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Abstract

CGRP receptors have been classified into CGRPi and CGRP2 subtypes, largely 

based on the relative potency of the agonist [Cys(ACM^’̂ )] ha CGRP and the affinity of 

the antagonist CGRPg-s?, although the wide range of reported antagonist affinities might 

suggest possible species/tissues differences.

The present work has characterized CGRP receptors in rat smooth muscles, in 

vitro, pulmonary artery, prostatic vas deferens, internal anal sphincter (IAS) and thoracic 

aorta.

Endothelium-dependent relaxation by CGRP in the preconstricted pulmonary 

artery was antagonized by ha CGRPg-s? with an approximately 10-fold higher affinity 

than found against CGRP inhibition of twitch responses in the vas deferens. This 

difference in affinity was independent of the agonist (ha-, hP-, rat P CGRP), antagonist 

(ha-, hp CGRP8-37) and peptidase-inhibitors, supporting the presence of a CGRPi 

receptor in the pulmonary artery and a CGRP2 receptor in the vas deferens In the two 

preparations, the potency of [Cys(ACM^^)] ha CGRP was the same, suggesting it was not 

useful to sub-classify CGRP receptors.

Investigation of the bioactive conformation of CGRPg-s? demonstrated that bend- 

forcing surrogates at positions 19,20 and 33,34 led to retention of antagonism, and 

identified two bioactive P-bends (18-21 and 32-35), providing the first approach towards 

a structural model for CGRPg s?

In the preconstricted aorta, endothehum-dependent relaxation by CGRP was not 

antagonized by CGRPg.37; one possible explanation being the existence of more than two 

CGRP receptor subtypes.

In the IAS, relaxation to CGRP on spontaneous tone was antagonized by CGRPg. 

37 (CGRP2 receptor) but its affinity was much lower than that reported from the opossum 

LAS, suggesting that species differences between CGRP receptors are partly responsible 

for the range of ha CGRPg.37 affinities.



In summary, these functional experiments with ha CGRPg-s? provide support for 

the CGRPi and CGRP2 receptor classification in the rat.
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Chapter 1

Introduction

1.1 Calcitonin gene-related peptide

Calcitonin gene-related peptide, CGRP, is a non-adrenergic non-cholinergic 

(NANC) neuropeptide which is found throughout the nervous system. The peptide 

produces a variety of biological effects and might have a physiological role in 

metabolism, changes in gene expression, pro-inflammatory actions, cardiostimulation and 

vasodilatation In view of this spectrum of activity and the potential clinical implications, 

there has been great interest in the peptide and its receptors.

1.2 Generation / synthesis

Calcitonin gene-related peptide is encoded in the calcitonin gene. Initially, 

predicted in 1981 (Rosenfeld et al., 1981) during molecular cloning studies of the rat 

calcitonin gene, it was found that the expression of CGRP results from alternative tissue- 

specific splicing of messenger RNA (mRNA) transcribed from the calcitonin gene 

(Amara et al., 1982; Rosenfeld et a l, 1983). While in the thyroid C cells the primary 

RNA transcripts are processed to mRNA for calcitonin, mRNA for CGRP is formed 

predominantly in neural tissue. In humans and rats, CGRP exists in two forms, a- and P 

CGRP (sometimes referred to as CGRP I and II). The latter is the product of a second 

calcitonin-CGRP gene, subsequently called P CGRP (Amara et al, 1985; Steenberg et 

al, 1985).

1.3 Structure

The CGRP sequence consists of 37 amino acids, constituted as a single chain. 

The a- and P-forms differ in only three positions (3, 22 and 25) in human and one (35)

24



Table 1.1 Sequence homology between CGRP and related peptides. Primary amino aeid sequence (single letter code; Appendix 1, page 179) of 

human and salmon calcitonin, human (a ,p )  and rat (a,P) CGRP, human and rat amylin and human adrenomedullin. The peptides have in 

common N-terminal 6 or 7 amino acid ring structures (linked via a disulfide bridge of two cysteine residues), are C-terminally amidated and are 

identical in sequence in several regions. Black and red regions, sequence identity and differences, respectively, as compared with human a 

CGRP. Numbers, amino acid positions in CGRP; horizontal lines in calcitonin, continuation o f  peptide chain for sequence alignment.

K)

human calcitonin 

salmon calcitonin 

Humana CGRP 

human 3 CGRP 

rat a  CGRl* 

rat 3 CGRP 

human amylin 

rat amy lin

human adrenomedullin

10 20 30 37

I I
C G N L S T C M L G T Y T Q D F N K F H T F P O T A I

C S N L S T C V L G K L S Q E L H K L Q T Y P R T N T

G V G A  P

G S G T  P

A C D T A T C V T H R L A G L L .  S R S G G V V K N N F V P T N V G S K A F  

A C N T A T C V T H R L A G L L .  S R S G G M V K S N F V P T N V G S K A F  

S C N T A T C V T H R L A G L L S R S G G V V K D N F V P T N V G S E A F  

S C N T A T C V T H R L A G L .  L S R S G G V V K D N F V P T N V G S K A F  

K C N T A T C A T Q R L A N F L V H S S N N F G A I L S S T N V G S N T Y  

K C N T A T C A T Q R E A N F L V R S S N N L G P V L P P T N V G S N T Y  

Y R Q S M N F Q G L R S F G C R F G T C T V Q K L A H O I Y Q F T D K D K D N V A P R S K l S P Q G Y



in the rat (Table 1.1). Human a  CGRP (ha CGRP) differs from the rat a  sequence by 

four amino acids (residues 1, 3, 25 and 35) and from the rat P-form by only three 

positions (1,3 and 25).

The amino acid sequence of CGRP can be considered as a member of a family of 

peptides, including calcitonin, amylin and adrenomedullin (Table 1.1) Between CGRP 

and the 32 residue peptide calcitonin, there is only limited sequence homology (ha 

CGRP has 28% and 16% homology with salmon and human calcitonin, respectively). 

However, CGRP exhibits more structural similarities to amylin and adrenomedullin. 

Human amylin is a 37 amino acid peptide which was originally isolated from pancreatic 

islets of Langerhans (Cooper et al., 1987; Westermark et al., 1987). The human and rat 

sequence share a 43% and 49% homology with ha CGRP, respectively. Human 

adrenomedullin is a 52 amino acid peptide, which was recently isolated from human 

phaeochromocytoma (Kitamura et a l, 1993). This peptide exhibits 24% sequence 

homology to ha CGRP. Common features of all peptides are an N-terminal amino acid 

ring structure, which is formed by a disulfide bridge of two cysteine residues. CGRP, 

amylin and adrenomedullin consist of a 6 residue N-terminal ring, while calcitonin 

contains 7 amino acids. At the C-terminus, all peptides are amidated.

1.4 CGRP distribution and binding sites

CGRP-like immunoreactivity and binding sites are widely distributed throughout 

the central and peripheral nervous systems.

(a) CGRP-like immunoreactivity

In the rat brain, CGRP-like immunoreactivity has been observed within many 

regions containing sensory and motor nerves, including hypothalamus, hippocampus, 

cerebellum, sensory and motor nuclei of cranial nerves, dorsal horn of the spinal cord, 

trigeminal and dorsal root ganglia (Kawai et a l, 1985; Skofitsch & Jacobowitz, 1985; 

Edvinsson e ta l, 1987; Yamamoto & Tohyama, 1989). In several other species, CGRP- 

containing nerves have been found in the same regions, including the spinal cord of 

human, pig, cat, guinea pig and mouse (Gibson et al, 1984) and the trigeminal ganglion
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of human, cat, rabbit and guinea pig (Edvinsson et a l, 1987), although with variations in 

density.

In the periphery, CGRP-like immunoreactivity is extensively distributed in the 

nervous systems, in sensory and motor neurons and neurons of the autonomic nervous 

system but also found elsewhere, including the thyroid (Tschopp et a l, 1984), pancreas 

(Stemini & Brecha, 1986) and plasma (Zaidi et a l, 1986). In the rat and guinea pig, 

CGRP-containing neurons innervate the gastrointestinal tract, hepatobiliary tract, 

cardiovascular system, skin, oesophagus, lung, kidney and other organs (Gibbins et a l, 

1985; Goehler et a l, 1988; Lee et a l, 1985; Mulderry et a l, 1985; Yamamoto & 

Tohyama, 1989). In the gastrointestinal tract, the expression of the two forms (a and P) 

of CGRP is distributed between the sensory and enteric nervous system: While the a- 

form of CGRP is found predominantly in capsaicin-sensitive (primary afferent) fibres of 

extrinsic sensory nerves, P-CGRP is more localised within the gastrointestinal wall, in 

capsaicin-insensitive intrinsic submucosal and myenteric neurons (Mulderry et a l, 1988). 

In the cardiovascular system, CGRP fibres (primary afferent sensory neurons) are located 

around all blood vessels (perivascular) (Uddman et a l, 1986; Edvinsson et al., 1987), 

while generally being more abundant around arteries than veins. In the heart, CGRP- 

containing fibres are found predominantly in the atrium and in association with coronary 

arteries, while being rare within the ventricles (Lundberg et a l, 1985; Mulderry et a l, 

1985; Uddman et a l, 1986).

(b) Co-existence with other substances

In several neurons, CGRP co-exists with other neuroactive substances, including 

GAB A (y-aminobutyric acid) in Purkinje cells (Kawai et a l, 1987) or acetylcholine in 

motomeurons (Takami et a l, 1985). In primary afferent sensory neurons, CGRP can be 

present with several peptides, including somatostatin, galanin, VIP (vasoactive intestinal 

peptide) and substance P (Ju et a l, 1987). In fact, virtually all substance P neurons 

contain CGRP (Gibbins e ta l, 1985; Lee e ta l, 1985; Lundberg e ta l, 1985; Skofitsch & 

Jakobowitz, 1985). Further, co-existence occurs in for instance, the thyroid with 

calcitonin (Grunditz et a l, 1986; Tschopp et a l, 1984) or the lung with 5-HT (5- 

hydroxytryptamine or serotonin) (Keith & Ekman, 1988).
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(c) CGRP binding sites

Autoradiographic studies using radiolabelled CGRP, such as CGRP, have 

revealed a widespread distribution of high affinity specific binding sites for the peptide in 

brain and periphery (Inagaki et a l, 1986; Mak & Barnes, 1988; Sexton et a l, 1986; 

Sigrist et a l, 1986; Yamamoto & Tohyama, 1989). In human and rat, high 

concentrations of binding have been shown in many brain regions in homologous 

locations, including the nucleus accumbens and the vagal complex (Inagaki et a l, 1986) 

In the cardiovascular system, CGRP binding sites are found in the heart and within the 

intima and media layer (muscle layer) of blood vessels (Sigrist et a l, 1986) In human, 

rat and guinea pig lungs, rat spleen and heart, autoradiography revealed binding sites in 

the smooth muscle and the endothelium (Carstairs, 1987; Mak & Barnes, 1988; Sigrist et 

a l, 1986) Generally, within the systemic circulation, high density of binding sites have 

been found in peripheral and smaller arteries (Carstairs, 1987), while lower densities are 

present in some major vessels, such as the aorta (Nakamuta et a l, 1986) The 

distribution of CGRP binding sites is in reasonable agreement with that of the peptide 

itself, although there are some exceptions, including cerebellum (where the density of 

binding sites is high) and thyroid gland (high peptide content; Wimalawansa, 1992).

1.5 Storage and release of CGRP

CGRP is stored in granular secretory vesicles in the cell bodies of sensory ganglia 

and in the terminals of central and peripheral fibres (Gulbenkian et a l, 1986). Its release 

from primary afferent sensory neurons has been studied by the use of chemical stimuli, 

such as capsaicin (pungent extract from hot chilli peppers). Capsaicin initially depolarizes 

and leads subsequently to selective degeneration of unmyelinated (C-fibres) or thinly 

myelinated (AÔ-fibres) nerve fibres (Holzer, 1991). This compound was shown to induce 

the release of CGRP from the spinal cords of rats in a calcium-dependent manner (Saria 

et a l, 1986). Capsaicin induces a long-term loss of CGRP, and a parallel loss of the co

stored substance P, from the cardiovascular system of rats and guinea pigs (Wharton et 

al, 1986). This loss is associated with depletion of CGRP-like immunoreactivity fi*om 

sensory nerve fibres innervating the heart and blood vessels (Lundberg et a l, 1985).
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1.6 The CGRP receptor and signal transduction

Evidence for the existence of CGRP receptors is largely based on radioligand 

binding data (see 1.4.c) and functional assays (discussed later), while the literature on 

cloned receptors is limited. Biochemical evidence suggests that CGRP receptors belong 

to the G-protein coupled receptor family linked to activation of adenylate cyclase, similar 

to some other peptide receptors, including those for calcitonin

1.6.1 Cloned receptors for calcitonin, adrenomedullin and CGRP

Receptors for calcitonin have been cloned from various species, including rat, pig 

and human (Albrandt et al., 1993; Lin et al., 1991; Gom et al., 1992). The receptors 

have been identified in osteoclasts, kidney and the central nervous system and belong to 

the family of G-protein coupled receptors linked to either adenylate cyclase or 

phospholipase C activation (Force e ta l, 1992).

From the rat, an adrenomedullin receptor has been cloned which has the general 

structures of a G-protein coupled receptor, and is linked to adenylate cyclase (Kapas et 

a l, 1995). Northern blot analysis identified the lung, adrenal medulla and heart as being 

major sites of expression of the mRNA, consistent with the production of 

adrenomedullin from lung, adrenal and heart.

Most recently, orphan G-protein coupled receptors (also referred to as calcitonin 

receptor-like receptors or CRLR) have been cloned from human (Aiyar et a l, 1996), dog 

(Kapas & Clarke, 1995) and rat (Han et a l, 1997). These have been proposed as likely 

candidates for the CGRP receptor, as CGRP is more potent and has a higher affinity than 

adrenomedullin or calcitonin. However, in some cell lines, CGRP does not show high 

affinity binding or stimulation of intracellular cAMP production (Aiyar et a l, 1996; Han 

et a l, 1997). Thus, it is unclear whether the cloned sequence is a CGRP receptor.

1.6.2 G-protein coupled receptor

G-protein coupled receptors are characterized by 7 transmembrane helices and 

produce their effects by interacting with a GTP binding protein. Radioligand binding 

experiments have shown that GTP (and analogues) inhibits or reduces CGRP
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binding in a variety of preparations. These include, for instance, rat skeletal muscle 

(Takamori & Yoshikawa, 1989), cerebellum (Chatterjee et a l, 1993), guinea pig lung 

(Umeda & Arisawa, 1989) and bovine coronary artery (Knock et a l, 1992). In rat 

skeletal muscle, CGRP effects are enhanced by cholera toxin, suggesting the activation 

of the G-protein that stimulates adenylate cyclase, Gs (Takamori & Yoshikawa, 1989). 

Pertussis toxin, which inactivates the G-protein that inhibits adenylate cyclase (GJ, does 

not alter the effect of CGRP. In rat cerebellum, antiserum against the N-terminal region 

of Gsa immunoprecipitates a significant portion of soluble CGRP receptors, providing 

evidence for association of CGRP receptors with Gs« (Chatterjee et a l, 1993).

1.6.3 Coupling to effector systems

(a) Elevation o f cyclic AMP

In many preparations, CGRP receptor stimulation produces elevation of the 

second messenger substance cyclic AMP (cAMP). These include cat cerebral artery 

(Edvinsson e ta l, 1985), guinea pig gastric smooth muscle cells (Maton et a l, 1988), rat 

liver plasma membranes (Chiba et a l, 1989; Yamaguchi et a l, 1988b), and chick skeletal 

muscle cells (Laufer & Changeux, 1989). The increase in cAMP would be consistent 

with the G-protein coupled receptor Gs, stimulating adenylate cyclase to increase cAMP. 

Cyclic AMP is thought to stimulate proton kinase A (PKA or cAMP-dependent protein 

kinase) which phosphorylates cellular proteins, and thereby can lead to a variety of 

cellular effects.

(i) Involvement o f ATP-sensitive channels

In some tissues, a partial involvement of adenosine 5’-triphosphate (ATP) 

sensitive potassium channels QCatp) has been reported, including rabbit mesenteric 

artery (Nelson et al, 1990), human uterine artery (Nelson et a l, 1993), guinea pig 

gallbladder and ureter (Zhang et a l, 1994b; Santicioli & Maggi, 1994). In these tissues, 

responses to CGRP can be inhibited by the K^atp channel blocker glibenclamide. Both a 

rise in cAMP and opening of K^atp channels has been observed in guinea pig ureter 

(Maggi et a l, 1995) and gallbladder (Zhang et a l, 1994a). Studies in the ureter have 

shown that the CGRP-induced elevation of cAMP is glibenclamide-resistant, and the 

ghbenclamide-sensitive component of CGRP responses can be blocked by a cAMP 

antagonist (RP-cAMPS) and PKA-inhibitors (H8  and H89). This suggests that in these

30



tissues, CGRP causes activation of adenylate cyclase, cAMP elevation and stimulation of 

PKA, which leads to phosphorylation and opening of K \ tp channels.

(b) Other possible mechanisms

It is currently unclear whether there are other transduction mechanisms 

associated with CGRP receptors However, CGRP receptors may couple to 

phospholipase C (PLC) stimulating accumulation of inositol triphosphate and 

diacylglycerol which activates protein kinase C (PKC) producing an increase in [Ca  ̂

leading to a cellular contraction (Bell & McDermott, 1996). For instance, in rat 

ventricular cardiomyocytes, PKC may be involved in the hypertrophic response to CGRP 

(Bell et a l, 1995), as the peptide-induced contraction can be blocked by a selective 

PKC-inhibitor. This CGRP receptor mediated response appears not be coupled to the 

second messenger cAMP (Bell & McDermott, 1994).

1.7 Biological effects of CGRP

CGRP produces a wide range of central and peripheral effects, which involve 

short-term, modulatory and long-term actions. For instance, acting over a period of 

minutes to hours, the peptide produces potent vasodilatation (Brain et a l, 1985) and can 

increase heart rate (Fisher et aï., 1983). Further, CGRP can modulate other responses, 

including inflammatory and immune responses (Buckley et a l, 1991a,b). It can 

potentiate pain induced by substance P (Wiesenfeld-Hallin et a l, 1984), suggesting a role 

in sensory perception (nociception). Long-term trophic actions (proceeding over days) 

include the regulation of the gene transcription of nicotinic acetylcholine receptors 

(Fontaine et a l, 1987), which may suggest a developmental role of the peptide. 

Particularly, the peptide’s cardiovascular actions and subsequent modulatory actions on 

inflammatory responses have led to potential therapeutic application.

1.7.1 Cardiovascular actions

(a) In vivo effects

When administered centrally (intracerebroventricular or microinjected into the 

central amygdaloid nucleus), CGRP selectively stimulates noradrenergic sympathetic
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outflow which is accompanied by tachycardia and hypertension (Fisher et a l, 1983). 

However, when administered systemically (intravenous), CGRP causes vasodilatation, 

hypotension and tachycardia in humans (Struthers et a l, 1986; Franco-Cereceda et al, 

1987a), conscious rats (Fisher et a l, 1983; Gardiner et a l, 1988) and anaesthetised rats 

or guinea pigs (Marshall et a l, 1986; Lundberg et a l, 1985). The tachycardia involves a 

direct action on the heart (Haass & Skofitsch, 1985) as well as, centrally, a partial reflex 

activation of the sympathetic nervous system (Di Pette et a l, 1987). The vasodilator and 

hypotensive effects of systemically administered CGRP are due to the direct action of the 

peptide on blood vessels and are not secondary to the release of neurotransmitters: the 

demonstration of such an effect (Brain et a l, 1985) was the first recognition of the 

vascular action of CGRP Intradermal administration of femtomole doses of CGRP in the 

rabbit skin or topically to a hamster cheek-pouch preparation induces potent 

microvascular dilatation (mainly arteriolar) with increased blood flow. When injected 

intradermally into human skin, the peptide causes a long-lasting vasodilatation with 

increased cutaneous blood flow, appearing as locahzed erythema (Brain et a l, 1985; 

Brain & Williams, 1988).

(b) In vitro effects

The peripheral effects of CGRP have been studied mostly by using isolated heart 

and blood vessel preparations. In the perfused heart of the rat, CGRP decreases coronary 

perfusion pressure and evokes tachycardia (Marshall et al, 1986). Consistent with a 

direct chronotropic action of CGRP, the elevation of heart rate is independent of the fall 

in coronary perfusion pressure. Tachycardia also occurs in guinea pig isolated atrium, 

while it is not observed in rabbit perfused heart (Marshall et a l, 1986). In isolated 

arteries, CGRP is a potent vasodilator in a variety of species (Table 1.2). Consistent 

with a direct vasodilator effect of CGRP, the peptide’s response is not influenced by 

antagonists at a- and P-adrenoceptors or muscarinic receptors (Marshall et a l, 1986; 

Hanko et a l, 1985) or indirectly induced by the release of other vasorelaxant agents, 

such as prostaglandins or histamine (Sigrist et a l, 1986).

(c) Role o f endothelium in vasorelaxation

Endothelial cells play an important role for mediating vasodilator responses of 

several drugs, including acetylcholine, histamine and bradykinin (Furchgott & Vanhoutte,
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Table 1.2 Vasorelaxation to CGRP in a selection o f  isolated arterial preparations (either 

resistance (R; < 300 pm  in diameter) or larger ( O )  vessels) to illustrate a variety of 

species and an endothelium-dependent (red) or independent (green) mechanism for 

CGRP

Tissue Species Vessel size References

Aorta

Caudal artery 

Cerebral arteries

Colic artery 

Coronary arteries

Ear artery 

Femoral artery 

Gastric artery 

Hepatic artery

rat

rat

rat

rabbit

rabbit

eat
cat

dog

human
human

human

rat

rat

pig
cow

human

human

rabbit

human

human

rat

rabbit

O

O

R

O
R

O
R

O
O
R

Q

R

R

R

R

O
R

O

O

Q

R

O

Brain gf c//., 1985

Fiscus et cil., 1992

Nishimura et i//., 1992 

Hanko et cv/., 1985 

Hardebo et al., 1985 

Hanko et 1985 

Edvinsson et t/y., 1985 

Nakamura et 6/y., 1995 

Hanko et al., 1985 
Hardebo et uL, 1985

Hughes et d., 1988

Prieto et td., 1991 

Prieto et d., 1991 

Franco-Cereceda et d.. 1987b 

Greenberg et <̂y., 1987 

T hom ett// . ,  1987 

Franco-Cereceda, 1991a

Hanko et d., 1985

Hughes et d., 1988

Thom et f//., 1987

Bratveit & Helle, 1991 

Brizzolara & Burnstock, 1991

...continued
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continued (Tabic 1.2)

Tissue Species Vessel size References

Mesenteric
arteries

Ophtalmie artery

Pulmonary
arteries

Radial artery 

Renal artery

Skeletal musele 
artery

Splenic artery

Subcutaneous
artery

Uterine artery

rat

rat

guinea

pig
rabbit

cat

dog

human

rabbit

guinea

pig
human

human

human

dog

human

human

rat

human

human

human

O
R

O
Q

Q

O
R

Q

O
R

Q

O
O

R

R

O

R

O

Al-Kazwini etal., 1987 

Han etal., 1990a 

Goyda et a!., 1995 

Hanko et cil., 1985 

Hanko eta!., 1985 

Nakamura gf 6//.. 1995 

Hughes et a!., 1988

Zsch'duer et a!., 1992

Maggi et al., 1990 

Hughes et al., 1988 

McCormack etal., 1989a

Thom etal., 1987

Nakamura é>/a/., 1995 

Hughes et al., 1988

Hughes 6̂ / 1988

Bratveit & Helle, 1991 

Hughes et al., 1988

Hughes et al., 1988

Hughes et al., 1988
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1989). For instance, removal of the endothelium abolishes the relaxant effect of 

acetylcholine, just like incubation with haemoglobin or methylene blue which inhibit the 

action of nitric oxide (NO), formerly referred to as the endothelium-derived relaxing 

factor, EDRF (Palmer et al., 1987). NO is derived from L-arginine via the enzyme nitric 

oxide synthase ( NO synthase) (Palmer et a l, 1988). Compounds, which compete with 

L-arginine for the NO synthase and so inhibit the production of NO, like N^-nitro-L- 

arginine (Moore et a l, 1990), also reduce the relaxant effect of acetylcholine. NO 

diffuses rapidly from the endothelium into the smooth muscle, to activate the cytosolic 

enzyme, guanylate cyclase, thereby stimulating the formation of cyclic GMP (cGMP). 

This nucleotide is thought to activate a cGMP-dependent protein kinase, which probably 

leads to protein-phosphorylation, reduction in intracellular calcium, [Câ "̂ ]i, in the smooth 

muscle, and thus relaxes the vascular smooth muscle.

(d) Endothelium-dependence and independence in CGRP vasorelaxation

CGRP mediates vasorelaxation by two mechanisms; one is endothelium- 

dependent and the other is independent of the endothelium (Table 1.2). For instance, in 

the rat thoracic aorta (Brain et al, 1985), superior mesenteric artery (Al-Kazwini et a l, 

1987), and human (middle sized) gastric arteries (Thom et a l, 1987), CGRP requires the 

presence of the endothelium to produce vasorelaxation. In contrast, in many other 

arteries, including pial vessels of rabbit, cat and human (Hanko et a l, 1985), pig 

coronary arteries (Franco-Cereceda et a l, 1987b), and guinea pig pulmonary arteries 

(Maggi et a/., 1990), the relaxant response to CGRP is not dependent on the presence of 

an intact endothelium.

The transduction mechanisms involved in these two pathways have been partially 

investigated (Figure 1.1): In rat aorta and mesenteric artery, CGRP relaxation can be 

inhibited by endothelial cell removal, haemoglobin, methylene blue or NO synthase 

inhibitors (Fiscus et a l, 1991; Gray & Marshall, 1992a), consistent with an endothelium- 

dependent pathway. In the aorta, the mechanism involves increases of the second 

messengers cAMP and cGMP to produce relaxation (Gray & Marshall, 1992b). In 

endothelial cells, CGRP can stimulate adenylate cyclase (Hirata et a l, 1988), leading to 

the release of a diffusable vasorelaxant factor (now identified as NO). It is known that 

NO donors, such as the vasodilator sodium nitroprusside, selectively stimulate guanylate 

cyclase in the vascular smooth muscle. Therefore, it is likely that the endothelium-
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c/:

CGRP
rec

CaHe^late cycla^  

A T P  T

cG M PI
Vasorelaxation

CGRP

cA M P

O synthase

L - a r s i n i n e

guanylate cyclase 

G T P

CaHenylate cyclase

cA M P

Vasorelaxation

tissue rat thoracic aorta pig coronary artery

References:

1: Fiscus et al., 1991; Gray & Marshall, 1992a,b; Marshall, 1992 

2: Gray & Marshall, 1991; Marshall, 1992

Figure 1.1 Endothelium-dependent and independent transduction mechanism for CGRP- 

induced vasorelaxation (see text). ATP, adenosine 5’-triphosphate; GTP, guanosine 5 ’- 

triphosphate; rec, receptor on endothelium (red) or smooth muscle (green).
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dependent pathway of CGRP stimulates adenylate cyclase to elevate cAMP levels, and 

stimulates production and release of NO from endothelial cells, and in the smooth muscle 

activates guanylate cyclase to increase cGMP levels, leading to vasorelaxation (Gray & 

Marshall, 1992a,b). It is currently unknown how cAMP is linked to the production of 

NO

In the pig coronary artery, removal of the endothelium or pretreatment with NO 

synthase inhibitors does not affect the relaxation induced by CGRP, confirming the 

endothelially independent action of the peptide (Gray & Marshall, 1991). Here, the 

relaxant responses to CGRP are accompanied by increases in cAMP but not cGMP This 

is consistent with CGRP acting directly on the smooth muscle to activate adenylate 

cyclase, and cAMP leading to vasorelaxation

These two mechanisms by which CGRP induces vasorelaxation appear not to be 

related to a single species or a specific vascular bed, although the vessel diameter might 

be important (Table 1.2, page 33). For instance, endothelium-dependent relaxation is 

predominantly observed in systemic conduit arteries (e.g. human colic, femoral, gastric, 

splenic and uterine arteries; Hughes et a l, 1988). An endothelium-independent relaxation 

occurs in resistance arteries (e.g. human omental and subcutaneous arteries; Hughes et 
al, 1988) and larger arteries (e.g. human pial artery; Hanko et a l, 1985).

(e) Pathophysiological role for CGRP in the cardiovascular system

The abundant presence of CGRP-containing sensory nerves and high affinity 

binding sites for CGRP, the evidence that CGRP is released from sensory nerves by 

capsaicin (see 1.5), and the potent, direct vasodilator actions in the cardiovascular 

system, suggest a physiological role for CGRP in the control of blood pressure 

Experimental and clinical trials have given evidence that CGRP could have therapeutic 

potential in the treatment of cardiovascular diseases. For instance, in Raynaud’s 

syndrome, CGRP may play a role in modulating cutaneous vascular constriction (Dowd, 

1995). In patients with severe congestive heart failure, CGRP showed beneficial effects 

on hemodynamic functions with no adverse effects on plasma hormones (Shekhar et a l, 

1991). In patients with subarachnoid haemorrhage, the potent vasodilator effect of 

CGRP helped to prevent the onset of cerebral vasospasm (Johnston et a l, 1990). 

Therefore, the ability to target CGRP vasodilatation selectively to particular regions
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would be of importance in many circulatory and allied disorders. By contrast, CGRP 

antagonists would inhibit the long-lived vasodilatation caused by the peptide.

1.7.2 Modulation o f inflammatory processes

Inflammatory responses, which are protective responses elicited by injury to 

tissue (provoked by, for instance, heat, irritant chemicals or infection), involve a variety 

of mediators that can lead to swelling, reddening, pain and heat. The vascular and 

cellular effects of the mediators include actions on microvascular permeability, 

accumulation, activation and proliferation of inflammatory cells and platelet aggregation.

(a) Potentiation o f inflammatory processes

The vasodilator action of CGRP is responsible for its pro-inflammatory actions. 

