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ABSTRACT

Calcitonin gene-related peptide (CGRP) is a 37 amino acid peptide that arises !Tom

the alternative splicing of the R1-.1A transcript of the caJcitonin gene. Both CGRP and its

receptors are widely distributed in the perip:lera! and centra! nervous systems. Recent

data have suggested the existence of at :east !Wo major classes of CGRP receptors

designated as, CGRP1 and CGRP2 receptor subtypes. The evidence suggesting the

existence of receptor subtypes is based on the differential potencies in severa! in vitro and

in vivo bioassays of the C-termÏnal fragment, CGRP8-37 and the linear analogue,

[acetarnidomethyl-cysteine2.7]CGRPa.. The CGRP1 is particularly sensitive to the

antagonistic properties of CGRP8-37 whereas the linear analogue aets preferentially as an

agonist on the CGRP2 receptors.

The primarj focus of my thesis was therefore to provide novel evidence for the

existence ofmultiple CGRP receptor sites in periph~ and especially brain tissues. First,

we studied the binding affinity of CGRP, CGRP8-37, the linear analogue

[Cys(ACM)2·7]CGRPa. and salmon caJcitonin (sCT) for [l25I)hCGRPa. binding sites

present in the rat brain. Moreover, we developed a novel antagonist radioligand, [1251­

Tyr]CGRP8-37, in an attempt to directly preferentially label the CGRPt sites. These

approaches confirmed the existence of a CGRPlsCT-sensitive binding site in the nucleus

accumbens but not in other regions of the rat brain. Moreover, [l251-Tyr]CGRP8-37

demonstrated high affinity for ail CGRP receptors. Second, we examined the binding

affinity of amylin and adrenomedullin, two recently isolated peptides that revealed

significant sequence homology to CGRP, for [l25I)hCGRPa. binding sites in rat brain.

Results showed the existence of limited cross-reactivity between CGRP, amylin and

adrenomedullin as well as the unique distribution of amylin receptor sites in rat brain.

Interestingly, sCT also revealed high affinity for this amylin receptor class. This may

suggest the existence of distinct CGRP, amylin and adrenomedul1in receptors in the rat

brain. Third, we investigated the effects ofa non-hydrolyzable GTP analogue, Gpp(NH)p,

on [I25I)hCGRPa. binding in brain and peripheral tissues in an attempt to define if CGRP

receptors are G protein-coupled receptors since cloning has yet to be achieved. High

affinity [l25I)hCGRPa. binding was sensitive to Gpp(NH)p (100 pM) in al1 tissues studied,

although to a different extent, depending on the preparation used. These results suggest

that the various CGRP receptor subtypes present in these tissues likely belong to the

super-fami1y of G protein-coupled receptors. Fina11y, on the basis of high densities of

CGRP, amylin and sCT receptor sites localize in the rat nucleus accumbens, we evaluated

the effects of central administration of CGRP, amylin and sCT on amphetarnine-induced
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and spontaneous locornotor activities. ,1.11 three peptides decreased. in a dose·dependent

rnanner. these (wo neurobeha"iors (sCT >arnylin >CGRP). Furtherrnore. bicuculline. a

GABAA receptor antagonist. selectively blocked the locornotor effects of CGRP without

affeeting those of arnylin and sCT. Taken together. the findings of rny thesis SUPilOrt the

e.xistence of functionally distinct receptors for CGRP and related peptides in the rat brain.
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RÉSUMÉ

Le peptide relié au gène de la calcitonine (CGRP) est un peptide composé de 37

acides aminés résultant de l'épissage alternatif de l'ARN messager du gène de la

calcitouine. Le CGRP, ainsi que ses sites de liaison, sont largement distribués dans les

systèmes nerveux central et périphérique. De récentes études suggèrent l'existence d'au

moins deux classes de récepteurs au CGRP, soit les sous-types CGRP\ et CGRP2. Les

propriétés pharmacologiques de ces sous-types de récepteurs sont basées sur les

puissances relatives du fragment CGRPg.37 et de l'analogue linéaire, [acetamidométhyl­

cystéine2,7]CGRPa dans divers essais biologiques in vitro et in vivo. Les récepteurs de

type CGRP1 sont plus sensibles aux propriétés de l'antagoniste CGRP8-37 tandis que

l'analogue linéaire agit de façon préférentielle sur le sous-type CGRP2.

L'objectif premier de ma thèse était donc de fournir des évidences additionelles

quant à l'existence de sous-types de récepteurs au CGRP dans divers tissus et plus

particulièrement dans le cerveau. Pour ce faire, nous avons tout d'abord évalué l'affinité

comparative du CGRP lui-même, de son analogue linéaire, du fragment CGRPg.37 ainsi

que de la calcitonine de saumon pour la liaison de 1'[I25I]hCGRPa dans diverses régions

du cerveau de rat. De plus, nous avons développé un nouveau radioligand, soit le [1251_

Tyr]CGRPg.37, dans le but de marquer de façon préférentielle les sites de type CGRP\.

Les résultats obtenus ont confirmé l'existence de sites sensibles au CGRP dans diverses

régions du cerveau. Dans le noyau accumbens, ces sites sont également sensibles à la

calcitonine de saumon. Le [I251-Tyr]CGRPg.37 a démontré une haute affinité pour les

récepteurs au CGRP dans tous les tissus étudiés mais n'a pu révéler de façon distincte un

profil de liaison de type CGRP\ dans ces tissus. En deuxième lieu, nous avons examiné les

affinités de l'amyline et de l'adrénoméduIline, deux peptides isolés récemment et

démontrant une similarité de séquence avec celle du CGRP, pour la liaison de

[I25I]hCGRPa dans diverses régions du cerveau de rat. Les résultats obtenus ont

démontré l'existence de réactions croisées limitées entre le CGRP, l'amyline et

l'adrénoméduIIine, supportant l'existence de trois classes de récepteurs pour ces trois

peptides. Ces études nous ont aussi permis de révéler la distribution unique d'une classe de

récepteurs à l'amyline, dans diverses régions du cerveau de rat; la calcitonine de saumon

démontrant également une forte affinité pour cette nouvelle classe de récepteurs.

Troisièmement, nous avons investigué les effets d'un analogue stable du GTP, le

Gpp(NH)p, sur la liaison de 1'[I25I]hCGRPa, dans le cerveau de rat et certains tissus
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périphériques. Celte étude avait pour but de préciser si les différents sous-types de

récepteurs au CGRP sont couplés à une protéine G puisque le clonage de ceux-ci n'a pu

être accompli jusqu'à maintenant. Les sites de liaison à haute affinité de l'[l~5IlhCGRPa

sont sensibles au Gpp(NH)p (100 J.LM) dans tous les tissus étudiés mais ce, de façon

nuancée, dépendamment de la préparation étudiée. Ces résultats suggèrent que les

différents sous-types de récepteurs au CGRP retrouvés dans ces tissus appartiennent à la

famille des récepteurs couplés à une protéine G. Enfin, sur la base de l'abondance des

sites de liaison au CGRP, à l'amyline et à la calcitonine de saumon dans le noyau

accumbens, nous avons évalué le profil des effets de l'administration, par voie

intracérébroventriculaire, de ces trois peptides sur les comportements locomoteurs

spontanés ou induits par l'amphétar.';ne. Chacun de ces peptides diminue, de manière

dose-dépendante, l'activité locomotrice spontanée ou induite par l'amphétamine

(calcitonine de saumon> amyline > CGRP). De plus, la bicuculline, un antagoniste du

récepteur GABAA, bloque de façon sélective l'effet du CGRP sur l'activité locomotrice

puisqu'aucun effet significatifsur les actions de l'amyline et de la calcitonine de saumon n'a

pu être observé. Globalement, les résultats de ma thèse appuient l'existence de récepteurs

fonctionellement distincts pour ces divers peptides de la famille du CGRP dans le cerveau

de rat.
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PREFACE

As stated in section B.2 of the "Guidelines Conceming Thesis Preparation" of the Faculty
of Graduate Studies and Research, McGill University:

Candidates have the option, subject to the approval of their
Department, of including, as part of their thesis. copies of the text of a
paper(s) submitted for publication, or the c1early-duplicated te>.."t of a
published paper(s). provided that these copies are bound as al' integral part
of the thesis. Ifthis option is chosen, connecting texts, providing logical
bridges between the different papers, are mandatory.

The thesis must still confonn to ail other requirements of the "Guidelines
Conceming Thesis Preparation" and should be in a Iiterary fonn that is
more than a mere collection of manuscripts published or to be published.
The thesis must inc1ude, as separate chapters or sections: (1) a Table
of Contents, (2) a general abstract in English and French, (3) an
introduction which c1early states the rationale and objectives of the study,
(4) a comprehensive general review of the background literature to the
subject of the thesis, when this review is appropriate, and (5) a final overall
conclusion and/or summary.

Additional material (procedure and design data, as weil as descriptions of
equipment used) must be provided where appropriate and in sufficient
detail (e.g. in appendices) to allow a clear and precisejudgment to be made
ofthe importance and originality ofthe research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis of
who contributed to such work and to what extent; supervisors must
attest to the accuracy of such claims at the Ph.D. Oral Defense. Since the
task of the examiners is made more difficult in these cases, it is the
candidate's interest to make perfectly clear the responsibilities of the
different authors ofco-authored papers.

The following people have contnbuted to the research included in the present
thesis. R. Quirion is my research and thesis supervisor. Hence, he is senior author on
most ofthe manuscripts.

i. Characterlzation of CGRP1 and CGRP:z receptor subtypes
R.Quirion, D. van Rossum, Y. Dumont, S. St-Pierre and A. Fournier
(l992)Ann. NYAcad.Sci. 657: 88-105. (Chapter2)
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R.Quirion summarized the findings with respect to the phannacological
characterization of CGRP receptors that was pursued in his laboratory since 1988.
Original work by Dr. T. Dennis is also included.

D. van Rossum: The original studies that l first completed are included in this
report and describe the comparative affinities of CGRP analogs between species (Fig.
2.1) as weil as the initial pharmacological characterization of CGRP receptors in rat
brain (Figs. 2.2, 2.3, 2.4, 2.5 and Table 2.5).

Y. Dumont is a research assistant in R. Quirion's laboratory. He was involved in the
initial pharmacological characterization of the first series of CGRP analogs in
peripheral tissues.

S. St-Pierre and A. Fournier are peptide chernists at the INRS-Santé Institute in
Pointe-Claire. They were in charge of the synthesis and purification ofCGRP and ail
related peptides.

ii. Binding profile of a selective calcitonin gene-related peptide (CGRP) receptor
antagonist ligand, (1251_Tyr]hCGRP8-37' in rat brain and peripheral tissues
D. van Rossum, D.P. Ménard, A. Fournier, S. St-Pierre and R. Quirion
(1994) J.Pharmacol.Exp. Ther. 269: 846-853. (Chapter 3)

D.P. Ménard is a post-doctoral fellow in R. Quirion's laboratory. He was technically
involved in the development of the radioligand as weil as in some of the binding
assays perfonned using membrane preparations.

A. Fournier and S. St-Pierre: see i.

iii. Autoradiographie distn"bution and receptor binding profile of (I2SJ]Bolton
Bunter-rat amylin binding sites in the rat brain
D. van Rossum, D.P. Ménard, A. Fournier, S. St-Pierre and R. Quirion
(1994)J.PharmacoLExp.Ther.270: 779-ï87. (Chapter4)

D.P. Ménard: see ii.

A. Fournier and S. St-Pierre: $Ce i.
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iv. Comparative affinities of human adrenomedullin for Il:!SI]hCGRPa. and
(I:!SI]BH-rat amylin specific binding sites in the rat brain
D. van Rossum, D.? Ménard, J.K Chang and R. Quirion
(1994) Can.J.PhysioI.PharmacoI. (submitted) (Chapter 5)

D.? Ménard: He participated teehnica1Iy in some of the experiments. espeeially
when in vitro receptor autoradiography was performed.

J.K Chang is a peptides' chemist at PhoelÙX Pharmaceuticals (USA) who generously
provided us with adrenomedullin and related analogs.

v. Effeet of guanine nuc1eotides and temperature on calcitonin gene-related peptide
receptor binding sites in brain and peripheral tissues
D. van Rossum, D.? Ménard and R. Quirion
(1993) Brain Res. 617: 249-257 (Chapter6)

D.? Ménard: see ii.

vi. Profde of CGRP-, amylin- and salmon calcitonin-induced depression of
locomotion following intracerebroventricular injection
D. van Rossum, D.? Ménard and R. Quinon
(Chapter 7)

D.? Ménard actively participated in both the teehnica1 execution and planning of
experiments as well as the analysis ofail data obtained.
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8.3 Claims for or;ginality

The following e1ements represent original contributions to the phannacological

characterization of CGRP receptors and i15 related peptides including amylin and

adrenomeduIlin. My thesis provides unique data with respect to the binding profile.

transduction mechanism as weil as neurobehavioral effeets of CGRP and homologues, and

their respective receptor classes.

- Chapter 2: The characterization ofputative CGRP receptor subtypes in peripheral

tissues as weil as the existence of CGRPlsCT-sensitive sites in the nucleus accumbens

have been previously reported. However, the competition profile of CGRP and CGRP

receptor subtypes preferring analogs in the CNS was not studied before. In addition, the

biological effects ofkey CGRP analogs in peripheral tissues of the guinea pig and rat were

evaluated. This comparison between species was critical in regard to the phannacological

characteristics of the CGRP receptor subtypes and to exclude that CGRP receptor

subtypes were only re1ated to species differences. The obtained resul15 clearly revealed

the existence ofCGRPI and CGRP2 receptors in a given species.

- Chapter 3: The radioligand [l2SI-TYIlhCGRP8-37 was synthesized and its binding

profile characterized. This report includes the time courses of ligand association and

dissociation, saturation curves, competition binding profile of severa! CGRP homologues

for [l2SI-Tyr]hCGRP8-37 binding in brain and peripheral tissues as weil as the discrete

localization ofthese binding sites in the rat brain. In faet, [l2SI-Tyr]hCGRP8-37 represents

the first CGRP antagonist radioligand to be developed. It should become a useful tool to

distinguish between agonist vs. antagonist binding charaeteristics oftlùs peptide farnily.

- Chapter 4: Only one earlier report (Beaumont et al., 1993) reported on the

existence of specific binding for [l2SI]BH-rat amylin in the rat brain. However, this report

focused on binding sites present in the nucleus accumbens as little specific binding was

detected in other areas. Our study showed, for the first time, the complete distribution

and binding profile of [l2SI]BH-rat amylin in the rat brain. Our study aise reports on the

competition profile of amy1in, salmon calcitonin and hCGRPa for specific [l2SI]BH-rat

amylin binding in various brain areas as weil as the biological effects of these peptides in

two in vitro bioassays, name1y the atrium (CGRPI-typical preparation) and vas deferens

(CGRPrtypical preparation). FmaIly, the binding affinity of amylin for [l2sI]hCGRPa

binding sites in the rat brain was aise evaluated. Taken together, these findings suggest
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thp. existence of a different class of receptors for arnylin as weil as demonstrate the rather

limited cross-reactivity between CGRP and arnylin binding sites in the rat brain.

- Chapter 5: Very little is currently known regarding adrenomedullin. its receptor

and biological effects as this peptide was isolated just about a year ago. Our study is the

first to demonstrate the low affinity of adrenomedullin for either [I25I]hCGRPet or

[125I]BH-rat arnylin binding sites in ail brain areas investigated suggesting the possible

existence of a unique class of receptors for adrenomedullin, a new member of the CGRP

peptide family.

- Chapter 6: Severa! earlier studies reported on the sensitivity of [l25I]hCGRPet

binding to GTP and its stable analogs in various tissue preparations including the atrium

and the cerebellum. The purpose of our study was to compare the sensitivity of

[I2SI)hCGRP-a. binding to a stable GTP analogue (Gpp(NH)p) in tissue preparations

enriched \Vith various CGRP receptor subtypes in order to deterrnine if ail CGRP receptor

subclasses belong to a G protein-coupled receptor type. We have thus confirmed earlier

findings in the atrium, a CGRP1-enriched preparation and in the cerebellum. Furthermore.

we have shown that Gpp(NH)p modulated CGRP binding in the vas deferens. a CGRPr
enriched preparation, and the rat brain (minus cerebeIlum). Assays were also performed at

severa! incubation temperatures to verify coupling efficacy. These data confirmed that

CGRP receptors likely belong to the G protein-coupled receptor super-family, although

the potency ofGpp(NH)p was clearly temperature-dependent in these various tissues.

- Cbapter 7: The existence of high densities of CGRP, sCT and arnylin receptor

sites in the nucleus accumbens has been established. This nucleus plays a critical role in

the modulation of locomotor bebaviors. Indeed, the effects of central administration of

salmon calcitonin on arnpbetarnine-induced locomotor activity bave been previously

reported and Iikely relate to the existence of specific receptors in the nucleus accumbens.

We have therefore compared the effects of sCT \Vith those of CGRP and arnylin on

spontaneous as well as arnphetamine-induced locomotor behaviors. Salmon calcitonin and

amylin were found to be more potent tba., CGRP in these two bebaviora! paradigms. In

addition, bicucuIline, a GABAA receptor antagonist, blocked the effects ofCGRP whereas

not affecting those ofsCT and arnylin. These results provide evidence for the existence of

fiJnctionally distinct receptors for these peptides in the modulation oflocomotor activity.
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1.1 Calcitonin gene-related peptide and homologues

Calcitonin gene-related peptide (CGRP) is one of the first exampies of a

neuropeptide to be discovered purely by a molecular approach. Two forms have thus far

been isolated, namely the CGRPct and CGRP~ (also caJled CGRP-I and CGRP-II). The

family of peptides that CGRP belongs to is still expanding and now inc1udes caJcitonin,

amylin or islet amyloid polypeptide and adrenomedullin. The present section provides a

brief description for each member ofthis family.

1.1.1 Calcitonin gene-re1ated peptide (CGRP)

1.1.1.1 Alternative splicing process: CGRPa and calcitonin

The caJcitoninlCGRP gene is expressed in specific cell types of both the endocrine

and nervous systems. The gene is alternatively spliced to yield mRNA encoding caJcitonin

in thyroid C-cells or the neuropeptide CGRP in a subset of central and peripheral neurons

(Amara et aL 1982; Rosenfeld et al. 1983; Morris et al. 1984; Rosenfeld et al. 1984). The

rat as weU as the human caJcitonin/CGRP gene consists of six exons (Figure 1.1). The

caJcitonin mRNA contains the exons 1 to 4 with a poly(A) !ail at exon 4 whereas CGRPct

inc1udes the exons 1,2,3,5 and 6 with a poly(A) tail at exon 6. Structural comparison of

human caJcitonin and human or rat CGRP peptides reveaJed -25% homology.

Interestingly, salmon caJcitonin exhibits a greater structural similarity to human CGRP

than to human caJcitonin (Figure 1.2). The high homology between these peptides

suggests that caJcitonin and CGRP exons are derived from a common ancestral gene and

that the ca\citonin/CGRP gene arose from duplication and sequence divergence events

(Lips et al. 1988). Moreover, the high degree ofhomology (86 to 89%) between chicken

and human CGRP suggests that CGRP is a well conserved, old and important polypeptide.

The expression ofthis gene is regulated by a number of hormones and second messengers

inc1uding glucocorticoids (Tverberg and Russe, 1992) and cAMP (Wind et al. 1993).

Leff et al (1987) have proposed that the specific caJcitonin splicing is the "default"

pathway and that CGRP-specific splicing requires a dominant neuronal trans-acting factor.
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~NFAES

Figure 1.1 Alternative mRNA splicing of the calcitonin gene scheme generating

calcitonin and CGRP in a tissue-specific manner.
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A good candidate for this factor is a protein component of the spliceosome, SmN, as this

protein is expressed in only a limited range of tissues and cel1 types such as the brain and

the heart (Leff et al. 1987; Latchrnan, 1990). The cel1 types that express SmN are

precisely those that are capable of correetly splicing the calcitoninlCGRP transcript to

produce CGRP mRNA. However, the inclusion of e.xon 4 is also a comple.x event which

involves calcitonin-spc::ific uridine branch acceptor, the poly(A) tail of exon 4 as wel1 as a

regulatory element within exon 4 (Adema et al. 1990; Emeson et al. 1989; Bovenberg et

al. 1989; Cote et al. 1992).

1.1.1.2 CGRP/3

A mRNA product of a related gene has been identified in rat brain and thyroid to

encode the protein precursor of a peptide differing from CGRPCL by only one or three

amino acids in rat and human, respeetively. The mRNA encoding this peptide has been

referred to as CGRPI3 (Amara et al. 1985). The gene encoding this second CGRP peptide

was isolated from a cosmid library and has been shown to not be subjeeted to the

mechanism of alternative gene expression, as no second calcitonin peptide was produced.

Consequently, only the CGRP peptide could be derived from this second gene (Steenbergh

et al. 1986). In general, the distnoution of the hybridization signal for either CGRPCL or

CGRP/3 is similar in the central and peripheral nervous systems (Amara et al. 1985).

However, sorne evidence suggest that these two CGRP-related peptides and their

respective receptors can be differentially distributed in certain tissues such as primary

sensory neurons (Mulderry et al. 1988), intrinsic enteric neurons (Sternini and Anderson,

1992) and the human hypothalamus (Henke et al. 1987). This differential expression

pattern suggests a selective regulation of the CGRP genes. Indeed, dibutyryl cAMP

predominantly stimulates the expression of CGRPI3 gene in thyroid carcinoma cell line

(W'md et al. 1993). Moreover, the levels of mRNA for CGRPCL are increased whereas

those of the CGRPI3 mRNA are decreased or unaltered in rat spinal motoneurons that

were subje~ed to either axotomy, crushing or axonal f10w blockade (Saika et al. 1991;

Piehl et al. 1993; Katoh et al. 1992). These reports aIl support that these two peptides

may be differentiaIly regulated.

