRP,	AM	and	AM2	that	they	all	have	vasodilatory	roles,	

all	though	how	they	compare	to	each	other,	the	mechanisms	and	involvement	of	bias	all	remain	to	be	

established.	Equally	NO	is	a	molecule	released	by	endothelial	cells	in	order	to	promote	and	regulate	

vasodilation	 through	 direct	 actions	 of	 vascular	 smooth	 muscles	 cells	 or	 myocytes:	 acting	

predominantly	in	a	paracrine	manner,	it	diffuses	into	cardiac	myocytes	and	VSMCs	where	it	stimulates	

cGMP	production,	which	itself	activates	PKG	and	in	VSMCs.	This	kinase	reduces	vascular	tone,	VSMC	

proliferation,	 and	 therefore	 dilates	 blood	 vessels.	 PKG-Iα	 (the	 isoform	 present	 in	 VSMCs	 and	

myocytes)	dilates	vessels	by	reducing	intracellular	calcium	concentrations	reducing	myosin	light	chain	

kinase	activity.	It	can	do	this	by	inhibiting	voltage	operated	calcium	channels	and	increasing	calcium	

reuptake	by	SERCA	into	the	SR	in	VSMCs	(Farah,	Michel,	and	Balligand	2018).	Therefore,	there	was	a	

desire	to	see	whether	CGRP,	AM	and	AM2	could	promote	NO	release	in	human	endothelial	cells.	They	

were	all	cable	of	doing	so,	and	at	 levels	statistically	distinct	 from	one	another	demonstrating	they	

through	 NO	 they	 could	 mediate	 vasodilation	 to	 differing	 extents.	 Moreover,	 the	 rank	 orders	 of	

potency,	with	the	interesting	potency	of	AM2	in	particular	was	reminiscent	of	the	calcium	mobilisation	

results	achieved	previously,	therefore	it	was	tested	whether	Gq	signalling	was	linked	to	NO	release.	

The	use	of	YM-254890	confirmed	that	Gq	coupling	and	signalling	was	responsible	for	NO	production	

from	all	three	peptide	ligands.	While	there	is	no	direct	link	in	this	study	between	calcium	and	NO	much	
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work	has	shown	that	calcium	can	promote	NOS	activity,	primarily	eNOS	in	endothelial	cells	(Farah,	

Michel,	 and	 Balligand	 2018),	 and	 as	 both	 molecules	 are	 produced	 downstream	 of	 Gq	 it	 seems	

reasonable	 to	 suggest	 that	 NO	 production	 through	 the	 CLR-RAMP2	 and	 these	 peptides	 is	 also	

mediated	by	intracellular	calcium	signalling.	

The	next	physiological	pathway	studied	was	cell	proliferation.	This	was	measured	after	72	h	and	

was	relative	to	control	treated	cells	therefore	it	could	be	observed	whether	compounds	promoted	or	

inhibited	 cell	 proliferation.	 Indeed,	 of	 the	 controls	 tested:	VEGF	and	 Forskolin,	 the	 first	 promoted	

growth	and	the	second	inhibited	it,	intriguingly	AM	and	AM2	did	not	promote	or	inhibit	growth,	having	

no	particularly	discernible	effect,	but	CGRP	on	the	other	hand	produced	a	potent	increase.	Speculating	

on	why	these	results	might	be	the	case	it	is	clear	AM	produces	a	potent	cAMP	response,	as	does	AM2,	

although	not	 to	 the	 same	extent	 as	 the	positive	 control	 for	 cAMP:	 Forskolin,	 but	 if	 cAMP	 inhibits	

growth	then	ligands	which	produce	primarily	this	second	messenger	may	be	less	likely	to	have	a	role	

in	promoting	growth.	Equally	they	both	produce	relatively	weak	pERK1/2	responses.	pERK1/2	is	a	known	

promotor	of	cellular	proliferation	(Chang	and	Karin	2001,	Pagès	et	al.	1993,	Lefloch	et	al.	2009)	and	as	

was	revealed	above,	CGRP	has	a	novel	role	in	promoting	a	potent	pERK1/2	response	at	the	CLR-RAMP2	

in	endothelial	cells	this	could	go	some	way	to	explaining	a	possible	mechanism	for	CGRP’s	promotion	

of	growth.	Nevertheless,	it	is	clear	from	these	results	that	CGRP	could	have	an	important	role	on	the	

physiology	 of	 these	 endothelial	 cells	 that	 is	 unique	 from	 the	 other	 peptide	 agonists.	 As	 stated	

previously	the	Gs	coupling	to	the	CLR	and	any	of	the	RAMPs	has	been	well	studied	-	the	physiological	

importance	of	this	signalling	pathway	has	also	been	looked	at	in	some	detail	in	endothelial	cells,	with	

a	 report	 showing	 that	 AM	 is	 important	 for	 endothelial	 barrier	 stabilisation	 and	 protect	 against	

infection	 (S.	 aureus	a-toxin)	mediated	 loss	of	VE-cadherin,	 it	 also	blocked	 toxin	 related	 junctional	

protein	 disappearance.	 It	 was	 also	 shown	 that	 and	 therefore	 cAMP	 forskolin	 induced	 protection	

against	thrombin	or	a-toxin	induced	loss	of	VE-cadherin	disassembly	of	endothelial	barriers	(Hocke	et	
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al.	2006).	Now	this	work	begins	to	shed	light	on	the	signalling	roles	of	the	other	peptides	beyond	AM	

in	endothelial	cells.	

CLR	signalling	in	other	primary	cell	models	
	

A	question	arising	from	the	study	of	CGRP	family	peptide	signalling	at	the	CLR-RAMP2	in	HUVECs	is	

how	much	of	the	responses	can	be	attributed	to	the	receptor	and	how	much	to	the	cell	background.	

