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Abstract 
Calcitonin gene-related peptide (CGRP) is a 37 amino-acid neuropeptide that initiates intracellular 

signalling through binding and activation of a group of calcitonin-family class B G protein-coupled 

receptors (GPCR). The canonical receptor for CGRP is the heteromeric CGRP receptor, comprised of 

the calcitonin receptor-like receptor (CLR) in complex with receptor activity-modifying protein 1 

(RAMP1). CGRP is primarily expressed in nociceptive sensory neurons that innervate peripheral 

tissues. CGRP displays pleiotropic biological effects that include vasodilation, inflammation, pain 

transmission and energy homeostasis. As CGRP activity is implicated in a variety of dysregulated 

conditions, the development of therapeutics that modulate or block CGRP action is an active area of 

research. 

The first developed small molecule antagonists such as olcegepant and telcagepant displayed 

nanomolar affinity but were discontinued due to poor oral bioavailability and liver toxicity issues 

respectively. However, this set the stage for the development of more successful CGRP inhibitors such 

as the monoclonal antibody -ubrogepant. At present, several humanised monoclonal antibodies such 

as erenumab and fremanezumab have shown clinical efficacy for migraine treatment and are approved 

by the FDA as therapeutics. 

Another potential therapeutic strategy is to develop peptides to block CGRP action. However, peptides 

typically have short half-life in vivo, which limits their utility as therapeutics for clinical use. To counteract 

this drawback, modifications such as lipidation can be employed to extend peptide half-life. This thesis 

focuses on CGRP8-37, which is a truncated form of CGRP lacking the first seven residues. CGRP8-37 is 

a competitive antagonist at both CGRP and Amylin 1 (AMY1) receptors, which is also responsive to 

CGRP. The aim was to investigate the pharmacology and biological action of lipidated analogues based 

on CGRP8-37 to ascertain their therapeutic potential as peptide-based antagonists of CGRP action. 

Chapter 3 investigates the antagonist activities of several cysteine-substituted and palmitoylated 

analogues based on CGRP8-37 or CGRP7-37 across several calcitonin-family receptors expressed in 

transiently transfected Cos-7 cells. Chapter 4 describes further characterisation of the analogues’ 

antagonist activities at CGRP and AMY1 receptors as well as the CGRP receptor endogenously 

expressed in SK-N-MC cells. Chapter 5 describes the establishment and validation of a Laser doppler 

technique to investigate vasodilatory action by endogenous CGRP release in vivo. Selected lipidated 

peptide antagonists were investigated for their ability to attenuate this response and therefore discern 

its CGRP antagonist activity in vivo.  

Findings show that palmitoylation improved antagonist activity across both CGRP and AMY1 receptors, 

as well as several other calcitonin family receptors. The antagonist activity of the lipidated peptides 

exhibited hemi-equilibrium characteristics suggesting altered binding kinetics. The lipidated peptide 

analogues, V8C-palmitate and K24C-palmitate, were tested in vivo and showed inhibition of CGRP 

action as measured through suppression of capsaicin-induced dermal vasodilatory responses in mice. 

Overall, these findings support lipidation as a viable option to develop CGRP peptide antagonists as 

potential therapeutics. 
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Chapter 1 Introduction 
1.1 The calcitonin peptide hormone family  
The calcitonin-family peptides comprise calcitonin (CT), α- and β-calcitonin gene-related peptide 

(CGRP), adrenomedullin (AM), adrenomedullin 2/intermedin (AM2/IMD) and amylin. While the human 

isoforms show limited sequence identity with each other (Figure 1-1), they do share common structural 

characteristics comprising a disulphide bridge near the N-terminus, an α-helical segment, a β-turn that 

is pronounced in CGRP, and amidation at the C-terminus (Breeze, Harvey, Bazzo, & Campbell, 1991; 

Carpenter et al., 2001; Chiba et al., 1989). Different regions of the peptide sequence are believed to 

play specific functions in receptor binding and activation (Figure 1-1). 

 

 

Figure 1-1 Sequence identity of human (h-) calcitonin-family peptides and suggested structure-function 
activities.  The peptides have few sequence similarities besides the two cysteines at the N-terminal end, which 

forms a disulphide bridge present in all peptides. Residues near the N-terminus are important for receptor activation 

while residues near the C-terminus are important for receptor binding. Peptide alignment was performed using 

COBALT. Black highlight denotes the same residue and grey highlight indicates a somewhat similar residue.  

 

1.1.1 Adrenomedullin and adrenomedullin 2 
Although originally coined through its discovery in the adrenal medulla, (Kitamura et al., 1993), AM is 

found chiefly in endothelial cells. AM is a 52 amino acid-long peptide encoded by the ADM gene 

(Ishimitsu et al., 1994), which also encodes proadrenomedullin N-20 terminal peptide (PAMP) (Kitamura 

et al., 1994). Conservation of residues is relatively high between rodent AM and human AM, with a 

sequence identity of approximately 80% (Figure 1-2).  
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Figure 1-2 Sequence identity between human (h-), mouse (m-) and rat (r-) AM peptide.  The human AM 

peptide has two additional amino acids compared to mouse or rat AM. Peptide alignment was performed using 

COBALT. Black highlight denotes the same residue and grey highlight indicates a somewhat similar residue. 

 

Both AM and PAMP are potent vasodilators and hypotensive agents (Kitamura et al., 1994; Kitamura 

et al., 1993). AM is associated with angiogenesis (Ribatti, Nico, Spinazzi, Vacca, & Nussdorfer, 2005), 

lymphangiogenesis (Jin et al., 2008), embryo development (Caron & Smithies, 2001), the progression 

of metastatic tumours (Nikitenko, Fox, Kehoe, Rees, & Bicknell, 2005), as well as cardiovascular health 

(Shimosawa et al., 2002).  

A second adrenomedullin peptide hormone is known as AM2 or IMD (Roh, Chang, Bhalla, Klein, & Hsu, 

2004). AM2 is also found in endothelial cells with functional roles similar to AM. It has a greater 

preference for the AM2 receptor, being equipotent to AM at this receptor (Hay, Garelja, Poyner, & 

Walker, 2018). AM2 is expressed by the ADM2 gene and is shorter than AM with 47 amino acids. A 

sequence alignment suggests that the conserved N-terminal region of both AM and AM2 is crucial for 

receptor activation and signalling (Figure 1-3) (Eguchi et al., 1994; Roh et al., 2004). 

 

 

Figure 1-3 Sequence identity between human (h-) AM and AM2 peptide. Several key residues near the N-

terminal end are conserved in both AM and AM2 peptide. Peptide alignment was performed using COBALT. Black 

highlight denotes the same residue and grey highlight indicates a somewhat similar residue. 

 

1.1.2 Amylin  
Amylin or Islet Amyloid Polypeptide (IAPP) is a 37 amino acid-long peptide encoded by the IAPP gene. 

Human amylin is highly homologous to rodent amylin with 84% sequence identity (Figure 1-4). Amylin 

is expressed in pancreatic islet β-cells and is co-secreted from the β-cells together with insulin (Cooper 

et al., 1987; Lukinius, Wilander, Westermark, Engstrom, & Westermark, 1989; Westermark et al., 1987). 

Amylin regulates blood glucose homeostasis (Gedulin, Rink, & Young, 1997), satiety 

(Balasubramaniam, Renugopalakrishnan, Stein, Fischer, & Chance, 1991; Chance, Balasubramaniam, 

Zhang, Wimalawansa, & Fischer, 1991), and is clinically relevant in metabolic diseases such as 

diabetes and obesity. In type-1 diabetes, the lack of amylin stems from the destruction of the islet β-

cells (Edelman & Caballero, 2006; Koda et al., 1992). Amylin response is higher in impaired glucose 
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tolerance, early type-2 diabetes (Johnson, O'Brien, Jordan, & Westermark, 1989), and in gestational 

diabetes (Kautzky-Willer et al., 1997). However, in late stage type-2 diabetes, there is an overall lower 

expression of amylin due to a loss of islet β-cells (Enoki et al., 1992). Human amylin expression is linked 

to islet amyloid fibril (amylin polymers) deposits in the pancreas and may result in islet β cell toxicity 

and loss of function (Cooper et al., 1987; Westermark et al., 1987). 

As human amylin is amyloidogenic and potentially toxic, the ability to use the native peptide in clinical 

therapy as a replacement therapy is not possible. The non-amyloidogenic properties of rodent amylin 

led to the development of the drug, pramlintide. Here, three proline residues at position 25, 28 and 29 

from the rodent amylin sequence are substituted into the human sequence to constitute a largely non-

amyloidogenic human amylin analogue (Figure 1-4) (Chiu, Singh, & de Pablo, 2013). Pramlintide 

displays greater stability overall while retaining similar potency as native human amylin at the amylin 

receptors (Hay et al., 2018). 

 

 

Figure 1-4 Sequence identity between human (h-) AMY, rodent (r-) AMY, and pramlintide peptide. Pramlintide 

is a hybrid human amylin peptide with proline substituted into 3 positions (yellow highlighted) found in rodent amylin; 

A25P, S28P, S29P. Peptide alignment was performed using COBALT. Black highlight denotes the same residue, 

grey highlight indicates a somewhat similar residue, and yellow highlight indicates a residue substitution. 

 

1.1.3 Calcitonin 
Calcitonin is a 32 amino acid-long peptide initially discovered in the C cells of the thyroid gland (Copp 

& Cameron, 1961), and subsequently identified in other tissues (Pondel, 2000). The calcitonin peptide 

sequence varies considerably across species, but can be categorised into the artiodactyl group, the 

primate/rodent group, and the teleost/avian group (Findlay & Sexton, 2004). Human calcitonin is highly 

homologous to rat calcitonin with a sequence identity of approximately 94%, and mouse calcitonin with 

a sequence identity of approximately 91% (Figure 1-5). The peptide regulates calcium and phosphate 

blood plasma levels, promotes bone formation and inhibits bone resorption (de Paula & Rosen, 2010). 

As such, calcitonin was suggested as a novel therapy for several bone disorders (Carter & Schipani, 

2006).  
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Figure 1-5 Sequence identity between human (h-) CT, mouse (m-) CT, and rat (r-) CT.  Peptide alignment was 

performed using COBALT. Black highlight denotes the same residue. 

 

Calcitonin is encoded by the CALCA gene located on chromosome 11 (11p15.2), which also encodes 

the katacalcin and αCGRP peptides (Amara, Jonas, Rosenfeld, Ong, & Evans, 1982). These distinct 

hormones are produced by alternate splicing of the CALCA gene involving tissue-specific splicing 

factors FOX1 and FOX2 that bind to splice sites and inhibit spliceosome assembly (Figure 1-6) (Emeson, 

Hedjran, Yeakley, Guise, & Rosenfeld, 1989; Leff, Evans, & Rosenfeld, 1987; Zhou, Baraniak, & Lou, 

2007). Inclusion of exon 4 through the utilisation of the polyadenylation site at exon 4 produces 

calcitonin (Lou & Gagel, 1998). By comparison, inclusion of exon 5 and exon 6 utilising the 

polyadenylation site at exon 6 is crucial for the post-transcriptional modification of the pre-mRNA to 

produce the αCGRP mRNA transcript (Lou, Neugebauer, Gagel, & Berget, 1998). The katacalcin 

peptide itself is cleaved from the calcitonin precursor peptide, with the calcitonin sequence flanked by 

the katacalcin sequence and the propeptide sequence (Figure 1-6). 

 

 

 

Figure 1-6 Alternate splicing of the CALCA gene leads to the expression of calcitonin, αCGRP, or katacalcin 
peptide. Calcitonin expression requires exon 4 and αCGRP expression requires exons 5 and 6 to be present in 

the respective mRNA transcripts. 
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1.1.4 Calcitonin gene related peptide  
There are two major isoforms of CGRP, αCGRP and βCGRP. In humans, they share 92% sequence 

identity and differ by just three amino acids (Figure 1-7). The CALCA gene expresses both αCGRP and 

calcitonin by alternate splicing (Amara et al., 1982). However, βCGRP is produced from a distinct 

CALCB gene also located on chromosome 11 (11p14.2-p12) (Alevizaki et al., 1986; Wimalawansa et 

al., 1990), and likely originated from an ancestral gene by gene duplication (Katafuchi, Yasue, Osaki, 

& Minamino, 2009; Rezaeian et al., 2008).  

 

 

Figure 1-7 Sequence identity of human (h-) αCGRP and βCGRP peptide.  There are only three amino acid 

differences between αCGRP and βCGPR peptide. Peptide alignment was performed using COBALT. Black 

highlight denotes the same residue and grey highlight indicates a somewhat similar residue. 

 

αCGRP and βCGRP peptides are widely expressed in primates and rodents. Interestingly, in some 

other mammals, secondary CGRP-like peptides are found, called calcitonin receptor-stimulating 

peptide (CRSP). The CRSP peptides are approximately 60% homologous to CGRP, however they have 

pharmacological profiles more similar to amylin (Katafuchi et al., 2003; Katafuchi et al., 2009). αCGRP 

and βCGRP are highly conserved between humans and rodents, with a sequence identity of 

approximately 80-90%. There are 4-6 amino acids separating human and rodent αCGRP and βCGRP 

isoforms (Figure 1-8) (Poyner, 1992). This homology is beneficial for cross-species in vitro and in vivo 

testing between rodents and humans, as one would expect a high level of functional compatibility 

between the CGRP peptides and their targets.  

 

 
 
Figure 1-8 Sequence identity between human (h-) and rodent species of CGRP peptide isoforms.  There are 

four amino acid differences between hαCGRP and rαCGRP. Mouse (m-) and rat (r-) α-CGRP share the same 

peptide sequence, while their βCGRP peptide sequences differ. Peptide alignment was performed using COBALT. 

Black highlight denotes the same residue and grey highlight indicates a somewhat similar residue. 
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αCGRP and βCGRP display overlapping expression profiles in humans and mice. αCGRP is expressed 

in the central and peripheral nervous system (Amara et al., 1985; van Rossum, Hanisch, & Quirion, 

1997). Selected peripheral tissues also express αCGRP (Mulderry, Ghatei, Rodrigo, et al., 1985; 

Mulderry et al., 1988). βCGRP is predominantly expressed in the enteric nervous system (Mulderry et 

al., 1988; Sternini, 1992), which is part of the autonomic nervous system that governs the 

gastrointestinal tract. βCGRP is also expressed throughout the nervous system including the dorsal 

root ganglia (DRG) (Amara et al., 1985; Schutz, Mauer, Salmon, Changeux, & Zimmer, 2004). Section 

1.3 has additional details regarding key regions and sites of CGRP peptide and receptor expression.  

Reflecting the widespread expression of CGRP, CGRP activity is found in the heart (Dennis et al., 

1990), lungs (Martling, Saria, Fischer, Hokfelt, & Lundberg, 1988; Wada, Hashimoto, Kameya, 

Yamaguchi, & Ono, 1988; Wada, Kameya, Ono, Miki, & Yamaguchi, 1987), liver and spleen (Nakamuta 

et al., 1986), endothelial cells (Hirata et al., 1988), skeletal (Roa & Changeux, 1991; Takamori & 

Yoshikawa, 1989) and smooth muscles (Hirata et al., 1988; Honda et al., 1993). Considering its 

widespread expression and activity, CGRP is implicated in several physiological functions. Both αCGRP 

and βCGRP peptides are primarily considered as potent vasodilators. CGRP can act in conjunction with 

other well-known vasodilators and inflammatory agents such as substance P (SP) and capsaicin (Escott 

& Brain, 1993; Grant, Gerard, & Brain, 2002; Starr et al., 2008) and has been linked to the inflammatory 

response to injury. In addition, CGRP regulates nociception and plays a significant role in migraine. 

CGRP is also heavily linked to metabolism and satiety. The mechanisms and how CGRP activity 

regulate these actions are discussed further in section 1.4.
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1.2 Receptor pharmacology 

1.2.1 General class B GPCR 
G protein-coupled receptors (GPCR) are a very large group of receptors that signal through G protein 

activation. They are structurally identifiable due to their seven transmembrane helices domain 

connected with intracellular or extracellular loops (Barwell, Gingell, et al., 2012). GPCRs are divided 

into several classes—one of which is class B. Originally called the “secretin-like” family as the secretin 

receptor was the first to be cloned, there are now a total of 15 receptors. Both calcitonin receptor (CTR) 

and calcitonin receptor-like receptor (CLR) are classified as class B GPCRs (Barwell, Gingell, et al., 

2012). Besides the calcitonin family of receptors, class B contains other receptors such as the glucagon 

receptor (GCGR), corticotropin-releasing hormone receptor (CRF1 and CRF2), vasoactive intestinal 

peptide receptors (VPAC1R and VPAC2R) and glucagon-like peptide receptors (GLP1R and GLP2R) 

(Archbold, Flanagan, Watkins, Gingell, & Hay, 2011; Wootten et al., 2013). These receptors play an 

extensive homeostatic role in various physiological systems and may overlap in function. 

 

1.2.2 CTR and CLR 
The core of all calcitonin family receptors is generated from one of two genes; CALCR (which encodes 

the CT receptor) and CALCRL (which encodes the calcitonin receptor-like receptor). The CALCR gene 

is located on chromosome 7 while the CALCRL is located on chromosome 2. Human CTR is 466 amino 

acids long, while human CLR is 439 amino acids long. They share approximately 56% sequence identity 

(Fluhmann, Muff, Hunziker, Fischer, & Born, 1995). There are numerous splice variants for the CTR, 

which vary between species (Sexton, Findlay, & Martin, 1999). For humans, the most abundant splice 

variant, hCT(a), lacks a 16-amino acid insert in the intracellular loop between transmembrane 2 and 3. 

Similarly in rodent CTR, the most abundant splice variant, rCT(a), lacks a 37-amino acid insert in the first 

extracellular loop (Sexton et al., 1999). 

Both CTR and CLR possess an extracellular domain (ECD) connected to the transmembrane domain 

via a linker region, and an intracellular C-terminal domain. The ECD of the receptor plays a crucial role 

in peptide ligand binding while the intracellular domain is mostly involved in G protein binding and 

signalling (Barwell, Gingell, et al., 2012; Booe et al., 2015; Liang et al., 2018; Roehrkasse, Booe, Lee, 

Warner, & Pioszak, 2018). 

 

1.2.3 Receptor activity-modifying proteins (RAMPS) 
Receptor activity-modifying proteins (RAMPs) are a class of proteins that modulate the pharmacology 

of several class B GPCRs, of which three are found in mammals: RAMP1, -2, and -3 (Barwell, Wootten, 

Simms, Hay, & Poyner, 2012). All of the receptors for the calcitonin peptide family, with the exception 

of calcitonin itself, are heterodimeric complexes. The receptor pharmacology and function of CTR and 

CLR are altered by interactions with RAMPs (McLatchie et al., 1998). Although RAMPs have been 
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shown to associate with other GPCRs recently, there is much to study on how RAMPs may modulate 

their function (Hay & Pioszak, 2016; Hay et al., 2016). 

RAMPs are found in other species outside of mammals and share the same structure and function as 

indicated by conserved sequence homology (Benitez-Paez, 2006; Benitez-Paez & Cardenas-Brito, 

2008). RAMPs form a single helix transmembrane domain, with a ~100 amino acid-long ECD of the 

RAMP forming a triple helix structure, and a shorter ~9-10 amino acid-long intracellular domain. RAMPs 

alter the shape of the CTR and CLR receptor it interacts with and the RAMP ECD forms a part of the 

ligand binding site to the receptors. RAMPs also influence receptor trafficking and recycling 

(Bomberger, Parameswaran, Hall, Aiyar, & Spielman, 2005), essentially acting as a chaperone to 

facilitate cell surface receptor expression (McLatchie et al., 1998). Furthermore, RAMP can also 

regulate downstream signalling of the receptor (Udawela, Christopoulos, Morfis, et al., 2006).  

RAMP1, RAMP2, and RAMP3 interact respectively with CLR to constitute CGRP, and adrenomedullin 

1 (AM1) and adrenomedullin 2 (AM2) receptors (Figure 1-9). In the absence of RAMP expression, the 

CLR receptor is non-functional (Barwell, Wootten, et al., 2012). Amylin receptors are also a heteromeric 

complex consisting of the CTR in combination with the RAMPs. These complexes lead to the formation 

of AMY1, AMY2, and AMY3 receptors respective to the RAMPs co-expressed (Figure 1-9) (Barwell, 

Gingell, et al., 2012). Unlike CLR, the CTR receptor is capable of reaching the cell surface in the 

absence of RAMP expression and is intrinsically functionally active as the CT receptor (Figure 1-9).  

 

1.2.4 CGRP receptor pharmacology 
Generally, the peptide hormones within the calcitonin family peptides have their respective “canonical” 

receptor/s. However, their actions at the various receptor types overlap due to the similarities of the 

heterodimeric complexes. This is apparent with the CGRP peptide pharmacology, which has varying 

efficacy across all the calcitonin family receptors (Figure 1-9). For example, αCGRP and βCGRP isoform 

peptides are capable of activating the AM2 receptor, with βCGRP being only 2.5 times less potent than 

AM at the rat AM2 receptor (Hay et al., 2003). The antagonist pharmacology can be found in greater 

detail in section 1.5. 
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Figure 1-9 CGRP peptide efficacy relative to other peptides across calcitonin family receptors.  CGRP 

affinity and potency varies but is relatively potent at the CGRP and AMY1 receptor. “>” is greater than, and “=” is 

equal to. 

 

Historically, a second putative CGRP receptor, the CGRP2 receptor, was reported (Dennis, Fournier, 

St Pierre, & Quirion, 1989; Poyner, Taylor, Tomlinson, Richardson, & Smith, 1999). However, there is 

no endogenous peptide selective towards CGRP2 receptor nor has it been successfully isolated. Given 

the overlapping receptor pharmacology, it was hypothesised that the CGRP2 receptor may consist of 

more than one pharmacologically distinct receptor entity; including AMY1, AMY2, and AMY3 receptors. 

The AMY1 receptor acts as a second CGRP receptor given the equipotency of αCGRP and amylin at 

the AMY1 receptor (Table 1-1)(Hay & Walker, 2017; Poyner et al., 2002; Walker et al., 2015). With AMY1 

receptor currently thought to correspond to the previously described CGRP2 receptor, it meant that 

CGRP action can be regulated through both receptors, with different mechanisms of action and different 

receptor distributions in vivo.  

Interestingly, amylin displays significantly lower activity at the CGRP receptor compared to CGRP 

(Table 1-1)(Hay et al., 2018). The amylin peptide is potent at AMY1 and AMY3 receptors, while binding 

and efficacy to the AMY2 varies (Bower & Hay, 2016). Amylin can also bind to and activate the CT 

receptor to a similar degree as AMY2. The AM peptide binds to and signals through AM1 and AM2 

receptors (Hay et al., 2018). The AM2 peptide can also bind to and signal through the AM1 and AM2 

receptors (Roh et al., 2004), with greater potency at the AM2 receptor (Hay et al., 2018). Calcitonin 

binds to and signals primarily through the CT receptor, which is considered the canonical receptor for 

the peptide (Poyner et al., 2002). 
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Table 1-1 A summary table of αCGRP and amylin peptide agonist potency (pEC50) as measured by cAMP production reported for human CGRP, AMY1, AM1, and AM2 
receptors expressed in Cos-7 cells.  ^Cos-7 cells were transfected with rodent species of the receptor. (h-) is human and (r-) is rodent species. 

Ligand CGRP receptor AMY1 receptor AM1 receptor AM2 receptor 

hCGRP 9.27 (Steiner, Muff, Gujer, Fischer, & Born, 2002) 

9.75 (Steiner, Born, Fischer, & Muff, 2003) 

9.8 (Takei, Hyodo, Katafuchi, & Minamino, 2004) 

9.47 (Hay, Christopoulos, Christopoulos, Poyner, & Sexton, 2005) 

9.35 (Conner et al., 2005) 

9.52 (Hay, Christopoulos, Christopoulos, & Sexton, 2006) 

10.11 (Bailey & Hay, 2006) 

9.4 (Conner et al., 2006) 

9.53 (Conner et al., 2006) 

9.6 (Simms, Hay, Wheatley, & Poyner, 2006) 

9.6 (Udawela, Christopoulos, Tilakaratne, et al., 2006) 

10.1 (Qi et al., 2008) 

9.85 (Conner et al., 2008) 

10.39 (Simms et al., 2009) 

9.46 (Barwell, Miller, Donnelly, & Poyner, 2010) 

9.64 (Miller et al., 2010) 

10.35 (Qi & Hay, 2010) 

9.81 (Barwell, Conner, & Poyner, 2011) 

9.84 (Qi et al., 2011) 

9.82 (Woolley & Conner, 2013) 

9.65 (Booe et al., 2015) 

10.34 (Woolley et al., 2017) 

9.11 (Leuthauser et al., 2000) 

8.70 (Hay et al., 2005) 

8.08 (Udawela, Christopoulos, Tilakaratne, et al., 2006) 

9.38 (Gingell, Qi, Bailey, & Hay, 2010) 

10.2 (Qi et al., 2013) 

9.72 (Gingell et al., 2016) 

9.55 (Hay et al., 2014) 

 

7.5 (Takei, Inoue, et al., 2004) 

6.39 (Hay & Poyner, 2005) 

6.97 (Udawela, Christopoulos, Morfis, et al., 2006) 

6.99 (Watkins et al., 2014) 

 

7.5 (Takei, Inoue, et al., 2004) 

6.87 (Hay & Poyner, 2005) 

6.67 (Hay et al., 2006) 

6.93 (Udawela, Christopoulos, Tilakaratne, et al., 2006) 

7.36 (Qi et al., 2008) 

7.23 (Qi & Hay, 2010) 

6.77 (Qi et al., 2011) 

7.31 (Watkins et al., 2014) 
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hAmylin NA 9.76 (Harris, Kowalczyk, Hay, & Brimble, 2013) 

9.71 (Gingell, Burns, & Hay, 2014) 

NA NA 

rCGRP 10.3̂ (Husmann, Born, Fischer, & Muff, 2003) 

10.53̂ (Bailey et al., 2012) 

9.92 (Walker et al., 2015) 

10.04̂ (Walker et al., 2015) 

9.66̂ (Bailey et al., 2012) 

9.63 (Walker et al., 2015) 

8.44̂ (Walker et al., 2015) 

7.13 (Husmann et al., 2003) 8.81 (Husmann et al., 2003) 

8.65̂ (Bailey et al., 2012) 

rAmylin >7̂ (Buhlmann, Leuthauser, Muff, Fischer, & Born, 1999) 

6.63 (Bailey & Hay, 2006) 

7.40 (Walker et al., 2015) 

 

8.98 (Hay et al., 2006) 

9.12 (Hay et al., 2005) 

8.61 (Udawela, Christopoulos, Morfis, et al., 2006) 

8.47 (Udawela, Christopoulos, Tilakaratne, et al., 2006) 

10.5 (Qi et al., 2013) 

9.90 (Gingell et al., 2014)  

9.46 (Walker et al., 2015) 

NA 6.4̂  (Hay et al., 2003) 
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1.2.5 CGRP receptor signalling 
When activated by CGRP, the CGRP receptor stimulates downstream signalling primarily through CLR. 

CLR couples to a GαS protein and a CGRP-receptor component protein (RCP), which activates adenylyl 

cyclase that catalyses adenosine triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). 

This initiates cAMP-dependent downstream signalling (Egea & Dickerson, 2012; Evans, Rosenblatt, 

Mnayer, Oliver, & Dickerson, 2000). This leads to activation of protein kinase A (PKA) and subsequent 

phosphorylation of potassium-sensitive ATP (K+ATP) channels, extracellular signal-related kinases 

(ERK), and cAMP-responsive element–binding (CREB) proteins (Walker, Conner, Poyner, & Hay, 

2010). 

Various immortalised cell lines and isolated tissue culture models have been used in assays to 

determine binding and potency data of CGRP. Interpreting this data is complicated by differences in the 

assay type and the species of the ligand/receptor combination. For example, AM and CGRP reportedly 

display greater potency at CGRP and AM1 receptors, respectively, when measuring Gαi coupling 

compared to Gαs coupling (Weston et al., 2016). Similarly, a human CGRP receptor (CLR/RAMP1) 

expressed in Cos-7 cells stimulated by CGRP induces cAMP, CREB and ERK phosphorylation, while 

cultured rat trigeminal ganglion (TG) neurons stimulated by rat CGRP induces cAMP, CREB and p38 

phosphorylation, suggesting species or cell-type difference (Walker, Raddant, Woolley, Russo, & Hay, 

2018). Cultured rat TG neurons express both CGRP and AMY1 receptors, adding further complexity to 

functional data comparisons.  

 

1.2.6 Receptor internalisation and recycling 
CGRP receptor internalisation and recycling following CGRP stimulation are key mechanisms 

regulating CGRP signalling at the cellular level (Figure 1-10) (Gingell, Hendrikse, & Hay, 2019). 

Activated CGRP receptors recruit β-arrestins, leading to clathrin-mediated endocytosis and 

desensitisation of CGRP signalling (Hilairet et al., 2001).  Once internalised, endosomal proteolysis via 

endothelin-converting enzyme-1 (ECE-1) breaks down CGRP, triggering the release of β arrestin and 

recycling of the CGRP receptor back to the surface of the cell membrane. This process restores CGRP 

signalling (McNeish, Roux, Aylett, Van Den Brink, & Cottrell, 2012). 

Interestingly, CGRP signalling can occur inside of the endosomes, with observations of increased levels 

of cytosolic cAMP, activation of PKC, and ERK associated with nociceptive effects (Yarwood et al., 

2017). It is possible that receptor internalisation, recycling, and interaction with other regulatory proteins 

contribute to signalling bias (Gingell et al., 2019). Hence, differential physiological effects evoked by 

CGRP such as vasodilation or nociception may be dependent on both cell-surface signalling or 

endosomal signalling of the CGRP receptor. 
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Figure 1-10 CGRP receptor internalisation and subsequent degradation or recycling.  Degradation and 

recycling are regulated by both β-arrestins recruitment and endothelin converting enzyme 1 (ECE-1) activity. β-

arrestin induces internalisation in clathrin-coated vesicles. ECE-1 degrades CGRP, releasing β-arrestin, and 

initiating CGRP receptor recycling. Alternatively, the CGRP receptor is targeted for degradation.  

 

1.2.7 Receptor structure 
There is currently limited knowledge of receptor/RAMP structure. Most available crystal structure 

information are on the N-terminal extracellular region of the CGRP and AM receptors (Booe et al., 2015; 

Johansson et al., 2016; Kusano et al., 2012; ter Haar et al., 2010). The crystal structures may contain 

bound or unbound peptide, thereby revealing the ligand binding site and the non-covalent interactions 

between the ligand C-terminus and the ECD of the receptor (Figure 1-11).  

A recent cryo-EM structure captured the complete structure of the CGRP receptor complex with bound 

αCGRP peptide and Gs-protein at 3.3 Å global resolution (Figure 1-12) (Liang et al., 2018). The cryo-

EM structure shows the N-terminus of the CGRP peptide is hidden deep within the CLR transmembrane 

domain, with extensive interactions with TM3, TM5, ECL2 of CLR. RAMP1 only makes direct contact 

with the CGRP peptide at the ECD (Booe et al., 2015). Molecular dynamic simulations of the structure 

suggest two critical roles of RAMP1: (i) it facilitates binding of CGRP at the extracellular region binding 

site, and (ii) it presents the CGRP ligand to the receptor core by limiting conformational flexibility of the 

ECD of the CLR and potentially stabilising the relative position of the CLR ECD to the transmembrane 

region (Liang et al., 2018). 
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Figure 1-11 Extracellular domain crystal structures of CGRP and AM1 receptors.  Structures of (A) unbound 

and (B) CGRP-bound human CGRP receptor (3N7P, 4RWG) (Booe et al., 2015; ter Haar et al., 2010). Structure 

of (C) unbound and (D) AM-bound human AM1 receptor (3AQF, 4RWF) (Booe et al., 2015; Kusano et al., 2012).   

 

Figure 1-12 Cryo-EM structure of the CGRP receptor with bound CGRP peptide.  The peptide bound structure 

shows that the C-terminal end of the peptide binding across the ECD of the of the CGRP receptor. The N-terminal 

end of the peptide binds and is positioned within the CLR transmembrane domain (6E3Y) (Liang et al., 2018).  
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1.2.8 Structure activity relationships for binding of CGRP to the CGRP receptor  
The mechanism of binding for the CGRP peptide to the receptor is generally described as the “two-

domain model” of binding for class B GPCRs (Hoare, 2005). The model describes the C-terminal of the 

peptide initially interacting with the ECD of the receptor. This initial interaction facilitates the binding of 

the N-terminal of the peptide to the receptor’s transmembrane domain. This results in receptor activation 

and G protein signalling. 

The two domain model is supported by evidence from truncated CGRP peptides such as αCGRP8-37 

(Mimeault, Quirion, Dumont, St-Pierre, & Fournier, 1992), αCGRP27-37 (Yan et al., 2011), and AM22-52 

(Roehrkasse et al., 2018), which bind to the receptor, but cannot activate it as they are unable to 

complete the second step of the binding process. Hence, the N-terminal region of CGRP peptide 

appears to be crucially important for receptor activation and signalling while the C-terminal region 

initiates contact with the ECD of the receptor. Crystal structures of the ECD of the CGRP-bound CLR-

RAMP1 accompanied by mutagenesis studies showed that CGRP residues Thr-30, Val-32, Phe-37, 

and the C-terminal amide are important for binding to CLR (Figure 1-13) (Liang et al., 2018; Moad & 

Pioszak, 2013; Rist, Entzeroth, & Beck-Sickinger, 1998; Watkins, Rathbone, Barwell, Hay, & Poyner, 

2013). Lys-35 also provides a hydrophobic contact to loop 4 of RAMP1 in the ECD (Booe et al., 2015). 

However, mutagenesis studies have also shown Lys-35 to be accommodating to certain amino acid 

substitution, suggesting it is not essential for CGRP binding (Miranda et al., 2008). A modified C-

terminal CGRP peptide fragment, αCGRPmut (CGRP27-37-NH2 [N31D, S34P, K35F]), displays a β-turn 

around residue 33-36 that allows for the peptide’s C-terminus to occupy a binding pocket within the 

ECD (Figure 1-13) (Booe et al., 2015). This β-turn also occurs with AM, indicating a shared interaction 

between the calcitonin family peptides and receptors. The Thr-30 residue forms main chain and side 

chain hydrogen bonds with CLR (Figure 1-13) (Booe et al., 2015). 
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Figure 1-13 Binding of the CGRP and AM peptide C-terminal end to the extracellular domain of the CGRP 
and AM1 receptor.  Mutagenesis studies indicate that Thr-30, Val-32, Phe-37 are important for CGRP binding and 

not amenable to substitution. The β-turn near the C-terminus is present in both CGRP and AM peptide, allowing 

for the C-terminus to occupy the ECD binding pocket of CLR and RAMP1 or RAMP2 (4RWG, 4RWF) (Booe et al., 

2015).  

 

At the N-terminal of CGRP, the cysteine bridge between Cys-2,7 forms a peptide loop that is buried in 

the transmembrane domain of the CLR, followed by an amphipathic α-helix that extends to Val-23 

(Figure 1-14) (Liang et al., 2018). Only a few key hydrogen bonds are formed between CGRP and CLR, 

at residues Asp-3, Thr-6, and His-10 of CGRP (Liang et al., 2018), with alanine substitution of Thr-6 

being detrimental to binding (Hay et al., 2014). Progressing forward along the helix section of the 

peptide, CGRP Thr-9 and His-10 packs into CLR (Liang et al., 2018) with an alanine substitution of Thr-

9 resulting in loss of CGRP potency (Hay et al., 2014). There are weak hydrogen bonds formed between 

Leu-16 and Ser-17 of CGRP with the extracellular loop 1 of CLR (Liang et al., 2018), which are 

considered to have little impact on CGRP binding (Barwell et al., 2011; Wisskirchen, Doyle, Gough, 

Harris, & Marshall, 2000). Despite this, alanine substitution of Leu-16 impairs potency (Simms et al., 

2018), indicating that Leu-16 may be important for structural packing of the α-helix into the 

transmembrane (Figure 1-14). In a similar fashion, Arg-11 of CGRP may be important for stabilising the 

loop formation due to its interaction with Thr-4 and Cys-2 of CGRP (Liang et al., 2018). Arg-18 was 

previously found to be crucial for CGRP affinity (Howitt et al., 2003; Miranda et al., 2008), however, the 

cryo-EM structure along with dynamic simulations indicate no major interactions (Liang et al., 2018), 

suggesting Arg-18 may be involved in maintaining the amphipathic helix instead. 
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Figure 1-14 Binding of the CGRP N-terminal to the transmembrane domain of the CGRP receptor.  
Highlighted amino acids Asp-3, Thr-6, Thr-9, His-10, Arg-11, Leu-16, and Arg-18 may be important for peptide 

conformation and receptor binding. Mutagenesis studies reinforce Thr-6, Thr-9, Leu-16, and Arg-18 importance for 

binding (6E3Y) (Liang et al., 2018). 

 

The interaction of the N-terminal region of αCGRP with the CGRP receptor is considered less important 

than the C-terminal region for binding. Crucial residues in the N-terminal region are likely responsible 

for the packing of αCGRP into the transmembrane instead. This further supports a mechanism 

consistent with the two-domain model where initial binding of CGRP to the receptor occurs between the 

C-terminus of CGRP and the ECD of the CGRP receptor. Combining the available bound receptor 

structures with data from extensive CGRP peptide modification/substitution studies (Table 1-2), CGRP 

peptide structure-function relationships can be teased apart. This provides a rational framework for the 

future development of peptide analogues with better affinity.   
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Table 1-2 A summary table of modified/substituted CGRP peptide studies.  The amino acid substitutions with 

unchanged (white), improved (blue), reduced (light red), or complete elimination (red) of affinity or potency are 

ordered sequentially. Comparisons are to αCGRP unless specified otherwise. 