It has also been shown that CGRP/3 can have distinct biological activities including

its ability to supress gastric acid secretion (Beglinger et al. 1991; Beglinger et al. 1988).

Fmally, Jansen (1992) showed that the re1axation induced by CGRPCL, but not that of
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CGRP13. in the guinea pig basilar anery was antagonized by the fragment CGRPS_37'

These findings could suggest that the a. and 13 forms of CGRP aet through different CGRP

receptor subtypes although funher studies will be needed to confirm this interesting

possibility.

1.1.1.3 CGRP conformation and structure-activity relationships

Ali species variants of CGRP have 37 residues, aC-terminal (phenylalanyl)amide,

and a disulfide bridge between positions 2 and 7 (Figure 1.2). Circular dichroism and

nuclear magnetic re:onance studies have indicated that CGRP has a solvent-dependent

tendency to adopt a.-he1ical secondary structure. A significant increase in the a.-he1ical

content ofrat CGRP, varying from 20% to 60%, in pure1y aqueous medium over buffer

containing 50% trifluoroethanol :espective1y, has been observed (Lynch and Kaiser, 1988;

Manning, 1989; Breeze et al. 1991). The use oftrifluoroethanol solvent is thought to be

consistent with a role for the membrane lipid-water interface in stabilizing an active

conformation at the receptor leve1. Under these conditions, an amphiphilic a.-helix

conformation betwe<:n residues 8 to 18, two 13-tum structures between residues 17 to 21

and 29 to 34 and a random-coil segment formed by residues 23 to 29 of CGRP have been

suggested (Hubbard et al. 1991; Saldanha and Mahadevan, 1991). Moreover, the

structural characterization of various fragments of hCGRPa. such as hCGRPS_37,

[Cys(ACM)2.7]hCGRPa. and hCGRP19_37 lead to the suggestion that the residues 1 to 7

as weIl as the disulfide bridge have an important role in the stabilization of the a.-helix

whereas the C-terminal residues 19 to 37 do not (Mimeault et al. 1993).

Essentially no biological activity for trypsin- and chymotrypsin-digested fragments

of CGRP has been demonstrated in rat atrial preparations (Tippins et al. 1986), bone

resorption, blood flow and edema (Zaidi et al 1990), indicating that mos! of the intact

sequence is required for biological activity. Furthermore, both N- and C-tenninal regions

seem to be important for agonist activity as the acetylation ofthe N-terminus as weIl as N­

terminal fragments including Alal_Argll, Alal-Serl6 and Alal-ArgiS have revealed a

marked reduction in potency (Zaidi et al. 1990; Maggi et aL 1990). Similarly, the deletion

of the C-terminal phenylalaniiuunide or the C-terminaIly truncated fragments hCGRPI _34,

hCGRPI_3S and hCGRPI_36 have shown marked decrease biological activity (Thiebaud et

aL 1991; O'Connell et al 1993; Smith et aL 1993). Apparently these deletions do not

disrupt the conformation ofthe peptide (O'ConneIl et al 1993).
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The synthetic analogs of chicken and human CGRP were compared for their

calcium and phosphate lowering effeets (Morita et al. 1989) as weil as for the fonnation of

cAMP in a pre-osteoblast cellline (Thiebaud et al. 1991). The chicken CGRP that differs

from the human fonn at only 4 residues (position 3. 14 .15 .23) showed high~r potency

than human CGRP in ail three assays. Interestingly. the substitution of glycine by an

aspartate residue at position 14 in human CGRP confers increased activity. similar to that

of chicken CGRP. The respective substitution at the other residues does not significantly

affect the aetivity of human CGRP (Morita et al. 1989; Thiebaud et al. 1991). These

results thus indicate the importance of the aspartate residue at position 14 to exhibit the

stronger and pro10nged biological activity ofchicken vs. human CGRP.

One of the most exciting findings with respect to CGRP strueture-activity studies

is undoubted1y the potent antagonistic properties of the C-terminal fragment CGRPS•37

(Chiba et al. 1989). Further details on the phannacological characteristics of this CGRP

fragment are provided in Chapters 2 (2.2.2) and 3. Shorter C-terminal fragments

including CGRP12•37 (Dennis et al. 1989), CGRP19_37 (Rovero et al. 1992) and

[TyrJ]CGRP2S_37 (Chakder and Rattan, 1990; Maton et al. 1990) also ail showed

antagonistic properties but with 10wer potencies when compared to the CGRPS•37

fragment. Hence, Mimeau1t et al. (1991) reported that the threonine residue in position 9

is critical for the maintenance of adequate receptor affinity and antagonistic properties. It

thus appears that the amphiphilic et-helix identified bet..veen residues 8 to 18 likely plays a

major role in the interaction of the molecule with the receptor whereas the N-tenninal

loop region may principally be involved in triggering the ensuing signal transduction

process.

1.1.2 Amylin

The present description will be limited only to the most recent findings as well as

sorne biological effects on peripheral tissues as a more complete description is provided in

the Chapter 4 ofthe present thesîs.

Amylin or islet amyloid polypeptide (IAPP) was first isolated trom amyloid fibrils

ofan insulin-secreting human tumor (Westennark et al. 1986; Westennark et al. 1987). It

revea\ed -50% amino acid sequence homology with CGRP (Fig. 1.2). Amylin is a

produet ofpancreatic )3-cells where it is co-Iocalized (Ahrén and Sundler, 1992; Mulder et

al. 1993) and co-released with insulin in response to glucose (Kanatsuka et al. 1989;
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Fehmann et al. 1990a). It was aIso found to be a major constituent of the amyloid

deposits seen in islets of non-insuIin dependent (type 2) diabetic humans and cats (Cooper

et al. 1987). Furthermore, strong amyloidogenic properties are associated with the human

and cat forms of the peptide but not with its rodent counterparts including that of rats and

mice (Westermark et al. 1990; Nishi et al. 1989). The interspecies variation in the amino

acid sequence of residues 25 to 29 of amylin has been shown to play a major roIe in

amyloid deposition in the is1ets of humans vs. their absence in rats. Secondary structure

studies by circular dichroism spectroscopy have revea1ed fundamental differences in the

structures adopted by amylin from human vs. rat species as highly organized a.-helica1

conformation and little structure are observed, respectively (McLean and

Balasubramaniam, 1992). In addition, micromolar concentrations of human (but not rat)

amylin-induced toxicity have been reported in 13-cells of the adult pancreas of rats and

humans (Lorenzo et al. 1994) as weil as in rat primary hippocampal cultures (Mayet al.

1993).

Amylin has been reported to have opposing effects compared to those of insulin.

These include decreased basal and insulin-stimulated rates ofglycogen synthesis (Leighton

and Cooper, 1988) and glucose uptake (Cooper et al. 1988; Tabata et al. 1992).

Increased muscle glycogenolysis, most like1y via the modulation of the glycogen synthase

and phosphorylase, has also been reported for amylin (Deems et al. 1991; Young et al.

1993a; Young et al. 1993b; Lawrence and Zhang, 1994). Moreover, there are conflicting

reports with respect to the direct effects ofamylin on insulin secretion as decreased (Wang

et al. 1993; Silvestre et al. 1993), no effect (Nagamatsu et al. 1990; Inoue et al. 1993) as

weil as increased insulin secretion (Fehmann et al. 1990b) have been reported. Because of

its opposing effects to insulin and its amyloidogenic and neurotoxic properties, amylin has

been proposed to play a prominent role in the pathogenesis of type 2 diabetes (for recent

reviews, see Betsholtz et al 1993; Cooper, 1994). In an attempt to shed Iight on this

issue, Fox et al (1993) developed transgenic mice that overexpress the human amylin

gene. However, amyloid deposits were not detected in these animais suggesting that other

co-existing abnormalities in type 2 diabetes are required for the formation of amyloid

deposits in the islets of Langerhans. The precise role of amylin in the pathology of this

disease thus still remain to be fully established.
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1.1.3 Adrenomedullin

Chapter 5 includes a full description of this recently isolated peptide. Briefly.

adrenomedullin (ADM) is the most recently discovered peptide belonging to the

CGRP/calcitonin peptide family revealing -25% homology with CGRP (Kitamura el al.

1993a). It consists of 52 amino acids and has one intramolecular disulfide bond between

amino acid residues 16 and 21. Both the rnRNA and the peptide, as measured by RNA

blot analysis and radioimmunoassay respectively, have been detected in a variety of human

and porcine tissues including the adrenal medulla, ventricle, lung and kidney (Kitamura el

al. 1993b; Iclùki et al. 1994; Kitamura et al. 1994). Only low amounts of immunoreaetive

ADM-like peptide(s) have been detected in brain cortex (Iclùki et al. 1994).

Similar to CGRP, ADM elicited a potent and long lasting reduction in blood

pressure ir. rats, mainly by inducing a vasodilatation (Islùyama et al. 1993). This effect

may be meciiated through the activation of a single c1ass of high affinity binding sites for

ADM (Kn 1.3 xl0-8M) present in vascular smooth muscle cells (Eguchi et al. 1994)

leading to an increase in cAMP formation (Ishizaka et al. 1994). Interestingly, the

antagonist hCGRPS_37 has been shown to inlùbit, in a dose-dependent fashion, the ADM­

induced increase in cAMP formation (Eguclù et al. 1994). It thus remains to be

established if ADM aets through CGRP receptors or unique ADM receptor sites to

produce its effects.
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1.2 CGRP and the central nervous system

CGRP is one of the most widely distributed peptide in nervous tissues in both

vertebrates and invertebrates. The detailed map of the discrete distribution of CGRP

mRNA, CGRP immunoreactive cell bodies and nerve fibers as well as CGRP receptor

sites have been reported in various species including rat, cal and human brains. and is

summarized in the following sections.

1.2.1 CGRP mRNA containing neurons as revealed by in situ hybridization

Thus far, few laboratories have mapped the distribution of CGRP mRNA in

neurons of the rat central nervous system using in situ hybridization histochemistry

(Amara et al. 1985; Rethelyi et al. 1989; Rethelyi et al. 1991; Kresse et al. 1992). The

distribution of neurons expressing CGRP mRNAs is described here according to these

reports and summarized in Figures 1.3a, b, c (first column).

The highest densities ofneurons expressing the CGRP mRNA have been observed

in the rostral part of the lateraI hypothalamic area as well as in the laterai portion of the

ventral and dorsal parabrachiaI nuclei. Moreover, high amounts ofCGRP mRNA positive

neurons have been seen around the subparafascicular nucleus, the posterior thaIamic

nuclear group, the peripeduncular nucleus and in the laterai subparafascicular nucleus.

The parabigenùDaI nucleus and the laterai superior olive nucleus are aIso densely labeled.

Moderate number ofCGRP mRNA positive neurons has been found in the bed nucleus of

the stria ternùnalis, the nucleus of the laterai olfactory tract, the arcuate hypothaIamic

nucleus, the thaIamic ventroposterior nucleus and in the parafascicular nucleus. The

laterai lemniscus, the reticular paragigantocellular nucleus, the externaI cuneate nucleus

aIso contained a moderate number of cell bodies expressing the CGRP mRNA. Few

CGRP mRNA expressing neurons are reported in the mediaI preoptic nucleus, the zona

incerta, the ventromedial thaIamic nucleus, the ventromediaI hypothaIamic nucleus as well

as the paracentral thalamic nucleus. Few CGRP mRNA labeled cell bodies have been seen

in the pontine nuclei, central gray and in the reticular nucleus.

With the exception of the dorsal motor nucleus of the vagus nerve (X), the

presence ofCGRP mRNA bas been reported in all craniaI nuclei. However, in the motor

nucleus ofthe trigenùnal nerve (V), only a sma\l population of neurons with low levels of
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expression is observed. In contrast, the CGRP mRNA signaIs in most neurons of the

facial, hypoglossal and ambiguus nuclei are intense (Rethelyi el al. 1989; Rethelyi el al.

1991 ).

Almost ail large neurons in the ventral hom of the cervical and lumbar regions of

the spinal cord were labeled with the CGRP probe (Rethelyi el al. 1989) whereas up to

7S% of the motoneurons of the ventral spinal cord (laminae VII-IX) at thoracic 1evel

(CS,T8) were found to express CGRP mRNA

A large number of small and medium size neurons of the rat dorsal root ganglion,

at ail spinal cord levels (cervical to sacral) have also shawn intense hybridization signaling.

Sections of the trigeminal ganglion revea1ed that more than SO% of the perikarya contain

CGRPmRNA.

1.2.2 CGRP immunoreadive structures in the brain

The distribution of immunoreactive CGRP in the rat central nervous system has

been examined in detail by immunocytochemistry (Rosenfeld et al. 1983; Kawai el al.

1985; Skofitsch and Jacobowitz, 1985a; Kruger el al. 1988; Unger and Lange, 1991;

Hares and Foster, 1991; Hôkfelt el al. 1992). Similar to the CGRP mRNA distribution,

CGRP-immunoreactive neurons and fibers are wide1y but unevenly distributed in the

central nervous system, as described in the foIlowing sections. The second column of

Figures l.3a, b, and c provides a summary ofthis description.

1.2.2.1 CGRP-immunoreactive cell bodies

A widespread distribution of CGRP-positive ceIls has been reported throughout

the central nervous system. CGRP-immunoreaetive œIl bodies are present in various

nuclei of the hypothalamus including the preoptic area, the medial preoptic, the

periventricular and the anterior hypothalamic nuclei. The perifomical area and the latera\

hypothalamus-medial forebrain bundle area as weIl as in the premammi1lary nucleus, the

medial amygdaloid nucleus, the dentate gyrus of the ventral hippocampal formation, the

ventromedial nucleus of the thalamus, the- periventricular gray and the p.::rafascicu\ar area,

extending latera1ly over the lemniscus medialis are also enriched with specific CGRP

staining. Moreover, CGRP-positive œlls are found in the peripeduncular area, ventral to

the medial geniculate body, the paràbigeminal nucleus as weIl as in the superior colliculus.
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In the hindbrain, positive cells are found in the central portion of the lateral and medial

parabrachial areas as well as in the ventral tegmental nucleus, the inferior colliculus, the

laterallemniscus, the superior olive and the nucleus tractus solitari.

AIl cranial nuclei of the rat brain have shown positive CGRP-immunoreactive cell

bodies including the oculomotor (III), trochlear (IV), trigeminal motor (V), facial motor

(VII), ambiguus (X) and the hypoglossal (XII) nuclei.

CGRP-Iabeled somata as well as numerous perisomatic fibers have been reported

in various auionomic ganglia such as the ciliary, sphenopalatine, otic, glossopharyngeal­

vagal and submandibular ganglia, that compose the cranial postganglionic parasympathetic

pathways (Silverman and Kruger, 1989; Hardebo et al. 1992). In contrast, only a small

proportion «1%) ofsympathetic principal neurons in the stellate and lumbar sympathetic

ganglia are positive for CGRP immunoreactive-like peptides. Sorne of the neurons in the

stellate and lower lumbar ganglia, that contain both CGRP and vasoactive intestinal

peptide, project to the sweat glands (Landis and Fredieu, 1986). Furthermore, the

sympathetic superior cervical ganglion lacks stained somata but exhibits CGRP­

immunoreactive perisomatic axons. Such axons are probably of sensory origin as few

autonomie parasympathetic preganglionic axons contain CGRP-IR and since in other

sympathetic ganglia, similar perisomatic peptidergic nerve terminais are of somatic sensory

origin (Silverman and Kruger, 1989).

In human, positive perikarya have also been observed in the hypoglossal, facial and

ambiguus nuclei, as weil as in dorsal motor nucleus of the vagus and prepositus

hypoglossal nucleus. In contrast to the rat, the human superior cervical ganglion cells

contain CGRP co-localized with tyrosine hydroxylase-positive cells (Baffi et al. 1992).

1.2.2.2 CGRP-immunoreactive libers

Linùted amounts ofCGRP fiber terminais can be seen in the olfactory bulb as well

as in the medial prefrontal cortex whereas very few fibers are found in most neocortical

areas except the ventral sector of the piriform cortex and in the perirhinal cortex.

Moderately dense networks of CGRP-positive fibers have been observed in the various

thalarnic areas, in the septum, the bed nucleus of the stria terminalis, the central

amygdaloid nucleus and in the caudal and ventral portion of the striatum. Severa!

hypothalarnic nuclei are highly enriched with CGRP-positive fibers, including the media!

preoptic area, the periventricular area, the dorsomedial nucleus, the median eminence and
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the medial forebrain bundle area. In the lower brainstem, the highest concentrations of

fibers have been seen in the superficial layers of the sensory trigeminal areas, with a

moderately dense fiber network in the periaqueductal central gray, medial geniculate body,

parabigeminal nucleus, lateral lemniscus, dorsal part of the interpeduncular nucleus,

parabrachial nucleus, superior olive, coclùear nucleus, nucleus tractus solitari and parts of

the vestibular nuclei.

Notable levels of CGRP-like immunoreactive fibers are distributed in the anterior

pituitary in the rat (Gon et al. 1990). Double-immunostaining experiments proved the

nearly complete co-Ioca1ization with substance P in these nerve fibers (Ju et al. 1993).

CGRP fiber terminais are heavily concentrated in larninae I-ll and in the reticulated

region oflarnina V ofthe dorsal hom of the rat spinal cord (Gibson et al. 1984; Skofitsch

and Jacobowitz, 1985a). The CGRP-containing axons are largely unmyelinated or small­

diameter myelinated and constitute aImost 30% of the primary afferent axons of the

Lissauer's tract, the major afferent input to the superficial larninae of the dorsal hom

(Gibson et al. 1984; Levine et al. 1993). Furthermore, over 80% of spinal afferent

neurons supplying visceral structures including urogenital tract and upper gastro-intestinal

tract are CGRP-immunoreactive (Su et al. 1986). In these and other systems, CGRP­

containing primary afferent fibers are frequently found around blood vessels. CGRP­

immunoreactive fibers have also been noted around the central canal and in a number of

motoneurons ofthe ventral hom (Gibson et al. 1984; Skofitseh and Jacobowitz, 1985a).

In the human brainstem, CGRP-i."Tllllunoreactive fibers are concentrated in dorsal

hom (iarninae I-Ill), spinal trigeminal nucleus, nucleus of the solitary tract and principal

sensory trigeminal nucleus (Unger and Lange, 1991). A moderately dense fiber network

can also be seen in the locus coeruleus as wel1 as in the parabrachial nucleus. Few

scattered CGRP-immunoreactive fibers are found in the central periaqueduetal gray and in

the pars reticulata of the substantia nigra and the medial and lateral lemnisci. In the

ventral hom of the human corel, CGRP-IR is concentrated in lamina IX, especially 0.­

motoneurons (Unger and Lange, 1991), confirming findings obtained earlier in other

species (Gibson et al. 1984). A few positively stained fibers and nerve cel1s have also

been seen in the cuneate and gracilis nuclei (Unger and Lange, 1991). High levels of

CGRP immunoreactive-Iike peptide (as measured by RIA) are reported in the locus

coeruleus (Tiller-Borcich et ai. 1988), pituitary gland (Tschopp et al. 1985), the

substantiageiatinosa and the trigerninal nerve (Skofitseh and Jacobowitz, 1985b).
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1.2.3 Distribution of CGRP receptor sites

Several studies have demonstrated the anatomically discrete distribution of binding

sites for CGRP in the central nervous system in various species, including rat and human

(Tschopp et al. 1985; Henke et al. 1985; Inagaki et al. 1986; Sexton et al. 1986; Kruger

et al. 1988; Dennis et al. 1991; Wimalawansa and E1-Kho1y, 1993). These binding sites

have a discrete distribution (Figure Ua, b, and c; third column) that is distinct from those

previously reported for other neuropeptide binding sites.

High levels of[12SI)hCGRP binding have been reported in the nucleus accumbens,

ventral striatum and tail of the caudate putamen, central and basolateral nuclei of the

amygdala, superior and inferior colliculi, molecular and Purkinje cell layers of the

cerebellum and the inferior olive. Moderate levels of labeling have been seen in the

mammillary body, habenula, substantia nigra, medial geniculate nuclei, central gray,

laterodorsal tegmental nucleus, pontine nuclei, reticular formation, locus coeruleus and the

vestibular nuclei. The dorsal motor nucleus of the vagus (X), nucleus cuneatus lateralis

and nucleus of the solitary tract also show moderate levels of CGRP binding sites. In

conttast, most of the cortical areas, the hippocampal formation, the thalamus and most of

the hypothalamic nuclei exluoit relatively low levels ofspecific CGRP binding sites.

In the rat spinal cord, high densities of [l2SI)hCGRP binding sites have been

observed in laminae 1 and X and the medial portion oflaminae ID and IV, as weil as in the

intermediolateral and intermediomedial nuclei. The substantia gelatinosa (lamina II)

contains relatively lower densities of [l2SI)hCGRP binding sites whereas the ventral horn

is g10baIly not enriched with specific CGRP labeling (Tschopp et al. 1985; Inagaki et al.

1986; Yashpal et al 1992; Rossler et al 1993).

The distnoution of [l2SI)hCGRP binding sites in the human and rat brains is mostly

similar. However, the inferior olive nuc1ei and the cerebellum in man contain higher

densities of CGRP binding as compared to the rat. Similarly, the arcuate nucleus of the

human medulla oblongata exluoits an abundance of binding sites (Tschopp et al. 1985;

Inagaki et al. 1986). In conttast, the rat nucleus accumbens is enriched with CGRP

labeling whereas the human is not as weil endowed with CGRP labeling (Dennis et al.