CGRP alone has no effect on microvascular permeability or neutrophil accumulation 

(Buckley et al, 1991b; Brain & Williams, 1985). However, when administered 

concurrently, CGRP potentiates plasma protein extravasation evoked by mediators of 

increased microvascular permeability, such as substance P, leukotrienes, interleukin- 1 or 

prostaglandins (Gamse & Saria, 1985; Brain & Williams, 1985; Buckley et a l, 1991a,b). 

The increase in extravasation is probably the result of enhanced blood supply to those 

sites in postcapillary venules made ‘leaky’ by the mediators of increased vascular 

permeability. Neutrophil accumulation in response to chemotactic factors such as 

leukotriene B4, histamine and interleukin- 1 is also enhanced by CGRP (Buckley et a l, 

1991a,b). Therefore, CGRP can interact with immune cells and other pro-inflammatory 

mediators to potentiate inflammatory processes.

(b) Neurogenic inflammation

Neurogenic inflammation is a condition evoked by activation of the efferent 

function of capsaicin-sensitive sensory nerves, leading to an inflammatory response 

which involves vasodilatation and increased vascular permeability (Jansco et a l, 1967). 

The oedema formation is closely linked to the action of substance P and neurokinin A in 

many tissues. For instance, when injected intradermally in rat skin, substance P is a 

potent mediator of increased microvascular permeability but does not evoke vasodilation 

(Brain & Williams, 1989). The combined administration of substance P with CGRP
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produces potentiation of substance P-induced oedema (Brain & Williams, 1989) and 

mimics release of the neuropeptides from capsaicin-sensitive (C-fibre) nerve endings.

(c) Pathophysiological role for CGRP in neurogenic inflammation

Experimental and clinical research has suggested a role for CGRP in several 

inflammatory diseases, including vascular headache or migraine One theory to explain 

migraine suggests that pain results from a sterile neurogenic inflammation of intracranial 

blood vessels, mediated via sensory nerve activation from the trigeminal ganglion 

(Moskowitz, 1992).

During migraine attacks, CGRP levels are elevated in the cranial circulation 

(Goadsby et a l, 1990), indicating activation of the trigeminovascular system. Stimulation 

of the trigeminal ganglion stimulates the release of CGRP and substance P (Goadsby et 

al, 1988), and, in vivo, leads to cerebral vasodilatation (Goadsby & Edvinsson, 1993), 

plasma extravasation (Markowitz et a l, 1987) and mast cell degranulation (Dimitriadou 

et a l, 1991) within the dura mater. Some of these effects can be inhibited by neonatal 

capsaicin treatment (Markowitz et a l, 1987), indicating involvement of sensory nerves 

(C- fibres).

The use of anti-migraine drugs, such as sumatriptan (Humphrey & Fenuik, 1991; 

Moskowitz & Cutrer, 1993) have given further evidence for the role of CGRP in 

migraine. Sumatriptan effectively aborts migraine (Friberg et a l, 1991) and blocks 

elevations of CGRP in blood and the migraine-associated increase in cerebral blood flow, 

in animals and humans (Goadsby & Edvinsson, 1993). Sumatriptan reduces levels of 

CGRP in plasma observed within superior sagittal sinus blood following trigeminal 

ganglion stimulation in rats (Buzzi et a l, 1991). Sumatriptan inhibits plasma 

extravasation in the guinea pig dura mater evoked by electrical stimulation of the 

trigeminal ganglion but not by exogenous substance P (Buzzi & Moskowitz, 1990). This 

indicates that sumatriptan may block the efferent release of sensory neuropeptides from 

trigeminal nerve endings (Moskowitz & Cutrer, 1993), suggesting that release of CGRP 

plays a part in migraine. The vasodilator action of CGRP may be pivotal in the 

pathophysiology and the pharmacological manipulation of migraine. Therefore, the 

development of a specific CGRP receptor antagonist may be a useful agent in the 

treatment of vascular headache.
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1.8 Metabolism

The biological activity of peptides is usually terminated by enzymatic 

degradation. The half-life of CGRP in mammalian plasma is approximately 10 minutes 

(Struthers a/., 1986).

(a) Endopeptidase 24.11

Many target cells for CGRP contain a cell surface enzyme, endopeptidase 24.11 

(also known as enkephalinase, neutral metalloendopeptidase, neutral endopeptidase, or 

E-24.11). This enzyme can cleave (Figure 1.2) and so inactivate CGRP (Mentlein & 

Roos, 1996), although the weak substrate-enzyme interaction, predicted from available 

kinetic data, suggests that CGRP may not be the preferred substrate for this enzyme 

(Katayama et al., 1991). Other substrates include substance P and neurokinin A. The 

ability of CGRP to compete with substance P for degradation, however, may explain the 

prolongation of some biological actions of substance P at concentrations at which CGRP 

itself is devoid of activity (Le Greves et al., 1989).

10

Ser Cys Asn Thr Ala Thr Cys Val Thr His Arg Leu Ala Gly Leu Leu Ser Arg Ser

20 30 1 1
Gly Gly Val Val Lys Asp Asn Phe Val Pro Thr Asn Val Gly Ser Glu Ala PheNHj

Figure 1.2 Endopeptidase 24.11 cleavage sites in rat a  CGRP predicted from amino 

acid of HPLC-separated hydrolysis fragments (Davies et al., 1992). Cleavage sites 

(occurring at internal bonds to the amino side of hydrophobic amino acid residues) are 

illustrated by arrows; numbers, amino acid positions in the peptide. Amino acids are 

presented in the three letter code (Appendix 1, page 179).

In human cerebro-spinal fluid, the activity of CGRP is terminated by an undefined 

substance P-degrading endopeptidase that cleaves CGRP between Leu^  ̂ Ser̂  ̂ (Le 

Greves et a l, 1989). Because the sites of cleavage are different from endopeptidase 

24.11, this enzyme is probably not the E-24.11 (Katayama e ta l, 1991).
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(b) Mast cell proteases

Tryptase and chymase, proteases derived from mast cells, can also metabolize 

CGRP (e.g. tryptase cleaves between Arg^* Ser̂  ̂ and between Lyŝ "̂  Asp^  ̂ in rat a  

CGRP) and other neuropeptides, in vitro and in vivo (Tam & Caughey, 1990; Walls et 

al, 1992). Sensory neurons are close to mast cells and blood vessels. Interestingly, when 

co-injected with substance P the long-lasting vasodilator effect of CGRP is reduced. 

Here, it has been suggested that substance P stimulates mast cells to secrete proteases 

which cause the degradation of CGRP, thereby shortening the vasodilator effect of 

CGRP (Brain & WUliams, 1988 and 1989).

It remains to be determined whether there are more specific enzymes responsible 

for the degradation of CGRP.

1.9 Characterization of CGRP receptors

The pharmacological characterization of the CGRP receptor has been largely 

based on functional assays. However, a fundamental problem has been the lack of 

selective CGRP agonists and antagonists.

1.9.1 CGRP receptor antagonists, agonists and CGRP homologues

(a) H a CGRP8-37 and related fragments

So far, the most widely used CGRP receptor antagonist is ha CGRPg s?, a C- 

terminal fragment of ha CGRP. The fragment was first described by Chiba et al. (1989) 

in rat liver plasma membranes where it antagonized a CGRP-induced increase in cAMP 

production. Ha CGRPg-s? has been shown to antagonize a number of CGRP responses, 

including the vasodilator effect in pig coronary arterial rings (Franco-Cereceda, 1991b; 

Gray et a l, 1991), in rat perfused mesenteric artery (Han et a l, 1990b; Nuki et a l, 

1994b), and the positive inotropic and chronotropic responses in guinea pig atria 

(Mimeault et a l, 1991). In vivo, ha CGRPg.37 antagonizes the regional haemodynamic 

actions of systemic ha CGRP including hypotension, tachycardia and renal vasodilatation 

(Gardiner et a l, 1990).
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Shorter C-terminal fragments have also been identified as CGRP antagonists, 

including ha CGRP12-37 (Dennis et a l, 1989), ha CGRP19-37, ha CGRP23-37 (Rovero et 

al, 1992) and ha CGRP28-37 (Chakder & Rattan, 1990). However, these are generally 

weaker than ha CGRP8.37 At present, there is no antagonist available which is more 

potent than CGRPg.37, nor is there an available non-peptide CGRP receptor antagonist.

(b) [Cys(AChf'^)]haCGRP

[Cys(ACM^’̂ )] ha CGRP is a synthetic linear analogue of ha CGRP, which has 

protected acetomethoxy groups at cysteine^’̂  residues instead of the N-terminal 

disulphide ring structure. Initially, it was suggested that deletion of the disulphide bridge 

in CGRP abolishes biological activity in rat atrium, in vitro (Tippins et a l, 1986). Yet, in 

rat vas deferens, [Cys(ACM^’̂ )] ha CGRP was found to be a weak agonist, suggesting 

the potential of this peptide as a CGRP receptor agonist (Dennis et a l, 1989).

(c) CGRP analogues

At present, there is no additional CGRP receptor agonist available apart from the 

different forms of CGRP itself. It appears that in most studies the CGRPs are equally 

potent in a single preparation (Marshall et a l, 1986), although in some tissues 

differences have been noted between the human and rat peptides (Chakder & Rattan,

1990) or the a  and P form (human and rat) (Jansen, 1992), based on different antagonist 

potencies of ha CGRP8-37

(d) CGRP homologues

The structural homologues calcitonin, amylin and adrenomedullin can mimic 

some of the effects of CGRP.

For the most part, calcitonin mediates responses through interaction with 

calcitonin receptors. However, it was reported that human calcitonin can displace [̂ ^̂ I] 

CGRP from cultured rat vascular smooth muscle cells and bovine endothelial cells, but 

with a lower affinity than CGRP (Hirata et a l, 1988), indicating that it can interact with 

CGRP binding sites.
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The actions of amylin fall into two broad classes; those where it is more and/or 

equally potent to CGRP and those where it is (approximately 100-fold) less potent The 

latter include the cardiovascular effects in the guinea pig atrium (Giuliani et a l, 1992), 

the in vivo cardiovascular responses in the rat (Gardiner et a l, 1991), and the elevation 

of cAMP levels in rat L6 myocytes (Zhu et a l, 1992). These actions are blocked by ha 

CGRP8-37, suggesting interaction with CGRP receptors There is also evidence that 

amylin has its own receptors, as demonstrated for instance by the selectivity of the 

antagonist AC 187 (Young e ta l, 1994).

Adrenomedullin has similar vasodilator properties as CGRP (Kitamura et al, 

1993; Nuki et a l, 1993; Gardiner et a l, 1995). The potency of the two peptides varies 

between species and vascular beds (Nakamura et a l, 1995; Nossaman et a l, 1994). 

Binding and in vitro studies have indicated that adrenomedullin may interact with 

receptors distinct from those for CGRP (Kato et a l, 1995; Ishizaka et al., 1994), which 

agrees with the presence of specific adrenomedullin receptors (Kapas et a l, 1995). 

However, in some situations, adrenomedullin can interact with CGRP receptors. For 

instance, the peptide stimulates a CGRP receptor in human SK-N-MC neuroblastoma 

cells with a lower potency than CGRP, and ha CGRPg-a? antagonizes both peptides with 

a similar affinity (Zimmermann et a l, 1995).

1.9.2 CGRP receptor heterogeneity

Pharmacological evidence is not consistent with the presence of just one CGRP 

receptor. For instance, the antagonist ha CGRPg s? displays a wide range of pAi values 

(Table 1.3): While being inactive in the mouse aorta (pA% <6; Quirion et a l, 1992), ha 

CGRPg.37 is a weak antagonist in the rat vas deferens (pA2 6.2; Mimeault et a l, 1991), is 

around 10-fold more potent in the guinea pig right atrium (pA2 7.2; Mimeault et a l,

1991), and has an even higher affinity in the opossum internal anal sphincter (pA2 7.8; 

Chakder & Rattan, 1991), or in human SK-N-MC cells (pA2 8.7; Longmore et a l, 

1994). Therefore, CGRP receptor heterogeneity appears likely.

(a) Sub-classification into CGRP] and CGRP2 receptors

Recently, receptors for CGRP have been sub-classified into two types (Dennis et 

al, 1989 and 1990; Mimeault et a l, 1991; Quirion et a l, 1992). Mainly, this has been
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Table 1.3 Antagonist affinities for ha CGRPg.37 against CGRP responses in a selection 

of different species and preparations to demonstrate the range of pAz values

Species Preparation pÂ2 value References

Guinea pig trachea <5

Mouse aorta < 6 Qmnonet a i, 1992

Rat vas deferens 6.2 Mimeault et ai, 1991

Pig

Rat

coronary artery

adipocytes

Guinea pig ileum

6.7

69

7.0

Grayi?/a/., 1991 

Casini a/., 1991 

Dennis ûr/., 1990

Guinea pig right atrium 7.2 Mimeault c/nr/., 1991

Rat mesenteric vasculature 7.4 Nuki nr/., 1994b

Opossum internal anal sphincter 7 8 Chakder & Rattan, 1991

Rat cardiomyocytes 8 0 Bell & McDermott, 1994

Human SK-N-MC cells Longmore £?/a/., 1994
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based on the differing antagonist affinities for ha CGRPg.37 but also on the properties of 

the weaker antagonist ha CGRP 12-37 and the weak agonist [Cys(ACM^’̂ )] ha CGRP, 

which appear to be active in some tissues but not in others. For instance, while ha 

CGRP 12-37 antagonizes CGRP responses in the guinea pig atrium but not in the rat vas 

deferens, [Cys(ACM^’̂ )] ha CGRP appears to be an agonist in the rat vas deferens but 

not in the guinea pig atrium (Dennis et a l, 1989). On the basis of these results CGRP 

receptors have been sub-classified into CGRPi and CGRP2 receptors, which are present 

in the guinea pig atrium and rat vas deferens, respectively (Table 1.4): The CGRPi 

receptor is characterized by the higher antagonist affinity of ha CGRPg.37, the affinity of 

ha CGRP12-37 and the lack of activity of [Cys(ACM^’̂ )] ha CGRP in the guinea pig 

atrium. In contrast, at the CGRP2 receptor, ha CGRP8-37 has a lower antagonist affinity, 

ha CGRP12-37 is inactive, and [Cys(ACM^’̂ )] ha CGRP is a weak agonist in the rat vas 

deferens. Salmon calcitonin has no activity at either the CGRPi or the CGRP2 receptor.

Although these findings could rationalize the presence of heterogeneous 

receptors, the proposed classification system gives rise to a number of problems. For 

instance, it is uncertain whether the weak compounds ha CGRP 12-37 and [Cys(ACM^’̂ )] 

ha CGRP at higher concentrations distinguish between the proposed receptors subtypes. 

In addition, a number of studies have shown pA2 values for ha CGRPg.37 in excess of 

those for the proposed CGRPi receptor in the guinea pig atrium (e.g. Bell & McDermott, 

1994; Longmore et al., 1994; see Table 1.3). Conversely, the difference in ha 

CGRPg.37 affinity between guinea pig atrium and rat vas deferens has been made less 

clear by reports of pA2 values as high as 6.6 for the rat vas deferens (Dennis et a l,

1990), and as low as 6.9 for the guinea pig atrium (Maggi et a l, 1991). It may be 

possible that the proposed selectivity of ha CGRPg.37 is due to an unequal distribution of 

peptidases, rather than reflecting receptor subtypes (Longmore et a l, 1994). 

Furthermore, CGRP receptors have been identified in other species/tissues, including rat 

atrium for CGRPi, and guinea pig vas deferens and mouse aorta for CGRP2 (Quirion et 

al, 1992), although it is not known whether an extrapolation between species is possible. 

Therefore, it would be instructive to review the proposed receptor classification in a 

single species.
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Table 1.4 Proposed sub-classification into CGRPi and CGRPi receptors (see text).

CGRPi CGRP:

ha CGRP8-37 potent antagonist
( p A ,  1 .0 - 1 . 1 )

weak antagonist
(pA-, 6 . 2-6 . 6)

ha CGRP 12-37 antagonist
(p K^  7.1 at  1.3 p M )

inactive
(at  1.3 p M )  -■'

[Cys(ACM-’)] 
ha CGRP

inactive
(at I p M )

weak agonist
( 100-fold w e a k e r  

than h a  C G R P ) - - '

salmon calcitonin inactive ' inactive '

prototypical tissue guinea pig atrium  ra t vas deferens 1.2.3

References;

1 : Dennis et al., 1990; Mimeault et ai, 1991 

2: Dennis et al., 1989 

3: Quirion et al., 1992
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(b) CGRPs receptor

A CGRP3 receptor subtype has been proposed only through binding studies in rat 

nucleus accumbens (Sexton et al., 1988; Dennis et al., 1991). This receptor can 

recognize ha CGRP, [Cys(ACM^’̂ )] ha CGRP, ha CGRPg-s? and salmon calcitonin. 

Amylin also has high affinity for this receptor (Beaumont et al., 1993; Veale et al., 

1994).

1.10 Aims of thesis

The major aim of this thesis was to characterize CGRP receptors. The effects of 

CGRP agonists and antagonists were investigated in several isolated smooth muscles (i.e. 

vas deferens, pulmonary artery, aorta, internal anal sphincter) from the rat with the aim 

of reviewing the receptor classification in a single species. Further, the structural 

requirements for antagonism at CGRP receptors were investigated with the aim of 

identifying important motifs for receptor affinity. The activity of these CGRP analogues 

were investigated with the aim of finding more useful tools with which to characterize 

the CGRP receptors.
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Chapter 2

Characterization of CGRP receptors 

in rat pulmonary artery and prostatic vas deferens

2.1 Introduction

Quirion and co-workers (Dennis et a l, 1989 and 1990; Mimeault et a l, 1991; 

Quirion et a l, 1992) have suggested that CGRP receptors can be sub-classified into 

CGRPi and CGRPz receptors, which are present in the guinea pig atrium and rat vas 

deferens, respectively (see Table 1.4, page 46). This classification has been based mainly 

on two criteria: Firstly, the receptor antagonist ha CGRPg-a? (Chiba et a l, 1989) has a 

higher affinity at the CGRPi receptor in the guinea pig atrium than at the CGRP2 

receptor in the rat vas deferens. Secondly, the linear analogue [Cys(ACM^’̂ )] ha CGRP 

(lacking the disulphide bridge) is a selective agonist in the rat vas deferens (CGRP2) 

while being inactive in the guinea pig atrium (CGRPi).

These criteria could suggest the existence of two CGRP receptor subtypes, but 

several problems have become apparent: Firstly, the proposed CGRPi and CGRP2 

receptors have been identified in the guinea pig and rat, respectively, although the extent 

of species differences between CGRP receptors is unclear. Secondly, the differing 

affinities of CGRP analogues could be due to differences in proteolytic enzyme 

distribution rather than reflecting receptor subtypes. For instance, it has been shown that 

the CGRP peptides are substrates for the endopeptidase 24.11 (e.g. Davies et al, 1992), 

and an inhibitor of this enzyme potentiated the effects of ha CGRP and its antagonist ha 

CGRPg.37, in the rat vas deferens (Longmore et a l, 1994).

Thirdly, the classification has been largely hampered by the lack of more selective 

CGRP agonists and antagonists. This problem has become even more apparent with the 

discovery of peptides with structural homology to CGRP, such as amylin (Cooper et a l, 

1987) and adrenomedullin (Kitamura et a l, 1993; see Table 1.1, page 25). In some
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situations, these peptides can stimulate CGRP receptors (Giuliani et a l, 1992; 

Zimmermann et a l, 1995), although it seems that they also have their own receptors 

(Beaumont a/., 1993 and 1995; Kapas a/., 1995).

The aim of the present chapter was to characterize CGRP receptors in the rat 

pulmonary artery and the rat prostatic vas deferens (prototype for CGRPz receptors) 

The nature of CGRP receptors mediating vasorelaxation in the pulmonary artery and 

inhibition of twitch responses in the vas deferens was investigated using CGRP 

analogues, homologues and the antagonist CGRPg.37 Peptidase-inhibitors were applied 

to check for possible peptide degradation.

In order to determine the type of CGRP receptors present in these tissues, the 

two main criteria as suggested by Quirion and co-workers (Dennis et a l, 1989; Mimeault 

et a l, 1991; Quirion et a l, 1992) were investigated, using (i) the antagonist ha CGRPg g? 

and (ii) the agonist [Cys(ACM^’̂ )] ha CGRP.

2.2 Methods

2.2.1 Tissue preparations

Male Sprague Dawley rats (300-450g) were stunned and killed by cervical 

dislocation. The main pulmonary arteries (Figure 2.1) and vasa deferentia were isolated, 

and cleared of fat and connective tissue.

(a) Pulmonary artery

Arteries were cut into rings of approximately 2-3 mm in length. Great care was 

taken to minimize damage to the endothelium, whilst suspending the rings on tungsten 

wires (0.125 mm diameter) under 0.5g resting tension in 1 0  ml organ baths. These were 

filled with Krebs solution containing (mM): Na^ 143, K  ̂5.9, Câ  ̂2.5, Mg^  ̂ 1.2, Cf 128, 

HCO3 25, HPO/' 1.2, s o /  1.2 and glucose 11, at 37°C, and were gassed with 95%0z and 

5 %C0 2 . The rings were allowed to equilibrate for 1 0 0  min. Tension was recorded with Grass 

FT 03 isometric transducers connected to a Grass 7D polygraph.

49



Figure 2.1 Schematic drawing of the human pulmonary arteries The pulmonary trunk 

branches into left and right pulmonary arteries, which can be divided into upper (U), 

middle (M) and lower (L) regions This is similar in the rat and the upper region of the 

pulmonary arteries was isolated for experiments (see text)

trachea

right
pulmonary
artery

U

left
pulmonary
artery

M

aortic

pulmonary 
trunk
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To contract the pulmonary artery, phenylephrine (3xlO’*M) was used at a 

concentration which evoked approximately 50% of the maximal achievable tone (Appendix 

2, page 180). Noradrenaline proved not to be a useful spasmogen in this artery, since the 

drug had a relaxant effect (above lO'^M), probably due to activation of P-adrenoceptors 

(Appendix 2). The contractile responses to phenylephrine (3xlO'*M) were assessed for 

stability over a period of 10 min, and acetylcholine (lO'^M) was added to check for an intact 

endothelium Tissues showing less than 90% relaxation to acetylcholine were discarded as 

having partially damaged endothelium

In some experiments, the endothelium was removed by gently abrading the intimai 

surface with fine wires. The failure of acetylcholine (lO'^M) to elicit a relaxant response (< 

5% relaxation) in the presence of tone induced by phenylephrine (3xlO'*M) was taken as an 

indication of endothelium removal, while subsequent addition of sodium nitroprusside (10' 

^M) causing 100% relaxation was an indication of an intact functional smooth muscle.

Following the test of endothelium integrity, endothelium-intact rings were contracted 

again with phenylephrine after another 100 min, and a cumulative concentration response 

curve to ha CGRP, hp CGRP, rat P CGRP, [Cys(ACM^^)] ha CGRP, rat amylin, human 

adrenomeduUin, or salmon calcitonin was constructed (i.e. only one agonist was used per 

tissue). To check for possible changes in tissue sensitivity, some agonist concentration 

response curves were repeated after 100 min. This time interval (100 min) between curves 

was used for all experiments. -nitro-L-arginine (lO'^M) or L-arginine or D-arginine (10" 

each) were added 30 min prior to second concentration response curves to ha CGRP. In 

separate experiments, ha CGRPg.37 (lO'^-lO'^M) or hp CGRPg.3 7 (1 0 '^M) was equilibrated for 

20 min before an agonist curve was repeated. Only one concentration of antagonist was used 

in a given tissue. The effect of equilibrating ha CGRP8.37 (10"̂ M) for either 2 or 60 min was 

assessed against ha CGRP. Ha CGRPg.37 (lO'^-lO'^M) was tested on the basal tone (i.e. 

unstimulated preparation) and on the spasmogen-induced tone.

(b) Vas deferens

After bisection, the prostatic half was suspended under 0 .5g resting tension in a 5 

ml tissue bath and allowed to equilibrate for 75 min in Krebs solution (composition; see 

above), at 37°C, gassed with 95%02 and 5%C02. Contractile responses of the smooth
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muscle strip were evoked by electrical field stimulation at 60 V, 0.2 Hz and 1.0 ms 

through parallel platinum wire electrodes either side of the tissue which were connected 

to Grass S48 stimulators. These contractions are Ca^^-dependent and TTX 

(tetrodotoxin)-sensitive, i.e. due to depolarisation of nerve terminals. The 

neurotransmitters released from the nerves include ATP (adenosine 5’-triphosphate) and 

also noradrenaline acting on postsynaptic purinoceptors and ai-adrenoceptors, 

respectively, to produce contractions. The isometric tone was recorded using a Grass 

FT.03 transducer as above.

Contractile responses to field stimulation were tested for stability for 10 min, and 40 

min later twitch responses were evoked by field stimulation again and a cumulative 

concentration response curve to ha CGRP or to one of its analogues/ homologues (hp 

CGRP, rat P CGRP, [Cys(ACM^^)] ha CGRP, rat amylin, salmon calcitonin) was 

constructed. In some cases, repeat concentration response curves to agonists were carried out 

with an interval of 40 min to check for any changes in tissue sensitivity. For measurements of 

antagonist aflfinity, a first curve to agonists was obtained as above and after pretreatment with 

antagonist the agonist curve was repeated. Between curves, a 40 min recovery time was 

allowed and before construction of a second agonist concentration response curve the 

antagonist ha CGRPg-g? (10‘̂ -3xl0'^M) was added to equilibrate with the tissue for 20 min. 

Only one concentration of antagonist was used in a given tissue. In separate experiments, ha 

CGRPg.37 (lO'^M) was also equilibrated for 3 or 60 min and assayed against ha CGRP. HP 

CGRPg.37 (3xl0'^-10‘'*M) was studied on ha CGRP responses after 20 min equilibration. The 

CGRP fragments were tested on basal tone, i.e. on the unstimulated preparation and on 

twitch responses.

(c) Peptidase-inhibitors

In both smooth muscle preparations, a mixture of the peptidase-inhibitors amastatin, 

bestatin, captopril, phosphoramidon and thiorphan (10"^ each; 30 min pretreatment) was 

studied on responses to either ha CGRP alone or to ha CGRP in the presence of ha CGRPg. 

37. In the vas deferens, peptidase-inhibitors were also tested on responses to [Cys(ACM^^)] 

ha CGRP. For the agonists, responses in the absence and presence of peptidase-inhibitors 

were examined successively within a single tissue. However, for the antagonist ha CGRPg.37 

(lO'^M) assayed against ha CGRP, the peptidase-inhibitors were present throughout the
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experiment and compared with results obtained in their absence. The effect of peptidase- 

inhibitors (in DMSO; dimethyl sulphoxide) and DMSO alone was tested on basal tone, 

spasmogen-induced tone (pulmonary artery) and on twitch responses (vas deferens).

Drugs were prepared as described in Appendix 3 (page 181). Due to limited 

availability, some agonists could not be used at sufficiently high concentrations to reach a 

maximum response. Similarly, a lack of CGRPg-s? limited the number of concentrations that 

could be employed.

2.2,3 Data analysis

Results are expressed as mean ± s.e. mean of n number of experiments. Where no 

error bars are shown on Figures, the standard error lies within the dimensions of the 

symbol. Responses to vasodilator drugs in the pulmonary artery, are expressed as a 

percentage relaxation of the phenylephrine-induced contraction. The reduction in twitch 

tension of the field-stimulated prostatic vas deferens in response to applied drugs is 

expressed as a percentage of the twitch responses prior to drug addition. Differences 

were tested for significance, using two-way ANOVA and Student’s /-test (for paired or 

unpaired groups) as appropriate, accepting significance at/?< 0.05.

(a) Agonist potency

The ECso or IC50 value (molar concentration of the agonist that produced 50% of 

the maximal response) for each agonist was determined by non-linear regression curve 

fitting, using Graphpad Prism 2.0 (Graphpad Software, U.S.A.). The values were used to 

determine the pECso (-log EC50) or pICso (-log IC50) value. The Hill slope (also called 

slope factor) for each non-linear regression curve was determined, using Graphpad Prism 

2.0.

(b) Antagonist affinity

Concentration ratios were determined from the EC50 or IC50 values in the 

presence and absence of the antagonist. In the case where a single concentration of the 

antagonist was used, an apparent pKe value was calculated, using the equation; pKe = 

log (concentration ratio-1) - log [antagonist], according to the method of Furchgott 

(1972). By this method, antagonism was assumed to be competitive if (i) the Hill slope of
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the agonist curve in the absence and presence of antagonist was not significantly different 

and (ii) if the maximum response of the agonist was not altered.

Where multiple concentrations of the antagonist were used, a Schild plot of log 

(concentration ratio-1) against log [antagonist] was plotted, and a linear regression 

carried out to derive the pA  ̂value and the Schild plot slope, using Graphpad Prism 2.0. 

If (in addition to (i) and (ii) as above), the slope of the regression line was not 

significantly different from unity, then antagonism was considered to be competitive 

(Arunlakshana & Schild, 1959).

Apparent pKg values (in this and subsequent chapters) for antagonists were 

obtained from experiments performed in the same tissue, unless otherwise stated. For all 

pA% values calculated here, data were obtained fi'om several sets of experiments each 

using a single concentration of antagonist per tissue.

2.3 Results

In the rat isolated pulmonary artery, phenylephrine (3xlO'*M) evoked a stable 

contraction of 0.18±0.02g (n=24) and 0.39±0.04g (n=9) in endothelium-intact and 

denuded rings, respectively (Figure 2.2).

In the rat isolated prostatic vas deferens, twitch responses evoked by electrical 

field stimulation (60V, 0.2Hz, 1.0ms) resulted in reproducible uniform phasic 

contractions, with a tension of 1 0±0. Ig (n=43) (Figure 2.3).