In	 order	 to	 address	 this,	 another	 primary	 cell	 expressing	 CLR-RAMP2	was	 discovered	 and	 had	 its	

signalling	profiled	in	this	system.	These	were	the	HUAECs,	and	the	trends	in	each	pathway	showed	

strong	similarities	to	the	HUVEC	system.	Taking	cAMP	as	an	example	the	rank	order	of	potencies	was	

AM>AM2>CGRP	in	both	cases	and	the	rank	order	of	potencies	was	the	same	in	other	pathways	such	

as	pERK1/2	and	 intracellular	calcium	release.	There	were	however	some	differences,	 such	as	 in	 the	

overall	magnitude	of	response	–	In	most	cases	the	Emax	values	were	lower	in	HUAECs.	In	the	previous	

chapter	when	bias	plots	and	correlation	plots	were	compared,	the	data	there	confirmed	the	similarity	

between	the	two	systems.	Suggesting	that	the	intrinsic	coupling	abilities	of	CGRP,	AM	and	AM2	when	

bound	to	CLR-RAMP2	govern	the	second	messenger	outcomes	observed.	However,	there	is	the	caveat	

that	both	these	cells	are	endothelial	cells,	therefore	in	order	to	remove	background	as	a	variable	later	

CRISPR-cas9	is	used	to	switch	RAMPs	in	HUVECs	to	most	directly	see	how	the	RAMP	effects	signalling	

outcomes.	Another	way	to	explore	the	effect	of	having	a	different	RAMP	in	a	primary	cell	system	was	

to	find	a	cell	that	expressed	a	RAMP	other	than	RAMP2	and	Human	cardiac	myocytes	proved	to	be	

that	cell	type.	

The	first	important	step	in	using	a	new	cell	system	was	to	establish	the	receptors	and	RAMPs	present.	

The	mRNA	analysis	indicated	that	the	CLR	and	RAMP1	were	expressed	in	these	HCMs,	and	that	there	

was	no	CTR,	RAMP2	or	RAMP3.	This	was	confirmed	through	mRNA	analysis	showing	no	trace	of	the	

CTR	and	functional	cAMP	assays	using	both	CT	the	cognate	ligand	for	the	CTR	and	amylin	the	cognate	
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ligand	for	the	amylin	receptors	which	displayed	no	cAMP	response	upon	CT/AMY	stimulation	as	the	

mRNA	 analysis	 predicted.	 This	 provided	 confidence	 that	 the	 response	 seen	 was	 due	 to	 a	 single	

receptor	population,	and	the	insights	gained	were	into	CLR-RAMP1	signalling	and	function.	Further	to	

this	CGRP	is	the	most	potent	mediator	of	cAMP	production	which	is	expected	of	a	CGRP	receptor	from	

the	heterologous	studies	(Weston	et	al.	2016),	it	was	then	confirmed	that	all	peptides	were	signalling	

through	 the	 CLR-RAMP1	 receptor	 complex	with	 the	 use	 of	 the	 clinically	 approved	 CGRP	 receptor	

antagonist	Olcegepant.	This	then	enabled	the	research	to	explore	further	signalling	pathways	beyond	

cAMP:	one	of	which	was	Gq	mediated	 intracellular	 calcium	 release,	 all	 three	peptides	produced	a	

potent	response	but	CGRP	was	again	the	most	potent.	Then	there	was	Gq/11	mediated	NO	production,	

this	avenue	was	explored	 in	myocytes	as	previous	evidence	had	suggested	that	 it	was	possible	 for	

certain	GPCRs	to	mediate	a	negative	inotropic	effect	on	the	heart	through	NO	release,	in	this	case	it	

was	the	b-3	adrenergic	receptor	(Gauthier	et	al.	1998).	In	this	assay	it	appeared	all	three	ligands	could	

elicit	a	a	NO	response	however	they	were	neither	large	not	very	distinct	from	one	another.	This	then	

leaves	pERK1/2	and	cell	proliferation,	and	here	again,	just	as	in	the	HUVECs	and	HUAECs	the	intriguing	

result	was	seen	whereby	the	non-cognate	ligand	AM	was	the	most	potent	producer	of	pERK1/2	and	

proliferation	whereas	the	cognate	ligand	CGRP	seemed	to	have	little	or	no	role	in	either.	The	potential	

importance	of	the	pERK1/2	and	proliferation	results	are	discussed	further	below.	
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Physiological	outcomes	and	therapeutic	potential	of	the	CGRP	

peptide	family	
	

Heart	failure	is	a	devastating	disease	of	global	 importance,	with	a	prognosis	that	can	be	worse	

than	multiple	cancers	(Braunwald	2015,	Stewart	et	al.	2001)	Myocardial	damage	often	leads	to	heart	

failure	 because	 there	 is	 not	 enough	 cardiomyocyte	 regeneration,	 and	 ground-breaking	 work	 has	

demonstrated	 a	 low	 rate	 of	 	 innate	 regeneration	 in	 the	 heart	 (Bergmann	 et	 al.	 2009),	 and	much	

research	has	gone	 in	 to	attempts	 to	harness	 this	 in	 the	hope	of	 therapeutically	promoting	cardiac	

repair,	including	studies	into	the	potential	use	of	VEGF	(Taimeh	et	al.	2013).		

New	 and	 different	 approaches	 are	 needed	 as	 studies	 into	 the	 efficacy	 of	 stem	 cell	 or	 cardiac	

progenitor	 cell	 transplantation	 into	 the	damaged	heart	 have	not	been	 successful	 for	 a	number	of	

reasons.	Foremost	among	them	being	 they	were	not	able	 to	differentiate	engraft	and	survive	 in	a	

beneficial	 way.	 Nonetheless	 they	 were	 aided	 the	 failing	 heart	 through	 paracrine	 effects	 and	 the	

release	of	molecules	from	these	stem	cells(Maghin	et	al.	2020).	One	such	molecule	was	pregnancy-

associated	plasma	protein-A	(PAPP-A).	PAPP-A	was	demonstrated	to	instruct	vesicle	release	of	insulin-

like	growth	 factor-1	 (IGF-1)	 resulting	 in	AKT	and	ERK1/2	phosphorylation	 in	 target	cardiomyocytes	

(Barile	et	al.	2018)	and	proved	to	be	cardioprotective.	Other	extracellular	vesicle	 release	has	been	

implicated	in	promoting	cardiomyocyte	proliferation	(Xuan	et	al.	2020).	Moreover,	studies	into	the	

use	of	heart	derived	decellularised	extracellular	matrices	(dECM)	to	aid	cardiac	regeneration	highlight	

the	 importance	 of	 retaining	 endogenous	 peptides	 and	 growth	 factors	 that	 are	 likely	 to	 enhance	

cardiac	proliferation	and	survival	(Di	Meglio	et	al.	2017,	Sarig	et	al.	2016).	

