0031-6997/96/4802-0253$03.00/0
PHARMACOLOGICAL REVIEWS Vol. 48, No. 2
Copyright © 1996 by The American Society for Pharmacology and Experimental Therapeutics Printed in U.S.A.

Calcitonin Gene-Related Peptide in the Cardiovascular
System: Characterization of Receptor Populations and
Their (Patho)physiological Significance

m DAVID BELL AND BARBARA J MCDERMOTT
; Department of Therapeutics and Pharmacology, The Queen’s University of Belfast, Northern Ireland, United Kingdom
ek L IOBEOAUCEION . « oo oot et e e e e e e e et 254
=1 O 1T o 255
> III. Structure of calcitonin gene-related peptide and related peptides ........................... 255
J AV 07y 43 1 ) « U 256
A. The cardiovascular SyStem. ..........ovuiiiittttrrennnrennnnnnnnaaanneeaensoeseeesss 256
1. The systemic vasculature. ..........ccoiiiiiiiiiiinieneeenereeeeeereeeeeeneneennns 256
2. The heart . ...ttt i ettt e e e e 256
,_1 B o -7 1T 257
B. The actions of CAPSAICIN . . .. oo vviitiietee ettt reeeeeeeeneneneennnnnnnnaannnns 257
< C. Metabolism of calcitonin gene-related peptide ............. ..., 258
U V. Classification of receptors for calcitonin gene-related peptide........................out. 258
- A. Cardiovascular receplors ..........ouviiiitttettttteeneeeeerenreenennnnnnnnannans 259
e VI. Physiological and pharmacological actions of calcitonin gene-related peptide in the
O cardiovasCular SYStem . ... ... it i e e, 261
A. Effectsonthe vasculature............ ..ot i i 261
O 1. Peripheral vasodilation.............. ..ttt it i i e 263
2. Coronary vasodilation.............. AP 264
'-1 3. Permeability of the microvasculature ............cccvuuriiiiiniiinnnnnnnnennnnnnnn 264
O 4. ANGIOZENESIS . . ..ottt e 264
B. Chronotropic effects. .. .......ooiiiiiiii i i i i ittt ittt ittt ittt 264
U C. Inotropic effects ...ttt i i i ittt it it e 265
VII. Calcitonin gene-related peptide receptor-effector coupling mechanisms ...................... 267
A. In peripheral vasculature. ..............oiiiuiuiiiiiiiiiiiiii it e e 267
B. Incoronary vasculature ........... ...t i i it et 271
C. Inmyocardial tiBSUeS .. ....ouuiiet ettt ettt i i e i e s 272
1. Second-messenger SUDbSLANCES . . ... .....uut e 272
2. Electrophysiological effects of calcitonin gene-related peptide in the heart ............. 273
VIII. Evidence in support of a role for calcitonin gene-related peptide as a neurotransmitter in the
cardiovascular SyStem . .. ... ... e e e e e 274
A. The actions of capsaicin indicate a physiological role for neuronally released calcitonin
gene-related peptide in the heart and vasculature .................. ... ... ..., 274
Q‘ B. Evidence that endogenous calcitonin gene-related peptide is present at physiologically
relevant concentrations ..............iiiiiiiiiiiii i e i i e it e e, 276
C. Evidence that endogenous feedback mechanisms regulate the release of calcitonin
gene-related peptide from the cardiovascular sensory nerve supply ...................... 276
IX. Pathophysiology and possible therapeutic applications in diseases of the cardiovascular
® 5273 o P 277
+ A Hypertension. . ...ttt i i i e it e e e 277
0 B. Septic and hypotensive disorders............ ...ttt i e 278
Q C. Raynaud’s SyNAIOmIE . . . ..o iiit ittt et ettt e ittt et teeeeeeeeeeeeeeaneeeeeeennssnnnnnnn 278
/) D. Subarachnoid haemorrhage. .. ...ttt e 278
CU E. Cluster headache attack................. ittt ittt 279

Address for correspondence: Department of Therapeutics and Pharmacology, Queen’s University of Belfast, The Whitla Medical Building,
97 Lisburn Road, Belfast BT9 7BL, Northern Ireland.

253

2102 ‘S Jaqwadaq uo Auslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

254 BELL AND MCDERMOTT

F. Coronary heart disease. ..............uiiiiiiiiiiiiiiiiii ittt rannnnee, 279
G. Myocardial ischaemia . ...........ooiiiiuiiiiiiiiiii it it ettt 280
H. Myocardial infarction ...............ccoiiiiiiieiiiiiiii ittt ennnnneenns 280
I. Congestive heart failure.............. ... ittt ittt iiiann 280
J. Myocardial hypertrophy . ...... ...ttt it ittt et ittt ettt 280
D QR 03 1 10 LT 1) o V- TP 281
D B 73 (23 ¢ T T 282
I. Introduction with accent on molecular biology and localization (McE-

The importance of the autonomic nervous system in
the regulation of cardiovascular function is well estab-
lished. Many investigators have attempted to classify
the populations of selective receptors and the intracel-
lular coupling mechanisms associated with the physio-
logical effects of the classical autonomic neurotransmit-
ters, acetylcholine and noradrenaline. Within the last
decade, it has become apparent that many more sub-
stances exert a regulatory influence upon myocardium,
endothelium and vascular smooth muscle, either as neu-
rotransmitters, neuromodulators, hormones, or as para-
crine agents released from neighbouring cells. Among a
growing list of such substances are cardioactive neu-
ropeptides, which co-exist with the traditional auto-
nomic neurotransmitters in the cardiovascular nervous
supply. These include those peptides colocalized with
noradrenaline in the sympathetic innervation, such as
neuropeptide Y, those colocalized with acetylcholine in
the parasympatheic innervation, such as vasoactive in-
testinal peptide, peptide histidine isoleucine and soma-
tostatin, and those colocalized in the nonadrenergic non-
cholinergic (NANC) sensory innervation, such as the
tachykinins and calcitonin gene-related peptide (CGRP).
Although the effects of many of these substances on the
cardiovascular system were identified initially in intact
animals, much of the information about the biochemical
mechanisms that mediate these physiological effects has
been obtained from simpler experimental models in
vitro, such as isolated perfused hearts, blood vessels and
strips of papillary muscles. Characterization of recep-
tors for these substances on, and receptor-effector cou-
pling within, isolated cardiovascular cells is a relatively
new scientific pursuit.

The molecular genetics, biology and structure of
CGRP has been reviewed extensively (Fischer and Born,
1985; Zaidi et al., 1987; Breimer et al., 1988). Several
excellent reviews covering the peripheral haemody-
namic effects of CGRP have been published previously

Abbreviations: NANC, nonadrenergic noncholinergic; CGRP, cal-
citonin gene-related peptide; hCGRP, human CGRP; rCGRP, rat
CGRP; CT, calcitonin; cAMP, cyclic adenosine monophosphate;
mRNA, messenger ribonucleic acid; CNS, central nervous system;
ACM, acetamidomethyl cysteine; NO, nitric oxide; IP, standard no-
menclature for the subtype of prostanoid receptor at which prosta-
cyclin (PGI,) is an agonist; L-NAME, NS-nitro-l-arginine methyl
ester; cGMP, cyclic guanosine monophosphate; ATP, adenosine
triphosphate; 5-HT, serotonin.

wan et al., 1989b), the regulation of human cardiovas-
cular haemodynamics (Preibisz, 1993) and clinical appli-
cations (Shulkes, 1993). In the present overview, the
peripheral haemodynamic effects of CGRP have been
summarized in the light of more recent findings, and
emphasis has been placed on the emerging evidence
concerning less well documented actions of the peptide
such as the regulation of inotropy, chronotropy and mi-
crovascular permeability and novel effects, such as the
regulation of angiogenesis in the vasculature and hyper-
trophic effects in the myocardium, and the protection of

‘the myocardium against ischaemia-reperfusion injury.

The development and use of analogues and fragments of
CGRP have been fundamental in the recent advances
made in characterization of CGRP receptor subtypes
and their physiological significance. Therefore, in this
review, the criteria for the classification of subtypes of
CGRP receptors is described to provide a basis for dis-
cussion of the characterization of CGRP receptors in the
cardiovascular system. In view of the close structural
similarity of CGRP to amylin and salmon calcitonin, the
present knowledge about the actions of each of these

peptides in the cardiovascular system has been com-

pared and contrasted, where appropriate, with those of
CGRP. The major focus of this article, however, is to
assess what is known about the receptor interactions
and cellular mechanisms by which the peptide exerts its
various effects on the vasculature and myocardium. Un-
til comparatively recently, most of these investigations
were conducted in multicellular preparations in vitro.
However, the progression toward the use of homogenous
populations of cardiovascular cells such as cardiomyo-
cytes, endothelial cells and vascular smooth muscle cells
for the study of receptor pharmacology and receptor-
effector coupling mechanisms represents a major ad-
vance in that it enables the direct effects of the peptide
in a given cell type to be dissected from those in the
tissue as a whole. In this article, we will review the
evidence for (a) regional heterogeneity in the magnitude,
endothelial-dependence and cellular mechanisms asso-
ciated with the action of CGRP in the peripheral and
coronary vasculature and for (b) variation between
atrial and ventricular myocardium with respect to the
signal transduction cascades activated in response to
CGRP. Finally, our conclusion is based on examining
what understanding exists regarding the involvement of
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CGRP in the various physiological and pathophysiolog-
ical states of the cardiovascular system and the ratio-
nale for therapeutic intervention.

II. Discovery

Alternative tissue-specific processing of primary mes-
senger ribonucleic acid (mRNA) from the calcitonin gene
(a gene) of rats generates two distinct peptides, calcito-
nin (rCT) and calcitonin gene-related peptide (raCGRP)
(Rosenfeld et al., 1983; Amara et al., 1984, 1985). CGRP
is expressed predominantly in the nervous system and
calcitonin in the thyroid gland. The existence of a struc-
turally similiar peptide in humans was first demon-
strated by isolation of human CGRP-a (haCGRP) from a
human medullary thyroid carcinoma (Morris et al.,
1984). Another CT/CGRP gene (B gene), thought to have
arisen by exon duplication, and generating the alterna-
tive B-forms of the peptide, rBCGRP and hBCGRP, was
subsequently identified in rats and humans, respec-
tively (Steenbergh et al., 1985; Alevizaki et al., 1986).
There is no evidence for the expression of a second form
of CT mRNA from the p-gene; although a CT-like se-
quence is present in the B-gene, it is unlikely that this is
expressed because no alternative splice acceptor site has
been identified (Steenbergh et al., 1986; Alevizaki et al.,
1986). Although these a and B genes are almost exclu-
sively, or predominantly, expressed as either CT or
CGRP in a given tissue, co-expression has been demon-
strated recently in bronchopulmonary neuroendocrine
cells of rats (Shimosegawa and Said, 1991).

IIL Structure of Calcitonin Gene-Related Peptide
and Related Peptides

The amino acid sequences of the various forms of
CGRP presently known are depicted in figure 1. CGRP is
a polypeptide that contains 37 amino acids constituted

JCECOCOSRR0EeSDCeace0
N TOSOCEOLPCCESEOCCT
- e o e )Y o A e

NN
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as a single chain. The peptide is highly conserved in
different mammalian species, between which 26 amino
acids are homologous (Collyear et al., 1991). The p-forms
differ from the corresponding a-forms by one and three
amino acids in rats and humans, respectively (Morris et
al., 1984; Steenbergh et al., 1985; Amara et al., 1985;
Peterman et al., 1987; Wimalawansa et al., 1990). The
structure of haCGRP comprizes an N-terminal disulfide
bonded loop (amino acids 2 to 7), a well defined a-helix
(amino acids 8 to 18) and a turn type conformation
(amino acids 19 to 21) that leads into an area of predom-
inantly disordered structure before terminating in a car-
boxy-terminal amide group (Breeze et al., 1991). Com-
parison of the structure of hBCGRP indicates that the
conformation adopted by each form of the peptide is
virtually identical.

CT is single chain polypeptide containing 32 amino
acids and also possesses a disulfide bonded loop confor-
mation at the amino terminus and a proline amide struc-
ture at the carboxy terminus. CTs can be classified into
three groups on the basis of their primary structures,
which are: (a) the artiodactyl group (pig, sheep, cow); (b)
primate/rodent group; (c) teleostean and avian group
(salmon, eel, chicken). Homology is high within groups
but low between groups. In addition to hCT, rCT and
bCT, isolated from the respective thyroid glands, these
mammals have been shown to possess salmon CT-like
peptides (sCTs) (Fischer et al., 1983; Perez-Cano et al.,
1982; Henke et al., 1985). rCGRP,_3, and sCT,_s, have
30% similarity in their amino acid sequences (figs. 1 and
2), whereas rCT and hCT have only 23% homology with
rCGRP,_;,. Alignment of amino terminal loop struc-
tures and of hydrophilic carboxyl terminal amides of
sCT and CGRP reveals closer secondary structural sim-
ilarities between these two peptides.

J CGRP

1 Amylin

Salmon Cailcltonin

N, - s:o Vdekﬁo P:e The

F16. 1. Primary structures of haCGRP, salmon calcitonin and human amylin.
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RECEPTOR CLASSIFICATION side the central nervous system (CNS) is found in the
ds thyroid (Wimalawansa et al., 1987). Human pituitary is
1 an extremely rich source of the B-form of the peptide
CALCITONIN-PREFERRING  CGRP-PREFERRING (Petermann et al., 1987; Jonas et al., 1985). B-cells of
hCT>sCT>CGRP CGRP>>eCT>>hCT . . : . .
CGRP8-37 SELECTIVE AGONIST? pancreatic islets are the major site of amylin biosynthe-
sis. There is, however, evidence for the production of
CGRP RECEPTOR AMYLIN RECEPTOR amylin in tissues of the gut (Ohtsuka et al., 1993; Mul-
SOURPRCOR i SRCaRPacaRe der et al., 1994), lung and CNS albeit at markedly lower
concentrations than in the pancreas (Cooper, 1994).
CGRP1-SUBTYPE CGRP2-SUBTYPE
caRpasy sELECTVE INSENSITIVE ANTAGONIST? A. The Cardiovascular System
ANTAGONIST?
puap—— 1. The systemic vasculature. CGRP-immunoreactive
CPACM2TCGRP | INSENSTIVE AsoNsT ! nerve fibres are distributed widely in the cardiovascular
SELECTIVE
amying-37 WE ANTAGONIST system and generally are more numerous around arter-
orer NSENSITVE? \ seLEcTvE ies than veins. Varicose and smooth CGRP-immunore-

FiG. 2. Criteria proposed for the classification of receptors for the
calcitonin/CGRP family of peptides.

CGRPs share 46 to 50% homology in their sequence of
amino acids with the recently discovered peptide, amy-
lin (fig. 1) (Rink et al.,, 1993), isolated from amyloid
deposits present in pancreas of patients with noninsu-
lin-dependent diabetes mellitus (Cooper et al., 1987,
1989; Chantry et al., 1991). These peptides are identical
in length and have two homologous posttranslational
modifications; a C terminal amide and an intramolecu-
lar disulphide bond (Cooper et al., 1988; Rink et al.,
1993). CGRPs also have some homology in their se-
quence of amino acids with adrenomedullin, a novel
peptide derived from human phaechromocytoma tissue,
which contains 52 amino acids (Kitamura et al., 1993).

IV. Distribution

CGRP is extensively distributed throughout the brain
and spinal cord, often coexisting in the same population
of neurons with other neurotransmitters (Gibson et al.,
1984; Lundberg et al., 1985; Zaidi et al., 1987). Within
the peripheral nervous system, CGRP is present in the
sensory ganglia, often costored with substance P. To-
gether with substance P, CGRP-rich nerve fibres form
part of the primary afferent nervous system, comprising
capsaicin-sensitive A(8) and C fibre afferent nerves, and
“type B” medium-sized cells (McCullough et al., 1986;
Uddman et al., 1986; Zaidi et al., 1987). Lower amounts
of CGRP are synthesized in motor neurons in coexist-
ence with acetylcholine (Rosenfeld et al., 1983; Takami
et al., 1985; Mora et al., 1989; Popper and Micevych,
1989; Uchida et al., 1990) and in autonomic sympathetic
ganglionic fibres (Zaidi et al., 1987). In contrast to most
other CGRP-containing neurons that contain CGRP-a,
the B-form of the peptide is found in neurons of the
enteric nervous system (Mulderry et al., 1985b, 1988;
Self et al., 1985; Grunditz et al., 1986). Immunoreactiv-
ity to CGRP-a is present in thyroid C cells and released
from the thyroids of newborn rats in vitro (Cooper et al.,
1985). Indeed, the highest concentration of CGRP-a out-

active fibres are seen at the junction of the adventitia
and the media and passing into the muscle layer (Hol-
zer, 1988). Human blood vessels generally display a
lower density of CGRP-immunoreactive fibres than
those of guinea pigs and rats (Wharton and Gulbenkian,
1987). CGRP-immunoreactive nerve fibres are particu-
larly abundant in the superior mesenteric (Holzer,
1988), renal, femoral (Edvinsson et al., 1989c), cerebral
(Hanko et al., 1985; Uddman et al., 1985) and carotid
arteries, in pial (cortical) arterioles (McCullouch et al.,
1986) and in the abdominal aorta, including its bifurca-
tion (Mulderry et al., 1985a; McCullough et al., 1986).
Such fibres are comparatively less abundant in the aor-
tic arch and thoracic aorta. Smaller arteries in the re-
spiratory, gastrointestinal (Holzer and Guth, 1991) and
genito-urinary tracts (Uddman et al., 1986), and small
arterioles in skin (Dalsgaard et al., 1989) possess nu-
merous CGRP-immunoreactive fibres. High density
CGRP-innervation, occurring as a dense varicose mesh
with occasional penetrating branches, is found in the
inferior vena cava and in renal and femoral veins.

