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Abstract

The purpose of the present study was to characterize the effects of human (h) o- and PB-calcitonin gene-related peptide (CGRP) on
intracranial arteries from man and to investigate the presence of mRNA for the calcitonin receptor like receptor (CRLR) and the receptor
activity modifying proteins (RAMPs) 1, 2 and 3, in cerebral and middle meningeal arteries with and without endothelium, in microvessels
and in the endothelial cells isolated from the human basilar artery. Reverse transcriptase-polymerase chain reaction (RT-PCR) revealed the
presence of CRLR, RAMP 1, RAMP 2 and RAMP 3 in cerebral and middle meningeal arteries with and without endothelium as well as in
microvessels and in the endothelial cells. Human and rat o~ and p-CGRP, amylin, adrenomedullin and [acetamidomethyl-Cys*’Jhuman
CGRP induced strong concentration-dependent relaxation of human cerebral and middle meningeal arteries. Removal of the endothelium
neither changed the maximum relaxant response nor the pICs, values for a- and B-CGRP as compared to the responses in arteries with an
intact endothelium. Human o-CGRP-(8—37) caused a shift of ha- and hp-CGRP-induced relaxations in cerebral and middle meningeal
arteries. Calculation of pKp values revealed that ha-CGRP-(8—37) could not significantly discriminate between relaxations induced by ho-
CGRP (pKp around 6.8) and hp-CGRP (pKp around 5.4). There was no significant difference in pKp value of ha-CGRP-(8—37) on hp-
CGRP-induced relaxation of human cerebral and middle meningeal arteries with and without endothelium. In conclusion, our molecular and

pharmacological data support the existence of a single type of CGRP, receptors in the human intracranial circulation.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The 37-amino-acid peptide calcitonin gene-related pep-
tide (CGRP) is present in sensory perivascular nerve fibres
innervating cerebral arteries of animal and man (Edvinsson
et al., 1989; Jansen et al., 1990; Uddman et al., 1985). In
man, CGRP is released from the sensory fibres following
activation by electrical stimulation of the trigeminal gan-
glion (Goadsby et al., 1988) or by local capsaicin treatment
(Jansen-Olesen et al., 1996). Furthermore, CGRP is known
to be one of the most potent endogenous vasodilators
(Brain et al., 1985) that is associated with increased levels
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of adenylate cyclase (Edvinsson et al., 1985). CGRP exists
in two isoforms, denoted as a- and B-CGRP, which differ
by one or three out of 37 amino acids depending on species.
-CGRP predominates in the enteric nervous system (Mul-
derry et al., 1988) whereas a-CGRP is preferentially
located in sensory neurones (Amara et al., 1985; Mulderry
et al., 1988). Both forms of CGRP induce potent relaxations
of human cerebral arteries (Jansen-Olesen et al., 1996) and
are full agonists at all known CGRP receptor subtypes
(Wimalawansa, 1996).

Based on potencies of two CGRP derivatives, CGRP
receptors have been classified into the CGRP; and CGRP,
subtypes (Poyner, 1995; Quirion et al., 1992). This is in part
based on the work with a-CGRP-(8-37) as a CGRP,
receptor antagonist (pA4,>7) (Dennis et al., 1990), and the
synthetic analogue [acetamidomethyl-Cys®’]human CGRP
([Cys(ACM)2’7]CGRP) as a CGRP, receptor agonist (Den-
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nis et al.,, 1989). A functional CGRP, receptor has so far
only been demonstrated in rat vas deferens and there is no
molecular equivalent of this receptor. Pharmacological dem-
onstration of the CGRP; receptor in different vascular
regions corresponds to the presence of mRNA encoding
human CGRP; receptors, named calcitonin receptor-like
receptor (CRLR) (Aiyar et al., 1996), in human trigeminal
ganglia (Edvinsson et al., 1997; Tajti et al., 1999) and in
human cranial arteries (Edvinsson et al., 1997; Sams and
Jansen-Olesen, 1998). In addition, receptor activity modi-
fying proteins (RAMPs) are important in defining the
functional phenotype (McLatchie et al., 1998), and have
been demonstrated in cerebral, middle meningeal and tem-
poral arteries of man (Sams and Jansen-Olesen, 1998).

Elevated levels of CGRP has been detected in jugular
venous blood representing the cranial drainage in mi-
graine patients during activation of the trigeminal gangli-
on or during acute migraine attacks (Edvinsson and
Goadsby, 1994; Goadsby et al., 1988, 1990). When these
migraine attacks were treated with the 5-HT;g/,;p agonist
sumatriptan, pain was relieved and the elevated CGRP
levels were normalised (Goadsby and Edvinsson, 1993).
The involvement of sensory nerves (and in particular
CGRP) is supported by studies in experimental animals,
where the antimigraine drugs sumatriptan and dihydroer-
gotamine blocked the development of plasma extravasa-
tion and ultrastructural changes (Buzzi and Moskowitz,
1992), as well as plasma CGRP increases following
electrical ganglion stimulation (Goadsby and Edvinsson,
1993). These findings suggests that there might be a role
for CGRP receptor antagonists in the treatment of mi-
graine (Edvinsson, 2001).