Therefore,	there	has	been	a	reinvigorated	focus	on	myocyte	regeneration.	It	has	been	suggested	that	

mature	myocytes	have	the	ability	to	regenerate	in	the	adult	heart	(Anversa	and	Nadal-Ginard	2002).	

The	(Bergmann	et	al.	2009)	study	shows	there	is	no	overall	increase	in	myocyte	number	over	a	lifetime	
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but	a	replacement	of	myocytes	over	time.	However,	this	study	was	not	able	to	predict	whether	the	

replacement	came	from	duplication	or	myocyte	production	from	a	stem/progenitor	pool.	A	later	study	

(albeit	in	mice)	concluded	that	pre-existing	cardiomyocytes	are	the	dominant	source	of	cardiomyocyte	

replacement	 in	 normal	 mammalian	 hearts	 and	 after	 injury	 (Senyo	 et	 al.	 2013).	 Stimulation	 of	

cardiomyocytes	has	been	proposed,	and	is	currently	a	much	explored	therapeutic	strategy	(Becker	

and	 Hesse	 2020).	 Growth	 factors	 such	 as	 neuregulin	 1	 have	 been	 shown	 in	 vivo	 to	 promote	

cardiomyocyte	proliferation	(Bersell	et	al.	2009).	As	well	as	other	potential	pro-proliferative	factors	

(Mills	et	al.	2019,	Eulalio	et	al.	2012)	as	well	as	VEGF	mentioned	above.	Proliferating	human	ventricular	

myocytes	were	utilised	and	demonstrated	that	through	signalling	bias	AM,	the	pERK1/2	biased	agonist	

(but	not	CGRP	or	AM2)	can	enhance	proliferation	in	these	cells.	This	work	highlights	AM	as	a	novel	

peptide	hormone	that	may	promote	cardiac	regeneration	naturally	 in	vivo,	and	as	a	model	for	the	

design	 of	 small	 molecules	 that	 could	 mimic	 AM’s	 signalling	 bias	 to	 promote	 cardiomyocyte	

proliferation.	

Since	cardiomyocytes	comprise	only	about	20%	of	all	cells	within	the	human	myocardium	(Rubart	and	

Field	 2006).	 This	means	 the	 heart	 is	made	up	 of	many	 cell	 types	 including;	myocytes,	 fibroblasts,	

smooth	muscle	cells,	endothelial	cells	or	hematopoietic	cells,	this	makes	it	very	difficult	for	studies	of	

drug/hormone/peptide	overall	effect	on	heart	 function	 to	narrow	down	how	precisely	an	effect	 is	

brought	about.	Particularly	in	the	case	of	CGRP/AM/AM2.	This	is	further	complicated	by	observations	

of	the	vastly	different	receptor	composition	(Figure	6.2)	and	signalling	outcomes	these	peptides	have	

on	 ECs	 vs	 SMCs	 vs	 HCMs.	 However,	 this	work	 should	 help	 to	 elucidate	 the	 effects	 these	 peptide	

hormones	have	on	the	different	cell	types	and	aid	in	attempts	to	specifically	target	these.	While	also	

highlighting	the	need	to	improve	our	understanding	of	where	these	peptides	are	acting	to	exert	the	

effects	seen	during	systemic	administration.	
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Figure	6.2.	Representation	of	CLR	expression	and	potential	contribution	to	heart	function.	
Graphic	 showing	 cell	 types	 making	 up	 the	 human	 heart	 and	 their	 respective	 mRNA	
expression	 of	 CLR	 receptor	 subtypes,	 as	 well	 as	 the	 CGRP	 family	 of	 peptides	 and	 their	
possible	actions	on	the	heart		 
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Spatiotemporal	signalling	of	CLR	and	its	complexity		
	

It	was	demonstrated	recently	that	GPCR	signalling	and	in	particular	CLR	signalling	goes	far	beyond	

the	cell	surface,	figuratively	and	literally.	A	study	into	CGRP	receptor	trafficking	showed	how	CGRP	

continues	 to	 signal	 from	within	 the	endosome	 (Yarwood	et	 al.	 2017).	 The	 internalisation	 inhibitor	

barbadin	(Beautrait	et	al.	2017)	was	used	to	explore	the	role	of	internalisation	on	CGRP	family	peptide	

signalling	in	the	primary	cell	models.	In	the	case	of	the	HCMs	and	CGRP	mediated	cAMP,	barbadin	

suppressed	 the	 response	 and	 corroborated	 the	 results	 seen	 by	 (Beautrait	 et	 al.	 2017).	 Initial	

experiments	 in	HUVECs	and	on	cAMP	signalling	suggested	barbadin	may	have	had	some	effect.	As	

well	as	performing	traditional	dose-response	experiments	Time	courses	were	performed	to	observe	

whether	there	were	different	phases	of	the	response.	These	appeared	to	show	an	early	peak	in	the	

cAMP	response	at	about	8	minutes	after	stimulation,	and	then	the	responses	levelled	out	until	the	

end-point	at	30	minutes.	This	in	itself	provided	an	interesting	insight	into	the	signalling	profile	of	the	

three	peptides	over	time.	There	was	then	further	investigation	to	uncover	how	this	might	be	dictated	

by	 internalisation	using	barbadin	as	well	as	a	host	of	other	 internalisation	inhibitors,	also	with	and	