Peptide Relative effect to control Tissue culture Source 

[A1Y]-CGRP 12-fold increase in affinity Rat brain 

membrane 

(Dennis et al., 1989) 

[A1C]-CGRP 5-fold decrease in affinity and 

30% decrease in Emax 

SK-N-MC cells (Hay et al., 2014) 

[D3C]-CGRP 5-fold decrease in affinity SK-N-MC cells 

Coupled [3D, 

T4azidoaniline]-CGRP 

2-fold decrease in affinity Solubilised rat 

cerebellum 

(Stangl, Muff, 

Schmolck, & Fischer, 

1993) 

[T4A]-CGRP 8-fold and 20-fold decrease in 

affinity and potency 

respectively 

SK-N-MC cells (Hay et al., 2014) 

[T4V]-CGRP 8-fold and 5-fold decrease in 

affinity and potency 

respectively 

Porcine iris ciliary 

body 

(Heino et al., 1998) 

[T4V]-CGRP 5-fold decrease in affinity and 

no agonist activity respectively 

[A5C]-CGRP >250-fold decrease in affinity 

and 80% decrease in Emax 

Antagonist activity observed 

SK-N-MC cells 

 

(Hay et al., 2014) 

[T6A]-CGRP 26-fold and 77-fold decrease in 

potency respectively 

[T6C]-CGRP 9-fold decrease in affinity and 

no agonist activity. 

Antagonist activity observed 

[T6S]-CGRP 7-fold and 10-fold decrease in 

affinity and potency 

respectively 

[T6D]-CGRP 300-fold decrease in affinity 

and no agonist activity 

[T6K]-CGRP 169-fold decrease in affinity 

and no agonist activity 
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Removal of disulphide 

bridge[C2-C7]-CGRP 

No agonist activity Rat atria (Tippins, Di Marzo, 

Panico, Morris, & 

MacIntyre, 1986) 

Cyclo[C2D-C7K]-CGRP 2-fold decrease in affinity Rat spleen (Dennis et al., 1989) 

Cyclo[C2D-C7K]-CGRP No agonist activity Guinea pig atria 

[C7P, V8P, N31C, 

A36C]-CGRP6–37 

2-fold and 3-fold decrease in 

affinity and potency; 80% 

decrease in Emax 

Porcine iris ciliary 

body 

(Heino et al., 1998) 

CGRP9-37 No change in affinity Guinea pig atria (Mimeault, Fournier, 

Dumont, St-Pierre, & 

Quirion, 1991) 

[V8P]-CGRP8-37 No change in affinity Rat pulmonary 

artery 

(Wisskirchen et al., 

2000) [V8G]-CGRP8-37 No change in affinity 

[V8A]-CGRP8-37 3-fold decrease in affinity Guinea pig atria (Mimeault et al., 1992) 

[V8A]-CGRP 4-fold and 6-fold decrease in 

affinity and potency 

respectively 

SK-N-MC (Hay et al., 2014) 

[T9A]-CGRP 5-fold and 15-fold decrease in 

affinity and potency 

respectively 

CGRP10-37 5-fold decrease in affinity Guinea pig atria (Mimeault et al., 1991) 

CGRP11-37 2-fold decrease in affinity vs. 

CGRP8-37 

[H10A]-CGRP8-37 3-fold decrease in affinity 

Benzoylation[H10]-

CGRP8-37 

50-fold decrease in affinity Porcine coronary 

artery 

(Smith et al., 2003) 

[V8P, H10E, G14E]-

CGRP8-37 

>100-fold decrease in affinity Rat pulmonary 

artery 

(Wisskirchen et al., 

2000) 

CGRP12-37 2-fold decrease in affinity vs. 

CGRP8-37  

Guinea pig atria (Mimeault et al., 1991) 

[R11A]-CGRP8-37 5-fold decrease in affinity Guinea pig atria (Mimeault et al., 1992) 

[L12A]-CGRP 100-fold decrease in potency HEK293S (Simms et al., 2018) 

[G14A]-CGRP8-37 No change in affinity Porcine coronary 

artery 

(Li et al., 1997) 

[G14Aib]-CGRP8-37 2-fold decrease in affinity 

[G14D]-CGRP8-37 2-fold decrease in affinity 

[G14N]-CGRP8-37 3-fold decrease in affinity 

[G14P]-CGRP8-37 100-fold decrease in affinity 
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[L16P]-CGRP8-37 >100-fold decrease in affinity Rat pulmonary 

artery 

(Wisskirchen et al., 

2000) [L16A]-CGRP8-37 5-fold decrease in affinity 

[L16A]-CGRP >100-fold decrease in affinity HEK293S (Simms et al., 2018) 

[S17A]-CGRP8-37 2-fold increase in affinity Guinea pig atrium  (Boulanger, Khiat, 

Larocque, Fournier, & 

St-Pierre, 1996) 

Β turn dipeptide [19-

20]-CGRP8-37 

No change in affinity Rat pulmonary 

artery 

(Wisskirchen et al., 

2000) 

[G20A]-CGRP8-37 2-fold decrease in affinity Guinea pig atrium (Boulanger et al., 1996) 

D-[T30]-rCGRP28-37 No binding SK-N-MC cells (Rist et al., 1998) 

[N31D]-rCGRP27-37 3-fold decrease in affinity SK-N-MC cells (Rist, Lacroix, 

Entzeroth, Doods, & 

Beck-Sickinger, 1999) 

D-[V32] -rCGRP28-37 No binding SK-N-MC cells (Rist et al., 1998) 

[K35F]-CGRP8-37 No change in affinity SK-N-MC cells (Miranda et al., 2008) 

D-[E35] -rCGRP28-37 No binding SK-N-MC cells (Rist et al., 1998) 

[S34P, E35F] -rCGRP28-37 40-fold increase in affinity SK-N-MC cells (Rist et al., 1999) 

[F37G]-CGRP8-37 2050-fold decrease in affinity 

vs. CGRP8-37 

Porcine coronary 

artery 

(Smith et al., 2003) 

[F37Y]-CGRP8-37 No change in affinity Porcine coronary 

artery 

Rat pulmonary 

artery 

(Smith et al., 2003; 

Wisskirchen et al., 

2000) 

Rotationally restricted 

[F37Tic]-CGRP8-37 

40-60-fold decrease in affinity 

vs. CGRP8-37 

[F37A]-CGRP8-37 >100-fold decrease in affinity 

vs. CGRP8-37 

D-[F37]-rCGRP28-37 No binding SK-N-MC cells (Rist et al., 1998) 
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1.3 Primary sites of CGRP source and activity in central and peripheral 
nervous systems. 
Peptidergic nerve cells expressing CGRP occur both peripherally and centrally throughout the nervous 

system. CGRP distribution as analysed by mRNA expression and CGRP-immunoreactive neurons in 

the CNS has been extensively explored (Amara et al., 1985; Tschopp et al., 1985; van Rossum et al., 

1997). For brevity, CGRP source and activity in the nervous system can be categorised into several 

key sites or regions as discussed below.  

 

1.3.1 Perivascular nerves  
CGRP-immunoreactive fibres can be found innervating multiple peripheral organs and tissues 

(Mulderry, Ghatei, Bishop, et al., 1985; Mulderry, Ghatei, Rodrigo, et al., 1985; Mulderry et al., 1988; 

Sternini, 1991). Of note are the CGRP-immunoreactive fibres that innervate blood vessels associated 

with the heart, the gastrointestinal region, and the genitourinary region (Uddman, Edvinsson, Ekblad, 

Hakanson, & Sundler, 1986).  They are also reportedly found innervating blood vessels such as the 

mesentery (Han, Naes, & Westfall, 1990; Kawasaki, Takasaki, Saito, & Goto, 1988), cerebral arteries 

(Edvinsson, Elsas, Suzuki, Shimizu, & Lee, 2001), and kidneys (Villarreal, Reams, & Freeman, 1994) 

among others. These CGRP-expressing nerve fibres can innervate the blood vessel from the adventitia 

layer to the muscle layer, and are defined as perivascular nerves (Bell & McDermott, 1996; Brain & 

Grant, 2004; Mulderry, Ghatei, Bishop, et al., 1985; Zaidi et al., 1985).  

It should be noted that perivascular nerves that express CGRP are nonadrenergic noncholinergic 

(NANC) sensory nerves, and are primarily Aδ-fibre and C-fibre  (Lawson, 1992). Despite being afferent 

in nature, they can exert efferent functions through antidromic transmission and axonal reflex (Hotta, 

Sato, Sato, & Uchida, 1996), regulating vascular tone in the blood vessels through CGRP’s vasodilatory 

effect (Figure 1-15). A distinct and opposite set of perivascular nerves are the sympathetic efferent 

nerves, regulating vascular tone through noradrenaline (NA) vasoconstricting effects (Takenaga & 

Kawasaki, 1999). 

 

1.3.2 Spinal cord 
The spinal cord represents a major neuronal network to receive and transmit various peripheral stimuli, 

such as pain and inflammatory response which CGRP is a part of. Important CGRP-related sites in the 

spinal cord neuronal system are the dorsal horn and the DRG. Nerves derived from the DRG are 

primarily sensory neurons, and they bifurcate from the DRG towards both the dorsal horn as well as 

peripheral tissues (Figure 1-15) (Basbaum, Bautista, Scherrer, & Julius, 2009). Aδ-fibres and C-fibres 

are two out of four categories of DRG nerve fibres (Erlanger & Gasser, 1930), and are considered the 

two main nerve fibres for nociception as well as CGRP expression (Gibbins et al., 1985; Lawson, 

Crepps, & Perl, 2002; Lundberg, Franco-Cereceda, Hua, Hokfelt, & Fischer, 1985; Ruscheweyh, 

Forsthuber, Schoffnegger, & Sandkuhler, 2007). Additionally, a majority of the peripheral sensory 
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perivascular nerve fibres in the body originate from the DRG (Bell & McDermott, 1996; Brain & Grant, 

2004; Mulderry, Ghatei, Bishop, et al., 1985). 

CGRP peptides and receptors are expressed in the DRG (Figure 1-15) (Cottrell et al., 2005; Deng & Li, 

2005; Ruscheweyh et al., 2007). The dorsal horn is the central terminal site of the primary order afferent 

neurons (Russell, King, Smillie, Kodji, & Brain, 2014). CGRP is rarely found in the cell bodies of spinal 

second-order neurons (Eftekhari & Edvinsson, 2011; Eftekhari et al., 2013; Lennerz et al., 2008). On 

the other hand, CGRP receptors were also reported in the dorsal and ventral horn (Eftekhari et al., 

2016). 

 

 

Figure 1-15 A simplified diagram of the spinal cord and the dorsal root ganglion (DRG).  Sensory nerve fibres 

from the DRG bifurcate and innervate into the peripheral tissues and to the spinal cord. Nociceptive stimuli 

transmission from the periphery is through Aδ- and C-fibres. The orthodromic transmission is from the primary 

order nerve to the dorsal horn, where it forms a synapse with second-order neurons to transmit pain signal to the 

brain. Additionally, these nerves can also be perivascular (innervating blood vessels) and have efferent functions 

through antidromic transmissions. The satellite glial cells in the DRG also plays a key role in neuron-glial signalling. 

 

1.3.3 Trigeminovascular system 
CGRP and CGRP receptor expression in the trigeminovascular system is of particular interest given 

the involvement of the trigeminal nerve for transmission of touch-position or pain-temperature sensation 

in the face and head. The trigeminovascular system consists of trigeminal nerve fibres spanning the 

peripheral tissues in the face and head, the TG and the spinal trigeminal nucleus in the medulla (Figure 

1-16). Neurons from the TG bifurcates both towards the brainstem as well as peripheral tissues in the 

head.  

CGRP is expressed in approximately 50% of the trigeminal nerves (Edvinsson et al., 1985; Reuss, 

Riemann, & Vollrath, 1992), with CGRP found in the trigeminal nucleus and also in the TG (Eftekhari & 



 

23 
 

Edvinsson, 2011; Eftekhari et al., 2010; Lennerz et al., 2008; Unger & Lange, 1991). Trigeminal neurons 

projecting into the brainstem also express CGRP receptors (Eftekhari et al., 2016; Lennerz et al., 2008). 

The trigeminal nucleus mirrors the dorsal horn, where presynaptic CGRP activity at the terminal of the 

trigeminal afferent fibres facilitates and enhances central glutamate release and transmission to the 

second-order neurons in the spinal trigeminal nucleus (Figure 1-16) (Benarroch, 2011; Raddant & 

Russo, 2011). CGRP binding sites were reported in both postsynaptic and presynaptic ends of the 

synapse at the trigeminal nucleus, with predominant CGRP receptor expression in the second-order 

neurons (Miller et al., 2016). Additionally, both CGRP and AMY1 receptors populate the TG (Walker et 

al., 2015) suggesting that CGRP activity may also occur through AMY1 receptor in the TG. 

 

 

Figure 1-16 A simplified diagram of the trigeminovascular system.  The trigeminal afferent nerve bifurcates 

from the trigeminal ganglion (TG), which also contains glial cells. The nerve endings innervate the meningeal blood 

vessels as well as forming the pre-synapse to second-order neurons in the spinal trigeminal nucleus in the medulla. 

The second-order neurons transmit neuronal signals to the thalamus and cortex for pain processing. The satellite 

glial cells in the TG also plays a key role in neuron-glial signalling. 

 

The blood vessels in the meninges are innervated by the trigeminal perivascular fibres that release 

CGRP (Figure 1-16) (Jansen-Olesen, Mortensen, & Edvinsson, 1996; Price & Flores, 2007). 

Additionally, CGRP receptors can be found in the meningeal vascular smooth muscle cells of both 

cynomolgus monkeys and humans (Miller et al., 2016). CGRP released from the trigeminal perivascular 
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fibres can act at the meningeal vasculature to cause physiological effects, such as vasodilation (Miller 

et al., 2016). With the exception of the dural arteries and veins, which helps drain CGRP into the jugular 

veins, all of the blood vessels in the subarachnoidal space or within the cerebral cortex are protected 

by the blood brain barrier. Hence CGRP released from trigeminal afferent fibres innervating the pial and 

intracerebral arteries do not enter the blood vessels (Edvinsson, Ekman, Jansen, McCulloch, & 

Uddman, 1987), instead diffusing into the cerebrospinal fluid and exiting through the lymphatic vessels 

or the venous vessels in the dura mater and subsequently the external jugular vein as well (Dux, Will, 

Eberhardt, Fischer, & Messlinger, 2017; Goadsby, Edvinsson, & Ekman, 1988).  

While the blood vessels supplying the trigeminal nucleus are sealed by the blood-brain barrier, blood 

vessels supplying the TG are not protected (Eftekhari et al., 2015), and therefore capable of draining 

CGRP from the TG into the jugular vein. It is theorised that peripheral plasma CGRP levels are generally 

low and increases in the plasma CGRP levels are an indirect result of an overflow from perivascular 

neurons in the trigeminovascular system releasing CGRP for local paracrine signalling. 

 

1.3.4 Other sites 
The cerebellum, important for cognitive function and movement-related functions, is another key region 

of interest where CGRP activity has been found. Functional CGRP receptors can be found using 

radiolabelled tracers in the cerebellum of rhesus monkey and humans (Hostetler et al., 2013). CGRP 

peptide and receptor are also found expressed in the Purkinje cell bodies of the cerebellum (Eftekhari 

et al., 2013). Besides neuron cells, satellite cells such as Schwann cells and glial cells in the TG and 

DRG are shown to express CGRP receptor (Figure 1-15; Figure 1-16) (De Corato, Lisi, et al., 2011; Miller 

et al., 2016).  These satellite cells play a key role in neuron-glial signalling which can involve CGRP 

activity (de Corato, Capuano, et al., 2011; De Corato, Lisi, et al., 2011; Goto, Iwai, Kuramoto, & 

Yamanaka, 2017). Schwann cells in the dura mater are shown to express CLR, suggestive of functional 

CGRP receptors in the cells (Lennerz et al., 2008). 

  

1.3.5 Cellular mechanisms regulating CGRP release  
In the CGRP-expressing neurons, CGRP is stored in dense vesicles and released via calcium-

dependent exocytosis (Jansen-Olesen et al., 1996; Matteoli et al., 1988). CGRP release is thought to 

be regulated by transient receptor potential vanilloid 1 (TRPV1) and transient receptor potential ankyrin 

1 (TRPA1), found to be co-expressed in CGRP-positive neurons (Kobayashi et al., 2005). Divided into 

several subgroups, these cation channels are involved in heat and pain sensations, thermoregulation, 

inflammatory responses and energy expenditure (Caterina et al., 1997; Heyman & Rang, 1985; Lin, Li, 

Xu, Zou, & Fang, 2007; Nakanishi et al., 2010). TRPV1 channels are activated by capsaicin or noxious 

stimuli such as heat (Caterina et al., 1997; Garry, Walton, & Davis, 2000), while TRPA1 channels are 

activated by cinnamaldehyde, mustard oil, reactive oxygen species or noxious stimuli such as cold 

(Bandell et al., 2004; Viana, 2016). Both TRPV1 and TRPA1 have been shown to induce CGRP release 

by increasing intracellular calcium levels (Eberhardt et al., 2017). CGRP release is also inhibited by 
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presynaptic 5-hydroxytriptamine (serotonin) activating 5-hydroxytryptamine (5-HT1B and 5-HT1D) 

receptors (Goadsby & Edvinsson, 1994; Wang et al., 2010). Besides stimulation of sensory neurons 

and TRP-mediated CGRP release, CGRP release can also be modulated by noradrenergic 

neurotransmitters and angiotensin (Kawasaki et al., 1999; Smillie et al., 2014).  

Although the spillover effect from perivascular nerves is the primary theory behind increased plasma 

CGRP levels which helps explain cerebral vasculature and ipsilateral jugular vein increases in CGRP 

levels in migraine (Brain & Grant, 2004; Edvinsson & Goadsby, 1995; Goadsby, Edvinsson, & Ekman, 

1990; Messlinger, 2018), there are other situations which have reported elevated CGRP levels. CGRP 

levels were reported to be elevated during pregnancy to aid vascular development (Dong et al., 2006; 

Dong et al., 2002) and during sepsis (Joyce et al., 1990; Tang, Han, Fiscus, & Wang, 1997). 
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1.4 CGRP physiological and pathophysiological activity 

1.4.1 Involvement of CGRP action in the cardiovascular system 
1.4.1.1 CGRP in vasodilation 
CGRP is primarily known for its vasodilatory effects linked to downstream cAMP-dependent pathways 

following CGRP receptor activation in vascular cells (Brain, Williams, Tippins, Morris, & MacIntyre, 

1985; Edwards, Stack, & Trizna, 1991). The cellular mechanisms for CGRP-induced vasodilation can 

be categorised into endothelial-dependent (Gray & Marshall, 1992b) and endothelial-independent 

mechanisms (Greenberg, Rhoden, & Barnes, 1987). In the endothelial-independent mechanism, the 

cAMP pathway can directly cause vasodilation in vascular smooth muscle cells through PKA. PKA then 

phosphorylates K+ATP channels, leading to relaxation (Nelson, Huang, Brayden, Hescheler, & Standen, 

1990).   

The endothelial-dependent vasodilatory mechanism does not appear to be species or tissue-dependent 

(Russell et al., 2014). In the endothelial-dependent mechanism, nitric oxide (NO) from the endothelial 

cell is needed. Produced by activated NO synthase mediated by the CGRP-downstream signal PKA 

(Gray & Marshall, 1992a), NO then activates guanylyl cyclase to produce cGMP, and subsequently the 

activation of the K+ATP channels (Gray & Marshall, 1992b). As such, NO is capable of diffusing across 

the blood-brain barrier (Jansen-Olesen et al., 1997) and inducing vasodilation directly via cGMP or 

indirectly through CGRP (Strecker, Dux, & Messlinger, 2002b). NO sources have also been discovered 

in endothelial cells, neuronal cells (Knowles & Moncada, 1994), and mast cells in the rat dura mater 

(Berger, Zuccarello, & Keller, 1994).  

The earliest evidence of CGRP vasodilatory effect in vivo was the report of reduced blood pressure and 

local reddening of intradermal CGRP (Brain et al., 1985), assumed to be due to its vasodilatory effect 

(Struthers et al., 1986). Additionally, CGRP vasodilation was linked to vascular permeability and 

inflammatory oedema (Brain & Williams, 1985), which was one of the first studies to suggest CGRP 

involvement in inflammation. This was followed with observations of increased blood flow to the skin 

(Brain, Tippins, Morris, MacIntyre, & Williams, 1986) and the brain (Edwards et al., 1991; Jager et al., 

1990). CGRP vasodilatory effects were also reported in peripheral organs such as the kidneys, which 

reported increased renal blood flow and glomerular filtration (Edwards & Trizna, 1990; Shekhar et al., 

1991).  

 

1.4.1.2 CGRP in other cardiovascular roles and diseases 
Involvement of CGRP in vasodilation have also suggested CGRP activity is linked to other 

cardioprotective roles such as blood pressure regulation. The link between CGRP and hypertension 

remains unclear primarily due to mixed reports (Dong et al., 2006; Smillie & Brain, 2011), but it has 

been suggested that changes in CGRP activity are compensatory to hypertension (Smillie & Brain, 

2011; Smillie et al., 2014). There are studies in hypertensive animal models which suggests the loss of 

CGRP activity can contribute to the development or progression of hypertension (Deng, Ye, Cai, Deng, 
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& Li, 2004; Deng et al., 2003). In normotensive animal models, inhibition of CGRP activity had no effect 

on blood pressure (Juhl, Edvinsson, Olesen, & Jansen-Olesen, 2007; Zeller et al., 2008). 

CGRP is also heavily linked with pregnancy and preeclampsia, a pregnancy-specific hypertensive 

disorder which can result in preterm complications that can be fatal. Plasma CGRP levels were reported 

to decrease during preeclampsia (Halhali et al., 2001; Knerr et al., 2002), followed by administered 

CGRP blocking L-NAME-induced preeclampsia in rats, and reduction of pup mortality rates (Yallampalli, 

Dong, & Wimalawansa, 1996). As such, it has been suggested that CGRP is crucial for the maintenance 

of the fetoplacental vascular tone and subsequently healthy foetal development (Dong et al., 2004), and 

that compromised CGRP vasodilatory activity can lead to preeclampsia. Plasma CGRP was suggested 

to serve as a biomarker during pregnancy to detect preeclampsia (Yadav et al., 2014).   

CGRP expression and release have been reported to increase in ischaemia (Mishima et al., 2011) and 

myocardial infarction (Roudenok, Gutjar, Antipova, & Rogov, 2001). Supported by several ischaemic 

and reperfusion animal model studies (Singh, Randhawa, Bali, Singh, & Jaggi, 2017; Song, Guo, Shi, 

Cheng, & Liu, 2009), CGRP activity is suggested to be cardioprotective against ischaemic and 

reperfusion injury (Li, Xiao, Peng, & Deng, 1996; Liu et al., 2011). However, despite CGRP-

immunoreactive nerves being distributed in the heart, CGRP’s functional role in cardiac homeostasis is 

unclear. In vitro, CGRP have been shown to have inotropic and chronotropic effects on guinea pig 

atrium that were subjected to tachyphylaxis (Lundberg, Hua, & Fredholm, 1984) as well as rat 

ventricular cardiomyocytes (Bell & McDermott, 1994). CGRP was reported to protect against cardiac 

hypertrophy and apoptosis (Li, Levick, DiPette, Janicki, & Supowit, 2013; Li et al., 2010). 

Related to CGRP vasodilatory role is its involvement in Raynaud’s disease. The disease is 

characterised as severe episodic vasoconstriction in the extremities, which often results in loss of blood 

flow in the extremities (Stringer & Femia, 2018). Episodes are often uncomfortable and painful. 

Furthermore, secondary Raynaud’s disease can lead to ulceration, infection, and gangrene at affected 

sites (Stringer & Femia, 2018). Normal individuals often have dense CGRP-expressing perivascular 

nerves in the cutaneous vasculature (Gibbins, Wattchow, & Coventry, 1987), while Raynaud sufferers 

often have lower levels of CGRP from these perivascular nerves (Bunker, Terenghi, Springall, Polak, & 

Dowd, 1990; Terenghi et al., 1991). As such, intravenous CGRP treatment reportedly improved 

symptoms in individuals with Raynaud disease (Bunker, Reavley, O'Shaughnessy, & Dowd, 1993; 

Shawket, Dickerson, Hazleman, & Brown, 1991). It has also been suggested that Raynaud disease is 

co-morbid with migraine but the odds ratio remained low from meta-analysis of 6 studies (Evans, 2019). 

Besides vasodilation and cardiovascular-related roles, CGRP activity can also be categorised into two 

overarching processes; nociception and energy balance.  
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1.4.2 Involvement of CGRP action in nociception 
1.4.2.1 CGRP in pain and inflammation 
Injured tissues and immune cells can produce pro-inflammatory substances such as tachykinins, 

bradykinins, prostaglandins, serotonin, and histamine. The inflammatory response can also be elicited 

from mild heat stress to extreme heat shock (Torok et al., 2014). These substances in turn, activate the 

nociceptor nerve endings nearby to generate action potentials to transmit pain signals to the brain 

(Basbaum et al., 2009). CGRP and SP are also released as a result of nerve ending activation 

(Moskowitz, 1993; Raddant & Russo, 2011). SP is a peptide that activates tachykinin NK receptors 

(Page, 2005) and is co-localised with CGRP in various regions of the nervous system (Gibbins, Furness, 

& Costa, 1987; Gulbenkian, Merighi, Wharton, Varndell, & Polak, 1986; Ju, Liu, & Ma, 1993; Lee et al., 

1985; Uddman, Edvinsson, Ekman, Kingman, & McCulloch, 1985; Wiesenfeld-Hallin et al., 1984). 

CGRP then regulates the local inflammatory effects of SP, such as inhibiting acute SP-induced 

vasodilation (Schmelz & Petersen, 2001; Wiesenfeld-Hallin et al., 1984) or promoting SP-induced 

protein extravasation (Cruwys, Kidd, Mapp, Walsh, & Blake, 1992; Schlereth et al., 2016). Additionally, 

it can also regulate histamine, platelet-activating factor, and bradykinin (Brain & Williams, 1985; Cruwys 

et al., 1992).  

Additionally, for histamine and bradykinin (CGRP will also enhance it) 

Activation of these peripheral nociceptors can compound through axon reflex action, where an action 

potential causes further release of CGRP and SP from an adjacent nerve ending of the same axon. 

This results in a cascading neurogenic inflammatory response across a larger area (Basbaum et al., 

2009; Schmelz, Luz, Averbeck, & Bickel, 1997). Persistent activation of the nociceptors also causes 

transcriptional changes, resulting in increased production of sodium channels, CGRP, and SP 

(Basbaum et al., 2009). This increases nociceptor activation to a pain stimulus and/or decreases the 

nociceptor activation threshold, presenting itself clinically as hyperalgesia or allodynia respectively. It is 

suggested that CGRP may facilitate this process, since long lasting vasodilatory and local erythema 

responses were observed in human skin after only an acute administration of CGRP (Brain et al., 1985; 

Fuller, Conradson, Dixon, Crossman, & Barnes, 1987).  

Similar to the axon reflex action, dorsal root reflex can also contribute to peripheral sensitisation. Action 

potentials from the central terminal of the afferent neurons travels back (antidromic) to the peripheral 

nerve endings (Lin, Wu, & Willis, 1999; Sluka, Rees, Westlund, & Willis, 1995). It can also trigger the 

dorsal root reflex in adjacent neurons, which spreads the neurogenic inflammation away from the 

original damaged tissue site. The dorsal root reflex can further potentiate CGRP release from the 

peripheral terminal (Li, Ren, et al., 2008; Lin et al., 2007; Lobanov & Peng, 2011). 

Cross-signalling mechanisms between CGRP and the noxious molecule NO have also been explored. 

CGRP from the TG can stimulate pro-inflammatory IL-1β and NO production in neighbouring glial 

satellite cells (De Corato, Lisi, et al., 2011; Li, Vause, & Durham, 2008). The NO can then stimulate 

CGRP (Bellamy, Bowen, Russo, & Durham, 2006; Dieterle, Fischer, Link, Neuhuber, & Messlinger, 

2011; Strecker, Dux, & Messlinger, 2002a) and CGRP receptor expression in the neuronal bodies 
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(Seiler, Nusser, Lennerz, Neuhuber, & Messlinger, 2013). The CGRP-NO positive feedback loop can 

therefore effectively result in peripheral sensitisation from the neuronal-glial crosstalk.  

 

1.4.2.2 CGRP in migraine 
The pathophysiology of headache is complex, with hundreds of subtype classifications. Of these, 

migraine and cluster headaches fall into the primary headache subtype. Extensive research into the 

neurology of pain explains aspects of the mechanisms behind pain and headache, but the bigger 

framework in pain neurology and how CGRP activity relates to pain and/or headache is still unclear. 

This, coupled with the very broad and subjective symptoms associated with pain and headache, proves 

difficult to study. 

It is well-established that the trigeminovascular system and CGRP is involved in migraine. Elevated 

plasma CGRP levels in the jugular vein during the interictal phases of migraine episodes likely come 

from trigeminal nerves in the meninges (Goadsby et al., 1990). Systemic administration of αCGRP, 

which does not cross the blood-brain barrier, can induce migraine-like episodes in greater than 50% of 

migraineurs as opposed to less than 20% in the placebo group (Hansen, Hauge, Olesen, & Ashina, 

2010; Lassen et al., 2002), perhaps through the TG which is not protected by the blood-brain barrier 

(Eftekhari et al., 2015). Additional studies have also confirmed infusion of CGRP induced migraine-like 

attacks in migraine without aura patients (Asghar et al., 2011; Guo, Vollesen, Olesen, & Ashina, 2016). 

Since CGRP release is inhibited by presynaptic serotonin through activation of 5-HT1B and 5-HT1D 

receptors (Goadsby & Edvinsson, 1994), sumatriptan, a triptan and an early migraine treatment 

managed to reduce plasma CGRP levels to baseline in migraine patients (Goadsby & Edvinsson, 1993).  

Even though there is evidence that CGRP does not excite nor sensitise meningeal nociceptors directly 

(Levy, Burstein, & Strassman, 2005), there is also evidence on the contrary, with meningeal fibres that 

are activated or sensitised suggesting headaches and migraines are not centrally-initiated but originate 

from peripheral nociceptors instead (Olesen, Burstein, Ashina, & Tfelt-Hansen, 2009). The CGRP-led 

enhancement in neurotransmission in the trigeminal nucleus can, however, lead to central sensitisation 

of either second-order or third-order neurons and the development of migraine-related cutaneous 

allodynia (Bernstein & Burstein, 2012).  

Although CGRP released from the trigeminal neurons can induce meningeal vasodilation (Jansen-

Olesen et al., 1996), it is questionable whether vasodilation itself is crucial for initiating headache 

episodes. For example, vasodilatory peptides such as SP plasma levels are not significantly altered in 

chronic tension-type headache patients (Ashina, Bendtsen, Jensen, Ekman, & Olesen, 1999) and 

CGRP may not be involved in certain types of migraine such as familial hemiplegic migraine (Hansen, 

Thomsen, Olesen, & Ashina, 2011). These finding suggests that vasodilation plays a secondary role in 

headaches and migraine. 
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1.4.3 Involvement of CGRP action in energy balance 
Energy balance is a large homeostatic regulation between food intake and energy expenditure. Energy 

expenditure itself is comprised of work done by muscle movement, growth and repair, reproduction, as 

well as glycaemic regulation, lipolysis, diet-, non-exercise-, or cold-induced thermogenesis, and 

glycaemic regulation (Tseng, Cypess, & Kahn, 2010). CGRP action is linked to many of these 

processes. Interestingly, amylin also exerts anorectic effects that are linked to glycaemic regulation. 

However, to what degree CGRP may modulate its physiological effects through amylin receptors and 

vice versa is still unknown. 

 

1.4.3.1 CGRP in food intake 
CGRP peptide and receptor expression are found in olfactory and gustatory systems such as neuron 

fibres in the taste buds, the solitary tract, parabrachial nuclei, the central amygdaloid nucleus and the 

insular cortex (Campos et al., 2017; Carter, Soden, Zweifel, & Palmiter, 2013; Lutz, Senn, et al., 1998). 

This suggests that CGRP plays a role in ingestive behaviours. 

Genetic knockout studies where a loss of CGRP action has either no effect on or slightly increases food 

intake (Liu et al., 2017; Walker, Li, et al., 2010), suggest that endogenous CGRP action has a low 

impact on regulating food intake. Supporting this conclusion, inactivation of parabrachial CGRP neurons 

only leads to slight increases in feeding bouts with no effect on cumulative food intake (Campos, Bowen, 

Schwartz, & Palmiter, 2016).  

There are also several studies where CGRP administration resulted in drastic reductions of food intake 

which could hint to effects of artificially elevated CGRP at non-physiological doses. An early study 

reported that intracerebroventricular injection of αCGRP to rats, with doses ranging up to 10 µg, reduced 

food intake in fasted rats (Krahn, Gosnell, Levine, & Morley, 1984). Likewise, CGRP administration into 

the paraventricular nucleus of the hypothalamus also reduced food intake in fasted rats (Dhillo et al., 

2003). Intraperitoneal injection of CGRP between 25 to 200 µg/kg also reduced food intake in mice 

(Morley, Farr, & Flood, 1996), while 50 µg/kg reduced food intake up to 4 hours after administration 

(Sun, Jing, Wang, & Weng, 2010). An αCGRP peptide agonist analogue significantly reduced food 

intake for several hours in Spraque Dawley rats mirrored with reductions in bodyweight (Nilsson et al., 

2016). More recently, 10 µM of αCGRP administered intraperitoneally reduced food intake and feeding 

time, but not feeding bouts (Sanford et al., 2019). 

Increased CGRP activity is linked to decreased expression of orexigenic neuropeptides melanin-

concentrating hormone (MCH) and neuropeptide Y (NPY) (Sun et al., 2010), and the increased 

expression of anorexic neuropeptide cholecystokinin (CCK) (Lutz, Rossi, Althaus, Del Prete, & 

Scharrer, 1998; Morley et al., 1996; Sun et al., 2010). Leptin was also suggested to be involved 

downstream to CGRP activity, with bodyweight or food intake of leptin-deficient mice not affected by 

prolonged increases in CGRP activity (Nilsson et al., 2016). Plasma GLP-1 level was also increased 

with a prolonged increase in CGRP activity (Nilsson et al., 2016). Exendin-4, a longer lasting GLP-1 
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analogue, had its anorectic effect blunted in CGRPPBel-neuron silenced mice (Campos et al., 2016). 

Despite this, the relationship between GLP-1 and CGRP on food intake remains unclear.  

 

1.4.3.2 CGRP in glycaemic regulation 
Neuronal DRG expressing CGRP innervates the pancreas (Mulderry et al., 1988). βCGRP is 

considered the predominant form of CGRP produced in the enteric nervous system as well as the islet 

cells (Bretherton-Watt et al., 1992). CGRP is also co-expressed with TRPV1 in the neurons that 

innervate the islet of Langerhans (Akiba et al., 2004; Gram et al., 2007). Desensitisation and ablation 

of these neurons had a beneficial effect towards glycaemic regulation in both obese and diabetic rats 

(Gram et al., 2007; Gram et al., 2005). A TRPV1 inhibitor also reduced CGRP plasma levels and 

improved glycaemic regulation (Tanaka et al., 2011). This suggests that CGRP or at least neurons 

expressing CGRP are involved in the paracrine regulation of islet cells.  

There are studies that have investigated the direct effects αCGRP and βCGRP on glycaemic regulation. 

In vitro, glucose-stimulated insulin release in mouse insulinoma (MIN6) cells is also significantly blunted 

by rat αCGRP, rat βCGRP, and human αCGRP (Riera et al., 2014). Peripheral infusion of αCGRP in 

rodents and pigs also suppressed both basal and glucose- or arginine-induced insulin release, and 

elevated basal plasma levels of glucagon (Ahren, Martensson, & Nobin, 1987; Pettersson & Ahren, 

1988; Pettersson, Ahren, Bottcher, & Sundler, 1986; Tedstone, Nezzer, Hughes, Clark, & Matthews, 

1990). Likewise, an administered αCGRP peptide analogue decreased fasting insulin plasma levels 

(Nilsson et al., 2016). CGRP administered at high doses can also reduce insulin sensitivity in cultured 

mouse myocytes, in vivo rats (Molina, Cooper, Leighton, & Olefsky, 1990), and isolated rat skeletal 

muscle tissue (Leighton & Cooper, 1988).  

By contrast, αCGRP knockout diet-induced obesity (DIO) mice displayed improved insulin sensitivity 

and responsiveness to glucose (Walker, Li, et al., 2010). This study was replicated with results showing 

similar glucose tolerance and improved insulin sensitivity (Bartelt et al., 2017; Liu et al., 2017). In all 

three studies, insulin plasma levels were lower than wild type DIO mice. The knockout CGRP mice 

studies are counterintuitive to the exogenously administered CGRP studies. It is hypothesised that 

increased CGRP activity decreases glucose-induced insulin levels and results in insulin resistance. 

Reduced CGRP activity also decreases insulin levels but results in greater insulin sensitivity—at least 

in DIO mice.  

