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1 Receptors mediating CGRP-induced vasorelaxation were investigated in rat thoracic aorta and
porcine left anterior descending (LAD) coronary artery and anterior interventricular artery (AIA),
using CGRP agonists, homologues and the antagonist ha CGRP8±37.

2 In the endothelium-intact rat aorta, ha CGRP, hb CGRP, rat b CGRP and human
adrenomedullin caused relaxation with similar potencies. Compared with ha CGRP, rat amylin
was about 25 fold less potent, while [Cys(ACM2,7)] ha CGRP and salmon calcitonin were at least
1000 fold weaker.

3 Ha CGRP8±37 (up to 1075
M) did not antagonize responses to ha CGRP, hb CGRP or rat b

CGRP (apparent pKB 55). Peptidase inhibitors did not increase either the e�ect of ha CGRP or
[Cys(ACM,2,7)] ha CGRP, while ha CGRP8± 37 remained inactive. Endothelium-dependent relaxation
produced by ha CGRP was accompanied by increases in cyclic AMP and cyclic GMP, that were not
inhibited by ha CGRP8±37 (1075

M).

4 In porcine LAD and AIA, ha CGRP produced relaxation in an endothelium-independent
manner. Ha CGRP8-37 competitively antagonized ha CGRP responses (pA2 6.3 and 6.7 (Schild slope
0.9+0.1, each), in LAD and AIA, respectively). In LAD artery, ha CGRP-induced relaxation was
accompanied by increases in cyclic AMP that were inhibited by ha CGRP8±37 (1077 ± 1075

M).

5 In conclusion, the antagonist a�nity for ha CGRP8± 37 in porcine coronary artery is consistent
with a CGRP1 receptor, while the lack of ha CGRP8±37 antagonism in rat aorta could suggest either
a CGRP receptor di�erent from CGRP1 and CGRP2 type, or a non-CGRP receptor.
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Introduction

CGRP is a 37 residue neuropeptide with numerous actions,

including cardiostimulation (Sigrist et al., 1986) and vasodila-
tion (Brain et al., 1985; Marshall et al., 1986a,b). CGRP
receptors have been sub-divided into CGRP1 and CGRP2

(Dennis et al., 1989; 1990; Mimeault et al., 1991; Quirion et al.,
1992), largely based on studies using the C-terminal fragment
CGRP8± 37 which acts as an antagonist with higher a�nity

value at the guinea-pig atrium CGRP1 receptor (pA2 7.2 ± 7.7)
than at the rat vas deferens CGRP2 receptor (pA2 6.2 ± 6.6).
However, antagonist a�nities for CGRP8± 37 from various
species and tissue preparations range from less than 6 (e.g.

Giuliani et al., 1992; Tomlinson & Poyner, 1996) up to 9.3
(Longmore et al., 1994), and do not ®t into discrete groups.
PA2/pKB values for ha CGRP8±37 have shown heterogeneity

within the same organ, such as in porcine large and small
coronary arteries covering values from 5.7 to 7.0 (Foulkes et
al., 1991). The presence of peptidases metabolizing CGRP and

analogues may contribute to the variability in the antagonist
a�nity value (Longmore et al., 1994).

In the vasculature, CGRP induces both endothelium-
dependent and independent relaxation, depending on species,

size and location of vessels (Marshall, 1992). For instance, in

porcine coronary artery CGRP does not require the

endothelium to produce relaxation (Franco-Cereceda et al.,
1987), whereas the sensitivity of the rat pulmonary artery to
CGRP depends entirely on the presence of an intact

endothelium (Wisskirchen et al., 1998), consistent with that
in the rat aorta (Gray & Marshall, 1992a,b). In the rat aorta,
our previous studies indicated that ha CGRP8±37 might behave

as a non-competitive antagonist (Gray et al., 1991), but a
detailed pharmacological characterization of CGRP receptors
has not been done. Therefore, the purpose of this study was to
characterize the receptor mediating CGRP relaxation and its

transduction mechanism of the rat thoracic aorta, compared
with that of an endothelium-independent mechanism by
CGRP in porcine coronary arteries.

Methods

Rat isolated thoracic aorta

Male Sprague Dawley rats (300 ± 450 g) were stunned and

killed by cervical dislocation. The thoracic aorta was isolated,
cleared of fat and connective tissue and cut into rings (2 ±
3 mm in length). The endothelium was removed in some

experiments by gently abrading the intimal surface of the
aortic rings with ®ne wires. The rings were suspended on
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tungsten wires (0.125 mm diameter) under 0.5 g resting tension
and allowed to equilibrate for 60 min in Krebs solution
containing (mM): Na+ 143, K+ 5.9, Ca2+ 2.5, Mg2+ 1.2, Cl7

128, HCO3
7 25, HPO4

27 1.2, SO4
27 1.2 and glucose 11, at

378C and oxygenated with 95% O2 and 5% CO2. Tension was
recorded with Grass FT.03 isometric transducers connected to
a Grass 7D polygraph.