2.3.1 Endothelium-dependence o f CGRP relaxation in the pulmonary artery

Cumulative addition of ha CGRP (10‘̂ ®-3xl0‘̂ M) to the preconstricted artery 

induced a concentration-dependent relaxant effect only in endothelium-intact rings but 

not after endothelium removal (Figure 2.2 and 2.4). Higher concentrations of ha CGRP 

(up to lO'^M) in endothelium-denuded rings showed no agonist activity. Pretreatment 

with the nitric oxide synthase inhibitor -nitro-L-arginine (lO’̂ M; 30 min) in 

endothehum-intact rings, abohshed ha CGRP responses (Figure 2.5). The inhibitory
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A
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Figure 2.2 Endothelium-dependent vasorelaxation to ha CGRP in rat isolated 

pulmonary artery Traces showing contraction to phenylephrine (PE, SxIO'^M), (a) 

relaxation to acetylcholine (ACH; lO'^M) and (b) concentration-dependent relaxation to 

cumulatively administered ha CGRP in endothelium-intact rings (c) Trace showing no 

response to ha CGRP (up to lO'^M) in an endothelium-denuded ring on phenylephrine- 

induced tone, while addition of sodium nitroprusside (SNP, lO'^M) relaxes the 

preconstricted smooth muscle All drugs were added at the points labelled, numbers 

represent log molar concentrations, ha CGRP was added in half-log molar increments
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(a)

oOQ

EFS (60V, 0.2 Hz, 1.0 ms)
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EFS ha CGRP
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Figure 2.3 Inhibition of twitch responses by ha CGRP in rat isolated prostatic vas 

deferens. Traces showing (a) twitch responses evoked by electrical field stimulation 

(EFS) and (b) concentration-dependent inhibition of cumulatively administered ha CGRP 

on twitches. Ha CGRP was added at the points indicated in concentrations giving half

log molar increments, numbers represent log molar concentrations.
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Figure 2.4 Endothelium-dependence of ha CGRP vasorelaxation in rat pulmonary 

artery, contracted with phenylephrine Concentration response curve to ha CGRP (#) in 

the presence of an intact endothelium, and responses to the peptide (O) in the absence 

of an endothelium. Results are expressed as percentage relaxation of the spasmogen- 

induced tone Points represent the mean ± s e m of 4 separate experiments
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Figure 2.5 Nitric oxide-dependent pathway of ha CGRP relaxation in rat endothelium- 

intact pulmonary artery Concentration response curve to ha CGRP ( • )  alone on the 

phenylephrine-induced tone, and in the presence of N^-nitro-L-arginine (lO'^M; ♦ ) , N^- 

nitro-L-arginine (10‘̂ M) plus L-arginine A), and N^-nitro-L-arginine (lO'^M)

plus D-arginine (IC'^M, T). Results are expressed as percentage relaxation of the 

spasmogen-induced tone Points represent the mean ± s.e m. of 4 separate experiments.
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effect of N^-nitro-L-arginine was stereoselectively reversed by L-arginine (lO'̂ ^M), a 

substrate of nitric oxide synthase, but not by its D-isomer (D-arginine; These

data indicated that CGRP vasodilatation is mediated via the endothelium, releasing nitric 

oxide. All subsequent results were obtained from rings with intact endothelium

2.3.2 Agonist activity o f ha CGRP and related peptides

(a) Pulmonary artery

In the (endothelium-intact) artery, ha CGRP concentration-dependently relaxed 

the phenylephrine-induced tone, with a pECso of 8 .5±0.1 and 100% maximum relaxation 

(Figure 2.6.a). The effect of a given concentration began within 5-10s of administration 

and reached its maximum after 40-60s. Agonist responses to hp CGRP (10'^°-3xl0'^M) 

were similar in onset, equilibration, potency and maximum response (Figure 2.6.a). 

Human adrenomeduUin responses were slower both in onset and to reach a maximum 

(20s and around 200s, respectively), albeit showing an equal maximum effect (100% 

relaxation) and a potency similar to ha CGRP (Figure 2.6.a) Rat amylin had a potency 

about 50 times weaker than ha CGRP (Figure 2.6.a) The linear analogue 

[Cys(ACM^’̂ )] ha CGRP (up to lO'^M) dilated the preconstricted artery poorly, and was 

at least 3000-fold weaker in activity than ha CGRP (Figure 2.6.a) Salmon calcitonin 

had no vasodilator effect, at least up to lO'^M (Figure 2.6.a) Table 2.1.a represents a 

summary of the peptides’ agonist activities and their relative potencies compared with ha 

CGRP, in the pulmonary artery.

A second cumulative addition of either ha CGRP, human adrenomeduUin or 

[Cys(ACM^^)] ha CGRP resulted in relaxation which was reproducible (Figure 2.7), 

suggesting little loss of endothelium or tachyphylaxis.

(b) Vas deferens

In the prostatic vas deferens, ha CGRP caused a concentration-dependent 

inhibition of twitch responses (Figure 2.3), with a pICso of 7.9±0.1 and a maximum 

response of 79.7±3 .1% inhibition (Figure 2.6.b) The onset and equilibration of the 

peptide occured after 20-3 Os and 90-11 Os, respectively. Concentration response curves 

to the P-forms of human and rat CGRP were similar in time, potency and maximum
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Figure 2.6 Agonist activities of CGRP analogues and homologues in rat pulmonary 

artery and vas deferens. Concentration response curves to ha CGRP (•) , hp CGRP (A), 

rat P CGRP (♦ , vas deferens only), human adrenomeduUin (O, pulmonary artery only), 

rat amylin (■), [Cys(ACM^’̂ )] ha CGRP (T) and salmon calcitonin (□) on (a) 

phenylephrine-induced tone in the pulmonary artery and on (b) twitch responses in the 

prostatic vas deferens. Results are expressed as percentage relaxation of the spasmogen- 

induced tone for the artery and as percentage inhibition of twitch responses for the vas 

Points represent the mean ± s.e.m. of 4 or 5 separate experiments
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Table 2 .1 .a Agonist relative potencies of ha CGRP analogues and homologues in 

relaxing phenylephrine-induced tone in rat pulmonary artery PEC50 values, the 

concentrations of peptides required to induce 50% of the maximum effect, Emax (%), the 

maximum effects expressed as percentage relaxation of the spasmogen-induced tone, Hill 

slope, the slope of each concentration response curve, RP (%), relative potency 

compared with ha CGRP (=100%). Values are mean ± s.e m from 4 or 5 individual 

tissues, ND, not determined.

Agonist pECso Emax (%) HiD slope RP (%)

ha CGRP 8.5±0.1 1 0 0 1 .1  ± 0 .1 1 0 0

hp CGRP 8 .2 ± 0 .1 1 0 0 0.9±0.1 58

rat P CGRP ND ND ND ND

rat amylin 6 . 8  ± 0 . 2 1 0 0 1 .2 ± 0 .1 2

[Cys(ACM^’)] 
ha CGRP

<5.1 >51 6±7.0 0  8 ± 0  1 <0 03

salmon calcitonin <4.0 > 0 . 0 0 . 0 < 0.003

human
adrenomeduUin

8  0 ± 0  1 1 0 0 1 2 ± 0  1 33
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Figure 2.7 Effect of second agonist curves to ha CGRP, human adrenomeduUin and 

[Cys(ACM^’̂ )] ha CGRP in rat pulmonary artery First concentration response curves to 

ha CGRP (•) , human adrenomeduUin ( ♦ )  and [Cys(ACM^’̂ )] ha CGRP (T) on 

phenylephrine-induced tone, and second curves (hollow symbols) to the peptides, 

obtained 100 min later Results are expressed as percentage inhibition of twitch 

responses Points represent the mean ± s.e.m. of 4 separate experiments.
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Table 2.1.b Agonist relative potencies of ha CGRP analogues and homologues in 

inhibiting twitch responses in rat prostatic vas deferens. PIC50 values, the concentrations 

of peptides required to induce 50% of the maximum effect, Lax (%), the maximum 

effects expressed as percentage inhibition of twitch responses. Hill slope, slope of each 

concentration response curve, RP (%), relative potency compared with ha CGRP 

(=100%), Values are mean ± s.e.m from 4 or 5 individual tissues, ND, not determined.

Agonist pECso Emax (%) Hill slope RP (%)

ha CGRP 7.9±0.1 79.7 ±3.1 1 2 ± 0  1 100

hp CGRP 7.9±0.1 78.2 ±3 .8 1 0 ± 0  1 118

rat p CGRP 8.2±0.1 76.5 ±2.2 1.1 ±0.1 194

rat amylin 6.4±0.1 73.2 ±3.4 1 0 ± 0  1 4

[Cys(ACM"")] 
ha CGRP

<4.5 > 38 5 ±5.6 1 2±0.2 <0 03

salmon calcitonin <4.0 >0.0 0.0 <0.01

human
adrenomeduUin

ND ND ND ND
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Figure 2.8 Effect of second agonist curves to ha CGRP, rat amylin and [Cys(ACM^’̂ )] 

ha CGRP in rat prostatic vas deferens. First concentration response curves to ha CGRP 

(•), rat amylin (■) and [Cys(ACM^’̂ )] ha CGRP (T) on twitch responses, and second 

curves (hollow symbols) to the peptides, obtained 30 min later. Results are expressed as 

percentage inhibition of twitch responses. Points represent the mean ± s.e.m. of 4 

separate experiments.
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response as compared with ha CGRP (Figure 2.6.b). Rat amylin was about 25 times less 

potent than ha CGRP but produced a similar maximum response (Figure 2.6.b). The 

linear analogue [Cys(ACM^’̂ )] ha CGRP was inactive up to lO'^M, and although it 

showed some agonist activity at higher concentrations (up to lO'̂ ^M), the peptide was at 

least 3000-fold weaker than ha CGRP (Figure 2.6.b) Salmon calcitonin had no effect 

on twitch responses up to 10*̂ M (Figure 2.6.b) Table 2.1.b summarizes the agonist 

potencies relative to ha CGRP in the vas deferens.

Reproducible inhibition curves were obtained for ha CGRP, rat amylin or 

[Cys(ACM^’̂ )] ha CGRP on twitch responses (Figure 2.8), suggesting no tachyphylaxis.

2.3.3 Antagonism by CGRPg.37 in the pulmonary artery

Addition of ha CGRPg.37 or hp CGRPg g? (lO'^-lO'^M) alone had no effect on 

basal or spasmogen-induced tone in the pulmonary artery.

(a) Determination o f equilihrium

Ha CGRPg.37 (lO'^M) incubated for either 2, 20 or 60 min, before addition of ha 

CGRP (apparent pKs 7.1±0.1, 7.0±0.1 and 6.6±0.2, respectively), indicated that 

equilibrium was reached after 2 min (Figure 2.9). Thereafter, CGRP fragments were 

incubated for 20 min prior to the addition of agonists.

(b) Determination o f antagonist affinity

Pretreatment with ha CGRPg.37 at four different concentrations (3x10'^, 10"®, 

3x10’̂  and lO'^M) shifted ha CGRP concentration response curves to the right, 

producing concentration ratios (and Hill slopes) of 3 .8±0.5 (1.0±0.1; n=4), 15.3±2.4 

(1.0±0.1; n=5), 20.5±6.4 (0.7±0.1; n=9) and 34.9±9.8 (0.5±0.1; n=10), respectively, 

with no depression in maximum response (Figure 2.10.a). Over this range of 

concentrations, construction of a Schild plot gave an apparent pAi value of 7.5 with a 

Schild slope (0.5±0.2), that was significantly different from unity. However, high 

concentrations of ha CGRPg.37 (e.g. lO'^M) caused relaxation of the spasmogen-induced 

tone (20-50% relaxation; onset and equilibrium varying between 3 and 20 min), and this 

relaxation was associated with a reduced antagonist affinity for ha CGRPg.37, when
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Figure 2.9 Effect of ha CGRPg.?? pretreatment on ha CGRP responses in rat pulmonary artery Concentration response curves to ha CGRP 

( • )  alone on phenylephrine-induced tone, and after pretreatment with ha CGRPg.?? (lO'^M, ■) for (a) 2 min, (b) 20 min and (c) 60 min Results 

are expressed as percentage relaxation of the spasmogen-induced tone Points represent the mean ± s.e m of 4 separate experiments
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Figure 2.10 Antagonist effect of ha CGRPg-s? against ha CGRP responses in rat 

pulmonary artery. Graphs (left) showing concentration response curves to ha CGRP ( • )  

alone on phenylephrine-induced tone, and in the presence of ha CGRPg-s? at (a) 3xlO'^M 

(T), 10"^ (■), 3 x 1 0 ^  (♦ )  and lO'̂ M (□) and (b) 3xlO'^M (T), 1 0 ^  (■) and 3x10"^ 

(♦ ). Results are expressed as percentage relaxation of the spasmogen-induced tone, where points 
represent the mean ± s.e.m. of 4 to 28 individual experiments. The Schild plots (right) for 

ha CGRPg.37 against ha CGRP with (a) a shallow slope and (b) a slope not significantly 

different from unity (see text). Points represent individual values from at least 13 

separate experiments.
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Figure 2.11 Summary of individual pKg values for ha CGRPg-37 ( 10'^-10'^M) against ha 

CGRP relaxation in rat preconstricted pulmonary artery Apparent pKe values for ha 

CGRPg.37, obtained from tissues where addition of the fragment at the stated 

concentration had either no effect on phenylephrine-induced tone ( • )  or caused 20-50% 

relaxation of the spasmogen-induced tone (O). Results are expressed as individual pKe 

values for ha CGRPg.37, where points represent single values from 29 separate 

experiments.
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measured against ha CGRP (Figure 2.11). Thus, subsequent results were obtained from 

the lowest three concentrations of ha CGRPg.37 (3xlO'^-3xlO"^M), where either the 

contractile tone was unaltered (3x10'^ and 10‘̂ M) or with 3xlO"^M of ha CGRPg g? 

including only those tissues which were not relaxed by the antagonist (Figure 2.11) 

Using these sets of results only, ha CGRPg.37 (3xlO‘̂ -3xlO'^M) inhibited ha CGRP 

responses concentration-dependently, and shifted the agonist curve to the right, 

producing concentration ratios of 3.8±0.5 (n=4), 15.3±2.4 (n=5) and 48.8±8.1 (n=4), 

respectively (Figure 2.10.b) Here, the Schild plot gave a pA% value of 6.9, with a slope 

(1.2±0.1), consistent with competitive antagonism. Subsequently, in the pulmonary 

artery, CGRP antagonists were used at lO'^M or lower concentrations, which had no 

effect on either the basal or the spasmogen-evoked tone.

Concentration response curves to hp CGRP were shifted to the right by ha 

CGRPg.37 (10"^M; concentration ratio 13.5±2.0), without reducing the maximum 

response (Figure 2.12.a) The antagonist produced a parallel displacement of the agonist 

curve, as revealed by the Hill slope of the curve (1.0±0.1), which was not significantly 

different from the control (see Table 2.1.a, page 61). The apparent pKg value for ha 

CGRPg.37 against hp CGRP was similar to the affinity obtained against ha CGRP. Rat 

amylin responses were antagonized by ha CGRPg.37 (lO'^M) in a similar manner (Figure 

2.12.b) Responses to human adrenomeduUin were not inhibited by ha CGRPg.37 (10' 

^M; Figure 2.12.c). The pECso values for adrenomeduUin were 8.2±0.1 and 8.2±0.1 in 

the absence and presence of ha CGRPg.37, respectively. The P-form of human CGRPg.37 

(IC^M) antagonized ha CGRP responses, and produced a concentration ratio of 

12.4±1.6, without depressing the maximum response (Figure 2.13). Table 2.2 

summarizes the antagonist afiBnities for human (a and p) CGRPg.37 in the pulmonary 

artery.

2.S.^ Antagonism by CGRPg.37 in the vas deferens

Addition of ha CGRPg.37 (up to 3xlO'^M) or hp CGRPg.37 (even up to IC^M) did 

not alter either basal tone or twitch responses in the prostatic vas deferens, i.e. the 

fragments showed no agonist activity.
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Figure 2.12 Effect of ha CGRPs-s? on hp CGRP, rat amylin and adrenomeduUin responses in rat pulmonary artery Concentration response 

curves to (a) hp CGRP (A), (b) rat amylin (T), and (c) human adrenomeduUin (♦ )  on phenylephrine-induced tone, and in the presence of ha 

CGRPg-s? (lO’̂ M, ■) Results are expressed as percentage relaxation of the spasmogen-induced tone Points represent the mean ± s e m of 4 

individual experiments, except for (b), where w = 3
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Figure 2.13 Antagonist effect of hP CGRPg g? on ha CGRP responses in rat pulmonary 

artery Concentration response curve to ha CGRP (#) alone on the phenylephrine- 

evoked tone, and in the presence of hp CGRPg gv (lO’̂ M, □). Results are expressed as 

percentage relaxation of the spasmogen-induced tone Points represent the mean ± s.e.m 

of 4 separate experiments.
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Table 2.2 Antagonist affinities of ha- and h(3 CGRPg.37 against CGRP analogue- and 

homologue-induced relaxation of phenylephrine-evoked tone in rat pulmonary artery 

Apparent pKe values (*) were obtained from concentration ratios using lO'^M of the 

CGRP antagonists, and are expressed as the mean ± s.e.mj; pA2 values were obtained 

from a Schild plot by linear regression using various concentrations of the antagonists, 

and the Schild slope was expressed as mean ± s.e.m.. Values were obtained from 3 to 13 

individual experiments.

Agonist Antagonist pAi / pKs^ value Schild slope

ha CGRP ha CGRP8-37 6.9 1 . 2  ± 0 . 1

hp CGRP ha CGRPg.37 7.1 ± 0.1 * —

ha CGRP hp CGRPg.37 7.1 ± 0.1 * —

rat amylin ha CGRPg.37 7.2 ± 0.1 * —

human
adrenomeduUin

ha CGRPg.37 < 6  * —
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(a) Determination o f equilibrium

Incubation of ha CGRPg.37 (lO'^M) for either 3, 20 or 60 min before addition of 

ha CGRP (apparent pKb 6.1±0.1, 6.0±0.2 and <5, respectively), showed that equilibrium 

was reached after 3 min (Figure 2.14). Thereafter, CGRP fragments were incubated for 

20 min prior to the addition of agonists.

(b) Determination o f antagonist affinity

Preliminary experiments indicated that ha CGRPg.37 up to 3xlO‘̂ M did not 

significantly alter responses to ha CGRP (p>0.05; ANOVA). Pretreatment of ha 

CGRPg.37 at higher concentrations (10'  ̂and 3xlO'^M) assayed against ha CGRP, caused 

a concentration-dependent parallel rightward shift of the agonist curve, and produced 

concentration ratios of 10.7Ü.6 and 22.9±3.4 (Figure 2,15.a). The Schild plot gave an 

apparent pA: of 6.0 and a slope (0.9±0.1) consistent with competitive antagonism. Ha 

CGRPg.37 (10'  ̂ and 3xlO*^M) antagonized hp CGRP responses in a similar manner 

(Figure 2.15.b). Ha CGRPg.37 (lO’̂ M) inhibited responses to both rat p CGRP and rat 

amylin, and produced concentration ratios that were similar (7.4±1.1 and 7.7±1.2, 

respectively), without reducing the maximum response (Figure 2.16) The P-form of 

human CGRPg.37 (3x10'^ and 10"\i) concentration-dependently antagonized ha CGRP 

responses (Figure 2.17). The Schild plot revealed that antagonism was competitive 

(slope not significantly different from unity), and the pA] value was similar to that for ha 

CGRPg.37 Table 2.3 presents a summary of the affinity values for human (a and p) 

CGRPg.37 in the vas deferens.

2.3,5 Effect o f peptidase-inhibitors

A mixture of peptidase-inhibitors (amastatin, bestatin, captopril, phosphoramidon 

and thiorphan in DMSO; 10"^  each) or DMSO alone had no effect on basal tone, on 

the spasmogen-induced tone in the pulmonary artery or on twitch responses in the vas 

deferens.

In the pulmonary artery, the peptidase-inhibitors (30 min pretreatment) did not 

modify either the agonist activity of ha CGRP or the antagonist affinity of ha CGRPg.37 

(Figure 2.18). The pECso values for ha CGRP were 8.1 ±0.1 and 8.0±0.1, and the

73



(a) (b) (c)

'-a

100

g

-10 -9 8 •7 ■6

Log [ha CGRP] M

o

100

75n

50j

254

r T

-10 -9 -8 -7 -6 -5
Log [ha CGRP] M

lOOi

g
X)

50-

25-

r T T T T

-10 -9 -8 -7 -6
Log [ha CGRP] M

Figure 2.14 Effect of ha CGRPg-s? pretreatment on ha CGRP responses in rat prostatic vas deferens. Concentration response curves to ha 

CGRP ( • )  alone on twitch responses, and after pretreatment with ha CGRPg-s? (lO'^M, ♦ )  for (a) 3 min, (b) 20 min and (c) 60 min Results are 

expressed as percentage inhibition of twitch responses. Points represent the mean ± s e m. of 4 separate experiments.
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Figure 2.15 Antagonist effect of ha CGRPg-s? against ha- and hp CGRP in rat prostatic 

vas deferens. Graphs (left) showing concentration response curves to (a) ha CGRP (#) 

and (b) hp CGRP (■) alone on twitch responses, and in the presence of ha CGRPg-s? at 

lO'^M (♦ )  and 3xlO'^M (A). Results are expressed as percentage inhibition of twitch 

responses. Points represent the mean ± s.e.m. of 4 to 8  separate experiments. The Schild 

plots (right) for ha CGRPg-s? against (a) ha CGRP and (b) hp CGRP, where points 

represent individual data from 8  separate experiments.
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Figure 2.16 Antagonist effect of ha CGRPg.s? against rat p CGRP and rat amylin in rat 

prostatic vas deferens. Concentration response curve to (a) rat p CGRP (#) and (b) rat 

amylin (■) alone on twitch responses, and after pretreatment with ha CGRPg-s? (lO’̂ M, 

♦ ). Results are expressed as percentage inhibition of twitch responses Points represent 

the mean ± s.e.m. of 4 individual experiments
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Figure 2.17 Antagonist effect of hp CGRPg.37 on ha CGRP responses in rat prostatic 

vas deferens, (a) Concentration response curve to ha CGRP (#) alone on twitch 

responses, and in the presence of hp CGRPg-s? at 3xlO'^M (A) and 10"*M (▼). (b) The 

Schild plot for hp CGRPg-s? against ha CGRP Results on the graph are expressed as 

percentage inhibition of twitch responses Points represent the mean ± s.e m. of 4 to 8 

individual experiments. On the Schild plot points represent individual data of 8 separate 

experiments.
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Table 2.3 Antagonist affinities of ha- and hp CGRPg-s? against CGRP analogue- and 

homologue-induced inhibition of twitch responses in rat prostatic vas deferens. Apparent 

pKfi values (*) were obtained from concentration ratios using lO'^M of the antagonists, 

and are expressed as the mean ± s.e.m.. PA2 values were obtained from a Schild plot by 

linear regression using various concentrations of the CGRP antagonists, and the Schild 

slope was expressed as mean ± s.e.m.. Values were obtained from at least 4 separate 

experiments.

Agonist Antagonist pAz / pKb* value Schiïd slope

ha CGRP ha CGRPg-s? 6.0 0.9 ±0.1

hp CGRP ha CGRPg-s? 5.7 1.2±0.1

rat P CGRP ha CGRP8-37 5.8±0.1 * —

rat amylin ha CGRPg.37 5.8±0.1 * —

ha CGRP hp CGRPg.37 5.6 1.1±0.2
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Figure 2.18 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan, lO'^M each) on ha CGRP responses in the absence and 

presence of ha CGRPg-s? in rat pulmonary artery. Concentration response curves to ha 

CGRP (# ,0 )  on phenylephrine-induced tone, and in the presence of ha CGRPg.s? (10' 

^M, ■ ,□  ), in either absence (filled symbols) or presence (hollow symbols) of peptidase-

inhibitors. Results are expressed as percentage relaxation of the spasmogen-induced 

tone. Points represent the mean ± s.e.m. of 4 individual experiments.
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Figure 2.19 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 
phosphoramidon, thiorphan, lO'^M each) on responses to CGRP analogues and on the 
antagonist effect of ha CGRPg-s? against ha CGRP in rat prostatic vas deferens, (a) 
Concentration response curves to ha CGRP (#) and [Cys(ACM^’̂ )] ha CGRP (▼) on 
twitch responses, and in the presence of peptidase-inhibitors (O and V, respectively),

(b) The inhibitory effect of ha CGRPg-s? (lO'^M; ^ ,0 )  on ha CGRP (#,0)-induced twitch 
inhibition, in either absence (hollow symbol) or presence (filled symbol) of peptidase- 
inhibitors. Results are expressed as percentage relaxation of the spasmogen-induced tone. 
Points represent the mean ± s.e.m. of 4 individual experiments.
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apparent pKe values for ha CGRPg s? (10"^M) against ha CGRP were 7.0±0.1 and 

6.9±0.1 in the absence and presence of peptidase-inhibitors, respectively. In the prostatic 

vas deferens, the peptidase-inhibitors did not significantly alter the agonist activity of 

either ha CGRP or [Cys(ACM^’̂ )] ha CGRP (Figure 2.19.a). The pICso values for ha 

CGRP were 7.8±0.1 and 7.6±0.1, and the maximum responses for 3xlO’̂ M 

[Cys(ACM^’̂ )] ha CGRP were 45.0±5.6% and 39.3±4.5%, before and after treatment 

with peptidase-inhibitors, respectively. The affinity of ha CGRPg-s? (lO'^M) assessed 

against ha CGRP responses with an apparent pKe of 5.9±0.1 in the presence of 

peptidase-inhibitors was not significantly different from controls (apparent pKe 5.8±0.1) 

obtained in the absence of peptidase-inhibitors (Figure 2.19.b). These results suggested 

that treatment with peptidase-inhibitors does not affect either the potency of CGRP 

agonists or the affinity of CGRP antagonists, in the investigated tissues.

2.4 Discussion

In this chapter CGRP receptors have been characterized in the rat pulmonary 

artery and the vas deferens The nature of CGRP receptors was investigated, using the 

subtype-selective antagonist CGRPg.37, the subtype-selective agonist [Cys(ACM^’̂ )] ha 

CGRP, and CGRP homologues which can mimic some biological effects of CGRP.

The proposed classification into CGRPi and CGRP2 receptors has been largely 

dependent on the C-terminal fragment ha CGRPg.37, which has a higher affinity at the 

CGRPi receptor than at the CGRP2 receptor (Dennis et al., 1989 and 1990; Mimeault et 

al, 1991; Quirion et a l, 1992). The pA2 value for ha CGRPg.37 (6 9 against ha CGRP) 

in the rat pulmonary artery is consistent with a CGRPi receptor, and in good agreement 

with pA2 values (7.0-7.7) obtained from the prototypical CGRPi receptor found in the 

guinea pig atrium (Dennis et a l, 1990; Maggi et a l, 1991; Mimeault et a l, 1991). The 

lower pA2 value of 6.0 for ha CGRPg.37 (against ha CGRP) obtained in this study from 

the rat vas deferens is consistent with a CGRP2 receptor, and agrees well with values for 

ha CGRPg.37 from the literature in this tissue, ranging between 6.6 and lower than 6.0 

(Dennis et a l, 1990; Maggi et a l, 1991; Mimeault et a l, 1991 and 1992; Longmore et 

al, 1994). Therefore, the differences in ha CGRPg.37 affinity between the two rat tissues
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supports the proposed CGRP receptor classification, in a single species. Further, since 

equilibrium appeared to have reached for ha CGRPg-s? at both receptors this is not a 

factor which could be responsible for the differing affinities. However, the present 

conclusion is only based on an around 10-fold difference in CGRPg.37 affinity, which 

indicates the need for antagonists with greater selectivity.

In an attempt to characterize the putative CGRP receptor subtypes further, the 

present chapter investigated whether various CGRP forms act differently on the CGRPi 

and CGRP: receptors and whether the P-form of human CGRPg.37 differentiated between 

the receptors. In both the pulmonary artery and the vas deferens, results with the 

different forms of CGRP suggest that the agonists interact with a common class of 

CGRPi and CGRP2 receptors, respectively, since their action was antagonized by ha 

CGRPg.37 in an agonist-independent manner. Further, the results for hp CGRPg.37 

indicate that this antagonist distinguishes between CGRPi and CGRP2 receptors by an 

around 10-fold difference in affinity, consistent with the values for ha CGRPg.37 at these 

receptors. Therefore, sequence differences between agonists (ha CGRP, hp CGRP, rat P 

CGRP) or antagonists (ha CGRPg.37, hp CGRPg.37) do not lead to differences in 

selectivity for the receptor subtypes, but support the characterization of a single class of 

CGRPi and CGRP2 receptors.

Recently, the concept of a simple division of CGRP receptors was questioned by 

Longmore et al. (1994), who suggested that differing affinities of CGRPg.37 could reflect 

differences in enzyme distribution, since the authors showed that thiorphan increased the 

affinity to ha CGRPg.37 in the rat vas deferens (from an apparent pKe value below 6.0 to 

6.6). However, a combination of endo- and exopeptidase-inhibitors (which inactivate 

some metallopeptidases and aminopeptidases) did not modify either responses to ha 

CGRP or the affinities for ha CGRPg.37 In agreement with these data, phosphoramidon, 

thiorphan and bestatin (either separately or in combination) did not affect the vasodilator 

response to CGRP in guinea pig basilar artery (O’Shaughnessy et a l, 1993), or the 

affinity for ha CGRPg.37 in guinea pig vas deferens (Tomlinson & Poyner, 1996) and 

trachea (Bhogal et a l, 1994), and even previous work in the rat vas deferens in the 

presence of thiorphan (lO'^M) gave an apparent pKe value for ha CGRPg.37 (6.1 ±0.1 

against rat p CGRP; Giuliani et a l, 1992), not different fi"om the present result.
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Therefore, differences in peptide degradation do not explain the difference in ha CGRPg- 

37 affinity between the rat vas deferens and pulmonary artery, but support the presence of 

CGRP receptor subtypes.