 

1.4.3.3 CGRP in lipolysis and thermogenesis 
CGRP peptide is expressed in adipose tissue (Linscheid, Seboek, Zulewski, Keller, & Muller, 2005; 

Pivovarova et al., 2012; Timper et al., 2011). Induced cultured human adipocytes can produce CGRP 

(Linscheid et al., 2005). CGRP activity is linked to thermogenesis in brown adipose tissues (BAT) as 

peripherally administered CGRP into interscapular BAT was able to attenuate noradrenaline-induced 

thermogenesis (Osaka et al., 1998). Since CGRP is co-expressed with TRPV1 in neurons innervating 

BAT tissues (De Matteis, Ricquier, & Cinti, 1998; Lever, Mukherjee, Norman, Symons, & Jung, 1988), 
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capsaicin desensitisation of these neurons reduced BAT CGRP levels and resulted in BAT tissue 

atrophy (Cui, Zaror-Behrens, & Himms-Hagen, 1990; Himms-Hagen, Cui, & Lynn Sigurdson, 1990).  

However, CGRP also has an opposite effect to BAT when administered centrally. When administered 

through the hypothalamus, an immediate increase in temperature was observed in the colonic and 

interscapular BAT (Kobayashi, Osaka, Namba, Inoue, & Kimura, 1999), while also increasing 

norepinephrine plasma levels (Hasegawa et al., 1993). Finally, overexpression of human RAMP1 in 

transgenic mice CNS conferred decreased bodyweight due to reduced adipose tissue, increased 

energy expenditure, and induced BAT thermogenesis (Zhang et al., 2011). 

The effect of CGRP on lipid metabolism was also investigated using CGRP knockout mice (Walker, Li, 

et al., 2010). CGRP knockout mice fed a high-fat diet for several weeks resulted in improved lipid 

metabolism, with higher metabolic rates and decreased body weight. These included raised body 

temperature and energy use (Walker, Li, et al., 2010). By contrast, daily administration of an αCGRP 

peptide analogue in DIO rats indicated a metabolic shift towards β-oxidation and an increased use of 

fat as an energy source (Nilsson et al., 2016). Similar increases in lipolysis and fatty acid β-oxidation 

were observed in isolated muscle tissue experiments and lipid analyses of organs and plasma from 

Wistar rats infused with αCGRP; these effects were blocked by CGRP peptide antagonists (Danaher et 

al., 2008). In addition, CGRP administered peripherally enhanced adipose tissue lipolysis in rats during 

exercise (Aveseh, Koushkie-Jahromi, Nemati, & Esmaeili-Mahani, 2018). 

Overall, the contradicting effect of CGRP activity towards metabolism may reflect the differential effects 

CGRP has on lipid metabolism and glycaemic regulation, with both metabolic pathways overlapping 

and affecting the other (McGarry, 2002). Furthermore, little is understood of the implications of the 

putative compensatory mechanism that RAMP1, βCGRP, and amylin afford towards CGRP activity in 

vivo. 

 

1.4.3.4 CGRP in macronutrient absorption 
Inducible CALCRL deletion in the enteric and the lymphatic system of mice altered lymphatic endothelial 

junctions, reduced dietary fat absorption, reduced transcellular lipid accumulation, and reduced weight 

gain from a high fat diet (Davis et al., 2019). Similarly, CGRP inhibition was shown to reverse CGRP-

induced diarrhoea in C57BL/6J mice (Kaiser et al., 2017). CGRP was demonstrated to have inhibitory 

effects towards intestinal absorption of amino acids in vitro and in vivo (Barada, Saade, Atweh, Khoury, 

& Nassar, 2000).  
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1.5 Development of inhibitors to the CGRP action 
The association of CGRP activity with a range of pathophysiological conditions makes CGRP inhibition 

as therapeutics enticing. A variety of CGRP inhibitors have been developed, which can be categorised 

as either monoclonal antibodies, small molecule antagonists, or peptide antagonists. 

 

1.5.1 Animal models for preclinical inhibitor development  
CGRP inhibitor development has relied heavily on animal models to measure treatment efficacy as well 

as determining early pharmacokinetics, safety, and tolerability profiles. Additionally, animal models can 

be used to study CGRP’s pathophysiological roles. There are a large number of animal studies 

performed involving CGRP administration (Wattiez, Wang, & Russo, 2019). They may be used to study 

CGRP activity or CGRP inhibition when used in conjunction with CGRP receptor antagonists. However, 

the CGRP doses used in these studies are often significantly higher than endogenous levels and may 

represent non-physiological effects.  

Transgenic and knockout animal models of CGRP action have also been developed. They can be 

attributed to either a loss or gain of CGRP function and display a wide variety of phenotypes and 

abnormalities (Sowers, Tye, & Russo, 2017). One example of a loss of CGRP function is αCGRP 

knockout C57Bl/6 mice which display reduced nociceptive and inflammatory response (Salmon et al., 

2001). Global knockout of CLR in mice leads to major developmental defects that lead to stillbirth 

(Dackor et al., 2006). No studies on nociception have been attempted on CTR knockout mice since first 

reported (Davey et al., 2008). Although knockout or knockdown of CGRP function in animal models are 

useful to study CGRP phenotypes, it is not as useful as a gain in CGRP function transgenic animal 

model for developing and testing CGRP inhibitors in vivo.  

One example of a gain of CGRP function is mice with global or targeted overexpression of hRAMP1. 

These hRAMP1-overexpressing mice represent a CGRP-sensitive mouse model (Recober et al., 2009; 

Russo, Kuburas, Kaiser, Raddant, & Recober, 2009; Zhang, Winborn, Marquez de Prado, & Russo, 

2007). This model was used to study migraine-related behaviours in animals and display mostly normal 

phenotypes despite the increased CGRP sensitivity. However, the CGRP hypersensitivity also allowed 

for testing nanomolar concentrations of olcegepant against nanomolar concentrations of CGRP, which 

elicited measurable photophobia behaviour in the transgenic mice but not in wild-type mice (Russo et 

al., 2009). 

The endpoint measure of an animal model is also a crucial factor. Although there are multiple methods 

of measuring metabolic changes in animals, it is difficult to determine if an animal has a migraine or 

headache. Most animal studies into nociception utilise behavioural tests that measure responses to 

nociceptive stimulation. These tests focus on either physical pain (such as the von Frey assay), heat 

pain (hot plate test or the Hargreaves assay), noxious chemicals (such as formalin, nitroglycerin or 

capsaicin), and light (such as photophobia) as acceptable alternatives. Other studies have also 



 

34 
 

measured CGRP vasodilatory effect through laser doppler imaging as a proxy for determining CGRP 

action (Aubdool et al., 2017; Eberhardt et al., 2014; Hajna et al., 2016; Li et al., 2015; Starr et al., 2008).  

 

1.5.2 Humanised monoclonal antibodies 
More recent advances have led to the development of monoclonal antibodies which block CGRP action 

by targeting either CGRP itself or the CGRP receptor (Table 1-3). These were developed partly due to 

the lack of effective and safe prophylaxis treatments for chronic pain illness such as migraine along with 

the suggested role of CGRP in migraine pathogenesis (Goadsby et al., 1988; Lassen et al., 2002; 

Olesen et al., 2004; Petersen, Birk, Doods, Edvinsson, & Olesen, 2004).  

Monoclonal antibodies possess certain advantages over small molecule antagonists. They can offer 

effective and specific blocking of CGRP action by targeting epitopes without relying overtly on specific 

residue interactions that small molecule antagonists depend on for binding (Goulet & Atkins, 2019). 

Antibodies typically display longer half-lives, allowing for longer interval dosing and, therefore, improved 

adherence (Tiller & Tessier, 2015). Most importantly, there is a reduced risk of liver toxicity issues which 

was linked to some of the small molecule antagonists (Hansel, Kropshofer, Singer, Mitchell, & George, 

2010; Kizhedath, Wilkinson, & Glassey, 2017). In addition, monoclonal antibodies are humanised which 

minimises any adverse immunogenic effect in clinical use (Hwang & Foote, 2005).  

The first FDA-approved human monoclonal antibody as a treatment for migraine was erenumab (AMG-

334) in 2019. It targets the CGRP receptor, displaying a higher affinity and selectivity towards the CGRP 

receptor over AM receptors compared to telcagepant (Shi et al., 2016). The estimated half-life of 

erenumab is approximately 21 days (Silberstein et al., 2017). Several small molecule antagonists have 

shown high species/receptor specificity due to RAMP1 (Mallee et al., 2002; Salvatore et al., 2006), and 

the same appears to apply for erenumab (Shi et al., 2016). Erenumab also displays positive in vivo 

effects comparable to telcagepant as measured by its inhibition of capsaicin-induced dermal blood flow, 

with a minimum effective dose at 0.3 mg/kg and a maximum response dose of 3mg/kg in cynomolgus 

monkeys (Shi et al., 2016). 

Erenumab significantly reduced the number of migraine days in patients with episodic migraine in phase 

II (Sun et al., 2016) and phase III clinical studies (Goadsby et al., 2017). A longer-term study looking at 

the efficacy and safety of erenumab also showed significant reductions in episodic migraine days with 

high response rates well into the late stages of the study (Ashina et al., 2017). Monthly administration 

of erenumab also significantly reduced monthly chronic migraine days (Tepper et al., 2017).  

Fremanezumab (LBR-101/TEV-48125) is the second monoclonal antibody to be made available to the 

public as a migraine treatment. This antibody targets the CGRP peptide instead. Fremanezumab 

showed positive outcomes as a preventative treatment against episodic migraine in phase II (Bigal et 

al., 2015) and phase III clinical studies (Dodick et al., 2018). Fremanezumab was also trialled as a 

preventative treatment against chronic migraine (Silberstein et al., 2017).  
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Two other monoclonal antibodies targeting the CGRP peptide are also currently available or in late 

stage development; galcanezumab (LY2951742) and eptinezumab (ALD403). Following the same 

pattern, monthly administration of galcanezumab (LY2951742) was also successful at significantly 

reducing monthly migraine days for episodic migraine (Skljarevski et al., 2018) and chronic migraine 

(Detke et al., 2018). Similarly, eptinezumab (ALD403) had a successful phase III trial for episodic 

migraine (Saper et al., 2019) and phase II trial for chronic migraine (Dodick et al., 2019). 

 

Table 1-3 Table summary of humanised monoclonal antibodies developed as therapeutics to inhibit CGRP 
activity.  

Monoclonal antibody Source Target Status 

Erenumab 

(AMG-334) 

Amgen/ Novartis CGRP receptor FDA approved 

Fremanezumab 

(TEV-48125) 

Teva Pharmaceuticals CGRP peptide FDA approved 

Galcanezumab 

(LY2951742) 

Eli Lilly  CGRP peptide FDA approved 

Eptinezumab 

(ALD403) 

Alder 

Biopharmaceuticals 

CGRP peptide Under FDA review 

 

1.5.3 Small molecule antagonists 
Small molecule CGRP antagonists were developed partly due to the lack of effective and safe 

prophylaxis treatments for migraine, which had relied predominantly on triptans, NSAIDs and other non-

specific analgesics. The available treatments were for alleviating symptoms but are not preventative 

medicines for chronic recurring migraine episodes (Goadsby et al., 1988; Lassen et al., 2002; Olesen 

et al., 2004; Petersen et al., 2004). The CGRP small molecule antagonists were developed to be more 

potent at inhibiting CGRP action than CGRP8-37 and also be selective towards the CGRP receptor over 

the other calcitonin family receptors.  

The first potent CGRP receptor small molecule antagonist was olcegepant (BIBN4096BS), developed 

by Boehringer (Doods et al., 2000). Olcegepant initially proved successful at alleviating migraine 

symptoms in patients (Olesen et al., 2004). Olcegepant however had low oral bioavailability and was 

discontinued. Following this, further small molecule CGRP receptor antagonists were identified via high 

throughput screening. Merck developed telcagepant (MK-0974) (Paone et al., 2007) and MK-3207 

(Hewitt et al., 2011) which displayed improved oral bioavailability over olcegepant. In one study, 

telcagepant displayed slower efficacy than triptan-based drugs (Tfelt-Hansen, 2011), but was more 

effective in triptan non-responders (Edvinsson & Linde, 2010; Ho et al., 2011) and better tolerated than 

triptans (Ho et al., 2008; Tfelt-Hansen, 2011). Unfortunately, telcagepant (Connor et al., 2011; Ho et al., 

2014; Ho et al., 2016; Negro, Lionetto, Simmaco, & Martelletti, 2012) and MK-3207 (Hewitt et al., 2011) 

were discontinued due to liver complications. Other “-gepant” molecules have been developed since, 
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such as rimegepant (BMS-927711) (Croop et al., 2019; Lipton et al., 2019; Marcus et al., 2014), 

ubrogepant (MK-1602) (Lipton et al., 2018; Trugman et al., 2018; Voss et al., 2016), and atogepant 

(MK-8031) (Goadsby et al., 2018). To date, atogepant and rimegepant are being studied for acute and 

preventative migraine treatments in phase III clinical trials. Additionally, ubrogepant have just recently 

been approved by the FDA (2019) for the acute treatment of migraine in adults.  

Despite not being clinically relevant, olcegepant and telcagepant are still used today as reference 

antagonists in in vitro as well as in vivo studies due to their high affinity and selectivity towards the 

CGRP receptor (Table 1-4). Olcegepant displays greater than 100-fold higher binding affinity compared 

to CGRP8-37 for the CGRP receptor in both cell line and isolated tissue culture (Edvinsson, Sams, et al., 

2001). In vivo results indicate that olcegepant is capable of attenuating dermal blood flow (Doods et al., 

2000; Hajna et al., 2016; Starr et al., 2008). Compared to olcegepant, telcagepant has a similar binding 

affinity to CGRP receptors expressed in HEK cells (Salvatore et al., 2008) and is capable of blocking 

CGRP action to a similar extent, both in vitro (Table 1-4) and in vivo.  

 

Table 1-4 Summary table of olcegepant and telcagepant pA2/pKB values at CGRP and AMY1 receptors. All 

values ± SEM were obtained as measured using a cAMP functional assay using Cos-7 cells transfected with human 

CGRP or AMY1 receptors. 

Antagonists CGRP receptor AMY1 receptor 

Olcegepant 

(BIBN-4096BS) 

9.65 ± 0.26 (Walker et al., 2015) 

9.73 ± 0.24 (against αCGRP; Hay et 

al. (2006))  

10.14 ± 0.44 (against βCGRP; Hay et 

al. (2006)) 

10.04 ± 0.16 (Bailey & Hay, 2006) 

10.63 ± 0.08 (Miller et al., 2010) 

10.00 ± 0.20 (Walker et al., 2018) 

7.49 ± 0.27 (against αCGRP; Hay et 

al. (2006)) 

7.67 ± 0.17 (against βCGRP; Hay et 

al. (2006)) 

7.44 ± 0.2 (against rAMY; Hay et al. 

(2006)) 

7.23 ± 0.14 (Walker et al., 2015) 

 7.88 ± 0.12 (Walker et al., 2018) 

Telcagepant  

(MK-0974) 

9.74 ± 0.07 (Miller et al., 2010) 

9.00 ± 0.17 (Walker et al., 2015) 

8.92 ± 0.05 (Walker et al., 2018) 

7.36 ± 0.12 (Walker et al., 2015) 

7.37 ± 0.12 (Walker et al., 2018) 

 

The CGRP receptor selectivity of small molecules is due to the molecules’ interactions with a small 

group of critically important RAMP and CLR ECD residues located at the orthosteric binding site. The 

receptor residues that small molecules interact with at the orthosteric site can be both species-specific 

(Mallee et al., 2002) or receptor-specific (Salvatore et al., 2006). Interestingly, both olcegepant and 

telcagepant can block the closely-related AMY1 receptor with relatively high affinities and are only ~100-

fold more selective for the CGRP receptor (Table 1-4). Alternative regions of the CGRP receptor were 
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also reported to be important for small molecule antagonist binding, indicative of a possibly 

underexplored allosteric modulation of the CGRP receptor (Salvatore et al., 2006).  

 

1.5.4 CGRP peptide antagonists 
Truncation of the first seven amino acid residues of the αCGRP peptide, αCGRP8-37, produced a 

competitive antagonist to the CGRP receptor (Chiba et al., 1989). Shorter fragments have also been 

developed, with αCGRP27-37 being the shortest CGRP peptide fragment reported to retain binding to the 

CGRP receptor (Yan et al., 2011).  

The native CGRP8-37 peptide antagonist has been modified and used as the base to develop peptides 

with better antagonist activity. This has led to several analogues of CGRP27-37 (Lang et al., 2006; Yan 

et al., 2011), CGRP8-37 (Miranda et al., 2008; Taylor, Smith, Hulce, & Abel, 2006), and chimeric CGRP-

AM2 peptides (Chang & Hsu, 2019). These modifications can be as simple as a N-terminal benzoylation 

and/or His-10 benzylation (Taylor et al., 2006). Alternatively, they can be as complex as several amino 

acid substitutions and utilisation of unnatural amino acids (Miranda et al., 2008) or introduction of a 

cyclic structure into the backbone (Yan et al., 2011). Despite showing improvements over CGRP8-37, 

there are no CGRP peptide antagonist therapeutics currently in clinical trials.  

While not as clinically developed as small molecule antagonists or monoclonal antibodies, CGRP 

peptide antagonists have been extensively used for peptide-bound receptor structure studies of the 

CGRP and other calcitonin-family receptors (Booe et al., 2015; Liang et al., 2018). In addition, several 

translational studies in vivo have utilised the unmodified CGRP8-37 as the canonical CGRP inhibitor to 

study CGRP pathophysiology. The peptide has been used to study lipid metabolism (Aveseh et al., 

2018; Danaher et al., 2008), food intake (Lutz, Rossi, Althaus, Del Prete, & Scharrer, 1997), vasodilation 

(Aubdool et al., 2016; Escott & Brain, 1993), and nociception and inflammation (Aubdool et al., 2016; 

Eberhardt et al., 2014) to name a few.  

Although full-length CGRP is equipotent at CGRP and AMY1 receptors, αCGRP8-37 displays lower 

antagonist activity at the AMY1 receptor (Table 1-5). Both human and rodent CGRP8-37 have comparable 

antagonist profiles at CGRP and AMY1 receptors due to their very similar sequence identities (Table 

1-5). This makes rodent models useful as translational tools to study CGRP activity in vivo. CGRP8-37 

has also been tested in cell lines that endogenously express the CGRP receptor, and the pharmacology 

is similar to that reported in transfected cells (Table 1-6). 
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Table 1-5 CGRP8-37 antagonist activity at human or rat CGRP receptors expressed in Cos-7 cells as measured using a cAMP functional assay.

Antagonist Human CGRP receptor Human AMY1 receptor 

hCGRP8-37 7.60 (Hay et al., 2006) 

9.34 (Bailey & Hay, 2006) 

8.80 (Bailey & Hay, 2006) 

7.00 (βCGRP; Hay et al. (2006)) 

6.79 (αCGRP; Hay et al. (2006)) 

6.78 (βCGRP; Hay et al. (2006)) 

rCGRP8-37 8.00 (Husmann et al., 2003) 

7.79 (Walker et al., 2015) 

7.72 (Walker et al., 2015) 

 Rat CGRP receptor Rat AMY1 receptor 

rCGRP8-37 8.12 (Walker et al., 2015) 7.20 (Walker et al., 2015) 

7.07 (Bailey et al., 2012) 

 

 

Table 1-6 CGRP8-37 antagonist activity at cell lines that endogenously express the CGRP receptor as measured using a cAMP functional assay. ^Although CLR and 

RAMP1 were reported to be expressed in Col 29 cells, the CGRP pharmacology suggests Col 29 cells express the CGRP2 receptor instead (now thought to be the AMY1 

receptor). 

SK-N-MC cells  
(human CGRP receptor) 

L6-myocytes  
(rat CGRP receptor) 

Col 29 cells 
(human CGRP/CGRP2 receptor^) 

7.49 (Poyner, Soomets, Howitt, & Langel, 

1998) 

8.35 (Hay et al., 2002) 

8.14 (Choksi et al., 2002) 

7.95 (Howitt & Poyner, 1997) 

7.81 (Hay et al., 2002) 

6.48 (Poyner et al., 1998) 

7.34 (Hay et al., 2002) 

8.19 (Choksi et al., 2002) 
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1.6 Aims and rationale for the present study. 

1.6.1 Current landscape of peptide drug development 
The potential advantages of peptide antagonists over other types of antagonist are the lack of liver 

toxicity issues and greater target specificity (Lau & Dunn, 2018). Unfortunately, peptide therapeutics 

also come with several limitations such as their larger size, poor bioavailability and relatively short half-

life. These are also limitations for the development of peptide antagonists to the CGRP receptor. 

There has been limited translational impact of prior CGRP peptide antagonists in vivo due to the short 

half-life of the CGRP peptide and poor plasma stability for CGRP8-37 (Kraenzlin, Ch'ng, Mulderry, 

Ghatei, & Bloom, 1985; Miranda et al., 2008; Struthers et al., 1986). With the advancement in peptide 

synthesis strategies, however, there are now numerous methods to modulate the pharmacokinetics 

properties of a candidate peptide drug. In addition, optimisation of formulation can also enhance peptide 

stability and improve oral bioavailability. In this regard, there has been significant progress made 

towards peptide analogue drug development that improves on the in vivo activity of the native peptides. 

For brevity, the developmental history of peptide drugs will not be explored in depth in this chapter. 

Amino acid substitution, truncation, or addition to produce peptide analogues with enhanced 

pharmaceutical properties makes up the bulk of the peptide drug development (Lau & Dunn, 2018). 

Pramlintide, an amylin analogue, is an example of a peptide sequence modification that led to a 

successful therapeutic. By incorporating residues from rat amylin, pramlintide offered therapeutic 

benefits and displayed reduced amyloidogenesis (Wang, Ridgway, Cao, Ruzsicska, & Raleigh, 2015). 

Conjugation of peptides is also a prominent modification mechanism utilised to enhance the 

pharmaceutical properties of a peptide. The peptides can be conjugated with either polyethylene glycol 

(PEG), lipids, or antibody fragments to extend half-life or improve cell or tissue targeting (Sleep, 

Cameron, & Evans, 2013).  

CGRP peptides have also received relative success with conjugation. For example, a PEGylated 

CGRP8-37 displayed improved pharmacokinetics (Miranda et al., 2013). Lipidation has also been 

successful in peptide therapeutic development. Liraglutide is an acylated GLP-1 peptide which has an 

extended half-life (Davies et al., 2015). This led to the development of another acylated GLP-1 

derivative, semaglutide, which has similar properties (Aroda et al., 2019; Lau et al., 2015). Similarly, 

acylated CGRP-AM2 peptide (Chang & Hsu, 2019) and acylated CGRP (Aubdool et al., 2017; Nilsson 

et al., 2016; Sheykhzade et al., 2018) also displayed improved pharmacokinetics over native CGRP or 

CGRP8-37 by perhaps sequestering to albumin.  

With the current landscape of recently approved CGRP inhibitors such as ubrogepant and multiple 

monoclonal antibodies, peptide antagonists offer an alternative method to inhibiting CGRP activity, one 

which has already been heavily characterised for its pharmacology yet with ample room for 

improvements. This is advantageous given that development does not have to begin from the ground 

up, unlike novel small molecule antagonists or monoclonal antibodies. Taken together, the development 

of CGRP peptide antagonists has relevance as a therapeutic option or a pharmacological tool.  
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1.6.2 Aims and hypothesis 
The overarching aims of the thesis are to improve upon the pharmaceutical properties of the CGRP 

peptide antagonist, and to profile novel CGRP peptide analogues in vitro and in vivo to determine 

whether these analogues can still effectively block CGRP action. To achieve this, synthesised peptide 

antagonists were modified by lipidation with a palmitate chain at various positions along the peptide. 

Biological activity was then tested both in vitro and in vivo.  

It is hypothesised that lipidated CGRP peptide antagonists will retain comparable antagonist activity as 

CGRP8-37 due to the minimal modification of the peptide backbone. This would allow for key residues to 

occupy the binding pockets in the receptor and initiate binding similar to the native CGRP peptide. It is 

also predicted that lipidation of the peptides may prolong or improve activity in vivo through improved 

pharmacokinetics. This is perhaps due to the attached palmitate chain sequestering the peptide to 

albumin and therefore reducing clearance rate once in circulation.  

 

1.6.3 Objectives 
Chapter 3 will investigate the in vitro antagonist activity of the cysteine-substituted CGRP8-37 peptide 

analogues and lipidated peptide analogues in comparison to CGRP8-37 across multiple calcitonin-family 

receptors constituted in transfected mammalian cells. This objective aimed to determine positional-

dependent effects on antagonist activity and receptor selectivity, which will help identify any candidates 

that have strong antagonist activity and selectivity towards the CGRP receptor.  

Chapter 4 will characterise the antagonist behaviours of the lipidated peptides in vitro by deriving their 

pKB values through a full Schild analysis and observing any lipidation-specific effects that may affect 

their antagonist activity at CGRP and AMY1 receptors. The analogues will be tested in mammalian cells 

either transfected with the relevant receptors or which endogenously express the CGRP receptor.  

Chapter 5 will investigate the in vivo biological activity of lipidated peptide analogues using a dermal 

vasodilation model. CGRP8-37 and olcegepant will be incorporated as reference antagonists in a non-

invasive Laser doppler imaging platform. Antagonist activities of the lipidated peptide analogues will be 

tested in mice and measured for their ability to inhibit CGRP-related vasodilatory effects. The results 

here will determine whether the lipidated peptide analogues have different antagonist activities as 

compared to CGRP8-37 in vivo in both male and female mice.  

Attempts will also be made to investigate the functional benefits of lipidation afforded to the lipidated 

peptide candidates compared to native CGRP8-37 and other CGRP receptor antagonists. Specifically, 

chapter 5 will attempt to probe whether lipidation of peptide analogues prolongs in vivo activity in a pilot 

study. 
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Chapter 2 Materials and Methods 
2.1 Specialised equipment 

• Countess Automated Cell Counter, Invitrogen 

• Nanodrop Spectrophotometer, Nanodrop Technologies 

• Envision Multilabel Plate Reader, PerkinElmer 

• JANUS Liquid Handling Robot, PerkinElmer  

• MoorLDI2-HIR Laser Doppler imager, Moor Instruments 

• RightTemp PhysioSuite Module with far infrared warming pad, Kent Scientific 

 

2.2 Peptides and small molecules 
All peptides tested were of human species, except for salmon CT8-32. Peptide syntheses were performed 

by Ms Elyse Williams or Mr Andrew Siow (School of Chemical Sciences, University of Auckland). 

αCGRP, AM and AM22-52 peptides were purchased from American Peptide (Sunnyvale, CA, USA) or 

Bachem (Bubendorf, Switzerland) (Table 2-1). CT and sCT8-32 peptides were purchased from American 

Peptide. αCGRP8-37 with an amidated C-terminus was purchased from American Peptide or synthesised 

(by E. Williams and A. Siow). Olecegepant was purchased from AbaChemScene (New Jersey, United 

States) and telcagepant was purchased from Suzhou Rovathin Pharmatech Co. (Jiangsu, China) 

(Walker et al., 2015). All purchased peptides and small molecules were ≥95% purity. 

CGRP8-37 analogues were synthesised (by E. Williams) based on the human αCGRP sequence. The 

main chain sequence was synthesised using Fmoc solid-phase peptide synthesis (SPPS). Peptides 

were synthesised with C-terminal amidation and identities confirmed by RP-HPLC and LC-MS. All 

peptides were purified by RP-HPLC to typically ≥ 90% purity before lyophilisation (Table 2-2).  

Lipidation of peptides was performed through a building-block approach or Solid-Phase Cysteine 

Lipidation of Peptides or Amino acids (SP-CLipPA) (Williams et al., 2018). This building-block approach 

required preparing the Fmoc-Cys(S-Palmitate)-OH moiety and incorporating it into the peptide via 

Fmoc-SPPS. Alternatively, for the SP-CLipPA method, resin-bound peptides with the deprotected 

cysteine to be modified were conjugated with vinyl-palmitate to produce the corresponding lipidated 

peptides. Both methods produced identical end-products but with differences in yield percentages and 

efficiency (Table 2-2) (Williams et al., 2018). Again, peptides were synthesised with C-terminal amidation 

and identities confirmed by RP-HPLC and LC-MS. All peptides were purified by RP-HPLC to typically ≥ 

90% purity before lyophilisation (Table 2-2). 

Lyophilised peptides (Table 2-1, Table 2-2) and small molecules were reconstituted in ddH2O or in 

dimethyl sulfoxide (DMSO) as a 1 mM or 10mM stock solution and stored at –20 °C in lo-bind tubes. 

Peptide content was taken into consideration during reconstitution and assumed to be 80% when not 

known.  
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Table 2-1 Purchased peptide summary table. Source of peptide and the peptide reconstitution are stated below. 

Peptide Source Reconstituted in 

αCGRP American Peptide/Bachem ddH2O 

αCGRP8-37 American Peptide ddH2O or DMSO 

AM American Peptide/Bachem ddH2O 

AM22-52 American Peptide/Bachem ddH2O 

CT American Peptide ddH2O 

sCT8-32 American Peptide ddH2O 

 

 

 

Table 2-2 Synthesised peptide summary table. Final peptide purities determined by LCMS, the molecular weight 

of the Fmoc-SPPS synthesised peptides, and the peptide reconstitution are stated below. Cysteine-palmitoylation 

was by either building-block approach1 or SP-CLipPA2 to produce lipidated peptides. 

Peptide Purity Mol. Weight (g/mol) Reconstituted in 

I.H. αCGRP8-37 93% 3125.60 ddH2O or DMSO 

αCGRP7-37 97% 3228.76 ddH2O 

V8C αCGRP8-37 95% 3129.62 ddH2O 

K24C αCGRP8-37 95% 3100.58 ddH2O 

K35C αCGRP8-37 95% 3100.58 ddH2O 

αCGRP7-37-palmitate 95%1 3511.20 DMSO 

V8C-palmitate >95%1 

97%2 

3411.49 DMSO 

K24C-palmitate >95%1 3382.44 DMSO 

K35C-palmitate 95%1 3382.44 DMSO 
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2.3 In vitro methods 

2.3.1 Reagents and consumables 
Reagents 

• Luria Agar (Miller), Sigma Aldrich. Modified to have 10 g tryptone, 5 g yeast extract, and 10 g 

NaCl per litre. Luria broth media is identical in supplementation, but without the agar. 

• Ampicillin, Sigma Aldrich 

• 0.4% trypan blue, Invitrogen 

• 10X Phosphate buffered saline (PBS; diluted to 1X and pH adjusted before use), Gibco 

• 1x Dulbecco’s phosphate buffered saline (DPBS), Gibco 

• 3-isobutyl-1-methylxanthine (IBMX), Sigma Aldrich 

• 4-(3-hydroxyethyl)-1-peperazineethanesulfonic acid (HEPES), Serva 

• Anhydrous CaCl2, Sigma Aldrich 

• Bovine serum albumin, MP Biomedicals 

• Distilled DNAse/RNAse-free water, Gibco 

• Dulbecco’s Modified Eagle’s Medium (DMEM), Gibco 

• Foetal bovine serum (FBS), Gibco. FBS was heat-inactivated by heating to 56 °C for 30 minutes 

with occasional mixing. 

• Forskolin, Tocris Biosciences  

• Glucose, Sigma-Aldrich 

• LANCE assay kit, PerkinElmer 

• Low Endotoxin Bovine Serum Albumin, MP Biomedicals 

• NucleoBond® Xtra Maxi kit, Macherey Nagel 

• Polyethylenimine (PEI), Sigma Aldrich 

• Triton X-100, Sigma Aldrich 

• TrypLETM Express, Gibco 

• XL-10 Gold® Ultracompetent cells, Stratagene 

 

Consumables 

• Serological pipettes (5 mL, 10 mL, 25 mL, and 50 mL), Corning 

• T25cm2 cell culture flasks, Cellstar Greiner Bio-one  

• T75cm2 and T175cm2 cell culture flasks, Corning 

• Countess slides, Invitrogen 

• 96-well SpectraPlate, PerkinElmer  

• 384-well OptiPlate, PerkinElmer 

• Plate sealers, Excel Scientific 

• 1250/200/10 µL pipette tips, Neptune/Sorenson 

• Polystyrene 50 mL reagent reservoir, Falcon 
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• ELISA 1.2 mL microdilution tubes, SSI Diagnostica 

• 1.5 mL microcentrifuge tubes, Eppendorf 

• 1.5 mL Lo-bind microcentrifuge tubes, Eppendorf  

• 15 mL and 50 mL Falcon centrifuge tube, Falcon 

 

2.3.2 DNA methods and bacterial culture 
2.3.2.1 DNA expression constructs 
All DNA constructs were cloned into pcDNA3.1 vector (Life Technologies). Human CT(a) and CLR 

constructs were both tagged with a N-terminal hemagglutinin (HA) tag. HA-hCLR was provided by 

Steven M. Foord (GlaxoSmithKline, Stevenage, UK) (Hay et al., 2003), and HA-hCT(a) was provided by 

Professor Patrick Sexton (Monash University, Melbourne, Australia). 

The human RAMP1 construct was tagged with a N-terminal myc tag and was provided by Professor 

Patrick Sexton (Monash University, Melbourne, Australia) as well as Steven M. Foord (Qi et al., 2008). 

The human RAMP2 construct was tagged with an N-terminal FLAG tag and was provided by Denise 

Wootten (Monash University, Melbourne, Australia) (Qi et al., 2013). Untagged human RAMP3 was 

provided by Steven M. Foord (GlaxoSmithKline, Stevenage, UK) (Hay et al., 2003). 

 

2.3.2.2 Bacterial transformation 
All microbial work was performed using aseptic technique in both Luria Agar plates and Luria Broth 

media. Ampicillin provided selection for the transformed bacteria. XL 10-gold® Ultracompetent cells 

were used for bacterial transformation. Nine µL of cells were thawed on ice and 1 µL (10 ng) of DNA 

was added and incubated on ice for 30 min. The cells were then heat-shocked at 42°C for 30 sec, and 

further incubated on ice for a further 2 min. Cells were then spread on Luria Agar plates containing 

ampicillin (100 µg/ml) and incubated at 37°C for approximately 16 hours. A single colony was then 

selected to grow in Luria Broth media containing ampicillin (100 µg/ml). Initially, a 6 mL starter culture 

was inoculated with the single colony for 8 hours, which was then mixed into 600 mL of Luria Broth 

media and further incubated for 16 hours. The bacterial cultures were shaken at 180 RPM and 37°C 

during both steps. 

 

2.3.2.3 Bacterial glycerol stock 
Transformed bacteria harbouring the plasmid DNA of interest (verified by sequencing and 

pharmacological characterisation) were stored as glycerol stocks. An 850 µL sample volume of the 

single colony culture was mixed with 150 μL of 100% sterile glycerol (15% final concentration) and 

stored in cryovials at -80°C. To recover and grow the bacterial glycerol stock, a small portion of the 

stock was streaked out onto a Luria agar plate with ampicillin (100 µg/ml) and incubated at 37°C, for 

approximately 16 hours. 
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2.3.2.4 Plasmid isolation and purification using Maxiprep kits 
Plasmids containing the DNA construct of interest were isolated using NucleoBond® Xtra Maxi kits 

(Macherey-Nagel). Plasmid isolation and purification was performed as per manufacturer instructions. 

The 600 mL growth culture derived from a single bacterial colony (see section 2.3.2.2) was centrifuged 

at 3220 x g for 20 min, at 4°C. The supernatant was discarded, and the pellet resuspended in 15 mL 

cold resuspension buffer containing RNase A, which was then lysed with 15 mL of lysis buffer for 5 min. 

Neutralisation buffer (15 mL) was added to the lysate and the precipitate was centrifuged at 2906 x g 

for 10 min. The supernatant was then loaded onto an equilibrated filter column and allowed to drain 

through by gravity. The column was then washed with 15 mL of equilibrium buffer, allowed to drain 

through again, and the inner column filter discarded.  This was followed with the addition of another 25 

mL wash buffer which drained through, before eluting the DNA with 15 mL of elution buffer.   

Plasmid DNA was precipitated with 10.5 mL of isopropanol and centrifuged at 3220 x g for 30 min. The 

supernatant was discarded, and the DNA pellet allowed to air dry before dissolving in DNAse/RNase-

free distilled water. A nanodrop spectrophotometer was used to quantify the concentration and purity 

(260/280 nm ratio) of the plasmid DNA using Beer-Lambert law. DNA concentration was usually diluted 

in DNAse/RNase-free distilled water to a range between 1000 ng/μL to 2500 ng/μL and purity 260/280 

nm ratios between 1.80 and 2.00. DNA was stored at 20°C. DNA Sanger sequencing was assisted by 

Auckland Genomics, University of Auckland. Alignment was performed using Clustal Omega open 

reading frame (ORF) (https://www.ebi.ac.uk/Tools/msa/clustalo/) or Constraint-based Multiple 

Alignment Tool (COBALT) reading tool (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi) and 

Basic Local Alignment Search Tool (BLAST) for nucleotide or protein sequence 

(https://www.ebi.ac.uk/services). All receptor sequences were cross-checked against their NCBI 

referenced sequences from UniProtKB (https://www.uniprot.org/).  

 

  

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi
https://www.ebi.ac.uk/services
https://www.uniprot.org/
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2.3.3 Mammalian cell culture  
2.3.3.1 General cell culture method 
Cell lines were kept in a liquid nitrogen dewar for long term storage. Cells were purchased and stored 

at low passage number. General cell culture and plating were performed under UV and ethanol-

sterilised conditions. Cells were grown in a humidified incubator at 37°C and 5% CO2 until they reached 

close to 100% confluency. All media and reagents used for cell culture were pre-warmed to room 

temperature or 37°C before use. 