Aortic rings were contracted with noradrenaline (1077
M)

which produced approximately 75% of the maximal response.
Contractile responses were assessed for stability over a period

of 10 min, followed by addition of acetylcholine (10 76
M). In

rings which had been rubbed, the failure of acetylcholine
(1076

M) to produce relaxation (55%) of noradrenaline

(1077
M)-induced tone was taken as an indication of

endothelium removal. In endothelium-denuded tissues, the
e�ect of ha CGRP was tested on noradrenaline-induced tone,

30 min later.
Tissues with intact endothelium were contracted with

noradrenaline (30 min after the test of endothelium ± integ-
rity), and a cumulative concentration response curve to one

agonist (ha CGRP, hb CGRP, rat b CGRP, [Cys(ACM2,7)] ha
CGRP, human adrenomedullin, rat amylin, or salmon
calcitonin) was constructed. Agonist concentrations were

added in half log molar increments, allowing time for the
e�ect to plateau (Figure 1). Concentration response curves to
either ha CGRP or hb CGRP or rat b CGRP or [Cys(ACM2,7)]

ha CGRP were repeated 30 min later. In separate experiments,
the e�ect of ha CGRP8±37, equilibrated for 20 min, was studied
either on second curves to ha CGRP or on ®rst agonist curves

in separate tissues. The e�ect of equilibrating ha CGRP8±37

(1075
M) for either 2 or 60 min was assessed against ha CGRP

and compared with single agonist curves from separate tissues.
The e�ect of ha CGRP8±37 (10

75
M; 20 min pretreatment) was

studied on hb CGRP and rat b CGRP by constructing single
curves which were compared with agonist curves alone from
separate tissues. Ha CGRP8±37 (10

77 ± 1075
M) was tested on

the basal (i.e. unstimulated preparation) and on the noradrena-
line-induced tone.

A mixture of the peptidase inhibitors amastatin, bestatin,

captopril, phosphoramidon and thiorphan (1076
M each;

30 min pretreatment) was studied on responses to either ha
CGRP, [Cys(ACM2,7)] ha CGRP or to ha CGRP in the
presence of ha CGRP8±37. For ha CGRP, responses in the

absence and presence of peptidase inhibitors were examined
either within a single tissue by construction of second curves or
in separate tissues by comparing single curves. For

[Cys(ACM2,7)] ha CGRP and those studies where the
antagonist ha CGRP8±37 (1075

M) was assayed against ha
CGRP, single curves were constructed, where peptidase

inhibitors were present throughout the experiment and
compared with results obtained in their absence. The e�ect
of the peptidase inhibitors was tested on basal tone and on the

spasmogen-induced tone.

Porcine isolated coronary arteries

Porcine hearts from mixed strain and sex pigs (6 ± 12 months of
age) were obtained fresh from the abattoir. The left anterior
descending (LAD) coronary artery was removed from just

below the branch of the left circum¯ex artery close to the base
of the heart. The LAD coronary artery preparation (internal
diameter 4 mm) was taken between the top of the artery and

the ®rst branch, the conus artery. A second, smaller
preparation, termed the anterior interventricular artery (AIA;
internal diameter 1 mm) was taken as far down the arterial
trunk as possible. Both preparations were cut into rings (3 ±

4 mm) and denuded of endothelium by gently abrading the
intimal surface with ®ne wire. Rings were mounted on steel
wires (0.40 mm diameter) in organ baths in oxygenated Krebs

solution under 1.0 g resting tension as described above. After
75 min equilibration, LAD and AIA rings were contracted
with the thromboxane analogue U46,619 (1078

M) and
acetylcholine (261077

M), respectively (concentrations evok-

ing around 80% of the maximum response to these
spasmogens). Tissues relaxing to bradykinin (1076

M) were
discarded as having functional endothelium remaining. A

cumulative concentration response curve to ha CGRP was
measured on the spasmogen-induced tone. In LAD rings,
single agonist curves were constructed in either the absence or

presence of ha CGRP8±37 (10
76 ± 1075

M) after exposure to the
antagonist for 15 min. In the AIA, following a 30 min interval,
a second agonist curve was measured in the presence of ha
CGRP8±37 (10

77 ± 1075
M; 15 min pretreatment).

Cyclic nucleotide determination

Isolated rings of rat thoracic aorta and porcine LAD coronary
artery were prepared as described above. After exposure of the
vascular rings to ha CGRP in absence and presence of ha
CGRP8±37 at the concentrations and times indicated in the
results, rings were rapidly removed from the baths, immedi-
ately frozen in liquid nitrogen, and cyclic nucleotides were

Figure 1 Endothelium-dependent vasorelaxation to ha CGRP in rat
isolated thoracic aorta. Traces showing (a) contraction to noradrena-
line (NA; 1077

M), relaxation to acetylcholine (ACH; 1076
M) and

(b) concentration-dependent relaxation to ha CGRP in endothelium-
intact rings. (c) Traces showing no e�ect to ha CGRP in an
endothelium-denuded ring but relaxation to sodium nitroprusside
(SNP; 1076

