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Abstract

Several lines of evidence suggest that a calcitonin-gene related peptide (CGRP) receptor antagonist may serve as a novel abortive

migraine treatment. Here we present data on a human cell line and isolated human vessels for such an antagonist, BIBN4096BS. On SK-N-

MC membranes, radiolabelled CGRP was displaced by both CGRP-(8-37) and BIBN4096BS, yielding pKi values of 8.5 and 11.4,

respectively. Functional studies with SK-N-MC cells demonstrated that CGRP-induced cAMP production was antagonised by both CGRP-

(8-37) and BIBN4096BS with pA2 values of 7.8 and 11.2, respectively. Isolated human cerebral, coronary, and omental arteries were studied

with a sensitive myograph technique. CGRP induced a concentration-dependent relaxation that was antagonized by both CGRP-(8-37) and

BIBN4096BS in a competitive manner. CGRP was a weaker agonist on coronary arteries as compared to intracranial arteries; however,

BIBN4096BS was an equally effective antagonist. In human omental arteries, CGRP did not induce relaxation. BIBN4096 had a pA2 value of

10.1 in cerebral and 10.4 in coronary arteries. The results of clinical trials with BIBN4096BS for acute migraine attacks are awaited with

great interest. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Calcitonin-gene related peptide (CGRP)-containing nerve

fibres supply vessels of different locations, both peripheral

and cerebral (Uddman et al., 1986). The intracranial vascular

bed is supplied by CGRP fibers that originate in the trigemi-

nal ganglion (Edvinsson, 1985; Uddman et al., 1985). Upon

activation, these fibres release CGRP (Goadsby et al., 1988);

this occurs both in primary headaches and following subar-

achnoid haemorrhage (Goadsby et al., 1990; Goadsby and

Edvinsson, 1994; Juul et al., 1990, 1995). CGRP has been

demonstrated to be a potent vasodilator (Bell and McDer-

mott, 1996), increases heart rate (Franco-Cereceda, 1988)

and has positive inotropic effects on isolated human trabecu-

lae (Saetrum Opgaard et al., 2000). CGRP initiates these

responses through an interaction with target organ receptors

that are primarily coupled to the activation of adenylyl

cyclase. CGRPmediates its action via two functional receptor

subtypes, the CGRP1 and the CGRP2 receptor (Dennis et al.,

1989; Juaneda et al., 2000). Studies of CGRP receptor

mechanisms have relied on the use of the antagonist CGRP-

(8-37), but now several small molecule non-peptide CGRP

antagonists have been reported: Doods et al. (2000) described

BIBN4096BS (a Lys–Tyr dipeptide derivative) that had high

affinity (picomolar) for CGRP receptors endogenously

expressed in SK-N-MC cells and inhibited neurogenic vaso-

dilation evoked by trigeminal ganglion stimulation in mar-

mosets. We have described a related CGRP receptor anta-

gonist (see patent number WO 98/11128, coded Compound

1: 4-(2-oxo-2,3-dihydro-benzoimidazol-1-yl)-piperidine-1-

carboxylic acid [1-(3,5-dibromo-4-hydroxy-benzyl)-2-oxo-

2-(4-phenyl-piperazin-1-yl)-ethyl]-amide) and used it to

characterise CGRP-mediated responses in cranial arteries.

Compound 1 blocked CGRP-evoked relaxation in human

arteries (Edvinsson et al., 2001). In addition, Aiyar et al.

(2001) have revealed that SB-(+)-273779 is a selective non-

peptide antagonist at CGRP1 receptors that is also active at rat
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and porcine CGRP receptors. The aim of the present study

was to compare the antagonistic effects of BIBN4096BS in

various human vascular regions with its affinity in SK-N-MC

cells expressing CGRP receptors.

2. Materials and methods

2.1. SK-N-MC cells

2.1.1. Binding studies

The binding of 125I-CGRP to receptors in SK-N-MC cell

membranes was carried out essentially as described (Edvins-

son et al., 2001). Briefly, membranes (25 mg) were incubated
in 1 ml of binding buffer [10 mM HEPES, pH 7.4, 5 mM

MgCl2 and 0.2% bovine serum albumin (BSA)] containing

10 pM 125I-CGRP and inhibitor. After incubation at room

temperature for 3 h, the assay was terminated by filtration

through GFB glass fibre filter plates (Millipore) that had

been blocked with 0.5% polyethyleneimine for 3 h. The

filters were washed three times with ice-cold assay buffer,

then the plates were air dried. Scintillation fluid (50 ml) was
added and the radioactivity was counted on a Topcount

(Packard Instrument). Non-specific binding was determined

by using a final concentration of 500 pM BIBN4096BS.