A further tool by which to sub-classify CGRP receptors has been suggested to be the 
linear analogue [Cys(ACM^^)] ha CGRP (Dennis et al, 1989; Quirion et al, 1992): The 

I  peptide selectively activated the CGRPz receptor in the rat vas deferens (with a fiill agonist 

response and a 1% potency relative to ha CGRP) while being inactive at the CGRPi receptor 

in the guinea pig atrium (up to 10'*^. For the rat pulmonary artery, the present data are 

consistent with a CGRPi receptor, as [Cys(ACM^^)] ha CGRP was at least 3000-fold 

weaker than ha CGRP and evoked a response only above 10"^. However, the results 

presented in the rat vas deferens do not agree with the characterization of a CGRPz receptor, 

since [Cys(ACM^^)] ha CGRP had less than three thousandth of the activity of ha CGRP, 

and did not reach a maximum effect despite concentrations up to BxlO'^M, while the potency 

of other agonists such as (human and rat) CGRP or rat amylin was similar to those of other 
workers (Dennis et al, 1989; Maggi et al, 1991; Giuliani et al, 1992). One possibility is that 

enzymatic degradation might explain the weak activity of [Cys(ACM^^)] ha CGRP, but the 

lack of effect of the peptidase-inhibitors makes this unlikely. Another possibility may be that 
the peptide acts as a partial agonist, and differences reflect a differing receptor reserve. It is 

noteworthy that the peptide’s proposed selectivity is largely undocumented. For instance, 

there is no report confirming the 1% relative potency (or the full agonist response) of 

[Cys(ACM^^)] ha CGRP (compared to CGRP) at a tissue CGRPz receptor, while two 
studies on isolated cells reported a 0.5% relative potency both on putative CGRPz receptors, 

in human HCA-7 cells (Cox & Tough, 1994) and on CGRPi receptors, in rat ventricular 

cardiomyocytes (Bell & McDermott, 1994). Furthermore, studies which suggested CGRPi 

receptors on the basis of [Cys(ACM^^)] ha CGRP inactivity (e.g. Claing et al, 1992; Chin et 

al, 1994), did not use concentrations above I C ^  despite the fact that the peptide is only a 

weak agonist. Therefore, at least based on the present results it appears that [Cys(ACM^^)] 

ha CGRP does not discriminate between the proposed CGRPi and CGRP2 receptors (being 
at least 3000-fold less active than CGRP at both receptors), suggesting that it may not be a 

useful tool with which to sub-classify CGRP receptors.

I Previously, Giuliani et a l  (1992) suggested that amylin might differentiate between 

the putative CGRPi and CGRP2 receptors, as ha CGRPg-s? antagonized rat amylin 

responses in the guinea pig atrium but not in the rat vas deferens. The current data.

83



however, indicate that rat amylin has affinity for both CGRPi receptors in the rat 

pulmonary artery and CGRPi receptors in the rat vas deferens. This conclusion is based 

on (i) the lower potency of amylin relative to CGRP and (ii) the similar antagonist effect 

of ha CGRPg-s? against both amylin and CGRP In agreement with these results, 

previous studies have suggested that amylin can interact with CGRPi receptors in rat 

perfused kidney (Chin et a l, 1994) and rat ventricular cardiomyocytes (Bell & 

McDermott, 1995), as responses to CGRP and amylin were antagonized by ha CGRPg.37 

with the same high affinity. However, amylin does not consistently mimic the effect of 

CGRP on CGRPi receptors, as demonstrated for instance in the guinea pig ileum 

(Tomlinson & Poyner, 1996). Therefore, taken together these studies suggest that the 

use of amylin to differentiate CGRP receptors may be of limited value.

Human adrenomedulhn does not appear to interact with the CGRPi receptor in the 

pulmonary artery, since it was not antagonized by ha CGRPg.37 (10*^M). These findings 

are consistent with several studies in the vasculature, including rat perfused lung (Heaton 

et a l, 1995), human vascular endothelial cells (Kato et a l, 1995) and guinea pig isolated 

pulmonary artery (Pinto et a l, 1996), where ha CGRPg.37 does not alter adrenomedulhn 

responses. Also, in rat, in vivo, the hypotensive effect induced by adrenomedulhn is not 

inhibited by ha CGRPg.37 (Gardiner et a l, 1995), which suggests that adrenomedulhn 

acts on its own receptor. This was recently cloned from the rat lung (Kapas et a l, 1995). 

Therefore, the results in the rat pulmonary artery are consistent with the existence of 

separate adrenomedulhn- and CGRPi receptors, which can be differentiated by ha 

CGRPg.37.

CGRP acts in the rat pulmonary artery by an endothelium-dependent mechanism 

via nitric oxide, since responses were abolished either by removal of the endothelium or 

with N^-nitro-L-arginine (which could be reversed with L-arginine). This conclusion is 

consistent with previous binding and in vitro studies (Mannan et a l, 1995), and agrees 

with the mechanism found in the rat thoracic aorta (Gray & Marshall, 1992a,b; see 

Figure 1.1, page 35). However, the present findings differ to those reported in the main 

pulmonary arteries (Maggi et a l, 1990) and the pulmonary trunk (Pinto et a l, 1996) of 

the guinea pig, where CGRP acts endothelium-independently, suggesting species 

variations.
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The pA% value for ha CGRPg-s? determined in the rat pulmonary artery agrees with 

values from several vascular studies, including the rat perfused mesenteric vasculature 

(pA2 7.4 against rat a  CGRP; Nuki et a l, 1994b), rat mesenteric resistance artery 

(apparent pKe 7.0 (lO'^M) against hp CGRP; Lei et al., 1994), guinea pig superior 

mesenteric artery (estimated pKg 7.0 (lO'^M) against human CGRP; Gyoda et a l, 1995), 

rat intramural coronary artery (pA% 6.9; Sheykhzade & Nyborg, 1998) and pig coronary 

artery (pA2 6.7 against ha CGRP; Gray et a l, 1991). However, all these studies show an 

endothelium-independent pathway for CGRP, probably mediated via a CGRPi receptor, 

while in the rat pulmonary artery, the endothelium-dependence and ha CGRPg g? affinity 

suggest the existence of an endothelial CGRPi receptor. This indicates for the first time 

that receptors with high afiinity for ha CGRPg.37 can be associated with the endothelium 

and not just the smooth muscle. Furthermore, a high affinity for ha CGRPg.37 is not 

associated with a particular vessel diameter, since the present results were obtained from 

a major artery, while most other reports indicating a high ha CGRPg.37 affinity were 

obtained from small arteries (e.g. Lei et a l, 1994; Kobayashi et a l, 1995; Sheykhzade & 

Nyborg, 1998) and perfusion studies (e.g. Chin et a l, 1994; Nuki et a l, 1994b), which 

reflect the state of resistance arterioles. Therefore, it appears that CGRPi receptors in the 

vasculature are similar on either the endothelium or on smooth muscle and in a 

functionally diverse range of arteries. In the vas deferens, CGRP receptors have been 

shown to be located on the smooth muscle, since inhibition of twitch responses is a direct 

effect through postjunctional receptors and is not influenced by sympathetic 

neurotransmitters (Goto et a l, 1987; Al-Kazwini et a l, 1986). Therefore, not only 

CGRPi but also CGRP2 receptors can be present on the smooth muscle, indicating that 

the type of CGRP receptor is not uniquely associated with a particular location.

This chapter indicates that while ha CGRPg.37 is the most reliable tool to classify 

CGRP receptors, there are problems with the antagonist. Firstly, the antagonist affinity 

was reduced with longer incubation times (60 min) in the rat vas deferens but not in the 

pulmonary artery, which might reflect the uptake of ha CGRPg.37 into other 

compartments in some tissues. Secondly, in the pulmonary artery, the Schild analysis for 

ha CGRPg.37 gave a regression with a slope less than unity (when all concentrations of 

ha CGRPg.37 were included). One possibility may be that a nonequilibrium steady state 

has been attained. For instance, if an active, saturable, agonist-removal mechanism is
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present this could suggest that receptors are sensitized to CGRP (by saturation of the 

removal process) and thus, antagonism is partially cancelled Alternatively, the 

observation that antagonist concentrations higher than lO'^M did not produce further 

rightward shifts of the curve to ha CGRP, could suggest an allotopic interaction of ha 

CGRP8-37 with the receptor, thus, the binding domains for antagonist and agonist exist on 

separate parts of the receptor, and interaction between the two is allosteric. It is unlikely 

that CGRP receptors are present on the smooth muscle and are activated by high 

concentrations of CGRP since ha CGRP (up to lO'^M) gave no response in the absence 

of the endothelium.

Another reason for the variability in apparent pKe values for ha CGRPg s? in the 

pulmonary artery is its vasodilator activity. For instance, the peptide could be a partial 

agonist at CGRP receptors in the pulmonary artery but not in the vas deferens, where 

antagonist concentrations up to lO'^M (of hp CGRPg.37) did not inhibit twitch responses. 

Alternatively, the vasodilator effect produced by ha CGRPg.37 could reflect interaction 

with a non-CGRP receptor. Cross-reaction with receptors for CGRP homologues such 

as calcitonin, amylin or adrenomedulhn seems unlikely, since either the peptides 

(calcitonin, amylin) were much weaker than CGRP or ha CGRPg.37 was ineffective 

(adrenomedulhn). However, an interaction with other receptors remains a possibility. For 

instance, ha CGRPg.37 is an agonist at NKi receptors, in rabbit iris sphincter (Andersson 

& Almegard, 1993). Stimulation of NKi receptors (by substance P) causes vasodilation 

in the pulmonary circulation of many species, including guinea pig (Saria et a l, 1988), 

dog (Archer et a l, 1986; McCormack et a l, 1989b), pig (Adnot et a l, 1991), human 

(Martling et a l, 1987), as well as in the cardiovascular system of the rat (Maggi et al., 

1985; Couture et a l, 1989) and in rat isolated arteries, such as the hepatic artery 

(Bratveit & Helle, 1991). An NKi receptor-mediated dilator response in the rat 

pulmonary artery would be consistent with the lack of effect of ha CGRPg.37 on twitch 

responses in the rat vas deferens, since this tissue contains NK2 (but not NKi) receptors 

(Tousignant et a l, 1987). Therefore, the present results illustrate that the fragment has 

to be used with care in some situations, since it has limitations as a competitive 

antagonist.
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Compared with the putative CGRPi receptor clones from human synovial tissue 

(Aiyar et a l, 1996) and rat lung capillaries (Han et al., 1997), the data presented here 

from the rat pulmonary artery agree with some of the authors’ findings. For instance, the 

reported agonist potency for ha CGRP (EC50 9xlO‘̂ ®M and 4x10 '^ , respectively) and 

the inactivity of [Cys(ACM^’̂ )] ha CGRP are in good agreement with the current data. 

Aiyar et al. (1996) reported an affinity for ha CGRPg-s? (pAi 7.57 against ha CGRP 

accumulation of cAMP levels) around 4-fold higher than the present value, but Han et al. 

(1997) did not quote an affinity value for the antagonist against CGRP stimulation of 

cAMP production. Compared with the proposed CGRPi receptor clone from canine 

thyroid (Kapas & Clarke, 1995), the agonist potency for rat a  CGRP (EC50 3xlO '\f, 

stimulation of intracellular cAMP), the inactivity of [Cys(ACM^’̂ )] ha CGRP, and the 

antagonism by ha CGRPg.37 on CGRP but not on adrenomedulhn are consistent with the 

current data. However, a direct comparison between the affinity values for ha CGRPg.37 

is not possible, since the authors calculated an IC50 value (5xlO’̂ ®M) from an antagonist 

inhibition curve. Using a modified Cheng Prusoff equation (Leff & Dougall, 1993; 

Appendix 4, page 184), and assuming values for the slope coefficient and the agonist 

concentration, which were not quoted by the authors, the calculation into an apparent 

pKb gives a value much higher than in the present study. Therefore, at present it seems 

difficult to compare between the pharmacology of these putative CGRP receptor clones 

(CRLR) and tissue receptors.

In conclusion, the differences in antagonist affinity for CGRPg.37 support the 

proposed classification into CGRPi and CGRP2 receptors, which have been 

characterized in the rat pulmonary artery and vas deferens, respectively. However, the 

CGRP analogue [Cys(ACM^’̂ )] ha CGRP and the homologues amylin and 

adrenomedulhn appear not to be useful to distinguish between the putative CGRP 

receptor subtypes.
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Chapter 3

Bioactive structures for ha CGRPg.37 

in rat pulmonary artery and prostatic vas deferens

3.1 Introduction

Previous studies suggested that CGRPg-a? is probably the most useful tool with 

which to characterize CGRP receptors (Chapter 2). This C-terminal fragment (devoid of 

the N-terminal ring structure) has affinity for CGRP receptors, and antagonizes some 

biological effects of CGRP more potently than others. The lack of more sufficiently 

selective receptor ligands, however, has largely hampered further research, and although 

shorter C-terminal fragments, such as ha CGRP 12.37 or ha CGRP28-37 (Dennis et a l, 

1989; Chakder & Rattan, 1990) have also been identified as antagonists, these are 

generally weaker than ha CGRPg-37

A pre-requisite to understanding the relation between CGRPg.37 structure and 

affinity, would be to establish the structural features which determine the interaction of 

the peptide with its receptor(s). Both NMR (nuclear magnetic resonance) and CD 

(circular dichroism) studies have been undertaken to investigate the solution structure of 

CGRP and have indicated that residues 8 to around 18 are involved in the formation of 

an amphiphilic a-helix (Lynch & Kaiser, 1988; Manning, 1989; Breeze et al., 1991; 

Hubbard et a l, 1991; Appendix 5, page 185). Modelling studies indicated that changes 

in length and sequence of this region alter the biological activity of ha CGRP (Lynch & 

Kaiser, 1988); and structure activity work with ha CGRPg.37 showed that deletion of 

some N-terminal residues resulted in weaker binding affinity and antagonist activity 

(Mimeault et a l, 1992). Thus, it was suggested that the amphipathic a-helix is an 

important feature for the interaction of the peptide with its receptors. However, the 

majority of structure activity work on the helical region has been rather patchy, since in 

several situations an alanine map (sequential replacement of residues with alanine to 

conserve structure, but remove functionality) has led to equivocal results.
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Figure 3.1 Chemical structure of the bend-biasing amino acid proline and the BTD 

(beta-tum dipeptide) peptidomimetic Bold lines illustrate bend-biasing (proline) and 

bend-forcing (BTD) regions The BTD mimic replaces the i+1 and i+2 amino acid 

residues of a 4 residue P-turn with its backbone conformation based on a 1-thioindolizine 

structure Dotted lines represent hydrogen bonding between C=0 of residue i and NH of 

residue i+3.
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Structural features downstream of the helix have not yet been identified. 

However, both conformational and modelling studies have indicated a tendency for two 

P-bend formations: one terminating the a-helix around residues 17 and 21 (Lynch & 

Kaiser, 1988; Breeze et al, 1991; Hubbard et a l, 1991) and another around the C- 

terminal region 29 to 35 (Hubbard et a l, 1991; Hakala & Vinhinen, 1994). Beta-turn 

regions have been shown to be important features for the biological activity of several 

peptides, including enkephalin, angiotensin II and gramicidin S, and substantial evidence 

exists that many of these peptides adopt P-tums in their active receptor bound 

conformations (Smith & Pease, 1980). A P-bend is a reverse turn, involving 4 residues 

formed by an intramolecular hydrogen-bond between the C=0 of residue i (i.e. the first 

residue of a turn) and the N-H of residue i + 3 (i.e. the residue located three residues 

towards the carboxyl terminus). One approach towards peptidomimetics is to replace 

these p-tum regions with structures that bias (proline) or force (beta-tum dipeptide or 

BTD; Nagai & Sato, 1985) the conformation of the native peptide (Figure 3.1)

The aim of the present chapter was to identify structural features for ha CGRPg- 

37 at receptors in the rat pulmonary artery and prostatic vas deferens The present study 

focuses mainly on the putative p-bend regions which were investigated by using 

structure-conserving (alanine), bend-biasing (proline) and bend-forcing (BTD) surrogates 

in ha CGRPg-a?, assayed against ha CGRP. Further, the role of the N-terminal region 

and the C-terminus of ha CGRPg-s? was examined by using incorporated structures at 

position 8  (glycine, proline, ûfe5 -NH2 valine), in the helical region (proline* and glutamic 

acid̂ ®’̂ "̂ ), and at position 37 (alanine amide), which were studied on ha CGRP responses. 

To check for possible peptide degradation, the effect of peptidase-inhibitors (amastatin, 

bestatin, captopril, phosphoramidon, thiorphan) was tested on some of the ha CGRPg g? 

analogues, in the vas deferens.

3.2 Methods

Rat endothelium-intact pulmonary arterial rings and rat prostatic vas deferens 

strips were set up, and agonist concentration response curves to ha CGRP were 

constructed on phenylephrine-induced tone (3xlO'*M) in the pulmonary artery
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Table 3.1 Primary amino acid sequence (single letter code; see Appendix 1) of h a  CGRP.s.37 and analogues illustrating sequence differences. Red 

regions, substitutions within the analogues compared with h a  CGRP.s-37 (black). Numbers, amino acid positions; BTD, beta-turn dipeptide.

VO

ha CGRP.

ha CCiRI’̂  3,Pn)'̂

ha CGRP^

ha CGRP  ̂ TD'"

ha CCiRP̂  3̂ BTD'̂

ha CGRP  ̂^̂ BTD'" '

ha CGRP  ̂,,Gly^

ha CGRP  ̂3^n)«

ha CGRP  ̂3,Pn)«Glu'"Glu'<'

ha CGRP  ̂3,Aia'^

« 37

V T H R L A G L L S R S G G V V K N N F V P T N V G S K A F  

V T H R L A G L P S R S G G V V K N N F V P T N V G S K A F  

V T H R L A G L A S R S G G V V K N N F V P T N V G S K A F  
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and on twitch responses in the vas deferens, as described earlier (see Chapter 2 , page 

49-52).

The effect of the structurally modified ha CGRPg-s? analogues was investigated on 

ha CGRP responses by equilibrating a fragment for 2 0  min before a second agonist 

concentration response curve was constructed (i.e. only one analogue was used per tissue). 

Table 3.1 presents a summary of the sequence differences of the analogues compared with 

the primary sequence of the native fragment ha CGRPg-s? In the pulmonary artery, analogues 

were tested at a single concentration of 1 0 "^  except for ha CGRPg-svPrô  ̂ (lO'^M), ha 

CGRPg.37Pro* (3xl0-^-10^, ha CGRPg.svBTD' ’̂̂  (1 0 " -1 0 ^  and ha CGRPg.

3?Alâ  ̂ (lO'^M). In the vas deferens, analogues were tested at lO’̂ M, while ha CGRPg. 

3 7 6 X0 ^̂ ’̂ “ ^̂ ’̂̂ '̂  was also examined at 3x10"^. All ha CGRPg.37 analogues were tested on 

basal tone, twitch responses (vas deferens) and on spasmogen-induced tone (pulmonary 

artery). The amount of DMSO added to the organ bath on addition of ha CGRPg.37BTD^ ’̂̂® 

and 33.34, examined on basal tone and on the contractile property of the tissues.

Drugs were prepared as described in Appendix 3 (page 181). For statistical analysis, 

measurements of agonist potency (pECso or pICso), Hill slope, and antagonist affinity (pAz or 

apparent pKs), values were calculated as described earlier (see Chapter 2 , page 53-54).

In the vas deferens, the effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon and thiorphan; 10"^ each; 30 min pretreatment) was studied on responses 

to ha CGRP in the absence and presence of ha CGRPg.37BTD^ ’̂̂  or ha CGRPg.37Gly* 

(lO'^M each). The effect peptidase-inhibitors on CGRP fragments measured against ha 

CGRP responses was compared with separate experiments performed in the absence of 

peptidase-inhibitors.

3.3 Results

In the rat (endothehum-intact) pulmonary artery, vasorelaxation to ha CGRP gave 

a pECso of 8.4±0.1 (Hill slope l.OtQ.l; n=4) on phenylephrine-induced tone (0.18±0.04g
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tension; n=4). In the prostatic vas deferens, ha CGRP inhibited twitch responses (1.1 ±0.3 g 

tension; n=4) with a pICso of 8.0±0.1 (Hill slope 1.0±0.1, n=4)

3.3.1 Effect o f bend-biasing and structure-conserving surrogates around the putative 

central bend region of ha CGRPss?

(a) Pulmonary artery

The analogues ha CGRPg-gjPro^ ,̂ ha CGRPg-sTAlâ  ̂and ha CGRPg gjPro^  ̂had no 

effect on basal tone or on the spasmogen-evoked tone up to IC^M. However, 

preliminary experiments indicated that lO'^M of ha CGRPg.3?Alâ  ̂ or ha CGRPg.3?Pro^  ̂

relaxed the phenylephrine-induced tone (20-60% relaxation), while this was not observed 

with ha CGRPg-37Pro^  ̂ (lO'^M). Therefore, the former analogues were investigated at 

lO'^M, while the latter was tested at lO'^M on ha CGRP responses.

Ha CGRPg.3?Prô  ̂ (lO'^M), with replacement by proline at residue 16, did not 

modify responses to ha CGRP (Figure 3.2.a). The pECso values for ha CGRP were 

8.6±0.1 and 8.5±0.1 in the absence and presence of ha CGRPg.37Pro^ ,̂ respectively. This 

indicated that a bend-biasing residue at position 16 abolished antagonism of ha CGRPg. 

37 . Ha CGRPg-37Ala^^(10‘̂ M), however, with residue 16 substituted by alanine, inhibited 

ha CGRP responses (Figure 3.2.b). The fragment shifted the agonist curve to the right 

in a parallel manner (as revealed by the Hill slope (1.0±0.1) of the curve which was the 

same as the control; see above), and produced a concentration ratio of 6.5±0.9, with no 

reduction in the maximum effect. This indicated that a structure-conserving residue at 

position 16 retained some antagonism. Ha CGRPg.37Pro^  ̂(lO'^M), with proline further 

downstream at position 19, antagonized ha CGRP responses (concentration ratio 

10.2±1.6), with no depression in the maximum response (Figure 3.2.c) Table 3.2 

presents a summary of the affinity values for these analogues compared with the 

previously obtained value for ha CGRPg.37, in the pulmonary artery.

(b) Vas deferens

The analogues ha CGRPg.37Pro^ ,̂ ha CGRPg.37Alâ  ̂ and ha CGRPg.37Pro^  ̂ had 

no effect on basal tone or on twitch responses up to lO'^M, i.e. they showed no agonist
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Figure 3.2 Effect of replacement by proline'^, alanine*  ̂ or proline*  ̂ in ha CGRPg.?? on ha CGRP responses in rat pulmonary artery 

Concentration response curves to ha CGRP (#) on phenylephrine-induced tone, and in the presence of (a) ha CGRPg.?? Pro'^ ( 1 O^M, ■), (b) 

ha CGRPg.??Ala ‘̂ (lO'^M, T ) and (c) ha CGRPg.??Pro*  ̂(lO'^M, ♦ )  Results are expressed as percentage relaxation of the spasmogen-induced 

tone Points represent the mean ± s e.m of 4 or 5 separate experiments



Table 3.2 Antagonist affinities of ha CGRPg-s? and its analogues substituted around the 

putative bend regions against ha CGRP relaxation of phenylephrine-induced tone in rat 

pulmonary artery. Apparent pKs values (*) were obtained from concentration ratios 

produced by lO'^M of the fragments or by lO'^M of ha CGRPg.37 Pro^ ,̂ where values are 

expressed as mean ± s.e.m.. PA2 values were obtained from a Schild plot using multiple 

concentrations of the antagonists, where the Schild slope was expressed as mean ± 

s.e.m.. Results were obtained from 4 to 12 individual experiments.

Antagonist pA^/pKs* value Schild slope

ha CGRPg.37 6.9^ 1.2±0.1 ^

ha CGRPg-37 Pro‘‘ <5 * ----

ha CGRPg.37 Ala“ 6.6±0.1 * ----

ha CGRPg.37 Pro'® 6.9 ±0.1 * ----

ha CGRPg.37 7.2 ±0.2 * ----

ha CGRPg.37 BTD'®’“ 7.2 1.0±0.1

data quoted from Chapter 2
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Figure 3.3 Effect of replacement by proline* ,̂ alanine'^ or proline’̂  in ha CGRPg.g? on ha CGRP responses in rat prostatic vas deferens. 

Concentration response curves to ha CGRP (•)  on twitch responses, and in the presence of lO'^M of (a) ha CGRPg v̂Prô  ̂ (■), (b) ha CGRPg. 

3?Ala ^^(V) and (c) ha CGRPg.3?Prô  ̂(♦). Results are expressed as percentage inhibition of twitch responses Points represent the mean ± s e.m 

of 4 or 5 separate experiments



Table 3.3 Antagonist affinities of ha CGRPg.37 and its analogues substituted around the 

putative bend regions against ha CGRP inhibition of twitch responses in rat prostatic vas 

deferens. Apparent pKg values (*) were obtained from concentration ratios produced by 

lO'^M of the fragments, where values are expressed as mean ± s.e.m.. PA2 values were 

obtained from a Schild plot using multiple concentrations of the antagonists, where the 

Schild slope was expressed as mean ± s.e.m.. Results were obtained from 4 to 8 

individual experiments.

Antagonist pAz /  pKm* value Schild slope

ha CGRPg.37 6.0 0.9±0.1 t

16ha CGRPg.37 Pro 

ha CGRPg.37 Alâ ^

<5 *

5.6±0.1 *

ha CGRPg.37 Pro 19 5.8±0.1 *

ha CGRPs.37 BTD” ’“ 6.0 ± 0.1 ♦

ha CGRPg-37 BTD33,34 6 . 1 ± 0.1 *

ha CGRPg.37 6.2 l.OdbO.l

data obtained from Chapter 2
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activity.

Concentration response curves to ha CGRP were not altered in the presence of ha 

CGR?8-37Pro^  ̂ (lO'^M; Figure 3.3.a). The pICso values were 8.1±0.1 and 8.0±0.1 for 

ha CGRP in the absence and presence of ha CGRPg-syPro^ ,̂ respectively. In contrast, ha 

CGRPg-sT Alâ  ̂(lO'^M) antagonized ha CGRP responses, and shifted the agonist curve 

to the right (producing a concentration ratio of 6.7±0.8), without depressing the 

maximum effect (Figure 3.3.b) Ha CGRPg-svPro^  ̂(lO'^M), with proline in position 19, 

antagonized ha CGRP responses (concentration ratio 8.5±1.1), with no reduction in the 

maximum response (Figure 3.3.c) Table 3.3 presents a summary of the antagonist 

affinities for the analogues as compared with ha CGRPg.37, in the vas deferens.

These data indicated that a bend-biasing structure retained antagonism of ha 

CGRPg-37 when incorporated at position 19 but not at position 16.

3.3.2 Effect o f BTD-incorporation at the predicted bend regions of ha CGRPg.37

(a) Pulmonary artery

The analogues which were substituted by BTD did not modify basal or 

phenylephrine-evoked tone up to a concentration of lO'^M, i.e. they showed no agonist 

activity. Similarly, the concentration of DMSO (used for ha CGRPg.37BTD^^’̂ ‘̂ 

did not affect basal or spasmogen-induced tone. However, preliminary results indicated 

that ha CGRPg.37BTD^^’̂® at lO'^M produced relaxation of the phenylephrine-evoked 

tone (30-60% relaxation). Therefore, results with the BTD analogues were obtained at a 

concentration of lO’̂ M.

Ha CGRPg-37BTD^^’̂® (10"^M), with replacement by BTD at residues 19 and 20, 

inhibited ha CGRP responses, and shifted the agonist curve to the right, producing a 

concentration ratio of 19.9±2.5, with no reduction in maximum response (Figure 3.4). 

Ha CGRPg-37BTD^^’̂® (10''^-10'^M), with BTD at positions 19,20 and 33,34,

concentration-dependently antagonized ha CGRP responses, without depressing the 

maximum effect (Figure 3.5). A Schild plot revealed that antagonism was competitive.
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Figure 3.4 Effect of replacement by in ha CGRPg-a? on ha CGRP responses in

rat pulmonary artery Concentration response curves to ha CGRP (#) on phenylephrine- 

evoked tone, and in the presence of ha CGRPg.gvBTD^^^  ̂ (10‘̂ M, ♦ ). Results are 

expressed as percentage relaxation of the spasmogen-induced tone. Points represent the 

mean ± s.e m. of 5 separate experiments.
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Figure 3.5 Effect of replacement by and in ha CGRPg-s? on ha

CGRP responses in rat pulmonary artery (a) Concentration response curve to ha CGRP 

(#) alone on phenylephrine-evoked tone, and in the presence of ha CGRPg.svBTD^^^  ̂

at lO'^M (A), SxlO’̂ M (□) and 10*̂ M (T). Results are expressed as percentage 

relaxation of the spasmogen-induced tone Points represent the mean ± s.e m, of 4 to 12 

separate experiments, (b) The Schild plot for ha CGRPg-gjBTD^^^  ̂ against ha

CGRP, where points represent individual data of 12 separate experiments.
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as demonstrated by the slope of the plot, which was unity (1.0±0.1). The pA2 value for 

ha CGRPs-stBTD^^’̂® was consistent with the affinity value for ha CGRPg s?,

obtained earlier. Table 3.2 (page 95) gives a summary of the antagonist affinities for 

these analogues and ha CGRPg-s?, in the pulmonary artery.

(b) Vas deferens

The analogues ha CGRPwvBTD'^^", ha CGRPw^BTD^^^" and ha CGRPw, 

Bt d '®'™ j i j  not alter either basal tone or twitch responses up to lO'^M Similarly,

DMSO had no effect on either basal tone or on twitch responses.

Pretreatment with ha CGRPg.3?BTD^^^  ̂(lO’̂ M) antagonized ha CGRP responses, 

and shifted the agonist curve to the right in a parallel manner, with a concentration ratio 

of 12.4Ü.6, and no reduction in the maximum response (Figure 3.6.a). Ha CGRPg. 

svBTD̂ ^̂ "̂  (lO'^M), with BID at positions 33 and 34, antagonized responses to ha 

CGRP in a similar manner (Figure 3.6.b). Ha CGRPg.3?BTD̂ '̂̂  ̂ (3xl0-^-10'^M)

concentration-dependently shifted the agonist curve to the right, without depressing the 

maximum effect (Figure 3.7). A Schild plot revealed that antagonism was competitive 

(slope 1.0±0.1), and the pA% value was consistent with that for ha CGRPg.37, obtained 

earlier. Table 3.3 (page 97) represents a summary of the affinity values for these 

analogues as compared with that for ha CGRPg.37, in the vas deferens.