M) on noradrenaline (1077
M)-induced tone. All drugs

were added at the points labelled; ha CGRP was added in half-log
molar increments; numbers represent log molar concentrations.
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determined as described previously (Gray & Marshall, 1992a).
Brie¯y, each tissue was ground in 95% ethanol (pH 3.0) in a
mortar and pestle and left overnight for extraction of the cyclic

nucleotides. The samples were centrifuged to pellet the residual
tissue fragments. The supernatant was decanted, evaporated to
dryness under nitrogen, and each sample was then resuspended
in sodium acetate (50 mM at pH 5.0). Porcine LAD coronary

artery samples were used for measurements of cyclic AMP
levels and rat aortic samples were split into two aliquots for
simultaneous measurements of both cyclic AMP and cyclic

GMP levels by scintillation proximity assay (Amersham) using
the acetylation protocol. The tissue residue was dissolved in
sodium hydroxide solution (0.5 M) and the protein content

determined by the method of Lowry et al. (1951) with bovine
serum albumin as the standard.

Chemicals

Ha CGRP, hb CGRP, rat b CGRP and ha CGRP8±37 were
donated by GlaxoWellcome Research Laboratories (Becken-

ham, Kent), having been synthesized and puri®ed as
previously described (Wisskirchen et al., 1998). All other
chemicals were obtained from Sigma, U.K. Peptides were

diluted in distilled water to form a 1072
M stock solution

and stored in aliquots at 7208C. The peptidase inhibitors
(amastatin, bestatin, captopril, phosphoramidon and thior-

phan) were dissolved and diluted in DMSO, to form a stock
solution of 1074

M and kept stored at 720 8C. Acetylcho-
line chloride, noradrenaline bitartrate (with added ascorbic

acid to prevent oxidation), bradykinin were prepared daily
in distilled water (1073

M), and U46,619 (9,11-dideoxy-
11a,9a epoxymethanprostaglandin F2a) was prepared in
ethanol (100%).

Data analysis

All values are given as mean+s.e.mean. Responses to
vasodilator drugs in rat thoracic aorta and porcine coronary
arteries are expressed as a percentage relaxation of the

noradrenaline- and U46,619- or acetylcholine-induced tone,
respectively. Levels of cyclic nucleotides are expressed in fmol/
mg proteins. Di�erences between log concentration response

curves or cyclic nucleotide levels were tested for signi®cance
using two-way ANOVA and Student's t-test (paired and
unpaired groups, as appropriate), respectively. For all tests the
signi®cance level was set at P50.05.

The pEC50 (7log of EC50; concentration of the agonist that
produced 50% of the maximal response) was determined by
non-linear regression curve ®tting, using Graphpad Prism 2.0

(Graphpad software, U.S.A.). The Hill slope of each non-
linear regression curve was determined (Graphpad Prism 2.0),
to check whether curves in the absence and presence of

antagonist were parallel. With a single concentration of
antagonist, an apparent pKB value was calculated using the
Gaddum equation:

pKB � log�CRÿ 1� ÿ log�B�
where CR is the concentration ratio of the EC50 values in the
presence and absence of the antagonist and [B] is the molar

concentration of the antagonist.
Where multiple concentrations of antagonist were used, a

Schild plot of log (CR-1) against log [B] was plotted, and the

pA2 and Schild slope determined by linear regression.
(Arunlakshana & Schild, 1959), using Graphpad Prism 2.0.
The pA2 values were calculated from the individual control

concentration response curves and the respective curves
obtained in the presence of ha CGRP8±37, using one antagonist
concentration per tissue.

Results

Rat aorta

In rat isolated thoracic aorta, noradrenaline (1077
M) evoked a

stable concentration of 1.02+0.07 g (n=12) and 1.62+0.15 g
(n=5) in endothelium-intact (Figure 1a) and denuded rings
(Figure 1c), respectively, for at least 30 min.

Figure 2 Relaxation evoked by CGRP analogues and homologues in rat thoracic aorta. (a) Concentrations response curves to ha
CGRP, hb CGRP, rat b CGRP, human adrenomedullin, rat amylin, [Cys(ACM2,7)] ha CGRP and salmon calcitonin on
noradrenaline-induced tone. (b) Concentration response curve to ha CGRP on the spasmogen-evoked tone, and a second curve
30 min later (in the same tissue). Results are expressed as percentage relaxation of the spasmogen-induced tone. Points represent the
mean+s.e.mean of 4 ± 6 separate experiments.
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Agonist activity of ha CGRP and related peptides in rat
aorta

Cumulative addition of ha CGRP to the noradrenaline-
induced tone relaxed the endothelium-intact aorta (Figure
1b); but not endothelium-denuded rings (Figure 1c). En-
dothelium-dependent relaxation to ha CGRP gave a pEC50 of

7.6+0.1 and 73% maximum response (Figure 2a; Table 1).
The e�ect of a given concentration began within 10 ± 15 s of
administration and reached its maximum after about 170 s.