2. The heart. CGRP coexists with substance P and
other tachykinins in nerves innervating the hearts of
several mammals, including rats and guinea pigs (Mul-
derry et al., 1985a) and humans (Rechardt et al., 1986;
Franco-Cereceda et al., 1987c; Opgaard et al., 1995), but
at a much lower density than in major blood vessels
(Lundberg et al., 1985). Consistently higher amounts of
CGRP-immunoreactivity are found in atria than in ven-
tricles (Mulderry et al., 1985a; Lundberg et al., 1985;
Ishikawa et al., 1987; Franco-Cereceda et al., 1987c).
Within atria, CGRP-immunoreactivity is localized espe-
cially in the sino-atrial node, atrio-ventricular node and
specialized conduction system (Mulderry et al., 1985a;
Saito et al., 1986, 1987). Myocardium is much less
densely innervated than epicardium, endocardium and
pericardium (Mulderry et al., 1985a; Ishikawa et al.,
1988; Wimalawansa and MacIntyre, 1988). Cardiac
valves receive a moderate innervation, as do coronary
blood vessels (Opgaard et al.,, 1995), especially those
supplying the right atrium (Gibbens et al., 1985; Gul-
benkian et al., 1990). CGRP-immunoreactivity is found
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only rarely within the ventricles of pigs (Miyauchi et al.,
1988), rats (Mulderry et al., 1985a; Ishikawa et al.,
1987) and guinea pigs (Shoji et al., 1987; Franco-Cere-
ceda et al., 1987c), often in association with the coronary
vasculature (Uddman et al., 1986). In right and left
ventricular walls and interventricular septum, CGRP-
immunoreactive fibres run parallel to coronary arteries
and their collaterals. From this perivascular plexus,
some nerve fibres extend into the myocardium and run
beside individual muscle fibres, forming a nerve plexus
that is particuliarly well developed within papillary
muscles. CGRP-immunoreactivity has also been identi-
fied in nerve fibres present in subepicardial ganglia of
rats (Forsgren et al., 1990). Overall, a similiar distribu-
tion pattern is found in canine hearts (Sugiyama et al.,
1989; Ursell et al., 1991a, 1991b; Quebbeman et al.,
1993). In this species, however, there is a perinatal peak
in the density of CGRP-immunoreactivity that declines
subsequent to the sparse pattern of distribution found in
adult hearts, indicating that CGRP may have a devel-
opmental role in the canine heart.

3. Plasma. During the last few years, considerable
efforts have been made in developing and validating
assay procedures for the assessment of the circulating
concentration of CGRP. CGRP circulates in the plasma
of rats (Zaidi et al., 1985) and humans (Zaidi et al., 1986;
Struthers et al., 1986). In the plasma of healthy humans,
the concentrations of the peptide have been found to be
undetectable in a few studies (Edbrooke et al., 1985;
Kraenzlin et al., 1985), to average 2 to 35 pM in most
(Girgis et al.,, 1985; Stevenson et al., 1986; Schifter,
1989; Edvinsson et al., 1989a; Tang et al.; 1989; Oder-
Cederloef et al.; 1989; Transforini et al., 1991), and to
reach a mean value of 94 pM in a group of subjects
selected in a wide range of blood pressures (Hvarfner et
al., 1988). Such values are less than, and do not correlate
with, the concentrations of CT in plasma (Girgis et al.,
1985). The immunochemical heterogeneity of the CGRP
molecule and the specificity of the antisera used for the
radioimmunoassay might account for discrepancies in
the reported levels of tissue or circulating CGRP under
experimental conditions. Thyroidectomy reduces the
concentration of CGRP in plasma by 30 to 70% in old but
not in young rats (Zaidi et al., 1986), whereas colchicine,
which blocks transport of the peptide along nerve axons
and its subsequent release from nerve terminals, causes
a dramatic fall in the concentration of CGRP in plasma,
regardless of age (Zaidi et al., 1985). This indicates that,
although circulating CGRP reflects mainly the overspill
of peptide from perivascular nerves, the thyroid, in rats
at least, makes an increasingly important contribution
with advancing age. The peptide circulates in humans
with an underlying circadian rhythm (Transforini et al.,
1991; Wimalwansa, 1991). Concentrations of circulating
CGRP in human plasma have been found to decrease
(Hvarfner et al., 1988) or remain unchanged (Schifter,
1989) with advancing age. The concentrations of the

peptide are elevated during pregnancy (Stevenson et al.,
1986), although there is evidence both for (Hvarfner et
al., 1988) and against (Schifter, 1989) a higher concen-
tration of CGRP in the plasma of healthy nonpregnant
females than in males. Conflicting findings may reflect
the need to consider variation in the circulating concen-
trations of CGRP during different phases of the men-
strual cycle (Valdermarsson et al., 1990). It is uncertain
whether CGRP circulating in plasma has a hormonal
function. However, it is apparent that after intravenous
infusion, CGRP can reach appropriate target tissues
from plasma (Fischer and Born, 1985; Gennari and Fi-
scher, 1985).

Amylin-like immunoreactivity has been measured in
circulating plasma by a variety of radioimmunoassays,
most of which use rabbit anti-amylin antiserum and an
extraction and concentration procedure to increase sen-
sitivity (Nakazoto et al., 1989; Hulst et al., 1994). The
concentrations of amylin detected in the plasma of
healthy humans range generally from 1 to 10 pM in
fasting individuals (Hartter et al.,, 1991; Koda et al.,
1992; Bretherton-Watt et al., 1993), although a value of
40.5 pM has been reported in one study (Kautzky-Willer
and Thomaseth, 1994), and from 5 to 20 pM upon post-
prandial stimulation or upon oral or intravenous admin-
istration of glucose (Hartter et al., 1991; van Jaarsveld
et al., 1993). These values have generally been lower
than those reported in rodents (30 to 100 pM) (Gill and
Yen, 1991; Rink et al., 1993). Evidence from studies in
animal models of diabetes support a mainly pancreatic
origin of circulating amylin. It is unclear at present
whether the lower reported concentrations in humans
are a product of variations between assays e.g., human
amylin has a greater tendency than rat amylin to aggre-
gate and adhere to surfaces, or whether there are real
differences in the biology of amylin between different
groups of mammals.

B. The Actions of Capsaicin

Capsaicin, a chemical irritant extracted from hot chili
peppers, initially depolarizes and leads subsequently to
the selective degeneration of thin unmyelinated A5 and
C sensory nerve fibres. This compound was shown to
induce the release of CGRP from the spinal cords of rats
in a calcium-dependent manner (Saria et al., 1986). Con-
centrations of CGRP in plasma rise dramatically but
transiently after administration of capsaicin in adult
rats (Zaidi et al., 1985). Capsaicin induces a profound
(88 to 99%) long-term loss of CGRP and a parallel loss of
the costored peptide, substance P, from the cardiovascu-
lar system of adult rats and guinea pigs (Wharton et al.,
1986). This loss is associated with depletion of CGRP-
immunoreactivity from sensory nerve fibres innervating
the myocardium and coronary vessels (Lundberg et al.,
1985; Wimalawansa, 1993). There is conflicting evidence
concerning whether administration of capsaicin to neo-
natal rats alters significantly the concentration of CGRP
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present in the cardiovascular system in adult life (Mul-
derry et al., 1985a; Wimalawansa, 1993). The more var-
ied responses to capsaicin observed in neonatal rats may
reflect an ability to regenerate sensory afferent neurons.

C. Metabolism of Calcitonin Gene-Related Peptide

The half-life of CGRP in mammalian plasma is ap-
proximately 10 minutes (Struthers et al., 1986). Many
target cells for CGRP contain a cell surface enzyme,
neutral endopeptidase (enkephalinase). Although this
enzyme can cleave and so inactivate CGRP, the weak
substrate-enzyme interaction, predicted from available
kinetic data, indicates that CGRP is not the preferred
substrate for this enzyme (Katayama et al., 1991). Other
substrates include substance P, neurotensin and neuro-
kinin-A. The ability of CGRP to compete with substance
P for degradation may explain the potentiation by CGRP
of several biological actions of substance P at concentra-
tions at which CGRP itself is devoid of activity. A
tryptase enzyme, derived from mast cells of the human
lung, and the widely distributed enzyme, chymotrypsin,
can also metabolize substance P and CGRP (Greves et
al., 1989). It is probable that more specific enzymes
responsible for the selective degradation of CGRP re-
main to be discovered.

V. Classification of Receptors for Calcitonin
Gene-Related Peptide

Using tissue autoradiography and radioligand bind-
ing techniques performed on crude suspensions of mem-
branes, CGRP binding sites, varying in their affinity for
the peptide, have been detected in a wide spectrum of
tissues. Because of their close structural similarities,
CGRP and CT often recognize identical populations of
binding sites (Goltzman and Mitchell, 1985; Wohlwend
et al., 1985; Yamaguchi et al., 1988). Consequently,
binding sites, identified initially in the CNS (Goltzman
and Mitchell, 1985) and subsequently in the periphery
(Seitz and Cooper, 1987; Seifert et al., 1985; Vanvalen et
al., 1990), were classified on the basis of their relative
affinity for these two peptides, into CT-preferring (or
C,), CGRP-preferring (or C;) and nonselective (or Cg)
receptors possessing high affinity for both peptides. Be-
cause more than one type of receptor may coexist in the
same tissue (Goltzman and Mitchell, 1985; Seitz and
Cooper, 1987; Henke et al., 1985), it is often difficult to
elucidate the direct actions of each peptide at its partic-
ular receptor.

The C-terminal fragment, CGRPg_g,, despite lacking
the disulphide bonded-loop structure contained in amino
acids 1 to 7, (Chiba et al., 1989; Dennis et al., 1990),
retains the high affinity of the native peptide. CGRPg_g,
is a full antagonist at CGRP-preferring receptors in rat
liver and guinea pig ileum (Yamaguchi et al., 1988;
Chiba et al., 1989; Dennis et al., 1990), although it
possesses some efficacy at CT-preferring receptors in
porcine kidney (Chiba et al., 1989; Aiyar et al., 1991). On

the basis of its action as a selective partial agonist at
CT-preferring receptors, and as a selective antagonist at
CGRP-preferring receptors, it was proposed that
CGRPg_g; would be a useful agent for the classification
of receptors for this family of peptides (Chiba et al.,
1989). Similiar findings have been reported for the
shorter fragments, CGRP,,_s; (Mimeault et al., 1991),
CGRP1H7 (Dennis et al., 1989), CGRP19_37, CGRPm7
(Rovero et al., 1992) and Tyr-0 CGRP,5_g; (Maton et al.,
1990; Chakder and Rattan, 1990) in a number of tissues.
Although these fragments possess markedly less affinity
than CGRPg_g;, they retain selective antagonism at
CGRP-preferring receptors. Subsequent identification of
CGRP-preferring receptors in rat vas deferens prepara-
tions at which CGRPg_3; was much less able to antago-
nize the actions of CGRP has necessitated further sub-
division of CGRP-preferring receptors into the CGRP,
subtype, at which CGRPg_g, behaves as a full antago-
nist (pA2 value = 7 to 8) and the CGRP, subtype, at
which CGRPg_g, is considerably less active (pA2 value <
6.2) (Dennis et al., 1989; Mimeault et al., 1991). The fact
that such fragments act as rather potent antagonists in
certain tissues suggests that it is critical to study the
metabolism of CGRP to determine whether some of
these fragments can be generated in vivo.

Reduction of the disulphide bond, by substitution of
the hydrogen atoms of amino acids at positions 2 and 7
by acetamidomethyl moieties, destroys the N-terminal
ring structure of CGRP and yields the linear analogue,
Cys acetamido-methyl cysteine ACM 2,7 CGRP (Cys
ACM 2,7 CGRP). It has been proposed that this ana-
logue is a selective agonist at the CGRP, receptor sub-
type, at which the analogue possesses only moderately
less affinity than the native peptide, while possessing
greatly reduced affinity at the CGRP, receptor subtype
(Seifert et al., 1985; Dennis et al., 1989). The high affin-
ity of Cys ACM 2,7 CGRP and, to a lesser extent, of
cyclo-Asp?Lys” CGRP, an analogue in which the side
chains of the substituted asparagine residue in position
2 and lysine residue in position 7 are linked together by
an amide bond, for recognition of binding sites for CGRP
in membrane homogenates preparated from the brain
and spleen of rats provides further evidence that the
disulphide bridge between amino acids 2 and 7 is not
essential for binding of CGRP to its receptor (Dennis et
al., 1989).

Binding sites possessing almost equal affinity for
CGRP and salmon CT have been identified in the nu-
cleus accumbens of rats (Sexton et al., 1988; Dennis et
al., 1991). Binding of the native peptides to these bind-
ing sites can be displaced by both CGRPg_g; and Cys
ACM 2,7 CGRP. These findings are clearly inconsistent
with the elementary classification outlined above (from
the beginning of Section V.).

Other evidence also suggests that subtypes of CGRP-
preferring receptors exist: e.g., salmon CT, does not com-
pete for binding to CGRP binding sites present in nu-
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cleus accumbens, lateral bed nucleus of stria terminalis
and central amygdaloid nucleus but does in other re-
gions of the CNS such as cortex, striatum and brain-
stem, indicating interregional variation in the proper-
ties of these CGRP receptors (Dennis et al., 1990;
Chatterjee and Fisher, 1991). In addition, Cys ACM 2,7
CGRP is equipotent to the native peptide in displacing
radiolabeled haCGRP from binding sites in rat brain
homogenates, but displays only half the potency of
CGRP in displacing the radioligand from binding sites
located on splenic membranes of rats (Dennis et al.,
1989).

The existence of receptors selective for amylin against
CGRP is uncertain. Although amylin cross-reacts at
CGRP-preferring receptors in a number of tissues in-
cluding brain, skeletal muscle and liver (Chantry et al.,
1991; Galeazza et al., 1991, Silvestre et al., 1993; Young
et al., 1993; Zhu et al., 1991), and with very high affinity
at receptors selective for salmon CT against CGRP in
the nucleus accumbens (Rink et al., 1993), the metabolic
effects exerted by amylin in skeletal muscle may be
mediated by a population of receptors distinct from ei-
ther CGRP-preferring or CT-preferring receptors
(Kreutter et al., 1993). In addition, Chinese hamster
ovary-KI cells possess a population of receptors at which
amylin exhibits greater affinity than CGRP, and at
which CGRPg_g, is devoid of antagonistic activity (Beau-
mont et al., 1995). It was proposed recently that the
novel compound, AC187, may be a selective antagonist
at these amylin-preferring receptors (Young et al.,
1994), whereas AC137, which contains proline substitu-
tions at positions 25, 28 and 29 to limit self-aggregation,
has been developed as a potent synthetic analogue of
human amylin (Gottleib and Kolterman, 1994). There is
also preliminary evidence for cross-reactivity of CGRP
and amylin at receptors for adrenomedullin in certain
tissues (Owji et al., 1995). This is based on the displace-
ment by CGRP and amylin of 12°I-adrenomedullin from
binding sites in the heart but not lung.

Although multiple subtypes of receptors for this fam-
ily of peptides do exist, consistent pharmacological cri-
teria for their classification remain to be established (fig.
2). It is also uncertain why two highly similiar forms of
CGRP (a and B) display tissue-specific expression in a
mutually exclusive manner. hBCGRP displaces radiola-
beled haCGRP binding from membrane homogenates in
brain and spleen tissue of rats more potently than
haCGRP, ra«CGRP and rBCGRP (Sigrist et al., 1986;
Dennis et al., 1989). By contrast, re«CGRP and rBCGRP
are equipotent as relaxants of strips of colonic smooth
muscle of rats in vitro (Spokes et al., 1987), and there is
no evidence that the receptors that mediate the re-
sponses to each peptide in rat vas deferens (Butler et al.,
1993) and oppossum internal anal sphincters (Chakder
and Rattan, 1990) can be differentiated in terms of their
sensitivity to CGRPg_s;. However, the existence of se-
lectivity of each form of CGRP for distinct subtypes of

receptor cannot be excluded at present (Wimalawansa et
al., 1990). Cross-linking of binding sites by radiolabeled
peptides, followed by sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE), has confirmed
the existence of distinct CGRP-preferring and CT-pre-
ferring receptors. There is substantial heterogeneity in
published estimates of the molecular weights of CGRP
binding sites that vary between 13 and 400 kDa, al-
though the majority fall within the range of 60 to 70 kDa
(Aiyar et al., 1991; Hirata et al., 1988; Foord and Craig,
1987; Sigrist et al., 1986; Chantry et al., 1991). The
amylin binding site isolated from porcine nucleus ac-
cumbens has been characterized as a 66 kDa protein
(Wimalawansa et al., 1993). No sequence data of any of
these proteins have been published. At present, it is
uncertain whether such variation (a) is a consequence of
the limited proteolysis of receptors during purification,
(b) reflects their variable glycosylation between tissues,
or (c) genuinely indicates the heterogeneity of CGRP-
preferring, CT-preferring and amylin-preferring recep-
tors.

CGRP-preferring receptors are coupled to production
of the second-messenger substance, cyclic adenosine
monophosphate (cAMP), in a wide range of tissues
(Takami et al., 1986; Michelangeli et al., 1986; McEwan
et al., 1989a; Osborne and Barnett, 1991). In addition,
CGRP stimulates weakly the production of cAMP by
interacting with CT-preferring receptors located in the
kidneys of rats and pigs (Wohlwend et al., 1985; Goltz-
man and Mitchell, 1985; Fischer and Born, 1985; Aiyar
et al,, 1991) and in the CNSs of rats (Goltzman and
Mitchell, 1985) and humans (Fischer and Born, 1985).
Coupling of CGRP-mediated effects to production of
cAMP is not, however, universal. CGRP-preferring re-
ceptors that are not coupled to production of this second-
messenger substance are present in the cerebellum and
spinal cord of rats (Goltzman and Mitchell, 1985; Henke
et al.,, 1985) and humans (Fischer and Born, 1985;
Tschopp et al., 1985) and in the adrenal glands of rats
(Goltzman and Mitchell, 1985). Receptors for salmon CT
that are not coupled to the production of cAMP have also
been found in the CNSs of rats and humans (Fischer and
Born, 1985). A population of receptors for CGRP that are
coupled to phosphatidylinositol turnover has been de-
tected in skeletal muscle (Laufer and Changeux, 1989).

A. Cardiovascular Receptors

Studies of the regional distribution in rats in vivo
indicate that the greatest densities of CGRP binding
sites are present in the heart and within the intima and
media layers of blood vessels (Sigrist et al.,, 1986,
Wimalawansa et al., 1987). Within the systemic circula-
tion, the highest densities of binding sites have gener-
ally been found in peripheral, mesenteric, femoral and
carotid arteries and in caval veins (Wimalawansa and
Maclntyre, 1988) and in the spleen (Sigrist et al., 1986);
however, lower densities are present in the major ves-
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sels (Nakamata et al., 1986), renal arteries and pulmo-
nary arteries and veins (McCormack et al., 1989). Bind-
ing sites corresponding to proteins of molecular weight
approximately 60 kDa and displaying equal affinity for
rCGRPa and haCGRP and greatly reduced affinity for
CT, have been localized on isolated vascular smooth
muscle cells from rats (Hirata et al., 1988) and bovine
aortic endothelial cells (Hirata et al., 1988). CGRP dis-
places binding of !2°I-adrenomedullan from binding
sites present in cultured rat vascular smooth muscle
cells (Eguchi et al., 1994).