 

2.3.3.2 Cell Lines 
Cell line used in this thesis were: 

i. CV-1 in origin, SV40 carrier cells (Cos-7 cells) derived from African Green monkey kidney cells 

were used primarily for LANCE cAMP assays. They do not endogenously express CTR, CLR 

or RAMPs (Bailey & Hay, 2006). These cells were kindly provided by Associate Professor Nigel 

Birch (School of Biological Sciences, University of Auckland) and originated from American 

Type Culture Collection (ATCC). 

 

ii. SK-N-MC cells derived from human neuroblastoma cells in metastatic supra-orbital neurons 

and originated from ATCC. The cell line was used primarily for LANCE cAMP assays. They 

endogenously express functional CLR and RAMP1 protein (Choksi et al., 2002; Hay et al., 

2002; Muff, Stangl, Born, & Fischer, 1992).  

 

2.3.3.3 Cell Subculture 
Cells were cultured in either T75cm2 or T175cm2 flasks with filter caps in DMEM supplemented with 

7.5% (final) heat-inactivated FBS. When cells reached 90-100% confluency (every 3 to 4 days), they 

were sub-cultured into a new flask. For T75cm2 flasks, old media was removed from the flask and cells 

washed with 5 mL of Dulbecco’s Phosphate Buffered Saline (DPBS). Cells were then incubated at 37°C 

for 2-3 minutes with 5 mL of TrypLE Express trypsin substitute to dislodge the cells. An additional 5 mL 

of fresh DMEM was added to neutralise the effects of trypsin. The same method was applied for cells 

in T175 flask but with doubled volumes. 

For routine cell line maintenance, 2 mL of the 10 mL cell suspension was transferred to a new flask 

containing 13 mL of DMEM for a 1:5 split. Alternatively, 1 mL of the 10 mL cell suspension was 

transferred to a new flask containing 13 mL of DMEM for a 1:10 split. The flask was then returned to 

the humidified incubator at 37°C and 5% CO2. A similar split ratio was applied for the T175cm2 flasks 

but with larger volumes. The ratio may vary according to the cell line and its rate of growth i.e. SK-N-

MC cells have a slower growth rate than Cos-7 and would require more cells per split to reach near 

100% confluency within the same time period. SK-N-MC cells were maintained until the ~60th passage 

(~20 passages from cryopreservation) while Cos-7 cells were maintained until the ~30th passage (~10 



 

47 
 

passages from cryopreservation) before being replaced by new cryopreserved cells. Cells were 

constantly monitored for bacterial and mycoplasma infections. Infected cell batches were immediately 

disinfected and discarded.  

 

2.3.3.4 Plating and transfection 
For plating, cells were pre-diluted with DMEM, stained with 50% trypan blue, and counted on a 

Countess Automated Cell Counter. Cell concentration was corrected to plate at a cell density of 20,000 

cells per well. Cells were plated onto 96-well SpectraPlates at 100 µL per well. After incubating in a 

humidified incubator at 37°C with 5% CO2, the Cos-7 cells were transfected the next day. SK-N-MC 

cells were left for 72 hours until cAMP stimulation. 

Cos-7 cells were transiently transfected with a specific combination of human CLR/CTR and human 

RAMP constructs to express the desired calcitonin-family receptor (or without RAMP for expression of 

CT receptors). The total amount of DNA consisted of 1:1 ratio of receptor components to a total of 0.25 

µg per well in a 96-well plate. PEI was used to increase transfection efficiency. The optimal ratio of 

phosphate of the DNA to nitrogen in PEI (N/P ratio) for successful transfection was 10. For example, 1 

μg of DNA transfected would require 3 μL of 10mM PEI (see equation below) (Bailey & Hay, 2006). 

 

�(µ𝑔𝑔 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷 × 3) × 𝐷𝐷
𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜�

10
=  µ𝐿𝐿 𝑜𝑜𝑜𝑜 10 𝑚𝑚𝑚𝑚 𝑃𝑃𝑃𝑃𝑃𝑃 

 

The transfection mix made up 10% of the total media replacement in the wells and consisted of filter-

sterilised 5% glucose solution (in water), total DNA and total PEI. DNA was added to the 5% glucose 

solution, followed by drop-wise addition of PEI. The mixture was left to incubate at room temperature 

for approximately 10 minutes. Fresh DMEM media was added to the transfection mix and made up the 

remaining 90% volume of the total media replacement. Old media from the plate was aspirated from 

the cells and replaced with new DNA-containing media. Plates were left to incubate for a further 48 

hours, at 37°C and 5% CO2.  
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2.3.4 cAMP stimulation  
2.3.4.1 Stimulation of mammalian cells 
After 48-hours post-transfection, transfection media was removed from each well and replaced with 50 

µL of serum-free DMEM media containing 0.1% w/v BSA and 1 mM IBMX for 30 min at 37°C, to serum 

starve the cells and reduce basal cAMP production. The same procedure was applied for SK-N-MC 

cells. The agonist was serially diluted by 10-fold in the same serum-free media to give a final 

concentration range from 10 µM to 1 pM in the wells. The antagonists were also diluted in the serum-

free media. The serum-free media was occasionally supplemented with DMSO for uniformity in residual 

DMSO levels that arose from peptide stock solution that was reconstituted in DMSO (approximately 

0.1-0.2% depending on the concentration of peptides used). Forskolin at a final concentration of 50 µM 

was used as a positive control. It was also prepared in the same serum-free DMEM.  

The agonist alone (50 µL of 2x[final agonist concentration] or 25 µL of 4x[final agonist concentration] + 

25 µL serum-free media; depending on the experimental design) or in addition to an antagonist at a 

particular concentration (25 µL of 4x[final agonist concentration] + 25 µL of 4x[final antagonist 

concentration]) was added to each serum-starved well to a maximum volume of 100 µL and incubated 

for 15 min at 37°C. cAMP production was stopped by aspirating all the media in the wells, followed by 

the addition of 50 µL of ice-cold ethanol. The plates were then set in a -20°C freezer for a minimum of 

5 minutes. 

 

2.3.4.2 Modified (with washout) stimulation of mammalian cells  
In a slightly different experimental design to that described above (Figure 2-1), media in the 96-well plate 

was replaced with 50 µL serum-free DMEM containing 1 mM IBMX and 0.1% w/v BSA for 30 min serum-

starve at 37°C. After this period, 25 µL of antagonist or media was added and pre-incubated for 15 

minutes at 37°C. After this pre-incubation period, antagonists were removed by aspirating media from 

the chosen wells. The wells were then washed once with 50 µL of 1X phosphate-buffered saline (PBS) 

and replaced with 75 µL of new serum-free DMEM containing 1 mM IBMX and 0.1% w/v BSA. Finally, 

25 µL of the agonist was added to each well, to a maximum volume of 100 µL and incubated with the 

cultured cells for a further 15 minutes at 37°C.  

With antagonists that were not removed (Figure 2-1), 25 µL of CGRP was added immediately after the 

15-minute pre-incubation step to a total assay volume of 100 µL. Cells were incubated for a further 15 

minutes at 37°C. cAMP production was stopped by aspirating all the media in the wells, followed by the 

addition of 50 µL of ice-cold ethanol. The plates were then set in a -20°C freezer for a minimum of 5 

minutes and up to a week. 
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Figure 2-1 The experimental design for the washout stimulation. A) the plate map for the washout experiment 

indicating a control agonist and antagonist for each experimental condition (with or without washout). B) is the 

experimental steps for each experimental conditions; without washout (blue) and with washout (orange). 
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2.3.5 LANCE cAMP assay 
2.3.5.1 General principle 
Agonist stimulation of a calcitonin-family receptor leads to cAMP production and can be measured using 

a LANCE® time-resolved fluorescent energy transfer (TR-FRET) immunoassay (Perkin Elmer). LANCE 

Europium-chelate attached to Streptavidin binds to the biotinylated cAMP. On the opposite end of the 

biotin-cAMP, an anti-cAMP Alexafluor®647 antibody binds to the cAMP molecule.  Excitation of the 

LANCE Europium-chelate at 340 nm leads to energy transfer to the Alexafluor-labelled antibody, 

emitting light at 665 nm (Figure 2-2). cAMP produced by the cells competes against the exogenously 

added biotinylated-cAMP to bind to the anti-cAMP Alexafluor antibody. The greater the amount of cAMP 

produced by the cell, the more it outcompetes biotin-cAMP from binding to the antibody, resulting in 

less TR-FRET. Forskolin is commonly used as a positive control, bypassing the receptor by acting 

directly on adenylyl cyclase to produce cAMP. cAMP content can be calculated by interpolating from a 

cAMP standard curve. 

 

 

Figure 2-2 Basic principle of the LANCE® TR-FRET immunoassay to measure cAMP production. 

 

2.3.5.2 cAMP measurement 
The ethanol in the wells was completely evaporated at room temperature before 50 µL of cAMP 

detection buffer (see below) was added to each well to lyse the cells. Plates were shaken at 300 RPM 

for 15 min. A standard curve was included in each experiment to ensure accurate quantification of 

cAMP. Cell lysate or cAMP standard (5 µL) was transferred to a 384-well OptiPlate (Perkin Elmer) and 

5 µL of an Antibody Mix was added to each well. Plates were sealed with a microplate adhesive film 

and incubated for 30 min at room temperature. After incubation, 10 µL of the Detection Mix was added 

to each well. The plates were resealed and incubated at room temperature for four hours or left 
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overnight. Plates were then read on an Envision 2104 Multilabel plate reader (Perkin Elmer) and data 

recorded using the Wallac Envision Manager version 1.13.3009.1401 computer software. Depending 

on the number of plates analysed for cAMP production, cAMP standard serial dilutions, transfer of 

lysates to the 384-well plates, and reagent additions were either carried out with a JANUS® Automated 

Workstation (Perkin Elmer) or manually. 

The antibody mix was prepared by mixing a LANCE assay Alexa Fluor 647 anti-cAMP antibody (1:200) 

in cAMP detection buffer. The Detection Mix was prepared by mixing the Europium-W8044 labelled 

streptavidin (1:4500) with biotin-cAMP (1:1500) in cAMP detection buffer. A cAMP standard curve was 

prepared by serial dilution of the supplied cAMP standard using the cAMP detection buffer. The cAMP 

detection buffer comprised 0.35% Triton X-100, 50 mM HEPES and 10 mM CaCl2 in distilled water, pH 

adjusted to 7.4 (Walker et al., 2018). 

 

2.3.6 Data analysis 
Data were analysed using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA). For each 

experimental curve, the data points were presented as mean of triplicates ± SEM and plotted against 

log concentration of agonist (M). 

 

2.3.6.1 Agonist analysis 
The data were fitted to a concentration-response curve via non-linear regression using the four-

parameter logistic equation (Table 2-3). The four parameter logistic equation does not constrain the Hill 

slope coefficient, an important parameter for consideration when measuring agonist affinity and efficacy 

(Black & Leff, 1983; Lazareno & Birdsall, 1993; Prinz, 2010). An extra sum-of-squares F-test was 

conducted to determine whether the Hill slope was significantly different to one. In most experiments, it 

was not different to one and the data were fitted using a three-parameter logistic equation instead. The 

maximal (Emax) and minimal (Emin) responses were not constrained in the independent experiments, and 

do not significantly impact the EC50 value. 

For summarising the independent experiments into a single concentration-response graph, curve data 

points of each experimental repeat were normalised to the Emax as 100% and Emin as 0%. Normalised 

data points from each independent experiment were combined and graphed again as mean ± SEM. 

Combined pEC50 values from at least three independent experiments (before normalisation) were also 

presented as mean ± SEM. For statistical analyses, pEC50 values from the independent experiments 

were grouped and compared by unpaired Student’s t-test or by one-way ANOVA following a normality 

test. 
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2.3.6.2 Schild analysis of a single concentration of antagonist (chapters 3 and 4) 
For single concentrations of antagonist, the data were fitted to a concentration-response curve via non-

linear regression using the Gaddum/Schild EC50 shift equation (Table 2-3) (Arunlakshana & Schild, 

1958). The equation is generally used to quantify the affinity of competitive antagonists in a functional 

system. The Hill slope was constrained to one following agonist analyses. However, an extra sum-of-

squares F-test was also conducted to compare whether two curves fitted onto two distinct datasets 

were significantly different from a single curve fit applied to both datasets. If the F-test indicated that the 

two datasets could be fitted as one, the experimental repeat was excluded as the curve shift was too 

minimal to calculate pA2 values. The Schild slope was also constrained to one (i.e. antagonist assumed 

to be competitive) as the unconstrained Schild slope would not have been an accurate parameter with 

only one concentration of antagonist to rely on. Both Emax and Emin were not constrained in the 

independent experiments. The pA2 values were obtained from the Schild analysis. 

For summarising the independent experiments into a single concentration-response graph, curve data 

points of each experimental repeat were normalised to the control agonist’s Emax as 100% and the 

control agonist’s Emin as 0%. Normalised data points from each independent experiment were combined 

and graphed again as mean ± SEM. Combined pA2 values from at least three independent experiments 

(before normalisation) were presented as mean ± SEM. For statistical analyses, values from the 

independent experiments were grouped and compared by unpaired Student’s t-test or by one-way 

ANOVA following a normality test. 

 

2.3.6.3 Manual Schild analysis of multiple concentrations of antagonist (chapter 4) 
For manual Schild analysis, the data were fitted to a concentration-response curve via non-linear 

regression using the four-parameter logistic equation (Table 2-3). An extra sum-of-squares F-test was 

conducted to determine whether the Hill slope was significantly different to one. In most experiments, it 

was not different to one and the data were fitted using a three-parameter logistic equation instead. An 

extra sum-of-squares F-test was also conducted to compare whether two curves fitted onto two distinct 

datasets were significantly different from a single curve fit applied to both datasets. If the F-test indicated 

that the two datasets could be fitted as one, the experimental repeat was excluded as the curve shift 

was too minimal to calculate pKB values. Both Emax and Emin were not constrained in the independent 

experiments.  

pEC50 values were obtained from the curve fits and plotted into a Schild plot using the equation below 

(Arunlakshana & Schild, 1958). The concentration ratio (CR) is the ratio of EC50 values in the presence 

and absence of the antagonist while [B] is the concentration of antagonist used. A linear regression was 

applied to the data points to derive the pKB value at the x-intercept. In this instance the Schild slope 

was not constrained (hence the value obtained is not a pKB value if Schild slope is significantly different 

to one).  
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log[𝐾𝐾𝐵𝐵] =
log[𝐶𝐶𝐶𝐶 − 1]

log[𝐵𝐵]  

 

The Schild plots were summarised into a single graph as mean ± SEM. Combined pKB values from at 

least three independent experiments were presented as mean ± SEM. For statistical analyses, values 

from the independent experiments were grouped and compared by unpaired Student’s t-test or by one-

way ANOVA following a normality test. 

 

2.3.6.4 Global Schild analysis of multiple concentrations of antagonist (chapter 4) 
For global Schild analysis, the dataset from 2.3.6.3 were fitted to a concentration-response curve via 

non-linear regression using the Gaddum/Schild EC50 shift equation (Table 2-3). The Hill slope was 

constrained to one following agonist analyses. An extra sum-of-squares F-test was also conducted to 

compare whether two curves fitted onto two distinct datasets were significantly different from a single 

curve fit applied to both datasets. If the F-test indicated that the two datasets could be fitted as one, the 

experimental repeat was excluded as the curve shift was too minimal to calculate pKB values. The global 

Schild analysis relied on constrained Schild slope of one (see chapter 4 for description and justification). 

Both Emax and Emin were not constrained in the independent experiments. The pKB values were obtained 

from the global Schild analysis.  

For summarising the independent experiments into a single concentration-response graph, curve data 

points of each experimental repeat were normalised to the control agonist’s Emax as 100% and the 

control agonist’s Emin as 0%. Normalised data points from each independent experiment were combined 

and graphed again as mean ± SEM. Combined pKB values from at least three independent experiments 

(before normalisation) were presented as mean ± SEM. For statistical analyses, values from the 

independent experiments were grouped and compared by unpaired Student’s t-test or by one-way 

ANOVA following a normality test. 

 

2.3.6.5 Agonist and Schild analysis for washout experiments (chapter 4) 
This section utilised the same methods described in section 2.3.6.1 and 2.3.6.2 but with one difference 

(Table 2-3). The Schild analysis relies on the control agonist that was subjected to the same 

experimental conditions as the antagonist. This meant that the agonist concentration-response curve 

performed where the antagonist in question had been “washed out” was compared with the control 

agonist concentration-response curve also performed under conditions where a “washout” step was 

included, and vice versa. For summarising the independent experiments into a single concentration-

response graph and statistical analyses, the same method as 2.3.6.1 and 2.3.6.2 were utilised, but with 

the caveat described above for normalisation to the correct control agonists. Additionally, Student’s t-

test comparisons between washout and no washout pA2 values of a particular antagonist were paired 

instead of unpaired, as the two conditions were always tested side-by-side. 
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Table 2-3 Analysis summary for in vitro experiments. *The control agonist refers to the agonist used under identical experimental conditions. 

Analysis Model  Parameters Normalisation and summarisation 

Agonist analysis 3- or 4-parameter logistic equation Extra sum
-of-square F-test to confirm

 if any tw
o curves 

are different or w
hether H

ill slope should be constrained 

Hill slope dependent on dataset 

Emax/ Emin unconstrained 

To agonist Emax and Emin as 100% and 

0% respectively 

Combined as mean ± SEM 

Schild analysis of a single 

concentration of antagonist 

Gaddum/Schild EC50 shift equation Hill slope dependent on agonist 

Schild slope constrained 

Emax/ Emin unconstrained 

To control agonist Emax and Emin as 

100% and 0% respectively 

Combined as mean ± SEM 

Manual Schild analysis of 

multiple concentrations of 

antagonist 

3- or 4-parameter logistic equation 

Linear regression for Schild plot 

Hill slope dependent on dataset 

Schild slope unconstrained 

Emax/ Emin unconstrained  

Schild plot combined as mean ± SEM 

Global analysis of multiple 

concentrations of 

antagonist 

Gaddum/Schild EC50 shift equation Hill slope dependent on agonist 

Schild slope constrained to one 

Emax/ Emin unconstrained  

To control agonist Emax and Emin as 

100% and 0% respectively 

Combined as mean ± SEM 

Agonist and Schild analysis 

in washout experiment 

3- or 4-parameter logistic equation 

Gaddum/Schild EC50 shift equation* 

Hill slope dependent on agonist* 

Schild slope constrained 

Emax/ Emin unconstrained 

To control agonist* Emax and Emin as 

100% and 0% respectively 

Combined as mean ± SEM 
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2.4 In vivo methods  

2.4.1 Materials and animals 
2.4.1.1 Reagents and consumables 
Reagents 

• Teklad Global Diets 18% protein, Envigo 

• Sterile 0.9% saline solution, Baxter 

• Dimethyl sulfoxide (DMSO) 

• Low Endotoxin Bovine Serum Albumin, MP Biomedicals 

• ≥95% purified capsaicin, Sigma Aldrich 

• 100 mg/ml Ketamine Hydrochloride, Phoenix Pharmaceutical 

• 20 mg/ml Xylazine 2%, Phoenix Pharmaceutical 

 

Consumables 

• 1250/200/10 µL pipette tips, Neptune/Sorenson 

• 1.5 mL Microcentrifuge tubes, Eppendorf 

• 1.5 mL Lo-bind tubes, Eppendorf  

• Ultrafine II Insulin Syringe 29 G, BD 

• 15 mL Falcon centrifuge tube, Falcon 

 

2.4.1.2 General animal care and handling 
All animal studies conducted were approved by the Animal Ethics Committee (AEC), University of 

Auckland, and conducted under strict experimental procedure and guidelines approved by the AEC. 

Both male and female C57BL/6 mice were obtained from the School of Biological Sciences Animal 

Facility, University of Auckland or Faculty of Medical Health and Sciences Vernon Jansen unit, 

University of Auckland. Mice were kept in an environmentally enriched housing under climatically 

controlled conditions and kept in a 12-hour day/night cycle. Following any major housing relocation, 

mice were left for 72 hours to acclimatise to their new environment before recruitment into animal study. 

Mice were kept in either mixed litter groups (less than three days difference) or same litter groups. In 

both instances, groups were separated by sex. Mice had free access to an excess of food (standard 

diet) and water. Room temperature where the animal studies were conducted was maintained between 

20-21°C.  Mice were constantly monitored prior to and during the experiment for any adverse side-

effects of treatments, experiment or possibly detrimental behaviour such as barbering. After each 

experiment endpoint, mice were euthanised under anaesthesia by cervical dislocation. 
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2.4.1.3 Animal recruitment  
C57BL/6 mice were recruited 10 to 12 weeks post-natal at approximately 20 to 30 g bodyweight. 

Approximately equal number of males and females were recruited to a group, with 8 mice per treatment 

arm of the study. Animals were randomly allocated to each treatment group, but with consideration for 

equal gender numbers per group and animal availability.  

 

2.4.2 Treatment preparation and delivery 
On the day of experiment, all antagonists were diluted from a 10 mM stock into 37 °C pre-warmed sterile 

0.9% saline containing 0.1% bovine serum albumin and 3.2% DMSO. Peptides were diluted to a 

concentration of either 32 µM or 96 µM to be delivered to mice at a dose of 320 nmol/kg or 960 nmol/kg, 

respectively. Visual inspection was performed to ensure peptides or small molecules had not 

precipitated out of solution during dilution as well as prior to injection. An anaesthesia cocktail was made 

with ketamine at 10 mg/mL and xylazine at 1 mg/mL, respectively, and dissolved in sterile 0.9% saline. 

Capsaicin solutions were made at 3.03 mg/ml (9.92 mM) or 10 mg/ml (32.7 mM) concentration by 

dissolving capsaicin powder (at ≥95% purity) in absolute ethanol. 

Antagonists or saline vehicle were administered subcutaneously to mice at the dose of 320 nmol/kg or 

960 nmol/kg at a volume of 10 ml/kg (Figure 2-3). Mice were anaesthetised with the ketamine and 

xylazine cocktail, administered intraperitoneally at a volume of 10 ml/kg (Figure 2-3). Capsaicin was 

applied topically to the ear at a volume of 20 µL per ear (10 µL on dorsal side and 10 µL on ventral side) 

(Figure 2-3). The total administered capsaicin amount would be either 60.6 µg/ear or 200 µg/ear, 

depending on the capsaicin solution used. Care was taken to avoid overflow of the capsaicin solution 

off the surface of the ear. On the contralateral ear, ethanol was applied in an identical manner and 

volume as negative control (Figure 2-3). Solutions administered to either the left or right side was 

randomized.   
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Figure 2-3 The experimental design for the laser doppler imaging experiment. The method of administration 

for treatment delivery and experimental timing is on the top left. The bottom right indicate where and how capsaicin 

or ethanol is applied topically to the surface of the ear. 

 

2.4.3 Laser Doppler imaging 
Mice were treated subcutaneously with the antagonists at 10 or 30 minutes prior to anaesthesia and 

returned to an individual cage that has environmental enrichment and access to food and water (Figure 

2-3). Mice were then anaesthetised with the ketamine/ xylazine cocktail, which was confirmed by a pinch 

test and constant monitoring until euthanasia. Anaesthetised mice were then positioned flat ventrally 

onto a heating pad set to maintain internal body temperature at approximately 37°C as monitored by 

an anal temperature probe. The head was positioned securely for the dorsal region of both ears to be 

as horizontally aligned as possible to the Moor LDI2-HIR Laser Doppler imager above it. Once 

positioned properly, blood flow in both ears was scanned and analysed in real-time utilising a Laser 

Doppler imager and MoorLDI Measurement 6.1 software. The imager was set to scan 40 cm from the 

ear, with a scan area of approximately 11.0 cm x 4.1 cm at a resolution of 256x45 pixels, with a scan 

speed of 4ms/pixel. This setting configuration allowed for a complete frame scan to take approximately 

60 seconds. 

Both ears were simultaneously scanned for 3 minutes to deduce the baseline blood flow prior to 

capsaicin-challenge (Figure 2-3). This was followed by the topical application of the capsaicin on one 

ear and absolute ethanol on the contralateral ear. Immediately, both ears were scanned with the Laser 

Doppler imager for a continuous 15-minute period to capture blood flow in both ears over that time 

period. Mice were immediately euthanised after the experiment’s endpoint and before anaesthesia wore 

off (Figure 2-3).  
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2.4.4 Data analysis of vasodilatory response 
Mean flux values of the whole scanned ear region for both ears (control and capsaicin) at each time 

point (per minute) were analysed using the MoorLDI Review 6.1 software and replotted using Graphpad 

Prism 7. In MoorLDI Review software, the scan frames were organised accordingly and visually 

inspected for experimental reading defects or outliers (i.e. large area of missing/greyed pixels in the ear 

area). The area of both ears was selected and outlined for flux analysis. Each ear was analysed for the 

total pixels inside the outlined area, the valid percentage of pixels inside the outlined area available for 

flux measurement, and mean flux value averaged from the pixels inside the outlined area.  

For each ear, the mean flux values at each time point were normalised to the mean flux values averaged 

from the baseline scans. Baseline-normalised flux were replotted as % flux mean against time 

(minutes). The normalised vasodilatory responses were then combined from individual animals. Area 

under the curve (AUC) of the % flux mean post-capsaicin application (t≥0) was measured for each 

animal, grouped and compared between different ears or treatment arms. The % flux mean specific to 

the final time point, i.e. maximal flux at T15, was used as an indication of maximal vasodilation within 

the experimental time period since most vasodilatory effects observed in the study were the highest at 

or peaked by T15. 

For statistical analysis and comparisons of treatment or gender (i.e. across different animals), AUC 

values or the maximal flux values at T15 from different mice were grouped and compared using an 

unpaired Student’s t-test or by one-way ANOVA following a normality test. For statistical analysis and 

comparisons of capsaicin ear to the paired ethanol-treated control ear (i.e. side-by-side measure) within 

the same treatment and/or gender, AUC values or maximal flux values at T15 from different mice were 

grouped and compared using paired Student’s t-test or by one-way ANOVA. Where multiple sequential 

time points were compared between time courses for differences, a repeated measures two-way 

ANOVA with Bonferonni’s multiple comparisons test was used instead. 

 

2.5 Other 
Several images within the thesis were created with Biorender (https://biorender.com/). 

 

https://biorender.com/
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Chapter 3 Antagonist activity screening of CGRP analogues 
3.1 Introduction  
Currently, CGRP8-37 is the best characterised and effective peptide antagonist at CGRP-responsive 

receptors and other calcitonin-family receptors. CGRP8-37 also has antagonist activity at the AMY1 

receptor and inhibits AM activity at AM1 and AM2 receptors with comparable affinity to the AM22-52 

peptide in Cos-7 cells (Bailey et al., 2012; Hay et al., 2003; Walker et al., 2015). It is also a weak 

antagonist at the CT receptor in stark contrast to the more potent truncated salmon calcitonin peptide, 

sCT8-32 (Hay et al., 2005). Due to its well-characterised pharmacology, CGRP8-37 has been utilised as 

the benchmark antagonist for numerous studies involving CGRP. CGRP8-37 is not suitable as a drug 

since full length CGRP has a very short half-life (Kraenzlin et al., 1985; Struthers et al., 1986) and 

CGRP8-37 itself has poor plasma stability (Miranda et al., 2008). However, CGRP8-37 has been used as 

the template to develop novel CGRP antagonists with more desirable properties (Miranda et al., 2008; 

Rist et al., 1999).  

This study hypothesised that attachment of a fatty acid sidechain to CGRP8-37 could improve 

pharmacological properties based on the success of this approach for other therapeutic peptide 

hormones. For example, fatty acid lipidation extended in vivo half-life of GLP-1 resulting in the 

development of liraglutide (Agerso, Jensen, Elbrond, Rolan, & Zdravkovic, 2002; Malm-Erjefalt et al., 

2010) and semaglutide (Lau et al., 2015) which are used as therapeutics for diabetes and obesity. This 

approach has not been reported for CGRP8-37 analogues although, acylation of the αCGRP peptide 

agonist reportedly prolonged agonist action at the CGRP receptor both in vitro and in vivo (Aubdool et 

al., 2017; Nilsson et al., 2016). 

Lipidation of peptides can be performed through a building-block approach. However, this synthesis 

approach is time consuming and inefficient (Yang, Harris, Williams, & Brimble, 2016), requiring 

preparation of a Fmoc-Cys(S-Pam)-OH moiety and its incorporation into the peptide via Fmoc-SPPS. 

Instead, a novel, more robust and time-efficient method called Solid-Phase Cysteine Lipidation of 

Peptides or Amino acids (SP-CLipPA) was utilised in this research (Williams et al., 2018). Peptide 

lipidation through this method requires the presence of a cysteine thiol side chain, as the linking reaction 

requires a thiol-ene reaction between the terminal carbon of the lipid chain and the free-thiol of the 

cysteine residue (Yang et al., 2016).  

CGRP possesses two native cysteine residues at amino acid positions 2 and 7 which together form a 

disulphide bond within the active peptide. As αCGRP8-37 lacks these cysteine residues, these must be 

substituted into the primary structure in order to attach a lipid chain using the CLipPA method. In this 

study, three positions on the αCGRP8-37 peptide backbone were selected for cysteine substitution sites 

and subsequent palmitoylation. These were valine-8, lysine-24, and lysine-35; yielding V8C CGRP8-37, 

K24C CGRP8-37, and K35C CGRP8-37 to denote the cysteine-substituted peptide analogues (Figure 3-1). 

Lipidation at each of these cysteine-substituted positions yielded V8C-palmitate, K24C-palmitate, and 

K35C-palmitate peptides (Williams et al., 2018). Additionally, αCGRP7-37 was palmitoylated at the native 
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cysteine-7, yielding CGRP7-37-palmitate. (Figure 3-1). The chemistry has been described and published 

in Williams et al. (2018). 

 

 

Figure 3-1 Amino acid sequences of human αCGRP, αCGRP8-37, CGRP7-37, V8C, K24C, and K35C cysteine-
substituted peptide analogues of αCGRP8-37.  These cysteine residues were subsequently modified by 

palmitoylation to obtain the corresponding lipidated peptide analogues. 

 

These three sites were chosen based on literature evidence of what can be considered as non-essential 

residues which could support modifications without sacrificing binding affinity (Booe et al., 2015; Liang 

et al., 2018; Rist et al., 1999; Watkins, Rathbone, et al., 2013). In addition, modification of lysine-24 and 

-35 were targeted as they are associated with known protease cleavage sites within the CGRP8-37 

peptide (Davies, Medeiros, Keen, Turner, & Haynes, 1992; Mentlein & Roos, 1996; Miranda et al., 2008; 

Padilla et al., 2007; Tam & Caughey, 1990). The rationale was that positioning the lipid moiety at these 

sites could prevent or delay proteolytic cleavage and, therefore, extend peptide longevity in vivo more 

than just lipidation alone. The precursor cysteine-substituted peptide analogues also serve the dual 

purpose of systematically probing residue-specific effects, thereby providing valuable insight into 

whether these positions are tolerated independent of lipid-specific effects. 

 

3.2 Aims and objectives 
This overall aim of this chapter was to determine the antagonist profiles of CGRP peptide analogues at 

calcitonin-family receptors, particularly the CGRP and AMY1 receptors. The first objective was to 

confirm whether CGRP8-37, either synthesised in-house (I.H. αCGRP8-37) or commercially by American 

Peptide (A.P. CGRP8-37) acts as a functional CGRP antagonist with a potency consistent with the 

literature.  

The second objective was to determine the pharmacology of cysteine-substituted CGRP8-37 peptide 

analogues at CGRP and AMY1 receptors. This objective aimed to determine positional-dependent 

effects on antagonist activity, and thus whether these cysteine-substituted positions would be amenable 

to further modification through lipidation. The third objective was to screen the antagonist behaviours 

of the lipidated CGRP7-37 and CGRP8-37 peptide analogues at a single concentration at the two CGRP-
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responsive receptors (CGRP and AMY1) and closely related receptors (AM1, AM2, CT) to gain 

information on receptor selectivity.  

 

3.3 Experimental design 
hαCGRP is equipotent at CGRP and AMY1 receptors (Hay et al., 2018) and was used as the agonist 

for screening antagonist activities at these two receptors. Likewise, the cognate AM peptide was the 

agonist for screening at AM1 and AM2 receptors while the CT peptide was the agonist for screening at 

the CT receptor. AMY2 and AMY3 receptors were omitted from the studies as their pharmacology and 

functional importance in vivo are ambiguous with potential overlap with the AMY1 receptor. In addition 

to CGRP8-37 as the reference antagonist at CGRP and AMY1 receptors, AM22-52 and sCT8-32 were the 

respective reference antagonists at AM and CT receptors. 

The pharmacology of the peptide antagonists was screened using a single concentration to provide an 

initial antagonist profile in Cos-7 cells transiently transfected with the calcitonin-family receptors. CGRP 

and other calcitonin-related peptides display high agonist potencies through the cAMP pathway 

compared to other pathways (Garelja et al., 2020), thereby enabling sufficient assay sensitivity to 

measure antagonist activity. Hence, our studies focused on this pathway using a standard LANCE 

assay to measure cAMP produced from agonist stimulation. For these studies, each peptide antagonist 

was incubated together with a range of agonist concentrations. Competitive antagonist behaviour was 

evident by a rightward shift in the agonist concentration-response curve without any changes in the 

maximal response. The derived pA2 values (using analysis method described in section 2.3.6.2) 

provided a measure of antagonist activity which was then compared to corresponding values reported 

in the literature. 

The use of global Schild analysis to measure pA2 values from the use of a single concentration of 

antagonist has advantages and caveats. Provided the operational model of agonist binding is valid and 

that the antagonist is strictly competitive, the calculated pA2 value is equivalent to or at least an accurate 

estimate of pKB (Arunlakshana & Schild, 1958; Pöch, Brunner, & Kühberger, 1992; Tallarida & Murray, 

1986). However, it is mathematically impossible to determine the Schild slope from only a single 

concentration of antagonist. Furthermore, certain pharmacological behaviours, such as whether an 

antagonist is surmountable (competitive) or not, are only observable from a full Schild analysis utilising 

multiple antagonist concentrations (Charlton & Vauquelin, 2010; Christopoulos, Parsons, Lew, & El-

Fakahany, 1999; Kenakin, Jenkinson, & Watson, 2006; Vauquelin & Szczuka, 2007). Therefore, a 

manual calculation of Schild analysis for a single concentration of antagonist can be considered 

redundant and identical to a global Schild analysis as multiple parameters, such as Schild slope, must 

be constrained. 

However, the Schild analysis is a better measure of antagonist activity than a competitive binding assay 

used to measure the IC50. Despite using even less data points than a Schild analysis of a single 

concentration of antagonist, the calculated pIC50 value is only equivalent to pKB through the Cheng-

Prusoff equation, with the explicit use of correct experimental conditions (Lazareno & Birdsall, 1993). 
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These conditions such as the agonist Hill coefficient slope are critically dependent on the agonist, and 

are not apparent in a binding assay with very limited data points and only utilising a single agonist 

concentration (Lazareno & Birdsall, 1993; Wyllie & Chen, 2007).  
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3.4 Validation of CGRP8-37 as an antagonist at CGRP and AMY1 receptors 

The first objective was to validate I.H. synthesised αCGRP8-37 as the control antagonist at CGRP and 

AMY1 receptors. A.P. αCGRP8-37 was also used as a benchmark comparison to I.H. αCGRP8-37. The 

derived pA2 as well as agonist EC50 values were then compared to literature values using similar 

experimental systems (Bailey & Hay, 2006; Hay et al., 2018; Walker et al., 2015). 

 

3.4.1 CGRP receptor 
I.H. CGRP8-37 displayed a rightward shift in the concentration-response curve with no suppression of 

the maximum indicative of competitive antagonist activity at the CGRP receptor (Figure 3-2), with a pA2 

value of 8.63 ± 0.07 (n=3) (Table 3-1). A.P. CGRP8-37 also displayed competitive antagonist activity at 

the CGRP receptor (Figure 3-2) with a pA2 value of 9.32 ± 0.09 (n=3) (Table 3-1). These data indicated 

that A.P. CGRP8-37 was approximately 5-fold more potent than I.H. CGRP8-37 in this transfected cellular 

system. 

 

 

Figure 3-2 Antagonism by CGRP8-37 at the CGRP receptor expressed in Cos-7 cells. CGRP concentration-

response curves were conducted in the absence or presence of I.H. CGRP8-37 or A.P. CGRP8-37. Data points were 

plotted as a percentage of maximal CGRP-stimulated cAMP production and shown as mean ± SEM of 3 

independent experiments.  

  



 

64 
 

3.4.2 AMY1 receptor 
I.H. CGRP8-37 displayed a rightward shift in the concentration-response curve with a pA2 value of 7.08 

± 0.15 (n=3) (Table 3-1) and a non-significant suppression of the maximum at the AMY1 receptor (Figure 

3-3). A.P. CGRP8-37 displayed competitive antagonist activity with a measured pA2 value of 7.62 ± 0.12 

(n=3) (Figure 3-3; Table 3-1). These findings showed that A.P. CGRP8-37 was approximately 5-fold more 

potent than I.H. CGRP8-37 under these experimental conditions.  