1991)
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Figure 1.3a Summary of CGRP mRNA (+, tirsl column), CGRP·like immunoreaclive liber Iracl (e, second column), CGRP-like
Immunoreaclive cell body (*, second column) and CGRP binding siles in raI brain (_, Ihird column). AbblBviations: Acb.
accumbens nucleus; AOP. anlerior olfaclory nucleus; BBT, bed nucleus of (he stria lermlnalis; Cg, clngulale cortex; CPu, caudale putamen
(slrialum); fml, forceps minor of the corpus callosum; FBtr, fundus slriall; LB. laIerai septal nucleus; MPA, medial preoplic area; Pir, plrirorm

t;; cortex; n. lenla lecta.
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Figure 1.3b See legend Figure 1.3a. Abbreviations: AHA, anlerior hypolhalamic area; APir, amygdalopiriform transition area; Arc,
arcuate hypothalamlc nucleus; Bl, basolaleral amygdaloid nucleus; CG, cenlral periaqueductal gray; CPu, caudale pulamen (strialum); DG,
dentale gyrus; DM, dorsomedial hypolhalamlc nucleus; GP, globus pallidus; Hb, habenular; la, laIeraI amygdaloid nucleus; Me, medial
amygdalold nucleus; MG, medial geniculale nucleus; MP, medial mammlllary nucleus; PaAP, paravenlricular hypolhalamic nucleus; Pir,
plriform cortex; Re, reunlens thalamlc nucleus; RPC, red nucleus; SNR, substantia nigra; Te, temporal cortex; VM, venlromedial lhalamic
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Figure 1.3c See legend Figure 1.3a. Abbrevialions: 2, cerebellar lobules; la, cerebellar lobules; Amb, amblguus nucleus; CG, central
periaqueductal gray; CIC, central nucleus of the Inferior coll/culus; DR, dorsal raphe nucleus; DTg, dorsaltegmental nucleus; 10, Inferior olive;
LL, laterallemnlscus; LPGI, lateral paraglgantocellular nucleus; Mo5, motor trlgemlnal nucleus; PB, parabrachJal nuclel; PBG, parabigeminal
nucleus; Pn, ponllne nuclel; Pr5, principal sensory trigemlnal nucleus; PrH, preposilus hypoglossal nucleus; RITg, rellculotegmental nucJeus of
the pons; SO, supraopllc nucleus; Sp5, splnaltrigemlnal nucleus; SuG, superficlal gray layer of the superior coll/cujus; Ve, vesllbular nuclei.



1.2.4 Mismatches

Generally, the widespread distribution of CGRP mRNA synthesizing neurons, as

revealed by in situ hybridization, is in agreement with the localization of the reported

CGRP-immunoreactive celIs. However. no CGRP mRNA has been detected in the

dentate gyrus as weII as in various regions of the amygdaloid body whereas numerous

CGRP-immunoreactive celIs have been found in these regions. Moreover, in si/ll

hybridization studies did not correlate with findings of CGRP immunoreactivity in the

inferior colliculus, pedunculopontine, tegrnental and medulIary raphe nuclei. In contrast,

in situ hybridization data revealed the presence of CGRP mRNA expression in the nucleus

of the lateral olfactory tract whereas no CGRP-immunoreactive celIs have been reported

in this area.

Similarly, the distribution of CGRP binding sites corresponds rather weII with that

of CGRP-immunoreactive perikarya and fibers. However, apparent mismatches are also

seen. For example, in the thalamus and hypothalamus, two areas enriched with CGRP

fibers, only few binding sites have been reported. Moreover, in the inferior olive complex

and the molecular layer of the cerebelIar cortex, little or no immunoreactivity for CGRP

bas been found in adult brain whereas very Iùgh densities ofCGRP binding sites have been

located in these two structures (Kruger et aL 1988). On the other hand, transient

e.xpression ofCGRP-like immunoreactivity bas been observed in the olivo-cerebelIar fibers

during development suggesting a role for CGRP in the cerebelIum at least at the neonatal

stages in the rat (Morara et al. 1989; Provini et al. 1992). In agreement, CGRP

immunoreactive fibers were reported to be mainly confined to terminal-like structures that

apposed Purkinje celIs at the rat neonatal stages. However, species differences exist in

regard to CGRP-like immunoreactivity in cerebellar afferents. Indeed, positive CGRP-Iike

staining in the cat cerebelIar cortex is localized in mossy fibers arising !Tom neurons

located in the lateral reticular, extemal cuneate and inferior vestibular nuclei, as weil as

!Tom the basilar pons (Sugimoto et al. 1988; Bishop, 1992).

In human, the density of [l2SI)hCGRP binding sites has been reported to be high in

the ventral part of the spinal cord whereas correspondingly low levels of endogenous

CGRP have been quantified except in lamina IX (a-motoneurons) (Unger and Lange,

1991). In contrast, the pituitary gland is devoid of [l2SI)hCGRP binding but contains Iùgh

concentrations of CGRP-like peptides (Tschopp et al 1985). Fmally, differences are seen
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between rat and human CGRP leveIs in subcortical nuc1ei such as striatum and amygdala

as high and low CGRP Ievels have been seen, respectively (Tiller-Borcich et al. 1988).

Overall, the respective distribution of CGRP mRNA, CGRP-like immunoreaetivity

and CGRP binding sites, throughout the brain, are in rather good agreement. The source

ofsorne ofthe minor discrepancies may include the sensitivity ofthe various assays as weil

as the use of human CGRP probes in the rat brain. However, the role of CGRP in arcas

such as in the adult cerebellum in which major differences have been observed remains to

be c1arified.

1.2.5 Fiber pathways containing CGRP

CGRP-immunoreactive structures are widely distributed in the brain suggesting the

involvement ofthis peptide in various brain functions, especially in specific sensory, motor

and integrative systems. The main CGRP pathways are descnbed in the following sections

and summarized in Figure 1.4. For an extensive review on immunohistochemical

localization and functional aspects of CGRP in peripheral sensory branches, see Ishida­

Yamamoto and Tohyama (1989).

A group of primary olfaetory fibers that terminate in the g10merular layer of the

olfaetory bulb express CGRP-Iike immunoreactivity, suggesting that CGRP may play a

role in olfaction. Accordingly, CGRP binding sites have been observed in the olfaetory

system inc1uding in the mitral and plexiform celllayers ofthe bulb and in the accessory and

anterior olfaetory nuc1ei. In addition, olfaetory-related areas such as the diagonal band,

olfaetory tuberc1e, lateral and basolateral amygdaloid nuclei and the primary olfaetory,

periamygdaloid and entorhinal cortiees have been reported to contain few CGRP binding

sites. Interestingly, when applied to cultured mouse olfaetory bulbs, CGRP has been

shown to increase the number oftyrosine hydroxylase-expressing neurons in vitro (Denis­

Donini, 1989). On the ot.'ler hand , a1though a few CGRP-stained receptor ce11s have been

observed in sorne regions ofthe epithe1iurn, the peptide was hardly deteetable within most

olfaetory receptor neurons during development (Baker, 1990), as weil as in response to

lesions capable ofincreasing the number ofmaturing receptor ceIIs (Biffo et aI. 1990). It

thus remains unc1ear if CGRP is directly involved in the differentiation of dopaminergic

olfaetory bulb neurons (Fmger and Bôttger, 1992).

The numerous CGRP-immunoreaetive fibers in the caudal portion of the caudate­

putamen seem to be ofextrinsic origin, as few ifany CGRP-immunoreactive perikarya are

19



present in this region (lnagaki et al. 1990). By the use ofimmunohistochemistry. selective

knife cuts, retrograde tracer and electrolytic lesions, the main origin of the CGRP­

thalamostriatal projection to the caudal portion of the caudate-putamen has been located

within the posterior thalamus with a caudal extension toward the ventral and medial

borders of the medial geniculate nucleus (Kubota et al. 1991). In addition. a few CGRP

neurons located in the thalamus projeet to centrai amygdaloid subnuclei (Yasui et al.

1991). However, most of CGRP terminais projecting to central amygdaloid subnuclei

originate from cell bodies in the parabrachial nucleus of the pons. It has been suggested

that the overlap between acoustic and somesthetic inputs in the posterior thalamus, and

the projection from this region to the amygdala and the striatum is the anatomicai

substrate for the formation of learned associations between acoustic stimuli and pain

(Yasui et al. 1991). Indeed, simi1ar to the interruptions of the pathways connecting the

posterior thalamus to the amygdala and striatum, it has been observed that bilateral

destruction in the region of the medial geniculate nucleus or of the amygdala and striatum

prevents the changes in autonomie activity and behavior e1icited by acoustic conditioned

stimuli (lnagaki et al. 1990). It is thus likely that the CGRP-immunoreactive projections

from the posterior intraiaminar complex to the amygdala and striatum may play a role in

the mediation ofthese autonomic and behavioral responses to acoustic stimuli. In support

of this hypothesis, CGRP has been reported to be involved in the facilitation of learning

and memory processing as it enhances the acquisition. consolidation and retrieva1 of a

passive leaming task (Kovâcs and Telegdy, 1992a). The effeets of CGRP on learning

could be blocked by pre-treatment with either a serotonergic, J3-adrenergic or opioid

receptor antagonists (Kovâcs and Telegdy, 1992a; Kovâcs and Telegdy, 1992b; Kovâcs

and Telegdy, 1994), suggesting that CGRP modulates several systems that are involved in

these behaviorai effeets.

CGRP-containing cells have been detected in the superior olivary nucleus, in the

area medial to the medial geniculate body and at a lower density, in the laterallemniscus.

In addition, positive fibers have been detected in the inferior colliculus and the lateral

lemniscus suggesting a role for CGRP in audition although no direct functional data are

available at present.

Following the injection of a retrograde tracer into the cochtea, the labeling of

CGRP neurons has been observed in the ipsitateral lateral superior olive nucleus

(Sitverrnan and Kruger, 1989; Simmons and Raji-Kubba, 1993). Most ofthese fibers have

been found in the inner spiral bundle under the inner haïr ce\Is and form synaptic contacts
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with afferent terminais on the inner hair cells (Ohno et al. 1993). In addition, the presence

of a cholinergiclCGRP vestibular efferent system that feeds back on the primary sensory

fibers and receptor hair cells in the cochlea has been reported (Ohno et al. 1991; Ohno et

al. 1993). Indeed, injection of a retrograde tracer into the vestibular end-organs labeled

CGRP cells located just dorsolateral to the genus of the facial nerve that corresponds to

one of the three main origins of this vestibular efferent system. Furthennore, CGRP and

acetylcholine have been shown to coexist in neurons of ':he facial nerve projeeting to the

vestibular end-organs (Ohno et al. 1991). The functional interactions between CGRP and

acetylcholine in this system are still unclear as excitatory and inhibitory functions for

CGRP and acetylcholine respectively, have been reported (Sewell and Starr, 1991; Ohno

et al. 1991). Thus, the precise role ofCGRP-immunoreactive fibers innervating cochlear

as weil as vestibular sensory receptor cells is not apparent.

CGRP is expressed in various neurons associated with taste including, sensory

fibers endings in taste buds and the central projections of these fibers terminating in the

rostral part of the nucleus of the solitary tract as weil as in the relay system originating

from the parabrachial nucleus and projecting to the thalamic nucleus and in cortical areas

(e.g. posterior agranular insular area) involved in taste pathways. Most motor neurons in

the hypogiossa1 nucleus (XII) are also CGRP-positive. Sinùlarly, CGRP binding sites

have been observed in the multisynaptic gustatory pathway including in the nucleus of the

solitary tract, the parabrachial nuclei, the central amygdaloid nucleus, the ventromedial

posterior nucleus ofthe thalamus and the insular cortex. The presence ofboth CGRP-like

immunoreactivity and CGRP binding sites in the olfactory and gustatory systems suggests

that this peptide may have a functional effect in ingestive behavior. Indeed,

intracerebroventricular administration of CGRP has been reported to produce a decrease

in food intake (Krahn et al. 1984; Tannenbaum and Goltzman, 1985; Jolicoeur et al.

1992). Some areas of the brain known to be involved in feeding such as the lateral and

paraventricular nuclei of the hypothalamus and the perifornical and zona incerta areas, ail

contain low to moderate levels of CGRP binding sites. As ilIustrated in Figure 1.4, the

latera\ portion of the dorsal parabrachial area contains a significant amount of CGRP

neurons that project to the ventromedial hypotha1amic nucleus that is considered as one of

the major satiety center (Swanson, 1987). The lesion of the latera\ portion of the

parabrachial area, that comprises CGRP and CCK expressing neurons, induced

hyperphagia and obesity whereas its stimulation cansed hyperg1ycemia (Nagai et aL 1987).

Moreover, the inhibition of gastric acid secretion has been observed following
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intracerebroventricular injection of CGRP (Taché et al. 1984a; Lenz et al. 1984; Kraenzlin

et al. 1985). Gastric acid secretion appears to be influenced by the lateral and

ventromedial regions of the hypothalamus as weU as the central amygdaloid nucleus

(Skofitsch and Jacobowitz, 1992), supporting a role for CGRP in these pathways.

As described earlier, CGRP is present throughout the parabrachial nucleus and in

the caudal and intermediate part of the nucleus of the solitary tract, suggestive of its role

in the relay of visceral sensory information from the vagus and glossopharyngeal nervc

(Sykes et al. 1994). This pathway appears to mostly arise from the parabrachial and

peripeduncular nuclei and to project to various areas including the lateral hypothalamus,

the central nucleus of the amygdala, caudal parts of the caudate-putamen and globus

pallidus, the lateral septal nucleus and bed nucleus of the stria terminalis and to layer III of

the agranular insular and perirhinal cortices (Rosenfeld et aL 1992; Takahashi et al. 1994).

The presence of CGRP in vagal sensory afferents has been implied as a result of the

marked reductions in CGRP-like immunoreactivity seen in the nucleus of the solitary tract

and area postrema foUowing unilateral nodose ganglionectomy in the cat (Torrealba,

1992). In addition to the CGRP-containing ceUs in the inferior ganglia of the vagal nerve,

glossopharyngeal nerve geniculate ganglion also terminates in the medial part of the

nucleus of the solitary tract. A number of CGRP neurons have been located in the caudal

portion of the nucleus ofthe solitary tract suggesting their potential association with vagal

and glossopharyngeal nerve afferents. This relationship could relate to the effects of

CGRP on cardiovascular functions including baroreceptor reflexes.

A high quantity of CGRP-immunoreactive neurons are located in the parabrachial

area, an important relay center for the processing of autonomic-related information such

as cardiovascular, respiratory and sleep regulations. The laterai parabrachial nucleus is

particularly implicated in the regulation of cardiovascular functions and projects to a

variety of forebrain structures including the central nucleus of the amygdala and bed

nucleus of the stria tenninalis (Ju, 1991). Neurotensin- and CGRP-containing neurons

have been descn"bed in these pathways (Shinohara et aL 1988). Recently, Harrigan et al

(1994) showed that over 35% of the corticotropin releasing factor neurons in the central

amygdaloid nucleus are contacted by CGRP terminais that mainly originate from the

parabrachial nucleus. Consistent with the anatomica1 distn"bution, microinjections of

CGRP into the central nucleus of the amygdala e1icit increases in arterial blood pressure

and heart rate in the rat (Nguyen et al 1986). Moreover, CGRP neurons that have been

identified within the parabrachial area are in contact with serotoninergic and non-
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serotoninergic neurons within the dorsal raphe (petrov el al. 1992). The latter are

implicated in the modulation of autonomie funetions.

Finally, CGRP neurons are found throughout the parabigeminal nucleus that

projeets essentially to the superior colliculus. Concomitantly. the high density of CGRP

binding sites in the superficiallayers of the superior colliculus and its low densities in the

lateral geniculate nucleus suggest its involvement in the visual system.

1.2.6 CGRP-induced behavioral changes

The central admi."listration of CGRP produces a unique profile of neurobehavioral

effects, including the reduetion of the frequency and amplitude of spontaneous growth

hormone secretory pulses (Tannenbaum and Goltzman, 1985), hyperthermia (Jolicoeur el

al. 1992), catalepsy (Jolicoeur el al. 1992; Clementi el al. 1992) and reduced motor

activity (Jolicoeur el al. 1992; Clementi el al. 1992). Furthermore, CGRP increases

haloperidol-induced catalepsy and decreased apomorphine-induced hypermotility

(Clementi el al. 1992). A1though these behaviors are known to be related to dopamine. no

significant change of striatal dopamine or DOPAC concentrations have been observed

after the central administration of CGRP (Clementi el al. 1992; Drumhel1er el al. 1992).

However, the direct administration of CGRP into the rat ventral tegmental area resulted in

a dose-related selective increase in dopamine utilization in the medial prefrontal cortex but

not in other mesocortica1, mesolimbic or striatal dopaminergic terminal field regions

(Deutch and Roth, 1987). These effects of CGRP on dopamine turnover are likely to be

indirect as the density of (l2SI]hCGRP binding sites in the nucleus accumbens was not

modified fol1owillg the injection of 6-hyc!roxydopamine into the ventral tegmental area,

hence suggesting that CGRP binding sites are not located on the dopaminergic nerve

terminais (Masuo et al 1991). Moreover, Orazzo et al (1993) detected large CGRP

immunoreactive neurons in the ventral tegmental area that are not tyrosine hydroxylase

immunoreactive. In contrast, CGRP-like immunoreactivity has been observed in

dopaminergic neurons of the AlI ceI1 group. These dopaminergic neurons are located in

the periventricular gray matter at the border between the hypothalamus and the

mesencephaion and project to the spinal cord (Orazzo et al. 1993).

Fol1owing an iontophoretic application, CGRP predominantly depresses neuronal

firing in the rat forebrain (Twery and Moss, 1985). Likewise, central injections of CGRP

are effective in inhibiting nociceptive responses in the rat by inhibiting the neuronal
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thaIamic firing evoked by peripheraI noxious mecharùcaJ stimuli (pecile et al. 1987). III

agreement with a modulator role of CGRP on these neurons, primary afferent CGRP

fibers make synaptic contacts with spinothaIamic tract cells in laminae 1-V (Carlt~n et al.

1990). It is aIso known that centra! administrations of CGRP produce antinociception in

the mouse as measured in the hot plate and formaIin tests while being ineffective in the tail

flick test (Welch et al. 1988; Candeletti and Ferri, 1990).

Finally, the intracerebroventricular administration of CGRP produces

concentration-dependent elevations of mean arteriaI pressure and heart rate by inducing a

prompt rise in plasma noradrenaline levels (Fisher et al. 1983; Kuo et al. 1994). On the

other hand, CGRP has been reported to inhibit eleetricaJly stimulated-evoked release of

noradrenaline in rat hypothalamic slices, partially by acting through dihydropyridine­

sensitive Ca++ channeIs (Tsuda et al. 1992).

1.2.7 CGRP and motoneurons: development and functions

ImmunocytochemicaJ detection of CGRP shows that this peptide is present in

motoneurons in embryonic chicks and rats as well as in the adult (Gibson et al. 1984;

Villar et al. 1989; Forger et al. 1993). Motoneurons themselves synthesize CGRP that is

then transported to the neuromuscular junction (popper and Micevych, 1989). CGRP

coexists with acetylcholine in the nerve terminals of the rodent neuromuscular junction

(Takarni et al. 1985). In rat phrenic nerve-hemidiaphragm preparations, CGRP increases,

in a dose-dependent manner, the twitch contractio.l induced by nerve or transmura!

stimulation with a concomitant increase in cAMP levels (Uchida et al. 1990). However,

CGRP, by itself: has no effect in such a preparation (Takami et al. 1985).

Severa! reports suggest that CGRP might play an active role in the formation ofa

functional synapse at the level of the neuromuscu\ar junction. The time course of

appearance of CGRP-immunoreactive motoneurons parallels that of the formation of

neuromuscu1ar synapses during chick development (New and Mudge, 1986; Vùlar et al.

1989) and high affinity CGRP binding sites have been observed in chick myotubes in

culture (Jennings and Mudge, 1989) and chick skeletal muscle membrane preparations

(Roa and Changeux, 1991). Severa! effects ofCGRP on striated muscle have also been

reported including the induction ofan increased level of surface acetylcholine receptors in

cultured chick myotubes main1y by enhancing the rate of synthesis and insertion of new

acetylcholine receptors into the plasma membrane (Fontaine et al 1986; New and Mudge,
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1986), an increase in the rate of desensitization of nicotinic receptors produced by a

decrease of the acetylcholine-aetivated channel opening frequency (Mul1e et al. 1988) and

a regulation of the phosphorylation state of the nicotinic acetylcholine receptor in rat

myotubes (Miles et al. 1989). Ail these effects are likely mediated by increased levels of

intracel1ular cAMP. Furthermore, daily treatment with CGRP suppresses the disuse­

induced terminal sprouting without altering the increases in transrniner release in the rat

neuromuscular junction (Tsujimoto and Kuno, 1988). More recently. CGRP was shown

to enhance the postsynaptic response at developing neuromuscular junetions by increasing

the burst duration of acetylcholine channels in I-day-old Xenopus nerve-muscle cultures

(Lu et aL 1993). This CGRP-induced potentiation of the acetylcholine response was

mediated by protein kinase A However. this potentiating effeet ofCGRP may occur only

during an early phase of synaptic development as no effeet of CGRP on acetylcholine

channel burst duration was observed in 3-day old culture (Lu et al. 1993). Finally. CGRP

has been reported to inhibit the insulin-stimulated synthesis of glycogen and to stimulate

glycolysis in marnmalian skeletal muscles (Leighton and Cooper, 1988). Taken together,

these findings suggest that CGRP most llkely play a role in the formation, maintenance

and normal functioning ofthe neuromuscular junction.