Binding sites of high affinity for CGRP have been
found in crude membrane preparations of atrial and
ventricular tissue (table 1). In atria of rats, a single
homogeneous population of receptors with high affinity
(Ky = 0.085 to 1.5 nM) has been detected at which
rCGRPa and haCGRP bind with equal potency (Spokes
et al., 1987; Yoshizaki et al., 1987; Wimalawansa and
Maclntyre, 1988). Receptors possessing high affinity for
CGRP are present in suspensions of crude membranes
and soluble membrane fractions prepared from ventric-
ular tissue of pigs (Miyauchi et al., 1988) and rats (K; =
34 pM) (Yoshizaki et al., 1987) and in both atrial and
ventricular tissue obtained from human hearts (Henke
et al., 1987). In contrast, receptors possessing low affin-
ity (K4 = 59 nM) for the peptide have been observed only
in a few preparations (Yoshizaki et al., 1987). Regard-
less of species, the density of binding sites for CGRP in
the atria invariably exceeds that in the ventricles (Si-

grist et al.,, 1986; Henke et al.,, 1987). haCGRP and
hBCGRP display similar binding characteristics and ap-
pear to recognize the same populations of receptors
(Henke et al.,, 1987; Wimalawansa and MacIntyre,
1988). The fragments, CGRPg_3; and CGRPy_g;, dis-
place radiolabeled CGRP from its binding sites with
greater potency than CGRP itself in membrane suspen-
sions prepared from the vas deferentia and CNS of rats,
but with similar potency to CGRP in atrial preparations
(Mimeault et al., 1991). These data provide further evi-
dence in support of receptor heterogeneity and also in-
dicate that the presence of an intact disulphide bridge
may not be critical for binding of the CGRP molecule
and, in some tissues, might even be detrimental for
optimal binding (Dennis et al., 1990). Salmon, but not
human, CT often displays limited cross-reactivity at
CGRP-preferring binding sites (Sigrist et al., 1986;
Henke et al., 1987). There is evidence that radiolabeled
rCGRPa binding is more sensitive to displacement by
sCT in atrial than in splenic membranes, which may
indicate that subtle differences exist between the popu-
lations of receptors present in these tissues (Sigrist et
al., 1986).

Binding proteins of molecular weight 70 kDa and 120
kDa have been detected in porcine coronary arteries and
cardiac muscles (Sano et al.,, 1988; Miyauchi et al.,
1988). It is possible that the larger of these estimates
may reflect coupling of receptor proteins to G-proteins

TABLE 1
Binding data for CGRP receptors in various cardiovascular tissues

Tissue

K, values (125I-CGRP) Reference

Rat atrial membranes

Rat ventricular membranes

Rat neonatal cardiomyocyte membranes

Guinea pig cardiac membranes

Porcine cardiac membranes

Human coronary arteries

Rat aortic vascular smooth muscle

Bovine aortic endothelial cells

Guinea pig atrial membranes
haCGRPg g,

haCGRP
haCGRPy_g,
haCGRP, g g,
haCGRP,,_g;

Rat atrial membranes
raCGRP

Neonatal rat cardiomyocytes
haCGRP
haCGRPg_g,
amylin

Porcine cardiac membranes
haCGRP

Porcine coronary arteries
haCGRP
hpCGRP

1.5 nM Wang and Fiscus, 1989
85.2 pM Yoshizaki et al., 1987
34.3 pM, 59 nM Yoshizaki et al., 1987
41 pM Chatterjee et al., 1991
600-850 pM Coupe et al., 1990
50.4 pM Miyauchi et al., 1988
670 pM Coupe et al., 1990
120 nM Hirata et al., 1988
260 nM Hirata et al., 1988
670 pM Quirion et al., 1992
2.3 nM Mimeault et al., 1991
2.0 nM Mimeault et al., 1991
2.3 nM Mimeault et al., 1991
9.0 nM Mimeault et al., 1991
20 nM Mimeault et al., 1991
5.0 nM Sigrist et al., 1986
250 pM Chatterjee et al., 1991
800 nM Chatterjee et al., 1991
65 nM Chatterjee et al., 1991
850 pM Miyauchi et al., 1988
2.3 nM Sun et al., 1993

1.2 nM Sun et al., 1993
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(molecular weight = 50 kDa) rather than evidence for
the existence of multiple receptor proteins.

Autoradiographic investigations, performed in hearts
of rats (Sigrist et al., 1986), guinea pigs and humans
(Coupe et al., 1990) have indicated that the greatest
density of binding of CGRP is localized in coronary ar-
teries, veins and heart valves, and, to a lesser extent, in
the coronary arterioles and endocardium. Myocardium,
fibrous tissue, nervous tissue and fat cells are poorly
labeled. Within coronary arteries, binding sites for
CGRP are restricted almost entirely to the intima and
media layers (Ursell et al., 1991a). Higher densities of
specific CGRP binding sites are present in small in-
tramyocardial compared with large epicardial coronary
arteries (Sun et al., 1993). Such findings have fueled
speculation that binding sites previously detected in
crude membrane preparations are predominantly de-
rived from the tissues of the coronary vasculature, espe-
cially in the ventricle, because coronary vasculature is
abundant in this tissue. Alternatively, high nonspecific
binding in ventricular myocardium might obscure a
sparse density of receptors, perhaps restricted to a spe-
cialized region. G-protein-coupled receptors of high af-
finity (41 pM) have been detected recently within mem-
branes prepared from cardiomyocytes isolated from
neonatal rats (Chatterjee et al., 1991) that had been
maintained in culture for 3 to 4 days before study. How-
ever, it was not clarified whether these cardiomyocytes
were exclusively atrial or ventricular in origin.

VI. Physiological and Pharmacological Actions of
Calcitonin Gene-Related Peptide in the
Cardiovascular System

In rats, intracerebroventricular administration of
CGRP evokes a transient elevation of the mean arterial
blood pressure and sustained tachycardia, coupled with
a sustained elevation in the concentration of cat-
echolamines present in plasma (Fisher et al., 1983). This
indicates that the sympathetic nervous system has a
role in these centrally induced actions of the peptide. In
contrast, intravenous administration of CGRP in rats
(Fisher et al., 1983), rabbits (Anand et al., 1991) and
humans (Gennari and Fischer, 1985; Struthers et al.,
1986; Franco-Cereceda et al., 1987b) causes significant
reduction in the mean arterial blood pressure and total
peripheral resistance, coupled with a more sustained
tachycardia. At maximally effective concentrations of
CGRP, the hypotensive effects persist despite activation
of the renin-angiotensin pressor mechanism (Kurtz et
al., 1988; 1989). In addition, the effects of CGRP are not
diminished in the presence of selective antagonists at
adrenoceptors and histaminergic receptors (Marshall et
al,, 1986a), but are attenuated by CGRPg_3; and
CGRP,,_g7, and mimicked, albeit at greatly reduced po-
tency, by Cys ACM 2,7 hCGRP and cyclo-2,7-Asp®Lys’
hCGRP (Donoso et al., 1990).

Intravenous administration of amylin in rats, rabbits
and humans is associated with a transient decrease in
mean arterial blood pressure, tachycardia and enhanced
renal blood flow; amylin is approximately 100-fold less
effective on a molar basis than CGRP (Brain et al., 1990;
Young et al., 1993). The haemodynamic effects elicited
by amylin in rats in vivo are antagonized by CGRPg_s;
(Gardiner et al., 1991b).

A. Effects on the Vasculature

1. Peripheral vasodilation. The relative contributions
of different vascular beds to the hypotensive action of
CGRP depends on the dose of the peptide administered.
Vasodilation in the hindquarter and common carotid
regions, together with mesenteric vasoconstriction, pre-
dominate at high doses (Gardiner et al., 1989a, 1991a,
c). As a consequence, blood flow is redistributed in
favour of the skin and brain at the expense of the gas-
trointestinal tract (Jager et al., 1990). Infusion of CGRP
at a concentration that evokes only marginal changes in
the mean arterial blood pressure can give some indica-
tion of the regionally selective effects of the peptide.
Inability to demonstrate regionally selective changes in
blood flow in response to infusion of CGRP at nonhypo-
tensive concentration in rats, prompted Di-Pette et al.
(1989) to conclude that CGRP is a general as opposed to
a regionally selective vasodilator. Although small eleva-
tions in flow have been observed in response to this
peptide, notably in the vasculature serving the stomach,
spleen, skin and carotid bed (Marshall et al.,, 1988;
Bratveit et al., 1991), it is unclear to what extent these
effects are because of local regulatory responses induced
by the slight decline in mean arterial blood pressure.
Changes in regional vascular resistances are easier to
detect and can be more accurately measured. Intrarenal
infusion of CGRP into anaesthetized dogs (Villarreal et
al., 1988), at concentrations that do not induce systemic
hypotension, increase renal blood flow and glomerular
filtration rate.

Additional supportive evidence for the existence, and
regional selectivity, of the vasodilatory action of CGRP is
provided by studies conducted in situ, or in vitro using
isolated blood vessel strips (table 2). Topical application
of CGRP causes vasodilation of cortical arterioles of cats
(McCullough et al., 1986). CGRP causes vasodilation in
isolated, perfused kidneys of rats, thereby raising glo-
merular filtration rate and filtered fraction (Kurtz et al.,
1989; Edwards and Trizna, 1990). Vasorelaxation in re-
sponse to CGRP has been demonstrated in a number of
human blood vessels in vitro, including skeletal muscle
arteries (Pernow, 1989), omental arteries and veins (Ed-
vinsson et al., 1985b), pulmonary arteries and veins
(McCormack et al., 1989), cerebral arteries (Mejia et al.,
1988; Uddman and Edvinsson, 1989) and small intrace-
rebral arterioles and venules (Edwards et al.,, 1991).
CGRP relaxes preconstricted rat splenic strips in vitro
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TABLE 2
ECj, values for various responses to CGRP, analogs and structurally-related peptides in cardiovascular tissues
Peptide ECyg value Reference
Myocardial tissues
Guinea pig left atria (positive inotropic response)
raCGRP 6.3 nM Mantelli et al., 1992
raCGRP 9.9 nM Giuliani et al., 1992
rBCGRP 5.1 nM Giulaini et al., 1992
amylin 158 nM Giuliani et al., 1992
haCGRP 6.0 nM Ishikawa et al., 1988
haCGRP 14.7 nM Dennis et al., 1989
N [Ala! (CH,NH)Cys*|CGRP 11.0 nM Dennis et al., 1989
ThaCGRP 74.0 nM Dennis et al., 1989
CysACM*"haCGRP >710 nM Dennis et al., 1989
cyclo®*?Asp?Lys’ThCGRP >1.67 uM Dennis et al., 1989
Guinea pig right atria (positive inotropic response)
m haCGRP 50 nM Franco-Cereceda and Lundberg, 1985
haCGRP 7.6 nM Dennis et al., 1989
= [Ala! (CH,NH)Cys,JCGRP 6.0 nM Dennis et al., 1989
ThaCGRP 282 nM Dennis et al., 1989
CysACM?’haCGRP >710 nM Dennis et al., 1989
cyclo?’Asp’Lys’ThCGRP >1.67 uM Dennis et al., 1989
Guinea pig right atria (positive chronotropic response)
haCGRP 50 nM Franco-Cereceda and Lundberg, 1985
Rat left atria (positive inotropic response)
haCGRP 3.3 nu Wang and Fiscus, 1989
Rat right atria (positive inotropic response)
- haCGRP 120 nM Sigrist et al., 1986
Rat right atria (positive chronotropic response)
< haCGRP 70 nM Sigrist et al., 1986
haCGRP 4.5 nM Wang and Fiscus, 1989
U Rat right atria (accumulation of cAMP)
haCGRP 3.0 nm Sigrist et al., 1986
(- Neonatal rat cardiomyocytes (accumulation of cAMP)
haCGRP 10 nM Fisher et al., 1988
Guinea pig atrial cardiomyocytes (stimulation of ICa)
haCGRP 12.8 nM Ono and Giles, 1991
Rat ventricular cardiomyocytes (positive inotropic response)
O haCGRP 31 pu Bell and McDermott, 1994
CysACM*"haCGRP 6 nM Bell and McDermott, 1994
H amylin 216 pM Bell and McDermott, 1995
Blood Vessels .
Relaxation of pre-contracted vessels in vitro
O Rat intracerebral arterioles
haCGRP 3.9 nM Edwards et al., 1991
Human skeletal muscle arteries
U haCGRP 590 pM Franco-Cereceda et al., 1987
hBCGRP 370 pM Franco-Cereceda et al., 1987
Feline pial arteries
haCGRP 8 nM Edvinsson et al., 1985
Feline middle cerebral arteries
haCGRP 9.6 nM McCullough et al., 1986
raCGRP 790 pM Saito et al., 1989
haCGRP 2.5 nM Saito et al., 1989
rBCGRP 630 pM Saito et al., 1989
hBCGRP 1.0 nM Saito et al., 1989
Human pial (cerebral) arteries .
raCGRP 250 pM Jansen et al., 1992
haCGRP 125 pM Jansen et al., 1992
rBCGRP 50 pM Jansen et al., 1992
hpCGRP 500 pM Jansen et al., 1992
Q“ Guinea pig cerebral arteries
raCGRP 1.2 nM Jansen, 1991
haCGRP 3.2 nM Jansen, 1991
rBCGRP 2.6 nM Jansen, 1991
hBCGRP 6.3 nM Jansen, 1991
Human coronary vein
. haCGRP 42nm Opgaard et al., 1995
Accumulation of cyclic AMP
' Human umbilical vein endothelial cells
+ haCGRP 190 nM Crossman et al., 1987
Q) Rat aortic vascular smooth muscle cells
haCGRP 1nM Kubota et al., 1985
Q- haCGRP 250 nM Hirata et al., 1988
) raCGRP 250 nM Hirata et al., 1988
Bovine aortic endothelial cells
m haCGRP 250 nM Hirata et al., 1988
raCGRP 250 nM Hirata et al., 1988
Rat intracerebral arterioles

haCGRP 8 nM Edwards et al., 1991
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(Sigrist et al., 1986) and may be involved in filling of the
spleen in vivo to regulate volume of circulating blood.

Gardiner and colleagues (1989b) have undertaken a
series of studies aimed at characterizing the regional
haemodynamic effects of @ and B variants of CGRP.
Although intravenous infusion of hBCGRP in conscious,
unrestrained rats caused a dose-dependent vasodilation
of the renal and hindquarters vascular beds in a manner
similar to the response to haCGRP, at intermediate
doses of the peptide, haCGRP elicited significantly
greater haemodynamic effects than hBCGRP. A number
of studies have addressed the relative potency of a and B
variants of rat and human CGRP in vitro or in situ using
tissue obtained from the mesenteric vasculature (Mar-
shall et al., 1986a) and renal vasculature of rats (Cas-
telluci et al.,, 1993), middle cerebral arteries of cats
(Saito et al., 1989), basilar arteries of guinea pigs (Nil-
sson et al., 1992), human pial arteries (Marshall, 1989)
and small arteries obtained from human skeletal mus-
culature (Franco-Cereceda et al., 1987b). At present,
however, there is no consensus regarding the ability of
CGRP receptors within the peripheral vasculature to
discriminate between various forms of the peptide.

Using a regional haemodynamic approach, Gardiner
and colleagues (1991a) observed that CGRPg_;, was an
effective antagonist of haCGRP in vivo. In this study, it
was demonstrated that the fragment had no significant
effects per se on mean arterial blood pressure, heart rate
or common or internal carotid haemodynamics, but
caused a significant (although reversible) inhibition of
the vasodilation of the carotid arteries by haCGRP in
conscious Long Evans rats. CGRPg_g; also antagonizes
CGRP-induced vasodilation of small arterioles and
venules from cremaster muscles (Kim et al., 1995), renal
arteries (Chin et al., 1994), intracerebral arterioles (Ed-
wards et al.,, 1991), basilar arteries (Kitazano et al.,
1993) and thoracic aortae of rats (Hao et al., 1994). It has
been suggested on the basis of differential sensitivity to
CGRPg_g;, that haCGRP and hBCGRP act via different
receptors because haCGRP-mediated, but not hBCGRP-
mediated, dilation of cerebral blood vessels from guinea
pigs and humans is antagonized by CGRPg_g, (Jansen,
1992; Jansen et al., 1992). Similar findings have been
reported in the microvascular circulation of rabbit skin,
in which CGRPg_g, is a more potent antagonist of vaso-
dilation induced by h«CGRP than by hBCGRP (Hughes
and Brain, 1991). By contrast, there is no evidence that
receptors that mediate the responses to each peptide in
rabbit hepatic and canine basilar arteries can be differ-
entiated in terms of their sensitivity to CGRPg_s, (But-
ler et al., 1993).

Studies in which the peptide was infused intrave-
nously indicate that amylin is approximately 100-fold
less potent as a vasodilator than CGRP (Brain et al.,
1990), which suggests that these effects of amylin may
be mediated by CGRP-preferring receptors (Chantry et
al., 1991). The vasodilator activity of amylin displays a

marked regional dependence and is most pronounced in
the renal vascular bed (Brain et al., 1990; Gardiner et
al., 1991a). However, unlike CGRP, amylin evokes only
moderate increases in hindquarters and mesenteric
blood flow. Amylin is at least an order of magnitude less
potent than CGRP as a vasodilator of the renal arterial
bed of rats in vitro and is sensitive to the antagonistic
action of the fragment, CGRPg_s,; (Castellucci et al.,
1993). Furthermore, amylin has significantly reduced
efficacy in this preparation compared with CGRP. These
findings are consistent with the interaction by amylin,
albeit with markedly reduced potency and efficacy, at
CGRP, receptors in the renal vasculature.

Infusion of adrenomedullin in conscious rats
(Gardiner et al., 1995) causes dose-dependent hypoten-
sion and tachycardia, accompanied by vasodilation of
the renal, mesenteric and hindquarters vascular beds.
In contrast, hypotension and tachycardia in response to
CGRP are accompanied by only transient vasodilation of
these vascular beds in vivo. In addition, the actions of
CGRP are antagonized by the fragment, CGRPg_g,,
whereas those of adrenomedullin are not. Adrenomedul-
lin dilates the pulmonary vasculature of cats in vivo
with a potency greater than CGRP and amylin, but with
a shorter duration of action (Dewitt et al., 1994). In
contrast, the vasodilator response evoked by ad-
renomedullan in the mesenteric vasculature of rats in
vitro is inhibited by CGRPg_g; (Nuki et al., 1993). There
is at present, therefore, no consensus about whether the
vasodilatory effects of adrenomedullan reflect the ability
of the peptide to interact with CGRP,-receptors in the
vasculature or, alternatively, are mediated by a distinct
population (or populations) of receptors selective for ad-
renomedullin.