We have shown in three previous studies in human
cerebral arteries that human (h) a-CGRP-(8—37) was able
to block ha-CGRP-induced relaxations (Edvinsson et al.,
2001b, 2002; Jansen-Olesen et al., 1996). In one of these
studies, a weaker antagonistic effect of ha-CGRP-(8—37) on
hB-CGRP-induced relaxation was observed.

The aims of the present study were (i) to examine in
detail the molecular expression (mRNA for CRLR/
RAMPs) of CGRP family of receptors in human large
cerebral and middle meningeal arteries, in cerebral micro-
vessels and endothelium; (ii) to study the functional
potency difference between cerebral and middle menin-
geal arteries for the CGRP family of peptides as exam-
ined with in vitro pharmacology; (iii) to analyse if this
potency difference is related to an interaction with the
endothelium.

2. Materials and methods
2.1. Human tissue

For studies of vasomotor responses, human arteries from
the cerebral cortical surface (pial artery) and dura mater

(middle meningeal artery) were obtained either in conjunc-
tion with neurosurgical tumor operations or at autopsy
within 6 to 24 h post-mortem. For reverse transcriptase-
polymerase chain reaction (RT-PCR), major cerebral arteries
(middle cerebral and basilar arteries), small cortical arteries
and frontotemporal cortex were obtained at autopsy 6—24
h post mortem. Specimens were collected in accordance
with Danish legislation and approved by The Danish Ethical
Committee, Copenhagen (registration number KA95213m).

2.2. Reverse transcriptase-polymerase chain reaction

2.2.1. Isolation of tissue

Human intracranial arteries were cleaned from blood by
perfusion with ice-cold buffer solution. The arterial seg-
ments were divided in two halves, one of which was cut
open and the endothelium removed by carefully scraping it
off with a scalpel blade. The arterial segments were then
immediately snap frozen in liquid nitrogen and stored at
— 80 °C. For isolation of endothelial cells, human basilar
arteries were cleaned from blood by perfusion with ice-cold
saline, cut open and the endothelial layer carefully scraped
off, snap frozen in liquid nitrogen and stored at — 80 °C.

Cerebral microvessels were isolated from human fronto-
temporal cortex as described by Estrada et al. (1983).
Briefly, 10-g human cortex was homogenized gently with
a Dounce tissue grinder in ice-cold phosphate buffered
saline (PBS) (0.01 mol/l, pH 7.4), and centrifuged (with
the use of a Beckman GS15R swinging bucket rotor) at
2000 x g for 10 min at 4 °C. The supernatant was then
discarded, and the pellet was washed by resuspension in
PBS and recentrifuged at 2000 X g for 10 min. The super-
natant was discarded, the pellet resuspended in PBS, gently
layered on top of a dextran solution (15%; molecular
weight, 38400) and then centrifuged at 3500 x g for 55
min. The pellet was subsequently collected, resuspended in
PBS, layered over dextran, and centrifuged at 4000 X g for
20 min. The final pellet was poured over a nylon mesh
screen (50 um) and washed extensively with a strong stream
of ice-cold PBS. The microvessel fraction, containing small
arterioles, venules and capillaries, was collected from the
top of the screen and immediately snap frozen in liquid
nitrogen and stored at — 80 °C. The purity of the micro-
vessel fraction was examined in a sample by methylene blue
staining and light microscopy.

2.2.2. Isolation of mRNA

Messenger RNA was isolated on poly (T)-coated magnet-
ical particles by use of Dynalbeads mRNA direct kit (Dynal,
Norway) according to the manufacturer’s instructions. Iso-
lated mRNA was not quantified.

2.2.3. Reverse transcriptase-polymerase chain reaction
(RT-PCR)

Synthesis of first-strand cDNA and subsequent polymer-
ase chain reaction (PCR) amplification was carried out using
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the GeneAmp RNA PCR kit reagents (Perkin-Elmer, Den-
mark) as described by the supplier. Complementary DNA
was stored at —20 °C. Reverse transcriptase negative
controls were performed for each mRNA extract by substi-
tuting the reverse transcriptase enzyme in the reaction
mixture with nuclease-free water.

Primer sets for the subsequent PCR amplification were
designed by Primer Designer 3 software (Scientific and
Educational Software, NC, USA) using nucleotide sequen-
ces purchased from NCBI Nucleotide query. Primers were
designed to be specific for CRLR, RAMP1, RAMP2 and
RAMP3 (Sams and Jansen-Olesen, 1998) and these do not
cross-hybridize with any other known sequences. Homolo-
gy with published sequences was checked using an NCBI
BLAST search.

PCR reactions, initiated by the specific primer sets for
CRLR, RAMPI1, RAMP2 and RAMP3, were carried out
with ¢cDNA originating from human cerebral and middle
meningeal arteries with and without endothelium, from
cerebral microvessels isolated from the frontotemporal cor-
tex and endothelial cells from middle cerebral and basilar
arteries.