There is evidence to suggest that the levels of CGRP may be influenced by

axotomy of motoneurons. Sciatic nerve section or facial nerve crushing in rat induces a

transient increase in the levels ofimmunoreactive CGRP and CGRP rnRNA in axotomized

motoneurons (Arvidsson et aL 1990a; Pielù et aL 1993; Saika et al. 1991). This increase

could indicate that CGRP is important for the acute survival of severed motoneurons, o\"

for the early stages of regeneration by exerting a trophic action on the damaged

motoneurons. In the same way, blockade ofaxonal f10w increases the expression of

CGRPa rnRNA in motoneurons (Katoh et al. 1992). Interestingly, levels of CGRP in

motoneurons are alse sensitive to deafferentation. Low thoracic spinal cord transection

which deprives lumbar motoneurons of supraspinal inputs results in decreased CGRP-like

immunoreactivity (Marller et al. 1990). In contrast, fol1owing neurotoxin-induced

denervation of bulbospinal raphe neuronal inputs, in which CGRP is co-Iocalized with

serotonin (Arvidsson et al 1991; Arvidsson et aL 1990b), increases in CGRP-like

immunoreactivity have been observed in the ventral thoracolumbar cord (Fone, 1992).

Globally, these studies suggest the existence of supraspinal influence on the expression of

CGRP in the motoneurons.
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1.2.8 CGRP and sensory neurons

CGRP-immunoreactive cells constitute 40 to 50% of dorsal root ganglia neurons

(Gibson et al. 1984; lu et al. 1987; Levine et al. 1993). Primary somatosensory systems

containing CGRP, originating from the trigeminal ganglion, terminate in the spinal

trigeminal nucleus and those from the dorsal root ganglion project to the dorsal horn of

the spinal cord and the dorsal column nuclei (Kruger et al. 1989; Polù et al. 1990; Vùlar et

al. 1991; Alvarez et al. 1993). Dorsal rhizotomy induces CGRP depletion (85%) witlün

the ipsilateral dorsal zone ofthe spinal cord (polù et al. 1990) whereas CGRP mRNA and

immunoreactivity are increased in the dorsal root ganglia. These increases are Iikely due

to the effeets of nerve growth factor supplied from the peripheral target(Inaishi et al.

1992). Moreover, the expression of CGRP was reduced in the dorsal root ganglia in

response to periphera! axotomy (Villar et al. 1991; Inaishi et al. 1992).

Since a neonatal capsaicin treatment destroys a large proportion of primary

afferent nerves, it is not surprising that it also significantly reduces the level of CGRP in

the do:"Sa1 horn ofthe spinal cord (Gibbins et al. 1987a; Polù et al. 1990). While CGRP­

positive cells are mairùy sensory neurons with fibers of slow conduction velocities

(unmyelinated C and smal1 myelinated AS fibers), 10 to 15% ofCGRP-positive cel1s have

been identified as AcxIf3 neurons. At the ultrastruetural level, CGRP-Iabeled varicosities

form asymmetric synapses on dendritic spines or neuronal sornata and rarely establish

glomerular synaptic complexes in cat and monkey (Traub et al. 1990; Alvarez et al. 1993;

Henry et al. 1993; Ribeiro da Silva, 1994). These synaptic glomeruli are thought to play

an important role in sensory transmission. It also appears that the CGRP content in

primary afferent neurons is largely independent ofthe nature ofthe innervated target tissue

(Levine et al. 1993; Hoheisel et al. 1994).

In severa! instances, CGRP bas been shown to coexist with other peptides in

sensory afferents (Ju et al. 1987; Gibbins et al. 1987a; Zhang et aL 1993). For example,

CGRP has been found with up to three other peptides (substance P, cholecystokinin,

dynorphin) in the same neuron ofthe guinea pig dorsal root ganglia (Gibbins et al. 1987a).

CGRP- and substance P-like immunoreactivity are even co-Ioc:alized in the same large

dense-core vesicle in dorsal root ganglia neurons (Gulbenlàan et al. 1986). Numerous and

morphological1y different neuronal structures of the human trigeminal sensory system

contain CGRP-like immunoreactivity. Co-existence with substance P occurs in about 25%

ofthese CGRP-immunoreactive neurons (Quartu et al. 1992). Finally, more than 75% of
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CGRP-like immunoreaetive sensory fibers associated with the epidennis have also been

shown to contain somatostatin (Gibbins et al. 1987b).

The 10ca1ization of CGRP in small dorsal root ganglion neurons and in the major

sites of tennination of nociceptors suggests that CGRP may participate in nociceptive

transmission. Amongst the many peptides that are located in dorsal root ganglion

neurons, CGRP provides one of the best examples of a neuromodulator, in the sense of a

molecule that exerts limited effeets by itself; and yet dramatica11y potentiates the effects of

others such as substance P. For exarnple, Biella et al. (1991) reponed that concentrations

of CGRP that by themselves had linle or no consistent effect, markedly potentiated the

excitatory action of substance P or a noxious stimulation in the rat dorsal horn neurons in

vivo. Likewise, intrathecal administration of CGRP in the rat cord, while not evoking a

caudally-direeted scratching-biting behavior suggestive of nociceptive effec!, potentiates

this behavior following the intrathecal administration of either substance P (Wiesenfeld­

Hal1in et al. 1984) or somatostatin (Wiesenfeld-Hallin, 1986). Although the mechanism

by which CGRP can potentiate the effeets of substance P is not c\ear, there is evidence

that CGRP may retard the enzymatic degradation of substance P (Le Greves et al. 1985;

Le Greves et al. 1989; Mao et al. 1992). CGRP has also been shown to enhance the

release of substance P (Oku et al. 1987) and more recently, of excitatory amino acids

(Kangrga et al. 1990) from primary afferent fibers, hence possibly leading to the increased

activity ofthese transminers.

Funhermore, intrathecal administration ofCGRP has been reponed to facilitate the

spinal nociceptive flexor reflex in rats (XU et al. 1990) whereas at low doses, an

anenuation of the facilitation of the tail flick reflex induced by either substance P or

noxious cutaneous stimulation was reponed by Cridland and Henry (1989). Consistent

with the notion that CGRP is contributing to nociceptive processing in the dorsal horn,

Morton and Hutchison (1989) using the antibody microprobe technique, found that

noxious thermal, mechanical, or electrica1 stimulation evokes the release of CGRP in the

superficial dorsal horn. Moreover, the intrathecal administration of antisera to CGRP has

an ana1gesic effeet on thermal and mechanica1 noxious stimuli (Kawamura et al. 1989).

Accordingly, iontophoretica11y applied CGRP produces a slower onset but prolongs

excitation of nociceptive dorsal horn neurons in vivo (Miletic and Tan, 1988). ln vitro

studies have also demonstrated that CGRP produces a slow depolarization by a direct

action on nociceptive dorsal horn cells (Ryu et al. 1988a). In addition, CGRP increases

Ca++ conductance in rat dorsal root ganglion celIs (Ryu et al. 1988b; Oku et al. 1988) and
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in cat parasympathetic gangIia (Nohmi et al. 1986). In contrast, no pain-related

behavioral effeets have been measured following the intrathecal injection of CGRP in mice

(Garnse and Sana, 1986; Welch et al. 1989).

Noxious sensory stimuli aIso evoke adrena1 and autonomic responses that remain

to be better charaeterized. Microinjections of CGRP into laminae I-ll of the trigeminal

caudalis subnucleus increased significantly the secretion of catecholamines from the

adrenal glands, the adrenal blood flow and vascular conductance as well as the mean

arterial pressure and heart rate consistent with an activation of nociceptive mechanisms

(Bereiter and Benetti, 1991). In contrast, injection of CGRP into the deeper

magnocellular laminae (V-VI) of the same nucleus had no effeet on cardiovascular

funetion, a1though a decrease in the adrenal secretion ofcatecholamines has been observed

(Bereiter and Benetti, 1991).

Taken together, CGRP plays a role in the transmission of nociception in the rat

spinal cord like1y as both a neuromodulator and a neurotransmitter. The precise

mechanism of interactions with other nociceptive neurotransmitters in the spinal cord such

as substance P, glutamate and opioids remains to be fully determined.

29



1.3 Biological activities in other systems

1.3.1 CGRP effects on cardiovascular system

CGRP-like immunoreaetivity has been reported in vanous species including

human, to be broadly distributed within the cardiovascular system consisting in a dense

peripheral sensory network innervating the arteries, veins and heart (Mulderry et al. 1985;

McCuIloch et al. 1986; Edvinsson et al. 1987a; Edvinsson et al. 1987b; Franco Cereceda

et al. 1987). In the heart, the atrial myocardium contains the highest density of CGRP

fibers. Moreover, the trigeminal ganglion consists of a large number of CGRP­

immunoreactive nerve cell bodies. Some of these neurons projeet to cerebral arteries as

following unilateral section ofthe trigeminal nerve, a pronounced reduetion in the levels of

CGRP and substance P has been observed in the middle cerebral arteries (McCuIloch et al.

1986). Several studies have shown that CGRP and substance P co-exist in a sub­

population of sensory neurons innervating the cerebral circulation (Lundberg et al. 1985;

McCuIloch et al. 1986; Gibbins et al. 1987a). Furthermore, there is ultrastruetural

evidence for the co-localization of CGRP and substance P in large granular vesicles in

trigeminal ganglion cells and in perlpheral nerve fibers around blood vessels (Gulbenkian

et al. 1986; Gulbenkian et al. 1990). Similar to the distribution of CGRP-like

immunoreactivity, specific binding sites for CGRP have been deteeted in heart and blood

vessels (Sigrist et al. 1986; Coupe et al. 1990; Knock et al. 1992). Receptor

autoradiography with [I2SI]CGRP revealed the presence of specific sites in the intima and

media of the aorta, the coronary arterles and the heart va1~ (Sigrist et al. 1986). In

membrane homogenates ofthe rat heart, specific [I2SI]CGRP binding is highest in the atria

as ooly small amounts have been deteeted in ventricles.

CGRP is one of the MOst potent vasodilating substance known thus far. Indeed.

following intravenous infusion of as Iittle as femtomolar concentrations, this peptide

induces profound vascular response in various species, including human (Brain et al. 1985;

Girgis et al. 1985; Marshall et al. 1986b; Struthers et al. 1986; Gardiner et al. 1989).

Besides producing a decrease in vascular resistance, CGRP increases the rate and force of

contraction of the heart (Tippins et al. 1984; Gennari and FISCher, 1985; Marshall et al. .

1986a; Wang and Fiscus, 1989). However, during infusion oflow doses of CGRP (0.06

nmollh) in conscious rats, decrease in carotid, renal, mesenteric vascular resistance have
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becn observed whereas the mean arterial pressure was not significantly affected. Higher

doses of CGRP (6.0 nmoIlh) were required to decrease the mean arterial pressure and

increase the heart rate (Gardiner et al. 1989; Gardiner et al. 1990b). In addition, the atrial

contractile effects of CGRP were not significant when the atria preparations were

previously treated with CGRP indicating that desensitization to CGRP occurred (Sigrist et

al. 1986; Fisher et al. 1988). This is in contrast to the vasodilatory effects of CGRP that

are not accompanied by tachyphylaxis (Franco Cereceda, 1991).

CGRP aIso potentiates the local effects of inflammatory agents including

histamine, leukotriene B4, N-fonnyl-methionyl-ieucyl-phenylalanine (FMLP), platelet­

activating factor (PAF), bradykinin and substance P (Brain and Williams, 1985; Hughes

and Brain, 1991; Cruwys et al. 1992), essentially through its vasodilating properties. On

the other hand, CGRP has a1so been shown to modulate immune cells such as T-he1per

cells (Wang et al. 1992), B ce1ls (McGillis et al. 1993) and neutrophils (Richter et al.

1992). In addition to its direct effects on B cells and neutrophils, CGRP may mediate

indirect influences via an inhibitory action on T-he1per cells that subsequently modulate B

ce1ls and neutrophils (Wang et al. 1992).

1.3.1.1 Clinical applications

Despite considerable debate conceming the pathophysiology of migraine, there is

general agreement that the cranial vessels play some role either in the pathogenesis or in

the expression ofthe migraine syndrome (Edvinsson, 1991). The trigeminaI innervation of

the cerebral circulation with sensory fibers provides the substrate for pain of intracranial

origin. Substance P and CGRP are be1ieved to be the main two sensory neuropeptides in

the cerebral circuIation. In patients with an attaek ofmigraine, CGRP levels were elevated

in the cranial circulation but not in peripheral blood No significant changes have becn

reported for either substance P or neuropeptide Y levels (Goadsby et al. 1990; Goadsby

and Edvinsson, 1993). The specifie e1evation of only CGRP in patients suffering from

migraine potentially provides a link between the basic anatomical and physiological

observations on the trigeminaI vascular system and migraine. More recently, Wahl et al

(1994) reported the invo...ement of both CGRP and nitric oxide in the first and transient

increase in cerebral blood flow in cats. These findings are in agreement with a potential

role ofCGRP and nitric oxide in the genesis ofmigraine.
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CGRP and substance P contained in the trigeminovascular system are also believed

to be involved in the vasomotor events occurring after subarachnoid haemorrhage. A

large increase in cerebrospinal f1uid content of both peptides were detected 30 min after

the induction of a subarachnoid haemorrhage (Tran Dinh et al. 1994; Juul et al. 1994).

Interestingly, infusion of CGRP improved, with no adverse effects, the neurological

deficits after intracranial aneurysm surgery for subarachnoid haemorrhage in 9 of 15

patients compared to 2 of 15 patients after placebo infusion (Johnston et al. 1990;

European CGRP in Subarachnoid Haemorrhage Study Group, 1992). These observed

effects of CGRP in this group of patients strong1y support that it would be worthwhile to

funher pursue this avenue forward the clinical use of CGRP like molecules in the

treatment ofsubarachnoid haemorrhage.

In patients with chronic congestive heart fai1ure, the short term or prolonged

infusions of CGRP had beneficial effects with an increased cardiac output and lowered

blood pressure without change in heart rate (Shekhar et al. 1991; Gennari et al. 1990;

Dubois-Randé et al. 1992). Acute myocardial infarction is another situation where there

is a demand for counteracting vasoconstriction. A significant increase (almost 2-fold) in

plasma CGRP-like immunoreactivity was seen in patients suffering from acute myocardial

infarction suggests the potential release of CGRP in response to myocardial ischemia or

constriction of peripheral vesse1s (Mair et al. 1990). Accordingly, CGRP-like

immunoreactivity release was evoked by low pH and lactic acid in the guinea pig heart

(Franco Cereceda et al 1989; Franco-Cereceda et al. 1993). Moreover, CGRP has been

shown to decrease vascular resistance and increase renal blood flow in a rat model of

reversible renal ischemic insult (Bergman et al 1994). Overall, these results suggest

potential beneficial role(s) ofCGRP in various ischemic conditions.

Serum concentrations of CGRP measured in patients with untreated mild to

moderate essential hypertension was not significantly different to CGRP concentrations

measured in controls (Sclüfter et al 1991). It thus seems that CGRP is not directly

involved in the deve10pment ofessential hypertension. On the other hand, CGRP might be

responsible for changes in peripheral vascu\ature in response to increased plasma volume

such as in pregnancy and in haemodialyzed patients. Indeed, the plasma levels of CGRP

were significantly increased in normal pregnancy in contrast to a dramatic decrease (­

50%) in patients with pregnancy-induced hypertension (Stevenson et al 1986; Taquet and

Uzan, 1992). Simi1arly, plasma CGRP concentrations were positive1y corre1ated with fluid

excess being significantly higher in 5 patients with severe fluid overload (Odar-eederloef
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el al. 1991). Thus by causing vasodilatation, CGRP might be an important defense against

the more senous consequences of increased plasma volume including oedema,

hypertension and increased cardiac workload.

1.3.2 CGRP elTects on gastrointestinal tract

CGRP-like immunoreactivity is present in varying concentrations throughout the

mammalian gastrointestinal tract, with highest amounts found in the stomach (Stemini el

al. 1987; Mulderry el al. 1988; Green and Dockray, 1988). The CGRP-positive fibers

arise from a set of neurons in the myenteric and submucous plexuses as weU as from

sensory neurons whose ce11 bodies are located in the nodose and dorsal root ganglia

(Sternini et ai. 1987). Up to 95% of spinal afferent neurons innervating the stomach

contain CGRP immunoreactivity whereas less than 10% of vagal afferent neurons

innervating the stomach are positive for CGRP (Green and Dockray, 1988; Su et al.

1987). Likewise, systemic capsaicin treatment in adult or neonatal rats result in an almost

complete loss of CGRP immunostaining in the stomach (Su et ai. 1987; Sternini et al.

1987; Varro et aL 1988). However, in contrast to CGRPa, CGRPI3 is stiU present in the

intestines of capsaicin-treated rats suggesting that distinct neuronal populations, i.e.

sensory neurons and entenc autonomie neurons, could preferentially express CGRPa or

CGRPI3, respectively (Mulderry et aL 1988). In agreement with an extrinsic site of

synthesis of intestinal CGRPa, the analysis of CGRPa or CGRPI3 mRNAs revealed that

only CGRPI3 mRNA was present in the intestine where it is localized to enteric neurons.

On the other hand, both peptides mRNAs have been detected in the dorsal root ganglia

(Mulderry et aL 1988). Specifie CGRP receptor binding sites have also been reported

throughout the gastrointestinal tract (Maton et ai. 1988; Gates et aL 1989).

In past years, the use of capsaicin has demonstrated the importance of sensory

innervation in the regulation of gastric mucosal blood f1ow, gastric motility and gastric

acid secretion (Holzer, 1988; Raybould et ai. 1990; Hoizer et ai. 1991a). Similar effects

were measured foUowing either peripheral or central administration of CGRP including

suppression of acid secretion (Taché et ai. 1984b; Hughes et ai. 1984; Lenz et ai. 1984;

Kraenzlin et ai. 1985) and inhibition of gastric motor functions (Jurgen Lenz, 1988;

Raybould et ai. 1988; Taché et ai. 1991). Interestingly, CGRPI3 but not CGRPa could

inhioit gastric acid secretion in humans (Beglinger et ai. 1988). The protection of the
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g·.iStric mucosa against damage induced by a variety of factors such as ethanol. following

intragastric application of capsaicin. is essentially associated with a marked rise of gastric

mucosal blood f10w (Holzer et al. 1991b). This increase in blood f10w is thought to be

essentially induced by CGRP. Accordingly. CGRP has been shown to modulate the

gastric blood f10w (Bauerfeind et al. 1989; Gardiner et al. 1990a; Holzer and Guth. 1991).

Furtherrnore. the capsaicin-induced gastroprotection from ethanol injury is inhibited by the

CGRP receptor antagonist, CGRP8-37 (Larnbrecht et al. 1993) as weil as by a monoclonal

CGRP antibody (peskar et al. 1993). These findings thus support an important role for

CGRP in capsaicin-induced gastric protection.

It appears that CGRP mediates its effects through various mechanisms and

possibly through multiple receptor subtypes (Evangelista et al. 1992). For example. the

inhibition of gastric emptying is thought to be primarily through the activation of the

sympathoadrenal axis as adrenalectomy or celiac ganglionectomy abolishes the actions of

CGRP (Raybould, 1992), whereas the central action of CGRP to inhibit acid secretion

does not involve sympathetic outflow but is mainly mediated through a decreased vagal

outflow to the stomach (Lenz et al. 1985; Taché et al. 1984a). In addition. the

mechanisms by which peripheral CGRP injection inhibits acid secretion are still not weil

defined but 1ike1y partially involve an increase in somatostatin release since the intravenous

injection of somatostatin antibody significantly blocked the effects of CGRP (Dunning and

Taborsky, 1987; Holzer and Lippe, 1992). Another possibility could be the modulation of

the cholinergie inputs as a decrease in acetylcholine release by CGRP has been reported in

the small intestine and antral mucosal fragments (Schwôrer et al. 1991; Ren et al. 1992).

In the latter however, the inlubitory effects of CGRP on cholinergie discharge are

mediated through the increased re\ease of somatostatin (Ren et al. 1992). The precise

mechanisms by which CGRP exerts its effects following peripheral injections thus remain

to be clarified.

The functional implications of CGRP-containing sensory neurons in decreasing

acid secretion as weil as by increasing gastric blood t10w resu1ting in gastric protection

might thus provide new target for the deve10pment of novel therapeutic strategies in the

treatment ot; for exarnple, gastric ulcers.
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1.4 Receptor characterization

1.4.1 CGRP receptors

The binding charaeteristics of CGRP receptors have been studied in a variety of

tissues. The existence of high affinity binding sites for CGRP have been reported in the

brain (Yoshizaki et al. 1987; Dennis et al. 1990) including the cerebellum (Nakamuta et

al. 1986; Yoshizaki et al. 1987; Chatteljee and Fisher, 1991) as well as in various

peripheral organs such as heart (Yoshizaki et al. 1987; Dennis et al. 1990; Chatteljee et

al. 1991), liver (Nakamuta et al. 1986), spleen (Nakamuta et al. 1986; Dennis et al.

1990), skeletal muscle (Takamori and Yoshikawa, 1989; Jennings and Mudge, 1989; Roa

and Changeux, 1991), lung (Mak and Bames, 1988; Umeda and Arisawa, 1989b) and

lymphocytes (Umeda and Arisawa, 1989a; McGiUis et al. 1993). Apparent affinity (KD)

values varied from 9 pM in whole brain (Yoshizaki et al. 1987) to 6.3 nM in skeletal

muscle (Takamori and Yoshikawa, 1989). The tissue studied appears to be the main

source of variation in KD values as the species had littie influence (for example,

Wimalawansa and EI-Kholy, 1993).