2. Coronary vasodilation. Potent vasodilatory effects
of CGRP on the coronary circulation in vivo, as evi-
denced by measurements of coronary flow, coronary re-
sistance, myocardial flow and radiographic measure-
ment of the diameter of coronary vessels, have been
demonstrated in several species, including humans
(McEwan et al., 1986), pigs (Tippens et al., 1988), dogs
(Joyce et al., 1990b) and rats (Bratveit et al., 1991).
CGRP lowers the perfusion pressure of isolated hearts of
rats, rabbits (Holman et al., 1986; Marshall et al.,
1986b) and dogs (Sugiyama et al., 1989), which is indic-
ative of a direct action on the coronary vasculature,
independent of systemic reflexes activated in vivo in
response to reduction in mean arterial blood pressure.
raCGRP has been reported to be equipotent to (Marshall
et al., 1986b) or more potent than (Holman et al., 1986)
haCGRP in reducing perfusion pressure of isolated
hearts of rats and rabbits. CGRP-induced relaxation of
isolated rings of coronary arteries has been demon-
strated in rats and guinea pigs (Prieto et al., 1991), cows
(Greenberg et al., 1987), pigs (Shoji et al., 1987; Beny et
al., 1989) and humans (Franco-Cereceda and Rudehill,
1989). Proximal epicardial and distal intramyocardial
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arteries of rats are more sensitive to the vasorelaxant
effects of raCGRP than to haCGRP (Prieto et al., 1991).
CGRP has also been found to be a potent vasodilator of
precontracted human epicardial coronary veins in vitro
(Opgaard et al., 1995)

3. Permeability of the microvasculature. A neurogenic
component may be provided by CGRP that may act
synergistically with other mediators in the production of
inflammatory hyperaemia, characterized by local oe-
dema and increased microvascular permeability (Brain
et al., 1986). Injection of CGRP into the volar surface of
the human forearm elicits a rapidly developing and sus-
tained local reddening that is dispersed laterally via
lymphatic vessels. This action is similiar to, but more
sustained than, the characteristic “wheal and flare re-
sponse” induced by histamine and can be inhibited by
the nonsteroidal anti-inflammatory agent, aspirin (Full-
er et al., 1987). Topical administration of CGRP also
induces intense dilation and enhanced permeability of
the microvasculature serving the cheek pouch of ham-
sters and skin of rabbits, (Brain et al., 1985) and the
upper airways of ferrets (Webber et al., 1991). Investi-
gation of the effects of CGRP on vasodilation of the skin
of rabbits has indicated that the three different forms of
synthetically available CGRP (raCGRP, haCGRP and
hBCGRP) are equipotent (Brain et al., 1986). After in-
tradermal injection into rabbits, amylin increases blood
flow and potentiates bradykinin-induced oedema forma-
tion with a potency approximately 100-fold less than
that of CGRP (Brain et al., 1990). In the cutaneous
microvasculature of rabbits (Brain et al., 1993), rats and
hamsters (Hall et al., 1995), the response to CGRP is
abolished by the CGRP,-selective antagonist, CGRPg_g.
CGRP has no effect on plasma protein extravasation per
se, but when administered concurrently can potentiate
oedema induced by inflammatory mediators such as bra-
dykinin and platelet-activating factor. The potentiation
of tissue oedema by CGRP is probably related to arte-
riolar dilation causing an increased perfusion pressure
at the level of the capillary and venule where other
mediators have already increased permeability. Indeed,
CGRP actually reduces leaky cerebral venular perme-
ability in rats, indicating that the peptide may function
to restore and maintain the blood-brain barrier in vivo
(Easton and Fraser, 1993). CGRP also enhances inter-
leukin-1-induced adhesion of neutrophils to endothelial
cells from human umbilical veins by increasing expres-
sion of E-selectin (Rangnekar et al., 1994). This response
is sensitive to antagonism by the fragment, CGRPg_g,
and is not mimicked by CT. This novel action of the
peptide indicates that CGRP may regulate the infiltra-
tion of leukocytes at local sites by modulating cytokine
induction of the expression of adhesion molecules.

4. Angiogenesis. CGRP promotes the proliferation of
endothelial cells isolated from human umbilicial veins
(Haegerstrand et al., 1990). Although CGRP does not
stimulate directly the proliferation of endothelial cells

isolated from human ileac arteries, veins and microvas-
culature, the peptide promotes migration of endothelial
cells into wounded monolayers of human ileac microvas-
cular endothelium; this migration is considered to be an
initial stage in angiogenesis (Carter et al., 1993). CGRP
inhibits proliferation of cultured bovine aortic smooth
muscle cells (Fiscus, 1993), indicating that another func-
tion of CGRP, which may be especially important in
large conduit vessels such as aorta and coronary arter-
ies, could be to inhibit proliferation of vascular smooth
muscle cells and thereby provide an important physio-
logical counterbalance to the mitogenic effects of other
mediators. These mitogenic properties of CGRP have
implications for the formation of new vessels during
physiological and pathophysiological events such as
ischaemia, inflammation and wound healing. Applica-
tion of CGRP improves the survival of surgical flaps of
ischaemic tissue, partly by promoting the synthesis of
new blood vessels within the tissue (Kjartansson and
Dalsgaard, 1987; Knight et al., 1993).

B. Chronotropic Effects

Tachycardia in response to intravenous administra-
tion of CGRP has been demonstrated in rats (Fisher et
al., 1983; Gardiner et al., 1989a, 1991a), rabbits (Anand
et al., 1991), dogs (Sugiyama et al., 1989) and humans
(Gennari and Fischer, 1985; Struthers et al., 1986;
Franco-Cereceda et al., 1987b). This action is resistant
to blockade of adrenoceptors in rats (Marshall et al.,
1986b) and humans (Gennari and Fischer, 1985). In
rats, tachycardia occurs in response to nonhypotensive
doses of the peptide (Di-Pette et al., 1989), which is
consistent, therefore, with a direct chronotropic action of
CGRP in the heart. However, intracoronary infusion of
CGRP in open-chest anaesthetized dogs, while causing
significant increases in coronary and myocardial blood
flow, does not alter heart rate. Direct injection of CGRP
into canine epicardial sites containing parasympathetic
ganglia attenuates the negative chronotropic effects of
vagal stimulation of the sino-atrial node. However, in-
fusion of CGRP into the sinus node artery of surgically
sympathectomized and parasympathectomized dogs
does not affect impulse initiation (Rigel, 1988). Thus, in
this species, CGRP may act indirectly as a neuromodu-
lator in the epicardial ganglia, rather than directly as a
neurotransmitter in atrial myocardium. Indeed, CGRP
does not exert a positive chronotropic action in trabecu-
lae muscles isolated from canine atria (Rigel, 1988). In
contrast, there is evidence in support of a direct chrono-
tropic action of CGRP in the atria of other species. CGRP
elevates heart rate in isolated perfused hearts of rats
(Holman et al., 1986) and guinea pigs (Marshall et al.,
1986a; Franco-Cereceda and Lundberg, 1988), but not of
rabbits (Holman et al., 1986). This chronotropic action is
independent of the fall in perfusion pressure induced by
the coronary vasodilator action of CGRP, because a chro-
notropic response is not elicited by another coronary
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vasodilator, nitroprusside (Marshall et al., 1986b).
CGRP exerts a positive chronotropic effect in isolated
spontaneously beating right atria of rats (Sigrist et al.,
1986; Marshall et al., 1986a; Wang and Fiscus, 1989)
and guinea pigs (Franco-Cereceda and Lundberg, 1985,
1988; Marshall et al., 1986b; Saito et al., 1986), and in
cardiomyocytes isolated from the hearts of neonatal rats
(Fisher et al., 1988).

C. Inotropic Effects

Intravenous infusion of CGRP enhances cardiac out-
put in rabbits (Anand et al., 1991) and humans (Gennari
and Fischer, 1985; Struthers et al., 1986; Franco-Cere-
ceda et al., 1987a), but not in rats (Bratveit et al., 1991).
Intracoronary infusion of the peptide into open-chested
anaesthetized dogs, while increasing coronary and myo-
cardial blood flow, does not alter left ventricular wall
thickness and cardiac index (Rigel et al., 1988). In hu-
mans, intravenous infusion of CGRP reduces both the
period of pre-ejection and duration of electromechanical
systole. These inotropic effects, but not the accompany-
ing chronotropic and hypotensive effects, are antago-
nized by the B-adrenoceptor antagonist, labetalol, which
indicates that the inotropic action of CGRP is secondary
to reflex activation of the sympathetic nervous system in
response to the peripheral vasodilation induced by this
peptide. Assessment of the direct action of a neuropep-
tide upon ventricular myocardium in vivo is, therefore,
complicated by the comprehensive array of peripheral
haemodynamic reflexes that are operational. In addi-
tion, such studies do not indicate whether the inotropic
response is because CGRP is functioning as a neuro-
transmitter or neuromodulator in the heart, or whether
the peptide gains access to the ventricular myocardium
via the coronary circulation.

The several reports concerning the inotropic action of
the peptide in the mammalian heart in vitro have pro-
vided conflicting results. CGRP does not alter contractile
force in isolated perfused hearts of rats, rabbits (Holman
et al., 1986) and dogs (Sugiyama et al., 1989). However,
CGRP induces a sustained increase in the contractile
force in isolated perfused hearts of guinea pigs, by an
action that is resistant to the B-adrenoceptor antagonist,
metoprolol (Franco-Cereceda and Lundberg, 1985).
Studies using intact hearts perfused in vitro with the
coronary vasculature intact also fail to provide informa-
tion as to whether CGRP has a direct action on the
ventricle, or an indirect action that is secondary to cor-
onary vasodilation. The influence of the coronary vascu-
lature is absent in strips of cardiac muscle perfused in
vitro and in suspensions of isolated cardiomyocytes.

CGRP exerts a potent positive inotropic action in iso-
lated atria of rats (Satoh et al., 1986; Sigrist et al., 1986;
Wang and Fiscus, 1989; Ishikawa et al., 1987) and
guinea pigs (Ishikawa et al., 1988; Franco-Cereceda and
Lundberg, 1985, 1988) (table 2). Positive inotropic ef-
fects of CGRP have also been demonstrated in pieces of

tissue isolated from the right atria of human hearts
(Franco-Cereceda et al., 1987a; Du et al., 1994), but are
absent in isolated atrial trabeculae of dogs (Rigel et al.,
1988). The positive inotropic action is resistant to block-
ade by hexamethonium, an inhibitor of ganglionic trans-
mission, and by selective antagonism of adrenoceptors,
histaminergic, serotonergic and muscarinic cholinocep-
tors, and to inhibition of synthesis of prostaglandins
(Franco-Cereceda and Lundberg, 1985; Satoh et al.,
1986; Sigrist et al., 1986; Ishikawa et al., 1987, 1988;
Wang and Fiscus, 1989). Additional evidence that the
inotropic action of CGRP in atria is not mediated by the
sympathetic nervous system is provided by the failure of
the peptide to stimulate the efflux of catecholamines
from atria of guinea pigs (Franco-Cereceda and Lund-
berg, 1985).

There is substantial evidence, derived from investiga-
tions of the functional effects of peptide fragments and
analogues in vitro, that the positive myotropic effects of
CGRP in atrial tissues are mediated by CGRP;-recep-
tors, which do not discriminate between naturally occur-
ring forms of the peptide. The a and B variants of CGRP
are equiactive as positive inotropic agents in the atria of
rats (Spokes et al., 1987; Franco-Cereceda and Lund-
berg, 1988) and humans (Franco-Cereceda et al., 1987b).
In addition, ra«CGRP and haCGRP are equiactive as
positive inotropic agents in the atria of rats (Marshall et
al., 1986b). In guinea pigs, however, raCGRP is ten-fold
more potent as a positive chronotropic agent than as a
positive inotropic agent, whereas haCGRP is equipotent
for both effects (Marshall et al.,, 1986b). These data
indicate that differences may exist between the recep-
tors and/or receptor-effector coupling mechanisms asso-
ciated with the positive inotropic and chronotropic re-
sponses to CGRP, respectively.

Generally, the structure-activity profiles of the vari-
ous analogues and fragments of CGRP are fairly similar
in right and left atrial tissue. However, important dif-
ferences have been observed between these two tissues
and preparations of rat vas deferentia (Dennis et al.,
1989; Quirion et al., 1992), tissue which is enriched with
CGRP,-receptors. Rupture of the disulphide bridge of
the CGRP molecule drastically reduces the agonist ac-
tivity of the peptide in the former, but not the latter,
tissue. The linear analogue, Cys ACM 2,7 hCGRP is
virtually inactive as a positive inotropic and chrono-
tropic agent in the atria of guinea pigs in vitro, but
retains the full intrinsic activity of CGRP, albeit with
significantly reduced potency, at CGRPy-receptors in the
vas deferentia of rats (Dennis et al., 1989). A tyrosine
residue is often added at position 0 of the CGRP mole-
cule to facilitate radiolabeling of the peptide for use in
binding experiments. Tyr0 haCGRP displays reduced
potency in cardiac preparations, but is equipotent to
CGRP in preparations of vas deferentia (Dennis et al.,
1989). These results provide further evidence for recep-
tor heterogeneity and, perhaps more importantly, indi-
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cate that iodinated Tyr0 haCGRP might not be an ap-
propriate radioligand with which to characterize
receptors for CGRP in certain tissues. In vivo, inactiva-
tion of CGRP is thought to occur through endopepti-
dases. In the analogue, Ala}CH,NH Cys? haCGRP, the
peptide bond is substituted by a pseudopeptide bond
between Ala® and Cys? to produce a more stable peptide
that is less susceptible to degradation. This analogue is
marginally more potent than CGRP in all preparations
in which it has been tested, and retains the full efficacy
of the native peptide both as a myotropic agent and for
the inhibition of twitch responses in vas deferentia. This
approach may be promising, therefore, in the design of
stable agonists at CGRP receptors for in vivo adminis-
tration. N terminal fragments of CGRP, including cyclo->7
hCGRP,_,COOH, cyclo->” hCGRP,_gCOOH, cyclo->7
hCGRP,_,COOH and cyclo->7 hCGRPg’scOOH, are in-
active in all preparations in which they have been tested
(Dennis et al., 1989). Such findings confirm the impor-
tance of the C terminal part of the CGRP molecule in the
maintenance of appropriate receptor recognition. The
ability of cyclo->’” hCGRP, ,COOH to antagonize
weakly the positive chronotropic response to CGRP in
spontaneously beating right atria of guinea pigs, al-
though it fails to antagonize the positive inotropic re-
sponse to the peptide in electrically driven left atria of
guinea pigs, remains unexplained and may provide fur-
ther evidence that subtle differences exist between the
populations of receptors mediating the inotropic and
chronotropic effects of the peptide, respectively.

Many studies have focused on the antagonistic poten-
tial of the fragment, CGRP_g, (table 3). CGRPg_g, is a
potent competitive antagonist of the inotropic and chro-
notropic actions of CGRP in atrial preparations (pA, >
7.0), but is at least ten-fold less potent as a competitive
antagonist of CGRP at CGRP,-receptors located in vas
deferentia of rats (pA, < 6.2). These data are compatible
with receptors for CGRP present in atrial tissues being
of the CGRP,-subtype (Mimeault et al., 1991; Quirion et
al., 1992). The fragment, CGRP,_g,, is at least as potent
(pA, > 7.0) as CGRPg_g;, whereas CGRP,_g; is less
potent (pA, = 6.6), and CGRP,,_ g, is significantly less
potent (pA, = 6.1) as a competitive antagonist of the
actions of CGRP in atrial tissues (Mimeault et al., 1991).
CGRPy_g; also antagonizes the actions of CGRP weakly
at CGRP,-receptors present in preparations of rat vas
deferentia with a potency similar to CGRPg_g; (pA, =
6.2), whereas shorter fragments are almost completely
ineffective as antagonists in this preparation (Mimeault
et al., 1991; Quirion et al.,, 1992). These data indicate
that the threonine residue in position 9 of the peptide
might be critical for recognition of putative CGRP recep-
tor subtypes, whereas the valine residue in position 8 is
not so important. The presence of the histidine residue
in position 10 of the peptide may also be important to
ensure adequate affinity at CGRP receptors, because
CGRP,,_s; displays a significant loss of affinity in all
preparations (Mimeault et al., 1991). In contrast, the
presence of an arginine residue in position 11 may not be
involved directly in the maintenance of adequate affinity

TABLE 3
PA; values for various CGRP fragments in cardiovascular tissues
Fragment pA; value Reference
Guinea pig left atria (positive inotropic response)
CGRPg 4, 6.81 Rovero et al., 1992
7.66 Mimeault et al., 1991
6.42-6.95 Giuliani et al., 1992
CGRPy g, 7.70 Mimeault et al., 1991
CGRP,q g, 6.68 Mimeault et al., 1991
CGRP,, g, 6.15 Mimeault et al., 1991
12-87 6.03 Quirion et al., 1992
CGRP,g 4, 5.39 Rovero et al., 1992
CGRPg, 4, 4.81 Rovero et al., 1992
Guinea pig right atria (positive inotropic response)
CGRPg g, 7.22 Mimeault et al., 1991
CGRP, g, 7.04 Mimeault et al., 1991
CGRP,q g, 6.15 Mimeault et al., 1991
CGRP,, 3, 6.14 Mimeault et al., 1991
GRP,, 37 6.09 Quirion et al., 1992
Rat ventricular cardiomyocytes (positive inotropic response)
CGRPg 4, 7.95 Bell and McDermott, 1994
Rat intracerebral arterioles (relaxation)
CGRPg g, 6.70 Edwards et al., 1991
Guinea pig cerebral blood vessels (relaxation)
CGRPg g, 7.12 Jansen, 1991
Feline middle cerebral arterioles (relaxation)
CGRPH7 7.14 Jansen et al., 1992
Human cerebral blood vessels (relaxation)
CGRPg 4, 6.70 Jansen et al., 1992
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because CGRP;, 5, is equiactive (pA, = 6.1) to
CGRP,,_3; as an antagonist of CGRP in the atria of
guinea pigs (Dennis et al., 1989; Mimeault et al.; 1991).
CGRP,g4_3,; is a major product of the metabolic break-
down of CGRP by endopeptidases in the CNS and spinal
cord (Sakurada et al., 1991). This observation raises the
possibility that some C-terminal fragments that are bi-
ologically active as antagonists may have a modulatory
influence upon the action of the parent peptide in vivo.
However, CGRP,¢_g, and shorter C-terminal fragments,
including CGRP,g 3, retain very weak antagonistic ac-
tivity (apparent pA, values < 5.4) at CGRP receptors in
the atria of guinea pigs (Rovero et al., 1992).