without	the	pan-PDE	inhibitor	IBMX	to	allow	for	the	natural	recycling	of	cAMP.	Overall	 it	was	clear	

that	without	IBMX	it	was	easier	to	observe	the	influence	of	the	internalisation	inhibitors,	however	the	

results	were	 varied,	 for	 instance	 in	 terms	of	AM	 signalling	 there	were	no	 cases	where	 any	of	 the	

inhibitors	 could	 influence	 AM	 signalling.	 This	 suggests	 that	 the	majority,	 if	 not	 all	 of	 AM’s	 cAMP	

production	through	the	CLR-RAMP2	receptor	occurs	at	the	cell	surface.	All	inhibitors	tested	at	at	least	

one	condition	were	able	to	influence	AM2,	whereby	they	were	able	to	increase	the	cAMP	produced	

by	 this	 peptide.	 Although	 compound	 101	 and	 barbadin	 also	 influenced	 the	 pEC50,	 the	 inhibitors	

predominantly	raised	AM2’s	Emax	at	the	30	min	time	point.	This	suggests	that	rather	than	influencing	

acute	cAMP	production	by	AM2,	preventing	internalisation	increases	sustained	cAMP	and	prolongs	

the	cAMP	signalling	at	the	surface.	Then	with	CGRP	almost	all	the	inhibitors	could	increase	the	potency	
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of	 CGRP	 at	 producing	 cAMP,	 this	 occurred	 at	 both	 the	 8	 and	 30	min	 time	 point,	 and	 of	 all	 three	

peptides	CGRP	was	the	most	frequently	influenced	peptide	across	all	conditions.	This	seems	to	imply	

that	internalisation	plays	the	greatest	role	in	CGRP’s	cAMP	signalling,	and	that	by	preventing	it	in	both	

the	short	and	long	term	you	can	enhance	the	level	of	cAMP	produced	by	CGRP	

Next	this	body	of	research	investigated	the	effects	of	barbadin	on	pERK1/2	signalling.	There	has	

been	 much	 work	 to	 suggest	 that	 pERK1/2	 signalling	 occurs	 intracellularly	 and	 downstream	 of	 b-

arrestins	 (Shenoy	et	al.	2006,	Strungs	and	Luttrell	2014),	 therefore	 it	 seemed	 logical	 to	assess	 the	

contribution	of	of	b-arrestin	mediated	internalisation	on	CLR-RAMP2	pERK1/2	signalling	in	the	primary	

cell	setting.	The	effects	in	these	HUVECs	were	remarkable,	barbadin	suppressed	the	short	term	ERK	

response	of	all	peptides	except	AM2,	and	had	the	greatest	effect	on	CGRP,	however	it	was	in	the	long	

term	that	the	effects	were	most	pronounced	with	the	time	course	experiments	showing	that	after	a	

small	initial	peak	all	ERK1/2	responses	from	all	peptides	returned	effectively	to	baseline.	This	seems	to	

demonstrate	that	from	this	receptor	there	is	a	portion	of	initial	ERK1/2	phosphorylation	that	happens	

at	the	cell	surface	(or	downstream	of	signalling	mediated	by	the	receptor	at	the	surface	as	well	as	

after	internalisation.	But	that	after	this	initial	wave	all	subsequent	ERK1/2	phosphorylation	takes	place	

intracellularly.	Then	 in	 the	human	cardiomyocyte	scenario	where	the	peptides	signal	 through	CLR-

RAMP1	it	appeared	that	inhibiting	internalisation	enhanced	some	of	the	ERK1/2	responses	suggesting	

they	are	mediated	from	the	surface,	while	further	work	may	be	required	in	the	future	to	elucidate	

which	precise	signalling	pathways	from	endogenous	CLR-RAMP1	leads	to	ERK1/2	phosphorylation	it	is	

clear	from	this	assessment	of	the	contribution	of	internalisation	to	the	ERK	response	that	CLR-RAMP1	

and	CLR-RAMP2	have	vastly	different	patterns	of	 internalisation	and	signalling	when	stimulated	by	

the	same	peptides.	
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Functional	 outcomes	 of	 CLR-agonist	 bias	 observed	 in	

spontaneously	beating	IPSC	derived	myocytes	
	

Systemic	administration	of	CGRP,	AM	and	AM2	in	humans,	as	discussed	previously,	has	a	variety	of	

effects,	but	one	that	is	consistently	noted	is	the	effect	on	the	heart,	and	this	has	been	overwhelming	

reported	as	positive	inotropic	effects	(Gennari	and	Fischer	1985,	Bisping	et	al.	2007,	Fujisawa	et	al.	

2007),	although	it	has	been	uncertain	how	much	of	this	effect	is	a	response	to	the	vasodilatory	effects,	

and	 how	 the	 peptide	 effects	 directly	 compare	 to	 one	 another.	 Using	 spontaneously	 beating	 IPSC	

derived	myocytes	the	direct	effects	of	CGRP,	AM	and	AM2	on	myocyte	beat	rate	were	investigated	in	

2D	 and	 3D.	 The	 2D	 beat	 rate	 experiments	 revealed	 interesting	 differences	 between	 the	 peptides	

whereby	there	was	a	time	dependence	in	their	differences:	AM2	caused	the	highest	initial	increase	in	

beat	rate,	but	decreased	more	rapidly	than	the	other	peptides	such	that	by	60min	it	had	the	smallest	

increase	over	control.	On	the	other	hand	CGRP	produced	the	smallest	initial	increase,	but	sustained	

this	 increase	much	better	than	the	other	peptides	so	that	by	the	final	time	point	 its	beat	rate	was	

higher	than	the	other	peptides.	Compared	to	the	other	peptides	AM	stayed	in	the	middle	in	both	the	

early	and	 late	phase	of	 the	 response.	This	difference	was	 then	enhanced	at	24	h	where	 the	CGRP	

mediated	increase	was	even	greater.	In	order	to	see	whether	these	effects	were	mediated	through	a	

single	 receptor	 they	were	also	performed	 in	 the	presence	of	 the	CLR-RAMP1	 inhibitor	Olcegepant	

which	completely	prevented	all	three	ligands	exerting	an	effect.	Then	moving	to	myocyte	intracellular	

calcium,	having	shown	isoproterenol	could	again	stimulate	a	response	the	effects	of	CGRP,	AM	and	