Agonist responses to hb CGRP and rat b CGRP were similar
in onset, equilibration, potency and maximum response to
those of ha CGRP (Figure 2a; Table 1). Human adrenome-

dullin produced relaxation with a similar potency and
maximum response as compared with ha CGRP (Figure 2a;
Table 1), while the maximum e�ects of the two peptides were

not additive with each other (data not shown). Relaxant
responses to rat amylin were around 25 fold weaker in potency
than those to ha CGRP (Figure 2a; Table 1). The linear

Table 1 Agonist relative potencies of ha CGRP, analogues
and homologues on vasorelaxation in rat thoracic aorta,
preconstricted with noradrenaline (1077

M)

Agonist pEC50

Emax

(%)
Hill
slope

RP
(%)

ha CGRP
hb CGRP
rat b CGRP
rat amylin
[Cys(ACM2,7)]
ha CGRP

salmon calcitonin
human adrenomedullin

7.6+0.1
7.7+0.2
7.8+0.1
6.3+0.2
54.5

54.4
7.9+0.2

72.5+4.2
77.3+2.4
78.8+3.6
71.9+3.8

537.5+4.9

514.1+3.1
68.8+7.1

0.9+0.1
0.9+0.1
1.0+0.1
0.9+0.1
0.9+0.1

0.7+0.1
0.8+0.1

100
124
143
4

50.07

50.06
187

PEC50 values, the concentrations of peptides required to
induce 50% of the maximum e�ect; Emax (%), the maximum
e�ects expressed as percentage relaxation of the noradrena-
line-induced tone; Hill slope, the slope of the antagonist
concentration response curves; RP, relative potency com-
pared with ha CGRP (=100%). Values are mean+s.e.mean
from 4 ± 6 individual tissues.

Figure 3 E�ect of ha CGRP8±37 (1075
M) on ha CGRP-induced relaxation in noradrenaline-contracted rat thoracic aorta in (a)

the same or (b) separate groups of tissues (see text). Results are expressed as percentage relaxation of the spasmogen-induced tone.
Points represent the mean+s.e.mean of four separate experiments.

Figure 4 E�ect of ha CGRP8±37 (1075
M) on (a) hb CGRP and (b) rat b CGRP relaxation of noradrenaline-induced tone in rat

thoracic aorta, obtained from separate tissues. Results are expressed as percentage relaxation of the spasmogen-induced tone. Points
represent the mean+s.e.mean of four separate experiments.
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analogue [Cys(ACM2,7)] ha CGRP was at least 1000 fold less
potent than ha CGRP, while salmon calcitonin was even
weaker (Figure 2a; Table 1).

Concentration response curves to ha CGRP repeated after
30 min (in the same tissue) were not reproducible (P50.0001;
pEC50 7.5+0.1 and 7.1+0.1 in ®rst and second curves,
respectively), and showed approximately 14% reduction in

maximum response (Figure 2b). A change in potency and
maximum of hb CGRP and rat b CGRP was observed with
concentration e�ect curves in the same tissues (data not

shown), suggesting tachyphylaxis. Preliminary experiments
with ha CGRP using either shorter (20 min) or longer
intervals (60 min) between construction of successive agonist

curves did not prevent the fall in maximum response (data
not shown).

E�ect of CGRP8±37 in rat aorta

Addition of ha CGRP8±37 (10
77 ± 1075

M) alone had no e�ect
on basal or spasmogen-induced tone. Treatment with ha
CGRP8± 37 (10

75
M) for either 2, 20 or 60 min, before addition

of ha CGRP did not signi®cantly e�ect the agonist curves
(P40.05; n=4 each, using separate tissues). Subsequent results

were obtained by incubating ha CGRP8± 37 for 20 min prior to
the addition of agonists.

In the presence of ha CGRP8±37 (10
75

M), there was a non-

parallel rightward shift and a reduction in the maximum
response to ha CGRP when controls and antagonist curves
were carried out in the same tissue (Figure 3a), similar to that

seen when ha CGRP curves were repeated (Figure 2b). The
pEC50 values for ha CGRP in the absence and presence of ha
CGRP8± 37 were 7.5+0.1 and 7.1+0.2, respectively. However,
when ®rst concentration response curves to ha CGRP in the

presence of ha CGRP8± 37 (1075
M) were constructed and

compared with single agonist curves from separate tissues,
these were not signi®cantly di�erent from each other (P40.05;

Figure 3b). The pEC50 values for ha CGRP were 7.6+0.1 and
7.3+0.1 in the absence and presence of ha CGRP8±37,
respectively (apparent pKB 55 for ha CGRP8±37). Subsequent

results were obtained by constructing single agonist curves in
either the absence or presence of antagonist. Ha CGRP8±37

(1075
M) did not signi®cantly modify responses to either hb

CGRP or rat b CGRP (Figure 4a,b). The pEC50 values of hb
CGRP were 7.8+0.1 and 7.6+0.1, and of rat b CGRP were
7.6+0.1 and 7.4+0.1 in the absence and presence of ha
CGRP8±37, respectively, and maximum responses to agonists
were unaltered.