CGRP stimulates a potent positive inotropic response
in thin strips of false tendon obtained from the ventricles
of pigs (Miyauchi et al., 1988), but does not alter the
force of contraction in isolated papillary muscle strips
obtained from left or right ventricles of rats (Sigrist et
al., 1986; Ishikawa et al., 1987) or guinea pigs (Ishikawa
et al., 1987), in superfused trabecular strips obtained
from canine ventricles (Rigel et al., 1988) or in ventric-
ular trabeculae obtained from nondiseased human
hearts (Du et al., 1994). Such differences may indicate
greater impedence to diffusion of the peptide into, and
nonspecific binding within, papillary muscles as a con-
sequence of their greater thickness as compared with
strips of ‘false-tendon’ muscles. The use of single cardi-
omyocytes in mechanical studies would be expected to
overcome some of the problems associated with multi-
cellular preparations. Single cells need not be affected
by preload and extrinsic afterload or barriers to diffu-
sion. Also, such preparations should not be contami-
nated by other cell types or nerve terminals, and are not
specialized for impulse generation or propagation and
hence twitch only when stimulated electrically. CGRP
stimulates an increase in the strength of contraction of
cardiomyocytes isolated from the hearts of neonatal rats
(Fisher et al., 1988). This action is characterized by an
increase in the amplitude and velocity of cell edge mo-
tion, which has similiar temporal-dependence to the ac-
companying chronotropic effect of the peptide in these
cells. However, these authors were unable to quantify
this inotropic response and did not clarify whether these
cells were exclusively atrial or ventricular in origin.
Quantification of cell shortening in isolated cardiomyo-
cytes is a relatively novel experimental technique in
which the properties of the contractile system measured
are different from those obtained by measurement of
isometric force recorded in cardiac muscle strips (Krue-
gar et al., 1980; Powell et al., 1980; Tung, 1986). The
information provided by determining the parameters of
cell shortening however can be compared and contrasted
usefully with that obtained from multicellular prepara-
tions (Meyer et al.,, 1987; Piper et al., 1989). CGRP
exerts a potent positive contractile response directly in
ventricular cardiomyocytes isolated from the hearts of
adult rats (Bell and McDermott, 1994a). This response is

mediated by receptors of the CGRP,-subtype, because
the analogue, Cys ACM 2,7 CGRP, is approximately
200-fold less potent than the native peptide, and the
response to CGRP is antagonized by the fragment,
CGRPg_g; (pA2 value = 7.95) (Bell and McDermott,
1994a) (fig. 3). Salmon CT is devoid of activity in this
preparation. CGRP does not alter the amplitude of cel-
lular contraction elicited in cardiomyocytes isolated
from the hearts of adult rabbits and from samples of
ventricular tissue obtained from patients undergoing
surgery for coronary artery disease or at the time of
mitral valve replacement (Anand et al., 1991). However,
the quality of cardiomyocytes isolated from such speci-
mens of human myocardium is often a cause for concern.

Amylin interacts at the population of CGRP,-recep-
tors coupled to positive contractile response in rat ven-
tricular cardiomyocytes (Bell and McDermott, 1995b)
because amylin possesses approximately 20-fold lower
potency than CGRP, and the responses to each peptide
are antagonized significantly by the competitive antag-
onist at CGRP,-receptors, CGRPg_g;, but not by the
selective antagonist at amylin-preferring receptors,
amyling_g;. However, amylin may be a partial agonist
(rather than possessing full efficacy at this receptor pop-
ulation) because amylin possesses moderately lower ef-
ficacy than CGRP as a stimulant of cellular contraction.
The peptide, when present at maximally effective con-
centration, enhances the action of low concentrations of
CGRP, at which fewer receptors would presumably be
occupied by the full agonist, and attenuates the action of
high concentrations of CGRP by occupying receptors
that would otherwise be available to the full agonist.
These data are in agreement with those obtained by van
Rossum and coworkers (1994) who reported that amylin
is a partial agonist at CGRP,-receptors in isolated atrial
preparations of guinea pigs but a full agonist at CGRP,-
receptors in the vas deferens of this species.

VIIL. Calcitonin Gene-Related Peptide Receptor-
Effector Coupling Mechanisms

A. In Peripheral Vasculature

The potency of the vasorelaxant effect of CGRP, and
the requirement of this action on the presence of intact
endothelium, has a marked regional variation. There is

an absolute requirement for endothelium in thoracic
aortae of rats (Brain et al., 1985; Kubota et al., 1985;

Grace et al., 1987; Gray and Marshall, 1992a), renal
arteries of rats (Elhawary and Pang, 1995) and human
cerebral arteries (Marshall, 1989). CGRP-induced va-
sorelaxation is endothelium-independent in cerebral ar-
teries of cats (Edvinnsson et al., 1985a; Saito et al.,
1989), splenic arteries of pigs and skeletal muscle arter-
ies of humans (Pernow, 1989), mesenteric arteries of
rabbits (Nelson et al., 1990) and rats (Amerini et al.,
1993), gastric, splenic and hepatic arteries of rats
(Bratveit et al., 1991), pulmonary arteries of guinea pigs
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Fic. 3. Pharmacology of CGRP receptors in cardiovascular tissues: rat ventricular cardiomyocytes as a model to illustrate basic principles
of receptor classification. (a) Concentration-dependence of the effects of haCGRP (@), [Cys, ACM-2"-ThaCGRP (A), human amylin (O) and
salmon calcitonin (A) on amplitudes of cellular contraction elicited in adult mammalian ventricular cardiomyocytes. Cardiomyocytes, isolated
from the hearts of adult rats, were incubated with each peptide for 3 minutes before stimulation at 0.5 Hz. Contractile response, expressed
as maximum shortening, is a factor of the response in the absence of peptide (1). Data are mean * standard error of the mean of five heart
cell preparations. "Significant variation between responses elicited in the absence and presence of peptide (p < 0.05). (b) contractile responses
of cardiomyocytes elicited with the fragment, CGRPg_g;, a selective agonist at CGRP, receptors. Effect of CGRPg_g; (25, 50, 100 nM) on
contractile response relation for CGRP (panels i to iii). Cardiomyocytes, with and without CGRP,_g, added, were incubated with CGRP for
3 minutes before stimulation at 0.5 Hz. Contractile response, expressed as maximum shortening, is a percentage (dL%) of prestimulus cell
length (L). Other experimental conditions were as described in figure 3a. Data are mean * standard error of the mean of two to four heart

cell preparations. Schild Plot of these data (panel iv).

(Maggi et al., 1990) and human pulmonary arteries and
veins (McCormack et al., 1989). Some vessels, such as
the external ileac arteries of pigs (Samuelson and Jern-
beck, 1991), basilar arteries of rats (Kitazono et al.,
1993) and superior mesenteric arteries of rats (Bratveit
et al.,, 1991), possess both an endothelium-dependent
and an endothelium-independent vasorelaxant response
to CGRP.

Binding of a vasorelaxant peptide to an endothelial
receptor is generally thought to trigger synthesis and
release of nitric oxide (NO) from L-arginine, or less com-

monly, of prostacyclin from arachadionic acid. The
unique chemistry of NO allows this molecule, with the
capacity to diffuse rapidly into nearby cells, to activate
the cytosolic enzyme, guanylate cyclase, thereby stimu-
lating the formation of cyclic guanosine monophosphate
(cGMP). This nucleotide, by virtue of its ability to acti-
vate protein kinase G, can stimulate Ca-adenosine
triphosphate (ATP)ases, reducing [Ca?*]; in vascular
smooth muscle and causing vasorelaxation (Popescu et
al., 1985). A related series of events is thought to eccur
after stimulation of adenylate cyclase in vascular
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smooth muscle. The precise biochemical details about
how these two cyclic nucleotide systems interact cooper-
atively in the control of smooth muscle tone is not yet
clear.

At present, there is no consensus regarding the in-
volvement of NO and ¢cGMP in those vessels in which
CGRP induces endothelium-dependent relaxation. In
rings of rat thoracic aorta, preconstricted with noradren-
aline, the endothelium-dependent vasorelaxant re-
sponse to CGRP is inhibited by haemoglobin, which
binds NO released from endothelial cells, and by N€-
monomethyl-L-arginine, which inhibits the synthesis of
NO from the terminal guanidino nitrogen of L-arginine.
The inhibitory effect of the latter compound can be re-
versed by L-arginine but not by D-arginine; this implies
a common synthetic pathway for NO and the endotheli-
um-derived relaxant factor released in response to
CGRP (Gray and Marshall, 1992b; Hao et al., 1994).
This conclusion is supported by a study by Fiscus and
coworkers (1994), who reported that nitroglycerin, an
exogenous NO donor, potentiated the vasorelaxant re-
sponse to CGRP in this tissue. Similarly, the endotheli-
um-dependent component of the vasorelaxant response
to CGRP in porcine external ileac arteries is reduced in
the presence of the NO inhibitor, gossypol (Samuelson
and Jernbeck, 1991).

Marshall and coworkers (Marshall, 1992; Gray and
Marshall, 1992a) have also reported that CGRP stimu-
lated accumulation of ¢cGMP in rings of rat thoracic
aortae with intact endothelium and that accumulation of
¢GMP and the concomitant vasorelaxant response to
CGRP were abolished by methylene blue, an inhibitor of
cytosolic guanylate cyclase and by inhibitors of NO syn-
thase. This is at variance with a study by Grace and
coworkers (1987) who found that vasorelaxation of rat
thoracic aortae by acetylcholine and sodium nitroprus-
side was accompanied by a parallel increase in cGMP in
vascular smooth muscle, whereas that produced by
CGRP was not accompanied by the accumulation of
c¢GMP either in the absence or presence of endothelium,
prompting these authors to conclude that the endothe-
lium-derived relaxant factor released in response to
CGRP is different to that released by acetylcholine. Be-
cause CGRP does not stimulate the accumulation of
¢GMP in vascular myocytes from rat thoracic aortae
(Kubota et al., 1985), or incidentally in bovine endothe-
lial cells (Hirata et al., 1988), it might be anticipated
that receptors for CGRP are not coupled to guanylate
cyclase per se and that an increase in cGMP in vascular
smooth muscle would only occur in the presence of intact
endothelium.

The synthesis and release of prostacyclin in response
to CGRP has been demonstrated in endothelial cells
from human umbilical veins (Crossmann et al., 1987)
but does not occur in bovine aortic endothelial cells
(Hirata et al., 1988). It should be noted, however, that
endothelial cells from microvessels have a quite differ-

ent profile of prostaglandin production from those de-
rived from large vessels (Charo et al., 1985). The inhib-
itor of prostaglandin biosynthesis, indomethacin, does
not attenuate the endothelium-dependent vasorelaxant
responses to CGRP in porcine external ileac arteries
(Samuelson and Jernbeck, 1991) in vitro and skin arte-
rioles of rabbits in vivo (Brain et al., 1985). Gray and
Marshall (1992a) reported that endothelium-dependent
relaxation of rat thoracic aortae in vitro in response to
CGRP was not attenuated in the presence of another
inhibitor of prostaglandin biosynthesis, ibuprofen. Al-
though it has been suggested that endothelium-depen-
dent vasorelaxation is mediated, at least in part, by the
release of prostacyclin in rat renal arteries and arte-
rioles (Villareal et al., 1988a), this has not been substan-
tiated by Wisskirchen and Marshall (1994), who found
that endothelium-dependent vasorelaxation in rat renal
and pulmonary arteries in response to CGRP but not
sodium nitroprusside was antagonized by the inhibitor
of NO synthesis, L-N®-nitro-L-arginine and by the cal-
modulin antagonist, calmidozaliam, and was therefore
mediated by calcium-dependent activation of NO within
endothelial cells.

It is possible that incomplete removal of the endothe-
lium in endothelium-denuded vessels, or damage to the
endothelial cell layer in vessels defined as having intact
endothelium, might have contributed to some of the
discrepancies between studies in which the role of endo-
thelium-derived relaxant factors and the accumulation
of cGMP in the vasorelaxant responses to CGRP was
investigated. Progress has also been hampered by the
lack of specificity or membrane permeability of many
inhibitors of prostaglandin biosynthesis and protein ki-
nase G and the lack of availability of selective antago-
nists at prostacyclin (IP) receptors.

In many vascular preparations, there is a strong cor-
relation between CGRP-induced relaxation and the ele-
vation in intracellular cAMP (Wang et al., 1991). CGRP
stimulates the accumulation of cAMP in cultured vascu-
lar smooth muscle cells from rat thoracic aortae (Kubota
et al., 1985; Hirata et al., 1988). However, a causal role
for this cyclic nucleotide in endothelium-dependent va-
sorelaxation in response to CGRP has not been estab-
lished. Marshall and coworkers (Marshall, 1992; Gray
and Marshall, 1992a) reported that accumulation of
cAMP in rings of rat thoracic aortae occurred only in the
presence of intact endothelium and was not affected by
inhibition of NO synthase, indicating that the accumu-
lation of this nucleotide might preceed, and might play a
causal role in, the synthesis of NO in endothelial cells.
Alternatively, it is possible that binding of CGRP to
endothelial receptors might stimulate the release from
the endothelium of a mediator other than NO that is
capable of stimulating the accumulation of cAMP in
vascular smooth muscle. Although the release of prosta-
cyclin from endothelial cells isolated from human um-
bilical veins is associated with the accumulation of
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cAMP (Crossman et al., 1987), bradykinin elicits a sig-
nificantly greater release of prostacyclin from these cells
in the absence of the accumulation of cAMP, indicating
that this cyclic nucleotide might not be necessary for the
release of prostacyclin. In addition, although prostacy-
clin stimulates the accumulation of cAMP in rat thoracic
aortae (Gorman et al., 1977), vasorelaxation in response
to prostacyclin has not been established in this tissue
(Gray and Marshall, 1992b). Binding sites for CGRP are
present in vascular smooth muscle cells from rat tho-
racic aortae (Hirata et al., 1988), and CGRP stimulates
the accumulation of cCAMP in these cells with a sensitiv-
ity, concentration-dependence and amplitude (Kubota et
al., 1985) such that it would seem likely this cyclic nu-
cleotide acts to mediate some action of CGRP in vascular
smooth muscle. However, rat aortic smooth muscle does
not relax in direct response to CGRP in the absence of
endothelium (Kubota et al.,, 1985). It might be that,
although the accumulation of cAMP does not alter
smooth muscle tone in response to CGRP in endotheli-
um-denuded vessels, this nucleotide might contribute to
the vasorelaxant effect of CGRP when superimposed on
a modest accumulation of cGMP in endothelium-con-
taining tissues. Accumulation of cAMP in response to
CGRP is also associated with endothelium-dependent
vasodilation in human cerebral arteries (Jansen et al.,
1992), endothelium-independent vasorelaxation of feline
middle cerebral and pial arteries (Edvinsson et al.,
1985a), and relaxation of rat splenic muscle strips (Si-
grist et al., 1986). However, a causal role for cAMP in the
vasorelaxant responses to CGRP in these tissues has not
been established. In further studies designed to provide
evidence for a causal relationship between the accumu-
lation of cCAMP and endothelium-dependent and inde-
pendent vasorelaxation induced by CGRP, the use of a
selective, membrane-permeable antagonist of cAMP,
such as Rp-cAMPS, would be advantageous. Although
the use of a homogenous population of isolated vascular
smooth muscle cells, maintained in culture, would be
useful in the investigation of the direct vasorelaxant
response to CGRP in those vessels in which the action of
the peptide is independent of endothelium, the cocultur-
ing of vascular smooth muscle cells and endothelial cells
would be of value in the elucidation of the role of cyclic
nucleotides such as cGMP and cAMP, and of the release
of endothelial-derived factors such as NO and prostacy-
clin, in which the vasorelaxant response to CGRP is
dependent on the presence of intact endothelium.

The membrane potential of the smooth muscle cell
might be an important determinant of the magnitude of
a vasorelaxant response. Evidence of the direct hyper-
polarizing effect of CGRP in vascular smooth muscle is
emerging; this effect might account, at least in part, for
endothelium-independent vasorelaxation elicited by the
peptide in a number of vessels. CGRP causes hyperpo-
larization of smooth muscle cells of rabbit mesenteric
arteries by activating an outward potassium channel

current (Nelson et al., 1990). Membrane hyperpolariza-
tion in response to CGRP is inhibited in the presence of
glibenclamide, a blocker of ATP-sensitive potassium
channels, in mesenteric arteries of rats and rabbits (Nel-
son et al., 1990; Tenney, 1990). The vasorelaxant effect
of CGRP is reduced in the presence of glibenclamide in
rabbit mesenteric arteries (Nelson et al., 1990), rabbit
opthalmic arteries (Zschauer et al., 1991, 1992) and rat
mesenteric arteries (Tenney, 1990) but not in human
mammary arteries and saphenous veins (Boyle and
Brown, 1991), guinea pig basilar arteries (Nilsson et al.,
1991) and porcine vesical arteries (Persson et al., 1991)
in vitro. Vasorelaxation of rat basilar arteries in vivo in
response to CGRP, administered by topical application
via a cranial window, is antagonized by CGRPg_g; and
reduced significantly by glibenclamide, indicating that
vasodilation in response to CGRP is mediated by
CGRP,-preferring receptors which, in these vessels, are
coupled primarily to the activation of ATP-sensitive po-
tassium channels in vascular smooth muscle. A causal
role for cAMP in CGRP-mediated activation of ATP-
sensitive potassium channels has not been established,
but is possible (Edwards et al., 1991).