Data analysis was carried out by using Prism and the Ki was

determined by using the Cheng–Prusoff equation (Cheng

and Prusoff, 1973).

2.1.2. Functional studies

SK-N-MC cells were grown in minimal essential me-

dium (MEM) supplemented with 10% fetal bovine serum, 2

mM L-glutamine, 0.1 mM non-essential amino acids, 1 mM

sodium pyruvate, 100 units/ml penicillin and 100 mg/ml

streptomycin at 37 �C, 95% humidity, and 5% CO2. For

cAMP assays, cells were plated at 5� 105 cells/well in 96-

well poly-D-lysine-coated plates (Becton-Dickinson) and

cultured for � 18 h before assay.

Cells were washed with phosphate-buffered saline

(PBS, Sigma) then pre-incubated with 300 mM isobutyl-

methylxanthine in serum-free MEM for 30 min at 37 �C.
a-CGRP-(S-37) or BIBN4096BS was added and the cells

were incubated for 10 min before the addition of CGRP.

The incubation was continued for another 15 min, then the

cells were washed with PBS and processed for cAMP

determination according to the manufacturer’s recommen-

ded protocol. Maximal stimulation over basal was defined

by using 100 nM CGRP. Dose–response curves were

generated by using Prism. Dose-ratios (DR) were calcu-

lated and used to construct full Schild plots (Arunlakshana

and Schild, 1959).

2.2. Isolated human arteries

Human cerebral (cortex) arteries were removed at neuro-

surgical tumor operations, omental arteries during gut oper-

ations, and coronary arteries after heart transplantation (from

the explanted heart). All vessels were placed in buffer

solution (mM: NaCl, 119; KCl, 4.7; CaCl2, 1.5; MgSO4,

1.17; NaHCO3, 25; KH2PO4, 1.18; EDTA, 0.027; glucose,

5.5, pH 7.4) aerated with 5% CO2 in O2 (carbogen) and

transported to the laboratory for investigation. The study was

approved by Lund University Ethics Committee (LU99) and

patient’s approval.

The arteries were cut into cylindrical segments of 1 mm

in length for in vitro pharmacological experiments. Each

segment was mounted on two metal prongs, one of which

was connected to a force displacement–transducer and at-

tached to a computer, and the other to a displacement de-

vice. The position of the holder could be changed by means

of a movable unit allowing fine adjustments of vascular

tension by varying the distance between the metal prongs

(Högestätt et al., 1983). The mounted specimens were

immersed in temperature-controlled tissue baths ( + 37 �C)
containing the buffer solution continuously gassed with

carbogen, and the artery segments were allowed to equili-

brate for approximately 30 min. The vessel tension was

continuously recorded and the distance between the pins

was adjusted to maintain a resting tone of 4 mN.

Following the 30-min equilibration period, the contractile

capacity of each vessel segment was examined by exposure

to a potassium-rich (60 mM) buffer solution that had the

same composition as the standard solution except that the

NaCl was exchanged for an equimolar concentration of

KCl.

The vasodilatory effect of human a-CGRP was exam-

ined by cumulative application of increasing concentrations

of the peptide in the absence or presence of various con-

centrations of the antagonists. Each segment was precon-

tracted with 3 mM prostaglandin (PG) F2a before CGRP was

added. Each segment was exposed to a single cumulative

concentration–effect curve and a matched pairs protocol

was used where one segment acted as control (no antagonist

present), whereas in another, six segments from the same

artery; the agonist response was assessed following equili-

bration (10 min) with various concentrations of the antag-

onist.

The following materials were used in the in vitro ex-

periments: human a-CGRP and human a-CGRP-(8-37)
(Auspep, Australia) and prostaglandin F2a (Dinoprost1,

Upjohn). BIBN4096BS was synthesised by Medicinal

Chemistry, Merck Sharp and Dohme Research Laboratories,

UK and a- CGRP-(8-37) used in the binding and cAMP

assays was synthesised by Medicinal Chemistry, Merck

Research Laboratories, USA. a-CGRP, a- CGRP-(8-37)

and PGF2a were dissolved in water and stored as aliquots

at � 20 �C. BIBN4096BS was dissolved in dimethylsulph-

oxide (DMSO) and stored as aliquots at � 20 �C. SK-N-MC

cells were obtained from ATCC (USA). SK-N-MC mem-

branes were purchased from Receptor Biology (USA). 125I-

cAMP direct screening kits were purchased from Amersham

(UK).
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2.3. Analysis of data

2.3.1. Blood vessel studies

The vasodilatory response was expressed relative to the

contraction evoked by prostaglandin F2a ( = 100%). For

each segment, the maximum vasodilatory effect (Emax) was

calculated. CGRP potency (expressed as pEC50, i.e., neg-

ative logarithm of the molar concentration of agonist

inducing half maximum response) was determined by

non-linear regression analysis (Graph Pad Prism 3.0). Data

are expressed as mean values ± S.E.M. and n refers to the

number of patients from whom the vessels were collected.