Each PCR mixture contained PCR buffer (50 mM KClI,
10 mM Tris—HCIL, pH 8.3), 2.5 mM MgCl,, 25 mU/
pl Platinum™ Taq DNA Polymerase (GibcoBRL, Invi-
trogen, Denmark) 0.2 mM of dATP, dTTP, dCTP and
dGTP and 0.2 pM of each sense- and antisense-specific
primers for the corresponding to the sequence of interest.
Final volumes were 25 pl including 1 pl of cDNA
solution. The reaction mixture was overlaid with mineral
oil (Perkin-Elmer). PCR reactions were carried out on a
RoboCycler Gradient40 (Stratagene, USA) in the follow-
ing manner: an initial denaturation step at 95 °C for 5
min, followed by 40 cycles of denaturation for 1 min at
95 °C, annealing for 90 s at 63 °C and 30 s at 72 °C.
After the final cycle, the temperature was maintained at
72 °C for 7 min to allow completion of synthesis of
amplified products.

2.2.4. Electrophoretic analysis

Ten microliters from each PCR amplified product was
loaded on a 2% agarose gel (GibcoBRL, Invitrogen),
containing 0.5 pg/ml ethidium bromide, and the size of
the amplified products was verified by co-electrophoresis
of a 100-base-pair nucleotide DNA ladder (GibcoBRL,
Invitrogen).

The identity of the amplified sequences was identified by
restriction analysis; for further details see Sams and Jansen-
Olesen (1998).

2.3. Vasomotor responses

Immediately after removal, the vessel segments were
placed in a buffer solution containing (mM): NaCl 119,
NaHCO; 15, KCl1 4.6, CaCl, 1.5, NaH,PO4 1.2, MgCl, 1.2
and glucose 11. Circular vessel segments with an inner

diameter of 0.3—0.6 mm (cerebral arteries) or 0.5—1 mm
(meningeal arteries) and a length of 2—4 mm were mounted
in two Multi Myographs, each for parallel experiments of up
to four vessels in separate tissue baths (Model 610M, JP
Trading, Denmark). The vessel segments were suspended
between two L-shaped metal holders (0.15 or 0.2 mm in
diameter). The distance between the holders could be varied
by a micropositioner coupled to one of the holders, thereby
allowing adjustment of the resting tension of the segments.
The other holder was connected to a transducer for regis-
tration of alterations in vascular tone. The Multi Myograph
was connected to a Pentium computer with Myodaq for
Windows software (Myonic Software, Denmark). The arte-
rial segments were given a tension of 2—8 mN depending on
the vessel size (usually 4 mN) and were allowed to accom-
modate for 1-1.5 h until the tension had stabilised at the
desired level. In the tissue baths the arteries were immersed
in a temperature-controlled (37 °C) buffer solution that
continuously was bubbled with a mixture of 95% O, and
5% CO, giving a pH of about 7.4. The presence of intact
endothelium was assessed by a good relaxant response to
acetylcholine.

Some experiments were performed to examine the role
of the endothelium. These vessels were treated before
mounting with a 10-s perfusion with 0.1% Triton-X 100
followed by perfusion with ice-cold buffer solution for 30
s. Using this procedure the endothelium is removed
without any damage to the endothelial cells (Hamel et
al., 1987). Removal of the endothelium was confirmed by
loss of relaxant response to 10~ > M acetylcholine. Vessel
reactivity was tested by exposure to a buffer solution
containing 125 mM KCI, obtained by an equimolar
substitution of NaCl for KCI. Only vessels with a
reproducible K'-induced contraction after washout with
the sodium buffer solution were used for further investi-
gation. The K'-induced contraction amounted to 4.79 +
0.33 mN (=90, from 24 patients) and 3.03 + 0.43 mN
(n=19 from 3 patients) in cerebral arteries, and 5.56 &
0.58 mN (n=62 from 25 patients) and 7.10 = 1.47 mN
(n=17 from 6 patients) in middle meningeal arteries with
and without endothelium, respectively. For the study of
relaxant responses, the vessel segments were pre-con-
tracted by the addition of prostaglandin F,, at a concen-
tration of 3x 107 ® M. At the time of pre-contraction
where the relaxant agent first was added to the tissue baths
(the stable level of tension), the pre-contraction amounted to
5344035 mN (»=90) and 3.09 £ 0.61 mN (n=19) in
cerebral arteries, and 3.47 £ 0.34 mN (n=062) and 4.36 +
0.97 mN (n=17) in middle meningeal arteries with and
without endothelium, respectively.

Concentration—response data were obtained by cumu-
lative addition of CGRP receptor agonists to the tissue
bath. Antagonists were added to the tissue baths 20 min
before the responses to CGRP receptor agonists were
tested. The values for relaxation are expressed as percent-
age of the level of pre-contraction due to prostaglandin F;,
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Fig. 1. Expression of CRLR and RAMP1, -2 and -3 in human middle cerebral (A and B) and middle meningeal (C and D) arteries with (A and C) and without
endothelium (B and D), in human basilar artery endothelial cells (E) and in human cerebral microvessels (F) demonstrated by RT-PCR. Ladder shows 100 base-
pair steps. Bands corresponding to the presence of mRNA encoding CRLR as well as RAMP1, -2 and -3 (lengths of products were 497, 445, 283 and 159 bp,
respectively) are evident in all preparations. No bands are seen in the negative controls (lanes 3, 5, 7 and 9) where mRNA was not reverse-transcribed to cDNA

prior to amplification (lack of RT enzyme).

