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Interaction of human adrenomedullin 13-52 with calcitonin
gene-related peptide receptors in the microvasculature of the
rat and hamster
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1 Adrenomedullin (ADM), a recently discovered circulating hypotensive peptide, shares limited
sequence homology with the sensory nerve-derived vasodilator, calcitonin gene-related peptide (CGRP).
This study compared the vasodilator effect of sequence 13-52 of human adrenomedullin (ADM,352) with
that of human a CGRP (CGRP), in the microvasculature of the hamster cheek pouch and rat skin in
vivo.
2 Single arterioles (20-40 lim diameter) in the hamster cheek pouch were visualised by intravital
microscopy and video recording, and measured by image analysis. Both ADM1352 (1 pmol-0.4 nmol)
and CGRP (0.1 pmol-1 nmol) evoked dose-related increases in the diameter of preconstricted arterioles
(n = 6). ADM1352 (ED5o 14 pmol) was 20 fold less active than CGRP (ED50 0.71 pmol). The kinetics of
onset and decline of vasodilator responses to both peptides were similar, with vasodilator responses to
both peptides reaching a maximum at ca. 2 min, and reversing after 10-15 min (n = 5-7). The
submaximal increase in blood flow evoked by ADM,3.52 was significantly inhibited (P<0.05; n = 6) by
the CGRPI receptor antagonist, CGRP837, at a dose (300 nmol kg- ', i.v.) that we have previously shown
to inhibit significantly equivalent vasodilator responses to CGRP in this preparation.
3 In experiments measuring changes in local blood flow in rat skin by a 133xenon clearance technique,
intradermal injection of both ADM,352 (3- 300 pmol) and CGRP (0.1-30 pmol) evoked dose-related
increases in local blood flow. ADM13.52 (ED50 27 pmol) was 17 fold less potent than CGRP (ED50
1.6 pmol) (n = 6). The submaximal increase in blood flow evoked by both peptides was significantly
inhibited (P<0.02; n = 5) by CGRP837 (100 nmol kg-', i.v.).
4 We conclude that ADM1352 is a potent vasodilator in the microvasculature of the hamster and rat in
vivo. It mediates its vasodilator effect by arteriolar dilatation and this effect is due, at least in part, to the
stimulation of CGRPI receptors.
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Introduction

Adrenomedullin (ADM) is a 52 amino acid peptide originally
isolated from human phaeochromocytoma tissue (Kitamura
et al., 1993a). Human and rat ADM mRNA have subse-
quently been shown to be expressed in various peripheral
tissues of rat and man, including the kidney, lung and
adrenal medulla (Kitamura et al., 1993b; Sakata et al., 1993;
Ichiki et al., 1994). In man, ADM had been shown to be
present at considerable concentrations in the blood (e.g.
3 fmol ml-', Kitamura et al., 1994a), and in several species
has been shown to have potent actions in the vasculature
both in vivo and in vitro. For example, in the anaesthetized
rat (Ischiyama et al., 1993) and cat (Hao et al., 1994),
intravenous injection of ADM causes a potent and long-
lasting hypotensive response, and when infused into the
intralobar artery of the cat, evokes vasodilatation in the
pulmonary circulation (DeWitt et al., 1994; Lippton et al.,
1994). In vitro, low doses of ADM evoke vasodilatation in
the isolated perfused mesentery of the rat (Nuki et al., 1993).
Recently, the 13-52 sequence of human ADM (ADM13.52)
has been shown to exhibit the full vasodilator properties of
the present peptide, ADMI,52, in vivo and in vitro (Perret et
al., 1993; Hao et al., 1994; Lippton et al., 1994), suggesting
that biological activity largely resides in this C-terminal frag-
ment.

Author for correspondence.