 

 

Figure 3-3 Antagonism by CGRP8-37 at the AMY1 receptor expressed in Cos-7 cells. CGRP concentration-

response curves were conducted in the absence or presence of I.H. CGRP8-37 or A.P. CGRP8-37. Data points were 

plotted as a percentage of maximal CGRP-stimulated cAMP production and shown as mean ± SEM of 3 

independent experiments. 
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3.4.3 Comparisons between CGRP and AMY1 receptors 
CGRP showed similar potencies at CGRP and AMY1 receptors with pEC50 values of 9.80 ± 0.12 (n=6) 

and 9.39 ± 0.12 (n=6) respectively. Both I.H. CGRP and A.P. CGRP8-37 were more effective antagonists 

at the CGRP receptor than the AMY1 receptor by approximately 30 to 50-fold (Table 3-1). The 

pharmacology profiles observed for both the CGRP agonist and the CGRP8-37 antagonist are consistent 

with values reported in the literature (Bailey & Hay, 2006). As these findings validated the experimental 

system, studies progressed to screening the CGRP8-37 peptide analogues. 

 

Table 3-1 Derived pEC50 values for CGRP and pA2 values for CGRP8-37 at CGRP and AMY1 receptors 
expressed in Cos-7 cells. pEC50 and pA2 values correspond to I.H. CGRP8-37 and A.P. CGRP8-37 experiments 

respectively. Values are mean ± SEM of 3 independent experiments. Comparisons to I.H. CGRP8-37 were analysed 

by unpaired Student’s t-test. * p<0.05 and ** p<0.01 significance.  

 CGRP receptor AMY1 receptor 

Peptide 
antagonist 

I.H. CGRP8-37 A.P. CGRP8-37 I.H. CGRP8-37 A.P. CGRP8-37 

CGRP pEC50 9.98 ± 0.17 9.62 ± 0.13  9.29 ± 0.25  9.49 ± 0.04  

pA2 8.63 ± 0.07 9.32 ± 0.09 ** 7.08 ± 0.15  7.62 ± 0.12 * 
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3.5 Screening of CGRP7-37 and CGRP8-37 cysteine-substituted peptide 
analogues at CGRP and AMY1 receptors 

3.5.1 CGRP receptor 
Cysteine-substituted CGRP8-37 analogues together with CGRP7-37 were tested for antagonist activity 

using a single concentration at the CGRP receptor. The cysteine-substituted peptide analogues and 

CGRP7-37 were all analysed at concentrations of 30 nM, based on the pA2 of I.H. CGRP8-37. At this 

concentration all cysteine-substituted peptide analogues and CGRP7-37 evoked rightward shifts in the 

CGRP concentration-response curve at the CGRP receptor with no significant change to the maximal 

responses, indicative of competitive antagonist activity (Figure 3-4, Table 3-2). pA2 values ranged 

between 8.85 ± 0.31 (n=3) for K35C to 7.23 ± 0.07 (n=3) for V8C. The rightward shift for V8C was 

confirmed by F-test and its antagonist activity was 25-fold less potent than I.H. CGRP8-37 (Table 3-2).  

 

 

Figure 3-4 Antagonism by CGRP7-37 and CGRP8-37 cysteine-substituted peptide analogues at the CGRP 
receptor expressed in Cos-7 cells. CGRP concentration-response curves were conducted in the absence or 

presence of (A) CGRP7-37, (B) V8C, (C) K24C, and (D) K35C. Data points were plotted as a percentage of maximal 

CGRP-stimulated cAMP production and shown as mean ± SEM of 3 independent experiments.  
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3.5.2 AMY1 receptor 
To determine antagonist activities at the AMY1 receptor, all cysteine-substituted CGRP8-37 analogues 

and CGRP7-37 were analysed at a concentration of 1 µM, based on the pA2 of I.H. CGRP8-37. All peptides 

again produced rightward shifts to the CGRP concentration-response curves with no significant 

changes to the maximal response, indicative of competitive antagonist activity (Figure 3-5). Similar to 

the results observed at the CGRP receptor, V8C showed the lowest pA2 value of 6.41 ± 0.15 (n=3), 

which was 5-fold lower than I.H. CGRP8-37 (Table 3-2). By comparison, the pA2 values of the other three 

peptides were very similar to I.H. CGRP8-37 (Table 3-2). 

 

 

Figure 3-5 Antagonism by CGRP7-37 and CGRP8-37 cysteine-substituted peptide analogues at the AMY1 
receptor expressed in Cos-7 cells. CGRP concentration-response curves were conducted in the absence or 

presence of (A) CGRP7-37, (B) V8C, (C) K24C, and (D) K35C. Data points were plotted as a percentage of maximal 

CGRP-stimulated cAMP production and shown as mean ± SEM of 3 independent experiments. 
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3.5.3 Selectivity between CGRP and AMY1 receptors 
Comparison of the pA2 values showed that I.H. CGRP8-37 was approximately 35-fold more selective 

towards the CGRP receptor than the AMY1 receptor. By comparison, CGRP7-37 and V8C were less 

selective (p<0.01) for the CGRP receptor (Table 3-2). K35C was the most selective for the CGRP 

receptor (approximately 65-fold) (Table 3-2). Overall, the CGRP8-37 cysteine-substituted peptide 

analogues and CGRP7-37 remained significantly selective for the CGRP receptor over the AMY1 

receptor. 

 

Table 3-2 pA2 and fold difference values for I.H. CGRP8-37, CGRP7-37, and cysteine-substituted peptide 
analogues at CGRP and AMY1 receptors expressed in Cos-7 cells. Values are mean ± SEM of 3 independent 

experiments. Comparison of pA2 values between the two receptors was analysed by unpaired Student’s t-test. 

Comparisons of pA2 values for CGRP8-37, CGRP7-37, and cysteine-substituted peptide analogues were analysed 

by one-way ANOVA followed by Dunnett’s multiple comparison test against I.H. CGRP8-37. * p<0.05, ** p<0.01, *** 

p<0.001 significance.  

Peptide 
antagonist 

CGRPr 
pA2 

AMY1r 
pA2 

pA2 fold 
difference 

Selectivity 
towards 

I.H. CGRP8-37 8.63 ± 0.07 7.08 ± 0.15 35.5*** CGRPr 

CGRP7-37 7.98 ± 0.09* 7.10 ± 0.17 7.6** CGRPr 

V8C 7.23 ± 0.07*** 6.41 ± 0.15* 6.6** CGRPr 

K24C 8.25 ± 0.11 7.06 ± 0.15 15.5** CGRPr 

K35C 8.85 ± 0.31 7.04 ± 0.18 64.6** CGRPr 
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3.6 Screening of lipidated peptides at calcitonin-family receptors 

3.6.1 CGRP receptor 
For consistency, lipidated peptides were initially analysed at 30 nM. All lipidated peptides evoked 

rightward curve shifts showing antagonist activity (Figure 3-6). V8C-palmitate was the most potent with 

the highest pA2 value of 9.40 ± 0.34 (n=3) followed by CGRP7-37-palmitate and K24C-palmitate. The 

pA2 values displayed by the lipidated peptides were, however, not significantly different to I.H. CGRP8-

37 (Table 3-5). As pilot tests showed no antagonist behaviour by K35C-palmitate at 30 nM, its 

concentration was increased to 3 µM. Under these conditions, K35C-palmitate showed weak antagonist 

activity with a pA2 of 7.06 ± 0.29 (n=3). This value was significantly lower than the pA2 for I.H. CGRP8-

37 (Table 3-5). With the exception of CGRP7-37-palmitate, there was no significant suppression of the 

maximal responses by the lipidated peptides (Figure 3-6). 

 

 

Figure 3-6 Antagonism by lipidated peptide analogues at the CGRP receptor expressed in Cos-7 cells. 
CGRP concentration-response curves were conducted in the absence or presence of (A) CGRP7-37-palmitate, (B) 

V8C-palmitate, (C) K24C-palmitate, and (D) K35C-palmitate. Data points were plotted as a percentage of maximal 

CGRP-stimulated cAMP production and shown as mean ± SEM of 3 independent experiments. 
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3.6.2 AMY1 receptor 
The lipidated peptides were initially analysed at 30 nM against the AMY1 receptor, allowing direct 

comparison to the respective antagonist activities at the CGRP receptor. All peptides produced 

rightward curve shifts in the CGRP concentration-response curves with no significant changes to the 

maximal response, indicative of competitive antagonist activity (Figure 3-7). In order of decreasing 

antagonist activity at the AMY1 receptor, the peptides were K24C-palmitate, CGRP7-37-palmitate, and 

V8C-palmitate. Derived pA2 values for these lipidated peptides were significantly higher than the pA2 

for I.H. CGRP8-37, indicating increased antagonist activity (Table 3-5). As no antagonist activity was 

observed for K35C-palmitate at 30 nM, it was screened at a higher concentration of 3 µM. Under these 

conditions, antagonist behaviour was observed but with a significantly lower pA2 value of 5.85 ± 0.10 

(n=3) as compared to I.H. CGRP8-37 (Table 3-5).  

 

 

Figure 3-7 Antagonism by lipidated peptide analogues at the AMY1 receptor expressed in Cos-7 cells. 
CGRP concentration-response curves were conducted in the absence or presence of (A) CGRP7-37-palmitate, (B) 

V8C-palmitate, (C) K24C-palmitate, and (D) K35C-palmitate. Data points were plotted as a percentage of maximal 

CGRP-stimulated cAMP production and shown as mean ± SEM of 3 independent experiments. 
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3.6.3 AM1 receptor  
Antagonist activities of the lipidated peptides were also determined at related receptors to assess 

receptor selectivity. The AM1 receptor was examined with the AM peptide as the control agonist, and 

AM22-52 and CGRP8-37 as the control antagonists (Table 3-5). The combined pEC50 mean value for the 

AM peptide was 9.23 ± 0.09 (n=9), while the pA2 value for AM22-52 and CGRP8-37 were 7.79 ± 0.12 (n=9) 

and 7.36 ± 0.11 (n=9) respectively (Table 3-5). These values are consistent with the literature for the 

AM1 receptor (Hay et al., 2018; Hay et al., 2003).  

The lipidated peptides all evoked rightward shifts to the AM concentration-response curves at 100 nM 

and acted as antagonists at the AM1 receptor (Figure 3-8). With the exception of K35C-palmitate, all 

lipidated peptides yielded pA2 values that were significantly higher than I.H. CGRP8-37 (Table 3-5) 

indicating increased antagonist activity. K35C-palmitate was tested at a higher concentration of 10 µM 

as it had weak antagonist activity. It inhibited AM stimulation with a derived pA2 of 6.11 ± 0.13 (n=3), 

which was significantly weaker than the pA2 for I.H. CGRP8-37.  
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Figure 3-8 Antagonism by AM22-52, CGRP8-37, and lipidated peptide analogues at the AM1 receptor expressed 
in Cos-7 cells.  AM concentration-response curves were conducted in the absence or presence of (A) AM22-52 

(n=9), (B) CGRP8-37 (n=9), (C) CGRP7-37-palmitate (n=3), (D) V8C-palmitate (n=3), (E) K24C-palmitate (n=3), or (F) 

K35C-palmitate (n=3). Data points were plotted as a percentage of maximal AM-stimulated cAMP production and 

shown as mean ± SEM of at least 3 independent experiments. 
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3.6.4 AM2 receptor 
AM2 receptor screening was performed using AM as the agonist, and AM22-52 and CGRP8-37 as control 

antagonists (Table 3-5). The combined pEC50 mean value for the AM peptide was 9.28 ± 0.12 (n=9), 

while the combined pA2 values for AM22-52 and CGRP8-37 were 6.76 ± 0.13 (n=9) and 7.32 ± 0.20 (n=9) 

respectively (Table 3-5). These values are consistent with the literature for AM2 receptor pharmacology 

(Hay et al., 2018; Hay et al., 2003).  

The lipidated peptides also inhibited AM stimulation at the AM2 receptor, producing rightward shifts of 

the AM concentration-response curves (Figure 3-9). CGRP7-37-palmitate and K24C-palmitate displayed 

significantly higher pA2 values as compared to I.H. CGRP8-37 (Table 3-5) while 10 µM of K35C-palmitate 

yielded a pA2 value of 6.35 ± 0.26 (n=3).  Overall, at the AM2 receptor, the lipidated peptides ranked 

from the most potent to least potent antagonists were K24C-palmitate, CGRP7-37-palmitate, V8C-

palmitate, and K35C-palmitate (Table 3-5).  
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Figure 3-9 Antagonism by AM22-52, CGRP8-37, and lipidated peptide analogues at the AM2 receptor expressed 
in Cos-7 cells. AM concentration-response curves were conducted in the absence or presence of (A) AM22-52 

(n=9), (B) CGRP8-37 (n=9), (C) CGRP7-37-palmitate (n=3), (D) V8C-palmitate(n=3), (E) K24C-palmitate (n=3), or (F) 

K35C-palmitate (n=3). Data points were plotted as a percentage of maximal AM-stimulated cAMP production and 

shown as mean ± SEM of at least 3 independent experiments. 
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3.6.5 CT receptor 
The peptides were screened at the CT receptor using CT as the agonist and sCT8-32 as the control 

antagonist. The combined pEC50 mean value for CT was 9.07 ± 0.22 (n=7), while the pA2 value for 

sCT8-32 was 8.13 ± 0.09 (n=7) (Table 3-5). CGRP8-37 could not be tested as no antagonist activity was 

detected in pilot tests at 3 µM concentration, which is consistent with literature data showing it is a weak 

antagonist at the CT receptor (Hay et al., 2005). At concentrations of 3 µM or above, all lipidated 

peptides competitively inhibited the CT response (Figure 3-10). The lipidated peptides ranked from the 

most potent to least potent antagonists were CGRP7-37-palmitate, V8C-palmitate, K24C-palmitate, and 

K35C-palmitate (Table 3-5). All derived pA2 values for the lipidated peptides were lower than sCT8-32.  

 

 

Figure 3-10 Antagonism by sCT8-32 and lipidated peptide analogues at the CT receptor expressed in Cos-7 
cells. CT concentration-response curves were conducted in the absence or presence of (A) sCT8-32 (n=7), (B) 

CGRP7-37-palmitate (n=3), (C) V8C-palmitate (n=3), (D) K24C-palmitate (n=3), and (E) K35C-palmitate (n=3). Data 

points were plotted as a percentage of maximal CT-stimulated cAMP production and shown as mean ± SEM of 3 

independent experiments. 
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3.6.6 Selectivity of lipidated peptides between receptors 
Receptor selectivity for the lipidated peptides was analysed using two approaches. The first compared 

selectivity between CGRP and AMY1 receptors or between AM1 and AM2 receptors. The second 

compared selectivity between CGRP or AMY1 receptors against either AM1 or AM2 receptors. Selectivity 

towards the CT receptor was omitted from analyses given the weak antagonist activity observed with 

all the peptide antagonists.  

Selectivity between CGRP and AMY1 receptors varied greatly across the lipidated peptides (Table 3-3). 

V8C-palmitate and K35C-palmitate retained significant selectivity towards the CGRP receptor, albeit 

lower than I.H. CGRP8-37. By contrast, K24C-palmitate was weakly selective towards the AMY1 receptor. 

Selectivity at AM receptors was not significantly different for the lipidated peptides, and similar to I.H. 

CGRP8-37 (Table 3-3).  

Selectivity between CGRP and the AM receptors was affected by lipidation of CGRP7-37 or the CGRP8-

37 cysteine-substituted analogues (Table 3-4). K24C-palmitate was significantly selective towards both 

AM1 and AM2 receptors compared to CGRP receptor. By comparison, V8C-palmitate and K35C-

palmitate maintained their selectivity profiles at the CGRP receptor. CGRP7-37-palmitate, despite a 

similar antagonist activity to I.H. CGRP8-37, was not significantly selective towards the CGRP receptor. 

Similar to I.H. CGRP8-37, the lipidated peptides’ selectivity between AMY1 and the AM receptors were 

less than 4-fold and non-significant (Table 3-4). Overall, in line with the observed increases in pA2 values 

observed at AM receptors, the lipidated peptides displayed lower selectivity towards the CGRP 

receptors, with K24C-palmitate preferentially inhibiting both AM receptors instead. Nevertheless, 

despite the reduced selectivity between CGRP and AMY1 receptors, the lipidated peptides displayed 

similar antagonist activities to both.   

 

Table 3-3 pA2 fold difference and receptor selectivity of I.H. CGRP8-37 and lipidated peptide analogues 
between two receptors. Comparisons between pA2 values were analysed by unpaired Student’s t-test. * p<0.05, 

*** p<0.001 significance. 

Peptide 
antagonist 

pA2 fold difference CGRPr-
AMY1r 

pA2 fold difference 
AM1r-AM2r 

I.H. CGRP8-37 35.5*** towards CGRPr 1.1 towards AM1r 

CGRP7-37-palmitate 1.2 towards AMY1r 1.4 towards AM2r 

V8C-palmitate 27.5* towards CGRPr 3.6 towards AM2r 

K24C-palmitate 6.3*** towards AMY1r 1.2 towards AM2r 

K35C-palmitate 16.2* towards CGRPr 1.7 towards AM2r 
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Table 3-4 pA2 fold difference and receptor selectivity of I.H. CGRP8-37 and lipidated peptide analogues 
between three receptors. Comparisons of pA2 values were analysed by ANOVA followed by Dunnett’s multiple 

comparison test with either CGRP or AMY1 receptor pA2 values against AM1 and AM2 receptors. * p<0.05, *** 

p<0.001 significance. 

Peptide 
antagonist 

pA2 fold 
difference 

CGRPr-AM1r 

pA2 fold 
difference 

CGRPr-AM2r 

pA2 fold 
difference 

AMY1r-AM1r 

pA2 fold 
difference 

AMY1r-AM2r 
I.H. CGRP8-37 18.6*** 

towards CGRPr 

20.4*** 

towards CGRPr 

1.9  

towards AM1r 

1.7  

towards AM2r 

CGRP7-37-palmitate 1.8  

towards CGRPr 

1.3  

towards CGRPr 

2.1  

Towards AMY1r 

1.5 

towards AMY1r 

V8C-palmitate 7.1  

towards CGRPr 

25.7*  

towards CGRPr 

3.9  

towards AM1r 

1.1  

towards AM2r 

K24C-palmitate 15.1*  

towards AM1r 

18.6*  

towards AM2r 

2.4  

towards AM1r 

3.0  

towards AM2r 

K35C-palmitate 8.9  

towards CGRPr 

5.1  

towards CGRPr 

1.8  

towards AM1r 

3.2  

towards AM2r 
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3.7 Summary of results 
 

Table 3-5 Mean pA2 values for all analysed peptides across calcitonin-family receptors expressed in Cos-7 cells.  Values are mean ± SEM of (n) independent experiments. 

With the exception of pA2 values at the CT receptor, all pA2 values for peptides were analysed by one-way ANOVA followed by Dunnett’s multiple comparison test against I.H. 

CGRP8-37 pA2 values. * p<0.05, ** p<0.01, *** p<0.001 significance. 

Peptide 
antagonist 

CGRPr 
pA2 (n) 

AMY1r 
pA2 (n) 

AM1r 
pA2 (n) 

AM2r 
pA2 (n) 

CTr 
pA2 (n) 

I.H. CGRP8-37 8.63 ± 0.07 (3) 7.08 ± 0.15 (3) 7.36 ± 0.11(9) 7.32 ± 0.20 (9) <5  

(Hay et al., 2005) 

A.P. CGRP8-37 9.32 ± 0.09 (3) 7.62 ± 0.12 (3)    

AM22-52   7.79 ± 0.12 (9) 6.76 ± 0.13 (9)  

sCT8-32     8.13 ± 0.09 (7) 

CGRP7-37 7.98 ± 0.09* (3) 7.10 ± 0.17 (3) 6.12 ± 0.17*** (3) 6.57 ± 0.28 (3)  

CGRP7-37-palmitate 8.56 ± 0.25 (3) 8.63 ± 0.15*** (3) 8.31 ± 0.09** (3) 8.46 ± 0.18* (3) 7.21 ± 0.11 (3) 

V8C-palmitate 9.40 ± 0.34 (3) 7.96 ± 0.36* (3) 8.55 ± 0.21*** (3) 7.99 ± 0.08 (3) 6.86 ± 0.05 (3) 

K24C-palmitate 8.06 ± 0.06 (3) 8.86 ± 0.06*** (3) 9.24 ± 0.25*** (3) 9.33 ± 0.28*** (3) 6.04 ± 0.27 (3) 

K35C-palmitate 7.06 ± 0.29** (3) 5.85 ± 0.10** (3) 6.11 ± 0.13*** (3) 6.35 ± 0.26* (3) 5.39 ± 0.30 (3) 
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3.8 Discussion 
The aim of this chapter was to screen modified CGRP7-37 and CGRP8-37 peptide analogues against 

several receptors of the calcitonin family to identify and measure antagonist activities. The first objective 

defined the in vitro pharmacology of in-house and commercially synthesised CGRP8-37 and validated its 

use as a reference antagonist for screening the peptide analogues. For both CGRP and AMY1 

receptors, CGRP displayed similar potencies with pEC50 values in the sub-nanomolar concentration 

range, as shown by the results in section 3.4 (Table 3-1). This finding is consistent with the similar 

potencies for CGRP at CGRP and AMY1 receptors reported in the literature (Hay et al., 2018). 

Interestingly, there is a small but significant difference in pA2 values between I.H. and A.P. CGRP8-37 

(Table 3-1). This difference possibly stems from differences in peptide content between the two sources 

of CGRP8-37, although this was not measured for I.H. CGRP8-37 and thus have not been verified. 
Nevertheless, there was no suppression of the maximal responses that accompanied the rightward shift 

of the concentration-response curve for either I.H. or A.P. CGRP8-37, indicating competitive antagonist 

behaviour in both cases. The behaviour of the two peptides was sufficiently close and within the broad 

range of literature values to continue using CGRP8-37 as a reference peptide antagonist.  

The experimental design to derive the pA2 values utilised a single concentration of antagonist. 

Consequently, it was implicitly assumed that the antagonist acts in a competitive fashion with a Schild 

slope value of one. This experimental approach was considered reasonable as it is firmly established 

that CGRP8-37 (Bailey & Hay, 2006), AM22-52 (Robinson, Aitken, Bailey, Poyner, & Hay, 2009) and sCT8-

32 (Hay et al., 2005) exhibit competitive behaviours at their cognate receptors. The current method is 

deemed suitable for initial characterisation of antagonist activities of the non-lipidated and lipidated 

CGRP8-37 and CGRP7-37 peptide analogues. 

 

3.8.1 CGRP8-37 cysteine-substituted peptide analogues and CGRP7-37 have 
antagonist activity at the CGRP and AMY1 receptor 
Once the receptor screening systems were validated, the second objective was to profile the cysteine-

substituted peptide analogues to investigate positions suitable for lipidation. These studies were 

confined to CGRP and AMY1 receptors as they represent the likely relevant targets for the inhibition of 

CGRP action in vivo (Figure 3-11). Of all the cysteine-substituted peptides, V8C displayed the most 

pronounced reduction in antagonist affinity compared to I.H. CGRP8-37 across both CGRP and AMY1 

receptors. There were some differences at the CGRP receptor, but otherwise, the other cysteine-

substituted peptide analogues displayed similar antagonist activities when screened at the AMY1 

receptor. With the exception of K35C, all cysteine-substituted peptides together with CGRP7-37 

displayed generally lower pA2 values as compared to CGRP8-37 at the CGRP receptor. This reduction 

in antagonist activity was somewhat unexpected, especially for V8C given that alanine substitution at 

the same position of full length CGRP had minimal effects on activity (Hay et al., 2014).  
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Figure 3-11 Heat map of pA2 values for I.H. and A.P. CGRP8-37, CGRP7-37, and cysteine-substituted peptide 
analogues at CGRP and AMY1 receptors expressed in Cos-7 cells. Values are combined mean from all 

individual experiments. 

 

A cysteine sidechain is generally of equivalent size to valine and of similar hydrophobicity. By 

comparison, cysteine is smaller than lysine, and despite being considered slightly polar, is not 

hydrophilic like lysine. Volume-wise, there is nothing to suggest cysteine has steric hindrance. It can 

only be speculated that cysteine substitution does not impact site-specific direct contact with the 

receptor but instead alters the general conformation of the peptide analogue to reduce receptor binding.  

 

3.8.2 Positional effects of palmitoylation on antagonist activities of the lipidated 
peptide analogues 
The lipidated peptides were screened across multiple calcitonin-family receptors, since antagonist 

behaviour was evident for all of the respective cysteine-substituted peptide analogues (Figure 3-12). 

Interestingly, the derived pA2 values for the lipidated peptide analogues were different to their respective 

non-lipidated cysteine-substituted counterparts. At the CGRP receptor, lipidation of the V8C peptide 

increased the antagonist activity 100-fold compared to the precursor, while lipidation of CGRP7-37 

increased the antagonist activity 4-fold compared to the precursor. By comparison, lipidation of the 

K24C peptide had little effect, while lipidation of the K35C peptide resulted in an approximately 60-fold 

decrease in antagonist activity. At the AMY1 receptor, lipidation of both CGRP7-37 and V8C peptides 

resulted in a greater than 30-fold increase in antagonist activity. Likewise, lipidation of the K24C peptide 

increased its antagonist activity by approximately 60-fold. Similar to the results at the CGRP receptor, 

lipidation of the K35C peptide resulted in a 15-fold decrease in antagonist affinity at the AMY1 receptor.  

Overall, the results suggest the palmitoyl moiety increases antagonist activity in most cases as 

compared to the non-lipidated cysteine-substituted peptide analogues. It is possible that a substituted 

cysteine side chain was detrimental to the potency of the analogues, and that lipidation merely reverses 
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this effect. However, the palmitoyl moiety itself is a bulky hydrophobic mass and likely to have its own 

effect on the lipidated peptide’s binding and potencies. This effect is more apparent when comparing 

between CGRP8-37 and the lipidated peptide’s antagonist activity at other calcitonin-family receptors.  

How the palmitoyl moiety alters these antagonist activities is unclear, although there are clearly 

positional effects as shown by K35C-palmitate which displayed reduced antagonist activity across all 

the calcitonin-family receptors. Structural considerations indicate that incorporation of a palmitoyl 

moiety at position 35 could affect hydrophobic interactions with loop 4 of CLR (Figure 1-13) (Booe et al., 

2015; Watkins, Rathbone, et al., 2013). It could also perturb binding interactions between the C-terminal 

amino acids of CGRP8-37 such as Phe-37 and CLR-RAMP ECD binding pocket (Moad & Pioszak, 2013; 

Rist et al., 1999; Watkins, Rathbone, et al., 2013), which would explain the reduced pA2 value.  

 

3.8.3 Change in calcitonin-family receptor selectivity with the lipidated peptides 
Compared to I.H. CGRP8-37, the pA2 values for K35C-palmitate indicated significantly lower antagonist 

activities at CGRP and AMY1 receptors. By comparison, the other lipidated peptide analogues displayed 

pA2 values that were similar to the pA2 for I.H. CGRP8-37 at the CGRP receptor but significantly higher 

than the pA2 at the AMY1 receptor. With the exception of K35C-palmitate, lipidation also resulted in 

more potent antagonist activity at the AM receptors as compared to both I.H. CGRP8-37 and AM22-52. At 

the CT receptor, the lipidated peptides displayed less potent antagonist activity compared to sCT8-32. 

The increased selectivity of K24C-palmitate towards AM1 and AM2 receptors is of interest. However, it 

is not possible to draw any conclusions based on structural data as lysine-24 of CGRP is poorly resolved 

in the CGRP receptor structure (Booe et al., 2015; Liang et al., 2018).  

Despite having antagonist activity at both AM1 and AM2 receptors, the parent peptide CGRP8-37 

displayed approximately 20-fold selectivity towards the CGRP receptor. On the other hand, CGRP7-37-

palmitate may not be the most ideal candidate as it blocked CGRP, AMY1, AM1, and AM2 receptors 

equally. V8C-palmitate was promising with the highest antagonist affinity and selectivity for the CGRP 

receptor, with a 7-fold difference over the AM1 receptor. Additionally, all of the lipidated peptides had 

reduced selectivity between CGRP and AMY1 receptors when compared to CGRP8-37. The observed 

changes in receptor selectivity have implications for the ultimate selection of a drug lead. As discussed 

earlier (section 1.1.1), AM is important for cardiovascular health, angiogenesis and lymphatic system 

development while calcitonin activity is important for bone health and calcium homeostasis. AMY1 

receptor activity is also linked to glucose homeostasis (Gedulin et al., 1997). Despite CGRP8-37 already 

displaying weak antagonist activity at these receptors, increased antagonist activity at these receptors 

may result in adverse effects in vivo.  

Whether the lipidated peptides’ binding is RAMP-independent is unclear, since the palmitoyl moiety 

altered potencies and reduced receptor selectivity across CGRP, AM1 and AM2 receptors. Additionally, 

the lipidated peptides had improved and measurable antagonist activity at the CT receptor compared 

to CGRP8-37 which has no measurable antagonist activity. However, the lipidated peptides’ antagonist 



 

82 
 

activity at the CT receptor is comparatively lower than at the AMY1 receptor. This suggests that RAMP1 

at least, contributes to lipidated peptide binding and potency to the CTR.  

 

Figure 3-12 Heat map of pA2 values for I.H. CGRP8-37 and lipidated peptides across the calcitonin-family 
receptors expressed in Cos-7 cells. Values are the combined mean from all individual experiments. 

 

3.8.4 Final Summary 
In summary, the cysteine-substituted peptide analogues of CGRP8-37 indicated that the selected 

positions were not essential for antagonist activity at CGRP and AMY1 receptors. Subsequent 

attachment of a palmitoyl moiety at some cysteine-substituted positions unexpectedly offered retention 

and improvement of antagonist activity at the CGRP and AMY1 receptors compared to both CGRP8-37 

and the cysteine-substituted analogues. Interestingly, there was a negative positional effect of 

palmitoylation at position 35 as shown by the significantly lower pA2 value for K35C-palmitate. Probing 

antagonist activities at the other calcitonin-family receptors revealed changes in receptor selectivity 

across the lipidated peptides, with K24C-palmitate having greater selectivity towards the AM receptors. 

Overall, the results showed that palmitoylation was well tolerated and with the exception of position 35, 

did not impair antagonist activity at the calcitonin-family receptors. 

However, these studies were only done at a single peptide antagonist concentration in a single receptor 

expression system. As such, a more-in depth analysis is needed to understand the palmitoyl-specific 

effects towards lipidated peptide’s antagonist activity at CGRP and AMY1 receptors before any in vivo 

or pharmacokinetics studies can be conducted. 
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Chapter 4 Further pharmacological characterisation of lipidated 

CGRP antagonists 
4.1 Introduction 
The initial screening strategy described in chapter 3 was designed to identify antagonist activity based 

on a single concentration of antagonist. This experimental design resulted in a single shift in the cAMP 

concentration-response curve, yielding a pA2 value as an estimate of antagonism. The findings 

indicated apparent increases in antagonist activity for some of the lipidated peptide antagonists 

compared to CGRP8-37 at specific receptors, suggesting that the palmitate chain could affect receptor 

affinity and selectivity.  

Based on these pilot studies, a more comprehensive characterisation was needed to derive pKB values 

through Schild analyses using multiple concentrations of antagonist (Arunlakshana & Schild, 1958; 

Kenakin, 2009). This approach permits a more accurate estimation of antagonist activity and can define 

nuance antagonist behaviour as either competitive (rightward shift and no suppression of maximal 

response) or non-competitive (depression of maximal response and limited rightward shift)(Charlton & 

Vauquelin, 2010; Vauquelin & Charlton, 2010; Vauquelin & Szczuka, 2007). This method has previously 

been used to establish the antagonist activity of CGRP8-37 and small molecule antagonist olcegepant 

using CGRP receptor models (Choksi et al., 2002; Hay et al., 2002; Poyner, 1992). The data established 

that both CGRP8-37 and olcegepant act in a competitive manner in various CGRP receptor models, 

which suggest that CGRP8-37 binds to the orthosteric site.  

The antagonist behaviour of the lipidated peptides was therefore expected to be competitive, although 

there may be novel properties conferred by the incorporated lipid chain that changes this activity. In 

particular, whether competitive activity is observed—or not—may depend on other experimental factors, 

such as the incubation time required for peptides and receptors to reach equilibrium. As the lipidated 

peptides were predicted to promote binding to albumin through the lipid chain, it is possible that non-

specific binding to other proteins or cell surface components may occur, which could alter the receptor 

binding kinetics (Kenakin et al., 2006). 

A final consideration is the nature of the receptor expression system, which can affect how an antagonist 

behaves when screened due to variable spare receptor reserves such as receptor overexpression 

(Kenakin et al., 2006). In a transiently transfected cell platform, receptor expression will inherently vary 

for each independent transfection and passage. However, as the antagonist activity is relative to the 

reference agonist activity, any changes in receptor expression between experiments will affect maximal 

responses more so than changes in potency. Hence, the studies described in this chapter were 

extended to the SK-N-MC cell line that endogenously express the human CGRP receptor (Choksi et 

al., 2002; Hay et al., 2002; Van Valen, Piechot, & Jürgens, 1990), to further validate the results observed 

in Cos-7 cells. SK-N-MC cell line have been reported to have a stable CGRP receptor expression level 

within a wide passage range (Choksi et al., 2002). Although the human neuroblastoma cell line possibly 

expressed an active AM1 receptor (Drake et al., 1999; McLatchie et al., 1998), the cell line represents 
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a typical CGRP receptor pharmacology with little evidence to suggest presence of CT receptor (Muff et 

al., 1992). This subsequently meant that AMY1 receptor endogenous expression in SK-N-MC cells is 

unlikely. There are other reported cell lines that endogenously express CGRP-responsive receptors, 

such as col-29 or L6 cell lines, but their CGRP antagonist pharmacology deviates further due to species 

differences or possible expression of other calcitonin-family receptors (Choksi et al., 2002; Hay et al., 

2002; Poyner et al., 1998). 

 

4.2 Aims and objectives 
The aim of this chapter was to characterise antagonist behaviour of the lipidated peptides at the two 

CGRP responsive receptors; CGRP and AMY1 receptors. The first objective was to compare manual 

and global Schild analyses to identify any potential bias or differences in the methods chosen and the 

parameters used. This comparison has been used to characterise CGRP8-37 (Bailey & Hay, 2006; 

Choksi et al., 2002).  

The second objective was to determine the respective antagonist behaviours and derive pKB values for 

each of the lipidated peptides. The third objective was to determine whether there were additional 

lipidation-specific effects affecting antagonist behaviour. The fourth objective was to compare the 

lipidated peptides’ antagonist activities measured in Cos-7 cell transient transfection system with SK-

N-MC cells that endogenously express the CGRP receptor.  

 

4.3 Experimental design 
For comparison of Schild analyses, the respective Schild slopes were either constrained to 1 (for global 

Schild analysis) or left unconstrained (manual and global Schild analysis) to estimate the pKB value for 

CGRP8-37. Once an appropriate Schild analysis with the correct parameters was confirmed, it was used 

to analyse the data from the lipidated peptides. To determine lipidation-specific effects, antagonist 

incubation time was extended, and antagonist occupancy of receptors was reduced. The strategy 

employed added a pre-incubation step for the antagonists (Christopoulos et al., 1999) and a subsequent 

wash step to remove the pre-incubated antagonists (Charlton & Vauquelin, 2010; Guo et al., 2014; 

Vauquelin & Szczuka, 2007). The antagonist incubation time was set to match the agonist stimulation 

time needed for maximal cAMP production as based on previous studies from our laboratory (Garelja 

et al., 2020). The experimental design and protocol were detailed in section 2.3.4.2 and 2.3.6.5. 
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4.4 Comparison of manual and global Schild analyses for CGRP8-37 in 
transiently transfected Cos-7 cells 

4.4.1 CGRP receptor  
CGRP-dependent cAMP production with and without CGRP8-37 was measured and analysed in Cos-7 

cells transfected with the CGRP receptor. Schild analyses were conducted for both in-house (I.H.) and 

commercially bought from American Peptide (A.P.) CGRP8-37 at concentrations of 10, 30, and 100 nM 

(Figure 4-1A, C). For both I.H. and A.P CGRP8-37 peptides, increasing their concentrations caused 

increasing parallel rightward shifts of the concentration-response curves. One-way ANOVA followed by 

Dunnett’s multiple comparison test showed no statistically significant changes between the maximal 

responses of these concentration-response curves in the presence of either I.H. or A.P. CGRP8-37 

(Figure 4-1A, C).  

Manual Schild analyses yielded regression slopes that were not significantly different to one for both 

I.H. and A.P. CGRP8-37, indicating competitive antagonist behaviour (Figure 4-1B, D, Table 4-1). An extra 

sum-of-square F test also preferred the Schild slope constrained to one in the manual Schild analysis. 

As such, it is acceptable and preferable to constrain the Schild slope to one for the global Schild 

analysis.  

The corresponding pKB values for I.H. CGRP8-37 calculated from manual Schild analyses, with either 

non-constrained or constrained Schild slopes, were not significantly different to each other (Table 4-1). 

Additionally, the pKB values for I.H. CGRP8-37 calculated from either manual or global Schild analysis, 

both with constrained Schild slopes, were also not significantly different to each other (Table 4-1). The 

corresponding pKB values for A.P. CGRP8-37 calculated from manual Schild analyses, with either non-

constrained or constrained Schild slopes, were not significantly different to each other (Table 4-1). 

Additionally, the pKB values for A.P. CGRP8-37 calculated from either manual or global Schild analysis, 

both with constrained Schild slopes, were also not significantly different to each other (Table 4-1). 
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Figure 4-1 Antagonism by CGRP8-37 at the CGRP receptor expressed in Cos-7 cells. CGRP concentration-

response curves were conducted in the absence and presence of (A) I.H. CGRP8-37 or (C) A.P. CGRP8-37 at three 

different concentrations. The corresponding Schild plot of (B) I.H. CGRP8-37 or (D) A.P. CGRP8-37 are also shown. 