Statistically significant differences in pEC50 values were

examined by Mann–Whitney U-test. Dose-ratios (DR)

were calculated and used to construct full Schild plots

(Arunlakshana and Schild, 1959). The dissociation con-

stants were calculated as described by Tallarida et al.

(1979).

3. Results

3.1. SK-N-MC binding studies

Saturation binding studies were carried out to character-

ise the interaction of CGRP with the receptor in SK-N-MC

cells. Specific binding of 125I-CGRP was saturable, with a

measured dissociation constant (KD) of 15 pM and a Bmax of

110 fmol/mg of membrane protein (data not shown). Both

CGRP-(8-37) and BIBN4096BS displaced 125I-CGRP with

high affinity, yielding pKi values of 8.5 and 11.4, respec-

tively (Fig. 1).

3.2. Functional studies

3.2.1. SK-N-MC cells

The effect of CGRP-(8-37) and BIBN4096BS on CGRP-

induced cAMP production in SK-N-MC cells was inves-

tigated. Both compounds caused a rightward shift in the

dose–response curve for CGRP. Schild analysis yielded a

pA2 value of 7.8 for CGRP-(8-37) with a slope of 1.2; a pA2

value of 11.2 was obtained for BIBN4096BS, with a slope

of 1.1 (Fig. 2). These results demonstrated that both com-

pounds exhibited competitive antagonism at the CGRP

receptor present in SK-N-MC cells.

3.2.2. Human isolated arteries

In human cerebral arteries precontracted with prostaglan-

din F2a, CGRP caused a concentration-dependent relaxa-

tion, yielding a pEC50 value of 9.4 ± 0.2 and an Emax of

99 ± 1%. CGRP-(8-37) caused concentration-dependent par-

allel shifts to the right of the concentration–effect curve for

a-CGRP without changing the maximum relaxant response.

The pEC50 value for CGRP was significantly reduced from

9.4 ± 0.2 in the absence of CGRP-(8-37) to 6.7 ± 0.3 in the

presence of CGRP-(8-37) (Table 1) resulting in a pA2 value

of 7.7. In human cerebral arteries, BIBN4096BS (0.1–10

nM) caused a parallel shift to the right of the concentration–

effect curve to CGRP without changing the maximum

Fig. 1. Displacement of 125I-CGRP binding from SK-N-MC membranes by

CGRP-(8-37) (circles) and BIBN4096BS (squares). Values given represent

mean ± S.E.M.

Fig. 2. Schild plots demonstrating the effects of CGRP-(8-37) (circles) and

BIBN4096BS (squares) on CGRP-induced cAMP production in SK-N-MC

cells. Values given represent mean ± S.E.M.

Table 1

pD2 values of a-CGRP in absence and presence of CGRP receptor

antagonists in human cerebral arteries

[Antagonist], M BIBN4096BS CGRP-(8-37)

0 9.6 ± 0.1 9.5 ± 0.2

10 � 10 8.8 ± 0.2a

3� 10� 10 8.1 ± 0.2a

10 � 9 7.6 ± 0.3a

10 � 8

10 � 7 8.7 ± 0.3a

10 � 6 7.9 ± 0.2a

10 � 5 6.7 ± 0.3a

The pD2 values are given as mean ± S.E.M. (number of individuals = twice

number of vessel segments).
a pD2 is significantly different from pD2 control as evaluated by non-

parametric U-test (Mann–Whitney U).
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response (Fig. 3). Schild plot analysis revealed a pA2 value

of 10.1 for BIBN4096BS (the slope, 0.89, was not signifi-

cantly different from unity).

Human coronary arteries also relaxed upon administra-

tion of CGRP in a concentration-dependent manner with a

pEC50 of 8.3 and an Emax of 92.3 ± 5.6% (Fig. 4). CGRP-(8-

37) (0.1–10 mM) and BIBN4096BS (0.1–10 nM) inhibited

this response in a competitive manner. The pA2 values were

7.3 and 10.4, respectively (regression lines did not differ

from unity). In human mesenteric arteries, CGRP failed to

induce a reliable relaxation of precontracted vessel segments

(maximum effect, 2.7 ± 0.6%).