Currently, littie is known about the molecular structure of CGRP receptors as

c10ning has yet to be reported. Cross-linking studies have been used alone, or in

combination with various enzymatic digestions, to provide insights into the structure of

. the CGRP receptors in various tissue preparations. The first purification of a CGRP

receptor from human placenta revealed a membrane-bound receptor of an estimated

molecular weight of240 kD composed ofmultiple 62 to 6S kD subunits (Foord and Craig,

1987). Thereafter, single binding component without apparent multi-units was isolated

from the porcine spinal cord (70 kD; Sano et al. 1989), cultured rat vascular smooth

muscle cells and bovine endothe1ial cells (60 kD; Hirata et al. 1988), guinea pig gastric

smooth muscle and pancreatic acinar cells (57 kD; Honda et al. 1993), rat cerebellum (67

kD; Chatteljee et al. 1993) and rat lung (64 kD; Bhogal et al. 1993). Recently, Stangl et

al. (1993) solubilized CGRP binding proteins from the cerebellum, brainstem, spinal cord,

liver and spleen each having apparent molecular masses varying from 68 to 90 kD. An

enzymatic N-deglycosylation converted aU these CGRP labeled binding proteins into a

common solubilized protein of44 kD (Stangl et al. 1993).
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In contrast to these results, other studies have reported the existence of more than

one cross-linked molecular weight band in sev~ra1 tissues including, porcine coronary

arteries (90 and 70 kD; Sano et al. 1989), rat atrium (120 and 70 kD; Sano et al. 1989),

porcine kidney (30, 58 and 78 kD; Aiyar et al. 1991), rat liver (70 and 44 kD; Chantry et

al. 1991) and skeletal muscle (110 and 70 kD; Chantry et al. 1991). In the human

cerebellum, !Wo CGRP binding proteins of 50 and 13.7 kD have been identified by Dotti­

Sigrist et al. (1988) whereas three specifica1ly labeled binding proteins with apparent

molecular weights of 60, 54 and 17 kD have been identified by Stangl et al. (1991). The

latter study also revea1ed that the solubilized proteins are glycosylated since further

treatment with endoglycosidase converted the 60 and 54 kD to 46 and 41 kD binding

components, respectively (Stangl et al. 1991). It remains to be demonstrated if these

various proteins correspond to differential post-translational processing of the same

protein or to multiple CGRP binding moities. Indeed, only receptor c10ning will provide

definite answers in this regard. However, the comparative potencies of CGRP and

analogs in various in vitro and in vivo funetional assays have led to the suggestion of the

existence of multiple classes of CGRP receptors (Dennis et al. 1989; Dennis et al. 1990;

Stangl et al. 1993; for review, see Quirion et al. 1992; Poyner, 1992). A detailed

description of the pharmacologica1 charaeteristics of these proposed receptor subtypes is

given in Chapter 2 ofthis thesis.

1.4.2 Calcitonin receptors

Similar to the charaeterization of CGRP receptors by covalent cross-linking

techniques, purified calcitonin receptors from rat kidney membrane preparations revealed

apparent molecular masses of70, 40 and 33 kD (Bouizar et al. 1986). More recently, Lin

et al. (1991) reported the sequence of the porcine calcitonin receptor following cDNA

cloning of calcitonin receptors from a porcine kidney epithe1ial cell line. Subsequently,

calcitonin receptor sequences have been identified from human ovarian earcinoma cellline

(Gorn et al. 1992), the rat hypothalamus (Sexton et al. 1993; Njuki et al. 1993) and the

rat nucleus accumbens (Albrandt et al. 1993). Hydropathy plots of the receptors

predieted amino acid sequence revea1ed multiple hydrophobie regions that could generate

7 transrnembrane spanning domains, similar to other G protein-coupled receptors (Lin et

al. 1991; Goldring et al. 1993). CGRP and amylin showed no or Iittle aflinity for these

calcitonin receptors except for the renal porcine calcitonin receptor on which amylin bas
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similar efficacy as salmon and porcine ca!citonin in stimulating the production of cAMP

(Sexton et al. 1994).

Although the deduced amino acid sequences of the cloned calcitonin receptors

suggest some characteristics of the G protein-coupled receptors such as the presence of

seven hydrophobic regions, the calcitonin receptors do not show significant sequence

sirnilarity «12%) with previously reported members of this superfamily. On the other

hand, a significant degree ofhomology (26 to 51%) was observed with the recently cloned

parathyroid honnone and parathyroid honnone-related peptide (Juppner et al. 1991), as

weil as with secretin (Ishihara et al 1991) and vasoactive intestinal peptide (Ishihara et al

1992) receptors. Hence, these receptors ma}' constitute members of an emerging

subfamily of G protein-coupled receptors. One of the most striking divergence resides in

the third cytosoplasrnic Joop (between helices V and VI) that is markedly shorter

compared to corresponding regions of other adenylate cyclase-coupled receptors (Lin et

al. 1991; Goldring et al. 1993). This segment of the receptor is thus implicated in the

capacity to interact with specific G proteins. Indeed, the calcitonin receptors have

demonstrated the capacity to couple to G proteins as weil as to induce IWO inrlependent

signal transduction pathways (adenylate cyclase and phospholipase C) through presumably

interacting with distinct G proteins (Chakraborty et al. 1991; Chabre et al. 1992; Force et

al. 1992; Goldring et al. 1993). These findings further support the unique properties of

this new subfamily of G protein-coupled receptors that may also include the CGRP

receptors considering the relative sensitivity of CGRP binding sites to guanine nucleotides

(see section 1.5.1 and Chapter 6 for a detailed discussion)
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1.5 Transduction mechanisms

1.5.1 G protein coupling

Evidence !Tom biochemk.al and pharmacological studies suggests that the CGRP

receptors belong to the family of G protein-coupled receptors. For example. various

reports have described U'.e effect of GTP or its analogs on [I25I]CGRP binding affinity

(e.g., Chatteljee et al. 1991; Roa and Changeu."<, 1991). Under these conditions, a

reduction in agonist affinity is predicted in the case of G protein-coupled receptors as

guanine nucleotides induce the dissociation of G proteins !Tom the receptor and hence

promotes the formation of a lower affinity state of the receptor. Accordingly, CGRP

binding afiinity has been shown to be sensitive to the addition ofGTP or related analogs in

a variety of tissue preparations. We have also investigated the effect of a non­

hydrolyzable GTP analogue, Gpp(NH)p, on CGRP binding affinity in the cerebellum,

brain, atrium and vas deferens membrane preparations (van Rossum et al. 1993). These

results as weil as findings by other laboratories are extensively described and discussed in

Chaptcr 6. In addition, CGRP has been reported to activate muscarinic K+channels in rat

atrial cells (Kim, 1991) and to enhance Ca2+ currents in nodose ganglion neurons (Wiley

et al. 1992) via a G protein as these effects were pertussis toxin-sensitive. Sirnilarly,

CGRP has been shown to increase transmembrane Ca++ currents in guinea pig myocytes

and bull frog atria via a G protein since the CGRP effects were potentiated in the presence

of GTPyS (Ono and Giles, 1991). More recently, following the solubilization of the

CGRP receptors from the rat cerebellum and Western analysis of receptor preparations

with antisera against a fragment of the Gsa 5Obunit, Chatteljee et al. (1993) provided

direct evidence for the association ofthese receptors with Gsa.. It is thus mghly likely that

CGRP receptors belong to the G protein-coupled receptors family, at least in some tissues

50ch as cerebellum, skeletal muscle and cardiac myocytes.

1.5.2 Second messengen

Activation of adenylate cyclase and/or increases in intracellular cAMP induced by

CGRP have been reported in many tissue preparations including the rat liver (Yamaguchi

et al. i988), rat and guinea pig heart cells {Wang and Fiscus, 1989; Fisher et al. 1988;
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Ishikawa et al. 1988), rat skeletal muscle (Andersen and Clausen, 1993), astroeyte

cultures (Lazar et al. 1991) and human neuroblastoma and gliomas (Van Valen et al.

1990; Robberecht el al. 1994). The relaxant effects of CGRP on various smooth muscle

preparations such as the rat thoracic and abdominal aorta (Fiscus et al. 1991; Gray and

Marshall, 1992a; Wang et al. 1991), rat intracerebral arterioles (Edwards et al. 1991),

porcine coronary arteries (Kageyarna et al. 1993) as weIl as the guinea pig gastric muscle

cells (Chijiiwa et al. 1992) also appear to be partly or fully mediated through raises in

cAMP. The precise mechanism underlying the relaxation of smooth muscle by

intracellular cAMP production remains to be e1ucidated as cGMP is generally believed to

be the major second messenger involved in vasorelaxation. Indeed, CGRP has been

shown to induce both endothelium-independent and endothelium-dependent

vasorelaxation. Reports on CGRP-induced relaxation indicate that in severa! tissue

preparations such as in cat middle cerebral artery (Edvinsson et al. 1985), rat mesentery

(Li and Duck\es, 1992; Amerini et al. 1993), rat skin microvasculature (RaIevic et al.

1992) and rat aorta (Ishikawa et al. 1993), the effects of CGRP are endothelium­

independent. In contrast in the latter tissue, CGRP effects have also been reported to be

endothelium-dependent (Brain et aL 1985; Fiscus et al. 1991; Gray and Marshall, 1992a;

Gray and Marshall, 1992b). In agreement with CGRP endothelium-dependent effects,

inhibitors of nitric oxide synthase such as NG-nitro-L-arginine methyl ester (L-NAME)

antagonizes CGRP-induced vasorelaxation of the rat aorta (Fiscus et al. 1991; Gray and

Marshall, 1992a). In addition, L-NAME antagonizes CGRP-induced hypotension in

conscious rats (Abdelrahman et al. 1992) and the anti-ulceric activity of CGRP in the rat

(Clementi et al 1994), suggesting that sorne effects of CGRP appear to be mediated

through the induction ofnitric oxide synthesis and hence possibly cGMP.

Moreover, CGRP bas beer. shown to act on K+ATP in rabbit arterial smooth muscle

cells (Nelson et al. 1990; Quayle et al 1994). However, it appears that CGRP does so

indirectly, through the e1evation of cAMP levels that stimulates protein kinase A, that in

tum leads to the activation of K+ATP channels (Quayle et al. 1994). In addition,

g1ibenclamide, a blocker of K+ATP channels, antagonizes CGRP-induced hypotension in

rabbit (Andersson, 1992). It thus appears that CGRP-mediated vasorelaxation involves

multiple second messengers including cAMP, nitric oxide-cGMP and potassium channels.

The precise role of cAMP remains unclear with respect to the relaxant effects of CGRP.

In the rat aorta, CGRP-induced increase in cAMP levels bas been shown to not play a

direct role in vasorelaxation. While the presence of nitric synthase inhibitors blocked the
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relaxant effects of CGRP, it did not alter the increase in cAMP levels (Marshall. 1992;

Gray and Marshall, 1992a). The stimulation of adenylate cyclase in rat aorta thus

probably precedes the activation of nitric oxide synthase or is simply not directly involved

in this cascade of events.

CGRP has also been sho~ tO increase Ca2+ inward currents in guinea pig atria

(Ohmura et al. 1990; Ono and Giles, 1991), rat vas deferens (Nakazawa et al. 1992) and

rat nodose neurons (Wiley et al. 1992) as weil as to elevate cytosolic Ca2+ in guinea pig

cardiac myocytes (Gill et al. 1992). In contrast, CGRP attenuated both voltage-activated

calcium and sodium currents in cortical neurons from rat through an increase of cAMP

(Zona et al. 1991).

In macrophages, CGRP has becn reported to increase intracellular cAMP content

and to enhance the activity ofthe Na-H exchanger. The latter was shown to be dependent

at least in part on.the activity. ofprotan kinase C (Vignery et al. 1991). These results

suggest that CGRP receptors might be directly coupled to multiple signaling pathways to

regulate macrophage functions. However, these two pathways might also interact and

complement each other. Indeed, CGRP has been shown to stimulate phosphoinositide

turnover in skeletal muscle most likely through the CGRP-induced increased léVeis of

cAMP as this effeet was mimicked by other cAMP-mobilizing agents such as forskolin

(Laurer and Changeux, 1989). In a similar way, CGRP has becn reported to increase

intracellular cAMP levels in human ocular ciliary epithelial cells (Crook and Yabu, 1992).

This increase is apparently modulated by protein kinase C since the interaction of the latter

with CGRP receptors prevents further increase ofcAMP levels.

Overall, it is thus likely that CGRP can activate various transduction pathways.

The activation of multiple intracellular pathways might be due to the existence and

stimulation of various CGRP receptor subtypes coupled to different transduction

mechanisms or to the close interaction between the different second messengers pathways

measured, since cross-tal.~ between these is now a weil established phenomenon.

However, the clear interactions between the second messengers involved here, namely

cAMP with phospholipase C-inositol phosphates-protein kinase C, or cAMP with nitric

oxide-cGMP remain to be fully clarified.
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1.6 Objectives of the thesis

Over the last decade, a wide spectrum ofbiologica1 actions has been reported for

CGRP and related homologues including ca1citoIÜn, amylin and adrenomedullin.

Surprisingly, Iittie is known about the biochemica1 and pharmacologica1 characteristics

of the receptors mediating these specific effects. To our knowledge, no study has thus

far reported the cloning of the receptors for the peptides of t1ùs family except for a few

forms of the ca1citonin receptor (see 1.4.2). Based on the differentiai potency of

various CGRP anaiogs, recent data have suggested the existence of multiple receptor

classes for CGRP in peripheral tissues. Hence, the primary objective of my thesis was

to provide additional and novel evidence for the existence of CGRP subtypes in

peripheral and to a greater extent, central nervous system preparations. The

charaeterization of the binding profiles of CGRP anaiogs and related homologues in

peripheral tissues as weil as in the rat brain was therefore studied first. We aiso

investigated the nature of the putative transduction mechanisms coupled with various

CGRP receptor subtypes. Finaily, we evaluated the effects of CGRP, amylin and

ca1citonin on locomotor behaviors in an attempt to functionaily differentiate these

receptors in the rat brain. Taken together, these approaches enable us to better define

the pharmacologica1 charaeteristics of CGRP receptor subtypes as weil as to provide

evidence for the existence ofbrain amylin and adrenomedullin receptors.
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2.0 Preface to Cbapter 2

As summarized in the review of the literature, a wide spectrum of biological

actions have ·been described for CGRP. These effeets are essentially mediated through

specifie CGRP receptor sites. However, relatively little is known about the structura!

characteristics of the CGRP receptors (see section 1.4.1). By evaluating the

pharmacological properties of numerous CGRP fragments and analogs in severa!

periphera! tissue preparations, the existence of multiple CGRP receptor sites has been

proposed. In addition, the distinct neurobehaviora! profiles ofCGRP, its fragments and

analogs support the existence of multiple CGRP receptor sites in the rat brain. The

primary objective ofthis initial study was thus to investigate the distribution of putative

CGRP receptor subtypes in the rat brain. To do 50, we first investigated the relative

affinity of hCGRP8-37 (CGRP1-preferential affinity antagonist) and [acetamidomethyl­

cysteine2.'7]h~GRPCl (CGRPrpreferential affinity agonist) for [l2SI]hCGRPCl binding

sites in various areas of the brain. The pharmacologica1 characteristics reported tbus

far for the putative CGRP receptor subtypes are a150 descnoed and discussed in this

chapter.
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2.1 Introduction

Calcitonin gene-related peptide (CGRP) is a 37 amino acid peptide generated From

the a1ternate tissue-specific processing of the calcitonin gene rnRNA (Amara et al.. 198~;

Rosenfeld et al.. 1983). Various forms (a. and /3) of CGRP have been characterized From

human tissues (Morris et al.. 1984; Amara et al.. 1985; Steenbergh et al.. 1985). In the

periphery, CGRP is co-Iocalized and co-released with calcitonin in the parafollicular C cell

of the thyroid gland (Grunditz et al.. 1986), with substance P in sensory nerves

(Wiesenfeld-Hallin et al.. 1984) and with acetylcholine in motoneurons (Takami et al..

1985). In the brain, CGRP-like immunoreactivity is broadly distributed and especially

concentrated in hypothalamic areas and sorne brainstem nuclei (Skofitsch and Jacobowitz,

1985a).

A variety of biological effeets have been claimed for CGRP, including the

modulation of nicotinic receptor activities at the neuromuscular junction (Miles et al..

1989; New and Mudge, 1986) and of substance P in inflammation (Ohlen et al.. 1988), a

reduction ofgastric acid seetetion (Hughes et al., 1984; Okimura et al., 1986), peripheral

blood vessel dilation (Brain et al., 1985), cardiac acceleration (Tshikawa et al., 1988;

Sigrist et al., 1986), a regulation of calcium metabolism (Grunditz et al., 1986) and insulin

secretion (Hermansen and Ahrén, 1990), an increase in body temperature, and a deetease

in food intake (Dennis et al., 1990; Krahn et al., 1984; Jolicoeur et al., 1992).

In spite of the various biological actions induced by CGRP, relatively little is

known concerning the characteristics of its receptors (Sigrist et al., 1986; Lynch and

Kaiser, 1988; Tippins et al., 1986; Sexton et al., 1988; Umeda and Arisawa, 1989; Dotti­

Sigrist et al., 1988; Henke et al., 1987). Consequently, a few years ago, our group

undertook the development of selective agonists and antagonists which prove to be most

useful for the identification of the existence of CGRP receptor subtypes (Dennis et al.,

1990; Dennis et al, 1989; Dennis et al, 1991; Mimeault et al., 1991). The various

criteria used to classifY these receptor classes are reviewed here.
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2.2 Results

2.2.1 Profile of (Cys(ACM)2.')hCGRPex as a receptor subtype selective agonist

Early studies had revealed that the mid-portion ofthe CGRP molecule, made up of

amino acid residues 8 to 18 most Iikely adopted an amphiphilic alpha helical structure

which was essential for the interaction of hCGRPex with its receptors (Lynch and Kaiser.

1988; Tippins et al., 1986). Moreover, it was shown that the integrity of the disulfide

bridge between residues 2 and 7 was important for the maintenance of adequate receptor

affinity and biological activity in atrial preparations (Tippins et al., 1986; Seifert et al.,

1985). Consequently, we first attempted to characterize in detail the importance of the

disulfide bridge in a variety ofbinding assays and bioassays. Among the various cyclic and

Iinear analogs produced (Dennis et al., 1989) the linear analog [acetamidomethyl­

Cys2.']hCGRPex ([Cys(ACM)2,']hCGRPex) was found to be ofspecial interest.

As shown in Table 2.1, while the binding affinities of this analogue are rather

similar in ail the tissues tested, its biological activity is tissue-specific. For example, while

Table 2.1 Profile of the linear analogue [Cys(ACM)2.'lhCGRPa in various binding and

bioassay preparations.

Binding assays K; (nM) Bioassays ECso(nM)

Ratbrain 2.67 Guinea pig left atrium >710

Rat spleen 6.70 Guinea pig right atrium >710
Guinea pig deferens Rat vas deferens 76
Guinea pig atrium Mouseaorta 150

Hyperthermia (iev) potent agonist

Nole: Values taken fram Jolicoeur et al. (1992) and Dennis et al (1989) and unpublished results.

The Kt is calculated according 10 the formula KrlCso'1 + FJK" in which the ICso represents the

concentration of analogue needed to compete for 50% of specifically bound [l2SllhCGRPCL; F is

the concentration of radioligand used in the assay and Kc. the apparent affinity of the receptor.

The ECso is the concentration needed to produce 50% of the maximal effect.
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[Cys(ACM)2·7]hCGRPa is basically inactive in the isolated lell and right guinea pig atria

(ECso>710 nM), it is at least ten-fold more potent (ECso= 76 nM) in the rat vas deferens.

While this value represented only 2% of the potency of the native peptide. hCGRPa. this

finding suggested the existence of differences in the structural requirements of CGRP

receptors present in the rat vas deferens as compared to those existing in atrial

preparations. It would also appear that the integrity of the N-terminal disulfide bridge is

not as critica1 for the maintenance of the biologica1 activity of CGRP-like molecules in the

rat vas deferens. Subsequent studies revea1ed that the linear analogue was relatively

potent on the isolated mouse aorta as inducing hyperthermia in animais (Table 2.1). Thus.

the CGRP receptor present in the vas deferens and the mouse aorta seems to behave in a

unique manner in regard to the importance ofthe N-terminal disulfidl' bridge.

2.2.2 Profile of extended C-tenninal fragments as CGRP receptor antagonists in

certain preparations

ln view of the purported critica1 importance of amino acid residues between

positions 8 and 18 in ensuring appropriate receptor recognition (Lynch and Kaiser, 1988;

Tippins el a/., 1986; Seifert el a/., 1985), we investigated next the binding affinity and

biologica1 activity of a variety ofC-terminal fragments (Dennis el a/., 1990; Dennis el a/.,

1989; Mimeault el a/., 1991).

While short C-terminal fragments failed to demonstrate adequate affinities and

biologica1 activities in our assays (in contrast to those of others, Chakder and Rattan,

1990), extended analogs including hCGRP8-37, possessed most interesting characteristics

(Dennis el a/., 1990; Dennis el aL, 1989; Mimeault et aL, 1991).