These results showed that forcing a bend with BTD in positions 19,20 and 33,34, 

preserved the antagonist activity of ha CGRPg.37 in both the pulmonary artery and the 

vas deferens.

3.3.3 Effect of structural changes at the N-terminal region of ha  CGRPg-s?

(a) Pulmonary artery

The ha CGRPg.37 analogues in which the N-terminus was replaced by glycine (ha 

CGRPg.37Gly*) or dlg^-NHi valine (ha CGRPg.37ûfe*s-NH2 Val*) had no effect on basal 

tone or phenylephrine-evoked tone up to IC^M, while preliminary experiments indicated 

that higher concentrations (i.e. lO’̂ M) produced contractions. Ha CGRPg.37Pro* which
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Figure 3.6 Effect of replacement by or in ha CGRPg.37 on ha CGRP

responses in rat prostatic vas deferens. Concentration response curves to ha CGRP ( • )  

on twitch responses, and in the presence of (a) ha CGRPg svBTD̂ ^̂  ̂ (lO'^M; ♦ )  and (b) 

ha CGRPg-siBTD^^^  ̂ (10‘̂ M; T). Results are expressed as percentage inhibition of 

twitch responses. Points represent the mean ± s.e.m. of 4 or 5 separate experiments.
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Figure 3.7 Effect of replacement by BTD^^’̂ ^nd ha CGRPg.37 on ha CGRP

responses in rat prostatic vas deferens, (a) Concentration response curve to ha CGRP
19,20and33,34 at(#) alone on twitch responses, and in the presence of ha CGRP8-3 7 BTD 

3xlO'^M (A) and lO'^M (■). Results are expressed as percentage inhibition of twitch 

responses. Points represent the mean ± s.e.m, of 4 to 8  separate experiments, (b) The 

Schild plot of ha CGRPg.3 7 BTD^^’̂ '̂‘"‘̂ ^̂ ’̂ '̂  against ha CGRP, where points represent 

individual data of 8  separate experiments.
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was substituted at the N-terminus by proline, did not alter basal or spasmogen-evoked 

tone up to 3xlO'^M, but in some tissues (4 out of 8) lO'^M of the fragment produced 

contractions on the basal tone (0.07±0.03g tension) and on top of the spasmogen- 

induced tone (25-35% increase in tone). Ha CGRPg.svPro^Glu^^Glu '̂  ̂ which was 

substituted by proline* and glutamic acid̂ ®’̂ "̂ did not alter basal or phenylephrine-evoked 

tone up to lO'^M. Subsequent experiments with ha CGRPg-ayGly*, ha CGRPg.37 ûfe5-NH2 

Val* and ha CGRPg.37Pro*Glû ®Glû '̂  were performed at lO'^M, while ha CGRPg.37Pro* 

was investigated at 3xlO'^M and lO’̂ M, using only those tissues where the fragment did 

not affect basal tone or contractions to phenylephrine.

The analogues with single substitutions at the N-terminus (ha CGRPg.37Gly*, ha 

CGRPg.37 (^^-NH] Val*, ha CGRPg.37Pro*) were all active against ha CGRP responses: 

H a CGRPg.37Gly* and ha CGRPg.37^^-NH 2 Val*(10"^M, each) shifted the agonist curves 

to the right in a parallel manner, and produced similar concentration ratios (9.6±1.1 and 

10.1±1.4, respectively), with no reduction in the maximum response (Figure 3.8.a and 

b). Ha CGRPg.37Pro* (3xl0'^-10"^M) concentration-dependently antagonized ha CGRP 

responses (Figure 3.9). A Schild plot revealed that antagonism was competitive (slope 

1.0±0.1), and the pÀ2 value for ha CGRPg.37Pro* was consistent with that for ha 

CGRPg.37, obtained earlier. (In those tissues where ha CGRPg.37Pro* (10"^M) produced 

contractions on the phenylephrine-induced tone it still antagonized ha CGRP relaxation 

(estimated pKg 6.9±0.1; n=4) although ha CGRP (up to lO'^M) did not relax the 

contractile component of ha CGRPg.37Pro* ) Ha CGRPg.37Pro*Glû ®Glû '̂  (10"^M) did 

not alter the concentration response curve to ha CGRP (Figure 3.10). The pECso values 

for ha CGRP were 8.4±0.1 and 8.2±0.1 in the absence and presence of ha CGRPg. 

37Pro*Glû ®Glû "̂ , respectively. Table 3.4 (page 108) presents the affinity values for the 

analogues compared with that for ha CGRPg.37, in the pulmonary artery.

(b) Vos deferens

In the vas deferens, ha CGRPg.37Gly*, ha CGRPg.37(^^-NH2 Val*, ha CGRPg. 

37Pro* and ha CGRPg.37Pro*Glû ®Glû '̂  had no effect on basal tone or twitch responses up 

to lO'^M.
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Figure 3.8 Effect of replacement by glycine  ̂or t/(̂ 5'-NH2 valine  ̂ in ha CGRPg-s? on ha 

CGRP responses in rat pulmonary artery Concentration response curves to ha CGRP 

(#) on phenylephrine-induced tone, and in the presence of (a) ha CGRPg g? Glŷ  (10‘̂ M, 

A) and (b) ha CGRPg-s? Val* (lO'^M; ♦). Results are expressed as percentage

relaxation of the spasmogen-evoked tone Points represent the mean ± s.e.m of 4 

separate experiments.
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Figure 3.9 Effect of replacement by proiine  ̂in ha CGRPg-s? on ha CGRP responses in 

rat pulmonary artery (a) Concentration response curve to ha CGRP (#) alone on 

phenylephrine-induced tone, and in the presence of ha CGRPg.sjPro  ̂at 3xlO'^M (□) and 

IC^M (■). Results are expressed as percentage relaxation of the spasmogen-evoked 

tone Points represent the mean ± s.e.m. of 4 to 8 separate experiments, (b) The Schild 

plot for ha CGRPg.37Pro* against ha CGRP. Points represent individual data of 8 

individual experiments.
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Figure 3.10 Effect of replacement by proline  ̂ and glutamic acid̂ ®’̂*̂ in ha CGRPg-s? on 

ha CGRP responses in rat pulmonary artery Concentration response curve to ha CGRP 

( • )  alone on phenylephrine-induced tone, and in the presence of ha CGRPg-s? 

Prô Glû ^Glû '̂  (lO'^M; T). Results are expressed as percentage relaxation of the 

spasmogen-evoked tone. Points represent the mean ± s.e.m. of 4 separate experiments
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Table 3.4 Antagonist affinities of ha CGRPg-s? and its analogues substituted at the N- 

terminal region against ha CGRP relaxation of phenylephrine-evoked tone in rat 

pulmonary artery. Apparent pKg values (*) were obtained from concentration ratios 

produced by 10"̂ M of the fragments, where values are expressed as mean ± s.e.m.. PA2 

values were obtained from a Schild plot using multiple concentrations of the antagonists, 

where the Schild slope was expressed as mean ± s.e.m.. Results were obtained from 4 to 

8 individual experiments.

Antagonist pAi/ pKb* value Schild slope

ha CGRPg.37 6.9^ 1 .2 ± 0 . 1  ^

ha CGRPs.37 Gly' 6.9±0.1 * ---

ha CGRPg-37 &i-NH2 Val' 7.0±0.1 * ----

ha CGRPg-37 Pro' 7.0 l.O iO .l

ha CGRP8.3 7 Pro'Glu‘"Glu“' < 6  * —

data quoted from Chapter 2
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Ha CGRPg-avGly*, ha CGRPg-sv^^-NHi Val* and ha CGRPg-svPro* were all 

antagonists against ha CGRP responses, and shifted the agonist curves to the right in a 

parallel manner, (concentration ratios 14.2±2.0, 31.0±4.7 and 15.7±2.4, respectively), 

without depressing the maximum response (Figure 3.11). Ha CGRPg.siPro^Glu^^Glu '̂  ̂

(lO'^M) did not alter ha CGRP responses (Figure 3.12). The pICso values for ha CGRP 

were 7.8±0.1 and 7.6±0.1 in the absence and presence of ha CGRPg.37Pro*Glu^®Glu^  ̂

respectively. Table 3.5 (page 112) summarizes the affinity values of the analogues 

compared with that for ha CGRPg.37, in the vas deferens. There was no significant 

difference between the affinity for ha CGRPg.37 and ha CGRPg.37 f̂e5-NH2 Val* (p>0.05; 

/-test).

These results showed that structural changes at the N-terminus did not alter the 

antagonist affinity for ha CGRPg.37, while the multiple substitutions in the helical region 

abolished antagonism.

3.3.4 Effect o f peptidase-inhibitors

In the vas deferens, the presence of peptidase-inhibitors (amastatin, bestatin, 

captopril, phosphoramidon, thiorphan; lO'^M each; 30 min pretreatment) did not 

significantly modify the antagonist activity of either ha CGRPg.37BTD^^’̂® (lO'^M) 

or ha CGRPg.37Gly* (lO'^M) on ha CGRP responses (Figure 3.13) The apparent pKg 

values were 6.2±0.1 and 6.5±Q.l for ha CGRPg.37BTD^^’̂® and 6.1±0.1 and

5.9±0.1 for ha CGRPg.37Gly*, before and after treatment with peptidase-inhibitors, 

respectively.

3.3.5 Effect o f a structure-conserving residue at the C-terminus o f ha CGRPs.37

H a CGRPg.3?Alâ  ̂up to lO'^M did not alter basal tone, spasmogen-evoked tone 

in the pulmonary artery or twitch responses in the vas deferens. This fragment (lO’̂ M), 

where the C-terminus was replaced by alanine amide^ ,̂ was not active against ha CGRP 

responses in either tissue (Figure 3.14). These results showed that incorporation of a 

structure-conserving residue at position 37 abolished antagonism.
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Figure 3.11 Effect of replacement by glycine^ valine* or proline* in ha CGRPg s? on ha CGRP responses in rat prostatic vas deferens

Concentration response curves to ha CGRP (•)  on twitch responses, and in the presence of 10'^M of (a) ha CGRPg.svGly* (A), (b) ha CGRPg. 

37c/e5-NH2 Val* (A) and (c) ha CGRPg.3?Pro* (■) Results are expressed as percentage inhibition of twitch responses Points represent the mean 

± s e m of 4 or 5 separate experiments
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Figure 3.12 Effect of replacement by proiine* and glutamic acid^̂ ’̂ '̂  in ha CGRPg s? on 

ha CGRP responses in rat prostatic vas deferens. Concentration response curve to ha 

CGRP (#) on twitch responses, and in the presence of ha CGRPg-s? Prô Glû ^Glû "̂  (10‘ 

^M, ▼), Results are expressed as percentage inhibition of twitch responses Points 

represent the mean ± s.e.m, of 5 separate experiments.
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Table 3.5 Antagonist affinities of ha CGRPg.37 and its analogues substituted in the N- 

terminal region against ha CGRP inhibition of twitch responses in rat prostatic vas 

deferens. Apparent pKe values (*) were obtained from concentration ratios produced by 

lO'^M of the fragments, where values are expressed as mean ± s.e.m.. The pA% value for 

ha CGRPg.37 was obtained earlier from a Schild plot by linear regression of various 

concentrations of the antagonist, where the Schild slope was expressed as mean ± s.e.m . 

Results were obtained from 4 to 8 individual experiments.

Antagonist pA^/ pKg* value Schild slope

haCGRPg-37 6.0 1 0.9 ±0.1^

ha CGRPg.37 Gly' 6.1 ±0.1*

ha CGRPg.37 cfei-NH2 Val* 6.5 ±0.1 *

ha CGRPg-37 Pro* 6.1 ±0.1*

ha CGRPg.37 Pro*Gtu"'Glu" < 5 *

data quoted from Chapter 2
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Figure 3.13 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan; lO'^M each) on antagonism by ha CGRPg-siBTD^^^  ̂

and ha CGRPg-sTGly* against ha CGRP in rat prostatic vas deferens Concentration 

response curves to ha CGRP (# ,0 )  on twitch responses, and in the presence of lO'^M 

of (a) ha CGRPg.37BTD'^^" (■,□) and (b) ha CGRPg.svGly' (A, A) in either

absence (filled symbols) or presence (hollow symbols) of peptidase-inhibitors. Results are 

expressed as percentage inhibition of twitch responses. Points represent the mean ± 

s.e.m of 4 separate experiments.
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Figure 3.14 Effect of replacement by alanine amide^  ̂ in ha CGRPg-s? on ha CGRP 

responses in rat pulmonary artery and prostatic vas deferens. Concentration response 

curves to ha CGRP ( • )  on (a) phenylephrine-induced tone (pulmonary artery), (b) 

twitch responses (vas deferens), and in the presence of ha CGRPg-sTAlâ  ̂ (lO’̂ M, ▼) 

Results are expressed as percentage relaxation of the spasmogen-induced tone and as 

percentage inhibition of twitch responses for the pulmonary artery and vas deferens, 

respectively Points represent the mean ± s.e.m of 4 separate experiments.
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3.4 Discussion

This chapter provides evidence for two bioactive P-bend structures (18-21 and 32- 

35) in ha CGRPg-37 at CGRP receptors in the rat pulmonary artery and vas deferens. The 

type and exact location of each turn was determined by the use of structure-conserving, 

bend-biasing and bend-forcing structures. Further, the role of the N-terminus and the C- 

terminus was determined, using structural modifications at the side chains.

Both CD and two-dimensional ^H-NMR spectroscopy suggested that following the 

a-helix in CGRP, residue 18 (arginine) may be involved in a p-bend formation (Lynch & 

Kaiser, 1988; Breeze et a l, 1991). However, in terms of the a-helical content and its 

termination, reports from the use of CD (Manning, 1989; Hubbard et al, 1991) and 

NMR (Breeze et a l, 1991; Boulanger et a l, 1995) have reached different conclusions. 

Therefore, this study investigated whether residues 15-18 or 18-21 could be a possible 

turn structure in ha CGRPg-s?. For region 15-18 (leucine^^ leucine^ ,̂ serine^ ,̂ arginine^*), 

a bend formation is unlikely, since incorporation of a bend-biasing structure (proline ̂ )̂ 

abolished antagonism, while a structure-conserving residue (alanine^^) retained weak 

antagonism, indicating that leucine^  ̂side chains are not essential for receptor interaction. 

The loss of antagonism by proline^  ̂ may be due to a disruption of the ordered helical 

folding. This would agree with the proposal that the a-helix is a critical factor for the 

interaction of ha CGRPg-svwith the receptor (Lynch & Kaiser, 1988; Dennis et al., 1989; 

Mimeault et a l, 1991 and 1992). For region 18-21, a P-bend formation is likely, since a 

bend-biasing structure (proline^^ within this region retained antagonism, indicating that 

serine^  ̂ side chains are not involved in the interaction with the receptor. Alternatively, 

the helix-promoting character of proline could suggest that residue 19 (serine) is 

involved in the helical folding. From examination of the sequence, however, it appears 

more likely that a bend at 18-21 terminates the a-helix, since the residues within this 

region are arginine^*, serine^ ,̂ glycinê ®, glycine^\ and glycine residues are ‘helix- 

breakers’ (Chou & Fasman, 1977) and being flexible, favour turns.

This study confirms the presence of an 18-21 p-bend in ha CGRPg-g?, since 

enforcement of a bend by BTD at positions 19,20 retained antagonist activity. The nature 

of the semi-rigid BTD molecule is such that it forces a bend at the point of substitution
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(i+1 and i+2; see Figure 3.1, page 89), and therefore mimics a 4 residue P-bend 

structure. The retention of antagonism by this bend-forcing structure^^’̂® in ha CGRPg-s? 

indicates that serine^  ̂and glycinê ® residues are not essential for receptor interaction and 

are not involved in the helical folding. Therefore, the present data demonstrate that the 

helix is terminated at residue 18 by a p-tum between 18-21.

In agreement with these findings, it has been previously shown that residues 18, 20 

and 21 are not involved in receptor binding, as replacement by alanine in ha CGRPg s? 

retained antagonism (Howitt & Poyner, 1997; Boulanger et a l, 1996). An interesting 

observation was that alanine^^-incorporation in ha CGRPg.37 retained only weak 

antagonism, and ^H-NMR studies revealed changes in the whole peptide structure 

(Boulanger et a l, 1996). This can be explained by the present findings, since glycine^  ̂

(i+3) is involved in the hydrogen bonding, and thus replacement by a less flexible and/or 

helix-promoting amino acid (alanine) would be expected to alter the bioactive 

conformation of ha CGRPg.37, indicating the structural relevance of this bend region.

Initial CD spectroscopic studies predicted another turn in the C-terminal region of 

CGRP around residues 29 to 34 (Hubbard et a l, 1991), which would be favoured by the 

presence of glyine^ .̂ Performing molecular modelling, the presence of either a 4 residue 

32-35 p-tum or a 3 residue 32-34 y-tum has been suggested (Hakala & Vihinen, 1994), 

while a model CGRP peptide (CGRPe-svPro^Pro^Cys^^Cys^ )̂ with a stabilized p-bend 

(cysteine-induced) between residues 32 and 35 showed binding affinity and biological 

activity (adenylate cyclase activation) in a rabbit lung assay (Hakala et a l, 1994). A 

recent structure affinity relationship study on CGRP27-37 analogues (e.g. CGRP27-37Prô '̂ ) 

suggested the presence of either a 32-35 or a 33-36 P-tum (Rist et a l, 1998). Therefore, 

a tum in the C-terminal region seems likely but location and type are unclear. The 

current study has determined the presence of a 32-35 P-bend in ha CGRPg.37 (valine^ ,̂ 

glycine^ ,̂ serinê "̂ , lysine^ )̂, since enforcement of the tum by (i.e. in the i+1 and

i+2 positions) produced an antagonist in the vas deferens, indicating that glycine^  ̂ and 

serinê '̂  residues are not essential for receptor recognition. These results illustrate that 

the 32-35 P-tum is a bioactive structure while other predicted bend locations can be 

excluded. An interesting observation by Rist et al (1998) was that incorporation of 

prolinê "̂  (i.e. in the i+2 position of the 32-35P-tum) produced a 10-fold increase in the
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binding affinity of the segment ha CGRP27-37 in human SK-N-MC cells, indicating the 

structural importance of the P-bend at 32-35.

The final evidence that both regions 18-21 and 32-35 are bioactive P-bend 

structures is provided by the findings that constraint of these turns by the double BTD 

compound gave an antagonist in both the rat pulmonary artery and the vas deferens. 

Therefore, this study confirms the idea that the bioactive conformation of ha CGRP8.37 is 

characterized by two chain reversals, which by their virtue of folding the peptide chain 

ensure a more compact formation of ha CGRPg.37 for interaction with its receptors.

The incorporation of the BTD peptidomimetic has shown to be a usefiil method to 

(i) confirm the presence and (ii) locate the exact positions of two p-bend regions within 

ha CGRPg.37 The successful mimic of these p-tums by BTD, retaining antagonism of ha 

CGRPg.37, is the first approach towards a structural model of the bioactive conformation 

of the antagonist. To visualize the effect of BTD on adjacent structures, a model of ha 

CGRPg.37 was generated (Figure 3.15), which contains the postulated helical region 8- 

17 and bends at 19,20 and 33,34, joined by an extended coil. This image can only be 

regarded as a visualization tool. However, within itself, the structures show that the 

motifs are accessible and reasonable, and not inconsistent.

To date, it has not been determined which types of P-tums are present in the 

peptide, although Breeze et al. (1991) indicated that region 18-21 may be either a type I 

or a type II. A 18-21 p I-tum would agree with the present study, with proline in the i+1 

position (Chou & Fasman, 1977; Smith & Pease, 1980). For region 32-35, a type IT has 

been suggested (Hakala & Vihinen, 1994), while Rist et al. (1998) pointed to the 

possibility of a type 32-35 P IV-tum with proline in the i+2 position, although this would 

agree more with a type VI P-tum, containing a cis peptide bond (Chou & Fasman, 

1977).

For the N-terminus of ha CGRPg.37, both CD spectroscopy and structure activity 

studies suggested that valine* does not participate in the formation of the a-helix or in 

the binding affinity at CGRP receptors, since deletion of valine* (ha CGRP9.37) showed 

no difference in helical content or antagonist activity compared with ha CGRPg.37
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Figure 3.15 A model o f  h a  CGRP,s-37 using the postulated helical region 8 - 17 with bend regions 18 -2 1 and 32-33 joined by an extended coil. The 

model was generated using Sybyl version 6.1a to build the native peptide (yellow), constraining the bends as indicated with (blue

peptide), BTD’’ ”  (red peptide) and B ID '” ", BTD” ” (green peptide).



(Mimeault et al., 1991 and 1992). The present study suggests that valine* is probably not 

essential for receptor interaction, since deletion of both the N-terminal charge (ü^j-NH2 

valine) and the iso-propyl side chain (glycine) of valine* retained antagonism Further, it 

appears that valine* is not important for maintaining the integrity of the a-helix, since 

incorporation of either a helix-breaker (glycine*) or a helix-promoter (proline*) did not 

alter the antagonist afiSnity of ha CGRPg s? Therefore, in agreement with the literature, 

this study concludes that the N-terminus does not play a role in antagonism by ha 

CGRPg.37 at CGRP receptors in either the rat pulmonary artery or the vas deferens.

Previously, it was indicated that protection of the N-terminal charge might exert a 

favourable effect for recognition of CGRP receptors, since N-acetylation of ha CGRP 19. 

37 increased the fragment’s weak antagonism from a pA: of 5.4 to 6.0, in guinea pig 

atrium (Rovero et a l, 1992). However, in rat atria, N-acetylation of ha CGRP resulted 

in reduced agonist potency (Tippins et a l, 1986), and biotinyl-ha CGRP, in which the 

N-terminal charge was removed and substituted by a large biotinylgroup, was inactive in 

rat L6  myocytes (Howitt & Poyner, 1997). Thus, it is unclear whether blocking the 

charged N-terminal amino function may be a further step in developing a more potent 

CGRP antagonist. In this study, 6fe5-amination of valine* did not produce a significant 

increase in ha CGRPg.37 affinity at either CGRPi or CGRP2 receptors, suggesting that 

complete deletion of the N-terminal charge does not help to increase the antagonist 

activity.

For the N-terminal a-helical segment in ha CGRPg.37, it has been suggested that its 

length and amphipathic structure is critical for interaction with CGRP receptors 

(Mimeault et a l, 1991 and 1992), and its presence has been inferred, for instance, from 

CD measurements in hydrophobic solvent mixtures (Hubbard et a l, 1991). However, 

two-dimensional ^H-NMR studies have suggested that this N-terminal region is largely a 

random coil (Boulanger et a l, 1995), with no obvious relationship between the aqueous 

solution structure and antagonist potency in a variety of alanine-substituted analogues 

(Boulanger et a l, 1996). Thus, it seems that both the conformations favoured by CGRPg. 

37 and the forces promoting these conformations are not fully understood. This 

complicates the interpretation of the present results, since the intended increase in helical 

stability by introducing helix-promoting (proline*) and hydrophilic residues (glutamic
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resulted in loss of affinity. Perhaps the most obvious explanation would be that 

the triple substitutions abolished the amphiphilic character of the helical region in ha 

CGRPg-37. It has been shown that valine* is not important for antagonism, but residues 10 

and/or 14 may play a structural role. For histidinê ®, this is likely, since replacement by 

alanine retains weak antagonism, and deletion results in decreased helical stability and 

reduced antagonism of ha CGRPgg? (Mimeault et a l, 1991, 1992 and 1993). Glycine '̂  ̂is 

a helix-breaker, and Thiebaud et a l (1991) showed that substitution by a helix-promoter 

(aspartate) increased the agonist potency of CGRP slightly (more than 2-fold), in pre

osteoblast cell lines. Therefore, in agreement with the literature, the present results could 

support the view that the amphipathic nature of the helix is critical for binding to the 

receptor, and might indicate that histidine^® is important for maintaining the 

integrity o f the a-helix. However, whether the helical region serves a 
purely structural role or alternatively, whether the side chains of some of these residues 

might interact with binding sites on the receptor, remains unclear.

An intact C-terminus has been suggested to be essential for CGRP binding to its 

receptors. For instance, (chicken) CGRPi-36-OH, lacking the phenylalanine amide^ ,̂ 

resulted in loss of activity, in pre-osteoblast cell lines (Thiebaud et a l, 1991), and des- 

phenylalanine amide^  ̂ha CGRP (<3fe5-F-NH2 CGRP) resulted in loss of binding affinity, 

in rat L6 myocytes (Poyner et a l, 1992; O’Connell et a l, 1993). Further, CD and two- 

dimensional ^H-NMR studies indicated no significant difference between CGRP and des- 

F-NH2 CGRP, and it was suggested that the NH-group may be involved in receptor 

binding (O’Connell et a l, 1993). The present results on the C-terminus of ha CGRP8.37 

indicate that the amidated phenylalanine^  ̂ is directly involved in the interaction with 

receptor binding sites, since replacement by a structure-conserving residue (alanine 

amide^ )̂ abolished antagonism. Furthermore, it appears that the hydrophobic 

phenylgroup of residue 37 is important for receptor binding, since deletion of this side 

chain aboHshed antagonism. This would agree with previous findings by Rist et al 

(1998) who reported that even the substitution of F-NH2 by Y-NH2, which has only one 

additive hydroxylgroup, destroyed receptor recognition of the segment CGRP27-37, in 

human SK-N-MC cells. Therefore, in agreement with previous data, the present study 

confirms that the C-terminus interacts directly with CGRP receptor binding sites, and 

suggests further that the phenylgroup is essential for receptor recognition.
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In this chapter, a number of ha CGRPg-s? analogues have been identified as useful 

tools to confirm the presence of bend structures and to determine the role of the N- and 

C-terminus in ha CGRPg-37 The results suggest at least for these regions that the 

bioactive conformation of ha CGRPg-37 is the same in both the pulmonary artery and the 

vas deferens. The findings that all antagonists showed an around 10-fold difference in 

affinity between the pulmonary artery and the vas deferens is consistent with previous 

results for ha CGRPg.37 (Chapter 2), and supports the proposed sub-classification into 

CGRPi and CGRP2 receptors, in these rat tissues. Furthermore, the observation that 

antagonist affinities were not increased in the presence of various peptidase-inhibitors is 

consistent with results for ha CGRPg-37, obtained earlier (Chapter 2), and agrees with 

the conclusion that peptide degradation is not a factor that affects the differing affinities 

of the antagonist.

However, some problems have occured with the analogues of ha CGRPg.37 in the 

pulmonary artery. For instance, antagonists with replacements around the central bend 

regions (e.g. ha CGRPs-^Pro*’. ha CGRPwrAla'^ ha CGRPs-stBTD'**’™) had 

vasodilator effects (at high concentrations), consistent with the action of ha CGRPg-37 in 

this tissue, as described earlier (Chapter 2). One possibility may be that this reflects 

partial agonism at the CGRP receptor. For instance, the observation that ha CGRPg. 

3?Pro^  ̂(or ha CGRPg.37Ala^ )̂ was inactive (up to lO'^M) and did not alter tone in the 

pulmonary artery could support this hypothesis. Another possibility would be that the 

vasodilator effect is produced by release of endogenous CGRP from within the artery. 

For instance, Nuki et al. (1994a) suggested that ha CGRPg-37 can block presynaptic 

CGRP receptors and thus inhibit a negative feed back mechanism, in the rat mesenteric 

vasculature. Alternatively, ha CGRPg.37 may replace endogenous CGRP from its nerve 

terminals, but to date there is no evidence for such a mechanism. Yet, another possibility 

would be that the vasodilator effect is caused by interaction with a non-CGRP receptor 

in the pulmonary artery which is not present in the vas deferens.

Another problem was that ha CGRPg.37 analogues with substitutions at the N- 

terminus (ha CGRPg.37Gly*, ha CGRPg.s7^^-NH2 Val*, ha CGRPg_37Pro*) produced 

contractile responses in the pulmonary artery (at high concentrations). This effect is 

unlikely to be mediated via the CGRP receptor, since ha CGRPg_37Pro* was a
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competitive antagonist. Thus, another possibility would be that the vasoconstrictor 

response is mediated via a non-CGRP receptor. It is noteworthy that even for 

CGRPg.37, both vasodilator and vasoconstrictor effects have been reported. For instance, 

the peptide produced vasodilation in rabbit skin microvasculature (Hughes & Brain, 

1991), and cat cerebral vasculature (Wahl g/ al., 1994), while vasoconstriction has been 

observed in rat perfused mesenteric artery (Han et a l, 1990b; Nuki et a l, 1994b), 

perfused kidney (Chin et a l, 1994) and rat vasculature (Gardiner et a l, 1990). 

Therefore, the present findings illustrate that not only ha CGRPg-s? but also its analogues 

have limitations as antagonists, underlining the need for more selective compounds.

In conclusion, the present findings provide evidence for two (3-bend regions in ha 

CGRPg.]?, one terminating the a-helix between residues 18-21 and another between 32- 

35. The successful mimic of these p-tums by BTD is the first approach towards a 

structural model of the biologically relevant conformation of the antagonist. 

Furthermore, these studies confirm that the N-terminus of ha CGRPg.37 does not play a 

role for antagonism, while the C-terminus is essential for receptor interaction. The 

discovery of equally potent ha CGRPg.37 analogues may be helpful in characterizing 

CGRP receptors further.
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Chapter 4

Characterization of CGRP receptors 

in rat thoracic aorta

4.1 Introduction

One of the main criteria in the C G R P  receptor classification is that the antagonist 

ha CGR?8-37 shows a 10 to 50-fold difference in affinity between the C G R P i receptor 

(guinea pig atrium; pAz 7.2-7.7) and the C G RPz receptor (rat vas deferens; pAz 6.2; 

Mimeault et a l, 1991). However, affinity values for ha CGRPg-s? range fi"om less than 6 

up to around 9 (see Table 1.3, page 42), rather than fitting into discrete groups.