4. Discussion

In the present study, we have shown that BIBN4096BS is

a potent competitive antagonist at human cerebral and

coronary artery CGRP1 receptors. The antagonistic proper-

ties were clarified both in competition binding experiments

in SK-N-MC cells and in a functional cAMP assay. The

profile agrees well with our previous study of a related

antagonist, Compound 1 (Edvinsson et al., 2001; Hasbak et

al., in press), although BIBN4096BS was more potent. As

outlined previously, both of these antagonists are more

selective for human CGRP receptors than CGRP receptors

from experimental laboratory animals (Doods et al., 2000;

Edvinsson et al., 2001). This is at some variance with the

recently reported CGRP receptor antagonist SB-273779,

which was active at submicromolar concentrations and also

demonstrated some activity at rodent and porcine CGRP

receptors (Aiyar et al., 2001).

CGRP receptors have long been regarded as a useful

target for the development of novel antimigraine therapies.

In the present study, we have further characterised the

receptor for CGRP in human arteries by comparing the

effects of CGRP-(8-37) with those of BIBN4096BS. It was

previously reported that SK-N-MC cells, which express an

endogenous CGRP receptor, display similar pharmacology

to a recombinant cell line expressing only CRLR and

RAMP1 (McLatchie et al., 1998). We therefore used this

cell line to compare the binding and antagonistic properties

of CGRP-(8-37), Compound 1 (Edvinsson et al., 2001) and

presently of BIBN4096BS. All compounds potently dis-

placed 125I-CGRP from SK-N-MC membranes and func-

tioned as competitive antagonists of CGRP-induced cAMP

accumulation in SK-N-MC cells. Based on these observa-

tions, it is likely that these compounds all act at CGRP

receptors composed of CRLR and RAMP1.

In human isolated cerebral and coronary arteries,

BIBN4096BS, Compound 1 and CGRP-(8-37) antagonised

the relaxant responses evoked by CGRP, consistent with

previous reports (Edvinsson et al., 2001; Hasbak et al., in

press; Jansen-Olesen et al., 1996). The pA2 values were

similar to those obtained in the SK-N-MC cell line, suggest-

ing that the receptor mediating the vasodilatory effects of

CGRP is similar to the receptor in the cell line, that is,

CRLR/RAMP1. This observation is supported by findings

from RT-PCR studies showing expression of mRNAs cod-

ing for these proteins in human cranial arteries (Sams and

Jansen-Olesen, 1998) and in human coronary arteries (Has-

bak et al., in press). Interestingly, the human mesenteric or

omental arteries did not respond to the application of CGRP.
Fig. 4. Relaxant effect of CGRP and the antagonistic effect of BIBN4096BS

in human coronary arteries. Values given represent mean ± S.E.M.

Fig. 3. Effect of CGRP in human cerebral arteries. (A) Concentration–

response curves to CGRP in the presence and absence of BIBN4094BS. (B)

Schild plot analysis of the antagonistic response of BIBN4096BS in human

cerebral arteries. Values given represent mean ± S.E.M.
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The reason for this is not clear, but other peripheral arteries

such as subcutaneous arteries show good responses to

CGRP (see Hasbak et al., in press).

Responses to CGRP in both cerebral and coronary arteries

were inhibited by BIBN4096BS with similar pA2 values,

suggesting that these responses are mediated through the

same receptor subtype. CGRP was approximately 10-fold

less potent on coronary than cerebral arteries (pEC50 values

of 8.3 and 9.4, respectively). The reason for this difference in

agonist potency is not entirely clear, but may be related to

differences in receptor density in the two arteries, as has

similarly been suggested for the differences in potency of

triptans in these two vessel types (Longmore et al., 1998).

Other possibilities include potential differences in the cou-

pling pathways or downstream effector ion channels, or

compensatory mechanisms in the coronary artery.

The lack of antagonistic effect of Compound 1 on the

guinea-pig CGRP receptor (Edvinsson et al., 2001) may ref-

lect species differences in receptor pharmacology for this

class of compounds. Indeed BIBN4096BS has been reported

to have greater than 200-fold reduced affinity for rat CGRP

receptors compared to affinity in the SK-N-MC cell line

(Doods et al., 2000). The underlying molecular mechanisms

responsible for this species selectivity await clarification.
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