(3% 10~ ° M). The responses were characterised in terms
of I,.x (maximum relaxant effect obtained with an ago-
nist), ICsy (the concentration eliciting half maximum

Table 1
Relaxant effect of CGRP receptor agonists on human cerebral and middle
meningeal arterial segments precontracted by 3 x 10~ ¢ M prostaglandin Faq

With Cerebral Meningeal

endothelium Lo pICso n o pICso ”

ha-CGRP 88+3 9.69+0.21 28 92+5, 8.76+0.35, 8
n.s. (P=0.0364)

hp-CGRP 72+7 942+0.25 17 82+4, 831+0.20, 22
n.s. (P=0.0003)°

ra-CGRP 80+7 9.64+022 5 87+5, 865+0.18, 6
n.s. (P=0.0087)°

rp-CGRP 81+£8 1025+£026 5 nd. n.d.

[Cys(ACM),;] 794+9 7.43+0.06 11 70+21, 7.25+021, 3

-CGRP n.s. n.s.
Amylin 82+14 825+0.73 4 nd. n.d.
Adrenomedullin 72 + 5 7214+0.06 4 nd. n.d.

Data are given as means = S.E.M.; n=number of vessel segments examined.
Inax =maximum relaxation in % of precontraction; pICso=the negative
logarithmic concentration (M) of agonist eliciting half maximum relaxation;
n.d. =not done. Statistical analysis comparing the responses in cerebral to
that of meningeal arteries was performed by Mann—Whitney U-test; a P
value <0.5 was regarded as significant. *P<0.05, ®P<0.01, °P<0.005.

relaxant effect) and plCsy (negative logarithm of ICsg)
values. Values are given as mean £ S.E.M. Number of
experiments =#n, one or two segments from each patient.

Table 2

Relaxant effects of ha- and hp-CGRP on human cerebral and middle
meningeal (MM) arterial segments with and without endothelium
precontracted by 3 x 10~ ¢ M prostaglandin F,q

With endothelium Without endothelium

Imax pICSO n Imax pICSO n
hB-CGRP
Cerebral artery 72+7 942+0.25 17 97+2 950+0.54 5
MM artery 82+4 831+£020° 22 97+11 872+089 4
hoa-CGRP

Cerebral artery 88+3 9.69 +0.21
MM artery 92+5 8.76+0.35"

28 70+12 9.14+0.16 7
8 79+12 853+0.06° 6

Data are given as means + S.E.M.; n=number of vessel segments
examined. /;,,x =maximum relaxation in % of precontraction; pICsy=the
negative logarithmic concentration (M) of agonist eliciting half maximum
relaxation. Statistical analysis comparing the responses in cerebral to that of
meningeal arteries was performed by Mann—Whitney U-test, a P value
<0.5 was regarded as significant. *P<0.05, ®P<0.01, °P<0.005. There
was no statistical difference comparing relaxant responses in arteries with
endothelium to that found in arteries without endothelium.
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When analysing the effect of antagonists, the pKp value
was calculated as log[(CR — 1/B], where CR is the con-
centration ratio of the ICsy, values of agonist in the
presence and in the absence of a given concentration of
the antagonist (B). When analysing the effect of different
concentrations of antagonist on ha-CGRP relaxation, the
dissociation constant (pA4,) was calculated as described by
Arunlakshana and Schild (1959): p4,=1log; (conc. range —
1)/antagonist conc. Mann—Whitney U-test was used to de-
termine statistical significance with respect to differences in
Inax, PICso and pKp values. Statistical significance was
assumed when P<0.05.

2.4. Drugs

Human and rat «-CGRP, human and rat 3-CGRP (Auspep,
Australia), ha-CGRP-(8—-37), prostaglandin F,, (Sigma,
USA), [Cys(ACM)*’]CGRP, amylin and adrenomedullin
(Peninsula, USA). A stock solution was prepared by dissolv-
ing the drugs in distilled water. All drugs were further diluted
in buffer solution and added just before the experiment

A. Human cerebral artery
100+
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R 6
S 601
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X8 404
o 2
XY o
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0- o 4 %+ T T 1
14 13 12 11 10 -9 -8 -7 -6
Log human a-CGRP conc. (M)
O control M ha-CGRP-(8-37) 10°°M
A ho-CGRP-(8-37) 3x10°°M
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©
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20

o
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44 43 A2 A1 10 9 B 7 6
Log human B-CGRP conc. (M)

O control M ho-CGRP-(8-37) 10-°M
A ha-CGRP-(8-37) 3x10-°M

further diluted in buffer solution. The concentrations are
expressed as the final molar concentration in the tissue bath.