ADM and ADM1352 show some limited sequence homo-
logy with the sensory nerve-derived vasodilator calcitonin
gene-related peptide (CGRP), sharing a six residue ring struc-
ture formed by an intramolecular disulphide linkage and a
slight homology in the C-terminal amide sequence (Kitamura
et al., 1994b, Figure 1). It has recently been suggested that
the vasodilator effect of ADM is due to its interaction with
CGRP receptors, since vasodilator responses in the rat isolated
perfused mesentery evoked by ADM in vitro were inhibited
by the CGRP, receptor antagonist CGRP837 (Nuki et al.,
1993). Further, in cultured vascular smooth muscle cells,
CGRP displaced binding from specific sites labelled with
['251]-ADM (Eguchi et al., 1994), suggesting an interaction of
CGRP and ADM with common receptor sites.

In the present study, we have compared the activity of
ADM,352 with human a CGRP (CGRP) in microvascular
assays in vivo. In the hamster cheek pouch, we investigated
the vasodilator effect of the two peptides on single arterioles
viewed by intravital microscopy (see Hall & Brain, 1994),
and in rat skin, we determined the effect of the two peptides
on blood flow using a 133xenon-clearance technique (see
Lawrence & Brain, 1992). In both types of experiment, we
used the CGRP, receptor antagonist, human a CGRP837
(Dennis et al., 1990) to investigate whether the effects of
ADM1352 were mediated via stimulation of CGRP, recep-
tors.
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Sequence homology ofsome peptides compared to a human
calcitonin gene-related peptide (a-CGRPh)
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Figure 1 Comparison of amino acid sequences of calcitonin gene-related peptides, amylin, and adrenomedullin,352. Non-identical
homologous residues, and the internal disulphide links, are indicated.

Preliminary accounts of this work have been presented to
the 14th National Scientific Meeting of the Bayliss and Starl-
ing Society (Southampton, England) (Siney et al., 1994a),
and a Satellite Symposium of the XIIth IUPHAR Congress,
The Second International Symposium of Calcitonin Gene-
Related Peptide (Montreal, Canada) (Siney et al., 1994b).

Methods

Hamster cheek pouch

Male golden (Syrian) hamsters (85-106 g) were anaesthetized
with sodium pentobarbitone (Sagatal 50 mg kg-'; i.v.) and
anaesthesia maintained with 15 mg kg-' pentobarbitone as
required. A single layer of vascular membrane was prepared
as described by Duling (1973) with some modifications (Hall
& Brain, 1994). Briefly, the hamster was placed on a specially
designed stage with a central depressed well, the right cheek
pouch was carefully everted and placed in the well and
pinned to a silicon-rubber ring encircling the window. A
single vascular layer was dissected out keeping an intact
blood supply, and all connective tissue was removed. In some
experiments, the left jugular vein was cannulated (Portex 18
gauge) for intravenous administration of CGRP8-37. The tis-
sue was superfused with Krebs-bicarbonate solution (com-
position mM: NaCl 120, KCl 4.7, MgCl2 0.12, CaC12 0.18,
KH2PO4 0.4, NaHCO3 23, glucose 10) at a rate of 4 ml min-'
and the Krebs solution, warmed to 35°C, was gassed with
5% CO2 in air maintained at pH 7.4. An area of micro-
vasculature was selected which allowed an arteriole and adja-
cent venule (each between 20 and 40 1m in diameter) to be
viewed concomitantly. The microvessels were observed with a
Leitz Dialux microscope having a 27 x salt-water dipping
objective with 10 x eye pieces. Diameters of microvessels
were measured with a computerised imaging system (Kom-
pira Limited, Strathclyde, U.K.). In all experiments,

arterioles were pre-constricted (by ca. 50%) with human
endothelin-1 (usually 30-300pM) superfused 20min before,
and throughout, the experiment. CGRP and ADM1352, dis-
solved in Krebs solution, were applied topically in 10I (or
20 yI for 0.4 nmol ADM13-52 in view of the maximum concen-
tration of the stock solution) using a Finn pipette. The
CGRP receptor antagonist, CGRP837 (300 nmol kg-1), dis-
solved in 0.5 ml saline: bovine serum albumin (BSA;0. 1%),
was applied i.v. over 1 min, followed by i.v. 0.75 ml saline;
BSA over 2 min, 5 min before administration of ADM,3-52.
Following application of test agent, vessel diameter was
measure at 15 s, 30 s, 45 s, min, and every minute there-
after, until the dilator response had fully reversed and pre-
dilator vessel diameter was recovered.