E�ect of peptidase inhibitors of rat aorta

A mixture of peptidase inhibitors (amastatin, bestatin,
captopril, phosphoramidon, thiorphan; 1076

M each) had

no e�ect on either basal or spasmogen-induced tone.
Pretreatment (30 min) with the peptidase inhibitors did not
potentiate relaxation to either ha CGRP or [Cys(ACM2,7)]

Figure 5 E�ect of peptidase inhibitors (amastatin, bestatin, captopril, phosphoramidon, thiorphan; 1076
M each) on ha CGRP and

[Cys(ACM2,7)] ha CGRP responses in the rat thoracic aorta. Concentration response curves to ha CGRP and [Cys(ACM2,7) ha
CGRP alone on noradrenaline-induced tone, and the e�ect of peptidase inhibitors (hollow symbols) on (a) ha CGRP responses in
the same tissue or (b) responses to ha CGRP and [Cys(ACM2,7)] ha CGRP, obtained from separate tissues. Results are expressed as
percentage relaxation of the spasmogen-induced tone. Points represent the mean+s.e.mean of four or ®ve individual experiments.

Figure 6 E�ects of peptidase inhibitors (amastatin, bestatin,
captopril, phosphoramidon, thiorphan; 1076

M each) on ha CGRP
responses in the absence and presence of ha CGRP8±37 in rat
thoracic aorta. Single concentration response curve to ha CGRP on
noradrenaline-induced tone, and in the presence of ha CGRP8±37

(1075
M; from separate tissues) before and after addition of peptidase

inhibitors (1076
M; from separate tissues). Results are expressed as

percentage relaxation of the spasmogen-induced tone. Points
represent the mean+s.e.mean of four or ®ve individual experiments.
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ha CGRP, when tested in the same (Figure 5a) or
separate (Figure 5b) tissues. The inactivity of ha
CGRP8±37 (1075

M) against ha CGRP was not a�ected

by peptidase inhibitors (pEC50 values of ha CGRP in the
presence of ha CGRP8± 37 were 7.4+0.1 and 7.3+0.2
before and after treatment with peptidase inhibitors,
respectively; Figure 6).

E�ect of CGRP and CGRP8± 37 in porcine coronary
artery

In porcine left anterior descending (LAD) artery, U46,619
(1078

M) induced a stable contractile tone of 2.7+0.2 g and

3.7+0.3 g (n=6 each), in endothelium-intact and -denuded
tissues, respectively. In rings without endothelium ha CGRP
produced a concentration-dependent relaxation (pEC50

8.3+0.1; 101% maximum relaxation; Figure 7a). The e�ect
of a given concentration began within 10 ± 15 s of administra-
tion and reached its maximum after about 300 s. Construction
of second and third concentration response curves to ha
CGRP (after 30 min) were not reproducible (P50.05), and
showed a 3 ± 10 fold reduction in pEC50 values and maximum
response, suggesting tachyphylaxis. Subsequent results were

obtained by comparing single agonist curves to ha CGRP in
either the absence or the presence ha CGRP8±37. Pretreatment
(15 min) with ha CGRP8±37 (1076 ± 1075 M) produced a

Figure 7 Antagonist e�ect of ha CGRP8±37 against ha CGRP-induced relaxation of U46,619-preconstructed porcine left anterior
descending coronary artery (LAD) and of acetylcholine-precontracted porcine anterior interventricular artery (AIA). Concentration
response curves to ha CGRP (left panel) on (a) U46,619-induced tone in LAD and (b) acetylcholine-induced tone in AIA, and in the
presence of ha CGRP8± 37 at (a) 1076 ± 1075

M and (b) 1077 ± 1075
M. Results are expressed as percentage relaxation of the

spasmogen-induced tone. Points represent the mean+s.e.mean of four individual experiments. The Schild plots for ha CGRP8±37
(right panel) in porcine (a) LAD and (b) AIA, where points represent individual values from four experiments.
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concentration-dependent parallel rightward shift of the ha
CGRP curve, without reducing the maximum response (pA2

6.3, slope 0.9+0.1; Figure 7a). In porcine anterior interven-

tricular artery (AIA) without endothelium, acetylcholine
(261077

M) induced a stable contractile response of
3.4+0.5 g (n=6). Cumulative addition of ha CGRP induced
an endothelium-independent relaxation (pEC50 8.3+0.1,

maximum 106% relaxation; Figure 7b), as observed in the
LAD artery. In contrast to LAD rings, second concentration
response curves to ha CGRP in the AIA were reproducible,

and showed no tachyphylaxis (data not shown). Ha CGRP8±37

(1077 ± 1075
M; 15 min pretreatment) antagonized ha CGRP

responses, concentration-dependently, with no decrease in
maximum response (pA2 6.7, slope 0.9+0.1; Figure 7b).