As shown in Table 2.2, hCGRP12•37 retained a relatively high affinity for

[l25l]hCGRPa binding sites present in various tissues. This further supports the concept

that the N-terminal portion of the molecule, including the disulfide bridge, is not essential

for the maintenance of the affinity of CGRP for its receptors. Of interest, this fragment

lacked agonistic properties in a variety of in vitro and in vivo preparations but acted as a

competitive antagonist in certain tissues. For example, while high concentrations of

hCGRP12•37 failed to block the effects induced by hCGRPa. in the rat vas deferens and on

body temperature, it antagonized the inotropic actions of the native peptide in guinea pig

atrial preparations (Table 2.2). Thus, it appears that tissues (such as the vas deferens) that

are mostly insensitive to the antagonistic properties of hCGRP12_37 are better recognized

by the agonist [Cys(ACM)2-7]hCGRPa.
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Data obtained using the fragment hCGRP8-37 also suggest the existence of CGRP

receptor subtypes (Dennis el al., 1990; Mimeault et al., 1991). As shown in Table 2.3,

the apparent affinity of this fragment for [l25I]hCGRPa binding sites is extremely high (Ki

in the sub-nM range). being at least three to five times higher than that of the native

peptide (Dennis et al., 1990). As for hCGRP12_37• the fragment hCGRPS_37 is mostly

devoid of agonist activity in the various preparations tested (Dennis et al., 1990).

However, it behaves as a potent, fully competitive antagonist in certain assays (Table 2.3)

Table 2.2 Profile of the fragment hCGRP'2-37 in various binding and :Jioassay

preparations.

Binding assays K;(nM) Bioassays Antagonistic potency
(pA2)

Ratbrain 21.7 Guinea pig left atrium 6.03

Rat spleen 38.0 Guinea pig right atrium 6.09

Guinea pig deferens Rat vas deferens inactive (up to 10 fIM)

Guinea pig atrium Mouseaorta inactive (up to 1.0flM)

Hyperthermia (iev) inactive as blocker

(up to 80 l'g)

Note: Values taken from Jolicoeur et al. (1992) and Dennis et al (1989) and unpublished results.

See legend to Table 2.1 for description of the calculation of tG. The pA2 value represents the

negative logarithm of the molar concentration of antagonist required to produce a twofold

increase in the ECso (see Table 2.1) of hCGRPa.

(Dennis el al.• 1990; Mimeault el al., 1991). For examp:~. hCGRPg..37 antagonizes the

etfects induced by hCGRPa in the guinea pig left and right atria with pA2 values in the

range of 7-7.5 (Mimeault el al.• 1991). Similarly. this fragment, at a dose of 10 I!g (iev).

complete\y bloc.lced the hypophagic effeet induced by the native peptide (Dennis el aL,

1990). This clearly demonstrated the effectiveness, in vivo, ofbCGRP8-37 to antagonize

certain actions induced by hCGRPa.

In contrast, hCGRP8-37 fai1ed to reverse the lowering in body temperature

observed following iev injections ofhCGRPa (Table 2.3). Moreover, the potency ofthis

fragment to block the inlu'bitory effeets of hCGRPa in the rat vas deferens and mouse
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aorta is at least 10-50 fold lower than that observed in guinea pig atrial preparations (pA~

values of6.24 vs. 7.22 to 7.66, respectively; Table 2.3). Chiba et al. (1989) were first to

repol1 on the antagonistic potential of hCGRP8-37 using a biochernical assay ir: the rat

liver. A few other groups also recently reported on the capacity of hCGRPS_37 to block

sorne of the effects of hCGRPa in various species (this volume). Thus. the antagonistic

potential of hCGRP8-37 is not restricted to a given species. Our data clearly demonstrate

that hCGRP8-37 can reverse the hypophagic effect of hCGRPa (icv) in the rat as wel1 as

the inotropic action orthe native peptide in the guinea pig atria (Table 2.3) (Dennis et al..

1990). Moreover, we observed that the potency of hCGRP8-37 to antagonize the effects

ofhCGRPa is sirni1ar in both rat and guinea pig atria, while being much lower in either the

Table 2.3 Profile of the fragment hCGRP8-37 in various binding and bioassay

preparations.

Binding assays Bioassays Antagonistic potency
(pA2)

Rat brain 0.45

Rat spleen 0.58

Guinea pig deferens 0.43

Guinea pig atrium 0.67

Guinea pig left atrium

Guinea pig right atrium

Rat vas deferens

Mouse aom

Food intake (iev)

Hyperthennia (iev)

7.66

7.22

6.24

inactive (up 10 1.0~

potent blocker
(at 1OJ1g)

inactive as blocker
(up to 80 J1g)

Note: Values taken from Jolicoeur et al. (1992), Dennis et al (1989,1990), Mimeault et al (1991)

and unpublished results. See legend to Table 2.2 for description of ~ and PA:2 values.

rat or guinea pig vas deferens (r;ig. 2.1). This provides further evidence th"t the low

antagonistic potential of sorne C-terminal fragments in the vas deferens is not species­

dependent but tissue specific.

We recently completed an investigation aimed at detennining which amino acid

residues between positions 8 to 12 are most critica1 to ensure high antagonistic properties

(Mimeault et aL, 1991). Our results clearly demonstrated that the threonine and histidine
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residues in positions 9 and 10, respectively, are of critical importance, while the valine

(position 8) and arginine (position Il) residues are not as relevant (Mimeault el al., 1991).
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Figure 2.1 Comparative antagonistic activity of the fragment hCGRP8-37 in atrial and vas
deferens preparations of the rat and guinea pig. The effect of a single concentration (1 ~) of
the antagonist (filled bars) was evaluated for its capacity to block hCGRPa.'s action (opened
bars) in these four preparations. Data clearly demonstrate that the antagonistic potency of
hCGRP8-37 is tissue but not species dependent. The blocking activity of the fragment is small in
vasa deferentia, while being very important in atrial preparations.

2.2.3 Profile of proposed CGRP rec:eptor subtypes

The differential potencies of the agonist [Cys(ACM)2.7]hCGRPa and the C­

terminal fragment antagonists (hCGRP8-37 to hCGRPI2_37) in a variety of in vitro and in

vivo bioassays strongly suggest the existence of CGRP receptor subtypes. Ear1y on, we

proposed the existence ofat least IWO classes ofCGRP receptors. namely the CGRP1 and

CGRP2 subtypes (Dennis et aL, 1990; Dennis et al., 1989). These IWo subtypes are

genuine CGRP receptors for which calcitonin-Iike peptides (fish or mammalian forros)

have Iittle or no affinity. Thus they are distinct from purported calcitonin receptors ("C")

and should c1ear1y and unequivocally be dissociated from them. An additional third c1ass

of sites has also been reported in the nucleus accumbens. wlùch can recognize hCGRPa.,

hCGRP8-37, [Cys(ACM)2,7]hCGRPa and salmon calcitonin with lùgh affinities (see below)

(Sexton et al.• 1988; Dennis et al., 1991).
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Table 2.4 Profile of proposed CGRP receptor subtypes

CGRP1 CGRP2 Other(s)

[Cys(ACM)2·7]hCGRPCl inactive agonist good lower affinity
(up to J,1M) affinity

hCGRP12_37 antagonist inactive nol dClcrmincd
(up to J,1M)

hCGRPS_37 potent antagonist weak antagonist lower affinity
(pA2 up to 7.8) (pA2 6.0) or inactive

Salmon calcitonin inactive inactive high affinity

Prototypic tissues or Atria (guinca pig. Vas dcfercns (rat. Nucleus
assay rat); Hypophagia guinca pis. mousc accumbens

(rat) aorta); Hyperthermia (rat)
(rat)

Table 2.4 depiets the pharmacologie profile ofCGRPI and CGRP2 receptors. The

CGRP1 c1ass is characterized by its lack of affinity for the linear analogue

[Cys(ACM)2.7]hCGRPCl and its high sensitivity to the blocking activities of C-terminal

fragments. In our assays. hCGRP8-37 was found to be about 25 to 50 times more potent

than hCGRPI2_37. Prototype tissues inc1ude the rat and guinea pig atria. The action of

hCGRPCl (icv) on food intake also appears to be mediated by this receptor subtype

(Dennis et al.• 1990).

In contrast, the CGRP2 site is sensitive to the agonist potential of

[Cys(ACM)2.7]hCGRPCl and more resistant to the blocking activities of hCGRP8-37

(Mimeault et al.• 1991). Moreover. the fragment hCGRP12•37 is apparently devoid of

significant antagonistic effects on the CGRP2 site while being active on the CGRP1

receptors (Table 2.4) (Dennis et al., 1989). Thus. hCGRPI2•37• albeit weaker, might be a

more discriminatory probe than hCGRP8-37 to distinguish between CGRP1 and CGRP2

receptors. Preparations enriched with CGRP2 sites inc1ude the rat and guinea pig vasa

deferentia, the mouse aorta, and the neuronal population mediating the hyperthermie effect

observed after icv injections of hCGRPCl (Dennis et al., 1990). Our group is currently

attempting to develop more selective CGRP1 and CGRP2 receptor agonists and
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anlagonisls lhal will allow for a beller characlerization of their respective funclional

relevance.

2.2.4 CGRP receptor subtypes in mammalian brain

In view of our interest on the central effeets of CGRP-like peptides (Dennis et al..

1990; Dennis et al.. 1991), the discrete distribution of CGRP binding sites in marnmalian

brain as weIl as the possible existence of CGRP1 and CGRP2 subtypes in the CNS were

investigaled next.

As previously reported by various groups (Reniee et al.. 1987; Dennis et al., 1991;

Seifert et al.• 1985; Inagaki et al., 1986; Sexton et al., 1986; Tschopp et al.• 1985;

Skofitsch and Jacobowitz, 1985b), [I2SI]hCGRPa binding sites are broadly but discretely

distributed in the brain. In the rat CNS (Fig. 2.2), the highest density of specific labeling

was found in the nucleus accumbens, the amygdaloid fonnation, the most caudal portion

ofthe striatum (tail ofthe caudate), and the mammillary body. Moderate levels ofbinding

were detected in the superior colliculus, the auditory temporal cortex, the molecular layer

ofthe cerebellar cortex, the inferior olive and the medial geniculate (Fig. 2.2). Lower, but

still significant, labeling was seen in the habenula, the sensory and motor areas of the fifth

nerve, the vestibular nucleus, and the area surrounding the central canal (Iaminae X) of the

spinal cord (Fig. 2.2). Other brain regions were globally not enriched with specifie

[I2SI]hCGRPa binding sites. Similar results were reported in other species, except for
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Figure 2.2. Photomicrographs of the autoradiographic àistribl.:tion of [125ljhCGRPa.

binding sites in the rat brain. Sections were incubated in the presence of 20 pM

[l 25ljhCGRPa.. Note the broad but discrete distribution of CGRP binding sites in the rat

brain. Abbreviations: Acb, nucleus accumbens; Amy, amygdaloid body; cc, corpus

callosum; Ce, cerebellum; Cg, cingulate cortex; CPu, caudate-putamen; DH, dorsal hom of

the spinal cord; Ent, entorhinal cortex; fmi, forceps minor corpus callosum; GI, glomerular layer

of the olfactory bulb; Hb, habenular nuclei; Hi, hippocampus; IC, inferior colliculus; 10, inferior

olive; MG, medial geniculate; m5, fifth motor nucleus; SC, superior colliculus; SN, substanlia

nigra; 55, fifth sensory nucleus; Te, temporal cortex; VCA, ventral cochlear nucleus; Ve,

vestibular nucleus; VH, ventral hom of the spinal cord; and WM, white matter.
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various nuclei of the basal ganglia, which demonstrated major species differences (Dennis

eta/.. 1991).

In order to investigate the possible existence of CGRP 1 and CGRP2 sites in the

CNS, the tirst approach consisted in perfonning in vitro receptor autoradiographie studies

of [125I]hCGRPa binding in presence of either CGRP b (CGRPs_37), or CGRP2
([Cys(ACM)2.7]hCGRPa) preferentialligand. A similar strategy gave positive results for

the charaeterization of the differential distribution of neuropeptide Y receptor subtypes

(Dumont et al., 1990) a1though it was not very successful in the study of opioid receptors

(Quirion et a/., 1983). We thus investigated the effeets ofincreasing concentrations (10-9­

1()-6 M) of CGRP8-37' [Cys(ACM)2.7]hCGRPa, and salmon (sCT) and human (hCT)

calcitonins on [l25I]hCGRPa binding in various brain regions. Prototypical examples of

data obtained are shown in Figures 2.3 (at the level nfthe nucleus accumbells) and 2.4 (at

the levd of the amygdaloid nuclear group and most caudal portion of the caudate), while

quantitative results are given in Figures 2.5a and 2.5b and Table 2.5.

It is c1ear that this approach failed to provide direct evidence for the existence of

CGRP1 and CGRP2 receptor Sl-.;types in the rat brain. In all regions studied, CGRP8-37

and [Cys(ACM)2·1]hCGRPa demonstrated rather similar affinity profiles with ICsos in the

low nM range (Figs. 2.3-2.5, Table 2.5). Thus, other approaches based on the use of

more subtype selective competitors or the development of radioligands specifically

recognizing a single receptor c1ass (such as [l2SI]hCGRP12-37) will be required to further

investigate the existence of CGRP1 and CGRP2 receptors in the CNS. Behavioral data

already clearly support this possibility since, for example, CGRP8-37 is able to block sorne,

but not all, the effects observed following icv injections of CGRP-like peptides (Dennis et

a/., 1990; Jolicoeur et al., 1992).

ln contrast, the differential competition profiles of sCT in certain brain regions

suggested the existence of a unique c1ass of sites possessing strong affinities for both

hCGRPa and sCT (Figs. 2.3-2.5, Table 2.5). As shown in Figs. 2.3 and 2.5, sCT (ICso
value of 8.2 nM) competed for [I2SI]hCGRPa binding in the nucleus accumbens,

especially in its lateral portion. ln contrast, sCT failed to compete for [l2SI]hCGRPa

binding in most of the other brain regions studied including the most caudal portion of the

caudate nucleus (Fig. 2.4), the amygdaloid formation (Fig. 2.4), and various

mesencephalic and brainstem nuclei (Fig. 2.5, Table 2.5). Human calcitonin failed to

compete for specific [I2SI]hCGRPa sites in the rat brain (Figs. 2.3-2.5, Table 2.5). These

results are in agreement with earlier reports (Sexton et al., 1988: Dennis et al., 1991) and

suggest the existence ofa unique class ofsites, mostly found in the rat nucleus accumbens,

which is able to recognize, with high affinity, hCGRPa and salmon (but not human)
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Figure 2.3 Photomicmgraphs of the effect of increasing concentrations (10.9-10-6 M)
of various competitors on [12SljhCGRPa. binding at the level of the nucleus accumbens

of the rat brain. hCGRP8-37 (first column); [Cys(ACM)2.7jhCGRPa. (second column);
salmon calcitonin, sCT (third column); and human calcitonin, hCT (fourth column). Note
that while both CGRP8-37 and [Cys(ACM)2.7jhCGRPa. apparently competed for
[12SljhCGRPa. binding with similar potencies in ail regions seen at this level, sCT is
potent only in the nucleus accumbens. hCT is inactive at ail concentrations tested. For
abbreviations see legend te Fig. 2.2; also, AcbC, core of the nucleus accumbens; AcbSh,

shell of the nucleus accumbens; and ex, cortex.
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Figure 2.4 Photomicrographs of the effect of increasing concentrations (10-9-1 Q-6 M)
of various competitors on [1 25I]hCGRPa binding at the level of the amygdaloid nuclei
and the most caudal portion of the caudate of the rat brain. hCGRP8-37 (first column);
(Cys(ACM)2.7]hCGRPa (second column); salmon calcitonin, seT (thircl column); and
human calcitonin, hCT (fourth column). Note that while both CGRP8-37 and
(Cys(ACM)2.7]hCGRPa apparently competed for [125I]hCGRPa binding with similar
potencies in ail regions seen at this level, sCT and hCT are basically inactive at ail
concentrations tested. For abbreviations see legend to Fig. 2.2; also, Par. parietal
cortex; and Pir, piriform cortex.

55



Table 2.5 Comparative affinities of various CGRP-related molecules and calcitonins
for [12SllhCGRPa binding in various areas of the rat brain

Competitor (IC50. nM)

hCGRPa hCGRP8-37 lCys(ACM)1.7] sCT hCT
hCGRPa

Glomerular layer of 0.45 10.9 7.5 >1000 >1000
olfaetory bulb

Accessory olfaetory 0.81 11.8 5.9 >1000 >1000
nucleus

Frontal cortex 0.71 9.1 5.8 >1000 >1000

Pa.-ictal cortex 0.82 8.5 6.2 >1000 >1000

Caudate putamen 0.86 8.4 6.4 >1000 >1000

Caudate puta'TIen 4.7 5.1 12.1 >1000 >1000
(tail)

Nucleus accumbens 6.9 21.1 26.7 8.2 >1000

Amygdaloid body 4.1 9.9 17.2 >1000 >1000

Temporal cortex 1.8 5.5 10.0 >1000 >1000

Substantia nigra, 1.9 6.1 9.2 >1000 >1000
pars compaeta

Medial geniculate 2.2 5.6 9.9 >1000 >1000

Superficiallayers 1.9 5.6 13.5 >1000 >1000
ofthe superior
colliculus

Pontine nucleus 2.0 5.5 10.7 >1000 >1000

Inferior colliculus 3.2 5.3 10.2 >1000 >1000

Cerebellum 2.8 5.2 11.1 >1000 >1000

Inferior olive 2.7 5.2 9.7 >1000 >1000

Spinal vestibular 4.2 8.5 >1000 >1000
nucleus

Note: Data are derived from quantitative receptor autoradiography. ICso represents the
concentration of competitolS required to compete for 50% of specllically bound r2SllhCGRPœ.
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caJcitonin. Interestingly, CGRP8-37 and [Cys(ACMf·7JhCGRPet demonstrated somewhat

lower, but still significant, affinities for these sites (Tables 2.4 and 2.5). It is unclear, at

the present time, whether this rather unique site should be classified as either a CGRP or a

sCT receptor binding site. However, since mammalian caJcitonins apparently lack affinity

for this site (Sexton et a/., 1988; Dennis et a/., 1991), it would appear that CGRP will act

as the endogenous ligand, a salmon caJcitonin-like peptide being thus far absent from the

mammalian brain. It would be of interest to evaluate whetr.er certain effects observed

after intracranial injections of sCT (pecile et a/., 1987) are not in fact due to the selective

activation ofthis unique class ofCGRPlsCT receptors.
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Figure 2.5a. Quantitative analY5is of the respective potencies of hCGRPCl (A),
hCGRP8-37 (8), [Cys(ACM)2.7jhCGRPCl (Cl, salmon calcitonin (D), and human
calcitonin (E) against r2sijhCGRPCl binding in various regions of the rat brain. Data
are shawn for increasing concentrations (0 or total binding, 1, 10, 100 and 1000 nM) of
competitors and are expressed as their potencies to inhibit specifically bound
r251jhCGRPCl binding. Ali data are derived from quantitative analysis of film
autoradiograms. It is evident that while unlabeled hCGRPCl, hCGRP8-37,
[CYS(ACM)2,7jhCGRPCl are highly potent in ail regions, salmon calcitonin is potent oiïly'
in the nucleus accumbens, and human calcitonin is inactive.
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2.3 Conclusions and future directions

In summary, the results discussed here clearly suggest the existence of CGR?

receptor subtypes that are differentially expressed in various tissues of the organism.

CGRP1 receptors appear to be especially sensitive to the antagonistic activities of

extended C-tenninal fragments, whereas CGRP2 sites possess high affinity for the linear

analogue [Cys(ACM)2·7]hCGRPCl. A third class of sites can apparently recognize, with

high affinity, both hCGRPCl and salmon (but not human) calcitonin.

In order to provide additional support for 'he existence of these various classes of

CGRP receptors, the dt ve10pment of higJùy selective agonists and antagonists is now

attempted. Such tools would be extremely valuable to evaluate the respective functional

roles of each CGRP re.:eptor subtype. Additionaily, it is now important to determine

whether these putative receptor subtypes are coupled to different transduction

mechanisms. We have recently obtained indirect evidence that suggests that CGRP

receptors are possibly coupled to different G-proteins in various tissues (van Rossum el

al., 1992). This could provide additional evidence for the existence of CGRP receptor

subtypes, although recent studies have revealed tllat a single receptor class can he coupled

to multiple transduction pathways. Naturally, the cloning of the respective CGRP

receptor subtypes proposed here will provide definite evidence for their existence.