AM2	on	the	calcium	responses	were	recorded.	They	all	stimulated	changes	however	it	was	AM2	that	

produced	the	greatest	response	at	its	peak	as	in	the	beat	rate	studies.	Although	in	in	terms	of	peak	

size	it	was	CGRP	that	increased	it	the	most,	with	the	caveat	that	this	increase	with	still	too	small	to	be	

of	statistical	significance.	The	dose-response	curves	provided	some	interesting	insights	in	that	these	

cells	expressed	two	RAMPs	in	an	interesting	change	from	proliferating	myocytes	profiled	in	previous	
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chapters	However	the	experiments	above	utilising	a	CLR-RAMP1	antagonist	suggests	that	functionally	

at	least,	there	is	likely	to	be	only	one	receptor	responsible	for	the	responses	observed.	The	other	dose-

responses	also	produced	some	 interesting	differences	compared	 to	other	pathways	and	cell	 types	

profiled	in	previous	chapters.	Such	as	 in	 intracellular	calcium	measurements	 in	these	iCell	myoctes	

where	the	ligand	producing	the	greatest	response	(AM2)	is	not	the	most	potent,	CGRP	is.	Then	in	cell	

beating	dose	response	curves	the	rank	order	of	potency	is	different	again	with	AM2	the	most	potent	

then	CGRP	then	AM	a	previously	unseen	order.	Adding	more	evidence	to	the	observation	that	these	

peptides	 produce	 interesting	 and	 varied	 effects	 on	 beating	 myocytes	 were	 the	 3D	 spheroid	

experiments	where	similar	rank	orders	of	magnitude	were	seen	in	terms	of	peak	and	final	responses.	

However,	 the	24hr	 result	differed	 from	the	2D	system.	Overall	 the	beat-rate	of	 the	spheroids	was	

faster	and	more	physiologically	relevant	although	in	some	cases	the	effects	of	the	peptides	on	the	

spheroids	was	less	pronounced	compared	to	the	control.	It	is	the	author’s	belief	that	this	could	relate	

a	lack	of	penetration	from	the	peptides.	In	the	2D	system	all	the	cells	in	their	monolayer	were	directly	

exposed	all	at	once	to	agonist	when	it	was	added	to	the	media.	Whereas	in	the	3D	scenario	only	the	

cells	around	the	surface	of	the	spheroid	are	directly	and	initially	exposed	to	agonist,	there	may	be	

some	penetration	over	time,	or	it	is	likely	many	cells	in	the	centre	of	the	spheroid	never	‘see’	agonist	

over	the	course	of	the	assay.	This	of	course	in	vivo	 is	resolved	by	the	circulatory	system,	which	the	

organoids	did	not	 have.	 Therefore,	 in	 the	 case	of	 these	 in	 vitro	assays	 this	may	 contribute	 to	 the	

differences	seen	in	2D	vs	3D.	

Another	noteworthy	point	is	the	lack	of	amplitude	effects	seen	in	the	iCell	myoctyes	this	seems	to	be	

a	curious	quirk	of	these	cells,	 in	that	even	with	compounds	known	to	alter	the	amplitude	of	heart	

beats	in	vivo	are	reported	not	to	do	so	on	the	stem	cell	derived	myocytes	(Pillekamp	et	al.	2012,	Yang,	

Pabon,	and	Murry	2014).	These	reason	for	this	is	unclear,	and	has	been	suggested	potentially	to	be	

due	 to	 an	 underdeveloped	 sarcoplasmic	 reticulum.	 However,	 this	 does	 serve	 to	 highlight	 that	
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conclusions	drawn	from	work	using	these	cells	should	be	made	with	this	cautionary	example	that	they	

do	not	exactly	replicate	a	human	myocyte	in	vivo.	

Insights	 gained	 from	 CRISPR-cas9,	 and	 comparing	 signalling	

bias	at	the	CLR	across	multiple	primary	cell	systems	
	

This	experimental	avenue	was	pursued	with	the	knowledge	that	exploring	the	signalling	of	CLR	and	

each	RAMP	combination	in	multiple	different	primary	cell	line	gave	fascinating	and	novel	insights	into	

its	 endogenous	 function.	But	with	 the	 caveat	 that	 in	order	 to	 truly	 compare	how	 the	RAMP	 itself	

governs	 signalling,	 comparing	 RAMP1	 and	 RAMP2	 the	 cell	 background	 needed	 to	 be	 the	 same.	

Therefore,	there	was	a	strong	desire	to	create	the	RAMP1-HUVEC	cell	to	enable	such	a	comparison.	

The	first	task	was	to	attempt	to	knockout	the	expression	of	the	RAMP2	gene	in	the	HUVECs,	once	this	

had	been	achieved	it	was	vital	to	assess	how	this	influenced	cell	signalling	of	the	three	peptides.	Whilst	

all	previous	heterologous	studies	agreed	that	RAMP	expression	was	vital	for	CLR	function(McLatchie	

et	al.	1998),	this	could	not	be	taken	for	granted	in	the	endogenous	setting	and	so	all	pathways	were	

assessed	for	peptide	function.	In	each	tested	there	was	no	response	recorded	above	baseline.	This	

confirmed	that	RAMP	was	essential	for	CLR	function.	However,	as	always	the	case	for	CRISPR-cas9	off	

target	effects	from	the	RAMP2	knockout	could	have	caused	the	loss	of	function.	Therefore,	equally	

vital	to	this	set	of	experiments	was	the	rescue	of	CLR	function	by	the	re-expression	of	a	RAMP	protein.	