Data points were plotted as (A, C) a percentage of maximal CGRP-stimulated cAMP production and (B, D) 

calculated EC50 dose ratio at each CGRP8-37 concentration; shown as mean ± SEM of 5 independent experiments. 

 

Table 4-1 pKB values of I.H. and A.P. CGRP8-37 at the CGRP receptor expressed in Cos-7 cells measured by 
either manual Schild or global Schild analysis. Values are mean ± SEM of 5 independent experiments. 

Comparisons between manual pKB values or between constrained slope pKB values were analysed by unpaired 

Student’s t-test. 

Peptide antagonist I.H. CGRP8-37 A.P. CGRP8-37 

Manual Schild regression slope 1.08 1.15 

Manual pKB (variable slope) 8.96 ± 0.14 8.92 ± 0.21 

Manual pKB (slope n=1) 9.03 ± 0.13 8.96 ± 0.11 

Global pKB (slope n=1) 9.09 ± 0.16 9.04 ± 0.17 
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4.4.2 AMY1 receptor 
CGRP-dependent cAMP production with or without CGRP8-37 was measured and analysed in Cos-7 

cells transfected with the AMY1 receptor. Schild analyses were conducted using I.H. and A.P. CGRP8-

37 concentrations of 300 nM, 1 µM, and 3 µM (Figure 4-2A, C). For both I.H. and A.P. CGRP8-37 peptides, 

increasing their concentrations correlated with increasing parallel rightward shifts of the respective 

concentration-response curves. There was an apparent decreasing trend in the maximal responses of 

the concentration-response curves with I.H. CGRP8-37 but one-way ANOVA followed by Dunnett’s 

multiple comparison confirmed it was not statistically significant. Interestingly, statistically significant 

partial agonist activity was observed for 3 µM A.P. CGRP8-37 which reached 32 ± 6% of the CGRP 

maximal cAMP response in the absence of the CGRP agonist. 

Manual Schild analysis yielded regression slopes that were not significantly different to one for both I.H. 

CGRP8-37 and A.P. CGRP8-37, indicating competitive antagonist behaviour (Figure 4-2 B, D, Table 4-2). 

An extra sum-of-square F test also preferred the Schild slope constrained to one in the manual Schild 

analysis. As such, it is acceptable and preferable to constrain the Schild slope to one for the global 

Schild analysis.  

The corresponding pKB values for I.H. CGRP8-37 calculated from manual Schild analyses, with either 

non-constrained or constrained Schild slopes, were not significantly different to each other (Table 4-2). 

Additionally, the pKB values for I.H. CGRP8-37 calculated from either manual or global Schild analysis, 

both with constrained Schild slopes, were also not significantly different to each other (Table 4-2). 

Similarly, the corresponding pKB values for A.P. CGRP8-37 calculated from manual Schild analyses, with 

either non-constrained or constrained Schild slopes, were not significantly different to each other (Table 

4-2). Additionally, the pKB values for A.P. CGRP8-37 calculated from either manual or global Schild 

analysis, both with constrained Schild slopes, were also not significantly different to each other (Table 

4-2).  

Combined with the results from the previous section, global Schild analysis with constrained Schild 

slope of one, was deemed a suitable and preferred method for analysing these types of datasets at 

both CGRP and AMY1 receptors. The pKB values for CGRP8-37 were also not significantly affected by 

the varied parameters or methods of Schild analysis. Therefore, it was decided that global Schild 

analysis with a constrained Schild slope of one is acceptable to analyse the lipidated peptides’ 

antagonist activity. 
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Figure 4-2 Antagonism by CGRP8-37 at the AMY1 receptor expressed in Cos-7 cells. CGRP concentration-

response curves were conducted in the absence and presence of (A) I.H. CGRP8-37 or (C) A.P. CGRP8-37 at three 

different concentrations. The corresponding Schild plot of (B) I.H. CGRP8-37 or (D) A.P. CGRP8-37 are also shown. 

Data points were plotted as (A, C) a percentage of maximal CGRP-stimulated cAMP production and (B, D) 

calculated EC50 dose ratio at each CGRP8-37 concentration; shown as mean ± SEM of 5 independent experiments. 

 

Table 4-2 pKB values of I.H. and A.P. CGRP8-37 at the AMY1 receptor expressed in Cos-7 cells measured by 
either manual Schild or global Schild analysis. Values are mean ± SEM of 5 independent experiments. 

Comparisons between manual pKB values or between constrained slope pKB values were analysed by unpaired 

Student’s t-test.  

Peptide antagonist I.H. CGRP8-37 A.P. CGRP8-37 

Manual Schild regression slope 0.69 0.69 

Manual pKB (variable slope) 8.09 ± 0.57 7.90 ± 0.36 

Manual pKB (slope n=1) 7.12 ± 0.13 7.47 ± 0.17 

Global pKB (slope n=1) 7.12 ± 0.13 7.49 ± 0.17 
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4.5 Characterisation of lipidated peptide antagonist behaviour 

4.5.1 CGRP receptor 
All lipidated peptides produced parallel rightward shifts of their respective CGRP concentration-

response curves (Figure 4-3 A-D). When testing V8C-palmitate at 30 nM and 100 nM, the CGRP agonist 

concentration was raised to 10 µM to ensure the curve fitted to the maximal response (Figure 4-3B). 

The subsequent fitted curves displayed no suppression of maximal responses with V8C-palmitate at 30 

nM and 100 nM (Figure 4-3B). K35C-palmitate was repeated at the same concentration as in chapter 3 

due to its weaker antagonist activity, as indicated by the derived pA2 value (section 3.6.1). A full Schild 

analysis utilising multiple concentrations of K35C-palmitate was not pursued as concentrations higher 

than 3 µM were required (Figure 4-3D). Overall, these findings showed no statistically significant 

suppression of maximal responses, consistent with competitive antagonist behaviour in each case 

(Figure 4-3A-D). 

CGRP7-37-palmitate inhibited CGRP peptide cAMP production at the CGRP receptor, giving a pKB value 

of 8.78 ± 0.06 (n=4). V8C-palmitate inhibits CGRP activity at the CGRP receptor with a pKB value of 

9.35 ± 0.17 (n=5). K24C-palmitate yielded a pKB value of 8.58 ± 0.25 (n=5) while the pA2 calculated for 

K35C-palmitate was 7.24 ± 0.20 (n=5). 

 

4.5.2 AMY1 receptor 
CGRP stimulation of the AMY1 receptor produced concentration-response curves that were parallel 

shifted rightward by increasing concentrations of the lipidated peptides (Figure 4-3A-C). The curve fit for 

K24C-palmitate at 100 nM displayed an apparently reduced maximal response that was statistically 

significant but this value is approximated as the data points did not reached a plateau (Figure 4-3C). 

Similar to the CGRP receptor, deriving a pKB value for K35C-palmitate was not possible at the AMY1 

receptor (Figure 4-3D). Hence, the pA2 analysis was done with additional independent experiments to 

improve the accuracy over the initial pA2 value (Table 4-3). CGRP7-37-palmitate, V8C-palmitate, and 

K24C-palmitate had significantly higher pKB values than I.H. CGRP8-37 (Table 4-3). K35C-palmitate was 

the weakest lipidated antagonist as shown by its pA2 of 6.01 ± 0.12 (n=5). 

 



 

90 
 

 

Figure 4-3 Antagonism by lipidated peptides at CGRP or AMY1 receptors expressed in Cos-7 cells. CGRP 

concentration-response curves were conducted in the absence and presence of (A) CGRP7-37-palmitate, (B) V8C-

palmitate, (C) K24C-palmitate, and (D) K35C-palmitate at one or multiple different concentrations. Data points were 

plotted as a percentage of maximal CGRP-stimulated cAMP production and shown as mean ± SEM of 4-5 

independent experiments. 
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Table 4-3 pKB values for lipidated peptides at CGRP and AMY1 receptors expressed in Cos-7 cells. Values are mean ± SEM of 5 independent experiments. # only four 

experiments elicited measurable pKB values and were therefore included. Comparisons to I.H. CGRP8-37 pKB value were by one-way ANOVA followed by Dunnett’s multiple 

comparison test. *** p < 0.001 significance. 

 

 

 

 

Peptide antagonist I.H. CGRP8-37 CGRP7-37-palmitate V8C-palmitate K24C-palmitate K35C-palmitate 

CGRPr pKB 9.09 ± 0.16 8.78 ± 0.06# 9.35 ± 0.17 8.58 ± 0.25 7.24 ± 0.20 *** 

AMY1r pKB 7.12 ± 0.13 8.80 ± 0.18*** 8.26 ± 0.21*** 8.75 ± 0.10*** 6.01 ± 0.12*** 
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4.6 Lipidation-specific effects affecting antagonist behaviour 
For section 4.6, the addition of a 15-minute antagonist pre-incubation step and a single washout step 

with PBS are defined together as a “washout” experiment. Where it is not defined as such, the cells 

were still pre-incubated for 15 minutes with antagonists or media prior to CGRP stimulation. The 

experimental design was initially tested with CGRP and I.H. CGRP8-37 to establish whether the washout 

step had any significant effects towards the control CGRP activity or CGRP8-37 antagonist activity.  

 

4.6.1 Effects of the washout step on CGRP agonist activity 
The effects of a washout step on the CGRP response in cells transfected with CGRP or AMY1 receptors 

were investigated. The washout step performed prior to CGRP stimulation did not statistically change 

the non-normalised maximal cAMP response (nM) at both CGRP and AMY1 receptors, tested by a 

paired Student’s t-test (Figure 4-4A-B). The respective potencies of the CGRP peptide agonist at both 

CGRP and AMY1 receptors were not affected by the washout step (Figure 4-4A-B, Table 4-4). This 

suggests that the cells were not washed away or otherwise affected by this procedure.  

 

4.6.2 Effects of the washout step on I.H. CGRP8-37 antagonist activity 

Pre-incubation with I.H. CGRP8-37 resulted in parallel rightward shifts of the concentration-response 

curves at both the CGRP and AMY1 receptors (Figure 4-4C, solid red line), and the pA2 values calculated 

were similar to the pA2 values calculated with no pre-incubation (Table 4-4; Table 4-8). The washout step 

on I.H. CGRP8-37 resulted in the CGRP concentration response curves being unaffected by CGRP8-37 

at both receptors (Figure 4-4C, D; dashed red lines). Therefore, CGRP8-37 pA2 values could not be 

calculated for most washout experiments (Table 4-4), indicating that CGRP8-37 was effectively washed 

away during this procedure. 
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Figure 4-4 Washout experiments with CGRP8-37 at CGRP or AMY1 receptors expressed in Cos-7 cells.  Non-

normalised cAMP production stimulated by CGRP with or without washout steps at (A) CGRP or (B) AMY1 

receptors. Cells were pre-incubated with or without I.H. CGRP8-37 at (C) CGRP or (D) AMY1 receptors. Dashed 

curves define an additional washout step prior to agonist stimulation. Data points were plotted as a percentage of 

maximal CGRP-stimulated cAMP production of respective solid/dashed control curves and shown as mean ± SEM 

of 5 independent experiments. 

 

Table 4-4 pEC50 of CGRP and pA2 values of I.H. CGRP8-37 at CGRP and AMY1 receptors expressed in Cos-7 
cells; in the absence or presence of a washout step. Values are mean ± SEM of 5 independent experiments. # 

only one experiment elicited measurable pA2 value of 7.98. N/A all experiments did not elicit a measurable pA2 

value. Comparisons between no washout and washout pEC50 or pA2 values were analysed by paired Student’s t-

test. 

CGRPr No washout Washout 

CGRP pEC50 9.32 ± 0.12 9.55 ± 0.19 

CGRP8-37 pA2 9.21 ± 0.21 <7.5# 

AMY1r No washout Washout 

CGRP pEC50 9.07 ± 0.16 9.22 ± 0.25 

CGRP8-37 pA2 7.23 ± 0.10 N/A 
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4.6.3 Effects of the washout step on lipidated peptide antagonist activity 
4.6.3.1 CGRP receptor 
Inclusion of a washout step prior to CGRP stimulation did not alter the potency of the CGRP agonist at 

the CGRP receptor (Figure 4-5; blue lines). All of the pre-incubated lipidated peptides caused rightward 

shifts in the concentration-response curves allowing measurement of pA2 values (Table 4-5). Inclusion 

of the washout step with the lipidated peptides reduced the magnitude of the rightward shifts for the 

concentration response curves (Figure 4-5A-C; red lines). However, unlike I.H. CGRP8-37 most of the 

lipidated peptides retained measurable antagonist activity (Table 4-5). 

Following the washout step at the CGRP receptor, V8C-palmitate and K24C-palmitate had an 

approximately 15-fold reduction in pA2 values (Table 4-5). CGRP7-37-palmitate had only an approximately 

3-fold reduction in pA2 with washout (Table 4-5). K35C-palmitate appeared to have no antagonist activity 

after the washout step, which was consistent with its already weak antagonist activity (Figure 4-5D; 

dashed lines, Table 4-5).  

 

Table 4-5 pA2 values and corresponding fold differences for lipidated peptides incubated at the CGRP 
receptor expressed in Cos-7 cells; in the absence or presence of a washout step. Values are mean ± SEM 

of 5 independent experiments. # only two experiments elicited measurable pA2 values, averaging 5.60 ± 0.04. 

Comparisons between no washout and washout pA2 values were by paired Student’s t-test. *** p < 0.001 

significance.  

 

 

 

CGRPr 

Peptide 
antagonist 

CGRP7-37-
palmitate 

V8C-palmitate K24C-palmitate K35C-palmitate 

No Washout 
pA2 

9.86 ± 0.14 9.85 ± 0.08 10.28 ± 0.12 6.74 ± 0.16 

Washout  
pA2 

9.34 ± 0.28* 8.67 ± 0.20*** 9.13 ± 0.14** <5.5# 

pA2  
fold difference 

3.3 15.1 14.1 13.8 
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Figure 4-5 Washout experiments with lipidated peptides at the CGRP receptor expressed in Cos-7 cells. Cells were pre-incubated with or without (A) CGRP7-37-palmitate 

(30 nM), (B) V8C-palmitate (30 nM), (C) K24C-palmitate (100 nM), or (D) K35C-palmitate (3 µM). Dashed curves define an additional washout step prior to agonist stimulation. 

Data points were plotted as a percentage of maximal CGRP-stimulated cAMP production of respective solid/dashed control curves and shown as mean ± SEM of 5 independent 

experiments. 
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4.6.3.2 AMY1 receptor 
Inclusion of a washout step prior to CGRP stimulation did not alter the agonist potency of CGRP peptide 

at the AMY1 receptor (Figure 4-6; blue lines). Under these conditions, the lipidated peptides induced 

rightward shifts to the concentration-response curves yielding measurable pA2 values (Table 4-6).  

Although the magnitudes of these rightward shifts were attenuated with inclusion of a washout step, 

antagonist activities were still evident (Figure 4-6; red lines). pA2 values were only significantly reduced 

for V8C-palmitate and K24C-palmitate (Table 4-6). K35C-palmitate was not included in these studies 

due to its very low antagonist activity at the AMY1 receptor and it was predicted to have a similar result 

to what was observed at the CGRP receptor.  

 

Table 4-6 pA2 values and corresponding fold differences for lipidated peptides incubated at the AMY1 
receptor expressed in Cos-7 cells; in the absence or presence of a washout step. Values are mean ± SEM 

of 5 independent experiments. Comparisons between no washout and washout pA2 values were by paired 

Student’s t-test. * p<0.05 significance. 

 

 

AMY1r 

Peptide antagonist CGRP7-37-palmitate V8C-palmitate K24C-palmitate 
No Washout  

pA2 
9.39 ± 0.22 8.98 ± 0.25 9.43 ± 0.20 

Washout  
pA2 

8.69 ± 0.27 8.54 ± 0.31* 8.45 ± 0.23* 

pA2  
fold difference 

5.0 2.8 9.5 
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Figure 4-6 Washout experiments with lipidated peptides at the AMY1 receptor expressed in Cos-7 cells. Cells were pre-incubated with or without (A) CGRP7-37-palmitate 

(30 nM), (B) V8C-palmitate (100 nM), or (C) K24C-palmitate (30 nM). Dashed curves define an additional washout step prior to agonist stimulation. Data points were plotted as 

a percentage of maximal CGRP-stimulated cAMP production of respective solid/dashed control curves and shown as mean ± SEM of 5 independent experiments. 
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4.7 Characterisation of peptide antagonists in SK-N-MC cells 
endogenously expressing the CGRP receptor. 

4.7.1 Control agonist and antagonists 
The pEC50 value for CGRP in SK-N-MC that endogenously express the CGRP receptor was 9.26 ± 0.05 

(n=13). Antagonist activities were then measured using a single concentration to derive the pA2 (Figure 

4-7). As expected, CGRP8-37 produced a rightward shift in the concentration-response curve (Figure 

4-7A), with a calculated pA2 value of 9.58 ± 0.15 (n=6). Telcagepant was also used as a reference 

antagonist (Figure 4-7G), giving a pA2 value of 9.39 ± 0.09 (n=5) in SK-N-MC cells, which is comparable 

to literature pKB values (Salvatore et al., 2008; Walker et al., 2018). CGRP7-37 was also tested as a 

control antagonist as it is a truncated native CGRP peptide similar to CGRP8-37 (Figure 4-7B). CGRP7-37 

caused a rightward shift of the concentration-response curve with a derived pA2 value of 8.62 ± 0.10 

(n=5).  

 

4.7.2 Lipidated peptides 
All the lipidated peptides tested caused rightward shifts in the concentration-response curves with no 

suppression of the maximal responses, indicative of competitive antagonist behaviour (Figure 4-7C-F). 

With lipidation, the pA2 value for CGRP7-37-palmitate was almost 76-fold higher than its non-lipidated 

variant (Table 4-7). Compared to I.H. CGRP8-37, the pA2 values of CGRP7-37-palmitate and V8C-palmitate 

were significantly higher, and the pA2 value of K35C-palmitate was significantly lower (Table 4-7). 

Although K24C-palmitate had higher pA2 value than I.H. CGRP8-37, the difference was not significant. 
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Figure 4-7 Antagonism by peptides and telcagepant in SK-N-MC cells. CGRP concentration-response curves 

were conducted in the absence and presence of (A) I.H. CGRP-37, (B) CGRP7-37, (C) CGRP7-37-palmitate, (D) V8C-

palmitate, (E) K24C-palmitate, (F) K35C-palmitate, or (G) telcagepant. Data points were plotted as a percentage 

of maximal CGRP-stimulated cAMP production and shown as mean ± SEM of 5-6 independent experiments. 
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Table 4-7 pA2 values for antagonist peptides and telcagepant in SK-N-MC cells. Values are mean ± SEM of (n) independent experiments. Comparisons to I.H. CGRP8-37 

pA2 value were by one-way ANOVA followed by Dunnett’s multiple comparison test. *** p < 0.001, ** p<0.01 significance. 

Antagonist I.H. CGRP8-37 CGRP7-37-palmitate V8C-pamitate K24C-palmitate K35C-palmitate CGRP7-37 Telcagepant 

SK-N-MC 
pA2 9.58 ± 0.15 10.50 ± 0.19** 10.45 ± 0.24** 10.14 ± 0.17 7.78 ± 0.25*** 8.62 ± 0.10** 9.39 ± 0.09 
n 6 5 5 5 5 5 5 
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4.8 Discussion 

4.8.1 Summary of the Schild analyses 
The studies in this chapter describe full Schild analyses for CGRP8-37 and lipidated peptide antagonists 

in transiently transfected Cos-7 cells. For both I.H. and A.P. CGRP8-37, the respective pKB values at 

CGRP and AMY1 receptors are consistent with the literature (Bailey & Hay, 2006; Hay et al., 2005). At 

a 3 µM concentration of I.H. CGRP8-37, there was a slight suppression of the maximal response at the 

AMY1 receptor. By comparison, A.P. CGRP8-37 at a concentration of 3 µM, displayed partial agonist 

behaviour at the AMY1 receptor. This partial CGRP8-37 agonist activity was reported earlier in LLC-PK1 

cells, which presumably expresses CT receptor (Chiba et al., 1989), and again in Cos-7 cells transiently 

transfected with the AMY1 receptor (Walker et al., 2018). It is possible that the partial agonism was an 

artefact associated with either high antagonist concentrations, receptor-expression levels, or other 

batch-specific variability present within the peptide preparation. Global Schild analyses with a 

constrained Schild slope yielded pKB values consistent with manual Schild analyses, and it was 

concluded that global Schild analysis with a constrained Schild slope was suitable to analyse antagonist 

behaviour of CGRP8-37 and its analogues in Cos-7 cells.  

Global Schild analysis of the lipidated peptide analogues revealed that they all behaved as competitive 

antagonists at CGRP and AMY1 receptors. Consistent with the pA2 values presented in chapter 3, the 

derived pKB values confirmed that some of the lipidated peptide antagonists have increased antagonist 

activity compared to CGRP8-37 at CGRP and AMY1 receptors. Although improved antagonist activities 

of lipidated peptides have been reported (Madsen et al., 2007; Ward et al., 2013; Zhang & Bulaj, 2012), 

it is unclear how the lipid moiety confers this effect. One possibility is that the lipid moiety facilitates 

hydrophobic interactions unrelated to the orthosteric binding site, such as with the lipid membrane or 

other membrane proteins. Protein palmitoylation is reported to facilitate association with lipid rafts 

(Resh, 2013). If this is the case for the lipidated CGRP peptide analogues, their subsequent local 

concentration surrounding the CGRP or AMY1 receptor could be higher than non-lipidated CGRP8-37, 

thereby increasing their antagonist activity.  

It is also possible that lipidation of CGRP peptide analogues leads to internalisation and inhibition of 

intracellular CGRP signalling, as observed with palmitate-conjugated pancreatic polypeptide (Made et 

al., 2014) and cholestenol-conjugated CGRP8-37 (Yarwood et al., 2017). There is also evidence that 

attachment of lipids can modulate binding indirectly through stabilisation of the peptide’s secondary 

structure. For example, studies with acylated glucagon analogues show that palmitoylation improves in 

vitro receptor potency through helical structure stabilisation (Ward et al., 2013).   
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4.8.2 Lipidated peptides display hemi-equilibria antagonist behaviour 
With the exception of K35C-palmitate, incorporation of a 15-minute antagonist pre-incubation period 

prior to agonist stimulation resulted in an increase in antagonist activity for the lipidated peptides at the 

CGRP receptor. This was evident from comparisons of the derived pKB values with either the respective 

pA2 values in chapter 3 or pA2 values with pre-incubation period (Table 4-8). The increase in antagonist 

activity with antagonist pre-incubation was statistically significant for CGRP7-37-palmitate and K24C-

palmitate. At the AMY1 receptor, the derived pA2 values with antagonist pre-incubation only saw slight 

increases (Table 4-8). K24C-palmitate pA2 value increased significantly by 5-fold from its pKB value with 

pre-incubation (Table 4-8). On the other hand, pA2 values from chapter 3 was not significantly different 

from the pKB values (Table 4-8), which indicates that the different Schild analysis was not the cause for 

differences observed. 

This increase in antagonist activity with the 15-minute antagonist pre-incubation suggests that the 

lipidated peptides, but not I.H. CGRP8-37 or K35C-palmitate, were in a hemi-equilibrium state when the 

pre-incubation period was absent. Hemi-equilibria phenomena have been linked to a suppression of 

maximal responses (Christopoulos et al., 1999; Kenakin et al., 2006; Mathiesen et al., 2006; Paton & 

Rang, 1965), and if not identified, can lead to mislabelling authentic competitive antagonist activity. This 

theory could explain the observed suppression of the maximal responses by CGRP7-37-palmitate and 

V8C-palmitate in the absence of the 15-minute pre-incubation at CGRP and AMY1 receptors (Figure 

4-3). By comparison, there was little suppression of maximal responses with the 15-minute pre-

incubation (Figure 4-5 and Figure 4-6). These findings underscore the importance of validating the 

experimental system to identify conditions under which equilibria have been reached. 

The subsequent inclusion of the washout steps further revealed that lipidation may alter the dissociation 

rates (Koff) of the antagonist with CGRP and AMY1 receptors. The antagonist activity of CGRP8-37 was 

completely ablated by the washout step indicating that CGRP8-37 was effectively removed from the wells 

prior to agonist stimulation by CGRP. By comparison, the antagonist activities by the lipidated peptides 

(except for K35C-palmitate) were only mildly reduced by the washout step. These observations strongly 

suggest that the lipidated peptides possess a significantly longer receptor dissociation rate in 

comparison to I.H. CGRP8-37. This conclusion is consistent with the hemi-equilibria phenomena 

described above.  

While these studies identify possible binding differences between the lipidated peptides and CGRP8-37, 

future experiments such as competition association assays would provide more information on the 

kinetic parameters involved (Guo et al., 2014). Furthermore, the data can only be reanalysed and 

retrofitted with the correct analysis if the kinetic parameters are known. 
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Table 4-8 pKB values and pA2 values from chapter 3 and 4 for I.H. CGRP8-37 and lipidated peptides at CGRP or AMY1 receptors expressed in Cos-7 cells. Values are 

mean ± SEM of (n) independent experiments. N/A experiments not performed due to weak antagonist activity. Within each treatment, comparisons of pA2 values (from chapter 

3 and 4) to pKB values were by one-way ANOVA followed by Dunnett’s multiple comparison test or unpaired Student’s t-test. *** p < 0.001, * p<0.05 significance. 

 

 

 

Peptide antagonist I.H. CGRP8-37 CGRP7-37-palmitate V8C-pamitate K24C-palmitate K35C-palmitate 

CGRPr 

pA2 from chapter 3 (n) 8.63 ± 0.07 (3) 8.56 ± 0.25 (3) 9.40 ± 0.34 (3) 8.06 ± 0.06 (3) 7.06 ± 0.29 (3) 

pKB (n) 9.09 ± 0.16 (5) 8.78 ± 0.06 (4) 9.35 ± 0.17 (5) 8.58 ± 0.25 (5) 7.24 ± 0.20 (5) 

pA2 

with pre-incubated antagonist (n) 

9.21 ± 0.21 (5) 9.86 ± 0.14 (5) *** 9.85 ± 0.08 (5) 10.28 ± 0.12 (5) *** 6.74 ± 0.16 (5) 

AMY1r 

pA2 from chapter 3 (n) 7.08 ± 0.15 (3) 8.63 ± 0.15 (3) 7.96 ± 0.36 (3) 8.86 ± 0.06 (3) 5.85 ± 0.10 (3) 

pKB (n) 7.12 ± 0.13 (5) 8.80 ± 0.18 (5) 8.26 ± 0.21 (5) 8.75 ± 0.10 (5) 6.01 ± 0.12 (5) 

pA2  

with pre-incubated antagonist (n) 

7.23 ± 0.10 (5) 9.39 ± 0.22 (5) 8.98 ± 0.25 (5) 9.43 ± 0.20 (5) * N/A 
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4.8.3 Lipidated peptides display competitive antagonist behaviour across 
different cell lines 
According to derivatives of the Schild-Gaddum equation, antagonist suppression of the maximal 

response is inversely proportional to the receptor reserve for the agonist if agonist efficacy and 

equilibrium status remain the same (Kenakin et al., 2006). The receptor reserve for an agonist is 

dependent upon receptor number and signalling efficiency. This means, the higher the receptor 

expression levels, the more resistant it is to antagonist suppression of the maximal response. Thus, 

differences in receptor surface expression levels can introduce pseudo-non-competitive antagonist 

behaviour. It is also possible that differences exist in the underlying CGRP receptor signal transduction 

machinery between endogenously expressed and transfected cell platforms. However, there is no 

published evidence that a difference exists in the case for SK-N-MC and Cos-7 cells regulation.  

Conversely, it can also mask non-competitive antagonist behaviour as competitive due to parallel 

rightward shifts in the concentration-response curves. For example, SR 48968, a non-peptide tachykinin 

NK2 receptor antagonist was either competitive or non-competitive in tissue-dependent functional 

experiments (Patacchini, Giuliani, Turini, Navarra, & Maggi, 2000). The effect is distinct to the hemi-

equilibria effect which is an intrinsic behaviour of the agonist or antagonist and is time-dependent. 

However, a relatively high receptor-expressing cell line is needed to mitigate any hemi-equilibria effect 

seen with competitive antagonists that have a slow dissociation rate.  

The apparent suppression of CGRP maximal response by the lipidated peptides in Cos-7 cells were 

not statistically significant. With this in consideration, the antagonist activities observed in Cos-7 cells 

were compared to SK-N-MC cells which endogenously express the CGRP receptor, to determine if 

receptor expression levels have any effect. Although I did not directly measure and compare receptor 

expression levels between these two cell lines, it is generally assumed that the transient expression 

cells (i.e. Cos-7 cells) will generally have greater receptor expression due to the significant amount of 

DNA used for transfection (Gibson, Seiler, & Veitia, 2013). The assumed lower endogenous CGRP 

receptor expression levels in SK-N-MC cells should help validate if the lipidated peptides are binding 

competitively. 

The combined results of both the CGRP potency and control antagonist activity in SK-N-MC cells 

confirmed that the cell line expressed a functional CGRP receptor. Overall, the derived pA2 values for 

the peptide antagonists in SK-N-MC cells were higher than the corresponding pKB values derived in 

Cos-7 cells transiently expressing the CGRP receptor. As a reference, CGRP8-37 yielded a pKB value of 

9.58 ± 0.15 (n=6) in SK-N-MC cells as compared to the pKB value of 9.09 ± 0.16 (n=5) in Cos-7 cells. 

The increase in antagonist activity in SK-N-MC cells was more apparent for CGRP7-37-palmitate, V8C-

palmitate, and K24C-palmitate, with at least a 10-fold difference. It was unclear whether these increased 

antagonist activities could be due to differences in receptor expression or perhaps, biased signalling 

factors as other cell signalling pathways were not measured. Nevertheless, the results clearly show the 
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lipidated peptides behave as competitive antagonists across the two different cell lines with no 

suppression of the maximal response in SK-N-MC cells. 

 

4.8.4 Final summary 
In summary, global Schild analyses confirmed that the lipidated peptides generally behave as 

competitive antagonists in Cos-7 cells. These antagonist behaviours were further confirmed in SK-N-

MC cells. The results also indicate that palmitoylation of the peptide analogues altered the antagonist 

activity at CGRP and AMY1 receptors, possibly through altered binding kinetics and/or non-receptor 

binding. These findings show that the lipidated peptides possess antagonist activity comparable to 

CGRP8-37 in vitro. The next set of studies, in chapter 5, explores whether they exert functional 

antagonism of CGRP action in vivo.  
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Chapter 5 In vivo inhibition of CGRP action 
5.1 Introduction 
It is well-established that CGRP is a potent vasodilator (Kee, Kodji, & Brain, 2018). Intradermal delivery 

of CGRP in mice induces abdominal dermal vasodilation within 10 minutes (Escott & Brain, 1993).  

CGRP’s vasodilatory effects were confirmed in CGRP knockout animals (Hajna et al., 2016; Mishima 

et al., 2011) or by inhibiting CGRP action in vivo with antagonists (Doods et al., 2000; Grant et al., 

2002). As CGRP receptors are likely responsible for the vasodilation, vasodilatory models are useful to 

measure target engagement of antagonists at CGRP receptors. Additionally, the measurable 

vasodilatory responses are generally fast-acting and robust. Vasodilation is also considered an 

etiological factor in the pathophysiology of migraine and some migraine subtypes (Amin et al., 2013; 

Ashina et al., 1999; Jacobs & Dussor, 2016). CGRP activity in the trigeminal ganglion (TG) and the 

meninges may regulate both migraine-like attacks in conjunction with localised vasodilation (Olesen et 

al., 2009). Contrary to this, dermal vasodilatory responses to CGRP activity primarily involves the DRG 

(Basbaum et al., 2009; Brain & Grant, 2004). 

Vasodilatory responses linked to CGRP action can be induced by various means such as capsaicin 

topical application (Grant et al., 2002). The dermal vasodilatory response evoked by topical capsaicin 

to the ear can be attenuated through CGRP inhibition using CGRP8-37 (Grant et al., 2002) and the small 

molecule antagonist olcegepant (Starr et al., 2008). Olcegepant has also been examined in the 

marmoset, where its intravenous administration (30 µg/kg) effectively blocked facial dermal vasodilation 

in response to trigeminal stimulation (Doods et al., 2000). Using the vasodilatory animal model, an 

analogue of olcegepant, compound 3, was also validated in both rat and rhesus species (Hershey et 

al., 2005). A capsaicin-induced dermal blood flow model was therefore deemed ideal for testing the 

antagonists described in this thesis.  

The vasodilation studies described above rely on laser doppler imaging (LDI), which has been used 

extensively for the development of small molecule CGRP receptor antagonists and antibodies such as 

erenumab (Vu et al., 2017), and in both preclinical (Salvatore et al., 2008) and clinical settings 

(Salvatore et al., 2010; Sinclair et al., 2010). This non-invasive technique measures blood flow changes 

within the superficial microvasculature of the skin (Aubdool et al., 2017). An infrared laser beam scans 

the region of interest in a raster fashion and is reflected at varying wavelengths due to the Doppler 

Effect. The extent of frequency-broadening is dependent on intensity of blood flow in the region of 

interest. The frequency-broadened light and light scattered from static tissue is photo-detected and 

processed to provide blood flow measurement. The LDI is advantageous over single point laser doppler 

measurements as it provides spatial measurements. The measured blood flow by LDI is often termed 

flux, which is an arbitrary unit of measurement that is proportional to the average flow velocity and the 

concentration of blood cells at the position measured. 

 



 

108 
 

5.2 Aims and objectives 
Following the receptor screening studies described in chapter 4, the aim of the studies described in this 

chapter is to investigate functional antagonism of CGRP action in vivo by the lipidated peptide 

antagonists using CGRP8-37 and olcegepant as reference antagonists in a non-invasive Laser doppler 

imaging platform.  

The first objective was to establish the capsaicin-induced dermal vasodilatory response model in the 

ear. The second objective was to study the effects of CGRP inhibition by the lipidated peptide analogues 

in both male and female mice in comparison to reference antagonists. A pharmacokinetic study was 

deemed beyond the scope of this project. As an alternative to a full pharmacokinetic study to determine 

their functional half-life, a pilot study was instead performed to probe whether the lipidated peptide 

analogues displayed prolonged activity over CGRP8-37, which might suggest altered pharmacokinetic 

profiles. 

 

5.3 Experimental design 
A large component of the experimental design was based off pre-established laser doppler protocols 

for exploring vasodilatory responses in the mouse ear with the use of capsaicin. Advice was also 

obtained from Professor Sue Brain who is a pioneer in this field (Aubdool et al., 2017; Brain et al., 1985; 

Grant et al., 2002). The ear was chosen for laser doppler imaging as it possesses sufficient superficial 

blood vasculature that permits laser doppler imaging and absence of skin surface fur that could cover 

the blood vasculature  (Rajan, Varghese, van Leeuwen, & Steenbergen, 2009). The thin layer of tissue 

also allows for the quick dermal absorption and saturation of capsaicin to the vasculature of the whole 

ear. To address any potential sex bias, this in vivo study recruited both sexes of mice and analysed the 

vasodilatory effects over the entire group as well as in within each sex.  

Multiple criteria were used to reduce variability in the vasodilatory responses or the contribution of 

confounding effects. Selection criteria for C57BL/6 mice were 10-12 weeks old and between 20 to 30 

grams bodyweight range. The treatments administered to each mouse, the sex, and the side of ear (left 

or right) treated with capsaicin or ethanol were randomised to reduce bias. Blood flow within an ear was 

normalised to its baseline blood flow prior to capsaicin application. Area-under-curve (AUC) was 

calculated from the time course of each individual animal and combined across the group. 
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5.4 Results 

5.4.1 Validation of capsaicin-evoked blood flow in the mouse ear and its 
measurement by Laser Doppler 
Several studies have utilised capsaicin at various doses to evoke vasodilation. Capsaicin doses used 

to initiate dermal vasodilation were determined from the literature, which suggested that 0.2 to 200 

µg/ear was sufficient to induce a significant vasodilatory response (Grant et al., 2002; Starr et al., 2008).  

Although it is well-established that CGRP8-37 can attenuate the vasodilatory response evoked by CGRP 

through laser doppler studies, its effective dosage in mice and rats is ambiguous due to the differing 

protocols employed, including differences in dose, route, and site of administration. A range of CGRP8-

37 doses from 96 nmol/kg i.v. (Delay-Goyet, Satoh, & Lundberg, 1992) to 400 nmol/kg i.v. (Escott & 

Brain, 1993; Fernandes et al., 2016; Grant et al., 2002) have been reported to significantly attenuate 

dermal blood flow. Subcutaneous administration of CGRP8-37 by acute injection of approximately 32 

nmol/kg (Gohin, Decorps, Sigaudo-Roussel, & Fromy, 2015) has also shown functional in vivo effects 

as an inhibitor to CGRP action.  

Therefore, the first objective of this chapter was to establish and optimise the capsaicin-induced 

vasodilation model in mouse ear and identify a reference dose for CGRP8-37 that could significantly 

attenuate the vasodilatory response. This protocol could then be used for the lipidated peptide 

analogues in the next section of this chapter.  