It would also be ofinterest to detemùne whether the CGRP1 and CGRP2 receptor

subtypes correspond to the previously reported Cl (I) and 13 (lI)-preferential receptor

classes (Dotti-Sigrist et al., 1988; Henke et al:, 1987). Consequently, we are currently

evaluating the relative affinities and potencies of the Cl and 13 forms of both human and rat

CGRP in a variety of functional assays. Finally, amylin being a CGRP-related peptide

(Cooper et al., 1988), it may be important to detemùne whether this newly characterized

peptide possesses preferential affinity for a given CGRP receptor class. This information

should help to better characterize the functional relevance of CGRP and CGRP receptors

in the maintenance ofbody homeostasis.
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3.0 Preface to Cbapter 3

As the indirect competitive binding approach presented in the previous chapter

failed to provide direct evidence for distinct binding profiles of CGRP1 and CGRP2

receptor subtypes in the rat brain, we synthesized a novel radioligand, namely [1251­

Tyr]hCGRP8-37' One advantage of t1ùs pharmacologica1 tool is that much lower

concentrations (picomolar vs. nanomolar ) of the radioligand are required to perform

the in vitro assays. Moreover, as the unlabeled fragment hCGRP8-37 preferentia11y aets

as an antagonist on CGRP1 binding sites, the radiolabe11ed counterpan should be useful

in compaing ago:üst vs. antagonist binding properties in addition to possibly

preferentia11y label CGRP1 binding sites. The present study therefore includes an

extensive pharmacologica1 characterization of [I2S1-Tyr]hCGRP8-37 binding properties

in brain and peripheral tissues. .
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3.1 Abstract

The calcitonin gene-related peptide (CGRP) C-terminal fragment human CGRP8-37
aet.s as a potent antagonist of various in vitro and in vivo effects of CGRP. Its iodinated

counterpart, [I25I-Tyr]hCGRP8-.~' binds with high afiinity (KD values between 7.5 xlO-11

- 2.1 xlO-10 M) 'to what is apparently a single class ofCGRP receptors in brain, atrium and

vas deferens membrane preparations. The relative potencies of various CGRP-related

fragments and analogues in competing for [I25I-Tyr]hCGRP8-37 binding sites were similar

in these three preparations, with hCGRPa. being the MOst potent competitor, fol1owed by

unlabeled hCGRP8-37, the linear agonist [acetamidomethyl-cysteincP]hCGRPa., and

finaIly by rat lJ!lIylin-amide and salmon calcitonin. Competition profiles suggested the

existence of a single afiinity site (except in the case of hCGRPa. for which competition

binding data were best fitted to two apparent afiinity constants in all three tissues),

whereas rat amylin-amide revealed two afiinity constants in the rat brain.

Guanylylimidodiphosphate (100 IJ.M) fai1ed to alter specific [I25I-Tyr]hCGRP8-37 binding

in the various tissues studied here. Quantitative receptor autoradiography in the rat brain

revealed [I25I-Tyr]hCGRP8-37 binding sites mostly concentrated in the nucleus accumbens

(shel1), caudate putamen (tail), amygdaioid body, pontine nuclei, cerebel1um and inferior

olive whereas lower quantities of sites were present in the olfaetory tubercle, nucleus

accumbens (core), Medial geniculate, superior colliculus, temporal cortex, inferior

colliculus, lateral lemniscus, vestibular nuclei and principal sensory trigeminal nucleus.

[I25I-Tyr]hCGRP8-~7 behaves as a high afiinity probe for CGRP receptors present in these

various tissues;.its antagonistic properties being of interest for comparing charaeteristics

ofagonist versus antagonist CGRP radioligands. ~
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3.2 Introduction

CGRP is a 37-amino-acid peptide that results from alternative splicing of the

calcitonin gene and is widely distributed in both peripheral and central nervous system

(Amara et a/., 1982; Rosenfeld et a/., 1984; for reviews, Islùda-Yamamoto and Tohyama,

1989; Taché et a/., 1992; Poyner, 1992). Fragments lacking N-terrninal segments such as

CGRP8-37' CGRP9-37 and CGRP12_37 behave as potent competitive antagonists (Clùba et

al., 1989; Dennis et a/., 1989; Dennis et al., 1990; Mimeault et al.. 1991; Quirion et a/.•

1992). Shorter C-terrninal fragments such as CGRP\9-37' CGRP23-37 and [TyrO]CGRP28­

37 can a1so act as competitive antagonists bllt are markedly less potent with pA2 values

ranging from 4.8 to 7.3 Min various in vitro preparations (Chakder and Rattan, 1990; van

Valen et a/.• 1990; Rovero et al., 1992).

The CGRP C-term.na1 fragment CGRP8-37 can antagonize CGRP effects in sorne

in vitro and in vivo assays (Han et al, 1990; Gardiner et al.• 1990; Hughes and Brain,

1991; Wang et al., 1992) thoug!. it is inactive in others (Dennis et a/.• 1990; Evangelista et

a/., 1992). For example, CGRP8-37 was able to potently block the inotropic and

chronotropic effects ofCGRP in guinea pig atriu.rn (pA2 -7.4) but to a lesser extent in the

electrically stimulated rat vas deferens (pA2 -6.5) (Dennis et al., 1990; Mimeault et a/.,

1991; Maggi et ll'/., 1991; Quirion et a/•• 1992). Simi1ar properties were observed with the

fragment CGRP\2.37, a1beit with lower potencies (Dennis et al., 1989; Quirion et a/.,

1992). Furthermore, Giuliani et al (1992) have recently reported that CGRP8-37, up to 3

J.lM, did not affect the relaxation produced by either the a or f3 forms of hCGRP in the

guinea pig urinary bladder. These results were taken as suggesting the existence ofCGRP

receptor subtypes. The CGRP\ receptor class was thus proposed as the subtype that is

Iùghly sensitive' to the antagonistic properties of C-terminal fragments (Dennis et al.,

1990; Quirion et al., 1992). In addition, the linear analog [Cys(ACM)2,7]hCGRPa

behaved as a rather potent agonist in the vas deferens (ECso 70 DM) in comparison to its

effects in the atrial preparations (ECso >700 nM) (Dennis et al., 1989; Quirion et al.

1992). Stang! et al. (1993) a1so recently repOrted that t1ùs linear anaIog and hCGRPa

produced hCGRP8-3ïinsensitive increases in cMIP formation in the liver. Ir contrast,

[Cys(ACM)2,7]JiCGRPa fai1ed to alter cyc1ase activity in the spleen, a weil established

effect ofthe full cyclic CGRP peptide (Stang! et al, 1993). The differential sensitivity of

these preparations to the linear agonist as weil as the resistance to the antagonistic

properties of C-terminal fragments were thus suggested as the key properties of the

CGRP2 receptor subtype (Dennis et al, 1989; Quirion et al, 1992).
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Up to ~ow, binding studies of CGRP receptors have been performed almost

exc1usively using the native peptides in their iodinated forms ( h or rat [l251]CGRPc:. or 13
(Henlee et al., 1987; Stang! et al., 1991)). However, these radioligands cannot

discriminate belWeen putative CGRP receptor subtypes, because they show rather similar

affinities for both CGRP I and CGRP2 receptor subtypes (Quirion et al., 1992).

Moreover, the usefu1ness of antagonists as radioligands is weil estab!ished in as much as

they are 1ess likc;ly to be sensitive to incubation condition variables such as nuc1eotides and

cations. Therefore, we investigated the binding profiie of the C-terminal CGRP receptor

antagonist hCGRP8-37 in its iodinated fonn, (1251-Tyr]hCGRP8-37' in membrane

preparations from the guinea pig atrium (CGRP1-enriched homogenate), vas deferens

(CGRPrenriched homogenate) and the rat brain, as weil as examining the specific

distribution ofthese sites in the rat brain using in vitro autoradiography.
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3.3 Materials and Methods

3.3.1 Materials

[Tyr]hCGRP8-37' hCGRPCLI_37' hCGRP8-37, [Cys(ACM)2·7]hCGRPa, rat amylin­

NH2 and sCT were synthesized as previously descnbed in detail (Mimeault et al. i 992).

Rat amylin-NH2 was also purchased !Tom Bachem Califomia (Torrance, Califomia).

Scjium iodine (Na-12SI) (ICN Canada, Mississauga, Ontario), trisma-base, NaCl,

baeitracin and leupeptin (Sigma Chemica1s Co., St-Louis, MO), bovine serum albumin

(Boehringer Mannheim Canada, Laval, Québec), other chemica1s of analytica1 grade

(Fisher Seientific, Montréal, Québec).

Male Sprague-Dawley rats (225-250 g) and male Hartley guinea pigs (325-375 g)

were obtained !Tom Charles River (St-Constant, Québec). They had free access to food

dIld water and were kept according to the guidelines of the Canadian Couneil for Animal

Care and ofMcGilI University.

3.3.2 lb.':Iioligand syntbesis

[Tyr]hCGRP8-37 was iodinlûed using a ch1oramine-TlNa metabisulfite method

(modified !Tom Hunter and Greenwood, 1962). Briefly, [Tyr]hCGRP8-37 (35 ;.1g) was
added to 0.25 MNaH2P04INa2HP04, pH 7.5, Na-12SI (2 mCi) and chloramine-T. After 1

min, the reaction was stopped by adding Na-metabisulfite to the mixture. After pre­

purification on an anion excbangz sep-pak (Accell QMA caltrïdge, Millipore) that traps

most offree 12SI-Na, the radiolabelled peptide wa.~ further purified by HPLC onto a C-1S

reversed-phase column (LKB-Ultropac) and a 10-70% (30 min) of acetonitrilel 0.06%

trifluoroacetic acid. Fractions were collected~I 30 sec and the radioactive peak was
l:!::7{uoted and stored at -200C until use.

3.3.3 [125I-Tyr]bCGRP8-37 receptor binding studies

Animais were sacrificed by decapitation. The brains (Jess cerebellum), atria and

vasa tieferentia were rapidly removed and placed in 15x volume of 25 mM Tris-HCl; 50

mM NaCl; 2 mM MgC12; pH 7.4. TISSUes werehomogenized using Brinkman polytron

and centrifuged at 48 000 g for 20 min at 40C. The pellets were then wasbed and

suspended in the original volume of butrer and re-centrifuged. This step was repeated
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twice. For the association experiments. crude membranes [275 ~g. ISO ~g and 15~g

protein from brain, atrium and vas deferens. respeetively. as measured by the method of

Lowry et al. (1951)] were incubated at room temperature in a final volume of0.5 ml of 50

mM Tris-HCl. 100 mM NaCI and 4 mM MgCI2• pH 7.4. 0.2% BSA, 0.02% leupeptin. 0.4

mM bacitracin and --40 pM [l251-Tyr]hCGRP8-.l7 (80 000 CPM; -2000 Cilmmol). [1251_

Tyr]hCGRP8-37 binding was determined by incubation for various time intervals (2.5-80

min) in the absence or presence of 1~ hCGRP8-37 for total and nonspecific binding.

respectively. The reaction was stopped by rapid filtration under reduced pressure using a

Brandel Cell Harvester (Model M24-R, Gaithersburg. MD) through glass fibre filters

(#32. Schleicher and Schuell. Keene, }..'H) pre-soaked in 0.1 % polyethyleneimine. For

dissociation experime,'s, [l251-Tyr]hCGRP8-37 was incubated for 60 min, at wlùch time an

excess of hCGRP8-37 (1 v.M) was added and residual binding measured at various time

points (2.5-50 min). Additionally. direct saturation studies were performed by incubating

various concentrations of [l251-Tyr]hCGRP8-37 (-10-500 pM) for 60 min under the same

assay conditions, and competition curves were performed by incubating --40 pM [1251_

Tyr]hCGRP8-37 with various concentrations (10-12_ 5x 10-6 M) ofhCGRPCL, hCGRP8-37.

[Cys(ACM)2.7]hCGRPCL, rat amylin-NH2 or sCT. Nonspf.cific binding represented

between 15 and 35% oftotal binding depending on the tissue preparation.

3.3.4 [l25I-Tyr]hCGRPlhT7 receptor autoradiography

Brain tissues were snap-frozen in 2-methylbutane (-4()OC) and stored at -SODC until

use. Seriai coronal sections (20 ~m) were cut and thaw-mounted onto gelatin coated

microscope slides. Tissue sections were then desiccated ovemight at 4°C and stored at ­

SOoC until experiments were performed. After a 15-min preincubation at room

temperature in 50 mM Tris-HCl buffer, 100 mM NaCl, pH 7.4, the sections were

incubated for 60 min in fresh buffer containing 0.2% BSA, 0.02% leupeptin, 0.4 mM

bacitracin and --40 pM [1251_Tyr]hCGRP8-37' After incubation, sections were washed in

ice cold buffer (4 x 1 min) and dipped twice in cold disti11ed water. Nonspecific binding to

adjacent tissue sections was defined by labeling of the ligand in the presence of 1~

hCGRP8-37' It represented -15% of total binding. Radiolabelled tissue sections were

exposed to Iùghiy sensitive film (Hyperfilm, Amersham Canada, Ontario) for 3 days.

Thereafter, the binding ofthe various brain regions was quantified using labelled standards

(Amersham, Oakville, Ontario) and a computerized image analysis system (MCID System,

Image Researr:tI Inc., Ste-Catharines, Ontario).
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3.3.5 Data analysis

Kinetic data were analyzed according to the procedure of Bennen (1978). The

apparent association rate constant (kobs) was calculated as the slope of the plct of

(In[B./(B.q-Bt)]) vs. time, where B.q is the amount of specifically bound ligand at

equilibrium and B t is the amount of specifically bound ligand at time t. kobs is equal to

kJ[L] + k_J when the binding reaction is performed with no more than ID % of initial free

ligand bound at steady-state, and where k] corresponds to the association rate constant,

[L] to the free ligand concentration and k_J to the dissociation rate constant. k.J was

estimated from the slope ofthe plot ofln (B/Bo) vs. time, where BD is the initial amount of

specifically bound ligand.

The analysis of both saturation and competition curves from membrane binding

assays were performed using the LUNDON-Data Analysis program. ANOVA was used

to compare the best goodness of fit between one- and two-sites models. If the ANOVA

yielded a probability value greater than 0.05 than the less complex model was accepted as

the model that best fined the data Values represent the mean :l: S.E.M. of at least three

separate experiments, each performed in triplicate.
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3.4 Results

3.4.1 Binding characteristics of [l2SI-TyrJhCGRPlh."'7

Ligand association experiments revealed that binding of -40 pM (1251_

Tyr]hCGRP8-37 reached equilibrium within 30 min (Fig 3.1) and remained stable for at

least 80 min. The data were transformed according to the pseudo first-order rate equation

and resolved into a single exponential fimction !Tom which the association rate constant kJ

was calculated as l.l x lOlO ±O.3, 9.2 x 109 ± 1.0 and 8.5 x 109 ± 1.0 min'\ M-l in brain.

atrium and vas deferens, respectively. Similarly, the rate of dissociation of [1251_

Ty:jhCGRP8-37 was resolved into a single exponential funetion when data were

transformed according to a first-order rate reaction !Tom which the dissociation rate

constant k_1 was calculated as 0.19:1: 0.01,0.24 ± 0.04 and 0.17 ± 0.05 min-I in brain,

atrium and vas deferens, respectively.
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Figure 3.1 Time courses of ligand association (filled symbols) and dissociation

(opened symbols) curves of -40 pM [125I-Tyr)hCGRP8-37 binding to brain (e;o), atrium

(B;O) and vas deferens (T;V). The data are representative of three experiments each

perfonned in triplicate as described in "Material and Methods".
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B:nding of [l2SI-Tyr]hCGRP8-37 to rat brain, guinea pig atrium and va:; d~ferens

was saturable, was specific and was associated with a single class of sites as revea1ed by

the computer assisted non-linear analysis (see "Material and Methods") and plotted

according to the method ofRosenthai (Fig 3.2). Dissociation constants (KD) values of 1.6

xl0-10, 2.1 x 10-10 and 7.5 xlo-11 M and Bmax values of39, 37 and 443 fmoVmg protein

were obtained for the brain, atrium and vas deferens homogenates, respectively.

3.4.2 Comparative affinities of bCGRPa, fragment and analogs for specific (l2SI­

Tyr)bCGRP8-37 binding

As shown in Fig 3.3, the binding profile of [l2SI-Tyr]hCGRP8-37 was similar in ail

three membrane preparations. hCGRPa was the most potent in competing against [l2SI­

Tyr]hCGRP8-37 binding, foIIowed by hCGRP8-37, [Cys(ACM)2.7]hCGRPa, rat amylin and

sCT. Ail competitors showed one affinity constant for the [l2SI-Tyr]hCGRP8-37 binding

site except for hCGRPa, which revea1ed two binding affinity constants in aIl three

membrane preparations, and rat amylin-NH2 in rat brain homogenates (Table 3.1, 3.2).

Moreover, the addition to the incubation media of Gpp(NH)p (10-8-10-4 M), a GTP non­

hydrolysable analog, had no significant effect on [l2SI-Tyr]hCGRP8-37 binding (99-102 %

ofcontrol specific binding) in ail three membrane preparations.
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Figure 3.2 Representative saturation curves and respective Rosenthal transformation

(insets) of [12SI-Tyr]hCGRP8-37 binding in rat brain (top), guinea pig atrium (middle) and

vas deferens (bottom). Total (0), specifie (.) and nonspecifie (V) binding. Nonspecifie

binding was defined in the presence of 1 !lM hCGRP8-37 and represented 15 to 30% of

. ~total binding, depending on tissue and ligand concentrations.
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Figure 3.3 Competition binding profiles of hCGRPa, its fragment and analogs for

specifie [125I-Tyr]hCGRP8-37 binding in rat brain (top), guinea pig atrium (middle) and

vas defé.ens (bottom). Membl'é:l1es were incubated with -40 pM [125I-Tyr]hCGRP8-37

and with increasing concentrations (10"12..1CtM) of hCGRPa ("t'), hCGRP8-37 (e),

[Cys(ACM)2.7]hCGRPa (0), rat amylin-NH2 (.) and sCT (V). Data represent,rnean ±

S.E.M. of at least three separate experiments, each performed in triplicate.
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Table 3.1 Comparative affinities of hCGRPa. its fragment and analogs for specifie [l25,.TyrjhCGRP6-37 binding sites in the rat

braln.

Rat brain

hCGRPa

hCGRPalJ.37

ICys(ACM)1.7/hCGRPa

rat amylin·NH1

sCT

Kil
(M)"

3.7 X 10.10 ± 0.9

3.2 X 10.9 ± 0.7

KL
(M)b

3.2 x10'8 ± 0.8

3.9 X 10.9 ± 0.6

1.2 x 10.8 ± 0.1

3.4 X 10.7 ± 0.2

5.6 xlO-6 ± 0.9

RII
(frnoVrng prolein)C

12 ± 2

9±1

RL
(frnoVrng protein)d

IO± 2

27 ± 2

26±2

15 ± J

24 ± 3

~

a High affinlty blnding constant
b Low affinity blnding constant
C Amount of binding sites in hlgh affinity
d Amount of binding siles in low affinily

Values represent means ± S.E.M. detennined from atleastthree separate experiments. each perfonned in triplicate.
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Table 3.2 Comparative affinities of hCGRPa, its fragment and analogs for specifie [I251-Tyr]hCGRPa.37 binding sites in the guinea

plg atrium and vas deferens.

Atrium (CGRPt ) vas deferens (CGRP2)

Kil KI. RII RI. Kil KI. RII RI.
(Ml" (M)b «(mol/mg (fmolfrng (M)a (M)b (fmot'mg (rrnol,'rn5

protein)c protein)d proteinf (lfotem)

hCGRPa 4.0 xIO·IO ±OA 5.6 X 10.8 ±1.8 21 ±I 14 ±O.I 2.5 X 1O·1O±0.6 9AxlO·9±4 193±41 247±29

hCGRPl1a-J7 -- l.I X 10.8 ±0.2 - 35 ±I --- 5.0x 10.9 ±0.6 --- 415±4R

[Cys(ACM)2,7IhCGRPa --- 204 xl0.8 ±0.5 --- 33 ±2 --- 1.4x10·8 ±0.2 --- 403±4R

rat amylin.NHz -- l.I xl0.7±0.2 --- 31 ±3 .-- 9.3xlO·8 ±1.8 --- 2RO±29

sCT - 2.0 xl 0-6 ±0.5 _o, 34 ±O.I --- 1.2x 10-6 ±O.5 --- 40R±1i5

a High affinily binding constant
b Low affinity binding constant
C Amount of binding sites in high affinity
d Amount of blnding sites in low affinity

Values represent means ± S.E.M. detennined from at least three separale experiments, each perfonned in triplicate.



3.4.3 Autoradiographie distribution of [I25I-Tyr]hCGRP8-37 binding sites in rat

brain

The distribution of [I2S1-Tyr]hCGRP8-37 binding sites was investigated using in

vitro receptor autoradiography on coronal rat brain sections (Fig 3.4). Quantification of

the data in various brain regions is shown in Fig 3.5. The highest densities (>2.5 finol/mg

tissue, wet wt.) of [I2SI-Tyr]hCGRPg.37 binding were present in the sheIl of the nucleus

accumbens, caudate putamen (tail), amygdaloid body, pontine nuclei, cerebeIlum and

inferior olive. Moderate densities (between \.5-2.5 finol/mg tissue, wet wt.) were

obselVed in the piriform cortex, olfaetory tubercle, nucleus accumbens core, habenular,

medial geniculate, superior collio.l1us, temporal cortex, inferior colliculus, lateral

lemniscus, vestibular nuclei, principal sensory trigeminal nucleus and spinal trigeminal

nucleus. Low densi. es «\.5 finol/mg tissue, wet wt.) of [I2SI-Tyr]hCGRPg.37 labeling

were locateo at the level of the frontal cortex, parietal cortex, caudate putamen, hilus of

the dentate gyrus, red nucleus, substantia nigra, ce;JtraI gray, motor trigeminal nucleus and

reticulotegmental nucleus of the pons. Nonspecific binding corresponded to -15 % of

total binding in the various brain areas except for nucleus accumbens, where nonspecific

represented 28 % oftotal binding (Fig 3.4).
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Figure 3.4 Photomicrographs of the autoradiographic distribution of [12SI-TyrjhCGRPs­

37 (-40 pM) binding sites in coronal sections of the rat brain. Nonspecific binding was

defined in the presence of 1 IlM hCGRP8-37 on adjacent coronal sections and

represented 15 to 28% of total binding (bottom row). Abbreviations: AcbC, nucleus

accumbens core; AcbS, nucleus accumbens shell; Amy, amygdaloid body; CPu, caudale

pulamen; CG, central gray; Cer, cerebellum; Fr, frontal cortex; Hb, habenular nucleus; IC,

inferior colliculus; 10, inferior olive; LL, laterallemniscus; MGn, medial geniculate; MoS, molor

trigeminal nucleus; Par, parietal cortex; Pir, piriform cortex; Pn, pontine nuclei; PrS, principal

senso:)' trigeminal nucleus; Rn, red nucleus; RtTg, reticulotegmental nucleus of the pons; SC,

superior colliculus; SNR, substantia nigl'9; SpS, spinal trigeminal nucleus; Te, temporal cortex;

Tu, olfactory tubercle; Ve, vestibular nuclei; VS, ventral striatum.
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Figure 3.5 Quantitative autoradiographic analysis of specifie [125I-TyrjhCGRP8-37 (-40

pM) binding in selected areas of the rat brain. Values n'present the mean of at least

three different brains. Nonspecifie binding was defined in the presence of 1 !lM

hCGRP8-37 on adjacent coronal sections and represented 15 to 28% of total [1251­

TyrjhCGRP8-37 binding.
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3.5 Discussion

The binding of [l251-Tyr]hCGRPg.37 to the guinea pig atrium (CGRPI-enriched

tissue), vas deferens (CGRPrenriched tissue) and the rat brain was saturable. and was best

fitted to a single class of high affinity binding sites. The relative potencies of hCGRPcx.

hCGRP8-37, [CYS(ACM)2·7]hCGRPex, rat amylin-NH2 and sCT to compete for [125)_

Tyr]hCGRP8-37 binding were similar in ail three membrane preparations. Furthermore.