3. Results
3.1. Reverse transcriptase-polymerase chain reaction

Agarose gel electrophoresis of the PCR products from
human cerebral (Fig. 1A) and middle meningeal (Fig. 1C)
arteries with endothelium demonstrated products of the
expected size corresponding to mRNA encoding for
CRLR (or the CGRP;-receptor) at 497 base pairs, RAMP1
at 445 base pairs, RAMP2 at 283 base pairs and RAMP3
at 159 base pairs. In cerebral and middle meningeal
arteries without endothelium, we still found bands for
all four PCR products (Fig. 1B and D). Bands for CRLR,
RAMPI1, RAMP2 and RAMP3 were also found in basilar
artery endothelial cells and cerebral microvessels (Fig. 1E
and F). DNase was successfully used to eliminate any
contaminating DNA since no band was detected in neg-

B. Human middle meningeal artery
100+
—
°e
<5 80
c [&]
S8 60
T <€
29
% 9] 40+
X o
20
0 N4 T T T T T T 1
13 12 11 10 -9 -8 -7 -6
Log human a~-CGRP conc. (M)
O control M ho-CGRP-(8-37) 10°M
A ho-CGRP-(8-37) 3x10°M
D.
Human middle meningeal artery
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—
°z
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©
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S8 60-
T <
28
% o 404
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20+
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13 12 11 10 -9 -8 -7 -6
Log human B-CGRP conc. (M)

O control M ho-CGRP-(8-37) 10°°M
A ho-CGRP-(8-37) 3x10°M

Fig. 2. Relaxant responses in human cerebral (A and C) and human middle meningeal (B and D) arteries precontracted by 3 x 10 M prostaglandin F to the
cumulative application of ha-CGRP (A and B) and hp-CGRP (C and D) with or without ha-CGRP-(8—37) (10~ °~3 x 10~ ® M). Values given represent

mean + S EM., n=4-11.
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ha-CGRP

cerebral:y=-1.31x+8.74
pA,: 6.66

—

T 1
-5 -4
meningeal: y=-0.64x+4.38
-2 pA,: 6.88

-6

log([antagonist]-1)
[agonist]
7

5 log[ho-CGRP-(8-37)] (M)

Fig. 3. Schild regression analysis for the antagonism of ha-CGRP-(8—-37)
to ha-CGRP-induced relaxations in human cerebral and human middle
meningeal arteries. In human cerebral arteries the slope of regression line
was — 1.31 with a p4; of 6.66 and in human middle meningeal arteries the
slope of regression line was — 0.64 with a p4, value of 6.88.

ative controls where the reverse transcriptase enzyme was
omitted in the first-strand cDNA reaction.

3.2. Vasomotor responses
3.2.1. Agonist experiments

3.2.1.1. With endothelium. Cumulative application of
ha-CGRP, hp-CGRP, ra-CGRP, rp-CGRP, [Cys
(ACM)*"]CGRP, amylin and adrenomedullin to the tissue
baths induced concentration-dependent relaxations of circu-
lar segments of human intracranial arteries pre-contracted by
prostaglandin F,, (Table 1). Human «-, hp- and ra-CGRP
were significantly more potent in cerebral than in middle
meningeal arteries (p<0.05). There was no difference in
relaxant responses to [Cys(ACM)2’7]CGRP in the two arte-
rial regions examined.

There were large variations in CGRP responses between
arteries from different patients. In cerebral arteries the
respective pICso values for ha- and hp-CGRP were in the
interval 12.19-8.20 and 10.27-8.70. In human middle
meningeal arteries the respective pICso values for ha- and
hpB-CGRP were between 10.46—7.75 and 11.50—7.28.

3.2.1.2. Without endothelium. Removal of the endotheli-
um did not significantly alter the relaxant responses to ha- or
hp-CGRP in cerebral and middle meningeal arteries, neither
regarding the maximum amount of relaxation nor pICsg
value (Table 2). Furthermore, it did not alter the difference
in sensitivity to CGRP between cerebral and middle menin-
geal arteries, CGRP still being significantly more potent in
cerebral as compared to the dural artery (p <0.05).

3.2.2. Antagonist experiments
3.2.2.1. With endothelium. 1In cerebral and middle menin-

geal arteries with intact endothelium, ha-CGRP-(8-37)
(10~ 7=3 x 10~ ® M) caused a rightward shift of relaxations

induced by ha-CGRP (Fig. 2A and B). Construction of
Schild plots revealed pA4, values of 6.66 and 6.88 (Fig. 3).
Relaxations induced by hp-CGRP were antagonised only to
a minor degree or not at all at antagonist concentrations
lower than 3 x 10~ ® M (Fig. 2C and D). Thus, Schild plots
could not be constructed. The calculated pKp values were
for ha-CGRP-(8—37) on hp-CGRP-induced relaxations
5.4 £+ 0.8 in cerebral arteries (n=6) and 5.5 + 0.4 in middle
meningeal arteries (n=14) (Fig. 4). Comparing the calcu-
lated pKp values for relaxations induced by ha-CGRP to
those for hp-CGRP, no significant difference was observed
(cerebral: P=0.2; meningeal P=0.08; Fig. 4). Thus, no
statistical evidence exists that ha-CGRP-(8—37) discrimi-
nates between relaxations induced by the two CGRP ana-
logues in human cerebral and middle meningeal arteries.