In experiments comparing the vasodilator activities of
CGRP (0.1 pmol- 1 nmol) and ADM13-52 (1 pmol-0.4 nmol),
dose-response curves were obtained by applying single doses
of the peptide every 15 min. In half the experiments, the
dose-response curve to CGRP was obtained first followed by
ADM13-52, in the other half, vice versa. In all experiments,
control responses to the peptide solvent (10 or 20 Jl Krebs
solution) were measured. In another series of experiments,
the CGRP receptor antagonist, CGRP8g37, was tested against
submaximal vasodilator responses to ADM,3-52. The response
to a submaximal dose of ADM,3.52 (0.1 nmol) was obtained
and this was repeated 30 min later following i.v. administra-
tion of CGRP8.37 (300 nmol kg-'; i.v.). Reversal of the
antagonist effect was determined by obtaining responses to
ADM,352 30 and 60min after antagonist administration.

Rat skin

The effect of ADM,3.52 and CGRP on local blood flow was
evaluated by local clearance of '33xenon ('33Xe) in the dorsal
skin of male Wistar rats (200-230 g) following intradermal
(i.d.) injection of multiple test agents, as previously described
(Williams, 1976; Lawrence & Brain, 1992). Briefly, the rats
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were anaesthetized with sodium pentobarbitone (50 mg kg-')
and the dorsal skin was shaved. Each test solution was made
up in modified Tyrode solution (composition mM: NaCl 137,
KCl 2.7, MgCl2 1.1, NaHCO3 11.9, NaH2PO4 0.4, glucose
5.6), and equal quantities of '33Xe were mixed with 1 ml
samples of each. A 100 pl sample of each test agent was
rapidly injected i.d., in duplicate, in random order according
to a balanced site pattern. On completion of injections, a
100 fil aliquot of each solution was rapidly injected into vials
containing paraffin oil, and immediately capped: the total
radioactivity present in 100 ,il of each sample could then be
counted. After a clearance period of 15 min, the rat was
killed, the dorsal skin removed, and the sites punched out.
Radioactivity was measured using an automated gamma-
counter.

In experiments to compare the vasodilator activities of
CGRP and ADM1352, dose-response curves were determined
by the i.d. injection of five dose-levels of the two peptide
agonists, at different randomized sites in each rat. In all
experiments, control vehicle responses were measured. In a
separate series of experiments, the CGRP receptor antago-
nist, CGRP837, was tested against the vasodilator responses
to ADM1352 and CGRP. Some rats were treated with CGRP8-37
(100 nmol kg-', i.v.) 10 min before i.d. injections, and res-
ponses compared to those in control rats also injected 10 min
before with vehicle (0.9% saline). Dose-response curves for
ADM,352 and CGRP were then determined as before. In all
cases, changes in local blood flow were expressed as percen-
tage change in local clearance of 133Xe at test sites, as com-
pared to control sites injected with Tyrode solution (see
Lawrence & Brain, 1992). A decrease in clearance indicates a
decrease in local blood flow due to vasoconstriction of mic-
rovessels.