Earlier studies in the rat have demonstrated an around 10-fold difference in ha 

CGRP8-37 affinity between the pulmonary artery (pA z 6.9) and the vas deferens (pA z 6.0), 

which supports the classification into C G R P i and CG R Pz receptors, respectively 

(Chapter 2). Yet, even in the rat, pAz values for ha CGRP8.37 have been reported which 

are around 10-fold higher than found at the CGRPi receptor (e.g. Bell & McDermott, 

1994; Poyner et al, 1992; Chin et a l, 1994). These include preparations fi*om the 

vasculature. In the rat pulmonary artery, CGRP vasodilatation has been shown to be 

mediated via the endothelium (Chapter 2), consistent with the mechanism reported in 

the rat aorta (Gray & Marshall, 1992a,b). However, the subtype of CGRP receptor 

present in the aorta is not known.

The aim of this chapter was to characterize CGRP receptors in the rat thoracic 

aorta. The receptor mediated CGRP-induced vasorelaxation was investigated by the use 

of CGRP analogues, homologues and the antagonist ha CGRP8.37 To test whether 

peptide degradation plays a role, peptidase-inhibitors were applied.

To investigate the subtype of CGRP receptor present in the aorta, the effects of 

(i) the antagonist ha CGRP8-37 and (ii) the agonist [Cys(ACM^’̂ )] ha CGRP were
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studied.

4.2 Methods

Male Sprague Dawley rats (300-450g) were stunned and killed by cervical 

dislocation.

(a) Aorta

The thoracic part of the aorta was isolated, cleared of fat and connective tissue, 

and endothelium-intact rings (2-3mm width) were set up in the same way as described 

earlier for the pulmonary artery, and isometric tension was recorded (see Chapter 2, 

page 49). After a 60 min equilibration time, aortic rings were contracted with noradrenaline 

(lO’̂ M) at a concentration, which produced approximately 75% of the maximal achievable 

response (Appendix 6, page 186). Contractile responses were tested for stability over a 

period of 10 min, followed by the addition of acetylcholine (10"̂ M). Tissues which showed 

less than 90% relaxation to acetylcholine were discarded as having a partially damaged 

endothelium.

In some experiments, the endothelium was removed by gently rubbing the intimai 

surface with fine wires. The failure of acetylcholine (lO'^M) to produce relaxation (<5%) on 

noradrenaline-induced tone was taken as an indication of endothelium removal, while addition 

of sodium nitroprusside (lO'^M) producing 100% relaxation was taken as an indication of a 

fimctionally intact smooth muscle. After a 30 min interval, the effect of cumulative addition of 

ha CGRP was tested on noradrenaline-evoked tone, in endothelium-denuded tissues.

Tissues with intact endothelium were contracted with noradrenaline (30 min after the 

test of endothelium-integrity), and a cumulative concentration response curve to one agonist 

(ha CGRP, h|3 CGRP, rat P CGRP, [Cys(ACM^^)] ha CGRP, human adrenomedullin, rat 

amylin or salmon calcitonin) was constructed per tissue. To check for possible tissue 

sensitivity, some agonist curves (ha CGRP, hp CGRP and rat P CGRP) were repeated after 

30 min. This time interval (30 min) between first and second agonist concentration response 

curves was used for all subsequent experiments. In separate experiments, the effect of ha
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CGRP8-37, equilibrated for 20 min, was studied on either a second curve to ha CGRP or a 

first curve to the agonist in separate tissues. The efifect of equilibrating ha CGRPg-a? (10‘̂ M) 

for either 2 or 60 min was assessed against ha CGRP and compared with single agonist 

curves fi*om separate tissues. Similarly, the efifect of ha CGRPg g? (lO'^M; 20 min 

pretreatment) was studied on h[3 CGRP and rat (3 CGRP responses in first concentration 

response curves fi'om separate tissues. Ha CGRPg-37 (lO'^-lO'^M) was tested on the basal 

tone (i.e. unstimulated preparation) and on the noradrenaline-induced tone.

(b) Peptidase-inhihitors

A mixture of the peptidase-inhibitors amastatin, bestatin, captopril, phosphoramidon 

and thiorphan (lO*^ each; 30 min pretreatment) was studied on responses to either ha 

CGRP, [Cys(ACM^^)] ha CGRP or to ha CGRP in the presence of ha CGRPg.37. For ha 

CGRP, responses in the absence and presence of peptidase-inhibitors were examined either 

within a single tissue by constructing second curves or in separate tissues by comparing first 

curves. For [Cys(ACM^^)] ha CGRP and those studies where the antagonist ha CGRPg.37 

(lO'^M) was assayed against ha CGRP, single curves were constructed where peptidase- 

inhibitors were present throughout the experiment and compared with results obtained in their 

absence. Peptidase-inhibitors (in DMSO) and DMSO alone were tested on basal tone and on 

noradrenaline-induced tone.

Drugs were prepared as described in Appendix 3 (page 181). Due to limited 

availability, some agonists could not be used at high enough concentrations to reach a 

maximum response. Similarly, a lack of CGRPg.37 restricted its use to a maximum 

concentration of 10 '^ .

Responses to vasodilator drugs in the rat aorta are expressed as a percentage 

relaxation of the noradrenaline-induced tone. For calculation of statistics, measurements 

of agonist potency (pECso), Hill slope, and antagonist affinity (apparent pKs), values 

were determined as described earlier (see Chapter 2, page 53-54).
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4.3 Results

In the rat isolated thoracic aorta, noradrenaline (lO'^M) evoked a stable contraction 

of 1.02±0.07g (n=12) and 1.62±0.15g (n=5) in endothelium-intact and denuded rings, 

respectively (Figure 4.1).

4.3.1 Endothelium-dependence fo r  h a  CGRP

Cumulative addition of ha CGRP (10'^®-3xl0‘̂ M) to noradrenaline-induced tone 

produced a concentration-dependent vasorelaxant effect only in endothelium-intact 

tissues but not after removal of the endothelium (Figure 4.1 and 4.2), consistent with an 

endotheUum-dependent pathway for CGRP (Gray & Marshall, 1992a,b). Subsequent 

experiments were performed in aortic rings with intact endothelium

4.3.2 Agonist activity o f h a  CGRP and related peptides

Concentration response curves to ha CGRP gave a pECso of 7.6±0.1 and a 

maximum of 72.5±4.2% relaxation of the spasmogen-induced tone (Figure 4.3). The 

effect of a given concentration began within 10-15s of administration and reached its 

maximum after about 180s. Agonist responses to hp CGRP and rat P CGRP (10'^®-3xl0’ 

^M) were similar in onset, equilibration, potency and maximum response as compared 

with ha CGRP (Figure 4.3) Relaxant responses to human adrenomedullin (3x10'^-10' 

^M) shared similarities with ha CGRP in kinetics of onset and incline of responses, and in 

potency and maximum response (Figure 4.3) Preliminary experiments indicated that the 

maximum effects of ha CGRP and adrenomedullin were not additive with each other. 

Rat amylin (3xl0'^-10'^M) relaxed the spasmogen-induced tone with a potency around 

25-fold weaker than ha CGRP (Figure 4.3) The linear analogue [Cys(ACM^’̂ )] ha 

CGRP (lO'^-lO'^M) produced only weak relaxation (above lO'^M), and was at least 

1000-fold less potent than ha CGRP (Figure 4.3). Salmon calcitonin was even weaker 

(Figure 4.3). Table 4.1 presents a summary of the peptides’ agonist relative potencies 

compared with ha CGRP, in the rat aorta.
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Figure 4.1 Endothelium-dependent vasorelaxation to ha CGRP in rat isolated thoracic 

aorta Traces showing (a) contraction to noradrenaline (NA; 10‘̂ M), relaxation to 

acetylcholine (ACH; lO'^M) and (b) concentration-dependent relaxation to ha CGRP in 

endothelium-intact rings, (c) Traces showing no effect to ha CGRP in an endothelium- 

denuded ring (even up to 10‘̂ M), while sodium nitroprusside (SNP, lO'^M) relaxes the 

spasmogen-induced tone All drugs were added at the points labelled; ha CGRP was 

added in half-log molar increments, numbers represent log molar concentrations
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Figure 4.2 Endothelium-dependence of ha CGRP-induced relaxation in rat thoracic 

aorta Concentration response curve to ha CGRP (#) on noradrenaline-induced tone in 

the presence of the endothelium, and responses to the peptide (O) after removal of the 

endothelium Results are expressed as percentage relaxation of the spasmogen-evoked 

tone Points represent the mean ± s.e.m. of 4 separate experiments
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Figure 4.3 Agonist activities of CGRP analogues and homologues in rat thoracic aorta 

Concentration response curves to ha CGRP (•) , hp CGRP (A), rat P CGRP (♦), 

human adrenomedullin (O), rat amylin (■), [Cys(ACM^’̂ )J ha CGRP (T) and salmon 

calcitonin (□) on noradrenaline-induced tone Results are expressed as percentage 

relaxation of the spasmogen-induced tone Points represent the mean ± s.e.m. of 4 to 6 

separate experiments.
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Table 4.1 Agonist relative potencies of ha CGRP analogues and homologues in relaxing 

noradrenaline-induced tone in rat thoracic aorta. PECso values, the concentrations of 

peptides required to induce 50% of the maximum effect, Emax (%), the maximum effects 

expressed as percentage relaxation of the noradrenaline-induced tone. Hill slope, the 

slope of each concentration response curve; RP (%), relative potency compared with ha 

CGRP (=100%). Values are mean ± s.e.m. from 4 to 6 individual tissues.

Agonist pECso Emax (%) Hill slope RP(% )

ha CGRP 7.6 ±0.1 72.5 ±4.2 0.9 ±0.1 100

hp CGRP 7.7 ±0.2 77.3 ±2.4 0.9 ±0.1 122

rat p CGRP 7.8 ±0.1 78.8 ±3.6 1.0±0.1 138

rat amylin 6.3 ±0.2 71.9±3.8 0.9 ±0.1 5

[Cys(ACM^’)] 
ha CGRP

<4.6 >37.5 ±4.9 0.9±0.1 <0.09

salmon calcitonin <4.7 > 14.1 ±3.1 0.7±0.1 <0.1

human
adrenomedullin

7.9 ±0.2

«WHWitwwwwwvwwvwwvwwvwwvwwvwwwwwnnnnr

68.8 ±7.1

WW-tntVWtfWVVWVVWWWVV«V»VVWIIVWVWVWVWWWWWVWV«1

0.8 ±0.1 183
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(a) Effect o f second agonist curves to CGRP

A second cumulative addition of ha CGRP resulted in relaxation which was not 

reproducible (pECso 7.5±0.1 and 7.1 ±0.1 in first and second curves, respectively), and 

showed a reduction in maximum response of around 14% (p<0.0001, ANOVA; Figure 

4.4.a). Similar effects were observed when agonist curves to hp CGRP (Figure 4.4.b) 

and rat P CGRP (Figure 4.4.c) were repeated. Preliminary experiments indicated that 

longer resting times (60 min) between construction of successive agonist curves did not 

prevent the fall in maximum response. Therefore, subsequent experiments were 

performed not only in single tissues but also in separate tissues by comparing first curves.

4.3.2 Effect of ha CGRPg-s?

Addition of ha CGRPg-s? (lO'^-lO'^M) alone had no effect on basal or 

spasmogen-induced tone.

(a) Equilibration time

Treatment with ha CGRPg s? (lO'^M) for either 2, 20 or 60 min, before addition 

of ha CGRP did not significantly affect the agonist curves, using separate tissues 

(apparent pKs <5 for ha CGRPg.37; Figure 4.5). Subsequent results were obtained by 

incubating ha CGRPg.37 for 20 min prior to the addition of agonists.

(b) Determination o f antagonist affinity

In the presence of lO'^M of ha CGRPg.37, there was a non-parallel rightward shift 

and a reduction in the maximum response to ha CGRP when controls and antagonist 

curves were carried out in the same tissue (Figure 4.6.a), similar to the effects seen 

when ha CGRP curves were repeated (see Figure 4.4.a) The pECso values for ha 

CGRP were 7.5±0.1 and 7.1±0.2 in the absence and presence of ha CGRPg.37, 

respectively, and the reduction in maximum response was around 13%. However, when 

first concentration response curves to ha C G R P  in the presence of ha CGRPg.37 (lO'^M) 

were constructed and compared with single agonist curves fi'om separate tissues, these 

were not significantly different from each other (p>0.05, ANOVA; Figure 4.6.b). The 

pECso values for ha CGRP were 7.6±0 .1 and 7.3±0.1 in the absence and presence of ha 

CGRPg.37 (apparent pKe <5), respectively. Subsequent results were obtained by
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Figure 4.4 Effect of second agonist curves to ha CGRP, hp CGRP and rat P CGRP in rat thoracic aorta First concentration response curves to

(a) ha CGRP (• ) , (b) hp CGRP (A) and (c) rat P CGRP (♦ )  on noradrenaline-evoked tone, and second curves (hollow symbols) to the 

peptides obtained 30 min later Results are expressed as percentage relaxation of the spasmogen-induced tone Points represent the mean ± 

s e m of 4 separate experiments



(a) (b) (c)

wU)

lOOl

T T

-10 -9 -8 -7 -6 -5
Log [ha CGRP] M

(S

lOOn

75-

50-

25-

0
T T

-10 -9 -8 -7 -6 -5
Log [ha CGRP] M

lOOi

'ôî 50-

25-

r T T T 1

-10 -9 -8 -7 -6 -5
Log [ha CGRP] M

Figure 4.5 Effect of ha CGRPg-s? pretreatment on ha CGRP responses in rat thoracic aorta Concentration response curves to ha CGRP (#) 

alone on noradrenaline-induced tone, and after pretreatment with ha CGRPg-s? (lO'^M, ■) for (a) 2 min, (b) 20 min and (c) 60 min Values were 

obtained from single concentration response curves in separate tissues Results are expressed as percentage relaxation of the spasmogen-evoked 

tone Points represent the mean ± s e m of 4 separate experiments
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Figure 4.6 Effect of ha CGRPg-s? on ha CGRP responses in rat thoracic aorta 

Concentration response curves to ha CGRP ( • )  on noradrenaline-induced tone, and in 

the presence of ha CGRPg.37 (10‘̂ M, ■) from (a) second curves in the same tissues and

(b) from first curves in separate groups of tissues Results are expressed as percentage 

relaxation of the spasmogen-induced tone Points represent the mean ± s e m of 4 

separate experiments.
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Figure 4.7 Effect of ha CGRPg-s? on hp CGRP and rat p CGRP responses in rat 

thoracic aorta. Concentration response curves to (a) hp CGRP (A) and (b) rat P CGRP 

(♦ )  on noradrenaline-induced tone, and in the presence of ha CGRPg-a? ( 10'^M, ■), 

obtained from separate groups of tissues Results are expressed as percentage relaxation 

of the spasmogen-induced tone Points represent the mean ± s.e.m of 4 separate 

experiments.
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Figure 4.8 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 
phosphoramidon, thiorphan, lO'^M each) on ha CGRP and [Cys(ACM^’̂ )] ha CGRP 
responses in rat thoracic aorta Concentration response curves to ha CGRP (# ,0 )  and 
[Cys(ACM^’̂ )] ha CGRP (T ,V ; b only) on noradrenaline-induced tone in the absence 
(filled symbols) and presence (hollow symbols) of peptidase-inhibitors on (a) second 
curves from single tissues and (b) from separate groups of tissues. Results are expressed 
as percentage relaxation of the spasmogen-induced tone. Points represent the mean ± 
s.e.m. of 4 or 5 individual experiments.
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Figure 4.9 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan, lO'^M each) on the affinity for ha CGRPg-s? against ha 

CGRP responses in rat thoracic aorta Concentration response curve to ha CGRP ( • )  

on noradrenaline-induced tone, and in the presence of peptidase-inhibitors (O), ha 

CGRPg-s? (lO'^M, ■), and ha CGRPg.37 (lO’̂ M) plus peptidase-inhibitors (□), each 

obtained from separate groups of tissues. Results are expressed as percentage relaxation 

of the spasmogen-induced tone Points represent the mean ± s.e.m. of 4 or 5 individual 

experiments.
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constructing single agonist curves in the absence or presence of antagonist

Ha CGRPg-37 (lO'^M) did not significantly modify responses to either hp CGRP 

or rat P CGRP (Figure 4.7). The pECso values were 7.8±0.1 and 7.6±0.1 for hp CGRP, 

and 7.6±0.1 and 7.4±0.1 for rat P CGRP in the absence and presence of ha CGRPg g? 

(apparent pKs <5), respectively, and maximum responses to the agonists were unaltered

4.3.3 Effect o f peptidase-inhibitors

A mixture of five peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan in DMSO; lO'^M each) or DMSO alone had no effect on 

either basal tone or noradrenaline-induced tone.

Pretreatment (30 min) with peptidase-inhibitors did not potentiate relaxation to 

either ha CGRP or [Cys(ACM^’̂ )] ha CGRP when tested in the same (Figure 4.8.a) or 

separate tissues (Figure 4,8.b). The inactivity of ha CGRPg.37 (lO'^M) against ha CGRP 

was not affected by peptidase-inhibitors (Figure 4.9). The pECso values for ha CGRP in 

the presence of ha CGRPg.37 were 7.4±0.1 and 7.3±0.2 before and after treatment with 

peptidase-inhibitors, respectively.

4.4 Discussion

In this chapter receptors that mediate CGRP relaxation have been characterized in 

the rat thoracic aorta. The nature of CGRP receptors was investigated by the use of 

CGRP analogues, homologues and the antagonist CGRPg.37

In the rat aorta, ha CGRPg.37 has an affinity of less than 5 against ha CGRP 

responses. A fall in maximum response was observed in second curves to ha CGRP or 

when ha CGRPg.37 (lO'^M) was present, and was not apparent when the antagonist was 

measured against ha CGRP in first curves from separate tissues. Thus, the decrease in 

the maximum reflects factors independent of ha CGRPg.37 Previous studies have shown 

that CGRP responses are sensitive to small losses of endothelial content in the rat aorta, 

as demonstrated by the marked variations in maximum effect to ha CGRP, ranging from
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less than 20% up to 80% relaxation (Brain et a l, 1985; Grace et a l, 1987; Gray & 

Marshall, 1992a; Zygmunt et a l, 1995). Thus, the loss of endothelium is probably 

responsible for the fall in maximum response, in the rat aorta

The relative inactivity of ha CGRPg-s? might be explained by failure to reach 

equilibrium at its receptor (after 20 min). However, this seems unhkely since 

preincubation from 2 min up to 60 min did not alter the inactivity of ha CGRPg-s? in the 

present study, and equilibration in the rat pulmonary artery and vas deferens had largely 

occured within 2-3 min (Chapter 2). Another explanation could be that ha CGRPg.37 

acts agonist-dependently. For instance, in the guinea pig basilar artery, ha CGRPg.37 

antagonized a  CGRP (human and rat) but not P CGRP (human and rat) responses 

(Jansen, 1992). In the rat aorta, however, ha CGRPg.37 (lO'^M) was inactive against both 

a  CGRP (human) and P CGRP (human and rat). Therefore, neither insufficient 

equilibration time nor an agonist-dependent action explains the low affinity for ha 

CGRPg.37

In rat aortic smooth muscle cells, it has been shown that endopeptidase 24.11 and 

aminopeptidase N are involved in CGRP metabolism (Mentlein & Roos, 1996), which 

was inhibited by phosphoramidon, thiorphan and bestatin. In human nasal mucosa, 

phosphoramidon potentiated the effect of CGRP (increased nasal airway resistance) 

(Chatelain et a l, 1995), and in one study, in the rat vas deferens, thiorphan increased the 

antagonist affinity of ha CGRPg.37 by more than 10% (Longmore et a l, 1994). 

Therefore, peptide degradation could explain the inactivity of ha CGRPg.37 in the rat 

aorta. However, a mixture of peptidase-inhibitors did not increase either the potency of 

ha CGRP, of [Cys(ACM^’̂ )] ha CGRP or the apparent affinity of ha CGRPg.37 Similar 

findings were obtained previously in the rat pulmonary artery and vas deferens (Chapter 

2). Thus, metabolism by peptidases seems not to account for the low affinity of ha 

CGRPg.37 in the rat aorta.

At the CGRPi receptor in the guinea pig atrium, ha CGRPg.37 has a pAz of 7.2- 

7.7, while it displays an around 10- to 50-fold lower affinity (pA: 6.2-6.6) at the CGRP2 

receptor in the rat vas deferens (Dennis et a l, 1990; Mimeault et a l, 1991). The affinity 

for ha CGRPg.37 (apparent pKs < 5) in the rat aorta is at least 10-fold lower than in the
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rat vas deferens, and thus not consistent with the current receptor classification. This is 

not the first time that a low affinity for ha CGRPg-s? has been demonstrated, but most 

studies used concentrations only down to lO'^M or SxlO'^M. For instance, in the guinea 

pig urinary bladder (Giuliani et a l, 1992) and guinea pig vas deferens (Tomlinson & 

Poyner, 1996), ha CGRPg-s? was inactive up to SxlO'^M, and in the mouse aorta lO’̂ M 

of ha  CGRPg.37 did not antagonize CGRP responses (Quirion et al., 1992). The authors 

concluded that these were CGRP2 receptors, although no affinity value for ha CGRPg.37 

was determined. In the present experiments, ha CGRPg.37 was inactive at the even higher 

concentration of lO’̂ M. Therefore, one possibility is that CGRP receptors in the rat aorta 

differ fi'om the CGRPi and CGRP2 type.

In the rat, two distinct ranges of affinities for ha CGRPg.37 have been reported, 

one around 6 (vas deferens) and another around 7 (pulmonary artery; Chapter 2), 

consistent with the proposal of two CGRP receptor subtypes. In this species, there is no 

value for ha CGRPg.37 as low as the present one (Table 4.2). In addition, there are 

several values which are at least an order of magnitude higher than that for the 

pulmonary artery CGRPi receptor (Chin et a l, 1994; Entzeroth et a l, 1995; Bell & 

McDermott, 1994; Aiyar et a l, 1992; Poyner et a l, 1992). This range of ha CGRPg.37 

affinities in the rat is obtained from in vitro and perfused tissues, and from isolated cells. 

In isolated tissues, it appears that there are three bands of affinities, distributed below 5, 

and around 6, and around 7, respectively. In perfused tissues and isolated cells, there 

may be two separate groups of values, centred around 7 and 8, respectively. Thus, one 

explanation for the range of ha CGRPg.37 affinities may be differences between 

preparations, relating to for instance accumulation and access.

For CGRP receptors in rat vascular tissues, the 100-fold plus difference in ha 

CGRPg.37 affinity between the aorta and other arteries such as the pulmonary artery or 

mesenteric resistance artery (Table 4.2), could suggest the existence of distinct receptor 

subtypes. Furthermore, an interesting observation in the aorta was that ha CGRPg.37 

(even up lO'^M) was not active on basal or spasmogen-induced tone, unlike in the 

pulmonary artery (Chapter 2) where the antagonist (lO'^M) itself caused vasorelaxation 

at high concentrations. This difference could support the presence of heterogeneous 

CGRP receptors in the two arteries, although this assumes that relaxation by
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Table 4.2 Affinity values for ha CGRPg-s? against CGRP in the rat from isolated tissues, 

perfused tissues and cell preparations. PA2 and apparent pKs values (*), quoted from 

concentration ratios where multiple and single concentrations of ha CGRPg-s? were used, 

respectively. Apparent pKs values (**), estimated from single concentration ratios.

Preparation p Aj / pKs* value References

Thoracic aorta <5* this Chapter

Ï
"V

Vas deferens S.9-6.6 Dennis 1990; 
Maggie/a/., 1991; 
Mimeault e/a/., 1991 and 
1992; see Chapter 2

1 Pulmonary artery 6.9 see Chapter 2

s Intramural coronary 
artery

6.9 Sheykhzade & Nyborg, 1998

Mesenteric resistance 
artery

7.2 ±0.2* Leie/a/., 1994

Basilar artery 7.5** Nishimura & Suzuki, 1997

s
g
■s

Perfused
mesenteric vasculature

7.4 Nukie/ûf/., 1994b

■2
1

Perfused kidney 8.0 ±0.2* Chine/a/., 1994

£ Perfused heart 8.5** Entzeroth et al., 1995

Adipocytes 6.91* Casini e/a/., 1991

Ventricular
cardiomyocytes

7.95 Bell & McDermott, 1994

a
3 Liver plasma 

membranes
8.1** Chiba e /a / , 1989

Glomerular mesangial 
cells

8.2* Aiyar e/a/., 1992

L6 myocytes 8.3 Poyner e/ûf/., 1992
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ha CGRPg.37 in the pulmonary artery is mediated via the CGRP receptor.

Alternatively, the lack of effect of ha CGRPg-s? could reflect the absence of CGRP 

receptors in the aorta. Interestingly, CGRP binding sites were not detected on the 

endothelium of the rat aorta, using autoradiography (Thievent & Connat, 1993). The 

present results suggesting that CGRP is a fixll agonist are consistent with literature data 

(Gray & Marshall, 1992a), although this is not direct evidence for an action via CGRP 

receptors. Therefore, it is possible that CGRP produces vasodilatation via a non-CGRP 

receptor. Perhaps the most obvious explanation would be that CGRP interacts with a 

receptor for CGRP homologues. In the present study, CGRP and adrenomedullin were 

the most potent vasorelaxants, while amylin and calcitonin were much weaker. Thus, an 

interaction with amylin or calcitonin receptors can be excluded, although cross-reaction 

with adrenomedullin receptors is a possibility. Recently, in rat aortic smooth muscle cells, 

it was suggested that CGRP interacts with adrenomedullin receptors (Eguchi et al, 

1994a), and binding studies revealed the presence of these receptors (Ishizaka et a l, 

1994; Iwasaki, et a l, 1996). Adrenomedullin (human) exhibited a Kd of 1.3x10'^M while 

the Ki for ha CGRP at these sites (3xlO'^M) was significantly greater than that for 

binding to the CGRP receptor (Eguchi et a l, 1994a). The present functional data are not 

in agreement with the rank order of affinities from binding studies and demonstrate 

similar pECso values (7.6 and 7.9 for ha CGRP and adrenomedullin, respectively), 

although this reflects more than receptor affinity. Perhaps more relevant is the finding 

that at the recently cloned adrenomedullin receptor, CGRP was at least 1000-fold less 

potent than (rat) adrenomedullin in elevating cAMP levels (Kapas et a l, 1995). On this 

basis it appears unlikely that CGRP is relaxing the aorta via an adrenomedullin receptor, 

although further work with the adrenomedullin antagonist human adrenomedullin22-52 

(Eguchi et a l, 1994b) would be instructive.

The agonist relative potency of [Cys(ACM^’̂ )] ha CGRP has been suggested as a 

criterion to characterize CGRP receptors (Dennis et a l, 1989). However, this has not 

been confirmed by studies in the rat pulmonary artery and vas deferens (Chapter 2), 

where the peptide was at least 3000-fold weaker than ha CGRP at both CGRPi and 

CGRP2 receptors. Similarly, in the present study [Cys(ACM^’̂ )] ha CGRP was more 

than 1000-fold weaker than ha CGRP, and even the use of peptidase-inhibitors did not
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increase the peptide’s potency. Therefore, the weak activity of [Cys(ACM^’̂ )] ha CGRP 

in the aorta cannot be used to either support or refuse the involvement of a CGRP 

receptor.

In conclusion, the high potency of CGRP and the relative inactivity of ha CGRPg. 

37 in the rat aorta suggest that this may be a CGRP receptor distinct from both CGRPi 

and CGRP: subtypes. This has implications for the proposed receptor classification, 

although it cannot be excluded that CGRP interacts with a non-CGRP receptor in the 

aorta.
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Chapter 5

Characterization of CGRP receptors 

in the rat internal anal sphincter

5.1 Introduction

One complication in the classification of CGRP receptors may be that it relies on 

comparisons between guinea pig and rat tissues. In the rat, the difference in ha CGRPg-s? 

affinity between the pulmonary artery (pAz 6.9) and the vas deferens (pA2 6.0) supports 

the characterization of CGRPi and CGRP: receptors, respectively (Chapter 2). 

However, the range of affinities for ha CGRPg.37 obtained from a number of species 

exceeds those for the proposed CGRPi receptor. For instance, in human SK-N-MC cells, 

ha CGRPg.37 had a pAi value of 8.7 (Longmore et a l, 1994), and in the internal anal 

sphincter (IAS) of the opossum, the pAi was 8.1 (Chakder & Rattan, 1991). Therefore, 

some of the reported ha CGRPg.37 affinities may reflect species differences between 

CGRP receptors.

The aim of the present chapter was to examine the pharmacology of CGRP 

receptors in the isolated IAS of the rat to compare with values from the opossum. It 

proved impossible to compare the two species directly, since the necessary opossum 

tissue could not be obtained, and therefore, this study compared the rat with literature 

data for the opossum IAS.

To characterize the CGRP receptors mediating relaxation in the rat LAS, CGRP 

analogues, homologues, VIP, and the antagonist ha CGRPg.37 and its analogues were 

used. The effect of peptidase-inhibitors was examined on CGRP activity to test for 

possible peptide degradation.

To determine the subtype of CGRP receptor present in the rat IAS, (i) the 

antagonist effect of ha CGRPg.37 and its analogues and (ii) the agonist activity of
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[Cys(ACM^’̂ )] ha CGRP were investigated.

5.2 Methods

Male Sprague Dawley rats (300-450g) were stunned and killed by cervical 

dislocation.

(a) Internal anal sphincter

The anal canal was isolated, faeces were removed, and the tissue was opened flat 

with an incision along the longitudinal axis of the canal. The mucosa was removed by 

gently scraping with fine scissors, while care was taken to avoid disrupting the continuity 

and integrity of the circular muscle fibres. From the lowermost portion of the anal canal 

(Figure 5.1), an IAS smooth muscle strip (approximately 2-3 mm width and 0.5-0.7cm 

length) was obtained by removing extraneous tissue, connective tissue and the external 

anal sphincter skeletal muscle by sharp dissection. The isolated IAS strip was suspended 

in a 5 ml tissue bath in the same way as the vas deferens, and isometric tension was 

recorded, as described earlier (see Chapter 2, page 51).