Human cerebral artery

A. A\ h(X'CGRPs_37
=0.07
10 - |_p_|
n.s.
8 p=0.21
o 7 [ ns |
g p——
s 64
>
fn
X 4
A
2
0
ha-CGRP hp-CGRP
+endo +endo -endo
Human meningeal artery
B. VS ha-CGRP8_37
10
=0.08
8 I_p_l
n n.s. p=0.9
5 6 — [ ns. |
§ i
fn
X 4
s 44
2—.
0

hp-CGRP hp-CGRP
+endo -endo

ho-CGRP
+endo

Fig. 4. Demonstration of the antagonism of ha-CGRP-(8—37) to ha- and
hR-CGRP-induced relaxations in human cerebral (A) and human middle
meningeal (B) arteries. The antagonistic effect to hR-CGRP was examined
in arteries with and without endothelium. In human cerebral arteries the
pKp values were 6.81 & 0.22 (n=12) on relaxations induced by ha-CGRP
and 5.41 +£0.81 (n=6) and 7.28 + 0.40 (n=7) on relaxation induced by
hp-CGRP in vessels with and without endothelium, respectively. In human
middle meningeal arteries the pKp values were 6.67 +£0.23 (n=7) on
relaxations induced by ha-CGRP and 5.47 + 0.37 (n=14) and 5.47 + 0.45
(n=9) on relaxation induced by hR-CGRP in vessels with and without
endothelium, respectively.
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Fig. 5. Relaxant responses in human cerebral (A) and human middle
meningeal (B) arteries without endothelium to the cumulative application of
hp-CGRP with or without ha-CGRP-(8—37) (10~ 7—10 ® M). Prior to
experiment the arteries were precontracted by 3 X 10~ ® M prostaglandin
F,4. Values given represent mean + S.E.M., n=6-4.

3.2.2.2. Without endothelium. In order to investigate if the
endothelium has a role in the somewhat, poorer antagonistic
effect seen for ha-CGRP-(8—37) of hp-CGRP-induced relax-
ations, blockade experiments were performed in cerebral and
middle meningeal arteries without endothelium (Fig. 5).

After removal of the endothelium, the calculated pKg
values were 7.3 £0.4 (n=7) in cerebral and 5.5+ 0.4
(n=9) in middle meningeal arteries (Fig. 4). Statistical
analysis showed no significant difference in pKy values in
cerebral (P=0.07) and middle meningeal arteries (P=0.90)
without as compared to with endothelium (Fig. 4).

4. Discussion

In this study, we present data that demonstrate the
presence of functional CGRP; receptors in human cerebral

and middle meningeal arteries. We reveal that (i) the
cerebral artery is approximately 10 times more sensitive to
CGRP than the middle meningeal arteries. (ii) There was a
slight, but nonsignificant, discrimination of ha-CGRP-(8-
37) between the actions of ha- and hp-CGRP-induced
relaxation of human intracranial arteries. (iii) Removal of
the endothelium did not cause a significantly higher pKp
value for ha-CGRP-(8—37) on hp-CGRP-induced vasodi-
latation than that seen in arteries with an intact endothelium.
Furthermore, the removal of the endothelium did not alter
the sensitivity of the arteries to a- and B-CGRP. (iv) RT-
PCR analysis revealed the presence of mRNA for all three
RAMPs and CRLR in large cerebral and meningeal arteries,
in microvessels and in isolated endothelium.

4.1. Reverse transcriptase-polymerase chain reaction
(RT-PCR)

In the present study, we confirm the presence of mRNA
for CRLR and the RAMPs in human cranial arteries (Sams
and Jansen-Olesen, 1998) and, in addition, reveal that after
removal of the endothelium, mRNA for CRLR and the
RAMPs (1-3) remain. The finding of CRLR and all the
RAMPs (1-3) in basilar artery endothelium and in cerebral
microvessels is somewhat in contradiction to the findings of
others (Moreno et al., 2002) who could only detect RAMP1
and -2 in microvascular smooth muscle cells and endothelial
cells cultured from cerebral microvessels. We also detected
RAMP 3. One reason for this difference might be explained
for endothelial cells by differences in the size of arteries
used. In regard to the finding of RAMP3 in our cerebral
microvessel preparation, the possibility exists that there
might have been a slight contamination of astrocytes, which
in culture have been shown to contain mRNA for RAMP3.
Yet another explanation could be a change in RAMP3
mRNA transcript after culture of microvascular smooth
muscle cells and endothelial cells (Moreno et al., 2002).
Taken together, there are molecular prerequisites for the
presence of CGRP, and adrenomedullin receptors in smooth
muscle cells and in endothelial cells of human intracranial
arteries ranging from large arteries to cortical microvessels.
The CGRP, receptor has not yet been cloned and can
therefore not be studied at the molecular level.