Results

Hamster cheek pouch

ADM,352 (1 pmol-0.4 nmol) and CGRP (0.1 pmol-l nmol)
potently evoked arteriolar vasodilatation but had no consis-
tent dilator effect on venules. The time-course of the vaso-
dilatation evoked by both peptides was similar. Figure 2
shows the time-course of vasodilatation of equi-effective
doses of ADM,352 (0.1 nmol) and CGRP (1O pmol). The
maximal vasodilatation was evoked 2 min after peptide appli-
cation, and reversed 10-15 min after application. ADM13 52
was ca. 20 fold less potent than CGRP in evoking arteriolar
vasodilatation (Figure 3a), EDM estimates were 14 pmol
(1.8-111) and 0.71 pmol (0.2-2.9), respectively. It was not
possible to determine the maximal dilator response to
ADM,352 in view of the limited concentration of the stock
solution; however, the maximal increase in vessel diameter
recorded at the highest dose tested was similar for ADM,3 52
and CGRP (140 ± 25% and 136 ± 28%, respectively). The
CGRP receptor antagonist, CGRP8-37 (300 nmol kg-'; i.v.), in
its own right produced a small constriction in arteriolar tone,
which was maximal (at 10.5 ± 1.8) 1.75 min after i.v. injec-
tion, but which had essentially reversed after 5 min. CGRP8.37
significantly inhibited (P<0.05) submaximal vasodilator re-
sponses to ADM,3 52. The antagonism was partially reversible
30 and 60 min after antagonist administration (Figure 2c).
We have previously shown that the same dose of CGRP837
significantly inhibits submaximal vasodilator responses to
CGRP in this preparation (for comparison, a 178% increase
in vasodilatation was reduced to 59% by CGRP837; unpub-
lished observations).

Rat skin

Source of drugs

Drugs were obtained as follows: pentobarbitone sodium
(Sagatal; Rhone Merieux Ltd, Essex, U.K.) endothelin-l,
human aCGRP and human xCGRP8-37 (Bachem, Essex,
U.K.). ADM1352 was dissolved in saline, all other peptides
were dissolved in distilled water and stored at -20°C, pep-
tide dilutions were made up in Krebs or Tyrode solution, as

appropriate. All salts were of analytical grade and were

obtained from B.D.H, U.K. ADM13 52 was synthesized by Dr
Jaw Kang-Chang, Pheonix Pharmaceuticals, California,
U.S.A.

Expression of results and statistical analysis

Arteriolar vasodilatation in the hamster cheek pouch was

calculated as % maximal increase in diameter (compared to
pre-constricted diameter). Changes in local blood flow in rat
skin were expressed as % change in local clearance of 133Xe
at test sites, compared with control sites injected with Tyrode
solution. Data from individual experiments were combined,
and results are expressed as mean ± s.e.mean of experiments
carried out in at least 5 animals for each study. Estimates of
ED50 with 95% confidence limits, calculated as geometric
means were made from individual log concentration-response
curves, and are defined as the dose producing 50% of the
maximal recorded increase in arteriolar diameter in the hams-
ter cheek pouch, or 50% of maximum response in blood flow
in rat skin. The maximum responses evoked by ADM13 52 and
CGRP were similar in both assays at the highest doses tested.
For the hamster cheek pouch experiments, tests for signifi-
cant differences between log EDms were made using Student's
paired or unpaired t tests, as appropriate. With the rat skin
assay, differences between means were assessed by Bonfer-
roni's modified t test, which uses the standard error estimate
for analysis of variance, to allow comparison of multiple
sites.

ADM15-52 caused a dose-related increase in blood from in the
rat cutaneous microvasculature (Figure 4a). However,
ADM,352 was shown to be ca. 17 fold less potent than
CGRP as compared in the same rats, yielding ED50 estimates
of 27 (22-32) pmol and 1.6 (0.9-2.9) pmol, respectively
(Figure 3a). In this system, there was no significant difference
in the maximal increase in blood flow induced by the two
peptides; 55 ± 6% and 46 ± 4%, for ADM,3.52 and CGRP,
respectively. The antagonist CGRP8-37 (100 nmol kg-')
significantly (P< 0.05) inhibited ADM,3 52-induced increases
in blood flow (30-100 pmol/site). Vehicle alone had no
significant effect on ADM,352-induced vasodilatation (Figure
4b). Further, CGRP837 alone (100 nmol kg-' i.v.), had no
significant effect on the clearance at saline-injected sites.

Discussion

This study demonstrates that ADM,3 52 is a potent vasodila-
tor in the microvasculature of the rat and hamster. It medi-
ates its vasodilator effect by arteriolar dilatation, and the
vasodilatation is due, at least in part, to the stimulation of
CGRP, receptors.