The LAS was equilibrated for at least 60 min, and during this time the smooth muscle 

began to develop spontaneous tone which plateaued within 30-100 min. Once the plateau was 

achieved and sustained for at least 15 min, the tissue was washed and spontaneous tone was 

allowed to recover. This tone is thought to be regulated predominantly through myogenic 

mechanisms (Nissan et al, 1984; Culver & Rattan, 1986), resistant to TTX and not modified 

by a-adrenergic blockade, although it can be potentiated by phenylephrine acting on ai- 

adrenoceptors (Yamamoto & Rattan, 1990)

The relaxant response to peptides was examined by constructing a cumulative 

concentration response curve to one agonist (ha CGRP, hp CGRP, rat P CGRP, 

[Cys(ACM^^)] ha CGRP, salmon calcitonin, or VIP) per tissue on the spontaneous tone. 

Second agonist curves were obtained after wash and recovery of the spontaneous 

tone(approximately 40 min later). Relaxation to IAS tone is produced by NANC 

neuropeptides, including VIP (Nurko & Rattan, 1988) and CGRP (Chakder & Rattan, 1990) 

or by electrical field stimulation, which causes release of inhibitory NANC neurotransmitters
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Figure 5.1 Schematic drawing of the internal anal sphincter The anal canal is occluded 

by a tube of sphincters, which include internal and external sphincter muscles The 

internal anal sphincter is a circular smooth muscle, which was isolated for experiments 

(see text).
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(Biancani et a l, 1985), and is not blocked by muscarinic or p-adrenceptor antagonists.

The effect of the neurotoxin TTX (10" ^ ;  10 min pretreatment) was examined on 

spontaneous tone and on second concentration response curves to ha CGRP. It should be 

noted that TTX used in this manner almost completely abolished IAS relaxation by electrical 

field stimulation, in the opossum (Moummi & Rattan, 1988).

In separate experiments, ha CGRPg-s? was equilibrated for 20 min before a repeat 

curve to an agonist was obtained. The effects of human (a- and P) CGRPg-s? and ha CGRPg. 

37 analogues (10* ^ ; 20 min pretreatment) were also studied on ha CGRP repeat curves. H a 

CGRPg.37 analogues were substituted at the N-terminus by either glycine (ha CGRPg.37Gly*), 

<ü?5-NH2 valine (ha CGRPg.37<^5-NH2 Val*) or proline (ha CGRPg.37Pro*). All CGRP 

fi’agments (lO'^M) were tested on spontaneous tone prior to addition of agonists.

(b) Peptidase-inhibitors

A mixture of the peptidase-inhibitors amastatin, bestatin, captopril, phosphoramidon 

and thiorphan (10* ^  each; 30 min pretreatment) was studied on responses to either ha 

CGRP or [Cys(ACM^^)] ha CGRP, and to ha CGRP or rat P CGRP in the presence of ha 

CGRPg.37 Responses to ha CGRP and [Cys(ACM^^)] ha CGRP in the absence and presence 

of peptidase-inhibitors were examined within a single tissue. For the antagonist ha CGRPg.37 

(lO'^M) assayed against ha CGRP or rat p CGRP, peptidase-inhibitors were present 

throughout the experiment and compared with results obtained in their absence. The effect of 

peptidase-inhibitors (in DMSO) and DMSO was tested on spontaneous tone.

Drugs were prepared as described in Appendix 3 (page 181). Due to limited 

availability, full concentration response curves to some agonists could not be obtained. The 

CGRP antagonists were used at a single concentration, and an apparent pKg value was 

calculated, assuming competitive antagonism.

Responses to relaxant drugs in the IAS, are expressed as a percentage relaxation 

of the spontaneous tone. For analysis of data, measurements of agonist potency (pECso), 

Hill slope, and antagonist affinity (apparent pKe), values were determined as described 

earher (see Chapter 2, page 53-54).
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5.3 Results

In the rat isolated IAS strips, a spontaneous contraction developed, which 

plateaued (Figure 5.2) with a tone of 1 2±0.2g (n=10), that maintained for at least 40 min.

5.3.1 Agonist activity of ha CGRP, analogues, homologues and VIP

Cumulative addition of ha CGRP (10'^®-3xl0‘̂ M) induced concentration- 

dependent relaxation of the spontaneous tone (Figure 5.2), with a pECso value of 

8.1±0.2, and a maximum response of 100% relaxation (Figure 5.3). The efifect of a given 

concentration began within 35-50s and reached its maximum after about 4-5 min. 

Agonist responses to hp CGRP and rat p CGRP (10'^°-3xl0’̂ M) were similar to those of 

ha CGRP (Figure 5.3). The linear analogue [Cys(ACM^’̂ )] ha CGRP produced no 

relaxation up to lO'^M (Figure 5.3), and was at least 1000-fold weaker than ha CGRP. 

Similarly, salmon calcitonin was inactive up to lO'^M (Figure 5.3) VIP (3xlO'^®-3xlO* 

^M) caused relaxation, being around 7-fold more potent than ha CGRP (Figure 5.3). 

The onset and equilibration of VIP relaxation was similar to that of ha CGRP. Table 5.1 

presents a summary of the agonists’ activities and their potencies relative to ha CGRP, in 

the rat IAS.

Reproducible relaxation curves were obtained for either ha CGRP, or rat P 

CGRP or VIP on spontaneous tone (Figure 5.4), suggesting no tachyphylaxis.

(a) Effect o f TTX on spontaneous tone and on relaxation to ha CGRP

TTX (10"%I; 10 min pretreatment) caused no significant change in the 

spontaneous tone of the IAS (tension of 1.0±0.2 and 1. l±0.3g (n=4 each) in the absence 

and presence of TTX, respectively). The relaxant efifect of ha CGRP on spontaneous 

tone was not modified in the presence of the neurotoxin. Ha CGRP at 1 0 '^ , 3 x 1 0 '^  

and 10**M produced 9.1±4.1, 26.7±5.3 and 59.2±6.4 % relaxation compared with. 

7.8±2.9, 22.9±4.9 and 60.5±7.9 % (n=4 each), in the absence and presence of TTX, 

respectively. Preliminary experiments indicated that TTX (IC^M) had no significant 

efifect on concentration response curves to hp CGRP, rat P CGRP or VTP As a control 

of the effectiveness of TTX neural block, IAS relaxation induced by electrical field
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Figure 5.2 Relaxation to ha CGRP on spontaneous tone in rat isolated internal anal 

sphincter (IAS). Traces showing (a) development and plateau of spontaneously produced 

contractions, and (b) concentration-dependent relaxation to cumulatively administered 

ha CGRP on spontaneous tone Numbers represent log molar concentrations of ha 

CGRP, added in half-log molar increments at the points labelled
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Figure 5.3 Agonist activities of CGRP analogues, homologues and VIP in rat IAS. 

Concentration response curves to ha CGRP (• ) , hp CGRP (A), rat P CGRP (♦), 

[Cys(ACM^’̂ )l ha CGRP (T), salmon calcitonin (□ ) and VTP (■) on spontaneous tone. 

Results are expressed as percentage relaxation of the spontaneous tone Points represent 

the mean ± s.e.m. of 4 or 5 separate experiments.
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Table 5.1 Agonist relative potencies of ha CGRP, analogues, homologues and VIP in 

relaxing spontaneous tone in rat IAS. PEC50 values, the concentrations of peptides 

required to induce 50% of the maximum effect; Emax (%), the maximum effects expressed 

as percentage relaxation of the spontaneous tone; Hill slope, the slope of each 

concentration response curve; RP (%), relative potency compared with ha CGRP 

(=100%). Values are mean ± s.e.m. from 4 or 5 individual tissues.

Agonist pECso Emax (%) Hill Slope RP (%)

ha CGRP 8.1 ± 0.2 100 1.2 ± 0.1 100

hp CGRP 8.3 ±0.1 100 1.0 ± 0.1 164

rat p CGRP 8.4 ±0.2 100 1.1 ± 0.1 200

[Cys(ACM^’")] < 5
ha CGRP

>0 <0.07

salmon calcitonin <5 >0 <0.07

VIP 9.0 ±0.1 100 1.0 ± 0.1 740
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Figure 5.4 Effect of second agonist curves to ha CGRP , rat P CGRP and VIP in rat IAS First concentration response curves to (a) ha CGRP 

(•) , (b) rat p CGRP (♦ ), and (c) VIP (■) on spontaneous tone, and second curves (hollow symbols) to the peptides obtained approximately 

90 min later. Results are expressed as percentage relaxation of the spontaneous tone Points represent the mean ± s e m of 4  separate 
experiments



stimulation (40V, 2ms for 2s, 0.5-20Hz) was completely abolished by the neurotoxin 

(Appendix 7, page 187).

5.3.2 E ffect o f human CGRPg-s? and analogues

Addition of either ha CGRPg.37 or one of its analogues (lO'^-lO'^M) had no effect 

on spontaneous tone.

(a) Determination o f antagonist affinity

Preliminary data indicated that pretreatment (20 min) with ha CGRPg.37 up to 

3x10"^ did not significantly alter concentration response curves to ha CGRP. Ha 

CGRPg.37 at lO'^M inhibited ha CGRP responses and produced a parallel rightward shift 

of the agonist curve with a concentration ratio of 6 .6 ± 1 .6 , and no reduction in the 

maximum response (Figure 5.5.a). Ha CGRPg.37 (lO'^M) antagonized responses to rat P 

CGRP in a similar manner (concentration ratio 7.5±1.5; Figure 5.5.b). In contrast, 

responses to VIP were not altered by ha CGRPg.37 (lO'^M; Figure 5.5.c). The pECso 

values for VIP were 9.1±0.2 and 9.0±0.1 in the absence and presence of ha CGRPg.37, 

respectively. The P-form of human CGRPg.37 (lO'^M) antagonized responses to ha 

CGRP (concentration ratio 15.4±2.1), without depressing the maximum response 

(Figure 5.6) Ha CGRPg.37 analogues (lO'^M) which were substituted at the N-terminus 

by either glycine (ha CGRPg.37Gly*), valine (ha CGRPg.37 Val*) or

proline (ha CGRPg.37 Pro*) were all antagonists against ha CGRP, and produced a 

parallel rightward shift of the agonist curves with similar concentration ratios (6.9±1.2, 

7.1±1.4, and 4.1±0.6, respectively), and no changes in maximum effect (Figure 5.7). 

Table 5.2 presents a summary of the affinity values for the antagonists in the rat IAS, as 

compared with previous data obtained fi*om the rat vas deferens and pulmonary artery.

5.3.3 E ffect o f peptidase-inhibitors

Addition of a mixture of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan in DMSO; 10"^  each) or DMSO alone did not alter the 

spontaneous tone of the IAS.
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Figure 5.5 Effect of ha CGRPg g? on ha CGRP, rat P CGRP and VIP responses in rat IAS Concentration response curves to (a) ha CGRP 

(#), (b) rat p CGRP (T) and (c) VIP (■) alone on the spontaneous tone, and in the presence of ha CGRPg.37(10^M, ♦ )  Results are expressed 

as percentage relaxation of the spontaneous tone Points represent the mean ± s e m of 4 or 5 individual experiments.
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Figure 5.6 Antagonist effect of h(3 CGRPg-s? on ha CGRP responses in rat IAS. 

Concentration response curve to ha CGRP ( • )  on spontaneous tone, and in the 

presence of hp CGRPg-s? (lO’̂ M; ♦ ). Results are expressed as percentage relaxation of 

the spontaneous tone Points represent the mean ± s.e.m. of 4 separate experiments.
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Figure 5.7 Antagonist efifect of ha CGRPs.37 analogues substituted at the N-terminus against ha CGRP responses in rat IAS. Concentration 

response curves to ha CGRP (#) alone on spontaneous tone, and in the presence of lO'^M of (a) ha CGRPg-s? Gly* (A), (b) ha CGRPs-31 des- 

NH2 Val* (T), and (c) ha CGRPg-s? Pro  ̂(♦ )  Results are expressed as percentage relaxation of the spontaneous tone Points represent the mean 

± s e m of 4 individual experiments



Table 5.2 Antagonist affinities of human CGRPg-s? and its analogues against CGRP- 

induced relaxation of spontaneous tone in rat IAS, twitch inhibition in rat vas deferens, 

and vasorelaxation of phenylephrine-evoked tone in rat pulmonary artery. Apparent pKs 

values (*) were obtained from the concentration ratio using either lO'^M of the 

antagonists in the LAS and vas deferens, or lO'^M of the antagonists in the pulmonary 

artery, and are expressed as the mean ± s.e.m.. PA2 values were obtained from Schild 

plots where multiple concentrations of the antagonists were used. Values represent data 

from at least 4 separate experiments. Affinity values for ha CGRPg-s? and analogues from 

the rat vas deferens and pulmonary artery are quoted from Chapter 2 and 3; ND, not 

determined

Agonist Antagonist pAj /  pKs* value

IAS Vos
deferens

Pulmonary
artery

ha CGRP ha CGRPg.37 5.7 ±0.3» 6 . 0 6.9

rat p CGRP ha CGRPg.37 5.8 ±0.2» 5.8±0.1* ND

ha CGRP hp CGRPg.37 6.1 ±0.1» 5.6 7.1 ±0.1*

ha CGRP ha CGRP8.37Gly‘ 5.8±0.1» 6.1±0.1* 6.9±0.1*

ha CGRP ha CGRPg.37 des- 
MHz Val'

5 8 ± 0  1» 6.5±0.1* 7.0±0.1*

ha CGRP ha CGRP8.37Pro' 5.5 ±0.1» 6.1±0.1* 7.0
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Figure 5.8 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan, 10"̂  each) on ha CGRP and [Cys(ACM^’̂ )] ha CGRP 

responses in rat IAS. Concentration response curves to ha CGRP (# ,0 )  and responses 

to [Cys(ACM^’̂ )] ha CGRP (▼, V) on spontaneous tone, in the absence (filled symbols) 

and presence (hollow symbols) of peptidase-inhibitors Results are expressed as 

percentage relaxation of the spontaneous tone Points represent the mean ± s e m of 4 

individual experiments
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Figure 5.9 Effect of peptidase-inhibitors (amastatin, bestatin, captopril, 

phosphoramidon, thiorphan, 10"̂  each) on the antagonist effect of ha CGRPg.37 against 

ha CGRP and rat P CGRP responses in rat IAS. Concentration response curves to (a) 

ha CGRP (# ,0 )  and (b) rat P CGRP (A, A) on spontaneous tone, and in the presence 

of ha CGRPg.37 (lO'^M; ♦^O), in either absence (filled symbols) or presence (hollow 

symbols) of peptidase-inhibitors Results are expressed as percentage relaxation of the 

spontaneous tone Points represent the mean ± s.e.m of 4 separate experiments
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The peptidase-inhibitors did not modify responses to either ha CGRP or 

[Cys(ACM^’̂ )] ha CGRP (Figure 5.8). The pECso values for ha CGRP were 7.9±0.1 

and 7.8±0.1 before and after treatment with peptidase-inhibitors, respectively. Similarly, 

peptidase-inhibitors did not change the antagonist effect for ha CGRPg s? against either 

ha CGRP or rat |3 CGRP (Figure 5.9). The apparent pKe values for ha CGRPg g? (10' 

^M) were 5.9±0.1 against ha CGRP and 6.0±0.1 against rat P CGRP in the presence of 

peptidase-inhibitors, similar to controls (5.7±0.3 against ha CGRP, 5 .8±0.2 against rat P 

CGRP) in their absence. These results suggested that inhibition of peptidases does not 

increase either the potency for CGRP or the affinity for ha CGRPg.37, in the rat IAS.

5.4 Discussion

This chapter supports the presence of CGRP2 receptors in the rat IAS. The nature 

of CGRP receptors was investigated using CGRP analogues, calcitonin and VIP. The 

receptor type was determined by the antagonist ha CGRPg.37 and its analogues.

In the rat IAS, CGRP causes concentration-dependent and TTX-resistant 

relaxation of the spontaneous tone, suggesting an action directly at the smooth muscle. 

Ha CGRPg.37 selectively antagonizes ha CGRP and not VTP responses, consistent with 

the presence of CGRP receptors. The affinity of ha CGRPg.37 in the rat LAS agrees well 

with reported values from the rat vas deferens (Table 5.2; Dennis et a l, 1990; Maggi et 

al, 1991; Mimeault et a l, 1991 and 1992), but differs around 10-fold from values 

obtained from the rat pulmonary artery (Table 5.2). The similarity between the receptors 

in the rat IAS and vas deferens is supported by two more findings: Firstly, both human 

a- and rat p forms of CGRP act on the same class of CGRP: receptors in the rat IAS, 

since the action of the two peptides was antagonized by ha CGRPg.37 in an agonist- 

independent manner, consistent with a common site of action. Secondly, the P-form of 

human CGRPg.37 appears to recognize the same population of CGRP2 receptors, since 

the antagonist had a similar affinity to ha CGRPg.37 Thus, in agreement with earlier 

studies in the rat vas deferens (Chapter 2), the present results in the rat IAS are 

consistent with a single class of CGRP: receptors, which is agonist (ha CGRP, rat P 

CGRP) and antagonist (ha- and hp CGRPg.37) independent.
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For ha CGRPg-s?, deletion of the N-terminus (valine*) does not alter antagonism at 

CGRP receptors in either the guinea pig atrium or rat vas deferens (Mimeault et a l, 

1991 and 1992), and previous studies have shown that ha CGRPg-s? analogues with 

structural modifications at the N-terminus are equally potent with ha CGRPg.37, in rat 

tissues (Chapter 3). To investigate whether this is also true for the CGRP receptor in 

the rat IAS, the present study examined the activity of these ha CGRPg.37 analogues. The 

data confirm that substitutions at the N-terminus do not alter the affinity of ha CGRPg.37, 

suggesting that valine* neither interacts with receptor binding sites nor plays a structural 

role for antagonism of ha CGRPg.37 The findings that the affinity determinants for the 

ha CGRPg.37 analogues in this study are consistent with those previously reported from 

the rat vas (Table 5.2) supports the presence of a rat CGRP2 receptor in the IAS. 

Furthermore, the antagonists had no agonist activity (up to lO'^M) consistent with earlier 

results from the vas deferens, suggesting that these analogues are helpful tools with 

which to characterize CGRP receptors, at least in the rat vas deferens and IAS.

CGRP2 receptors have been suggested in several other species/preparations, 

including the mouse aorta (Quirion et a l, 1992), guinea pig bladder (Giuliani et a l, 

1992), guinea pig vas deferens (Tomlinson & Poyner, 1996) and human COL 29 cells 

(Cox & Tough, 1994). However, these studies did not determine the affinity of ha 

CGRPg.37 but only showed a relative inactivity of the fragment (using no higher 

concentrations than SxlO'^M or lO'^M).

In the opossum IAS, ha CGRPg.37 selectively antagonized CGRP responses with a 

pA2 value of 7.8 against ha CGRP and 8.1 against hp CGRP (Chakder & Rattan, 1991). 

This antagonist affinity, however, is around 10-fold higher than that at the CGRPi 

receptor in the guinea pig right atrium (pA2 7.2 against ha CGRP; Mimeault et a l, 

1991), and up to 100-fold higher than at the CGRP2 receptor in the rat vas deferens. The 

present study in the rat IAS demonstrates an affinity value for ha CGRPg.37 which is also 

at least 100-fold lower than in the same tissue in the opossum. Therefore, these results 

may highlight species differences which could partly explain the range of ha CGRPg.37 

affinities. Since there is no literature data on other opossum tissues, the affinity for ha 

CGRPg.37 reported in the opossum IAS could represent either a CGRPi or a CGRP2 

receptor or alternatively, yet another CGRP receptor subtype.
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In the opossum IAS, there was tachyphylaxis to CGRP (Chakder & Rattan, 1991), 

which was not observed in the rat, suggesting either different receptors and/or different 

receptor effector mechanisms. While VIP is (approximately 1000-fold) more potent in 

the rat IAS (pECso 9.0) than in the opossum tissue (estimated pECso 6 .2; Chakder & 

Rattan, 1991), the potency of the CGRP peptides in the rat IAS (pECso 8.1-8.4) and the 

opossum IAS (pECso 7.5-8.5; Chakder & Rattan, 1990 and 1991) was similar.

The linear analogue [Cys(ACM^^)] ha CGRP has been suggested to be a selective 

agonist at the CGRPz receptor (Dennis et al., 1989), although this was not confirmed by 

previous studies in the rat vas deferens (Chapter 2). In the rat IAS, the native CGRP 

peptides (ha-, hP- and rat P CGRP) are full agonists, while [Cys(ACM^’̂ )] ha CGRP 

was inactive (up to lO'^M). In the presence of several peptidase-inhibitors, 

[Cys(ACM^^)] ha CGRP was no more effective, suggesting it was not rapidly broken 

down. Therefore, these results suggest that [Cys(ACM^’̂ )] ha CGRP is not a helpful tool 

unlike ha CGRPg-s? and its analogues with which to characterize CGRPi receptors. A 

similar conclusion was previously reached for the CGRPi receptor in the vas deferens 

(Chapter 2 and 3).

Peptidase-inhibitors such as thiorphan and phosphoramidon increased the effects of 

CGRP agonists and antagonists, in some tissues (Longmore et a l, 1994; Maggi & 

Giuliani, 1994; Chatelain et a l, 1995). Thus, a differing enzyme distribution might 

explain the difference in ha CGRPg-s? affinity between the present study and that in the 

opossum. However, peptidase-inhibitors do not potentiate the affinity for ha CGRPg-s? in 

the rat LAS, since neither the potency of ha CGRP nor the antagonist activity of ha 

CGRPg-s? was altered. Similar to the present findings but in contrast to those by 

Longmore et a l (1994), reported affinity values for ha CGRPg-s? in the rat vas deferens 

are not different in the presence (Giuliani et a l, 1992; Chapter 2) or absence of 

peptidase-inhibitors (Maggi et a l, 1991; Mimeault et a l, 1991 and 1992; Chapter 2). 

Therefore, in agreement with these literature data, the affinity for ha CGRPg-s? in the 

present study appears not to be low due to degradation by peptidases, but supports the 

presence of a CGRPi receptor in the rat IAS.
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Another possible explanation for the difference in ha CGRPg.37 affinity between the 

rat and the opossum IAS could be that the fragment did not reach equilibrium at its 

receptor (after 20 min) in the current experiments. However, in rat tissues such as the 

pulmonary artery and the vas deferens it appears that ha CGRPg.37 reaches equilibrium 

within 2-3 min (Chapter 2). Therefore, there are grounds to assume that insufficient 

equilibration is not a factor responsible for the lower ha CGRPg.37 affinity in the rat IAS.

In this study, apparent pKe values have been determined from one measurement of 

concentration ratios, and so must be interpreted with caution since competitive 

antagonism has been assumed. However, despite this limitation, all apparent pKe values 

for ha CGRPg.37 and analogues are in good agreement with pA% values for (ha and p) 

CGRPg.37 in the vas deferens (Table 5.2).

In conclusion, the affinity for ha CGRPg.37 and its analogues supports the presence 

of a CGRP2 receptor in the rat IAS. However, part of the variability in ha CGRPg.37 

affinities reported fi*om the literature may be due to species differences, shown in this 

chapter with the IAS. Therefore, caution has to be taken in classifying CGRP receptors 

and comparing across different species.
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Chapter 6

General discussion

In this thesis CGRP receptors have been characterized in rat isolated smooth 

muscles, namely receptors that mediate relaxant effects in the pulmonary artery, thoracic 

aorta and internal anal sphincter (IAS), and receptors that mediate inhibitory effects in 

the prostatic vas deferens, produced by CGRP and related peptides The proposed sub

classification of CGRP receptors into CGRPi and CGRP2 has been investigated using the 

suggested criteria, which are based on (i) the differing antagonist affinities for CGRPg-s? 

and (ii) the agonist relative potency of [Cys(ACM^^)] ha CGRP In terms of the first 

criterion, the difference in antagonist affinity for CGRPg.37 supports the presence of 

CGRPi receptors in the pulmonary artery and CGRP2 receptors in the vas deferens and 

IAS. Therefore, CGRPi and CGRP2 receptor subtypes have been demonstrated in rat 

smooth muscles. However, in the aorta, the apparent affinity for CGRPg.37 did not fit into 

the proposed classification system. [Cys(ACM^’̂ )] ha CGRP showed no selectivity 

between the CGRPi and CGRP2 receptors.

Affinity values for ha CGRPg.37 reported here resemble those at the CGRPi 

receptor of the guinea pig atrium and CGRP2 receptor of the rat vas deferens, with about 

a 10-fold difference in affinity between the receptor subtypes. Therefore, this analysis 

supports the sub-classification of CGRP receptors into two groups with either higher or 

lower affinity for ha CGRPg.37 However, this 10-fold difference is only a part of the 

more than 10,000-fold range of affinities reported for ha CGRPg.37, covering values from 

lower than 5 (e.g. rat aorta as demonstrated in this thesis) up to around 9 (e.g. human 

SK-N-MC cells; Longmore et a l, 1994).

One factor which may be responsible for some of the affinity range is species 

differences between the CGRP receptors. Affinity determinants for ha CGRPg.37 in the 

rat are similar to those from the guinea pig, suggesting that here species differences may 

be slight. However, as demonstrated in the study of the IAS, the affinity for ha CGRPg.37 

in the rat differs (at least 100-fold) from that in the opossum. Therefore, although the 

suggested classification system may represent ‘prototypical’ receptor subtypes in the
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guinea pig and rat, it is not universal among species. The extent of species differences is 

largely undocumented. Therefore, it is important to compare ha CGRPg-s? affinities 

within a single species and thus, the present thesis has studied ha CGRPg-s? in isolated 

smooth muscle preparations from the rat.

Even within a single preparation, affinities for ha CGRPg.37 have shown 

variations. For instance, in the guinea pig atrium, reported affinities range from 7.7 to 6.7 

(e.g. Mimeault et al,  1991; Giuliani et al,  1992), and in the rat vas deferens they cover 

values from 5.9 to 6 . 6  (e.g. Giuliani et al,  1992; Dennis et a l ,  1990). A certain range of 

values is inevitably given by experimental variability. For instance, in this thesis where 

experimental conditions were nominally the same, control (apparent pKe) values for ha 

CGRPg.37 (in different sets of experiments) ranged from 6.7 to 7.2 in the pulmonary 

artery and from 5.8 to 6.2 in the vas deferens. These results are not outside the expected 

values for a CGRPi and CGRP: receptor, respectively, and illustrate an around 5-fold 

difference on the basis of experimental variability. Therefore, differences between 

laboratories probably contribute towards the 1 0 -fold range of affinities within a single 

preparation. However, in human SK-N-MC cells, affinity values have been reported from 

7.8 (K b 16.6 nM against ha CGRP; Zimmermann et al ,  1995) to 9.3 (against hp CGRP; 

Longmore et al ,  1994). This may be partly a consequence of the different conditions 

used in each study. For instance, Longmore et a l  (1994) used buffer containing MgCb, 

and 0.2% bovine serum albumin while Zimmermann et a l  (1995) used no ionic buffer 

but a higher amount of serum albumin (1%). It has been suggested that specific binding 

of ha  CGRPg.37 is sensitive to increasing ionic strength of buffer (Poyner et al,  1992), 

and increasing concentrations of serum albumin can reduce the affinity of for instance 

endothelin receptor antagonists (Wu-Wong et al ,  1997). Therefore, differences in 

experimental conditions could also account for some of the range of ha CGRPg.37  

affinities.

Furthermore, differing extents of metabolism might play a role in the affinity 

range (Longmore et al,  1994), but to date, it is not known which peptidases are 

responsible for the selective termination of the activity of CGRP and analogues. Most 

literature data for ha CGRPg.37 have not been obtained in the presence of peptidase- 

inhibitors, and may need reviewing. However, from the data presented in this thesis.
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there is no indication of degradation by peptidases affecting the affinity of ha CGRPg-s? 

in the tissues investigated, although the potential role of tryptase and chymase needs to 

be evaluated.

Recently, the cloning of CGRPi receptors has been reported (Kapas & Clarke, 

1995; Aiyar et al ,  1996; Han et al ,  1997). For instance, at the cloned canine receptor, 

CGRP-induced accumulation of cAMP levels was antagonized by ha CGRPg g? with a 

high affinity (IC50 5xlO’\ l ;  Kapas & Clarke, 1995). However, calculation of an apparent 

PKb gives a much higher value (at least 100-fold higher) than that for ha  CGRPg.37  

reported here at the CGRPi receptor of the rat pulmonary artery. Thus, it appears 

difficult to reconcile the molecular biological approach with the proposed classification 

of CGRP receptors. One possibility may be that species differences exist between these 

CGRPi receptors as one receptor is from the rat while the other was cloned from dog 

(thyroid). The observation that the affinity for ha  CGRPg.37 in the lingual artery from dog 

(estimated pKe 9.1; Kobayashi e ta l ,  1995) resembles that at the cloned CGRPi receptor 

could support this hypothesis. However, at present the literature lacks sufficient 

functional data from the dog to compare with this putative CGRP receptor clone. 

Furthermore, it is yet unclear whether the cloned sequence is a CGRPi receptor, and to 

date, there is no report on a CGRP2 receptor clone. Therefore, the present pharmacology 

on cloned CGRP receptors is not sufficient to compare with the considerable range of 
functional data. Recent publications reported two protein clones, termed RCP (receptor 

component protein; Luebke et al ,  1996) and RAMPl (receptor activity modifying 

protein 1; McLatchie et al,  1998), which conferred on Xenopus oocytes the ability to 

respond to CGRP. It may be possible that a complex of proteins is needed to allow an 

expressed CGRP receptor protein to be functionally active (e.g. Luebke et al,  1996). 

This could explain the resistance to expression cloning and the failure of CRLR to 

function in some cell lines (e.g. Han et al., 1997).

Therefore, the proposed sub-division of CGRP receptors into two groups might 

be a useful framework but it does not accommodate all the data obtained with ha 

CGRPg.37

The suggested selectivity of [Cys(ACM^’̂ )] ha CGRP to discriminate between 

CGRP receptors was not confirmed using the tissues investigated in this thesis. It has to
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be recognized that the selectivity of this peptide has only been demonstrated by one 

group (Dennis et al,  1989) who indicated a rather weak potency of the peptide at the 

CGRP2 receptor (in relation to its inhibition of twitch responses in the vas deferens). 