4.2. Agonist responses

4.2.1. Relaxant responses

The CGRP analogues used acted as relaxant agents in all
vessels examined. The relaxant effect to ha-CGRP has
previously been described for human cerebral (Edvinsson
etal., 1987,2001b, 2002; Hanko et al., 1985; Jansen-Olesen
et al., 1996; Sams et al., 2000) and middle meningeal
arteries (Jansen et al., 1992). The maximum relaxant
responses as well as the pICs,y values obtained in arteries
with endothelium did not differ from that reported previ-
ously. However, we found considerable variability in po-
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tency to CGRP in cerebral and middle meningeal arterial
segments between different patients. The reason for this
variability could be due to several factors such as genetic
factors, age, sex, disease of the patients, smoking or post-
mortem time. The intention of the present study has not
been to investigate if eventual differences were due to any of
these factors and the material is too small to draw any firm
conclusions in the matter. However, the difference in sen-
sitivity to CGRP between patients was robust and may be of
importance in considering the therapeutic use of CGRP;
antagonists in, e.g. migraine treatment (Edvinsson, 2001).

Relaxations induced by human and rat a- and 3-CGRP
were more potent in cerebral than in middle meningeal
arteries. This agrees with a previous observation for ac-CGRP
(Jansen et al., 1992). In a clinical trial of subarachnoid
haemorrhage patients, it was demonstrated that infusion of
ha-CGRP could relax the constricted cerebral arteries with-
out a dramatic drop in peripheral resistance (Juul et al., 1994).
This can be explained by the fact that cerebral arteries are
more sensitive to CGRP than other arteries. One reason for
this might be the presence of a higher number of CGRP
receptors in cerebral as compared to other vascular regions
(Black and Leff, 1983); however, this observation deserves
further study. Experiments with adrenomedullin and amylin
were only performed in cerebral arteries. The relaxation
induced by adrenomedullin was comparable to that recently
shown for the human lenticulostriate artery and found to be
about 100 times less potent than CGRP (Sams et al., 2000). A
similar difference in potency between adrenomedullin and
CGRP has been noted in the guinea pig basilar artery (Jansen-
Olesen et al., 2001) and in the cat middle cerebral artery
(Edvinsson etal., 2001a). Adrenomedullin has been shown in
human cerebral arteries to induce a CGRP-(8—37)-sensitive
vasodilatation. Taken together, these data point towards an
action of adrenomedullin on CGRP,-receptors (Sams et al.,
2000). The effect of amylin has previously not been
reported for human cerebral arteries. We found that amylin
induced a pronounced relaxation, which was somewhat more
potent than that of adrenomedullin. This is in contrast to that
seen in the guinea pig basilar and cat middle cerebral artery
where amylin only acted as a weak vasodilator (Edvinsson et
al., 2001a; Jansen-Olesen et al., 2001). The ability of
[Cys(ACM)*"]CGRP to induce relaxation was approximate-
ly 1000 times less than that of a- and p-CGRP, and there was
no significant difference in potency for relaxant responses to
[Cys(ACM)*>"]CGRP in the two types of intracranial arter-
ies. It is, therefore, not likely that human intracranial arteries
are equipped with relaxant CGRP, receptors.

We have previously shown that the response to ha-
CGRP was not altered after removal of the endothelium in
human (Jansen-Olesen et al., 1996) or feline cerebral
arteries (Edvinsson et al., 1985). In the present study we
have demonstrated that also the relaxation induced by hp-
CGRP was unaffected by removal of the endothelium. In
addition, the difference in sensitivity to hR-CGRP between
cerebral and middle meningeal arteries persisted after re-

moval of the endothelium. Thus, from agonist studies it
seems that the two CGRP analogues (a- and B-CGRP)
induce identical responses in the two intracranial arteries
examined.