 

5.4.1.1 Confirmation of capsaicin topical dose 
Two doses of capsaicin, 60.6 and 200 µg/ear, were tested to induce a vasodilatory response to one 

side of the ear (Figure 5-1B, G). For each mouse, the paired normalised (%) flux mean for the control 

ear treated with ethanol never reached 2-fold difference from baseline (Figure 5-1A). By comparison, 

the % flux mean values for the corresponding capsaicin ear treated with either of the two doses showed 

significant vasodilatory responses (compared to their respective control ear time courses) starting from 

the 6th minute for  the 200 µg dose and the 10th minute for the 60.6 µg group (Figure 5-1C). The % flux 

mean values were still increasing or peaked by the final time point (T15) (Figure 5-1B, D, Table 5-1).  

Additionally, the time courses for both capsaicin doses were not significantly different, which was 

mirrored by their AUC values for the capsaicin and ethanol-treated control ear (Figure 5-1D-F). Both 

capsaicin doses produced AUC values approximately 2-fold over the contralateral control ear (Table 

5-1). On the basis of this, the 60.6 µg dose was used for subsequent studies.  
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Figure 5-1 Vasodilatory dermal responses evoked by capsaicin in mouse ears. Individual mouse vasodilatory 

response time courses for (A) control ear and (B) capsaicin ear. Data were combined into a single vasodilatory 

response time course for 200 µg group or 60.6 µg capsaicin ear group and compared to C) their respective control 

ear or D) to each other. Comparisons of time courses were by repeated measures two-way ANOVA followed by 

Bonferonni’s multiple comparisons test comparing the % flux mean at each time point. Time points are marked and 

colour-coded where the data points significantly differ from the control ear data points. Scatter plots of individual 

AUC values for (E) control ear and (F) capsaicin ear. Comparisons of AUC values were by unpaired Student’s t-

test. (G) are representative laser doppler images of the mouse ear from the 60.6 µg group, at various time points 

relative to capsaicin application. Combined data points and error bars are presented as mean ± SEM. ns p>0.05, 

** p<0.01, *** p<0.001 significance.  
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Table 5-1 Mean maximal flux values at T15 and mean AUC values of capsaicin or ethanol-treated control 
ears at two different capsaicin doses. Values are mean ± SEM of 4 mice per capsaicin dose group. Comparisons 

to the paired control ethanol-treated ear were analysed using paired Student’s t-test. * p<0.05, ** p<0.01 

significance. 

 

5.4.1.2 Selection of the CGRP8-37 antagonist reference dose 
Based on prior literature, CGRP8-37 treatment was tested in a pilot study at 960 nmol/kg (3 mg/kg) 

delivered subcutaneously and compared to a saline vehicle treatment. At this dose, there was a 

reproducibly slower and smaller capsaicin-induced vasodilation in individual CGRP8-37-treated mice 

compared to the individual saline-treated mice (Figure 5-2A). Combined data showed that the 

vasodilatory response to capsaicin was significant starting at the 9th minute in CGRP8-37-treated mice 

(compared to their respective control ear time courses) (Figure 5-2B). The saline group also has a 

significant vasodilatory response to capsaicin (Figure 5-2B).  

However, the greater variance in the capsaicin ear for the saline group meant that the capsaicin ear 

was not statistically different to its control ear at any time points (Figure 5-2B). This led to the inability to 

statistically state when the vasodilatory response was initiated for the saline-treated group, and whether 

there was a delay in vasodilatory response to be reported between saline and CGRP8-37. A direct time 

course comparison between saline and CGRP8-37-treated groups also indicated that there were no 

significant differences between the two groups (Figure 5-2B). 

The combined maximal flux values at T15 or the combined AUC values between saline and CGRP8-37 

(Figure 5-2C, D) were also not statistically different, although the mean values were lower in the CGRP8-

37-treated group. Given the small sample size, uneven sexes, and large variance in the saline group 

(Figure 5-2A), it is not surprising that the apparent effect of CGRP8-37 was not statistically significant. 

The pilot did however indicate sufficient effect of CGRP8-37 to proceed to further testing with a larger 

group of animals.  

 

Capsaicin dose/ear 

(µg) 

Ear Maximal flux at T15 

(% Flux Mean) 

AUC 

(%flux mean*minutes) 

60.6 Ethanol 124 ± 8.08 1940 ± 31.4 

Capsaicin 564 ± 48.6** 4960 ± 348** 

200 Ethanol 112 ± 14.2 1820 ± 161 

Capsaicin 491 ± 86.5* 5350 ± 939* 
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Figure 5-2 Attenuation of capsaicin-induced vasodilatory responses by CGRP8-37. (A) Individual capsaicin 

ear and (B) combined vasodilatory response time courses for mice treated with either saline (s.c.; n=4) or CGRP8-

37 (960 nmol/kg s.c.; n=4). Comparisons of time courses were by repeated measures two-way ANOVA followed by 

Bonferonni’s multiple comparisons test comparing the % flux mean at each time point. Time points are marked and 

colour-coded where the data points significantly differ from the control ear data points. Scatter plots of individual 

(C) maximal flux values at T15 and (D) AUC values of saline or CGRP8-37-treated mice. Comparisons of maximal 

flux or AUC values were by unpaired Student’s t-test. Combined data points and error bars are presented as mean 

± SEM. ns p>0.05, ** p<0.01, *** p<0.001 significance.   
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5.4.2 Effect of CGRP antagonists on capsaicin-evoked dermal vasodilation  
Following the pilot study with CGRP8-37, I proceeded to test CGRP8-37 and all lipidated peptides in 8-9 

randomised mice with roughly equal numbers of each sex per treatment. Within the saline-treated 

group, significant capsaicin-induced vasodilation (compared to their respective control ear time 

courses) began at approximately the 8th minute after capsaicin application, eventually reaching a 

maximal flux of approximately 500% from the initial baseline blood flow (Figure 5-3A, Table 5-2).  

The capsaicin-induced vasodilation for the CGRP8-37-treated group was significant from the 11th minute 

onwards (Figure 5-3B), reaching a maximal flux of 433% from the initial baseline level blood flow (Table 

5-2). Additionally, with the higher statistical power from a greater number of independent repeats, the 

time courses between CGRP8-37 and saline-treated groups were significantly different (Figure 5-3F), with 

two time points displaying statistically significant attenuation in vasodilatory response. The suppression 

of maximal flux value at T15 was not significant when compared to the saline-treated group (Table 5-2), 

but there was a significant difference in AUC values (Figure 5-4, Table 5-2). 

K24C-palmitate was not soluble at 960 nmol/kg and was therefore administered at a soluble dose of 

320 nmol/kg. A significant vasodilatory response for the K24C-palmitate-treated group was apparent by 

approximately the 9th minute (Figure 5-3C). Although this indicated a possible delay in the vasodilatory 

response, the time course was not significantly different when compared to saline group by two-way 

ANOVA (Figure 5-3F). The vasodilatory response to capsaicin in the K24C-palmitate group reached a 

maximal flux of 425% at T15 (Table 5-2), but the difference was not significant when compared to the 

saline-treated group. AUC value was also not significant compared to saline (Figure 5-4, Table 5-2).  

V8C-palmitate was delivered at 960 nmol/kg and capsaicin-induced vasodilatory response was 

significant from the 10th minute onwards (Figure 5-3D). The time course was significantly different to the 

saline group, with one time point showing significant attenuation in vasodilatory response (Figure 5-3F). 

The maximal flux value at T15 (Table 5-2) and AUC value (Figure 5-4) were significantly lower than saline-

treated group. 

The small molecule antagonist, olcegepant, was used for further validation and administered 

subcutaneously at a dose of 1.15 µmol/kg (1 mg/kg). Olcegepant-treated ears had a significant 

vasodilatory response to capsaicin at approximately the 12th minute (Figure 5-3E). It displayed the most 

attenuated profile out of all the antagonists investigated, which was significantly different from the saline 

time course from the 9th minute onwards (Figure 5-3F). The attenuation was also apparent in the 

maximal flux value at T15 (Table 5-2) and AUC value (Figure 5-4), which were significantly different 

compared to the saline-treated group. 

There were no differences in AUC values between the ethanol-treated control ears across the treatment 

groups (Table 5-2).Compared to the ethanol-treated control ear, capsaicin-induced vasodilation for the 

saline-treated group yielded a significantly higher AUC value (Table 5-2). Similarly, all of the capsaicin 

ears for all of the other groups displayed significantly higher AUC values compared to their respective 

ethanol-treated control ears, which indicates that the capsaicin-induced vasodilatory response was not 

completely abolished by the antagonists (Table 5-2).  
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Figure 5-3 Combined vasodilatory response time courses. Mice were treated with (A) saline (s.c.; n=9), (B) CGRP8-37 (960 nmol/kg s.c.; n=9), (C) K24C-palmitate (320 

nmol/kg s.c.; n=8), (D) V8C-palmitate (960 nmol/kg s.c.; n=8), and (E) olcegepant (1.15 µmol/kg s.c.; n=8). (F) shows the vasodilatory responses for all treatment groups combined 

into a single graph. Combined data points are presented as mean ± SEM. Comparisons of time courses were by repeated measures two-way ANOVA followed by Bonferonni’s 

multiple comparisons test comparing the % flux mean at each time point. Time points are marked and colour-coded where the data points significantly differ from control ear or 

the saline group data points. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001 significance.  
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Figure 5-4 A Scatter plot of individual AUC values obtained from the capsaicin-treated ear for each 
treatment. Error bars are mean ± SEM. Combined mean values are presented in table 5.2. Comparison to the 

saline-treated group AUC mean value was by one-way ANOVA followed by Dunnett’s multiple comparison test. ns 

p>0.05, *** p<0.001 significance.  
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Table 5-2 Mean maximal flux values at T15 and mean AUC values of capsaicin or ethanol-treated control ears for each treatment group. Values are mean ± SEM of (n) 

mice. Comparisons to saline-treated group values were by one-way ANOVA followed by Dunnett’s multiple comparison test. Comparisons to control ear values were by paired 

Student’s t-test test, with significance shown in brackets. * p<0.05, ** p<0.01, *** p<0.001 significance. 

 Saline 

Vehicle 

(n=9) 

CGRP8-37 

(960 nmol/kg) 

(n=9) 

K24C-Palmitate CGRP8-37 

(320 nmol/kg) 

(n=8) 

V8C-Palmitate CGRP8-37 

(960 nmol/kg) 

(n=8) 

Olcegepant 

(1.15 µmol/kg) 

(n=8) 

M
ax

im
al

 fl
ux

 a
t T

15
 

(%
 F

lu
x 

M
ea

n)
 

Control ear 136 ± 12.7 114 ± 3.43 118 ± 6.21 116 ± 8.18 114 ± 2.92 

Capsaicin ear 
507 ± 35.1 

(***) 

433 ± 24.5 

(***) 

425 ± 24.2 

(***) 

384 ± 27.5* 

(***) 

298 ± 21.5*** 

(***) 

AU
C

 

(%
 fl

ux
 m

ea
n*

m
in

ut
es

) 

Control ear 1770 ± 97.2 1650 ± 36.5 1730 ± 39.6 1640 ± 79.3 1760 ± 53.5 

Capsaicin ear 
4240 ± 343 

(***) 

3120 ± 180*** 

(***) 

3580 ± 213 

(***) 

3030 ± 193*** 

(***) 

2430 ± 144*** 

(**) 
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5.4.3 Effects of mouse sex on capsaicin-induced vasodilation 
To explore the potential sex effect on the data, the data were re-analysed separately according to sex.  

 

5.4.3.1 Capsaicin-induced vasodilatory responses between mouse sexes 
For the combined time courses (Figure 5-5C), the vasodilatory response for the male saline-treated 

group following capsaicin challenge was not significantly different than in the female saline-treated 

group. Although both the maximal flux value at T15 (Table 5-3) and AUC value (Table 5-4, Figure 5-7A) 

for saline-treated female mice were lower than saline-treated male mice, only the maximal flux was 

significantly different (Table 5-3).  

Inspection of individual mouse time courses for female mice showed an apparent outlier mouse in the 

saline-treated group with an earlier onset and higher vasodilatory response (Figure 5-5D). This individual 

time course skewed the mean values of maximal flux at T15 (Table 5-3) and AUC (Figure 5-6), as well as 

increasing the variance for the female saline-treated group. Three of the four female mice had visually 

lower maximal flux values at T15 and generally smaller vasodilatory profiles than their male counterparts 

(Figure 5-5D). 

 

5.4.3.2 Antagonist effect between mouse sexes 
Repeated measures two-way ANOVA indicated that the male mice had significantly different 

vasodilatory response with different treatments compared to saline (Figure 5-5A). By comparison, the 

female mice group presented no significant differences with treatments compared to saline (Figure 

5-5B). Similarly, all CGRP antagonists attenuated the AUC values of capsaicin ear in males significantly 

compared to the saline-treated group, but only olcegepant significantly reduced AUC value of capsaicin 

ear in females (Figure 5-6, Table 5-4).  

However, direct comparison between sexes for each antagonist-treated group displayed no differences 

in the capsaicin ear time courses (Figure 5-5E-H). For the combined CGRP8-37-treated mice, both 

maximal flux value at T15 (Table 5-3) and AUC values (Figure 5-7B) were not significantly different 

between sexes. Similarly, both maximal flux values at T15 (Table 5-3) and AUC values (Figure 5-7C-D) 

for K24C-palmitate-treated and V8C-palmitate-treated mice were not significantly different between 

sexes.  

For olcegepant, AUC values between the two sexes were also not significantly different (Figure 5-7E). 

However, the combined maximal flux value at T15 for the male mice was significantly lower than female 

mice (Table 5-3). It should also be noted that olcegepant-treated males was the only antagonist 

treatment group that reduced the AUC values in capsaicin ears to non-significant levels in comparison 

to the ethanol-treated control ears (Figure 5-7E). 
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Figure 5-5 Vasodilatory response time courses for male and female mice. All treatments have been separated 

into (A) males and (B) females with total animal number as specified. Combined data points are presented as mean 

± SEM. The time courses shown in (A) and (B) were then rearranged to provide direct comparisons between male 

and female for (C-D) saline, (E) CGRP8-37, (F) K24C-palmitate, (G) V8C-palmitate, and (H) olcegepant. 

Comparisons of time courses were by repeated measures two-way ANOVA followed by Bonferonni’s multiple 

comparisons test comparing the % flux mean at each time point. Time points are marked and colour-coded where 

the data points significantly differ from the saline group data points. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001 

significance. 
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Table 5-3 Mean maximal flux values at T15 of capsaicin or ethanol-treated control ears for each treatment group split by sex. Values are mean ± SEM of (n) mice. 

Comparisons to the saline-treated group values were by one-way ANOVA followed by Dunnett’s multiple comparison test. Comparisons of capsaicin ear values between the two 

sexes were by unpaired Student’s t-test, with significance shown in brackets. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001 significance. 

 Saline 

Vehicle 

CGRP8-37 

(960 nmol/kg) 

K24C-Palmitate CGRP8-37 

(320 nmol/kg) 

V8C-Palmitate CGRP8-37 

(960 nmol/kg) 

Olcegepant 

(1.15 µmol/kg) 

M
al

e 

M
ax

im
al

 fl
ux

 a
t T

15
 

(%
 F

lu
x 

M
ea

n)
 

Control ear 148 ± 22.2 (5) 111 ± 3.73 (5) 121 ± 10.1 (4) 113 ± 12.5 (4) 113 ± 5.36 (4) 

Capsaicin ear 568 ± 30.8 (5) 411 ± 29.5** (5) 456 ± 40.4 (4) 408 ± 46.0* (4) 250 ± 5.05*** (4) 

Fe
m

al
e 

Control ear 121 ± 3.14 (4) 117 ± 6.34 (4) 114 ± 8.43 (4) 120 ± 12.2 (4) 115 ± 3.24 (4) 

Capsaicin ear 
430 ± 47.8 (4) 

(*) 

461 ± 41.1 (4) 

(ns) 

394 ± 21.4 (4) 

(ns) 

359 ± 31.7 (4) 

(ns) 

347 ± 24.0 (4) 

(**) 

 

Table 5-4 Mean AUC values of capsaicin or ethanol-treated control ears for each treatment group split by sex. Values are mean ± SEM of (n) mice. Comparisons to the 

saline-treated group values were by one-way ANOVA followed by Dunnett’s multiple comparison test. * p<0.05, ** p<0.01, *** p<0.001 significance. Comparisons of capsaicin 

ear values between the two sexes can be found in figure 5-7. 

 Saline 

Vehicle 

CGRP8-37 

(960 nmol/kg) 

K24C-Palmitate CGRP8-37 

(320 nmol/kg) 

V8C-Palmitate CGRP8-37 

(960 nmol/kg) 

Olcegepant 

(1.15 µmol/kg) 

M
al

e 

AU
C

 

(%
 fl

ux
 m

ea
n*

m
in

ut
es

) 

Control ear 1850 ± 170 (5) 1690 ± 55.6 (5) 1730 ± 83.8 (4) 1570 ± 98.9 (4) 1790 ± 92.7 (4) 

Capsaicin ear 4410 ± 193 (5) 2900 ± 115*** (5) 3380 ± 429** (4) 2830 ± 238*** (4) 2170 ± 91.3*** (4) 

Fe
m

al
e Control ear 1670 ± 52.8 (4) 1600 ± 39.9 (4) 1720 ± 17.0 (4) 1720 ± 125 (4) 1730 ± 36.7 (4) 

Capsaicin ear 4030 ± 784 (4) 3390 ± 357 (4) 3770 ± 55.1 (4) 3240 ± 299 (4) 2690 ± 207* (4) 
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Figure 5-6 Scatter plots of individual AUC values obtained from the capsaicin ear for male and female mice. 
Error bars are mean ± SEM. Comparison to saline-treated group was by one-way ANOVA followed by Dunnett’s 

multiple comparison test. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001 significance. Data identical to table 5.4. 

 

Figure 5-7 Scatter plots of individual AUC values obtained from the capsaicin or ethanol-treated control 
ear for male and female mice. Treatments were (A) saline, (B) CGRP8-37, (C) K24C-palmitate, (D) V8C-palmitate, 

and (E) olcegepant. Error bars are mean ± SEM. Comparisons between males (solid colour) and females (half-

solid colour) were analysed using unpaired Student’s t-test and comparisons between the capsaicin ear (coloured) 

and the paired ethanol-treated control ear (black) were analysed using paired Student’s t-test. ns p>0.05, * p<0.05, 

** p<0.01, *** p<0.001 significance. Data identical to table 5.4.  
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5.4.3.3 Summary of sex-specific effects  
In summary, the attenuation of capsaicin-induced vasodilation by different treatments was more 

pronounced and significant in males and less pronounced in female mice due to three primary factors. 

First, the AUC values of capsaicin ears were on average lower for saline-treated females than males, 

but this difference was not significant (Figure 5-7A). Second, an apparent outlier in the saline-treated 

female group (Figure 5-5D) increased the variance in combined AUC values, which reduces any 

significance in differences (Figure 5-6). Third, CGRP antagonists reduced the AUC values of capsaicin 

ears to on average, lower values in males than in females, but the differences between sexes were not 

significant (Figure 5-7B-E).  

The potential effects of sex on the vasodilatory responses was tested by a two-way ANOVA using sex 

and treatment as variables. Both maximal flux value at T15 and AUC value were analysed as the affected 

vasodilatory measurements. The analysis revealed that as an independent variable, only treatments 

significantly caused variations in both measurements (Table 5-5). However, sex as a variable in 

conjunction with treatment significantly caused variations in maximal flux values at T15. 

 

Table 5-5 Two-way ANOVA analysis of sex and treatment as independent variables and how much they 
affect maximal flux at T15 and AUC from capsaicin-induced vasodilatory responses.  The extent of the effects 

caused by the variable/s are defined as percentages. * p<0.05, *** p<0.001 significance. 

Source of Variation Maximal Flux at T15 AUC 

Treatment 43.7% *** 46.3% *** 

Sex 1.09% 2.62% 

Interaction (sex and treatment) 17.8% * 3.86% 
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5.4.4 Duration of action of lipidated CGRP peptide antagonists 
To probe their duration of action, lipidated CGRP8-37 peptide antagonists were administered 30 minutes 

prior to the application of capsaicin (T-30) instead of 10 minutes (T-10). Based on the data variability for 

female mice in the previous section, these studies were confined to male mice. K24C-palmitate was 

also excluded from these studies given its comparatively limited solubility. 

Combined time courses for the T-30 saline-treated group were significantly different to the T-10 saline-

treated group in the previous section (male to male comparison), but only one time point differed 

significantly (Figure 5-8D). For the combined data, the vasodilatory response for the saline-treated T-30 

group reached a maximal flux value at T15 of 431% (Figure 5-8D, Table 5-6). No clear separation was 

observable between individual time courses for saline-treated, CGRP8-37-treated, or V8C-palmitate-

treated groups was evident (Figure 5-8A, B), and the combined time courses were not significantly 

different between the three different treatments (Figure 5-8D). Additionally, CGRP8-37-treated and V8C-

palmitate-treated mice displayed AUC and maximal flux values that were not significantly different to 

saline-treated mice (Table 5-6).  

To confirm that the lack of responses to CGRP8-37 and V8C-palmitate was not due to an issue with the 

model, olcegepant was tested under the same conditions in a pilot study. At n=2, olcegepant attenuated 

the capsaicin-induced vasodilatory response as shown by its combined time course profile, maximal 

flux value at T15 and AUC value (Figure 5-8D, Table 5-6). Inspection of individual time courses for 

olcegepant-treated mice revealed a clear separation from time courses for saline-treated mice (Figure 

5-8C). But due to the small sample size, this group was excluded from the statistical analysis. 
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Figure 5-8 Vasodilatory response time courses for treatments administered 30 minutes prior to capsaicin challenge in male mice. Individual time courses showing 

vasodilatory responses for mice treated with saline (s.c.; n=5) or (A) CGRP8-37 (960 nmol/kg s.c.; n=4), (B) V8C-palmitate (960 nmol/kg s.c.; n=4), and (C) olcegepant (1.15 

µmol/kg s.c.; n=2). (D) shows combined time courses for all treatment groups combined to a single graph. Combined data points are presented as mean ± SEM. Comparisons 

of time courses were by repeated measures two-way ANOVA followed by Bonferonni’s multiple comparisons test comparing the % flux mean at each time point. Time points are 

marked and colour-coded where the data points significantly differ from the saline (T-30) group data points. ns p>0.05, * p<0.05 significance.  
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Table 5-6 Mean maximal flux values at T15 and mean AUC values of capsaicin or ethanol-treated control ears 30 minutes after administration of saline or antagonists. 
Values are mean ± SEM of (n) mice. With the exclusion of olcegepant, comparisons to the saline-treated group values were by one-way ANOVA followed by Dunnett’s multiple 

comparison test. 

 
Saline Vehicle 

(n=5) 

CGRP8-37 (960 nmol/kg) 

(n=4) 

V8C-Palmitate CGRP8-37 (960 nmol/kg) 

(n=4) 

Olcegepant (1.15 µmol/kg) 

(n=2) 

M
ax

im
al

 fl
ux

 a
t T

15
 

(%
 F

lu
x 

M
ea

n)
 

 

Control ear 124 ± 4.43 129 ± 11.8 130 ± 7.39 122 ± 8.71 

Capsaicin ear 431 ± 10.4 431 ± 9.56 479 ± 5.08 311 ± 18.8 

AU
C

 

(%
 fl

ux
 m

ea
n*

m
in

ut
es

) 

Control ear 1790 ± 70.8 1820 ± 135 1830 ± 80.7 1798 ± 66.5 

Capsaicin ear 3500 ± 242 3690 ± 220 3910 ± 376 2530 ± 65.0 
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5.5 Discussion 
The first objective of this chapter was to validate and optimise the laser doppler experimental system 

to measure the dermal vasodilatory response in the mouse ear following topical application of capsaicin. 

The majority of studies measuring vasodilatory response express their results predominantly as area-

under-curve analyses or single end-point measurements (Croom, Foreman, Chandler, & Barron, 1997; 

Dux, Will, Vogler, Filipovic, & Messlinger, 2016; Gohin et al., 2015; Grant et al., 2002; Merhi, Dusting, 

& Khalil, 1998; Starr et al., 2008). This simplifies statistical comparisons but does not provide additional 

detail. Hence, time course comparisons allow for statistical analysis across multiple time points and the 

ability to state any time-dependent effects such as a delay in vasodilatory response. This supplemented 

the analyses of maximal flux values at T15 and AUC values while providing better descriptors of CGRP 

inhibition in vivo and attenuation of capsaicin-induced vasodilation.  

In validating the mouse model, there were minor complications with the structural fold and orientation 

of the ear when setting up. The ears naturally protrude at an angle directed posterior to the coronal 

plane from the base of the head as well as anterior folding onto itself. Without using a custom raised 

mount, the ear surface seldom remains completely flush with the imaging plane. On occasion, there 

were distortions in measured flux values due to the uneven surface. An alternative solution is to perform 

a single point flux measurement, but this is much less accurate as it is dependent on the particular 

blood vessel chosen. 

Almost identical vasodilatory effects between the two administered capsaicin doses of 200 µg and 60.6 

µg per ear confirmed that topical capsaicin application induces a robust dermal vasodilatory response. 

By comparison, there were some minor fluctuations at the contralateral ethanol-control ear which was 

performed and measured in parallel to the capsaicin-treated ear. These fluctuations could be due to 

slight changes in blood pressure, heart rate or body temperature. However, they averaged out to less 

than a 50% difference and were aligned with literature controls (Grant et al., 2002; Starr et al., 2008).   

The involvement of CGRP in the capsaicin-induced vasodilatory responses was confirmed using both 

CGRP8-37 and olcegepant as positive controls. Although complete ablation was not observed, the 

findings showed that the experimental system was sufficiently robust to interrogate the effects of CGRP 

antagonists. The lack of complete ablation of the vasodilatory response can also be linked back to 

capsaicin inducing substance P activity as well as CGRP, a separate pathway via the NK1 receptor but 

with the same role of initiating an acute neurogenic inflammatory response (Holzer, 1988; Lembeck & 

Holzer, 1979). In fact, complete ablation of capsaicin-induced vasodilatory response in mice was only 

achieved through combined NK1 receptor and CGRP receptor inhibition (Grant et al., 2002; Starr et al., 

2008). Of the two control antagonists, olcegepant was the more effective in both sexes. CGRP8-37 was 

delivered at a lower dose than olcegepant which could partially account for the lower antagonism. 

Reduced peptide bioavailability from subcutaneous delivery could also contribute to the lower 

antagonism compared to olcegepant.   

Following validation of the mouse ear model, the second objective investigated whether the lipidated 

peptide antagonists could also attenuate capsaicin-induced blood flow. Of the lipidated peptides 
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investigated, V8C-palmitate displayed antagonism comparable to CGRP8-37. Unfortunately, K24C-

pamitate was less soluble in saline which limited its deliverable dose to 320 nmol/kg, which was 3-fold 

lower than the other antagonists at 960 nmol/kg. Presumably, its solubility is defined by the peptide’s 

physicochemical properties.  

Without an aggregation study, one can only speculate as to its reduced solubility, which could be a 

consequence of vehicle incompatibility, or the presence of impurities within the K24C-palmitate peptide 

preparation (Zapadka, Becher, Gomes Dos Santos, & Jackson, 2017). Given that the peptides were 

purified to 95%, it is possible impurities could have originated from the peptide preparations. Saline, 

BSA, and DMSO were used and although there were no solubility issues encountered with using this 

combination in vitro, the issue may have arisen in vivo at higher peptide concentrations. At this lowered 

dose, it is perhaps unsurprising that K24C-palmitate’s ability to attenuate dermal vasodilatory response 

to capsaicin was lower than either CGRP8-37 or V8C-palmitate. Overall, these findings confirmed that 

selected lipidated CGRP peptide analogues attenuated CGRP action in vivo, despite attachment of a 

palmitate chain.  

The data for the saline-treated mice suggests that that sex-specific effects may exist. Here, female mice 

displayed lower AUC values and mean maximal flux values at T15 and a greater variance than male 

mice. Sex differences have been observed in other models of vasodilation. For example, female mice 

display greater vasodilatory responses compared to male mice in response to acetylcholine, an 

endothelium-dependent vasodilator (Zuloaga, Davis, Zhang, & Alkayed, 2014). By contrast, findings 

from a hindlimb ischaemia study also found C57BL/6 female mice were more sensitive to 

vasoconstrictors and less responsive to vasodilators (Peng et al., 2011). CGRP activity and vascular 

responses reportedly vary between male and female mice (Lee, Xu, Fung, & Fung, 2003; Peng et al., 

2011).  

Interestingly, despite the association between vasodilation and migraine and the increased 

predisposition of women to migraine (Labastida-Ramirez, Rubio-Beltran, Villalon, & 

MaassenVanDenBrink, 2019), there are limited investigations into the effects of sex on CGRP-induced 

vasodilation in animal models. Laser doppler imaging studies have predominantly focused on male mice 

and rats when studying links between CGRP action and vasodilation to avoid sex-specific confounders. 

Differences in response, if real, could inform the development of more optimal antagonists of CGRP 

action. These vasodilatory models could be complemented with other animal models of CGRP action 

such as pain, inflammation, or light aversion to confirm that any antagonist effects are not due to off-

target behaviour. 

Sex hormones are thought to regulate or enhance circulating CGRP plasma levels (Gangula, 

Wimalawansa, & Yallampalli, 2000). Although recruited female mice were not pregnant, we cannot 

ignore the potential effects from the much shorter and frequent mice oestrus cycle, which could have 

played a contributory role. For example, CGRP sensitivity in myometrium varies during the oestrous 

cycle, and CGRP activity can drop by almost 50% between metestrus and estrus phase (Naghashpour 

& Dahl, 2000).  
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Independent of the oestrus cycle, sex-specific differences have also been reported for receptor 

component protein (RCP), which is a component of the CGRP receptor signalling complex. RCP but 

not CLR expression in the rat trigeminal nucleus caudalis and upper cervical spinal cord was higher in 

females (Ji et al., 2019). It was suggested that this sexual dimorphism is related to increased migraine 

incidence in females. By contrast, baseline expression of CLR, RAMP1, and RCP is lower in the 

trigeminal ganglion and medulla of female versus male rats (Stucky et al., 2011). It is still unclear what 

impact these different receptor expressions between sexes have on CGRP activity in vivo.  

The rationale for attaching the lipid sidechains to the CGRP antagonist peptide backbone was to extend 

half-life based on promoting the association with serum albumin. However, the inhibitory effects of the 

lipidated peptide antagonists on CGRP action were non-significant when the period between antagonist 

administration and capsaicin application was increased from 10 minutes to 30 minutes. However, it 

should be noted that the vasodilatory response profile in the saline group was significantly lower when 

saline was administered at T-30 minutes compared to at T-10 minutes. It is unclear if the lower 

vasodilatory responses in the saline group were indicative of treatment timing effect. 

By comparison, olcegepant retained its inhibitory effect in the pilot study in two mice. This finding is 

consistent with olcegepant’s reported plasma half-life of 2.5 hours in humans (Iovino, Feifel, Yong, 

Wolters, & Wallenstein, 2004; Troconiz, Wolters, Schaefer, & Roth, 2004) and its ability to attenuate 

sodium hydrogen sulphide (NaHS)-induced cutaneous vasodilation for almost one hour in mice (Hajna 

et al., 2016).  A proper pharmacokinetic study is crucial to identify the reasons for the apparent lack of 

prolonged activity for the lipidated peptides.  

A further consideration for these studies was that the CGRP peptide antagonists were of human origin 

yet these were probed in vivo in mice expressing murine CGRP receptors. Although human CGRP8-37 

displays similar affinities across human and mouse CGRP receptors (Bohn et al., 2017), this might not 

necessarily be the case for lipidated peptides. Nevertheless, many translational CGRP studies in 

rodents have utilised human–derived CGRP agonists and antagonists successfully. Additionally, the 

dermal blood flow effects of the humanised anti-CGRP monoclonal antibody, Galcanezumab in 

cynomolgus monkeys was used successfully to define various efficacious doses in human studies 

(Vermeersch et al., 2015). Thus, laser doppler has shown itself to be an effective target engagement 

model for the translation of preclinical study findings to clinical endpoints. It is therefore likely that the 

vasodilatory effects observed in mice from our study are translatable to future clinical studies in humans. 

The findings in this chapter could be validated further by in vitro screening and characterisation of the 

lipidated peptides across the mouse calcitonin-family receptors. This has not been done yet and species 

differences in the antagonist pharmacology is a knowledge gap. 

In summary, two CGRP lipidated peptide antagonists display inhibition of CGRP activity in vivo as 

measured by capsaicin-induced vasodilatory responses. However, only V8C-palmitate significantly 

attenuated the capsaicin-induced vasodilatory responses in the combined sexes and male mice group. 

These inhibitory effects were comparable to CGRP8-37 although in-depth PK/PD studies are required to 

investigate peptide half-life and clearance mechanisms involved.  
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Chapter 6 General Discussion 
6.1 Overview 
This thesis investigated the pharmacological profiles of lipidated CGRP peptide antagonists in vitro and 

their ability to attenuate CGRP action in vivo. The lipidated peptide analogues were based on the well-

characterised human CGRP8-37 where selected positions were first substituted with a cysteine amino 

acid, then modified with a palmitoyl moiety. Chapter 3 describes the antagonist affinities of the cysteine-

modified analogues and their lipidated counterparts across several calcitonin-family receptors. Chapter 

4 then describes further characterisation of the lipidated peptide analogues at CGRP and AMY1 

receptors expressed in transiently transfected Cos-7 cells, or at the CGRP receptor endogenously 

expressed in SK-N-MC cells. Chapter 5 describes the ability of selected lipidated peptide analogues to 

attenuate CGRP action in vivo in adult male and female mice.  

This chapter provides a general discussion to review key findings and discuss future work to address 

knowledge gaps within both the literature and the present findings. The implications for the clinical 

development of CGRP peptide antagonists are also discussed.  

 

6.2 Structure-activity relationships 

6.2.1 Cysteine-substituted analogues 
Cysteine substitutions near the C-terminal end at positions 24 and 35 were predicted to be well-tolerated 

given that respective alanine substitutions at these locations for CGRP analogues have minimal effects 

on agonist potency or antagonist activity (Boulanger et al., 1996; Carpenter et al., 2001; Miranda et al., 

2008; Watkins, Au, et al., 2013). However, except for K35C, all cysteine-substituted peptide analogues 

displayed lower pA2 values compared to CGRP8-37 at the CGRP receptor indicating decreased 

antagonist activity. CGRP7-37 which contains a native cysteine residue at position 7 was predicted to 

have a similar antagonist activity to CGRP8-37; however, it was in fact approximately 10-fold less potent 

than CGRP8-37.  

Alanine substitution of val-8 in full-length CGRP indicated a small but significant decrease in potency, 

but not binding, in SK-N-MC cells (Hay et al., 2014). It should be noted that this same study also 

identified that cysteine substitution affected efficacy more than affinity when comparing T6A and T6C 

CGRP (Hay et al., 2014). This suggests that despite both alanine and cysteine being small hydrophobic 

residues, cysteine may have a different effect on the peptide pharmacology compared to alanine. A 

structural model of CGRP binding to the CGRP receptor (Liang et al., 2018) suggests that the cysteine 

substitution for val-8 should be well tolerated. There are no significant van der Waals overlaps due to 

the smaller cysteine side chain compared to valine, which adopts a similar conformation (Figure 6-1A). 

Furthermore, val-8 does not display any hydrogen bond contacts with either the N-terminal region of 

CGRP or the transmembrane domain of CLR (Liang et al., 2018). Thus, cysteine substitution at position 

8 would be expected to behave in the same manner. Hence, the decrease in antagonist activity for V8C 
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may be a consequence of a perturbed peptide conformation due to the cysteine substitution and its 

binding to the receptor (Figure 6-1A). Further modelling or structural studies are needed to study this. 

The substitution of cysteine at position 24 cannot be visualised in the structural models due to 

insufficient resolution of this CGRP region (Booe et al., 2015; Liang et al., 2018). Finally, the present 

findings show it is possible to retain comparable antagonist activity following incorporation of cysteine 

at position 35. Lys-35 has a relatively larger side chain that is oriented away from CLR (Figure 6-1B). A 

cysteine in the same position would be expected to orient its side chain closer towards ser-116 of the 

CLR “turret loop” within the ECD, potentially interacting with ser-116. Substitutions with phenylalanine 

(K35F) or tryptophan (K35W) in CGRP27-37 have previously been shown to increase receptor affinity, 

further suggesting that position 35 is amenable to substitution without affecting binding (Booe et al., 

2015; Booe, Warner, Roehrkasse, Hay, & Pioszak, 2018; Moad & Pioszak, 2013). 

 

 

Figure 6-1 Proposed binding conformation of cysteine-substituted CGRP8-37 analogues to the CGRP 
receptor. Amino acid substitution of CGRP (yellow) (A) V8C and (B) K35C surrounded by CLR (green) and RAMP1 

(blue) (6E3Y) (Liang et al., 2018).  

 

For the AMY1 receptor, there were no differences in antagonist activities between the cysteine-

substituted analogues, CGRP7-37 or CGRP8-37. Only V8C showed lower antagonist activity compared to 

CGRP8-37. It is unclear how CGRP peptide binding differs between CGRP and AMY1 receptors (Gingell 

et al., 2016) but it has been reported that the N-terminus of the amylin peptide is important for binding 

at the AMY1 receptor (Bower et al., 2018). This suggests that the N-terminus of CGRP also holds similar 

importance at the AMY1 receptor. Alanine substitution of val-8 in full-length CGRP did not reduce 

potency at the AMY1 receptor in Cos-7 cells (Hay et al., 2014). Again, T6A and T6C CGRP have 

different effects at the AMY1 receptor, suggesting cysteine’s propensity to impair CGRP efficacy (Hay 

et al., 2014).  