Furthermore, and more important to note is that agonist potency ratios are an inherently 

dangerous basis for a receptor classification, due to the complication of, for instance, 

spare receptors and variable efficacy. Therefore, it seems reasonable on the basis of the 

present data that [Cys(ACM^’̂ )] ha CGRP is not a useful tool for classifying subtypes of 

CGRP receptors. Most recently, the compound [Cys(Et^’̂ )] ha CGRP (in which the 

acetomethoxy moiety is replaced by an ethylamide group) has been suggested as a more 

useful CGRP2 receptor agonist (Dumont et al,  1997), but this also needs to be evaluated.

Investigation of CGRP receptors with CGRP homologues raised a number of 

problems. Amylin or adrenomedullin may entirely or partly act through their own 

receptors or partly or entirely via CGRP receptors. Therefore, as classification tools they 

are hardly ideal, although use of selective antagonists for these receptors would help 

clarifying their sites of action.

There was little difference in agonist potency between the various forms of 

CGRP, and thus the five amino acid variance between the peptides appears not to be 

important for these biological responses. This has also been indicated in many other 

preparations, where CGRP peptides appeared to be more or less equipotent (e.g. Al- 

Kazwini et al,  1986; Marshall et al ,  1986; Hughes & Brain, 1991; Poyner et al,  1992). 

Therefore, the various forms of CGRP did not aid the differentiation of CGRP receptors.

While this thesis demonstrates that ha CGRPg.3 7 is the key tool with which to 

characterize CGRP receptors, the limitations of this antagonist also have to be 

recognized. In the rat pulmonary artery, the Schild plot had a flat slope when low and 

high (e.g. lO'^M) concentrations were used, while the slope was unity when only low 

concentrations were employed. Clearly, there may be a number of explanations, but there 

is the possibility that ha CGRPg-s? also has affinity for non-CGRP receptors. For 

instance, ha CGRPg.37 can be an agonist at calcitonin receptors (e.g. Chiba et al,  1989; 

Muff e ta l ,  1992), and at neurokinin NKi receptors (e.g. Andersson & Almegard, 1993). 

Other properties of ha CGRPg.37 include vasodilatation (e.g. Hughes & Brain, 1991; 

Wahl et a l ,  1994; Chapter 2), and vasoconstriction (e.g. Chin et a l ,  1994; Han et al..
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1990; Gardiner et a l, 1990). Furthermore, ha CGRPg-s? can antagonize at least some of 

the actions of amylin (e.g. Gardiner et a l, 1991; Wang et a l, 1991; Chapter 2) and of 

adrenomedullin (e.g. Eguchi et al., 1994a; Ishizaka et a l, 1994). The relationship 

between receptors for C G R P, amylin and adrenomedullin remains unclear and it is 

difficult to interpret these observations. However, on the basis of the present literature, it 

would seem prudent to consider the possibihty that in some tissues high concentrations 

of ha CGRPg.37 may not act just on C G R P  receptors. Therefore, one of the major 

limitations of the present study has been the potential lack of selectivity of the antagonist. 

Furthermore, it is clear from this thesis that the use of only ha CGRPg.37, with its low 

potency and its small difference in affinity (only 1 0 -fold) between receptors is hardly an 

ideal basis for classifying receptors.

An approach aimed at investigating the bioactive conformation of ha CGRPg.37 

using conformationally restrained surrogates (BTD) identified the presence of two 13- 

bends as relevant features for receptor affinity. However, this approach of forming a 

more rigid structure of ha CGRPg.37 did not lead to a more potent antagonist. One 

possibility is that these P-bend structures are not major features for antagonism. For 

instance, deletion of the N-terminal region up to the central P-bend, as in ha CGRP19-37 

(e.g. Rovero et a l, 1992) and in ha CGRP2g-37 (Chakder & Rattan, 1990) can retain 

weak antagonism, although these results were obtained from different species/tissue 

preparations. On the other hand, a structural relevance for the C-terminal P-bend region 

has been indicated by Rist et a l (1998) who showed that in human SK-N-MC cells, the 

binding affinity of the segment CGRP27-37 can be significantly increased (100-fold) by 

incorporation of prolinê "* and phenylalanine^  ̂within the 32-35 P-bend. Whether this is 

an approach to optimize the bioactive conformation of ha CGRPg.37, however, remains 

to be determined. It is clear that although something is known of the importance of both 

the a-helix (residues 8-18) and the C-terminus of ha CGRPg.37 a large section of the 

molecule remains obscure. Thus, further work is needed to determine the complete 

bioactive conformation of ha CGRPg.37 This thesis has provided conclusive evidence for 

bends (at 18-21 and 32-35) and has identified a first semi-rigid structural model. 

Therefore, this might be a useful starting-point to provide crystal structures for an X-ray 

diffiaction analysis that determines the conformation of ha CGRPg.37
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The affinity determinants produced by the active ha CGRPg-s? analogues closely 

match those of ha CGRPg.37, supporting the presence of CGRPi receptors in the rat 

pulmonary artery and CGRP: receptors in the rat vas deferens and IAS. However, these 

analogues also had unusual properties in the pulmonary artery, producing vasodilatation 

and vasoconstriction. The mechanisms are unknown but these might be similar to ha 

CGRPg.37, possibly interacting with sites additional to CGRP receptors at high 

concentrations. Therefore, it seems clear that the analogues identified in this thesis were 

merely mimics of ha CGRPg.37, and had the same limitations. Thus, progress in the 

development of more selective antagonists has not been achieved.

In rat vascular tissues, ha CGRPg.37 affinities differ at least 100-fold between the 

pulmonary artery and the aorta, which could support the presence of heterogeneous 

CGRP receptors. However, one of the major limitations of the study in the aorta 

(Chapter 4) was that an affinity value for ha CGRPg.37 was not determined (despite 

using a concentration up to lO'^M). Thus, it remains unclear whether the relative 

inactivity of ha CGRPg.37 reflects a CGRP receptor other than CGRPi or CGRP: or a 

non-CGRP receptor. Perhaps, the use of the adrenomedullin antagonist, human 

adrenomedullin::-;:, could help to resolve the problem whether CGRP might interact 

with these receptors in the aorta. Furthermore, radioligand binding data with CGRP, ha 

CGRPg.37, adrenomedullin and adrenomedullin::.;: might help to determine the presence 

of specific CGRP binding sites. A further possibility to investigate the type of CGRP 

receptors in the aorta would be to examine the effect of structurally restrained analogues 

of ha CGRPg.37, such as the BTD compounds which might have a different affinity to ha 

CGRPg.37 at these receptors.

In vascular preparations, reported affinity values for ha CGRPg.37 are distributed 

between values below 5 up to around 9 (Table 6.1), which could suggest CGRP 

receptor heterogeneity. However, these data are from a number of species and different 

preparations, and as discussed earlier these values need to be interpreted with care. 

Furthermore, in most reports full Schild plots were not constructed, and apparent pKe 

values were estimated for ha CGRPg.37 However, despite these limitations, it appears 

that in many isolated blood vessels (rat, guinea pig, pig and human) affinity values are 

distributed around 7, which would agree with the proposal that vascular CGRP receptors
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Table 6.1 Affinity values for ha CGRPg.37 against ha CGRP responses in functional 

studies from isolated tissues and perfused tissues (vascular and non-vascular 

preparations) obtained from different species. PA2 values and apparent (mean) pKe (*) 

values quoted from concentration ratios where multiple and single concentrations of ha 

CGRPg.37 were used, respectively. Apparent pKs (**) estimated from literature data; 

LAD, left anterior descending coronary arteries.

Preparation pAz /  pKb * References

Mouse isolated blood vessel 

aorta

Rat isolated tissues 

aorta 

IAS

vas deferens

pulmonary artery 
intramural coronary artery 

mesenteric resistance artery 

basilar artery

Rat perfused tissues

perfused mesenteric artery 

perfused kidney 

perfused heart

Guinea pig isolated tissues 

trachea
urinary bladder 

vas deferens 

proximal colon 

pulmonary artery

< 6*

<5*
5.7*

5.9-66

6.9
6.9 

7.2* 

7.5**

7.4

8 .0 *

8.5**

<5*

<5.5*

<5.5*

< 6*

6.3**

Quirion e/a/., 1992

see Chapter 4

see Chapter 5

Dennis g /a /, 1990;
Maggie/a/., 1991;
Mimeault e/ûr/., 1991 and 1992; 
see Chapter 2

see Chapter 2

Sheykhzade & Nyborg, 1998 
Leie/a/., 1994 

Nishimura & Suzuki, 1997

Nuki e /a / , 1994b 

Chin e/a/., 1994 

Entzerothe/a/., 1995

Bhogale/a/., 1994 
Giuliani e/ûr/., 1992 

Tomlinson & Poyner, 1996 

Kojiami & Shimo, 1995 

Pinto e/a/., 1996

... continued
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continued (Table 6.1)

Preparation pAt / pKb * References

Guinea pig isolated tissues

ureter 6.4** Santicioli & Maggi, 1994

renal pelvis 6.4** Maggie/a/., 1992

ileum 6.5 Sun & Benishin, 1995

ileum 7.0 Dennis e/ûr/., 1990; 
Tomlinson & Poyner, 1996

superior mesenteric artery 7.0** Gyodae/ûf/., 1995

basilar artery 7.0* O’Shaughnessy e/ûf/., 1993

basilar artery 7.1 Jansen, 1992

atrium 1.0-11 Dennis e/ûr/., 1990;
Dumont e/ a/., 1997;
Giuliani e/ûf/., 1992;
Longmore e/ a / , 1994; 
Maggie/a/., 1991;
Mimeault e/a/., 1991 and 1992

Canine isolated blood vessel

lingual artery 9.1** Kobayashi e/a/., 1995

Pig isolated blood vessels
large LAD artery 5.7* Foulkes e/ûf/., 1991
LAD artery 6.3 Gray, 1991
anterior intraventricular 6.7 Gray e/a/., 1991
artery

small LAD artery 7.0 Foulkes e/ûf/., 1991

Opossum isolated tissue

IAS 7.8 Chakder & Rattan, 1991

Human isolated blood vessels

pial artery 5.7** Marshall e/a/., 1991
cerebral artery 6.7* Jansen e/a/., 1992
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are of the CGRPi type (e.g. Donoso et al, 1990). As for the much higher value for ha 

CGRP8-37 reported from the canine lingual artery this might reflect species differences, 

while the much lower affinity in for instance the mouse and rat aorta could reflect either 

a non-CGRP 1 receptor or alternatively a non-CGRP receptor. One major problem is the 

difficulty of comparing affinities for ha CGRPg-s? within a single species. Therefore, 

despite the range of ha CGRPg-s? affinities the current literature can neither reject nor 

support CGRP receptor heterogeneity in the vasculature.

In vascular tissues from the guinea pig, it seems that ha CGRPg-s? affinities from 

around 6.3 (pulmonary artery; Pinto e ta l, 1996) to 7.1 (basilar artery; Jansen, 1992) are 

distributed within a small range, while those in non-vascular tissues cover values from 

lower than 5 (trachea; Bhogal et a l, 1994) up to 7.7 (atrium; e.g. Dennis et a l, 1990) 

(Table 6.1). In rat vascular tissues, ignoring the aorta, affinities range from 6.9 (e.g. 

pulmonary artery) to around 8.5 (perfused heart; Entzeroth et a l, 1995) while there is 

only two reports on non-vascular tissues, with affinities from 5.7 (IAS) to 6.6 (vas 

deferens; e.g. Dennis et a l, 1990). There is no data available from other species to 

compare between vascular and non-vascular tissues. Therefore, based on the present 

literature, it would seem at least in the guinea pig that ha CGRPg-37 affinities match a 

CGRPi receptor in vascular tissues while the range in non-vascular preparations could 

support the presence of heterogenous CGRP receptors. Whether the low value reported 

in for instance the guinea pig trachea (which is the same as reported here from the rat 

aorta) reflects a CGRP receptor subtype or a non-CGRP receptor remains unclear.

An interesting observation in the rat is that affinities for ha CGRPg-s? determined 

here (and from other workers) in isolated tissues appear to be lower than those reported 

from perfused tissues (Table 6.1). One possibility could be that accumulation is partly 

responsible for the range of ha CGRPg-s? affinities. For instance, Foulkes et a l  (1991) 

showed that in the rat perfused mesenteric vasculature repeated concentrations of ha 

CGRPg-s? gave a pA: (8.5 against ha C G R P ) at least 10-fold higher than reported from 

other workers (pAz 7.4, Nuki et a l, 1994b), and consistent with accumulation of the 

antagonist. However, these data have to be interpreted with caution since Foulkes et a l 

(1991) reported that the Schild slope (0.69) of the regression line was significantly 

different from unity. On the basis of the present literature, with only 3 reports on
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Table 6.2 Affinity values for ha CGRPg-s? against ha CGRP responses in functional 

studies from isolated cell preparations obtained from different species. PA% and apparent 

PKb (*) values obtained from concentration ratios using multiple and single 

concentrations of antagonist, respectively. PKb (**) values, estimated from literature 

data. Data obtained from cultured ( )̂ cells.

Preparation pAx / pKa * References

adipocytes ^ 6.91* Csisim et a l, 1991

ventricular cardiomyocytes 7.95 Bell & McDermott, 1994

aortic smooth muscle cells ^ 8.1** Eguchi a/., 1994a

hver plasma membranes 8.1** CïübsLetal, 1989

glomerular mesangial cells ^ 8.2* Aiyai et a l, 1992

L6 myocytes ^ 8.3 Poyner et a l, 1992

renal medullary membranes  ̂

an

8.0** A iyaietal, 1991

COL 29 colonic epithelium 
cells ^

<6* Cox & Tough, 1994

HCA-7 colonic epithelium 
cells ^

6.4** Cox & Tough, 1994

umbilical vein endothelial 
cells ^

6.5** Katoetal., 1995

glioma membranes 7.5** Robberecht e/ûr/., 1994

SK-N-MC cells ^ 7.8-87 Entzeroth 1995;

Rat

Pig

Longmore ^/ûf/., 1994; 
M uEet a l, 1992; 
Zimmermann e /a/., 1995
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perfusion studies from the rat (excluding Foulkes et a l, 1991) but none from other 

species (Table 6.1), it is difficult to interpret the current observation. Therefore, it 

remains unclear whether differences between tissue preparations could account partly for 

the affinity range of ha CGRPg-37

In functional studies from isolated cells, affinity values for ha CGRPg.37 range 

from lower than 6  (human Col 29 cells; Cox & Tough, 1994) up to around 9 (human 

SK-N-MC cells; e.g. Longmore et a l, 1994; Table 6.2), which would agree with the 

variability in ha CGRPg.37 affinities reported fi'om isolated tissue preparations (including 

perfusion studies; Table 6.1)

However, there are some conflicting results between cultured cells and isolated 

tissues. For instance, in rat aortic smooth muscle cells, it has been reported that CGRP 

elicits selective increase in cyclic AMP (Kubota et a l, 1985; Hirata et a l, 1988), 

whereas in rings of rat aorta, elevation in both cyclic AMP and cyclic GMP occured but 

only when the endothelium was present (Gray & Marshall, 1992b). Furthermore, in rat 

aortic smooth muscle cells, Eguchi et a l (1994a) reported that accumulation of cAMP 

levels is antagonized by ha CGRPg.37 with an affinity of around 8 (Table 6.2), while in 

the present study on rat aortic rings (Chapter 4), ha CGRPg.37 demonstrates an affinity 

at least 3 orders of magnitude lower against CGRP endothelium-dependent relaxation. It 

is not known why these differences between cultured cells and isolated tissues exist. 

Furthermore, it is unclear whether CGRP receptors on vascular smooth muscle cells are 

present on non-cultured smooth muscles or if they are present what fimction they 

mediate. However, fi'om the standpoint of this thesis, there are no functionally coupled 

smooth muscle CGRP receptors present in the rat aorta (or the pulmonary artery).

In radioligand binding studies from membrane preparations, pK. values for ha 

CGRPg.37 range fi'om around 6.1 (rat cardiac myocytes, IC50 800nM; Chatteijee et a l,

1991) to around 9.3 (rat brain, IC50 O.SnM; Dennis et a l, 1990; Table 6.3). Thus, it 

would appear that binding studies and functional assays agree with regard to 

demonstrating a similar variability of ha CGRPg.37 affinities.

However, while much of the present functional data for ha CGRPg.37 are in 

support of the CGRP receptor classification, it seems that in most binding studies.
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Table 6.3 PKi values for ha CGRPg-s? inhibition of radioligand specific ha CGRP 

or '̂ Î-[Tyr°] rat CGRP binding to cell membrane preparations from different species 

PKi, negative log of the inhibition constant for ha CGRPg.37, estimated from quoted IC50 

(mean) values. Data (*) obtained from whole cell binding; data ( )̂ obtained from 

cultured cells.

Preparation pKi References

Rat

neonatal cardiac 
myocytes ^

liver plasma 

hver plasma 

spleen

brain

cerebellum

liver

L6 myocytes  ̂

brainstem 

L6 myocytes  ̂

brain

Guinea pig 

atrium 

atrium 

vas deferens

6.1

7.0

7.5

8.3-9.2

8.3

8.5

8.9

8.9

9.0

9.1

9.1-9.3

8.6

9.0

9.3

Chattel] QQ et a l, 1991

Yamaguchi e/a/., 1988a 

Chiba e /a / , 1989

Dennis e/a/., 1990; 
Stangle/a/., 1993

Dumont e/a/., 1997

Stangle/a/., 1993

Stangle/a/., 1993

Beaumont e/a/., 1995

Stangle/a/., 1993

Poyner e/a/., 1992

Dennis e/a/., 1990;
Longmore e/a/., 1994; 
Mimeault e/a/., 1991 and 1992

Mimeault e/a/., 1991 and 1992 

Dennis e /a / , 1990 

Mimeault e/a/., 1991 and 1992

continued
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continued (Table 6.3)

Preparation

MMAAAAAAiWWWMWWWWWWWWMWWWMmŴ M̂ M̂ m/m

pKi References

Pig

renal medullary 7.5 Aiyzxetal, 1991
membranes

Opossum

IAS 6.6 Chakder & Rattan, 1991

Human

glioma membranes 7.5 Robberecht e/ûf/., 1994

SK-N-MC cells ̂ 8.6* Mu& etal, 1992;
Zimmermann e/ûf/., 1995

SK-N-MC cells ^ 9.1 Longmore e/ûf/., 1994
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affinity constants for ha CGRPg-s? are similar, and there is no substantial difference 

between the guinea pig vas deferens and atrium (IC50 0.5-1.0nM; Dennis et a l, 1990; 

Mimeault et a l, 1991 and 1992; Table 6.3). There is no easy explanation for this and 

probably there are several factors involved For instance, binding studies on the vas 

deferens have been done at 4°C in the absence of divalent cations whereas functional 

measurements are carried out at 37°C. Available data suggest that environmental factors 

such as ionic strength of buffer can affect the affinity for ha CGRPg.37 (Poyner et al.,

1992). Furthermore, httle radioligand binding has been done on tissues containing 

putative CGRP2 receptors, other than the vas deferens; more extensive data would be 

useful. From this thesis, the rat IAS might be a useful CGRP2 receptor containing tissue 

to investigate further. Therefore, while current ligand binding data are difficult to 

accommodate within the CGRP receptor classification, further work is needed on the 

above issue. For instance, it is not clear whether CGRP binding is affected by the amount 

of RCP (or RAMPl) content. Its consequence for CGRP receptor classification remains 

to be determined.

In the vasculature, CGRP vasorelaxation can be mediated via an endothelium- 

dependent and independent mechanism, which varies between vascular beds and species. 

There may be a relation with vessel size since results from the present thesis demonstrate 

that CGRP acts via the endothelium in relatively large arteries like the rat aorta and 

pulmonary artery, whereas endothehum-independent actions have been described (by 

other workers; see Table 1.2, page 33) in both large (e.g. cerebral artery, mesenteric 

artery) and small arteries (e.g. mesenteric resistance artery, coronary resistance artery, 

branches of cerebral arteries). This difference between endothelium-dependence and 

independence might reflect different mechanisms of actions (see Figure 1.1, page 36). 

The endothelium-dependent relaxation by CGRP in large arteries (e.g. rat aorta and 

pulmonary artery), which essentially function as conduit vessels directing blood flow into 

organs, may be of minor influence on the regulation of vascular resistance, while smooth 

muscle CGRP receptors present in the resistance arteries (e.g. rat mesenteric resistance 

artery) may play a larger part in the regulation of vascular tone and hence blood 

pressure.

The understanding of the variations between endothelial and smooth muscle 

CGRP receptors, and the characteristics of receptor subtypes and their associated
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receptor-efFector coupling mechanisms between vascular beds in general and in human 

vascular beds in particular may provide the basis for developing CGRP agonists and 

antagonists designed to target specific regions of the vasculature. The eventual cloning 

of further CGRP receptors might establish the existence of receptor subtypes within the 

vascular system, and expression of human CGRP receptors will provide the key to 

understanding the pharmacology of the peptide. If multiple receptors are present in the 

vasculature, the development of CGRP agonists selective for certain receptor subtypes 

could be of therapeutic use in many circulatory diseases, including Raynauds disease, 

congestive heart failure and subarachnoid haemorrhage. By contrast, a CGRP antagonist 

which would selectively reduce the ability of CGRP to produce vasodilation could be of 

benefit in migraine. At present, therefore, widespread interest exists in the design and 

development of suitable, selective CGRP agonists/antagonists.

In conclusion, the present functional data provide evidence for the existence of 

receptor subtypes for CGRP in rat smooth muscles. The evidence from results with ha 

CGRPg.37 and analogues supports the sub-classification into CGRPi and CGRP: 

receptors. Data for ha CGRPg-s? in the aorta could suggest more than two receptor 

subtypes. As to the extent of CGRP receptor heterogeneity, the development of novel 

selective CGRP analogues will, in part, help to clarify this point. What emerges fi'om this 

thesis is that the classification of CGRP receptors is still at a preliminary stage. The 

overall range of ha CGRPg-s? affinities raises the exciting possibility of a number of 

pharmacologically distinct CGRP receptor subtypes.

178



Appendix 1

Selection of amino acids, and their abbreviations, residues and part structures.

Single letter code Three letter code Amino acid residue Part structure

A Ala Alanine — CH3

R Arg Arginine
NH2 +

— (CH2)a — NH —^
NH2

N Asn Asparagine — CH2 — CONHj

D Asp Aspartic acid — CH2 — COOH

C Cys Cysteine — CH2 — SH

Q Gin Glutamine -- (CH2)2 --  CONH2

E Glu Glutamic acid — (CH2)2 — COOH

G Gly Glycine — H

H His Histidine r S— CH2 — -̂--LlH +

L Leu Leucine
CH3

/
— CH2 — CH

CH3

K Lys Lysine -- (CH2)4 --  NH3 +

M Met Methionine — (CHj)2 — S — CH3

F Phe Phenylalanine -  - O

P Pro Proline
coo-

+ 1 H2N ^ —H

S Ser Serine — CH2OH

T Thr Threonine — CH(OH) — CH3

Y Tyr Tyrosine — CH2 — OH

V Val Valine
CÎ

/
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Appendix 2

(a)

(b)

c

!o
e
O

lOOn

75-

50-

25-

0

■9 8 •67 5 -4

IIo01
(4-4o

Log [phenylephrine] M

lOOn

75-

50-

25-

■
-> r 1 ------ 1------ 1------ r-

.9 -8 -7 -6 -5 -4

Log [noradrenaline] M

Effect of phenylephrine and noradrenaline in rat isolated pulmonary artery. Concentration 

response curves to (a) phenylephrine (A) and (b) noradrenaline (■) in the endothelium- 

intact artery Results are expressed as percentage of the maximum achieved contraction 

Points represent the mean ± s.e.m. of 5 separate experiments Where error bars are not 

shown they are within the dimension of the symbols
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Appendix 3

The following drugs were used in this study and dissolved in the solvents shown below. 

DDW, distilled deionized water; DMSO, dimethyl sulphoxide (100%).

Compound Solvent Source

Acetylcholine chloride DDW Sigma

Adrenomedullin (human) DDW Gift from Glaxo/Wellcome

Amastatin DMSO Calbiochem

Amylin (rat) DDW Gift from Glaxo/Wellcome

Arginine freebase (L- and D-isoforms) DDW Sigma

Bestatin DMSO Calbiochem

Calcitonin (salmon) DDW Sigma

Captopril DMSO Sigma

CGRP (human a,P and rat P) DDW Gift from GlaxoAVellcome

[Cys(ACM^^)] ha CGRP DDW Gift from GlaxoAVellcome

CGRPg.37 (human a) and analogues DDW Gift from GlaxoAVellcome

CGRPg.37 (human a) DMSO Gift from GlaxoAVellcome

CGRPg.37 (human p) DDW Gift from GlaxoAVellcome

-Nitro-L-arginine DDW Sigma

Noradrenaline bitartrate DDW Sigma

Phenylephrine hydrochloride DDW Sigma

Phosphoramidon DMSO Calbiochem

Sodium nitroprusside DDW Sigma

Tetrodotoxin (TTX) DDW Calbiochem

Thiorphan DMSO Sigma

Vasoactive intestinal polypeptide (VIP) DDW Bachem
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All peptides, apart from ha CGRPg.37 (being dissolved in DMSO),

were dissolved and diluted in distilled water, to form a lO'^M stock solution, and kept 

stored at -20°C. The peptidase-inhibitors amastatin, bestatin, captopril, phosphoramidon 

and thiorphan were dissolved and diluted in DMSO, to form a stock solution of lO’̂ M̂, 

and kept stored at -20°C. In general, most of the non-peptide drugs were prepared fresh 

in distilled water (e.g. phenylephrine, acetylcholine, and sodium nitroprusside, stock 

solution lO'^M). Noradrenaline was dissolved in distilled water, with an addition of 

ascorbic acid to inhibit oxidation, and diluted in distilled water to form a lO'^M stock 

solution. N^-Nitro-L-arginine was prepared in 1.0 M hydrochloric acid before being 

neutralized to pH 7.0 and diluted in distilled water to form a lO'^M stock solution.

The peptides which were donated by GlaxoAVellcome Research Laboratories 

(Beckenham, Kent), were prepared using sohd phase synthesis with an Applied 

Biosystems 432A (0.025 mmole) or 430A (0.1 mmole) synthesiser, using Fmoc 

(Flourenyloxycarbonyl) chemistry and unmodified FastMoc cycles. All peptides were 

synthesised as the C-terminal amide using Rink amide resin (Calbiochem). Phthaloyl- 

BTD-OEt was synthesised with minor modifications from a literature procedure (Nagai 

& Sato, 1985a), producing the compound in six steps from L-glutamic acid in 38% 

overall yield. This was deprotected using hydrazine and base hydrolysis under pH static 

conditions (pH 11.5), followed by reprotection using Fmoc chloride as previously 

described (Caprino & Han, 1972), to give Fmoc-BTD-OH.

After complete synthesis and final Fmoc deprotection, the peptide was cleaved 

from the resin using triflouroacetic acid with 5% triethylsilane (Pearson el al., 1989) as 

scavenger. The crude material was purified to homogeneity by preparative reverse phase 

chromatography (HPLC) using a Poros 20 R2 (Perspective Biosystem) (21.2x250mm) 

column using a linear gradient of 5-50% acetonitrile over 20 minutes at 4ml/min, or a 

Zorbax c8 (21.2x250mm) column using a linear gradient of 5-50% acetonitrile (0.2% 

triflouroacetic acid) over 20 minutes at 20ml/min.

All peptides were fully characterized by high field (600 MHz) ^H-NMR using a 

Brucker AMX600 spectrometer (initial studies were made using a Brucker AMX 500 

spectrometer), and electrospray mass spectrometry using a VG Bio-Q (VG Instruments) 

at a needle voltage of 3 .75kV, cone voltage of 30v tuned to 100 resolving power.
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scanned over mass range 500-1700. The samples for mass spectrometry were prepared 

(approx. 5-10 pmol/pl) in acetonitrile/water (50-50 v/v with 1% formic acid) and 

introduced by flow injection into a mobile phase of the same composition at a flow rate 

of 3pl/min. The molecular weight of the peptide was determined using the +5 to +2 

charge states.

Identity and purity (>95%) of all other drugs was confirmed by the suppliers 

mentioned beforehand.
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Appendix 4

A modified form of the Cheng Prusoff equation (Leff & Dougall 1993) given below was 

used to calculate a pKe for ha CGRPg-s? (from the recently cloned canine thyroid CGRPi 

receptor) using the IC50 value quoted from the antagonist inhibition curve (Kapas & 

Clarke, 1995).

[/Q q]
* (2 + ([ ]̂/[ ;̂„

In the above equation, Kb is the dissociation constant of the antagonist, IC50 refers to the 

concentration of the antagonist required to produce half maximal reduction of the 

response (CGRP response), [A] is the concentration of the agonist, [A50] is the 

concentration of the agonist producing half maximal response and n is the slope factor.

184



Appendix 5

15 Leu Val

Leu
Arg

18Arg

Gly

Ala

Leu 16

Thr

Schematic drawing of the proposed amphiphilic a-helical wheel (residues 8-18) of ha 

CGRP indicating one hydrophobic and one hydrophilic face. Hydrophobic (#), 

hydrophilic (~) and basic (*) amino acids (three letter code). Numbers, amino acid 

positions. For clarity, bold lines indicate N-terminal amino acids (8-11) ‘nearer’ the 

reader.
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Appendix 6

C0 +31OO
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Contractile responses to noradrenaline in rat thoracic aorta Dose response curve to 

noradrenaline (■) in the endothelium-intact aorta Results are expressed as percentage of 

the maximum contraction achieved. Points represent the mean ± s.e.m. of 4 separate 

experiments. Where error bars are not illustrated they are smaller than the symbols
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Appendix 7

g lOOn
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Effect of TTX on EPS-induced relaxation on spontaneous tone in the rat IAS. Frequency 

response curve to electrical field stimulation (EFS, 40V, 2ms for 4s, 0.5-20Hz) on 

spontaneous tone (O), and in the presence of tetrodotoxin (TTX, lO'^M, • ) .  Results are 

expressed as percentage relaxation of the spontaneous tone Points represent the mean ± 

s.e.m, of 4 separate experiments. Where no error bars are shown they are smaller than 

the symbols.
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