Re-expressing	RAMP1,	if	it	rescued	function,	as	it	did,	would	then	allow	for	exploration	of	the	subtle	

differences	in	signalling	that	having	a	different	RAMP	protein	would	produce.	It	was	remarkable	to	

then	 to	 observe	 thes	 subtle	 differences,	 while	 seeing	 CGRP	 as	 the	most	 potent	 at	 causing	 cAMP	

production	was	to	be	expected	from	the	literature,	all	following	observations	in	terms	of	calcium,	NO,	

pERK1/2,	and	proliferation	were	unprecedented.	But	bore	some	similarities	to	the	responses	observed	

in	the	primary	HCMs	that	expressed	RAMP1	–	this	is	discussed	further	below.	Assessing	side-by-side	
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the	 signalling	 bias	 in	 HUVECs	 either	 expressing	 RAMP1	 or	 RAMP2	 emphasised	 the	 remarkable	

influence	 the	 single	 transmembrane	 RAMP	 has	 on	 CLR	 signalling:	 Using	 CGRP	 as	 an	 example	 the	

peptide	shows	strong	bias	towards	pERK1/2	and	proliferation	at	the	CLR-RAMP2,	but	then	at	the	CLR-

RAMP1	 its	 bias	 profile	 is	 completely	 switched	 such	 that	 it	 is	 now	 biased	 towards	 cAMP	 and	

intracellular	calcium	mobilisation	

Using	primary	cells	however	does	have	 its	 limitations,	most	prominent	among	 them	 is	 the	 limited	

lifespan	of	 these	cells,	 this	would	 limit	 their	utility	 in	 large	 scale	 screening	of	 compounds	and	 the	

potential	development	of	biased	agonists,	which	is	a	shame	as	the	study	of	future	therapeutics	in	a	

physiologically	relevant	system	where	the	effects	of	the	endogenous	peptides	has	been	established	

could	be	particularly	enlightening.	Another	limitation	was	the	tools	available,	currently	there	is	a	lack	

of	good	antibodies	 targeting,	GPCRs	such	as	 the	CLR	and	 the	RAMPs	specifically	 (Hay	et	al.	2018).	

Indeed	 there	 are	 two	 commercial	 antibodies	 that	 were	 recently	 designed	 for	 use	 in	

Immunofluorescence,	but	when	it	was	attempted	to	optimise	them	for	use	in	this	study	they	did	not	

appear	very	selective	for	one	RAMP	over	another	(Supplemental	Figure	8.9)	

A	 potential	 downside	 of	 the	 CRISPR-cas9	 mediated	 gene	 editing	 and	 re-expression	 of	 RAMP1	 in	

HUVECs	is	that	it	involves	the	creation	of	an	artificial	expression	system.	Something	there	was	a	strong	

desire	 to	 avoid	 in	 starting	 these	 studies	 of	 endogenous	 receptor,	 and	whilst	 the	 cell	 background	

remains	physiologically	relevant,	and	cell	growth/survival	remains	similar	(Supplemental	Figure	8.7)	

the	expression	levels	of	RAMP1	may	not	be.	At	the	mRNA	level	for	instance	they	were	much	higher	

than	the	levels	of	RAMP2	in	the	wt-HUVECs.	Therefore,	having	compared	the	differences	in	signalling	

RAMP1	expression	produced	in	HUVECs	vs	wt-HUVECs.	It	was	thought	important	to	compare	the	bias	

patterns	 observed	 back	 to	 the	 bias	 seen	 in	 HCMs	 endogenously	 expressing	 RAMP1.	 As	 well	 as	

analysing	how	the	responses	from	each	peptide	at	each	pathway	correlated	with	each	other	in	the	

two	systems.	 It	 is	clear	to	see,	upon	comparison	of	 the	bias	plots	 from	the	HUVEC-RAMP1s	vs	the	

HCMs	that	in	both	scenarios	CGRP	has	a	clear	bias	towards	cAMP	and	calcium	mobilisation,	whereas	
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AM	is	biased	towards	pERK	and	proliferation.	The	correlation	analysis	then	confirms	that	there	is	a	

strong	positive	correlation	between	all	 the	pEC50	values	showing	overall	 that	 the	RAMP1-HUVECs	

generated	produce	signalling	responses	reflective	of	another	primary	cell	expressing	CLR	and	RAMP1	

endogenously.	There	were	some	interesting	differences	such	as	in	the	bias	of	the	peptides	towards	

the	more	physiological	NO	response,	this	may	relate	more	to	the	cell	type	and	their	purposes	with	

endothelial	cells	and	myocytes	having	vastly	different	functions	and	therefore	potentially	different	

needs	in	terms	of	NO.	

Then	all	the	different	signalling	outcomes	measured	have	been	summarised	(Figure	6.3)	from	CGRP,	

AM,	and	AM2	in	the	wt-HUVECs,	RAMP1-HUVECs,	and	HCMs	in	order	to	visually	highlight	the	trends	

and	 differences	 discussed	 above,	 that	 really	 emphasise	 the	 absolute	 importance	 of	 RAMPs	 in	

governing	CLR	signalling	and	function.		
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Figure	6.3.	Schematic	representation	of	the	signalling	bias	produced	by	CGRP,	AM,	and	AM2	in	a	variety	
of	primary	cell	types.	Schematic	representation	of	CGRP	peptide	signalling	cardiovascular	cells	and	the	
intracellular	‘signalling	codes’	they	bring	about	based	on	the	potencies	recorded	at	individual	pathways	
in	HUVECs	(A),	RAMP1-HUVECs	(B),	and	HCMs	(C).	 
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Future	Directions	
	

Future	work	in	this	field	could	go	down	many	avenues:	more	work	could	be	done	to	explore	other	

signalling	pathways	downstream	of	 the	CLR	and	 into	 the	bias	patterns	of	 these,	whether	 these	be	

second	messengers	or	pathways	downstream	of	the	messengers	already	studied	here.	Future	work	

could	also	explore	further	the	spatiotemporal	aspects	of	signalling	how	does	it	relate	to	physiological	

function	-	which	stage	and	location	of	each	signal	is	the	most	important	for	downstream	signalling.	