E�ect of ha CGRP8±37 on cyclic nucleotide accumulation
induced by ha CGRP in rat aorta and porcine coronary
artery

Cyclic AMP and cyclic GMP control levels in rat aortic rings
with intact endothelium and constricted with noradrenaline
(1077

M) were 645+38 fmol mg71 protein (n=4) and

175+35 fmol mg71 protein (n=4), respectively, at 30 s. Ha
CGRP (361077

M) relaxed the spasmogen-induced tone by

Figure 8 E�ect of (a) ha CGRP8±37 (10
75

M) on cyclic AMP (left panel) and cyclic GMP (right panel) levels induce by ha CGRP
(361077

M) in rat thoracic aortic rings with intact endothelium preconstricted with noradrenaline (1077
M), at 30 s and e�ect of (b)

ha CGRP8±37 (1077 ± 1075
M) on cyclic AMP levels induced by ha CGRP (361078

M) in porcine left anterior descending (LAD)
coronary arterial rings with denuded endothelium preconstricted with U46,619 (1078

M), at 180 s. Levels of cyclic AMP and cyclic
GMP are expressed as fmol mg71 protein. Bars represent the mean+s.e.mean of between ®ve and ten separate experiments.
*P50.05, ***P50.001.

Table 2 Antagonist a�nities for ha CGRP8±37 against CGRP in the rat from isolated tissues, perfused tissues and cell preparations

Rat
preparation

pA2/pKB*
value Reference

Isolated tissues
Thoracic aorta
Vas deferens

Pulmonary artery
Intramural coronary artery
Thoracic aorta
Mesenteric resistance artery
Basilar artery

55*
5.9 ± 6.6

6.9
6.9
7.0*

7.2+0.2*
7.5**

this paper
Dennis et al., 1990; Maggi et al., 1991; Mimeault et al., 1991;
1992; Wisskirchen et al., 1998
Wisskirchen et al., 1998
Sheykhzade & Nyborg, 1998
Yoshimoto et al., 1998
Lei et al., 1994
Nishimura & Suzuki, 1997

Perfused tissues
Perfused mesenteric vasulature
Perfused kidney

Perfused heart

7.4
8.0+0.2*

8.5**

Nuki et al., 1994
Chin et al., 1994
Entzeroth et al., 1995

Cells
Adipocytes
Ventricular cardiomyocytes
Aortic smooth muscle cells
Liver plasma membranes
Glomerular mesangial cells
L6 myocytes

6.9*
7.95
8.0**
8.1**
8.2*
8.3

Casini et al., 1991
Bell & McDermott, 1994
Eguchi et al., 1994
Chiba et al., 1989
Aiyar et al., 1992
Poyner et al., 1992

Apparent pA2 values and pKB values (*), obtained from concentration ratios using multiple and single concentrations of ha CGRP8±37,
respctively. Apparent pKB values (**), not quoted but estimated from literature results.
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66+3%, and caused a 4 fold increase in cyclic AMP and a 10
fold increase in cyclic GMP, at 30 s. Preincubation with ha
CGRP8±37 (10

75
M; 20 min) did not a�ect ha CGRP-induced

accumulation of either cyclic AMP or cyclic GMP levels
(P40.05; Figure 8a).

In porcine left anterior descending coronary artery without
endothelium, control levels of cyclic AMP constricted with

U46,619 (1078
M) were 580+73 fmol mg71 protein (n=6). Ha

CGRP (361078
M) gave a relaxation of 46+4%, and caused a

4 fold increase in cyclic AMP, without a�ecting levels of cyclic

GMP, at 180 s. After pretreatment (15 min) with ha CGRP8±37

at 1077
M, 1076

M and 1075
M, ha CGRP-induced elevation of

cyclic AMP was either una�ected (P40.05), or signi®cantly

reduced by 24% (P50.05) and 43% (P50.001), respectively.

Discussion

The classi®cation of CGRP receptors into CGRP1 and CGRP2

subtypes has been proposed on the basis of a 10- to 50 fold

di�erence in antagonist a�nity for ha CGRP8±37 between the
guinea-pig atrium and the rat vas deferens (Dennis et al.,
1990). The present study from the rat aorta, however, shows an

a�nity for CGRP8±37 lower than reported for either of the two
CGRP receptor subtypes, while in the porcine coronary artery
the a�nity value could match a CGRP1 receptor type.

In the rat thoracic aorta, the antagonist ha CGRP8±37

demonstrates an apparent pKB of less than ®ve against
endothelium-dependent relaxation of three CGRP isoforms,

indicating that the lack of e�ect is not agonist-dependent. The
reactivity of the aorta to CGRP showed a fall in maximum
response when ha CGRP8±37 was present in second against
curves, but not when the antagonist was measured against ®rst

curves to CGRP from separate tissues (but was seen in second
control curves with no antagonist present). Thus, the decrease
in CGRP response re¯ects factors independent of ha
CGRP8±37. The mechanism involved in the reduction of tissue
sensitivity to CGRP is not fully known, but one possibility
may be loss of endothelium. It is interesting that the maximum

relaxation to CGRP in the rat aorta (75% in present results)
ranges from less than 20% up to nearly 80% in the literature
(e.g. Brain et al., 1985; Grace et al., 1987; Fiscus et al., 1991;
Gray & Marshall, 1992b; Zygmunt et al., 1995; Yoshimoto et

al., 1998).
There are some contrasting results for ha CGRP8±37, in the

rat aorta. For instance, recently Yoshimoto et al. (1998)

reported an apparent pKB value of seven, although it is unclear
whether results were obtained from single or separate tissues.