Noradrenaline-induced contraction of the tail arteries
of rats in vitro has been attributed to an elevation in
[Ca2*]; as a consequence of the combination of enhanced
entry of calcium ion across the sarcolemma and the
mobilization of calcium ion from intracellular stores.
CGRP does not inhibit the contractile responses to po-
tassium chloride or noradrenaline when calcium ion is
added in increasing concentration to a calcium-deficient
buffer, indicating that CGRP has no effect on calcium
entry across the sarcolemma. However, CGRP inhibits
noradrenaline-induced contraction of these vessels, in-
cubated in calcium-free buffer, in a concentration-depen-
dent manner, indicating that the relaxant effect of
CGRP in rat tail arteries might be accounted for by the
inhibition of the release of calcium ion from intracellular
stores (Kline and Pang, 1988).

At present, therefore, there is no consensus regard-
ing the receptor-effector coupling mechanisms mediat-
ing either endothelium-dependent (fig. 4) or endotheli-
um-independent (fig. 5) vasodilation in response to
CGRP. The existence of qualitative variations in the
inherent properties of the endothelium and vascular
smooth muscle, and in populations of receptors for
CGRP and their associated receptor-effector coupling
mechanisms between different vascular beds, often
within the same species, might account for the conflict-
ing experimental results obtained in such studies. Per-
haps of greater significance is the fact that such varia-
tions might be expected to be advantageous in the
development of receptor-selective analogues and antag-
onists of CGRP designed to target specific regions of the
vasculature.
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F1G. 4. Overview of the signal transduction mechanisms implicated in vasorelaxation in response to CGRP in the presence of intact
endothelium. Binding of CGRP to an endothelial receptor is generally thought to trigger synthesis and release of NO from L-arginine (a), or
less commonly, of prostacyclin from arachadionic acid (b). These molecules then diffuse to adjacent smooth muscle cells, in which they
stimulate the accumulation of the cyclic nucleotides, cGMP (a) and cAMP (), respectively.

B. In Coronary Vasculature

The effect of CGRP on the coronary circulation is
nonuniform, exhibiting a regional variation not only in
terms of magnitude, but also receptor pharmacology and
endothelium-dependence. In humans, CGRP causes
much greater changes in diameter of epicardial coronary
arteries from the circumflex and mid-distal left anterior
descending regions than from the proximal left anterior
descending region (McEwan et al., 1986). CGRPg_g; in-
hibits CGRP-induced relaxation of rings of large but not
of small coronary arteries of pigs (Fawlkes et al., 1991),
indicating that subtle differences exist in the vasodilator
profile of CGRP with respect to the size of the vessel.
CGRP-induced vasorelaxation is endothelium-indepen-
dent in bovine (Greenberg et al., 1987), porcine (Shoji et
al., 1987) and human coronary arteries (Thom et al.,
1987; Franco-Cereceda and Rudehill, 1989) and distal
intramyocardial arteries of rats (Prieto et al., 1991), but
endothelium-dependent in proximal coronary arteries of
rats (Prieto et al., 1991). Prostacyclin, but not NO, has
been implicated as a mediator of endothelium-depen-
dent vasorelaxation in the proximal coronary arteries of
rats, because the vasorelaxant effect:of the peptide, elic-
ited in vitro in vessels with intact endothelium, is abol-

ished by indomethacin but not by methylene blue (Prieto
et al., 1991). Endothelium-independent relaxation elic-
ited by CGRP in segments of porcine coronary arteries
precontracted with PGF,, is associated with, and pre-
ceded by, the accumulation of cAMP, but not of cGMP
(Shoji et al., 1987). However, a causal role for cAMP in
the vasorelaxant response to CGRP has not been estab-
lished. In endothelium-dependent proximal epicardial,
but not in endothelium-independent distal intramyocar-
dial, coronary arteries of rats, the extent of the vasore-
laxant effect of CGRP depends on the type of vasocon-
strictor used and on the level of tone induced in the
vessel (Prieto et al., 1991). This indicates that the mem-
brane potential of vascular smooth muscle cells might
play an important role in the determination of the mag-
nitude of the vasorelaxant response to CGRP in these
vessels. However, the failure of glibenclamide to inhibit
the vasorelaxant response to the peptide in both proxi-
mal epicardial and distal intramyocardial coronary ar-
teries of rats excludes an involvement of ATP-sensitive
potassium channels in both endothelium-dependent and
endothelium-independent vasodilation of the coronary
vasculature in this species (Prieto et al., 1991). In rats,
at least, proximal epicardial vessels might represent a
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F16. 5. Overview of the signal transduction mechanisms implicated in vasorelaxation in response to CGRP in the absence of endothelium.
Binding of CGRP to a receptor on the vascular smooth muscle cell is generally thought to trigger the activation of an I, ,1p current, causing
membrane hyperpolarization (a) or stimulating the accumulation of cAMP (b). The activation of either of these mechanisms causes a
reduction in the intracellular concentration of free calcium ion in the smooth muscle cell.

transition between endothelium-dependent actions of
CGRP in the aorta (Kubota et al., 1985) and endotheli-
um-independent actions in distal intramyocardial ves-
sels.

The luminal surface of the mammalian ventricle is
lined by ‘endocardium,” which consists of a monolayer of
closely apposed endothelial cells overlying a thin layer of
connective tissue. Interest in this much neglected area of
research has grown since the demonstration that endo-
cardial-endothelium influences contractility of the sub-
jacent myocardium by releasing chemical mediators in a
manner analogous to the regulation of smooth muscle
tone by vascular endothelium (Smith et al., 1991; Hend-
erson et al., 1992). Because CGRP mediates endotheli-
um-dependent vasodilation in a number of vessels, and a
very high density of binding sites for CGRP are present
in the endocardium (Sigrist et al., 1986; Coupe et al.,
1990), the actions of the peptide in this region of the
heart should be explored.

C. In Myocardial Tissues

1. Second-messenger substances. There is indirect ev-
idence both for and against a causal role for cAMP as a

mediator of the myotropic effects of CGRP. The inotropic
and chronotropic actions of the peptide in isolated atrial
muscle preparations of rats (Wang and Fiscus, 1989)
and guinea pigs (Franco-Cereceda and Lundberg, 1988;
Ishikawa et al., 1988) are potentiated by 3-isobutyl-1-
methylxanthine but not by the less potent and less se-
lective phosphodiesterase inhibitor, theophylline (Satoh
et al., 1986). Forskolin, a direct activator of adenylate
cyclase, potentiates the inotropic and chronotropic ef-
fects of CGRP in these species (Wang and Fiscus, 1989;
Mantelli et al., 1992), but prolonged pre-incubation with
this agent does not desensitize these actions of CGRP
(Mantelli et al., 1992). Wang and Fiscus (1989) have
suggested that, in rats at least, the receptors and/or
postreceptor mechanisms mediating the inotropic effect
of CGRP in electrically driven left atrial preparations
might differ from those mediating the chronotropic ef-
fects of the peptide in spontaneously beating right atrial
preparations, because forskolin potentiates the: positive
inotropic response of CGRP markedly but the positive
chronotropic response only slightly in these prepara-
tions. Cholera toxin, which irreversibly ribosylates G,
proteins (Murakami and Yasuida, 1986), does not mod-
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ify the inotropic effect of CGRP, despite antagonizing
the response to isoprenaline in left atria of guinea pigs
(Mantelli et al., 1992). CGRP stimulates the production
of cAMP in crude membrane suspensions prepared from
the atria of rats (Ishikawa et al., 1987; Wang and Fiscus,
1989) and guinea pigs (Ishikawa et al., 1988). However,
CGRP does not stimulate the production of this second-
messenger substance in crude membrane suspensions
prepared from the ventricles of these species (Ishikawa
et al., 1987, 1988). Accumulation of a second-messenger
substance in membrane suspensions or crude homoge-
nates prepared from whole heart or isolated atria or
ventricles indicates but does not in itself establish that
the second-messenger substance is localized in cardio-
myocytes. This information can be obtained by the use of
purified suspensions of intact cardiomyocytes. Although
CGRP has been shown to stimulate production of cAMP
in cultured cardiomyocytes prepared from the hearts of
neonatal rats (Fisher et al., 1988; Chatterjee et al.,
1991), it has not been clarified whether these cells were
exclusively atrial or ventricular in origin. CGRP does
not stimulate production of cAMP in ventricular cardio-
myocytes isolated from the hearts of adult rats (Bell and
McDermott, 1994) (table 4). The inability of a neuropep-
tide to stimulate accumulation of cAMP in a given prep-
aration should be viewed with caution, because small,
localized increases in the amount of cAMP might not be
detected by the bioassay used, although such amounts
might be sufficient to trigger biochemical events associ-
ated with cellular contraction. Equally, accumulation of
cAMP within cardiomyocytes indicates but does not in
itself provide conclusive evidence that this second-mes-
senger substance is linked in a causal manner to the
contractile responses elicited in these cells, even though
there might be strong temporal and concentration-de-
pendent correlation between the two parameters (War-
banow and Wollenberger, 1982). The use of Rp-cAMPS,

'a membrane-permeable selective antagonist of cAMP,

has confirmed that CGRP stimulates cellular contrac-
tion by a cAMP-independent mechanism in rat ventric-
ular cardiomyocytes (Bell and McDermott, 1994b).

The contractile coupling mechanism associated with
CGRP receptors in ventricular cardiomyocytes has not
been determined. CGRP does not alter basal or agonist-
stimulated accumulation of cGMP in rat ventricular car-
diomyocytes (Bell and McDermott, 1994a). In addition,
CGRP, present at a maximally effective concentration (1
nM), when combined with isoprenaline or low, but not
high, concentrations of extracellular calcium ion, elicits
a greater increase in contractile amplitude than that
elicited by these stimuli, respectively, in the absence of
peptide (Bell and McDermott, 1994a). These data indi-
cate that CGRP might increase the intracellular concen-
tration of free calcium ion by a mechanism that differs,
at least in part, from that stimulated by isoprenaline.
Indeed, CGRP stimulates a modest increase in [Ca?*); in
Fura-2 loaded cells, as measured by microspectrofluo-

TABLE 4
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Comparison of receptor-effector coupling mechanisms associated
with the activation of CGRP receptors in atrial and ventricular

cardiomyocytes
. Ventricular
Atrial myocyte myocyte
Effects
Positive inotropy Yes!?3 Yes*®
Positive chronotropy Yes?? not known
Protection against Yes® Yes®
myocardial iscaemia
Growth-regulatory effects not known Yes’
Receptor pharmacology
CGRPg g, antagonist? antagonist®
(pA; > 1.0) (pA,; = 7.95)
cysACM>’CGRP agonist? agonist®
(low potency) (low potency)
Amylin partial agonist®  partial agonist®
Second-messenger
substances
Activation of G-protein Yes!® not known
cAMP Yes'? No'®
Activation of protein not known No'!
kinase A
cyclic GMP not known No®
Activation of protein not known Yes’
kinase C
Electrophysiology
Inward calcium current  Yes!'®'2 not known
(ICa)
Outward potassium Yes'?!3 not known
current (Ik,,acp)
Activation of L-type Yeg!0:12.14.16 Nol6:18
calcium channel
Activation of Na/Ca Yes'* not known
exchange mechanism

Data are from the following references: (1) Ishikawa et al., 1987;
(2) Dennis et al., 1989; (3) Fisher et al., 1988; (4) Miyauchi et al.,
1988; (5) Bell and McDermott, 1994a; (6) Ren et al., 1993; (7) Bell et
al., 1995; (8) van Rossum et al., 1994; (9) Bell and McDermott, 1995a;
(10) Ono and Giles, 1991; (11) Bell and McDermott, 1994b; (12) Ono
et al., 1989; (13) Kim, 1991; (14) Satoh et al., 1986; (15) Nakajima et
al., 1991; (16) Bell and McDermott, 1995a.

rimetry (McDermott, unpublished observations). To pro-
duce an increase in [Ca%*};, CGRP might either promote
transarcolemmal calcium influx or enhance release of
calcium ion from reticular stores. It is possible that
coupling of CGRP receptors to phospholipase C stimu-
lates accumulation of inositol triphosphates and activa-
tion of PKC, and therefore, release of reticular stores of
calcium and regulation of sarcolemmal sodium-calcium
exchange. Indeed, activation of protein kinase C in re-
sponse to CGRP has been demonstrated in rat ventric-
ular cardiomyocytes, and the hypertrophic effects ex-
erted by CGRP in these cells are reduced in the presence
of the protein kinase C-selective inhibitor, bisindoyl-
malemide (Bell et al., 1995).

2. Electrophysiological effects of calcitonin gene-re-
lated peptide in the heart. CGRP increases the ampli-
tude and prolongs the duration of action potentials elic-
ited at a level of 50% repolarization in isolated left atria
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of guinea pigs, concomitantly with a positive inotropic
effect and increased velocity of relaxation (Ishikawa et
al., 1988). In addition, CGRP induces “slow response”
action potentials in partially depolarized isolated atria
of guinea pigs (Ishikawa et al., 1988). Because CGRP
does not change the upstroke velocity of action poten-
tials elicited in this tissue, an influence of the peptide on
voltage-dependent sodium channels is unlikely. The ob-
served alteration in the duration of action potentials has

been attributed to an action of CGRP either on inward

calcium currents or on outward potassium currents.

In atria of rats, verapamil, a selective antagonist at
L-type calcium channels, inhibits the inotropic action of
CGRP only when the peptide is present at low concen-
tration. Ouabain inhibits, and tetrodotoxin potentiates,
the inotropic action of CGRP only when the peptide is
present at high concentration (Satoh et al., 1986). Both
of these agents modulate indirectly the sodium-calcium
exchange mechanism. The inotropic effect of CGRP in
this tissue is completely inhibited when ouabain and
verapamil are present together. This suggests that a low
concentration of CGRP stimulates the influx of calcium
ion mainly through L-type calcium channels, whereas
the sodium-calcium exchange mechanism makes a sig-
nificant contribution to the influx of calcium ion only
when the peptide is present at a higher concentration.
CGRP increases the inward calcium current in cardio-
myocytes isolated from the atria of bullfrogs and rabbits
dramatically, but transiently (Ono et al., 1989). In car-
diomyocytes isolated from the atria of guinea pigs, a
similiar but more sustained effect has been observed
(Ono and Giles, 1991); however, in this species, CGRP
prolongs the duration of action potentials, whereas in
bull frogs, the peptide shortens the duration of action
potentials. This difference might explain why, when I,
is fully activated by isoprenaline, CGRP, present at high
concentration, can strongly inhibit this current in atrial
cardiomyocytes of bull frogs but not of guinea pigs. In
both species, the voltage characteristics of calcium in-
flux in response to CGRP are compatible with an action
of the peptide at L-type rather than T-type calcium
channels. These CGRP-activated currents are sensitive
to antagonism by CGRPg_s,; (Nakajima et al., 1991) and
are enhanced by guanosine 5'-O-3'-thiotriphosphate
(GTP1S) and partially suppressed by guanosine 5'-O-2-
thiodiphosphate (GDPBS) (Ono and Giles, 1991). In ad-
dition, previous application of cAMP or forskolin abol-
ishes CGRP-induced influx of calcium ion. This indicates
an involvement of both G-proteins and cAMP in the
generation of these currents in response to the peptide
(table 4). However, CGRP does not influence L-type cal-
cium channel current in cardiomyocytes isolated from
ventricles of guinea pigs (Nakajima et al., 1991). Simi-
larly, the contractile response to CGRP elicited in ven-
tricular cardiomyocytes isolated from the hearts of adult
rats is not antagonized by the selective antagonists at

L-type calcium channels, diltiazem or verapamil (Bell
and McDermott, 1995).

When applied at low concentration, CGRP accelerates
activation and retards deactivation of the delayed recti-
fier current, I, in atrial cardiomyocytes of bull frogs, but
these effects are apparent in atrial cardiomyocytes of
guinea pigs only when the peptide is present at higher
concentrations (Ono and Giles, 1991). These effects per-
sist even in the presence of complete inhibition of I,. In
cardiomyocytes isolated from the atria of neonatal rats,
CGRP, when present at high concentrations, activates
muscarinic-gated potassium channels (Kim, 1991). This
evokes an inward rectifying potassium current that
might exert a small opposing action on the overall stim-
ulatory response to CGRP, and thus serves as a protec-
tive mechanism when the peptide is present at high
concentration. CGRP is without effect on the other
known inward rectifying potassium currents, I, and
Ixatp, and on the transient outward current, L.

VIIL Evidence in Support of a Role for
Calcitonin Gene-Related Peptide as a
Neurotransmitter in the Cardiovascular System

A. The Actions of Capsaicin Indicate a Physiological
Role for Neuronally Released Calcitonin Gene-Related
Peptide in the Heart and Vasculature

Transmural nerve stimulation of isolated right atria
of guinea pigs induces a biphasic positive chronotropic
response (Saito et al., 1986). Inhibition of the rapid
phase of this response, which is abolished by surgical
sympathectomy or application of reserpine or atenolol,
unmasks a slow phase of the chronotropic response. This
slow phase persists in the presence of hexamethonium
or selective antagonism at muscarinic cholinoceptors,
histamine or 5-HT receptors, but is absent in animals
pretreated systemically with tetrodotoxin or capsaicin.
This suggests an involvement of NANC transmitters in
the generation of the slow phase of this chronotropic
response (Goto et al., 1987). Capsaicin induces a sus-
tained tachycardia accompanied by a transient negative
inotropic response that is succeeded by a small, but
sustained, positive inotropic effect in isolated perfused
hearts of guinea pigs (Franco-Cereceda and Lundberg,
1985, 1988), and elicits a positive inotropic response in
atria of rats (Sigrist et al., 1986). CGRPg_g; strongly
suppresses the increase in heart rate induced by infu-
sion of capsaicin in guinea pigs (Satoh et al., 1993).
Capsaicin does not affect the contractility of isolated
perfused hearts of dogs and rabbits (Toda et al., 1972).
Chemical sympathectomy does not inhibit the contrac-
tile action of capsaicin in isolated perfused hearts of
guinea pigs (Lundberg et al., 1984). However, previous
administration of capsaicin in vivo abolishes the chrono-
tropic action, but not the inotropic action, of capsaicin
observed in this tissue in vitro. This indicates that,
although capsaicin might stimulate the release of a neu-
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rotransmitter from sensory nerves to exert a chrono-
tropic action in atria, the irritant might exert a direct
depressant action on ventricular contractility. In agree-
ment with this finding, capsaicin has been shown to
exert an inhibitory effect on the upstroke velocity of the
action potential in papillary muscles of guinea pigs. Pos-
itive inotropic and chronotropic effects of capsaicin have
been demonstrated in isolated atria of guinea pigs
(Fukada and Fumijiwara, 1969; Molnar et al., 1969;
Lundberg et al, 1984) but are absent in humans
(Franco-Cereceda et al., 1987a). In atrial preparations of
guinea pigs, however, capsaicin has little or no effect on
action potential upstroke velocity (Franco-Cereceda et
al., 1988). Capsaicin does not alter the contractility of
isolated ventricular muscle strips of rats (Sigrist et al.,
1986) and pigs (Miyauchi et al., 1988).