The closest structural model of the bound AMY1 receptor is from a homology model supplemented with 

alanine scanning of truncated sCT and an amylin peptide analogue, AC413 (Lee, Hay, & Pioszak, 
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2016). Unfortunately, both bound peptides lack the N-terminal sequence homologous to CGRP due to 

truncation and therefore, cannot provide any structure-binding insight into V8C binding to the AMY1 

receptor.  

While the cysteine-substituted peptides displayed comparatively mild decreases in antagonist activities 

at CGRP and AMY1 receptors, there was nevertheless a trend towards retention of antagonist activity 

as cysteines were progressively introduced towards the C-terminus. It should be noted that RAMP1 

functions differently when co-expressed with either CTR or CLR. The RAMP1 ECD was suggested to 

not have direct contact with amylin side chains but to confer AMY1 receptor selectivity through 

modulation of CTR conformation instead (Gingell et al., 2016; Lee et al., 2016). Furthermore, trp-84 of 

RAMP1 is crucial for direct contact with the C-terminus of CGRP in the putative ECD binding pocket 

when RAMP1 is co-expressed with CLR (Lee et al., 2016). RAMP1 trp-84 also negatively affected 

human αCGRP potency at the AMY1 receptor when substituted with alanine or phenylalanine (Gingell 

et al., 2010). However, alanine substitution did not significantly affect CGRP8-37 binding to the AMY1 

receptor in another study (Lee et al., 2016). Therefore, differences in activity between CGRP, CGRP7-

37, CGRP8-37, or K24C and K35C analogues of CGRP8-37 between the CGRP and AMY1 receptors could 

also be due to differential contributions to CGRP binding by RAMP1 between CGRP and AMY1 

receptors.  

 

6.2.2 Lipidated peptide analogues 
Lipidation altered the pharmacology of the CGRP peptide analogues significantly. CGRP7-37-palmitate, 

V8C-palmitate, and K24C-palmitate showed small increases in antagonist activity compared to their 

respective non-lipidated analogues or to CGRP8-37 at the CGRP receptor. Rationalising these observed 

improvements for CGRP7-37-palmitate and V8C-palmitate is difficult since both position 7 and 8 of CGRP 

are located deep within the upper transmembrane domain of CLR (Liang et al., 2018). A palmitate chain 

located at these positions would therefore be expected to obstruct the N-terminal region of the peptide 

from binding to the transmembrane region of CLR. 

By comparison, lipidation of the K35C peptide resulted in a significant reduction in antagonist activity. 

Again, this finding is difficult to rationalise based on the known orientation of lys-35 which faces 

outwards into unoccupied space (Liang et al., 2018). Nevertheless, position 35 is still within proximity 

to ala-115 and ser-116 of the CLR “turret loop”, which could, in principle, obstruct the palmitate chain 

and prevent K35C-palmitate from interacting with the CGRP receptor binding pocket. Additionally, the 

β-turn located at position 34-37 of CGRP is crucial for binding to the CGRP receptor (Booe et al., 2018; 

Rist et al., 1998). Consequently, it is possible that the palmitate chain at position 35 discourages 

formation of this β-turn, thereby preventing Phe-37 from forming the necessary interaction with trp-84 

of RAMP1.  

Given that the more truncated CGRP27-37 is still capable of high affinity binding to the CGRP receptor 

(Booe et al., 2018; Rist et al., 1998), I propose that the N-terminal and middle region of CGRP is not 

necessary for receptor binding and is therefore more amenable to attachment of the palmitoyl moiety 



 

132 
 

at positions 7, 8, and 24. Modifications at these positions would not be expected to affect initial binding 

interactions between the C-terminal end of CGRP and the CGRP receptor (Figure 6-2). This rationale 

is consistent with the two-domain binding model and explains the weak antagonist activity of K35C-

palmitate (Hoare, 2005).  

In Yule et al. (2016), pramlintide, an amylin mimetic, was modified through glycosylation with native N-

linked or triazole-linked acetylglucoseamine (GlcNAc) at position 35. Although the peptide sequence 

differs between pramlintide and CGRP, and the conjugated GlcNAc carbohydrate is a different and 

smaller moeity to the palmitate chain, the positional effect of glycosylation at position 35 is of interest 

as it mirrors K35C-palmitate. The pramlintide analogue maintained activity at AMY1 receptor despite 

glycosylation at position 35, indicating that a moeity near the C-terminus does not necessarily eliminate 

peptide binding and affinity (Yule et al., 2016).  

 

 

 

Figure 6-2 Proposed two-domain binding model describing receptor binding of lipidated CGRP peptide 
antagonists. Top panel indicates the two-step process of CGRP binding to the CGRP receptor. Bottom panel 

indicates how receptor binding could be affected by lipidation of the CGRP peptide antagonist. The bottom left 

schematic shows a lipidated peptide with a palmitoyl moiety near the N-terminal region. The lipidated peptide can 

still bind to the receptor as the C-terminal region can still initiate binding to the ECD of the receptor. The bottom 

right schematic shows a lipidated peptide with a palmitoyl moiety near the C-terminal region which now impairs 

binding to the ECD of the receptor.  
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At the AMY1 receptor, antagonist activities for the lipidated peptides were similar to those observed for 

the CGRP receptor. Despite the similarity in antagonist activities across the two receptors, it is likely 

that there are also differences in peptide-receptor interactions. A mutagenesis study reported that 

residue differences between CLR and CTR ECD do not contribute to peptide selectivity (Gingell et al., 

2016) suggesting a role for RAMP1 in regulating receptor selectivity. 

The receptor pharmacology findings observed with the CGRP receptor expressed in Cos-7 cells were 

extended to SK-N-MC cells which endogenously express this receptor. For SK-N-MC cells, pA2 values 

for all the lipidated peptides were higher than the corresponding pKB values derived from the CGRP 

receptor expressed in Cos-7 cells. It is unclear whether these differences in antagonist activities are 

due to differences in receptor expression levels. Nevertheless, competitive antagonist behaviour was 

displayed by all lipidated peptides across the two cell lines. 

A notable finding was the change in selectivity towards AM1 and AM2 receptors by the lipidated peptides. 

V8C-palmitate was still selective towards the CGRP receptor despite increased antagonist activity at 

the AM1 receptor. By comparison, CGRP7-37-palmitate was equipotent across these receptors while 

K24C-palmitate was more selective towards AM1 and AM2 receptors. K35C-palmitate had weak potency 

at AM1 and AM2 receptors.  

Crystal structures indicate that the C terminal regions of AM (4RWF) and CGRP (4RWG) bind to their 

respective receptors in a similar conformation but are distinct from all other class B GPCRs (Booe et 

al., 2015). Modelling CGRP binding at the AM1 receptor, with the AM peptide as the reference, identifies 

putative CGRP peptide residues important for binding to the AM1 receptor. However, a modelling 

approach may not be particularly informative for binding of the lipidated CGRP analogues to the AM1 

receptor as we cannot assume that the lipidated peptides have similar conformational states to either 

CGRP or AM peptides. Even less is known about how CGRP binds to the AM2 receptor.   

RAMPs interact directly with AM and CGRP peptides to confer peptide selectivity between CGRP, AM1, 

and AM2 receptors (Booe et al., 2018; Liang et al., 2018). Mutagenesis studies investigating CGRP27-37 

binding at the AM1 receptor also show that the C-terminal region of CGRP confers selectivity towards 

the CGRP receptor over AM receptors (Booe et al., 2018; Rist et al., 1998). Therefore CGRP7-37-

palmitate, V8C-palmitate, and K24C-palmitate should remain selective towards the CGRP receptor as 

their C-termini are unmodified.  

I propose that the higher affinity of the lipidated peptides towards AM1 and AM2 receptors together with 

the loss in selectivity towards the CGRP receptor is conferred indirectly by the palmitoyl moiety. The 

palmitoyl moiety could potentially compartmentalise the peptide to non-receptor regions such as the 

cell surface membrane. Although compartmentalisation and membrane trafficking are often reported for 

lipidated protein (Jiang et al., 2018), it does remain a possibility. This could increase the local 

concentration of the lipidated peptides in the vicinity of AM1 and AM2 receptors and manifest itself as 

higher antagonist activity. This non-receptor binding theory would explain why we did not see a 

proportional increase in pA2 at the CGRP receptor as a result of lipidation, since the palmitoyl moiety 
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may not have improved the actual affinity of the peptides to the receptors. Another scenario might entail 

the lipid subtly changing peptide conformation that especially favours binding to AM1 and AM2 receptors. 

RAMP1 appears to be crucial for competitive binding of the lipidated peptides to the AMY1 receptor. 

Without RAMP1, all the lipidated peptides displayed weak antagonist activity at the CT receptor. 

Although the reduced potencies at the CT receptor were consistent with CGRP8-37, the lipidated 

peptides still had better potencies than the native peptide. As mentioned above, certain CT receptor-

specific residues located near the ECD binding site do not affect the potency of full length CGRP 

(Gingell et al., 2016). This reinforces the importance of RAMP1 in regulating CGRP peptide affinity with 

CGRP and AMY receptors, albeit in different ways when co-expressed with either CLR or CTR (Gingell 

et al., 2016; Lee et al., 2016). 

Finally, the potent CT receptor antagonist, sCT8-32, has key C-terminal residues with comparable 

functions to those identified in CGRP through mutagenesis (Lee et al., 2016). An NMR structure 

indicates that these C-terminal residues assist the non-helical flexibility near the C-terminal end of a 

sCT peptide analogue (Figure 6-3) (Wang et al., 2003), similar to that of the CGRP peptide. Hence, 

using a homology model, sCT8-32 was proposed to adopt a similar non-helical C-terminal conformation 

to CGRP for binding to the ECD of the CT receptor (Lee et al., 2016). If sCT8-32 adopts a similar 

conformation to CGRP8-37, and if we were to assume that the lipidated peptides also maintained CGRP8-

37 conformation, then this would imply that the absence of RAMP1 is the major reason for the weak 

antagonist activity displayed by the CGRP8-37-based lipidated analogues at the CT receptor.  

 

 

Figure 6-3 A solution NMR structure of a salmon calcitonin analogue. The yellow region of the peptide 

indicates the stable alpha-helix, while the blue region of the peptide indicates the non-helical and flexible 

segment of the calcitonin analogue (1FB9) (Wang et al., 2003). 
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6.2.3 Implications of AM antagonism 
The lipidated peptide analogues derived from CGRP8-37 and CGRP7-37 can be compared to other CGRP 

peptide antagonists developed as potential therapeutics. One study reported that extensively modified 

CGRP8-37 derivatives were at least 500-fold selective towards the CGRP receptor than AM receptors 

as confirmed through binding experiments (Miranda et al., 2008). It should be noted that these binding 

affinity comparisons between CGRP and AM receptors were performed on SK-N-MC cells that 

endogenously express CGRP receptors, and HEK-293 or CHO stably transfected cell lines expressing 

AM1 and AM2 receptors respectively. The same group also developed PEGylated CGRP8-37 derivatives 

that were approximately 500-fold more selective towards the CGRP receptor, with nanomolar affinity 

levels at the CGRP receptor (Miranda et al., 2013).  

Another study modified CGRP27-37, which yielded antagonists with nanomolar affinities but with less 

than 2-fold selectivity for the CGRP receptor over AM receptors (Booe et al., 2018). These derivatives 

were less modified than the CGRP8-37 antagonists mentioned above, with only a few residues 

substituted near the C-terminal region. A lipidated chimeric CGRP-AM peptide with a palmitate chain 

attached to the N-terminal lysine residue also reportedly displayed picomolar antagonist activity and 

approximately 400-fold selectivity towards the CGRP receptor as compared to AM1 receptors (Chang 

& Hsu, 2019).   

In the present study, K24C-palmitate was an effective antagonist at AM receptors with increased AM 

selectivity over CGRP and AMY1 receptors. In fact, K24C-palmitate can be considered a better AM 

receptor antagonist than AM22-52, with approximately 30-fold and 400-fold higher antagonist activity at 

AM1 and AM2 receptors respectively, compared to AM22-52. The picomolar antagonist activity at AM1 and 

AM2 receptors for K24C-palmitate is similar to the picomolar antagonist activity of a novel AM216-47 

peptide antagonist that inhibits both AM receptors (Roehrkasse et al., 2018). K24C-palmitate was also 

more selective than AM216-47 for both AM1 and AM2 receptors over the CGRP receptor (Roehrkasse et 

al., 2018).  

The loss of selectivity between CGRP and AM receptors by some of the lipidated peptides carries 

clinical implications if they were to be developed as therapeutics. As a potent vasodilator, AM regulates 

blood pressure and is proposed to have beneficial effects during hypertension-related organ failure 

(Nagaya et al., 2000; Nishimatsu et al., 2002).  AM also plays an important role for vascular 

development (Shindo et al., 2001) with actions associated with angiogenesis, promotion of 

neovascularisation (Miyashita et al., 2003) and regeneration following ischaemic tissue injury (Iimuro et 

al., 2004). AM also protects arteries from hyperplasia (Tsuruda et al., 2005) and fibrosis induced by 

aldosterone (Jiang et al., 2004) or angiotensin II (Tsuruda et al., 2005). Besides vascular-related 

regulations, AM is also associated with lymphangiogenesis (Karpinich et al., 2013; Klein & Caron, 

2015). It should be noted that AM inhibition can be beneficial as AM is implicated in tumour 

lymphangiogenesis and promotes metastasis (Karpinich et al., 2013). 

Despite only testing for AM inhibition at AM1 and AM2 receptors, AM2 inhibition by the lipidated peptides 

is also a possibility and is a crucial test to be done in the future. AM2 action is associated with a wide 



 

136 
 

range of protective effects against cardiovascular diseases and metabolic syndrome (Holmes, 

Campbell, Harbinson, & Bell, 2013; Zhang, Xu, & Wang, 2018). AM2 activity is relevant as it promotes 

adipose tissue browning and protects against high fat diet-induced obesity and insulin resistance 

(Zhang, Zhang, et al., 2016; Zhang, Lv, et al., 2016). Hence, the potentially undesirable consequences 

of antagonism at AM receptors would need to be considered for clinical development of lipidated peptide 

antagonists based on CGRP8-37. 

Potential risks for pregnancy and embryo development are also an important consideration. CGRP, 

AM, and AM2 are potent vasodilators and their agonist activities are associated with increased feto-

placental vascularisation, hypotension, and recruitment of immune cells such as uterine killer cells for 

tissue remodelling during pregnancy (Caron & Smithies, 2001; Chang & Hsu, 2013; Dackor et al., 2006; 

Matson & Caron, 2014). Their increased activity during pregnancy is linked to increased peptide plasma 

levels and receptor expression, which likely acts as an adaptive response to support foetal 

development.  

There are numerous animal studies on CGRP, AM and AM2 antagonists, and their negative impact on 

pregnancy outcomes and embryo development (Chauhan, Yallampalli, Reed, & Yallampalli, 2006; 

Gangula, Dong, Wimalawansa, & Yallampalli, 2002; Penchalaneni, Wimalawansa, & Yallampalli, 2004). 

AM22-52 administered pre-implantation increases foetal resorption site and leads to less foetal 

implantation in the placenta as well as reduced litter size in rats (Li, Tang, & O, 2012). Whether specific 

AM receptor inhibition is causative for these effects is unclear due to likely antagonism across the 

calcitonin-family receptor.  

A recent erenumab reproductive toxicity study in cynomolgus monkeys did not indicate any effects on 

pregnancy, embryo, foetal, or postnatal growth and development (Bussiere et al., 2019). However, there 

were measurable erenumab serum levels in infants, indicative of placental transfer (Bussiere et al., 

2019). As such, there are recommendations that clinical use of anti-CGRP monoclonal antibodies are 

to be excluded from female patients who are pregnant, breastfeeding, or planning to become pregnant 

in the following months (Szperka et al., 2018). Furthermore, added precautions were recommended for 

use in children or adolescents in certain cases, with attention to age and existing comorbidities (Szperka 

et al., 2018). These findings highlight the need to adequately investigate these potential adverse effects 

in the development of CGRP peptide antagonists. 

 

6.2.4 Evidence for altered binding kinetics 
The findings presented in chapter 4 showed competitive antagonist behaviour by the lipidated peptides 

at both CGRP and AMY1 receptors, consistent with orthosteric site binding. Presumably, the 

improvements in antagonist activity compared to the respective non-lipidated cysteine analogues are 

conferred by the palmitoyl moiety. Similar phenomena with incorporation of fatty acid sidechains have 

been reported in the literature. For example, acylated glucagon analogues improve in vitro receptor 

potency by stabilising the helical structure of the glucagon peptide (Ward et al., 2013). A circular 
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dichroism thermodynamic analysis study can confirm if stability offered by the attached palmitate chain 

also applies to the lipidated peptides. 

The change in pA2 values displayed by the lipidated CGRP peptide antagonists when a 15-minute 

antagonist pre-incubation period was included suggests altered binding kinetics. In all cases, pre-

incubation with the lipidated antagonists at both CGRP and AMY1 receptors increased their respective 

pA2 values, an effect not observed with CGRP8-37. The sustained antagonist activities for the lipidated 

antagonists following a washout step were not observed for CGRP8-37, further supporting altered 

kinetics and possibly longer dissociation rates for the lipidated CGRP peptide antagonists. These 

findings suggest that the lipidated CGRP peptides act in a hemi-equilibrium manner while CGRP8-37 is 

already equilibrated with the receptor and agonist (Kenakin et al., 2006). 

As discussed earlier, non-specific hydrophobic interactions conferred by the palmitoyl moiety could be 

the cause of altered pharmacology. GPCR activity is proposed to be modulated through localisation of 

GPCR and signalling components on the cell surface in lipid rafts and caveolae (Ostrom & Insel, 2004). 

One effect of protein palmitoylation is an association with lipid rafts through hydrophobic interactions 

(Milligan, Parenti, & Magee, 1995; Resh, 2013; Zacharias, Violin, Newton, & Tsien, 2002). Hence, it is 

possible that the lipidated CGRP peptides could also be localised to lipid rafts thereby increasing their 

local concentration within the vicinity of receptors, resulting in an apparent increased antagonist activity. 

It is also possible the palmitoyl moiety promotes receptor internalisation and inhibition of intracellular 

CGRP signalling, as reported for peptides such as palmitate-conjugated pancreatic polypeptide (Made 

et al., 2014) and cholestenol-conjugated CGRP8-37 (Yarwood et al., 2017). This effect could also 

potentially alter the apparent affinity or antagonist activity. Overall, and regardless of the underlying 

mechanisms involved, the current experimental findings indicate that the palmitoyl moiety can affect the 

binding kinetics of the lipidated antagonists. 

 

6.3 Antagonism of CGRP action in vivo 

6.3.1 Overview 
The findings presented in chapter 5 showed antagonism of CGRP action in vivo by V8C-palmitate and 

K24C-palmitate. Here, laser doppler imaging was used to measure capsaicin-induced vasodilation in 

the mouse ear and shown to be a robust method for measuring CGRP activity in vivo. Due to the 

imager’s ability to detect real-time changes in capsaicin-induced dermal vasodilation, laser doppler 

imaging was deemed suitable for the measurement and visualisation of vasodilatory responses in the 

presence of the CGRP antagonists.  

Overall, the antagonist activities on CGRP action in vivo by V8C-palmitate was comparable to CGRP8-

37. K24C-pamitate had limited solubility in saline, which limited its dose to 320 nmol/kg. At this 

comparatively low dose, K24C-palmitate was less effective at attenuating the vasodilatory response to 

capsaicin compared to either CGRP8-37 or V8C-palmitate. This limited solubility is presumably due to 

alteration of the peptide’s physicochemical properties conferred by the palmitoyl group at this position. 
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The limited solubility was not an issue in the cAMP assays as the concentrations of lipidated peptides 

used were lower by at least 10-fold and likely to be within their solubility range. 

This decreased solubility could also be due to the presence of degradation impurities within the K24C-

palmitate preparation, with deamidation of the C-terminal as one possibility. Although the C-terminal 

amide is important for CGRP receptor binding (Carpenter et al., 2001; Moad & Pioszak, 2013), it is 

unclear what role it plays towards solubility. It is also unlikely this was the case, since the loss of C-

terminal amide would have significantly impacted in vitro antagonism, as seen previously in literature 

(Carpenter et al., 2001). 

The presence of preparation-related impurities such as residual trifluoroacetic acid (TFA), HCL, or other 

inorganic compounds can also affect aggregation rates and solubility in other peptides (Finder, 

Vodopivec, Nitsch, & Glockshuber, 2010; Pedersen, Dikov, & Otzen, 2006; Pedersen, Flink, Dikov, & 

Otzen, 2006; Zapadka et al., 2017).  

Although not possible to perform because of solubility, the effect of K24C-palmitate on capsaicin-

induced vasodilatory responses at higher doses would have been of interest. It should be noted that 

AM is also released from primary nociceptive afferent neurons by capsaicin through PI3K/Akt/GSK3β 

signalling and is associated with capsaicin-induced heat hyperalgesia (Ma, Chabot, & Quirion, 2006). 

Intravenous administration of AM also increases cutaneous microvascular blood flow (Meeran et al., 

1997). Consequently, it is possible that AM contributes to the observed vasodilatory responses induced 

by capsaicin treatment to the mouse ear. Given its increased antagonist activity at AM receptors, K24C-

palmitate may therefore intrinsically have greater antagonism than CGRP8-37 in vivo since it will potently 

antagonise both CGRP and AM receptors. 

The laser doppler imaging studies also revealed differences between male and female mice. Here, 

there was a larger variation in vasodilatory responses within the female cohort which compromised the 

statistical power for analysing the effects of the CGRP antagonists. There was also an intrinsically 

blunted dermal vasodilatory response in female mice following capsaicin application to the ear. These 

two factors therefore negatively affected the apparent efficacy of all the CGRP peptide antagonists. 

Possible factors that could influence the vasodilatory responses to capsaicin such as bodyweight were 

considered. However, although male mice were on mean average heavier than females at 26.6g versus 

21.0g, the female cohort had a smaller bodyweight range of 4.74g versus 8.68g. This would suggest 

that the variations observed in the female cohort was not due to simply bodyweight.  

As discussed in chapter 5, it is possible that female mice physiologically respond to capsaicin differently 

due to differences in CGRP receptor or peptide expression, and responses could also be dependent 

on the oestrus cycle. Not mentioned earlier is the possibility of sex-specific differences in TRPV1 

expression and activity. There is extensive evidence of sex hormones modulating TRPV1 expression 

and activity, with some linked to hormonal variations from the oestrus cycle (Artero-Morales, González-

Rodríguez, & Ferrer-Montiel, 2018). Given that capsaicin activates TRPV1, the major cation channel 

involved in CGRP-linked nociceptor and vasodilatory responses, differences in hormonal levels may 

have an accumulated effect on vasodilation through both CGRP and TRPV1. Studying the effects of 
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hormonal levels or the oestrus cycle was not within the scope of this thesis. However, any study would 

entail screening and recruiting female mice according to oestrus cycle stage and investigating any 

differences in capsaicin-induced vasodilation.  

 

6.3.2 Pharmacokinetic implications of palmitate chain lipidation  
The impetus for lipidating CGRP peptide antagonists was to investigate whether this modification 

offered any improvements to pharmacodynamics or pharmacokinetics over CGRP8-37. Other 

approaches to improve the pharmacological profiles of CGRP peptide antagonists include amino acid 

substituted CGRP27-37 derivatives (Booe et al., 2018; Rist et al., 1999), CGRP8-37 derivatives (Miranda 

et al., 2008), PEGylated CGRP8-37 derivatives (Miranda et al., 2013), and cholestanol-modified CGRP8-

37 (Yarwood et al., 2017). To date, only a few have reported positive pharmacological characteristics.  

Modified CGRP27-37 inhibited CGRP activity in vivo as shown by attenuation of vascular conductance in 

the femoral artery (Vcfa) induced by CGRP (Rist et al., 1999). A single intravenous administration of 

the modified CGRP27-37 at 170 nmol/kg inhibited the effect of exogenous CGRP on Vcfa, which was 

administered three times consecutively and 30 minutes apart. This finding suggests that the antagonist 

activity of modified CGRP27-37 was sustained for up to an hour. Additionally, modified CGRP8-37 peptides 

were longer lasting in vitro and had reduced plasma peptidase degradation of the peptide (Miranda et 

al., 2008). The pharmacokinetic properties were further improved with additional modifications and 

PEGylation to reduce renal clearance (Miranda et al., 2013). 

By contrast, long-lasting CGRP agonists were also considered of interest due to the reported protective 

cardiovascular effects of CGRP (Brain & Grant, 2004). The generation of the lipidated full length CGRP 

agonist, αAnalogue/SAX displayed a reported extended half-life of approximately 10 hours in rodents 

(Nilsson et al., 2016). Similar to αAnalogue/SAX, the lipidated peptides described in this thesis were 

also lipidated in order to provide an albumin binding moiety. We therefore postulate that the lipidated 

peptides could interact with albumin in the same manner as SAX (Sheykhzade et al., 2018) with 

corresponding extended pharmacokinetic profiles.   

A pharmacokinetic-designed study to explore whether the lipidated peptides offer in vivo longevity was 

outside the scope of the current research. Nevertheless, as described in chapter 5, two time periods 

between antagonist administration and application of capsaicin were included. CGRP8-37 was expected 

to have short-lived activity in vivo due to the reported short half-life for full length CGRP as well as 

plasma stability for CGRP8-37 (Kraenzlin et al., 1985; Miranda et al., 2008; Struthers et al., 1986). This 

was reflected by the absence of any attenuating effects towards the capsaicin-induced dermal 

vasodilation during the longer time period. The antagonist effect of V8C-palmitate was also not apparent 

at the 30-minute time period. Based on these findings, it is not possible to draw any conclusions on the 

half-life as there are multiple factors that could be involved. These include the rate of depot clearance 

of the peptide antagonists following subcutaneous injection of the peptides, their retention within the 

blood, and the renal clearance rate. To understand the underlying mechanisms involved, systematic 

pharmacokinetic studies are required comparing subcutaneous and intravenous administration routes. 
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6.4 Future directions 
Further studies could continue to develop lipidated peptides with even higher affinity and receptor 

selectivity. The present findings indicate that lipidation near the N-terminus is well tolerated. It might 

therefore be possible to modify the peptide backbone further through targeted residue substitutions or 

changing the site of lipidation. One suggestion for possibly better sites to modify on the CGRP8-37 

peptide is either Gly-20 or Gly-21. Alanine substitution at these positions have shown relatively similar 

or slightly reduced antagonism compared to CGRP8-37 respectively (Boulanger et al., 1996). 

Additionally, the GlcNAc glycosylation of position 21 in pramlintide, which is related to CGRP, has also 

shown retention in agonist activity (Yule et al., 2016). Since both K24C-palmitate and the literature 

suggests that this region incorporating Gly-20, Gly-21 and Lys-24 is tolerable to large moeity 

conjugates, both sites are ideal candidates for lipidation. 

It may also be possible to incorporate further truncation or chimeric fragments into the peptide sequence 

to enhance receptor selectivity towards the CGRP receptor. For example, lipidated chimeric AM-CGRP 

peptides reportedly gained high affinity and selectivity towards the CGRP receptor (Chang & Hsu, 

2019). With knowledge of distinct residues important for AMY receptor affinity (Bower et al., 2018), it 

may also be possible to modify peptides to increase their selectivity towards the AMY1 receptor, given 

that the receptor may also be linked with pain neurotransmission (Walker et al., 2015). 

For the in vitro study, studies of the molecular mechanisms underlying binding interactions between the 

lipidated peptides and the calcitonin-family receptors could be undertaken. The current data suggests 

that the binding kinetics may be altered and that specific structure-activity relationships may exist across 

the calcitonin receptor family. Binding studies could also be undertaken to confirm whether receptor 

binding of the lipidated peptides is proportional to their antagonist activity. These studies would involve 

saturation and displacement binding assays and modified time course assays to measure association 

and dissociation rates. It would also be of interest to explore different lipid chain lengths and multiple 

lipidation strategies to characterise how the lipid chain properties regulate binding kinetics.  

Investigating possible species differences in CGRP inhibition by the lipidated peptides against mouse 

receptors in vitro may also be useful. The human-based lipidated peptide antagonists have high 

sequence identity to both mouse and rat αCGRP (Poyner, 1992; Watkins, Rathbone, et al., 2013), and 

rodent calcitonin-family receptors have comparable pharmacology to humans with evidence of cross-

species activity (Bailey et al., 2012; Gingell et al., 2010; Halim & Hay, 2012; Hay et al., 2003). However, 

in vitro pharmacological differences have been reported with mixed species of receptors and peptides 

(Mallee et al., 2002). The few literature evidences on peptide antagonism of human CGRP peptide at 

rodent CGRP receptors would also suggest that the observed antagonist activity differences between 

the in vitro studies and the in vivo animal studies could be species-related.  

Further research could pursue pharmacokinetics of the lipidated peptides. Lipidation with a palmitate 

chain was hypothesised to delay renal clearance by binding to albumin, while positions 24 and 35, as 
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specific sites for lipidation, were chosen to block possible proteolytic sites (Miranda et al., 2008). Since 

pharmacokinetic experiments with the lipidated peptides were not pursued, the mechanisms involved 

such as renal clearance or perhaps peptide degradation need to be identified. As described earlier, 

other factors could also contribute to the loss of action, such as adsorption properties of the antagonists 

when administered subcutaneously. Hence, a full pharmacokinetics study could be undertaken to 

measure pharmacokinetic parameters such as clearance rate and plasma half-life.  

This work is currently underway and involves blood sampling at set intervals following a single 

administration of the lipidated peptides in rats. The peptide plasma levels are then quantified by mass 

spectrometry or ELISA. Peptide measurement is a crucial element since the quantification method 

needs to be consistently robust and accurate. For example, despite ELISA being a faster and simple 

assay, its accuracy may be affected by cross-reactivity and an inability to differentiate or detect 

fragmented peptides. Likewise, mass spectrometry requires method development and optimisation 

together with suitable isotopically labelled peptides as spiked internal standards. 

As mentioned previously in section 1.5.1, it would be prudent to study the effects of the lipidated peptide 

antagonists on other aspects of CGRP physiological activity such as pain, inflammation, and energy 

balance. As described in this thesis there are a multitude of animal models that have been used to study 

CGRP activity with respect to migraine, pain and inflammation. However, there are also animal models 

available to investigate the effects of CGRP on energy balance, specifically thermogenesis. Although it 

is possible to investigate the effects of the lipidated peptide antagonists on norepinephrine-induced heat 

production in brown fat explant ex vivo (Osaka et al., 1998), lipidated peptide antagonists could also be 

acutely or chronically administered to mice to investigate effects on whole body energy expenditure 

during adrenergic-induced thermogenesis (Walker, Li, et al., 2010). This is made easier since 

Comprehensive Lab Animal Monitoring System (CLAMS) cages are already set up in the laboratory to 

measure whole body energy expenditure. 

Finally, further studies could focus on optimising peptide formulations such as exploring the impact of 

pH and ionic balance together with excipients. The lipidated peptides’ physicochemical properties will 

need to be characterised before any optimisation is possible. Although different steps were employed 

to optimally dilute the lipidated peptides in saline, these strategies were superficial, and K24C-palmitate 

still had limited solubility which excluded its use at higher concentrations for the in vivo studies. The 

solubility issue for K24C-palmitate could be related to peptide aggregating tendencies which may be 

less apparent for V8C-palmitate. The phenomenon of peptide aggregation is worthy of further 

investigation as it has implications for immunogenicity reactions in vivo (Ratanji, Derrick, Dearman, & 

Kimber, 2014). There are several methods to study aggregation and solubility ranging from dynamic 

light scattering to more extensive aggregation kinetic studies using thioflavin T (ThT) as a reporter for 

fibril formation, which have been used successfully to study GLP-1 (Zapadka et al., 2016) and Aβ 

peptides (Meisl, Yang, Frohm, Knowles, & Linse, 2016). 
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6.5 Summary 
The table below summarises the findings, implications, limitations and novelty of the thesis (Table 6-1). 

Lipidation of the CGRP8-37 peptide using a simple SP-CLipPA method afforded fully functional peptide 

antagonists. Compared to other heavily modified peptides such as PEGylated CGRP peptide 

antagonists (Miranda et al., 2013), the lipidated CGRP peptides were still able to inhibit CGRP receptors 

comparable to CGRP8-37 without extensive modifications to the backbone of the CGRP peptide. This 

meant that we can assume the lipidated peptides are not structurally altered to the point diminished 

binding or activity and leaving a greater margin for further modifications. 

With testing of the antagonist activity for novel peptides in vitro, much of the literature foregoes 

extensive pharmacological characterisation across the entire calcitonin-family of receptors. Instead, 

studies predominantly focus on targeted receptors or on antagonist binding but not the antagonist 

activity. Additionally, studies may not report peptide activity in other cell lines. The thesis resolves this 

by focusing on a smaller group of peptide analogue candidates, allowing for a more extensive 

pharmacological characterisation across most of the calcitonin-family receptors. Additionally, the 

lipidated peptides were also tested in a cell line that endogenously express the CGRP receptor.  

Incidentally, it was through the extensive pharmacological characterisation that the changes in the 

lipidated peptides’ receptor selectivity was noticed. This led to further in vitro tests that would then 

suggest the likelihood of altered binding kinetics. As of recently, there have been little to no reports on 

binding kinetics for other novel CGRP peptide antagonists. As such, this thesis may set a precedent of 

acknowledging the very likely possibility of binding kinetics heavily influencing the antagonist activity of 

novel peptide analogues, even more so for those with conjugates. The lipidated peptides are also the 

few CGRP peptide antagonists shown to have functional activity both in vitro and in vivo. 

As described earlier, this thesis would have benefitted significantly with a kinetic study to confirm and 

characterise the changes in binding kinetics observed with the lipidated peptides. Additionally, despite 

the extensive pharmacological characterisation of antagonist activity in vitro, it would be interesting to 

test for activity in AMY2 and AMY3 receptors as well. Finally, a study looking into plasma half-life would 

answer the question if lipidation as a peptide modification tool succeeded in extending the 

pharmacokinetic profile of the lipidated peptides.  
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Table 6-1 Summary of the results and implications of each section of the thesis  

In vitro pharmacology Extended in vitro pharmacology In vivo pharmacology Extended in vivo pharmacology 

Results: 
CGRP receptor 
V8Cpalmitate> CGRP7-37-palmitate> 
K24C-palmitate> K35C-palmitate 
 
AMY receptor 
K24C-palmitate> CGRP7-37-palmitate> 
V8C-palmitate> K35C-palmitate 
 
AM1 receptor 
K24C-palmitate> V8C-palmitate> 
CGRP7-37-palmitate> K35C-palmitate 
 
AM2 receptor 
K24C-palmitate> CGRP7-37-palmitate> 
V8C-palmitate> K35C-palmitate 
 
CT receptor 
All lipidated peptides had pA2 values <8 
 

Results: 
CGRP receptor 
V8Cpalmitate> CGRP7-37-palmitate> 
K24C-palmitate> K35C-palmitate 
 
AMY receptor 
CGRP7-37-palmitate= K24C-palmitate 
> V8C-palmitate> K35C-palmitate 
 
Washout 
(CGRP and AMY1 receptor) 
CGRP8-37 and K35C-palmitate loss 
antagonist activity 
 
SKNMC (CGRP receptor) 
CGRP7-37-palmitate= V8C-palmitate> 
K24C-palmitate> K35C-palmitate 

Results: 
Both V8C-palmitate and 
K24C-palmitate had CGRP 
inhibitory effects in vivo 

Results: 
(Pilot for extended efficacy) 
V8C-palmitate did not show 
CGRP inhibitory effects in vivo 

Implications: 
Novel lipidated CGRP peptide 
antagonists display antagonist activity 
across multiple calcitonin-family 
receptors. 
 

Implications: 
Novel lipidated CGRP peptide 
antagonists display competitive 
antagonist activity across CGRP and 
AMY1 receptors. Competitive 
antagonist activity was confirmed in 
cell line endogenously expressing the 
CGRP receptor.  
Novel lipidated CGRP peptide 
antagonists also display possible 
changes in kinetics, novel to peptide 
analogues. 

Implications: 
Novel lipidated CGRP peptide 
antagonists display functional 
efficacy in vivo. 

Implications: 
Novel lipidated CGRP peptide 
antagonist did not display 
prolonged functional efficacy in 
vivo, but it is unconfirmed given 
that the pharmacokinetics for 
the lipidated peptides are 
currently unknown.  
The data were also incomplete. 
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6.6 Conclusions 
In conclusion, we developed several cysteine-substituted CGRP8-37 and CGRP7-37 lipidated analogues 

that I have shown to act as CGRP receptor antagonists both in vitro and in vivo. Lipidation of CGRP 

peptide analogues with a palmitate chain produced competitive antagonists with high potency towards 

CGRP and AMY1 receptors, and to an extent AM1, AM2, and CT receptors. The increase in lipidated 

peptides’ antagonist activities across multiple calcitonin-family receptors resulted in loss of selectivity 

for the CGRP receptor to varying degrees. Although lipidation potentially altered binding kinetics, the 

lipidated peptides still act in a competitive manner at CGRP and AMY1 receptors. 

Both V8C-palmitate and K24C-palmitate delivered peripherally attenuated the acute increase in dermal 

vasodilatory response induced by capsaicin. This vasodilatory response is linked with CGRP release 

from peripheral vasoactive neurons which then acts on dermal blood vessels. The antagonist action of 

the lipidated peptides on CGRP action in vivo were comparable to CGRP8-37 although further 

pharmacokinetic studies are required to define half-life and the clearance mechanisms involved. 
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