4.3. Antagonist responses

4.3.1. The effect of ha-CGRP-(8—37) on ha-CGRP-induced
relaxation

It is known that ha-CGRP-(8—37) is a weaker antagonist
of hp- than of ha-CGRP-induced relaxations of human
cerebral arteries (Jansen-Olesen et al., 1996). In the present
study, we used three different concentrations of the antago-
nist; thus, it should be possible to construct Schild plots for
calculation of antagonist affinity. Human a-CGRP-(8—37)
acted as a competitive antagonist on ha-CGRP- and hp-
CGRP-induced relaxations of cerebral and middle meningeal
arteries. From Fig. 2A and C, 3 x 10~ ®* M of ha-CGRP-(8—
37) seems to induce a noncompetitive antagonistic effect.
However, this is not true as control segments from the same
patients have a maximum relaxant effect of 46 £ 9% (ha-
CGRP) and 46 + 13% (hp-CGRP). The respective pA,
values (6.66 and 6.88) for ha-CGRP are very close to that
previously reported for the guinea pig basilar artery (6.73)
(Jansen-Olesen et al., 2001) and are in concert with those
seen in rat and porcine coronary preparations (between 6.3
and 6.7). In human cell line SK-N-MC, it has recently been
demonstrated that CGRP-induced cAMP production is
antagonised by ha-CGRP-(8—37) with a pA, value of
7.8 (Edvinsson et al., 2001a). In the same study, the pA,
values for the non-peptide antagonist BIBN4096BS
([R-(R*,S5*)]-N-[2-[[S-amino-1-[[4-(4-pyridiny])-1-piperazi-
nyl]carbonyl]pentyl]-amino]-1-[3,5-dibromo-4-hydroxyphe-
nyl)methyl]-2-oxoethyl]-4-(1,4-dihydro-2-ox0-3(2H)-quina-
zolinyl)-1,1-piperindinecarboxamide) on ha-CGRP-induced
cAMP production in SK-N-MC cells was approximately 10
times less than the pA4, values obtained for BIBN4096BS in
ha-CGRP-induced relaxation of human cerebral arteries
(Edvinsson et al., 2002). Thus, the difference in pA4, values
for ha-CGRP-(8—37) on CGRP-induced cAMP production
in SK-N-MC cells (7.8) and for ha-CGRP-(8—37) on ha-
CGRP-induced relaxation of human cerebral arteries (6.7)
are within the same magnitude. According to the CGRP
receptor classification, pA4, values <7 suggest an action via
CGRP; receptors, while p4, values >7 correspond to an
action via CGRP, receptors. This would indicate the pres-
ence of CGRP, receptors in human cerebral and middle
meningeal arteries. However, taken together with our agonist
data and the finding of mRNAs encoding the CGRP;
receptor, it is most likely that the observed vasodilatation
of CGRP is mediated via CGRP, receptors.

4.3.2. The effect of hao-CGRP-(8—37) on hf;-CGRP-induced
relaxation

At the lower concentrations (3 X 10~ 7 and 10~ ® M) of
ha-CGRP-(8—37), we observed no or only weak blockade.
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Thus, ha-CGRP-(8—37) seems to be a somewhat weaker
antagonist of h3-CGRP than of ha-CGRP-induced relaxa-
tion in human cerebral and middle meningeal arteries.
However, no significant difference could be obtained. This
might be explained by the fact that ha-CGRP-(8-37)
(1077-10° M) did not cause any blockade of hp-
CGRP-induced relaxation of arterial segments from about
50% of the patients and pKp values could not be calculated
in these cases. The lack of significance is in agreement with
our previous findings in guinea pig basilar artery (Jansen-
Olesen et al., 2001) where ha-CGRP-(8—37) was not able to
discriminate between relaxations induced by ha- and hp-
CGRP. In contrast, ha-CGRP-(8—37) has been shown to be
a 10-fold more potent inhibitor of ha-CGRP-induced cAMP
production in astrocytes than that induced by hp-CGRP. At
first sight, ha-CGRP-(8-37) seems to show the same
discrepancy between ha-CGRP and h-CGRP in human
cerebral and middle meningeal arteries, but the differences
in our studies were not significant.

4.3.3. Human [-CGRP induced relaxation in arteries
without endothelium

In order to examine whether the somewhat poorer
antagonistic effect of ha-CGRP-(8—37) on relaxations
induced by hp-CGRP was due to binding to endothelial
receptors with a subsequent activation of endothelial fac-
tors, the antagonistic effect of the CGRP; antagonist was
studied in arteries without endothelium. Even if the pKp
value increased from 5.4 to 7.5 in cerebral arteries after
endothelium removal, no significant differences in pKp
values were found in either of the intracranial arteries. This
is possibly due to inter-patient variability as cerebral artery
segments from each patient were too small to divide into
two groups (with and without endothelium), as we did for
the middle meningeal arteries. Similar results have previ-
ously been obtained in the guinea pig basilar artery with a
10-fold, but nonsignificant, discrepancy of ha-CGRP-(8—
37) between ha- and hp-CGRP-induced relaxations (Jan-
sen-Olesen et al., 2001).

It may be speculated to be due to the relation between
our findings of mRNA for all components of the CGRP
receptors in endothelial cells and the fact that there was no
functional difference in our in vitro studies that the CGRP;
receptor might not be transcribed until a pathological
situation occurs. Another possibility is that the endothelial
CGRP receptors are transcribed in order to react on
changes in CGRP levels in the blood. However, the
endothelial receptors might be less sensitive than the
smooth muscle cell receptors, which results in a masked
endothelium-dependent response.

4.4. Conclusion
We have shown that there is a molecular basis for the

existence of CGRP and adrenomedullin receptors in human
cerebral and middle meningeal arteries. As pointed out by

McLatchie et al. (1998), the presence of RAMP1+ CRLR
results in CGRP, receptors and this predominates over the
RAMP2/3+CRLR to form adrenomedullin receptors. The
receptor mRNA is located in the vascular smooth muscle
cells as well as in the endothelial cells, both in large arteries
and in cortical microvessels. Functional studies have shown
that the human cerebral artery is about 10 times more
sensitive to CGRP than the middle meningeal artery. In
antagonist studies, there was no significant discrepancy of
ha-CGRP-(8—37) to relaxations induced by ha- or hp-
CGRP. Furthermore, removal of the endothelium did not
significantly change the sensitivity of ha-CGRP-(8—37) as
an antagonist of h3-CGRP-induced relaxations.
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