Capsaicin stimulates a calcium-dependent outflow of
CGRP and neurokinin A from isolated perfused hearts of
guinea pigs (Franco-Cereceda et al., 1987d, 1988, 1989,
1991). Recent studies suggest that capsaicin interacts
with a specific receptor site located on the cell mem-
brane of sensory nerves, thereby activating a receptor-
operated cation channel, leading to an elevation in the
concentration of free calcium ion intracellularly and,
consequently, to the release of CGRP (Franco-Cereceda
et al., 1991). Immunoreactivities to CGRP, substance P
and neurokinin A coexist in capsaicin-sensitive sensory
nerves in the hearts of guinea pigs (Papka et al., 1981;
Lundberg et al., 1985; Saito et al., 1986; Franco-Cere-
ceda et al., 1987b, 1988). Substance P does not affect
cardiac contractility (Franco-Cereceda and Lundberg,
1985, 1988), whereas neurokinin A exerts small, nonsig-
nificant, negative inotropic and chronotropic actions in
isolated atria and ventricles from this species (Franco-
Cereceda and Lundberg, 1988). In addition, substance P
and neurokinin A, in contrast to CGRP, do not induce
any changes in contractility in pieces of electrically
driven human right atrial tissue (Franco-Cereceda et al.,
1987a). The positive contractile response to capsaicin in
atria of guinea pigs is similiar in magnitude and dura-
tion to that of CGRP (Sigrist et al., 1986; Franco-Cere-
ceda and Lundberg, 1988) and is absent after the estab-
lishment of tachyphylaxis in the response to CGRP.
Local release of CGRP from primary sensory afferent
neurons may, therefore, underlie the stimulatory effects
of capsaicin on cardiac contractility. The absence of a
positive inotropic response to capsaicin in isolated ven-
tricular muscle strips of pigs (Miyauchi et al., 1988),
despite the positive inotropic action of CGRP in this
species, has been attributed to either poor innervation of
this tissue by NANC nerves or corelease of several other
neurotransmitters with a mutually antagonistic action
to that of CGRP. Similarly, the absence of a positive
inotropic response to capsaicin in isolated pieces of elec-
trically paced auricle of human right atrial tissue might
indicate that few CGRP-containing nerves penetrate be-
tween individual atrial myocytes in humans; alterna-

tively, this might be caused by depletion of endogenous
peptides from these nerves during electrical pacing ex-
periments or as a consequence of the influence of anaes-
thesia upon C-fibre afferent nerves during surgery
(Franco-Cereceda et al., 1987a).

Depletion of CGRP and substance P from the NANC
innervation to the coronary vasculature of rats after
administration of capsaicin results in a significant re-
duction in basal coronary flow that is reversible upon the
administration of exogenous CGRP (Yaoita et al., 1994).
In contrast to CGRP, substance P-induced relaxation
has been demonstrated in only a few distal intramyocar-
dial coronary arteries in rats in vitro, and is absent in
the majority of these vessels, and in proximal epicardial
coronary arteries of this species (Prieto et al., 1991).
Ruthenium red, which exerts an antagonistic action
upon calcium ion and thus prevents the active release of
neurotransmitter substances, inhibits the vasorelaxant
action of capsaicin in proximal epicardial and distal
intramyocardial coronary arteries of rats (Prieto et al.,
1991). This indicates that capsaicin elicits specific active

release of CGRP from sensory nerve endings supplying .

coronary arteries. Indeed, CGRP release has been dem-
onstrated in human epicardial coronary arteries in vitro
(Franco-Cereceda, 1991). The endothelium-independent
vasodilator response to capsaicin in human coronary
arteries is not influenced by tachyphylaxis to substance
P, which, in contrast to CGRP, elicits only a small,
endothelium-dependent vasodilator response in this tis-
sue (Franco-Cereceda and Rudehill, 1989).

Similar studies conducted in the peripheral vascula-
ture indicate a role for endogenous CGRP in NANC-
mediated vasodilatory responses. In isolated, perfused,
mesenteric arterial beds of rats, pretreated with
guanethidine and precontracted with methoxamine,
stimulation of the periarterial nerves elicited a frequen-
cy-dependent and endothelium-dependent vasodilation
that was slow in onset, sustained, reversible and resis-
tant to pharmacological intervention with propanolol
and atropine, but sensitive to tetrodotoxin and capsaicin
(Kawasaki et al., 1988). This NANC vasodilatory re-
sponse was abolished by antiserum to CGRP (Han et al.,
1990a), by desensitization of receptors for CGRP, and by
CGRPg_g; (Han et al., 1990b). In addition, stimulation of
the periarterial nerves in this preparation elicits a
three-fold increase in the amount of CGRP released from
the tissue; this increase is attenuated markedly in the
presence of capsaicin or tetrodotoxin (Fujimori et al.,
1987; Manzini et al., 1991). Intragastric administration
of capsaicin dilates gastric submucosal arterioles in rats;
this is markedly reversed by intravenous infusion of the
inhibitor of NO synthesis, NC-nitro-L-arginine methyl
ester (L-NAME), and by submucosal infusion of L-NAME
of CGRPg_g,; (Chen and Goth, 1995). The latter findings
indicate that both NO and CGRP are released locally at
the submucosal level. Submucosal application of CGRP
induces a dose-dependent dilation of gastric submucosal
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arterioles that is significantly attenuated, but to a much
lesser extent, by L-NAME. These data indicate that en-
dothelium-derived NO is released in response to CGRP,
but this is not the only source of submucosal NO re-
leased in response to capsaicin. Capsaicin-induced dila-
tion of arterioles and venules supplying cremaster stri-
ated muscles in situ (Kim et al., 1995), and the
microvasculature of rabbit skin in vivo (Hughes and
Brain, 1991; Brain et al., 1993) are also antagonized by
CGRPg_g;. Electrical field stimulation of bovine intraoc-
ular anterior ciliary arteries in vitro, in the presence of
phentolamine, propanolol and atropine, elicits an endo-
thelium-independent vasorelaxation that is unaffected
by tachyphylaxis to substance P, but is attenuated in
vessels pretreated with capsaicin or CGRPg_g; (Wiencke
et al., 1993).

B. Evidence that Endogenous Calcitonin Gene-Related
Peptide is Present at Physiologically Relevant
Concentrations

Studies such as those outlined above indicate that
endogenous CGRP might be actively released from the
NANC primary afferent supply to the cardiovascular
system in response to appropriate stimuli and might
participate in the regulation of blood vessel tone. Al-
though the concentrations of exogenous CGRP required
to elicit significant vasorelaxant effects in some blood
vessels in vitro is not always compatible with the low
picomolar concentrations of the peptide present in mam-
malian plasma in vitro, it is probable that localized
concentrations of the peptide are much higher in regions
receiving a prominent innervation with CGRP-immuno-
reactive nerve fibres. In the superior mesenteric arteries
of rats (Kawasaki et al., 1988) and coronary arteries of
guinea pigs (Goto et al., 1992), a high concentration of
CGRP immunoreactivity in the sensory innervation of
these vessels is correlated with the potent vasodilatory
responses to exogenous CGRP. However, in rat femoral
arteries and veins, which contain relatively few CGRP-
immunoreactive nerve fibres, exogenous CGRP elicits
only a weak vasorelaxation (Edvinsson et al., 1989c).

The source of CGRP in vivo for the responses demon-
strated in ventricular myocardium in vitro remains un-
certain. CGRP-immunoreactive nerve fibres are present
only rarely within mammalian ventricles, where these
fibres are found predominantly in association with the
coronary vasculature. It might be that a sufficient
amount of CGRP is released from this limited nervous
supply to reach the majority of ventricular cardiomyo-
cytes at significant concentrations. The source of CGRP
that circulates in the plasma of rats at picomolar con-
centrations is thought to mainly represent an overspill
from the cardiovascular primary afferent nerves. Al-
though such concentrations are compatible with the con-
centration of the peptide required to elicit inotropic and
hypertrophic effects in ventricular cardiomyocytes iso-
lated from the hearts of adult rats (Bell and McDermott,

1994a; Bell et al., 1995a), it is not clear whether the
peptide could reach the ventricular myocardium from
the plasma at similar concentrations under normal
physiological conditions.

C. Evidence that Endogenous Feedback Mechanisms
Regulate the Release of Calcitonin Gene-Related
Peptide from the Cardiovascular Sensory Nerve Supply

There is evidence that adrenergic neurotransmitters
exert a neuromodulatory influence upon neurotransmis-
sion in CGRP-containing nerves. In rat mesenteric re-
sistance vessels, neuronally released noradrenaline
modulates CGRP-mediated vasodilation by inhibiting
the release of CGRP via presynaptic a,-adrenoceptors
located on primary sensory afferent neurons (Kawasaki
et al., 1990a). Neuropeptide Y, a vasoconstrictor peptide
colocalized with noradrenaline in sympathetic perivas-
cular nerves, inhibits dilation of mesenteric resistance
vessels induced by perivascular nerve stimulation. Neu-
ropeptide Y has no effect by itself on vasodilation in
response to bolus infusion of exogenous CGRP but might
modulate release of CGRP from CGRP-containing
nerves in these vessels (Kawasaki et al., 1991). On the
other hand, CGRP-containing nerves, by releasing
CGRP postsynaptically, inhibit noradrenergic nerve-me-
diated vasoconstriction in rat mesenteric resistance ves-
sels (Kawasaki et al., 1990b). Therefore, it has been
proposed that adrenergic and CGRP-containing nerves
regulate the tone of mesenteric resistance vessels by
reciprocal interaction. Nuki and coworkers (1994) have
recently provided additional evidence in support of a
physiological role for CGRP as a neurotransmitter in the
peripheral vasculature: these authors found that CGRP-
containing vasodilator nerves supplying the mesenteric
arteries of rats are endowed with presynaptic CGRP
receptors that regulate the release of CGRP from the
nerves by a negative feedback mechanism.

Compelling evidence was provided in a recent study
by Portaluppi and coworkers (1993) that CGRP has a
physiological role in the regulation of vascular tone and
blood pressure. In eight healthy subjects, after assump-
tion of an upright posture, a rapid rise in the concentra-
tion of CGRP in the plasma was observed concomitantly
with the expected increases in plasma noradrenaline,
aldosterone and renin-angiotensin. Infusion of angioten-
sin II also caused dose-dependent increases in the con-
centrations of CGRP and aldosterone in plasma in par-
allel with the rise in blood pressure. These data
demonstrate that modification of the concentration of
CGRP in plasma is part of the normal responses to
postural and vasomotor changes. These authors (Trans-
forini et al., 1994) have also reported that a pharmaco-
logically induced enhancement of cholinergic tone re-
sults in an increase in CGRP in plasma, indicating that
the cholinergic system might act as a positive modulator
for the release of CGRP. However, the available data do
not indicate that there is a tonic cholinergic influence
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responsible for the secretion of CGRP under physiologi-
cal conditions because the release of the peptide was
unaltered in the presence of the muscarinic receptor
antagonist, pirenzepine.

Serotonin (5-HT) elicits a capsaicin-sensitive positive
inotropic response in the atria of guinea pigs in vitro.
Application of 5-HT into isolated perfused hearts of
guinea pigs induces an efflux of CGRP-immunoreactiv-
ity that is attenuated if the tissue is pretreated with
capsaicin or selective antagonists at 5-HT; receptors.
These results indicate that 5-HT, by stimulating 5-HTg
receptors located on primary sensory afferents, thereby
causing membrane depolarization and neurotransmitter
release, might generate a sensory impulse leading to
reflex cardiovascular responses including tachycardia
and hypotension (Tramontana et al., 1993).

IX. Pathophysiology and Possible Therapeutic
Applications in Diseases of the Cardiovascular
System

A. Hypertension

Because of its role as a vasodilator peptide, it might be
expected that the concentration of CGRP would be ele-
vated in the plasma of hypertensive patients to compen-
sate for the excessive vasoconstrictor activity associated
with hypertension. There is, however, no consensus on
the relationship between the concentration of CGRP in
the plasma and elevated blood pressure. In spontane-
ously hypertensive rats, used as a model of human es-
sential hypertension, the concentration of CGRP has
been found to be higher (Zaidi et al., 1991) or lower
(Tang et al., 1989) than normotensive controls. Simi-
larly, the concentration of CGRP in the plasma of pa-
tients with essential hypertension is reported to be in-
creased (Masuda et al., 1992), decreased (Edvinsson et
al., 1989b; Jian et al., 1989; Tang et al., 1989) or un-
changed (Schifter et al., 1991; Edvinsson et al., 1992). In
hypertensive patients with high urinary sodium, CGRP
concentrations are significantly higher than in the
plasma of hypertensive patients with low sodium excre-
tion (Resnick, 1989; Resnick et al., 1989). In a single
study, the concentration of amylin was reported to be
significantly higher in the plasma of patients with es-
sential hypertension (83.1 pM) than in normotensive
controls (40.5 pM) (Kautsky-Willer and Thomaseth,
1994). However, in this study, the control values were
much greater than the consensus of 1 to 20 pM. Conflict-
ing findings might be explained by variation in the sam-
pling methods and radioimmunoassays used or might
reflect differences caused by the heterogeneity, severity
and duration of the hypertensive state, the degree of end
organ damage, or the treatment regimen. It has been
established in studies conducted in spontaneously hy-
pertensive rats that the content of CGRP in the perivas-
cular nerves is significantly lower than in normotensive
control animals (Lewis et al., 1990; Kawasaki et al.,

1990c; Kawasaki and Takasaki, 1992) and that the vas-
cular sensitivity to CGRP is impaired (Westfall et al.,
1990; Amerini et al., 1994). The neuronal content of
mRNA coding for CGRP is significantly decreased in the
dorsal root ganglia, but not in cardiac or brain tissue, of
spontaneously hypertensive rats compared with normal
animals (Supowit et al., 1993). It is uncertain whether a
decrease in vasodilator activity of CGRP-containing
nerves contributes to the development and maintenance
of essential hypertension or reflects the exhaustion of
the CGRP content of the perivascular nerve supply with
increasing severity and duration of the disease. Further
studies designed to investigate the content of CGRP and
the regulation of populations of receptors for the peptide
in a range of blood vessels obtained from appropriate
animal models of essential hypertension and normoten-
sive controls would be useful. Nevertheless, based on
circulating levels, there is little evidence in humans for
the hypothesis that a deficit of CGRP-induced vasodila-
tion has a causal role in the pathogenesis of essential
hypertension. Because CGRP is a potent vasodilator and
it is possible that the content of this peptide might be
depleted in the perivascular nerves of patients with se-
vere hypertension, it is perhaps surprising that there
have been few reports concerning the administration of
exogenous CGRP for the treatment of hypertension. Sus-
tained intravenous infusion of hBCGRP into one kidney-
one clip dogs, used as a model of essential hypertension,
increases heart rate and decreases mean arterial blood
pressure, coupled with increases in renal blood flow and
glomerular filtration rate (Verburg et al., 1989). How-
ever, these beneficial effects are offset by reduction in
sodium and potassium excretion caused by activation of
compensatory mechanisms such as the sympathetic ner-
vous system, renin-angiotensin system and perhaps a
direct action of the peptide on the kidney tubule (Lappe
et al., 1987). A single intravenous injection of hBCGRP
into 7 patients with essential hypertension lowered
mean arterial blood pressure and elevated heart rate
significantly. However, within 2 hours, mean arterial
blood pressure had returned to pretreatment levels
(Jian et al., 1989). This might reflect metabolism of the
peptide and activation of compensatory reflexes. It will
be necessary to conduct further large-scale clinical trials
incorporating a range of doses and treatment regimens
and defining more precisely the hypertensive state be-
fore application of CGRP can be advocated in the treat-
ment of essential hypertension. The use of haCGRP
rather than hBCGRP might be warranted in such stud-
ies because the a form of the peptide predominates in
the cardiovascular system, and because of the emerging
evidence that subtypes of CGRP-preferring receptor
might differ in their sensitivity to the two forms of the
peptide. However, the inconvenience of intravenous in-
fusion and the possible mitogenic side effects of pro-
longed infusion of the peptide might limit the usefulness
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of the therapeutic application of CGRP in essential hy-
pertension.

The concentration of CGRP is also elevated in the
plasma of patients with hypertension secondary to phae-
ochromocytoma or primary aldosteronism (Masuda et
al., 1992). A marked decrease in mean arterial blood
pressure and in the concentration of CGRP in plasma is
observed after adrenalectomy, indicating that, in these
patients, the elevation in the circulating concentration
of the peptide could be a compensatory reaction to ele-
vated mean arterial blood pressure.

B. Septic and Hypotensive Disorders

It might be expected that such a potent hypotensive
agent would play a role in hypotension and diminished
vascular responsiveness characteristic of septic and en-
dotoxic shock. The concentration of CGRP is elevated
significantly (7.5-fold), and mean arterial blood pres-
sure, cardiac index and left ventricular stroke work are
reduced in the plasma of septic patients and experimen-
tal animal models of the disease (Wang et al., 1988,
1991a, 1992a; Joyce et al., 1990a; Arden et al., 1994).
CGRP might function in the pathogenesis of circulatory
shock because infusion of CGRPg_g; can alleviate tachy-
cardia and hypotension in endotoxic rats (Huttemeier et
al., 1993). Vascular beds that have become restricted by
neural mechanisms as a result of hypotension might
release CGRP from their prominent sensory innervation
in response to specific stimuli such as hypoxia and isch-
aemia, as well as to increasing amounts of inflammatory
mediators such as bradykinin, histamine and prosta-
glandins, all of which are released in circulatory shock,
rather than caused by a direct action of endotoxin on the
release of CGRP from sensory nerve terminals per se
(Huttemeier et al., 1993). In support of this conclusion,
application of (a) dexamethasone, an anti-inflammatory
glucocorticoid, (b) histamine antagonists, and (c) indo-
methacin, an inhibitor of prostaglandin synthesis, re-
duce the release of CGRP into the plasma during exper-
imental endotoxemia in rats (Wang et al., 1991a; 1992).
Although the gastrointestinal tract has frequently been
demonstrated to be an important target organ in the
pathogenesis of septic shock, there is no evidence that
the portal circulation is the major source of circulating
CGRP during the pathogenesis of septic shock (Wang et
al., 1991a). It would appear that the release of CGRP
from vascular beds, although improving local blood flow,
would exacerbate the hypotensive situation and oppose
the compensatory release of vasoconstrictor substances
such as noradrenaline and angiotensin. However, ele-
vated concentrations of CGRP might exert important
overall beneficial effects on the circulation as a whole,
such as enhanced coronary blood flow and, therefore,
improved cardiac performance in severe hypotension. It
is possible that excessive and sustained release of CGRP
into the circulation during prolonged and severe haem-
orrhagic hypotension could contribute to the eventual

decompensation of peripheral resistance vessels. There
is evidence that CGRP might contribute to the substan-
tial production of NO that occurs in the vasculature
during septic shock by enhancing expression of inducible
NO synthase, which in turn would account, at least in
part, for the collapse of the vascular system (Schini-
Kerth et al., 1994).