Another	exciting	pathway	to	explore	would	be	expanding	on	the	organoid	work	or	looking	into	using	

whole	tissue	samples.	Particularly	bloody	vessels;	here	the	process	by	which	many	cardiovascular	cells	

signal	and	function	when	grown	as	single	cell	monolayers	has	been	profiled	extensively.	How	these	

cells	behave	in	whole	vessels	and	how	the	signalling	bias	of	CGRP,	AM	and	AM2	contribute	to	their	

function	will	be	fascinating	to	explore	as	well	as	vitally	important	to	further	our	understanding	of	how	

GPCRs	function	in	vivo.	As	well	as	aiding	in	targeting	the	CLR	in	cardiovascular	drug	discovery.	Another	

future	direction	could	be	identifying	and	exploring	a	primary	cell	system	that	expresses	the	illusive	

RAMP3.	This	is	the	only	RAMP	not	explored	here	and	future	work	could	look	at	how	the	signalling	of	

the	peptides	through	the	CLR-RAMP3	compares	to	the	work	here	on	CLR-RAMP1	and	CLR-RAMP2.	

Further	work	could	also	be	performed	using	these	CRISPR-cas9	gene	editing	techniques:	this	could	

include	 looking	 at	 the	 contribution	 of	 the	 RAMPs	 to	 the	 pathophysiology	 of	 disease,	 such	 as	

cardiovascular	disease	through	comparing	models	cells	for	disease	with	and	without	RAMP	knockout	

to	assess	their	contribution	to	disease	progression	and	cell	function.	Equally	in	these	models	the	action	

of	CGRP,	AM	and	AM2	in	these	cells	could	also	be	assessed,	as	discussed	previously	they	are	thought	

to	have	protective	effects	 in	heart	 failure.	Using	models	of	heart	 failure	work	could	 look	at	which	

pathways	contribute	to	this	protection	with	the	aim	of	therapeutically	targeting	them	in	the	future.		

Recently	 there	 has	 also	 been	 ground-breaking	 work	 that	 looks	 into	 CRISPR-cas9	 gene	 editing	 in	

humans	(Baylis	and	McLeod	2017).	As	this	becomes	more	commonplace	as	a	therapeutic	option	work	
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could	be	done	to	explore	elucidate	RAMP	involvement	and	therefore	potentially	targeting	them	in	

these	kinds	of	ways.	Looking	back	at	this	body	of	work	and	the	potential	physiological	roles	of	CGRP	

and	AM2	in	particular,	that	this	work	may	have	revealed,	this	could	be	explored	further	in	vivo.	It	is	

the	author’s	belief	that	this	work	also	highlights	the	importance	and	rewards	gained	from	studying	a	

GPCR	in	its	endogenous	setting,	and	therefore	the	scientific	community’s	knowledge	of	many	other	

RAMP	interacting	GPCRs	and	beyond	could	benefit	from	this	kind	of	study	in	the	future.	
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Chapter	8.	Appendices		

Supplemental	Figures	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

1000
500

300
200
100

1000
500
300
200

100

GAPD
H 

CLR
 

RAMP1
 

RAMP2
 

RAMP3
 

β-
ar

re
st

in
 1 

 
β-

ar
re

st
in

 2 
 

Gα
s!

Gα
i1!

Gα
i2!

Gα
i3!

Gα
0!

Gα
z!

Gα
q!

Gα
11
!

Gα
14
!

Gα
15
!

Gα
12
!

Gα
13
!

CT
R!

1000!

500!
300!
200!
100!

1000!

500!
300!
200!
100!

Kbp! Kbp!GAPDH 
CLR

 
RAMP1 
RAMP2 
RAMP3 
β-

ar
re

st
in

 1 
 

β-
ar

re
st

in
 2 

 

Gα
s!

Gα
i1!

Gα
i2!

Gα
i3!

Gα
0!

Gα
z!

Gα
q!

Gα
11
!

Gα
14
!

Gα
15
!

Gα
12
!

Gα
13
!

CT
R!

1000!

500!
300!
200!
100!

1000!

500!
300!
200!
100!

Kbp! Kbp!