Interaction of ADM1352 with CGRP receptors

When applied topically in the hamster cheek pouch, or intra-
dermally in rat skin, microvasculature; both ADM13-52 and
CGRP, in a dose-related manner, potently evoked arteriolar
dilatation, or increased local blood flow, respectively. In both
microvasculature preparations, ADM,352 was ca. 20 fold less
active than CGRP. These results are consistent with results
of a recent in vitro studying using the full sequence ADMI-52
which was found to be ca. 10 fold less active than CGRP in
the rat isolated perfused mesentery (pD2 estimates were 8.3
and 9.2 respectively; Nuki et al., 1993).

In the hamster cheek pouch, the time-course of the arter-
iolar dilatation was similar for ADM,352 and CGRP, with
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Figure 3 Dose-related vasodilatation in the hamster cheek pouch
evoked by human adrenomedullin13.52 (ADM13.52) (A) or human a
calcitonin gene-related peptide (CGRP) (-) measured following
topical application of peptide (in 10 or 201lI Krebs solution).
Vasodilatation is expressed as maximal % increase in diameter of
arterioles preconstricted (by ca. 50%) by human endothelin-l, and
mean responses, ± s.e.mean, are shown for experiments carried out
in 6 hamsters. Estimates of ED50 were 14pmol (1.8-111) and 0.72
(0.2-2.9) pmol, respectively.
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Figure 2 (a) Shows a comparison of time-courses of arteriolar
vasodilatation evoked by human adrenomedullin 13-52 (ADM13.53) (l)
and human a calcitonin gene-related peptide (CGRP) (l) in the
hamster cheek pouch. Vasodilatation evoked by ADM13.52 (0.1 nmol)
and CGRP (1Opmol), is expressed as % increase in diameter of
arterioles preconstricted (by ca. 50%) by human endothelin-1. Vessel
diameter was measured 15, 30, 45, 60 s and then every minute up to
20 min after topical application of peptide (in 10 ill Krebs solution).
(b) Shows inhibition of submaximal vasodilator responses evoked by
ADM13.52 (0.1 nmol), Control (U), or after administration of the
CGRPI receptor antagonist CGRP8-37 (V) (300 nmol kg-, i.v.). (c)
Shows inhibition of the maximal vasodilator response evoked by
ADM13.52 by CGRP8-37. Control vasodilatation is shown by the open

column, and dilatation recorded 5, 30 and 60 min following int-
ravenous administration of CGRP8-37 respectively. Responses are

shown as the mean ± s.e.mean in 5-7 hamsters. Vehicle control
(10 j1l Krebs) produced an 18.6 ± 10.5% increase in arteriole
diameter. *P<0.05. NS not significant.
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(100 nmol kg-, i.v.) against (b) ADMI3.52-induced changes in blood
flow (test A; vehicle-treated animals/control A), and (c) against
CGRP (test 0, and control 0). Effects are expressed as percentage
change in 133Xe clearance, as indicator of local blood flow, at test
sites compared to Tyrode solution injected sites (mean ± s.e.mean;

n = 5 rats). Dashed line represents blood flow at control Tyrode
injected sites. *P<0.05; **P<0.01 antagonist cf. vehicle control.
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dilatation reaching a maximum at 2 min and reversing after
10-15 min. The rate of onset and decline of responses to the
two peptides is relatively slow when compared to certain
other vasodilators such as substance P (see Hall & Brain,
1993; 1994). CGRP is well known to produce long-lasting
microvascular vasodilatation, characterized by a pronounced
and well maintained erythema in human skin (Brain et al.,
1985), maintained increases in blood flow in rabbit skin
(Brain et al., 1985), and prolonged decreases in perfusion
pressure in isolated preparations such as the rat mesentery
(Claing et al., 1992) and rat kidney (Chin et al., 1994). The
similarity in time-course of vasodilator responses to CGRP
and ADM,352 suggests a similar mechanism of vasodilata-
tion.