C. Raynaud’s Syndrome

Despite application of vasodilators such as iloprost, an
analogue of prostacyclin (McHugh et al., 1988), and the
calcium channel antagonist, nifedepine, the manage-
ment of patients with Raynaud’s syndrome, character-
ized by severe episodic peripheral vascular insufficiency,
remains problematic. Chronic digital pain, ulceration,
infection and gangrene are major problems that, if not
responsive to conventional medical management, might
culminate in surgical amputation. There is evidence
that CGRP is deficient in digital cutaneous perivascular
nerves of patients with Raynaud’s syndrome (Bunker et
al., 1990). However, the concentration of CGRP in the
plasma of patients with primary Raynaud’s phenome-
non is not elevated significantly when compared with
healthy age- and sex-matched controls (Mydral et al.,
1994). Intravenous infusion of CGRP significantly di-
lated compromised digital cutaneous vasculature, as
measured by laser Doppler flowmetry, and promoted
healing of ulcers in four of five patients with severe
Raynaud’s syndrome secondary to connective tissue dis-
ease (Bunker et al., 1993). It is uncertain why ulcers
should heal and remain in remission after apparently
transient improvements in blood flow in response to
CGRP, because other vasodilators, e.g., iloprost, which
also promote transient improvements in blood flow, have
no long-term beneficial effects upon the healing of isch-
aemic lesions. It could be that the beneficial effects of
CGRP are associated with the angiogenic properties of
the peptide. The inconvenience of intravenous infusion
of CGRP might limit its routine use. Further clinical
trials, designed to explore the effects of various doses of
the peptide and a range of treatment regimens in a
larger number of patients, coupled with studies con-
ducted in appropriate animal models of the disease in
vitro to investigate the cellular basis of the actions of the
peptide in healthy and diseased cutaneous vasculature,
are warranted.

D. Subarachnoid Haemorrhage

The first line of treatment for subarachnoid haemor-
rhage is surgery to prevent rebleeding. However, this
might exacerbate cerebral ischaemia and vasospasm.
Given the potent vasodilator effects of CGRP on cerebral
blood vessels (Uddman and Edvinsson, 1989) and that
the peptide can increase cerebral blood flow without
increasing blood pressure, administration of CGRP is a
logical therapeutic strategy. Indeed, a preliminary study
indicated that infusion of CGRP could improve coma
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score, used as an index of neurological function, without
gross haemodynamic disturbance (Johnston et al.,
1990). However, in a subsequent randomized trial,
CGRP was infused at progressively increased concentra-
tions in patients with neurological defects after intra-
cranial aneurysm undergoing surgery for subarachnoid
haemorrhage. Only one-third of the group completed the
treatment with the peptide, with hypotension being the
main reason for cessation (European CGRP in Sub-
arachnoid Haemorrhage Study Group, 1992). During
the maximum infused dose of the peptide, mean systolic
and diastolic blood pressure decreased significantly, and
heart rate increased significantly. The neurological de-
fects, according to the World Federation of Neurological
Surgeons’ Scale, improved with no adverse effects in 9 of
15 patients after infusion of CGRP. Although CGRP
failed to show significant beneficial effects over standard
treatments such as hypervolaemia and hypertension,
the ability of CGRP to exert a direct action on the cere-
bral vasculature and the temporary postoperative im-
provement in cerebral blood flow merits further studies
with more prolonged application and different doses and
routes of delivery of the peptide, perhaps in combination
with existing treatments designed to induce hypervolae-
mia and hypertension. Holland and coworkers (1994)
have provided preliminary evidence, obtained from a
study conducted in rats in vivo, that the intrathecal
route is effective for the administration of CGRP and
avoids the onset of systemic hypotension associated with
the intravenous infusion of the peptide. The activation of
protein kinase C is thought to be a critical component in
spastic constriction associated with the pathogenesis of
cerebral vasospasm after subarachnoid haemorrhage.
There is preliminary evidence, obtained from studies
conducted in rabbit basilar arteries in vitro, that CGRP
can modulate the vasoconstrictor response associated
with activation of protein kinase C (Sutter et al., 1995).
Further studies are, therefore, warranted to identify the
interaction CGRP might have with other components of
the vasospastic response and to characterize the mech-
anisms through which the peptide elicits vasodilation, to
better understand the potential usefulness of targetting
CGRP-mediated vasorelaxation as a strategy for the
treatment of cerebral vasospasm after subarachnoid
haemorrhage.

E. Cluster Headache Attack

Cluster headache is a typical example of a vascular
headache that presents with cycles of frequent attacks
alternating with attack-free periods. The pathophysio-
logical mechanism(s) responsible for cluster headache
are poorly defined, although well documented vascular
changes indicate that intra- and extracranial vessels are
among the anatomical structures involved. Recent ex-
periments have demonstrated that unmyelinated noci-
ceptive trigeminal fibres provide the major source of
sensory innervation for cranial blood vessels and contain

neuropeptides such as CGRP and substance P (Uddman
et al., 1985). These neurons convey nociceptive impulses
to the brain and, at the same time, might corelease
CGRP and substance P from the peripheral nerve end-
ings, thus evoking a variety of effects collectively known
as ‘neurogenic inflammation’ (Holzer, 1988). Nitroglyc-
erin-provoked cluster headache can reproduce attacks
that are indistinguishable from spontaneously occurring
attacks and, therefore, represent a suitable model of the
pathophysiological condition. CGRP-like immunoreac-
tivity is elevated in blood collected from the external
jugular vein homolateral to the pain side in patients
during an acute period of nitroglycerin-induced cluster
headache and is further elevated at the peak of a pro-
voked attack (Fanciullacci et al., 1995). In addition, elec-
trical stimulation of the trigeminal ganglion causes an
ipsilateral increase in facial skin blood flow in rats in
vivo by a mechanism that is markedly attenuated by the
selective antagonist at CGRP, receptors, CGRPs_g; (Es-
cott et al., 1995). Taken together, these data indicate
that CGRP might be involved in the activation of the
trigeminovascular system during the active period of
cluster headache.

F. Coronary Heart Disease

Spasm of coronary arteries might occur in association
with atheromatous disease, in isolation, or in combina-
tion with so-called variant or Prizmetal’s angina (McE-
wan et al., 1986). Areas of coronary artery with ather-
oma, taken from grossly noninfarcted tissue obtained
from hearts removed at the time of transplantation in
patients with end-stage ischaemic heart disease and
containing a mixture of normal, stenosed and occluded
vessels, contain significantly decreased numbers of bind-
ing sites for CGRP (Coupe et al., 1990), whereas up-
regulation of binding sites for the peptide is observed in
areas immediately adjacent to the atheroma (Sun et al.,
1993). The lowest concentrations of CGRP are detected
in human plasma between 3 to 6 a.m., a time-interval
that correlates with a high incidence of cardiovascular
episodes such as cerebral and coronary thrombosis and
might indicate that deficiency of the peptide or its re-
ceptors could contribute to the occlusion of already dis-
eased arteries. Infusion of exogenous CGRP dilates ste-
nosis of epicardial coronary arteries and improves
workload to ischaemia (Ludman et al., 1991; Uren et al.,
1993). At variance with these findings, the inability of
previous infusion of CGRP to prevent coronary arterial
spasm in patients with variant angina, indicates that
CGRP is not involved with the pathophysiology of this
disease. However, CGRP can partially relieve spasm,
and so the application of a stable CGRP analogue with a
long duration of action might be useful in the treatment
of other forms of angina, in which less dramatic changes
in coronary vasomotor tone occur. In response to arterial
occlusion, coronary collateral vessels undergo extensive
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growth to provide an alternative blood supply to the
dependent myocardium. CGRP might act as an endoge-
nous vasodilator capable of increasing coronary collat-
eral blood flow to dependent myocardium (Quebbeman
et al., 1993). The possibility that CGRP could play a role
in the angiogenesis of coronary collateral vessels should
also be considered. However, the potential growth-regu-
lating actions of CGRP also has important implications
for already-diseased coronary arteries. Although the
ability of CGRP to inhibit the proliferation of vascular
smooth muscle cells might retard the progression of
atherosclerosis, the potential of CGRP to stimulate mi-
togenesis in endothelial cells might contribute to cellular
proliferation and intimal hyperplasia, leading to steno-
sis. For this reason, prolonged or repeated infusion of
CGRP might not be useful in the treatment of coronary
arterial spasm.

G. Myocardial Ischaemia

It is well known that myocardial ischaemia is associ-
ated with activation of cardiac C-fibre afferent nerves.
In isolated Langendorff-perfused hearts of guinea pigs,
total stop-flow ischaemia and moderate acidosis evoke
active, calcium-dependent release of CGRP immunore-
activity from capsaicin-sensitive nerve terminals
(Franco-Cereceda et al., 1987d; 1989). The actual mech-
anism for ischaemia-induced release of CGRP-immuno-
reactivity from sensory nerves in the heart remains un-
clear but might be multifactorial and depend on the
formation of a variety of intermediate substances such
as adenosine and prostaglandins as well as changes in
the extracellular concentration of calcium ions (Franco-
Cereceda et al., 1994). Exogenous CGRP reduces the
severity and delays the occurrence of ischaemic reperfu-
sion-induced arrhythmia characterized by ventricular
tachycardia and fibrillation after experimentally in-
duced temporary occlusion of the coronary artery of rats
in vivo (Zhang et al., 1994). CGRP, released in response
to increased metabolic demand and global myocardial
ischaemia, might serve not only to increase coronary
blood flow to myocardial tissue but might also exert
direct effects on myocardial cells. There is evidence to
indicate that CGRP is directly cardioprotective during
hypoxic-reoxygenation by mechanisms not simply ac-
counted for by the peptide’s vasodilatory effect on the
coronary vasculature. CGRP reduces the release of cre-
atinine phosphokinase and glutamine-oxalacetic
transaminase, used as markers of myocardial injury,
from cardiomyocytes isolated from the hearts of neona-
tal rats and subjected to experimental hypoxic-reoxy-
genation (Ren et al., 1993). These cardioprotective ef-
fects might be associated with the peptide’s ability to
reduce calcium overload and loss of magnesium ion and
with effects on anti-lipid peroxidation and stabilization
of the cell membrane.

H. Myocardial Infarction

Acute myocardial infarction is another situation in
which there is demand for counteraction of coronary
vasoconstriction but in a more urgent form. An almost
two-fold increase in CGRP-immunoreactivity has been
detected in the plasma of patients with acute myocardial
infarction within 24 hours after admission (Mair et al.,
1990), indicating that CGRP might be released in re-
sponse to ischaemia associated with myocardial infarc-
tion or because of constriction of peripheral vessels in
response to reduced cardiac output.

I. Congestive Heart Failure

Congestive heart failure is characterized by reduction
in cardiac output caused by impaired myocardial con-
tractility. In patients with severe congestive heart fail-
ure (New York Heart Association Classes III and IV,
ejection fraction < 35%, treated with digoxin and diuret-
ics and/or angiotensin-converting enzyme inhibitors),
the concentration of CGRP-immunoreactivity in plasma
is mildly, but not significantly, elevated compared with
healthy subjects or patients with mild congestive heart
failure (New York Heart Association Classes I and II)
(Edvinsson et al., 1990). CGRP is not elevated in the
plasma of rats with congestive heart failure induced
experimentally by ligation of the coronary artery (Helin
et al., 1994). Although intravenous infusionof the pep-
tide enhances cardiac performance in patients with con-
gestive heart failure (Gennari et al., 1990; Shekar et al.,
1991), it is uncertain whether the beneficial enhance-
ment of cardiac output can be attributed to a direct
action of CGRP on the heart or to the reduction in
afterload that occurs in response to the vasodilator-in-
duced reduction in systemic and pulmonary vascular
resistance (Anand et al., 1991). However, infusion of
CGRP at a concentration chosen to limit the hypotensive
and chronotropic actions of the peptide reduces the ratio
of the pre-ejection period to the left ventricular ejection
time and shortens QT interval while enhancing left ven-
tricular shortening index ratio in these patients (Gen-
nari et al., 1990). The substantial improvement of myo-
cardial contractility upon infusion of low doses of CGRP,
which does not occur to any significant extent upon
infusion of digoxin, and the absence of tachyphylaxis to
the peptide coupled with the limitation of hypotensive
side effects and therefore of activation of the neurohor-
monal axis, indicates that prolonged (= 24 hour) intra-
venous infusion of CGRP might represent a novel strat-
egy for the treatment of congestive heart failure.

J. Myocardial Hypertrophy

In view of the pathophysiological complications in
heart function caused by cardiac hypertrophy in adult
mammals, there has been increasing interest in studies
designed to investigate the growth of the ventricular
myocardium. At a cellular level, myocardial hypertrophy
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is based on the increase in mass, not an increase in the
number of myocardial cells, because adult cardiomyo-
cytes do not undergo cell division. Hypertrophying car-
diomyocytes also exhibit an altered pattern of gene ex-
pression. The synthesis of several proteins that are
abundant in the fetal but not the adult state of develop-
ment is again induced. CGRP and amylin exert hyper-
trophic effects directly on ventricular cardiomyocytes
isolated from the hearts of adult rats and maintained in
short-term (24-hr) serum-free primary culture providing
mechanical quiescence (Bell et al., 1995). These effects
(a) are caused by de novo protein synthesis because total
content of cellular RNA and incorporation of L-'*C phe-
nylalanine into cellular protein were also increased, (b)
are mediated by a common population of CGRPg_g; sen-
sitive, CGRP;-receptors at which amylin binds with
lower potency, and (c) are associated with a fetal shift in
gene expression, characterized by the specific induction
of creatine kinase and the B-isoform of myosin heavy
chain. Conditions leading to the development and main-
tenance of myocardial hypertrophy in vivo include in-
creased mechanical loading of myocardial cells and ab-
normal elevations, either localized or in plasma, in the
concentrations of growth-regulating factors. As dis-
cussed above, there is no consensus, however, about
whether the concentrations of amylin and CGRP are
elevated in the plasma of patients with essential hyper-
tension. Although this disease is associated, at least in
part, with the onset and maintenance of ventricular
hypertrophy, a causal role for CGRP and amylin in the
development of myocardial hypertrophy in vivo has not
been established, and, for amylin at least, the concen-
trations at which the hypertrophic effects of the peptide
are observed in adult rat ventricular cardiomyocytes in
vitro are appreciably greater than those found in the
plasma of patients with essential hypertension. Studies
designed to investigate the correlation between the con-
centrations of amylin and CGRP in the plasma of pa-
tients with precisely defined essential hypertension and
noninvasive indices of myocardial hypertrophy in vivo
are warranted. The content of CGRP in the local nerve
supply to, and the density of CGRP binding sites within,
hypertrophying myocardium could also be compared and
contrasted usefully with those found in nonhypertro-
phied myocardium, using appropriate animal models
such as spontaneously hypertensive rats.

X. Conclusions

In conclusion, it is apparent from the growing body of
experimental, autoradiographical and immunohisto-
chemical evidence that CGRP is distributed widely
within the mammalian cardiovascular system and ex-
erts a complex array of effects on the vasculature and
myocardium. According to existing criteria for the clas-
sification of receptors for this peptide, the results ob-
tained are generally compatible with the presence of
CGRP; -receptors throughout the cardiovascular system.

At present, however, there is no consensus regarding the
relative potency of the various synthetically available
variants of CGRP. In addition, amylin and ad-
renomedullin have been shown to mimic some of the
effects of CGRP by virtue of the ability of these peptides
to interact at receptors for CGRP in certain tissues. The
existing criteria for the classification of CGRP; and
CGRP,-receptors may, therefore, require adaptation to
accommodate the findings obtained with « and B and
species-specific variants of CGRP, and with structurally
similar peptides such as calcitonin, amylin and ad-
renomedullan. It is anticipated that the application of
molecular biological techniques will facilitate the char-
acterization of receptor binding proteins and might es-
tablish the existence of receptor subtypes within the
cardiovascular system and, therefore, provide the key to
understanding differences between the actions of these
peptides in different cell types.

At present, the physiological role of CGRP is only
partially understood. In addition to the well established
vasodilator and myotropic effects of the peptide, CGRP
might exert a subtle influence upon the growth and
development of the vasculature and myocardium under
physiological and pathophysiological conditions and
might be directly cardioprotective during periods of myo-
cardial ischaemia. Although the pathophysiological role
of CGRP in many diseases of the cardiovascular system
has not been established and remains, at best, poorly
understood, there is evidence, obtained from prelimi-
nary clinical trials, that CGRP might have therapeutic
potential in the treatment of conditions such as
Raynaud’s syndrome, subarachnoid haemorrhage, an-
gina and congestive heart failure. Although the mito-
genic effects of CGRP might have a beneficial applica-
tion in wound healing and the growth of new blood
vessels into ischaemic tissue, such effects might be det-
rimental in already stenosed vessels. The ability of
CGRP to exert potentially detrimental mitogenic and
trophic effects, coupled with the inconvenience of intra-
venous infusion, might necessitate a progression toward
the local application of receptor-selective analogues with
enhanced stability and a precisely defined target site
and mechanism of action. Indeed, preliminary evidence
for the existence of marked regional variation in the

receptor-effector coupling mechanisms associated with
CGRP in the cardiovascular system offers exciting op-
portunities for the separation of therapeutically desir-
able effects from adverse effects and for targeting spe-
cific regions of the heart and vasculature. The more
widespread acceptance and use of purified populations
of isolated cardiovascular cells as experimental models
that can be applied to the study of receptor pharmacol-
ogy and cellular mechanisms in the cardiovascular sys-
tems of healthy mammals, and the eventual progression
to the use of similar models to investigate the role of
CGRP in the pathogenesis of various disease states, will
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be of considerable influence in the development of novel
strategies for therapeutic intervention.
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