Our previous studies indicated that ha CGRP8±37 behaves like
a non-competitive antagonist against second ha CGRP curves
(Gray et al., 1991). The present study, however, indicates that

the fall in tissue sensitivity to CGRP is not due to ha
CGRP8±37, having compared ®rst and second agonist curves.
Therefore, this illustrates how an apparent shift of ha
CGRP8±37 in the rat aorta could be mistaken as receptor

antagonism.
Failure to reach equilibrium at its receptor is unlikely to

explain the relative inactivity of ha CGRP8±37 in the present

study of the rat aorta, since preincubation from 2 min up to
60 min did not alter the inactivity of ha CGRP8±37, and
previous studies have shown that equilibration had largely

occurred within 2 ± 3 min, in the rat pulmonary artery and vas
deferens (Wisskirchen et al., 1998).

In rat aortic smooth muscle cells, it has been shown that

endopeptidase 24.11 and aminopeptidase N are involved in
CGRP metabolism (Mentlein & Roos, 1996). Thiorphan
increased the a�nity value of ha CGRP8±37 by more than
10% (Longmore et al., 1994) and phosphoramidon potentiated

the e�ect of CGRP (Chatelain et al., 1995). However, the
peptidase inhibitors did not modify either the potency of ha
CGRP or the apparent a�nity value of ha CGRP8±37, in rat

aorta, consistent with rat pulmonary artery and vas deferens
(Wisskirchen et al., 1998). Thus, it appears that metabolism by
peptidases does not account for the low a�nity value of ha
CGRP8±37 in the aorta.

The relatively inactivity for ha CGRP8±37 is not consistent
with the current receptor classi®cation, with an at least 10 fold

lower apparent pKB value than at the CGRP2 receptor (pA2

6.2 ± 6.6, Dennis et al., 1990; Mimeault et al., 1991). CGRP2

receptors have been suggested in tissues where no a�nity value
for ha CGRP8±37 was demonstrated, but most studies used

concentrations only down to 361076
M (Quirion et al., 1992;

Giuliani et al., 1992; Tomlinson & Poyner, 1996). In the present
experiments, ha CGRP8±37 was inactive at the even higher

concentration of 1075
M, which could suggest that receptors in

the rat aorta di�er from both CGRP1 and CGRP2 receptors.
In the rat, antagonist pKB/pA2 values for ha CGRP8±37

range from less than ®ve to 8.5 (Table 2). Values around six
(e.g. vas deferens) and seven (e.g. pulmonary artery) might
match a CGRP2 and a CGRP1 receptor, respectively, but there
are several values at least an order of magnitude higher than

that at the pulmonary artery CGRP1 receptor (Chin et al.,
1994; Entzeroth et al, 1995; Bell & McDermott, 1994; Aiyar et
al., 1992; Poyner et al., 1992). This range of ha CGRP8±37

a�nities has been obtained from rat in vitro and perfused
tissues, and isolated cells.

In rings of rat aorta, elevation in both cyclic AMP and

cyclic GMP occurs but only when the endothelium is present
(Gray & Marshall, 1992a). The same result was found in the
present experiments. However, in addition the antagonist ha
CGRP8±37 did not attenuate the CGRP-evoked rises in either
cyclic nucleotides. In recent experiments a rise in aortic
endothelial [Ca2+]i was associated with CGRP but the e�ect
of the antagonist was not reported (Yoshimoto et al., 1998).

There are contrasting results between cultured cells and
isolated tissues. For example, CGRP binding sites were not
detected in sections of rat aorta but were present in cultured rat

aortic smooth muscle cells (Connat et al., 1992), suggesting the
latter may not be a realistic model of the former. Furthermore,
in rat cultured aortic smooth muscle cells, CGRP elicits a

selective increase in cyclic AMP (Kubota et al., 1985; Hirata et
al., 1988), which is antagonized by ha CGRP8±37 with an
a�nity value of around eight (Eguchi et al., 1994). The present
study, however, demonstrates a pKB value for ha CGRP8±37 at

Table 3 Antagonist a�nities for ha CGRP8± 37 against
CGRP in porcine isolated coronary vessels

Porcine coronary
preparation

pA2/pKB*
value Reference

LAD (large)
LAD
AIA
Coronary artery {
LAD (small)
LAD

5.7*
6.3
6.7
6.7*
7.0
7.2

Foulkes et al., 1991
this paper
Gray et al., 1991
Saha et al., 1998
Foulkes et al., 1991
Yoshimoto et al., 1998