1000
500
300
200

100

kbp

HU
VE

C
HU

AE
C

Ca
rd
ia
c	

M
yo
cy
te
s

1000

500

300
200

100

1000

500

300
200

100HV
SM

C

Supplemental	Figure	8.1.	RT-PCR	Gel	Images	for	CGRP	receptors.	Raw	image	examples	of	
RT-PCR	to	determine	mRNA	expression	of	CGRP	receptor	components	in	a	variety	of	human	
primary	cells 
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Supplemental	Figure	8.2.	RT-PCR	Gel	Images	for	GPCR	components.	Raw	image	examples	
of	RT-PCR	to	determine	mRNA	expression	of	GPCR	signaling	components	 in	a	variety	of	
human	primary	cells. 
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Supplemental	 Figure	 8.3.	 Example	 raw	 intracellular	 calcium	 release	 trace.	 This	 trace	
shows	over	time	the	fluorescence	output	from	fluo4	binding	to	intracellular	calcium	upon	
stimulation	by	a	range	of	concentrations	of	AM2	as	well	as	 Ionomycin,	Control	solution,	
and	AM2	action	on	HUVECs	pre-treated	with	YM-254890.	Measured	on	a	BD	pathway 
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Supplemental	 Figure	 8.4.	 Example	 raw	 calcium	 release	 traces.	 These	 traces	 show	 a	
snapshot	 of	 the	 intracellular	 calcium	 fluxes	 in	 a	 spontaneously	 beating	 icell	myocyte	 in	
response	to	control	solution,	CGRP,	AM,	and	AM2.	Measured	on	a	FLIPR	system. 
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Supplemental	Figure	8.5.	Beat	rate	of	icell	cardiac	myocytes	grown	in	2D	(A,C,E)	and	3D	(B,D,F)	
spheroids	 in	 response	 to	 CGRP	 family	 peptide	 treatment.	 Measurement	 of	 IPSC	 derived	 icell	
human	cardiac	myocyte	monolayer	spheroid	beat	amplitudes	in	response	to	CGRP	(A,B),	AM	(C,D),	
and	AM2	(E,F)	(10µM)	and	Control	treatment.	Percentage	increase	in	beat	amplitude	in	response	
to	CGRP,	AM,	and	AM2	and	relative	to	control	treatment	at	multiple	time	points	is	shown	alongside	
each	set	of	traces.	Statistical	significance	determined	compared	to	control	using	an	unpaired	t	test	
with	Welch’s	 correction	 (*,	 p<0.05;	 **,	 p<0.01;	 ***,	 p<0.001	 ****,	 p<0.0001).	 NS	 denotes	 no	
statistical	significance	observed.	All	values	are	calculated	from	4	individual	data	sets.	 
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Supplemental	Figure	8.6.	Receptor	Expression	and	cAMP	signalling	in	human	Cardiac	
Fibroblasts	 in	response	to	the	Calcitonin	peptide	family	and	CGRP	peptide	 family.	
Expression	 of	 CALCR,	 CALCRL,	 RAMP1,	 RAMP2,	 RAMP3,	 HPRT1	 and	 NOS3	 genes	
determined	 by	 qRT-PCR	 (A).	 Data	 represent	 mean	 +	 SEM	 of	 three	 independent	
experiments	relative	to	GAPDH	expression.	ND	=	not	detected	 in	all	 three	samples.	
Characterisation	of	cAMP	accumulation	in	response	to	stimulation	by	CGRP,	AM,	and	
AM2	in	human	cardiac	fibroblasts	to	100µM	Forskolin	(B).	Data	are	analysed	using	a	
three-parameter	non-linear	regression	curve. 
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Supplemental	Figure	8.7.	Proliferation	of	different	cell	populations	over	7	days. 
Comparison	of	the	proliferative	ability	of	WT-HUVECs,	RAMP2	KO	HUVECs	and	
RAMP1-HUVECs.	 Statistical	 significance	 calculated	 using	 a	 one	 way	 Anova	 in	
comparison	 to	 the	 control	 (WT-HUVECs)	 for	 each	 day.	 Only	 RAMP1-HUVECs	
demonstrated	significance	on	the	indicated	days. 

0 1 2 3 4 5 6 7 8
0

50

100

150

200

250

300

Time (Days)

%
 G

ro
w

th
(o

ve
r 

ba
se

lin
e)

Cell growth rate

WT

R1

KO

*

*



	

	 225	

	

	

	

	

	

	

	

	

	 	

1000

500

300

200

G
AP
D
H

C
LR

R
AM
P1

R
AM
P2

R
AM
P3

R
C
P

G
AP
D
H

C
LR

R
AM
P1

R
AM
P2

R
AM
P3

R
C
P

HUVECs + control siRNA HUVECs + RCP siRNA

CLR co
ntro

l

CLR si
RNA

RAMP1 c
ontro

l

RAMP1 s
iR

NA

RAMP2 c
ontro

l

RAMP2 s
iR

NA

RAMP3 c
ontro

l

RAMP3 s
iR

NA

RCP co
ntro

l

RCP si
RNA

0

50

100

150

Gene Expression by RT-PCR

%
 E

xp
re

ss
io

n 
(r

el
at

iv
e 

to
 G

A
PD

H
)

ns ns ns ns ***

0
0

20

40

60

80

100

-11 -10 -9 -8 -7 -6 -5

cAMP Response

Ligand concentration

%
 R

es
po

ns
e

(r
el

at
iv

e 
to

 fo
rs

ko
lin

)
Forskolin (control)
Forskolin siRNA
AM (control)
AM siRNA

A

B C

Supplemental	 Figure	 8.8.	 Influence	 of	 RCP	on	 endogenous	CLR	 signalling	 in	 HUVECs:	 RT-PCR	 Gel	
showing	 results	 of	 RT-PCR	 (A),	 Densitometry	 analysis	 of	 RT-PCR	 expression	 (B)	 HUVEC	 cAMP	 in	
response	to	Forskolin	and	Adrenomedulllin	(C).	All	data	compares	HUVECs	treated	100nM	RCP	siRNA	
with	100nM	scrambled	siRNA	for	48	h.	Statistical	significance	determined	compared	to	control	using	
an	unpaired	t	test	with	Welch’s	correction	(*,	p<0.05;	**,	p<0.01;	***,	p<0.001	****,	p<0.0001).	NS	
denotes	no	statistical	significance	observed.	All	values	are	calculated	from	3	individual	data	sets	 
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Supplemental	 Figure	 8.9	
Confocal	 antibody	 validation	
and	 qRT-PCR.	 Optimisation	 of	
a	 range	 of	 manufacturer	
suggested	 dilutions	 of	
antibodies	 for	 human	 RAMP1	
and	 RAMP2	protein	 in	 HUVEC	
and	 PC3	 cells.	 Cells	 treated	
with	RAMP1	or	RAMP2	protein	
antibody,	and	Hoechst	nuclear	
stain	 imaged	 using	 20x	
objective	 with	 both	
fluorescence	channels	overlaid	
(A).	 Analysis	 of	 mean	
fluorescence	
intensity/cell/well	 for	 each	
antibody	 	 over	 a	 range	 of	
concentrations	 in	 HUVECs	 (B),	
and	 PC3	 (C)	 data	 represent	
mean	 +	 SEM	 of	 three	
independent	 experiments.	
Expression	 of	 CALCR,	 CALCRL,	
RAMP1,	 RAMP2,	 RAMP3,	
HPRT1,	 and	 NOS3	 genes	
determined	 by	 qRT-PCR	 in	
HUVECs	 (D)	 and	 PC3	 cells	 (E).	
Data	represent	mean	+	SEM	of	
three	 independent	
experiments	relative	to	GAPDH	
expression.	ND	=	not	detected	
in	all	three	samples. 