In the microvasculature of both the rat skin and the
hamster cheek pouch, the CGRP, receptor antagonist,
CGRP837, significantly inhibited the vascular effects of both
ADM1352 and CGRP. These results with the CGRP receptor
antagonist CGRP8-37 are consistent with an interaction of
ADM13 52 with CGRPI receptors. The doses of CGRP837 we
used to show inhibition of vasodilatation, 100 nmol kg-' and
300 nmol kg-' in the rat skin and hamster cheek pouch,
respectively, are comparable with those used previously to
exhibit a selective inhibition of CGRP-induced vasodilator
responses (Escott & Brain, 1993). CGRP837 did not inhibit
submaximal vasodilator responses to substance P (n = 5;
unpublished data) in the hamster cheek pouch, again indicat-
ing selective block of CGRP receptors. Inhibition of the
vasodilator effects of full sequence ADMI 52 by CGRP8-37 has
recently been reported in vitro (Nuki et al., 1993; Eguchi et
al., 1993); however, our study is the first demonstration of
inhibition of ADM13-52-evoked vasodilator responses in the
microvasculature in vivo by CGRP8-37. Further evidence also
suggests that ADM, or an ADM-related peptide, can interact
with the same receptor sites as CGRP. Thus, in vascular
smooth muscle cells in culture, CGRP displaced specific
binding sites labelled with '251-ADMI-52 (Eguchi et al., 1994),
and in several cell types it has been shown that both ADM
and CGRP stimulate the generation of cyclic AMP (Kita-
mura et al., 1993a; Eguchi et al., 1994).

In terms of structure-activity relationships, it is interesting
that peptides with such limited sequence-homology can inter-
act, and stimulate, the same receptors. Indeed, this 'cross-
talk' is not limited to CGRP, ADM and its fragments. For

example, the 37 amino acid hormone amylin, which exhibits
ca. 50% sequence homology with CGRP, has also been
shown to evoke various biological effects including vaso-
dilatation in the rat isolated perfused kidney (Chin et al.,
1994), and inhibition of nerve or spasmogen-evoked contrac-
tions of non-vascular smooth muscle (e.g. Giuliani et al.,
1992), via an interaction with CGRPI receptors. The main
structural similarity between CGRP, ADM and amylin is the
presence of six-residue ring structure formed by an intra-
molecular disulphide linkage, and a C-terminal amide struc-
ture (see Figure 1). It has been previously shown that the
N-terminal sequence of CGRP is important for agonist activ-
ity of CGRP, in as much as opening or modification of the
disulphide bond leads to a considerable loss in vasodilator
activity (Tippins et al., 1986; Maggi et al., 1990; Zaidi et al.,
1990). This suggests that the disulphide bond may well also
be of importance for agonist activity of amylin and adreno-
medullin at CGRP receptors. Further, the ability of the
N-terminally deleted CGRP fragment, CGRP8-37, to act as a
receptor antagonist suggests that the C-terminal sequences of
amylin and adrenomedullin are important in determining
affinity, rather than intrinsic efficacy at the CGRP receptor.
This is interesting since Figure 1 shows that the structural
homology in the C-terminus sequences of the various
naturally-occurring homologues of CGRP is very limited.

In conclusion, we have demonstrated for the first time that
ADM13-52 is a potent arteriolar vasodilator in the microvas-
culature, and that its effects in both rat skin and the hamster
cheek pouch vasculature are mediated, at least in part, via an
interaction with CGRPI receptors. Currently, it is not estab-
lished whether the whole of the ADM13 52 sequence is
required for full biological activity, nor whether ADM152,
ADM1352, or another fragment, is the biologically active
species secreted in vivo. The role of ADM in physiology or
pathophysiology remains to be determined, though it is
tempting to speculate that, in view of the interaction of
ADM and ADM1352 with CGRP receptors, that ADM or an
ADM fragment, may have a role as a circulating activator of
CGRP receptors and modulator of vascular tone.

We thank the Wellcome Trust and the British Heart Foundation for
support. We are grateful to Dr I.K.M. Morton for analysis and
preparation of the figures, and Dr U. Ney, Celltech Berkshire, for a
gift of CGRP.
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