Apparent pA2 values and pKB values (*), obtained from
concentration ratios using multiple and single concentrations
of ha CGRP8± 37, respectively. LAD, left anterior descending
coronary artery; AIA, anterior interventricular coronary
artery; {part of coronary vasculature not speci®ed.
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least three orders of magnitude lower against endothelium-
dependent relaxation of CGRP. These con¯icting results
between cultured systems and more complex tissues highlight

the di�culties of extrapolating from cultured systems to
tissues. However, in this study of rat aortic tissue the inactivity
of ha CGRP8±37 against CGRP-relaxation is consistent with
the ®nding that CGRP-induced accumulation of cAMP and

cGMP was not antagonized by ha CGRP8±37.
The lack of e�ect of ha CGRP8±37 in the aorta might re¯ect

the absence of CGRP receptors. The present results, suggesting

that CGRP is a full agonist, are consistent with literature data
(Gray & Marshall, 1992b), but this is not direct evidence for a
CGRP receptor. Therefore, it is possible that CGRP interacts

with non-CGRP receptors, including those for CGRP
homologues. For instance, CGRP and adrenomedullin
demonstrated equal potencies, which might suggest cross-

reaction with adrenomedullin receptors, but further work with
adrenomedullin antagonists would be needed to evaluate this
possibility.

The agonist potency of [Cys(ACM2,7)] ha CGRP relative to

ha CGRP has been suggested as a criterion to characterize
CGRP receptors (Dennis et al., 1989), although this was not
con®rmed at either rat CGRP1 or CGRP2 receptors

(Wisskirchen et al., 1998). Similarly, in the present study,
[Cys(ACM2,7)] ha CGRP was over 1000 fold weaker than ha
CGRP, and was not increased by peptidase inhibitors.

Therefore, the weak activity of [Cys(ACM2,7)] ha CGRP in
the aorta cannot be used to either support or refute the
involvement of a CGRP receptor.

Porcine coronary arteries were di�erent from the rat aorta,
as CGRP induced an endothelium-independent vasorelaxation
in both left anterior descending coronary and anterior
interventricular arteries. However, results from porcine left

anterior descending artery and rat aorta were similar in regard
to CGRP showing tachyphylaxis in both vessels.

The pA2 values for ha CGRP8±37 in both porcine coronary

artery preparations (pA2 6.3 and 6.7) are consistent with
previous reports (apparent pKB 6.7; Saha et al., 1998), and
agree with values from, for instance, the rat intramural

coronary artery (pA2 6.9; Sheykhzade & Nyborg, 1998), and
the guinea-pig left atrium (pA2 6.9; Dennis et al., 1990),
indicating that the type of CGRP receptor in porcine and rat
coronary circulation might match that of a CGRP1 receptor.

The relaxation to CGRP was associated with an accumula-
tion of cyclic AMP in porcine left anterior descending
coronary artery. Like the relaxation, the rise in cyclic AMP

was antagonized by ha CGRP8±37 suggesting that the CGRP
receptor mediated both e�ects. This contrasts with the rat
aorta where neither relaxation nor rises in cyclic nucleotides
were inhibited by the antagonist.

In vascular preparations, reported a�nities for ha CGRP8±

37 have shown heterogeneity of pKB/pA2 values, ranging from
below ®ve (e.g. rat aorta) up to around nine (e.g. canine lingual

artery; Kobayashi et al., 1995), covering a range of species and
tissue and making CGRP receptor classi®cation more di�cult.
Part of this range may re¯ect di�erences in CRLR (calcitonin

receptor like receptor) and the accessory protein RAMP, the
combination of these two being required for a functional
CGRP receptor (McLatchie et al., 1998). For CGRP receptors

in rat vascular tissues, the 100 fold plus di�erence in ha
CGRP8±37 a�nity between the aorta and other arteries such as
the pulmonary artery or mesenteric resistance artery (Table 2),
could suggest the presence of heterogenous CGRP receptors.

However, because an a�nity value for ha CGRP8± 37 was not
determined in the present study of the rat aorta, it remains
unclear whether the inactivity of ha CGRP8±37 re¯ects a

CGRP receptor other than CGRP1 or CGRP2 or a non-CGRP
receptor. At present, there is no porcine data to compare with
the coronary vessel (Table 3), making it di�cult to decide

whether this is a CGRP1 receptor, or perhaps a CGRP2

receptor, that has a higher a�nity value in this species
compared with the rat.

In conclusion, the high potency of CGRP and the relative
inactivity of ha CGRP8± 37 in the rat aorta suggest that this
may be a CGRP receptor distinct from both the CGRP1 and
CGRP2 subtypes which has implications for CGRP receptor

classi®cation. However, it cannot be excluded that CGRP
interacts with a non-CGRP receptor in the rat aorta. In the
porcine coronary artery, the antagonist a�nity value for ha
CGRP8±37 is consistent with a CGRP1 type, with the
assumption that species di�erences do not exist between rat
and pig.

We thank Dr Paul Doyle, Dr John Harris and Sharon Gough
(GlaxoWellcome) for synthesis and supply of peptides.
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