[l251-Tyr]hCGRP8-37 binding sites were widely distnbuted in the rat brain. with the highest

densities of sites being observed in the nucleus accumbens. caudate putamen (tail).

arnygdaloid body, pontine nuclei, cerebellum and inferior olive. Thus, [l251-Tyr]hCGRPs­

37 represents a new high affinity probe for the study ofCGRP receptors in various tissues.

Saturation and competition experiments of [1 251_Tyr]hCGRP8-37 binding by

unlabelled hCGRP8-37 revealed the existence of a single affinity site in ail three tissue

preparations. [l25I-Tyr]hCGRP8-37 binding was also found to be insensitive to the

presence of up to 100 !lM Gpp(NH)p in the incubation medium. This is in marked

contrast to the weil establisiJed sensitivity of the agonist radioligand, [l 251]hCGRPex, to

GTP and its metabolica\ly stable analogues (Umeda and Arisawa, )989; Roa and

Changeux, 1991; ChatteIjee and Fisher, 1991; van Rossum et al., 1993; see Poyner, 1992,

for recent review). Thus in accordance with previous binding studies with antagonist

radioligands of other receptor classes (Liang, 1989; Jackson et al., 1992; Sinkins and

Wells, 1993; Hunter et al., 1993), [l251-Tyr]hCGRP8-37 binding was not affected by the

GTP analogues, probably because (lf its ability to recognize the uncoupled state of the

CGRP receptors and its relative insensitivity to the existence of multiple affinity states of

the CGRP receptor complex. In this regard, it is of interest that the agonist hCGRPa

revealed the existence of !WO affinity constants in competing for specifie [1251_

Tyr]hCGRP8-37 binding in ail three membrane preparations of the present study. Similar

results were obtained using [l25I]hCGRPa as agonist radioligand (Dennis et al., 1990; van

Rossum et al., 1993). These!Wo affinity constants may correspond either to !wo affinity

states of a single receptor protein or to !wo distinct receptor classes. The former

hypothesis appears more Iikely on the basis of recent results demonstrating the existence

of multiple receptor affinity states sensitive to the addition of guanine nucleotides in these

tissues (van Rossum et al., 1993).

The highest quantity of [l25I-Tyr]hCGRP8-37 binding sites was detected in the vas

deferens (-450 fmoVmg protein), whereas lesser arnounts were found in both atria and

brain (-30 fmoVrng protein). A cornparison ofrnaximal binding capacities of the agonist

83



ligand. [1251]hCGRPcx (Dennis el al.. 1990; van Rossum el al.. 1993). reveals significantiy

lower values when [125I-Tyr]hCGRPg.37 is used as radioligand. This was somewhat

unexpected; previous reports have generally shown higher apparent Bmax valucs when

antagonist vs. agonist ligands were compared, because the latter would preferentially label

only the high affinity state of the receptor (Jarvis el al.• 1991; Jackson el al.. 1992) The

significantly lower maximal amounts of binding sites observed here using [1251_

Tyr]hCGRPg.37 may thus rcflect the relative selectivity of this radioligand for the

purported CGRP1 receptor subtype as suggested by the results of functional in vitro and

in vivo bioassays using the unlabelled fragment (Dennis et al., 1990; Jolicoeur et al., 1992;

Giuliani et al., 1992; Quirion et al., 1992; Stang! et al., 1993).

Rat amylin-NH2 is a 37 arnino acid peptide showing -50% arnino acid sequence

homology with CGRP (Nishi et al., 1990). This peptide was able to compete for sp::cific

[l251-Tyr]hCGRPg.37 binding with rather low affinity (-100 nM) except in the rat brain, in

which rat amylin-NB2 revealed both high- and low-affinity binding constants for [1251­

Tyr]hCGRP8-37 sites. Recently, high-affinity [l25I]amylin binding sites were reported in

rat brain (Beaumont et al., 1993). A few recent reports have shown that hCGRP8-37 can

potently antagonize the hypotensive and tachycardiac effects induced by either amylin or

CGRP (Gardiner et al., 1991), their inhibitory activity on glycogen turnover in the soleus

muscle (Deems et al., 1991) and their positive inotropic actions in the isolated guinea pig

atrium (Giuliani et al., 1992). However, only relatively high concentrations (10-100 !lM)

of this antagonist were able to block the action of amylin in Iiver (Morishita et al., 1990)

and skeletal muscle (Wang et al., 1991) preparations. Furthermore, hCGRP8-37 failed to

antagonize amylin's actions on the isolated guinea pig urinary bladder and the rat vas

deferens, two CGRP2 receptor-enricheè tissues (Giuliani et al., 1992). It thus remains to

be deterrnined whether amylin acts mostly via CGRP receptors and/or through genuine

amylin receptors such as those recently reported to be present in the lung (Bhogal et al.,

1992) and the brain (Beaumont et al., 1993). The complex competition profile of amylin

for [l25I-Tyr]hCGRP8-37 binding in the rat brain revealed in the present study suggests

that rat amylin-NH2 can either differentiate two affinity states of the CGRP receptors or

recognize two different populations of receptors that cannot be distinguished by [1251­

Tyr]hCGRP8-37'

[l25I]hCGRPcxlsCT-sensitive binding sites wcre reported to be present in various

areas ofthe brain, especially in the nucleus accumbens (Sexton et al., 1988; Dennis et al.,

1991; Quirion et al., 1992). Because t1ùs peptide was only able to compete for [1251­

Tyr]hCGRP8-37 binding with low aflinity, it is unlikely that this new radioligand recognizes

a significant proportion ofthe sCT receptors. It a1so further demonstrates the dissociation
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between CGRP and CT receptor subtypes in most tissue preparations.

The quantitative autoradiographie distribution of [I~5I.Tyr]hCGRP8_'7 sites IS

similar to that reported using the agonist radioligand [125I]hCGRPcr. (Tschopp et al..

1985; Skofitsch and Jacobowitz. 1985; Inagaki et al.. 1986; Se".-ton et al.. 1986; Quirion

et al.. )992) with [I~5I-Tyr]hCGRP8-37 binding concentrated in mesolimbic areas such as

the nucleus accumbens and the amygdaloid body, in addition to medial geniculate, inferior

olive, cerebellum and various brainstem nuclei. This distinctive distribution pattern

observed throughout the brain suggests a role for CGRP and related peptides in the

modulation of the aetivities of various limbic structures as well as of sensory and motor

nuclei. Already, CGRP has been reported to modulate various centrally mediated

behaviours, including nociception (pecile et al.. 1987; Welch et al.. 1988; Jolicoeur et al..

1992), motor activity (Krahn et al., 1984; Jolicoeur et al.. 1992), body temperature

(Dennis et al.• 1990; Jolicoeur et al., 1992) and food intake (Krahn et al., 1984; Dennis et

al., 1990; Jolicoeur et al., 1992) as well as the release of neurotransmÎtters such as

noradrenaline (Fisher et al., 1983) and dopamine (Drurnheller et al., 1992); this is

consistent with the high concentrations of [l2SI-Tyr]hCGRP8-37 sites in the nucleus

accumbens and amygdaloid body. The faet that the distribution pattern of [1 251­

Tyr]hCGRP8-37 binding sites is similar to that of [l2sI]hCGRPcr. in the rat brain suggests

that hCGRP8-37, on the basis of its antagonistic properties, should be useful in

investigating the physiological role(s) ofCGRP in the central nervous system.

In surnmary, [1251_Tyr]hCGRP8-37 represents a novel antagonist radioligand with

high affinity for CGRP receptors in brain and peripheral tissues. 115 unique features are

related to its high affinity, low levels ofnonspecific labeling, apparent insensitivity to GTP

nucleotides and specifie distribution pattern in the CNS. It should thus be a useful

pharmacological tool to further charaeterize CGRP receptors present in a variety of

tissues.
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4.0 Preface to Chapter 4

Islet amyloid polypeptide or amylin is a recently isolated peptide demonstrating

about 50% sequence homology with CGRP. This peptide is currently generating much

interest because of its pOl.:ntial role in the pathology in non-insulin dependent diabetes.

A variety of biological effects have been reported for amylin both on peripheral tissues

as weil as in the brain. Until very recently, the existence of specifie receptor sites for

amylin was unknown. Moreover, as severa! biological actions of amylin are shared

with those of CGRP, it has been proposed that amylin mostly acted through CGRP

receptors to induce its effects. However, other data suggested the possible existence of

unique population of amylin receptors. Therefore, we were especially interested in

investigating the affinity of amylin for [l2SI]hCGRPa. binding sites present in brain and

various periphera! tissues. Furthermore, we studied the possible existence of a unique

c1ass of receptor sites for amylin in rat brain. These data suggest the genuine existence

ofamylin receptor sites in the rat.
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4.1 Abstract

Amylin is a recently isolated peptide from amyloid plaques in non-insulin

dependent diabetic patients and showed high sequence homology with calcitonin gene­

related peptide. We investigated the distribution and the binding profile of [l251]Bolton

Hunter-rat amylin ([12SI]BH_rat amylin) binding sites in the rat brain, as weIl as the affinity

of rat amylin for [l2SI]hCGRPa. binding sites in the brain, atrium (CGRP1 receptor­

enriched tissue) and vas deferens (CGRP2 receptor-enriched tissue). High amounts of

high affinity [l2SI]BH-rat amylin binding sites were observed in the nucleus accumbens,

various hypothalamic nuclei, amygdaloid body, dorsal raphe, tegmental and parabrachial

nuclei, and the locus coeruleus. Interestingly, both rat amylin and salmon calcitonin

revea1ed low nanomolar affinities (2-19 nM) for [l2SI]BH-rat amylin binding sites in the

various brain areas whereas human calcitonin gene-related peptide-a (hCGRPa.) showed

lower affinities ranging between 13 to 150 nM. Moreover, the affinity of rat amylin was

much lower than that of hCGRPa. for [l2SI]hCGRPa. binding in the brain, atrium and vas

deferens, except for very few areas such as the nucleus accumbens and ventral striatum.

Similarly, rat amylin was much weaker (100- to 400- fold) than hCGRPa. to induce a

biologica1 effect in the atrium and vas deferens. These results thus suggest the existence

of unique [l2SI]BH-rat amylin binding sites in the rat brain as weIl as Iimited cross­

reaetivity between rat amylin and [I2SI]hCGRPa receptors present in the brain, atrium and

vas deferens.
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4.2 Introduction

Islet amyloid polypeptide or amylin was first isolated from amyloid deposits from

human insulinoma (Westermark el al. 1986; Westermark el al. 1987) and from the

pancreases of type 2 diabetic patients (Cooper el al. 1987; for review. Nishi et al. 1990;

Betsholtz el al. 1993). This peptide subsequently revealed strong amyloidogenic

properties (Westermark el al. 1990). Amylin shows - 50% amino acid sequence

homology with CGRP and likely shares a common ancestral gene v.. ith the

CGRP/calcitonin family (Nishi el al. 1990). Amylin rnRNA is found in high concentrations

in the pancreas whereas lower levels are detected in the stomach, gastrointestinal tract,

lung and dorsal root ganglia (Ferrier el al. 1989). Sirnilarly, by using a specifie

radioimmunoassay, amylin-like immunoreactivity was detected in the pancreas, stomach

and various parts of the gastrointestinal tract but failed at first to be detected in the central

nervous system (Asai et al. 1990). Subsequendy, however, Chance el al. (1991) detected

picomolar amounts of the peptide in the hypothalamus whereas the content of amylin in

other brain areas was below detectable levels. With respect to amylin receptors, Bhogal et

al. (1992) reported the presence of specifie [I2SI]amylin binding sites in lung membrane

preparations from various species as weil as in the stomach, spleen, liver and various

regions of the brain. However, no specifie binding was detected in the pancreas, soleus

muscle or kidney.

In the periphery, both amylin and CGRP are potent inhibitors of glucose uptake

and glycogen synthesis in skeletal muscle in vitro (Leighton and Cooper, 1988; Deems et

al. 1991b). Amylin also shares the hypocalcaernic (Datta el al. 1989; Maclntyre, 1989)

and anorexie (Chance et al. 1991; Chance el al. 1992) properties ofboth calcitonin (Freed

et al. 1979; Yamamoto et al. 1982; Fischer and Born, 1985) and CGRP (Krahn el al.

1984; Roos et al. 1986). On the basis of the sirnilarities between the biological actions of

amylin and CGRP, several reports have focused on the possible existence of a common

receptor for these two peptides in a variety of preparations including the liver (Morishita

et al. 1990; Galeazza et al. 1991; Zhu el aL 1991; Chantry et al. 1991), skeletal muscle

(Galeazza et al. 1991; Chantry et al. 1991), central nervous system (Galeazza et al. 1991;

Zhu el al. 1991) and L6 myocytes (Zhu el al. 1991; Poyner el aL 1992). However, in
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most preparations amylin was found to be 30 to 100 fold less effective than CGRP in

competing for specifie [I25I]CGRP binding. Furthermore, the actions of amylin could not

be explained fully by the activation of CGRP receptors in L6 myocytes (poyner et al.

1992; Kreutter el al. 1993). It thus remains to be determined if amylin acts exclusively via

CGRP receptors and/or through a unique amylin receptor class as reported in Jung

membranes (Bhogal el al. 1992) and possibly the nucleus accumbens (Beaumont et al.

1993), to produce its biological effects.

The major objective of the present study was thus to investigate the existence of

unique amylin receptors in the brain. We therefore examined the existence and

distribution of binding sites for (l25I]BH-rat amylin as weil as its selectivity profile in the

rat brain. Furthermore, the potential cross-reactivity betWeen CGRP and amylin sites was

examined in rat brain sections. Finally, the affinity and biological activity of amylin were

investigated in the electrical1y stimulated atrium and vas deferens. These two tissues were

chosen on the basis of their enrichment with CGRP1 and CGRP2 receptor subtypes,

respectively (Dennis el al. 1989; Dennis et al. 1990; Dennis et al. 1991; Giuliani et al.

1992). The CGRP\ subtype is defined by its preferential antagonism by C-terminal

fragments such as CGRP8-37 and CGRP9•37 whereas the Iinear fragment

[Cys(ACM)2.1]hCGRPa. has preferential agonistic effects on the CGRP2 receptor subtype

(Mimeault et al. 1991; for review, Quirion et al. 1992; Stang1 et al. 1993).
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4.3 Materials and Methods

4.3.1 Materials

Rat amylin-NH2. hCGRPa. and [TyrO]hCGRPa. were synthesized in our

laboratories as previously described in detail (Mimeault et al. 1992). Rat amylin-NH2 also

was purchased from Bachem California (Torrance. California). [l25I]BH-rat amylin (2000

Cilmmol) and (2-[l25I]iodohistidyIIO)-hCGRPa. (2000 Cilmmol) were purchased from

Amersham Canada (Oakville, Ontario, Canada). Na-iodine (Na-125I) was obtained from

ICN Canada (Mississauga, Ontario, Canada). Trisma-base, NaCl, bacitracin, leupeptin

and chymostatin were supplied by Sigma Chemicals Co. (St-Louis, MO) and BSA by

Boehringer Mannheim Canada (Laval, Québec, Canada). Glass fibre filters #32 were

purchased from Schleicher and SchueII (Keene, NH). Other chemicals were of analytical

grade and were obtained from Fisher Scientific (Montréal, Québec, Canada).

Male Sprague-Dawley rats (225-250 g) and male Hartley guinea pigs (325-375 g)

were obtained from Charles River (St-Constant, Québec, Canada). They had free access

to food and water and were kept according to the guidelines of the Canadian Council for

Animal Care and McGiII University.

4.3.2 Iodination ofhCGRPa.

[TyrO]hCGRPa. was iodinated by using a modified chloramine-T/Na metabisulfite

method (Hunter and Greenwood, 1962). Briefly, [TyrO]hCGRPa. was added to phosphate

buffer 0.25 M, pH 7.5, Na_1251 and chloramine-T. After 1 min, the reaetion was stopped

by adding Na-metabisulfite to the mixture. After pre-purification on an anion exchange

sep-pale (AcceII QMA cartridge, Millipore), the radiolabeled peptide was further purified

by high-performance liquid chromatography by using a C-1S reversed-phase column

(LKB-UItropac) and a 10 to 70% (30 min) acetonitrile-0.06% trifluoroacetic acid

gradient. Thirty-second fractions were coIIeeted and the radioactive peak was aliquoted

and stored at -200C until use.

4.3.3 (l2SI]BH-rat amy1in and [l2SI]hCGRPa. receptor autoradiography

Brain tissues were snap-frozen in 2-methylbutane (-400C) and stored at -SOoC until

use. Seriai coronal sections (20 I1m) were cut and thaw-mounted onto gelatin coated
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microscope slides. Tissue sections were then desiccated ovemight at 40C and stored at

.800C until experiments were performed.
Binding profile of[125I]BH-rat amylin in rat brain was obtained by pre-incubating

adjacent coronal rat brain sections for 15 to 20 min in 50 mM Tris-HC1 buffer, 100 mM

NaCI and 4 mM MgCI2, pH 7.4, followed by a 60-min incubation in fresh buffer
containing 35 pM [I25I]BH-rat amylin containing 0.2% BSA, 0.4 mM bacitracin. 4 Jlg/ml

of leupeptin and 2 Jlg/ml of chymostatin and increasing concentrations (1-1000 nM) of
either rat amylin-NH2, sCT or hCGRPa. The sections were then washed in ice cold buffer
(4 x 2 min) and dipped twice in cold distilled water. Nonspecific binding was evaluated on

adjacent sections incubated with 1 JlM of rat amylin-NH2 and corresponded to ---40% of

total binding. Radiolabeled tissue sections were exposed to highly sensitive film
(Hyperfilm, Amersham Canada, Ontario, Canada) for 18 days. Thereafter, specific

binding in various brain regions was quantified by using commercially available standards

and computerized image analysis system (MCID System, Image Research Inc., Ste­

Catharines, Ontario, Canada). A similar protocol was used for [I25I]hCGRPa binding

except for the following: after a 15 min pre-incubation, coronal rat brain sections were

incubated with either 25 pM [I25I]hCGRPa or -25 pM [l25I-TyrO]hCGRPa for 90 min.

Nonspecific binding to adjacent tissue sections was defined in the presence of 1 JlM
hCGRPa and represented less than 10% of total [l25I]hCGRPa binding and -25% of

[1251_TyrO]hCGRPa labeling. The radiolabeled tissue sections were exposed to Hyperfilm

for 5 days and quantified as above.

4.3.4 [l2SI]hCGRPa. membrane binding

Animais were sacrificed by decapitation. Atria and vasa deferentia were removed

rapidly and placed in 15x volume of 25 mM Tris-HCI, 50 mM NaCI and 2 mM MgCI2 at

pH 7.4. Tissues were homogenized by using Brinkman polytron and centrifuged at 48 000

x g for 20 min at 40C. Pellets were washed and suspended in the original volume ofbuffer

and re-centrifuged. This step was repeated twice. The crude membranes [150 Ilg and 15

Ilg of protein from atria and vasa deferentia, respective\y, as measured by the method of

Lowry et al. (1951)] were incubated for 1 hour at room temperature in a final volume of

0.5 ml of50 mM Tris-HCI (pH 7.4) containing 100 mM NaC~ 4 mM MgCI2, 0.2% BSA,

0.4 mM bacitracin, 40 pM [l2SI]hCGRPa and increasing concentrations of either hCGRP

a or rat amylin-NH2 (10-t2 to 10-6 M). Incubations were terminated by rapid filtration

under reduced pressure by using a Brandel CeU Harvester (Model M24-R, Gaithersburg,

MD) through glass tibre filters pre-soaked in 0.1 % polyethyleneimine. Nonspecific
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binding was defined in the presence of an e.xcess of hCGRPa (1 !lM) and represented

between -30% oftotal binding depending upon the tissue preparation.

4.3.5 ln vitro bioassays

Animais were sacrificed by decapitation. Guinea pig left atrium and rat vas

deferens (pars prostatica) were removed quickly and placed in oxygenated Krebs-Ringer's

solution. Tissues were then prepared for isometric tension recording. as described

previously (Dennis et al. 1989). In brief, a resting tension of 1 g was applied to al! tissue

preparations and an equilibration period of 1.5 h was allowed before electrical stimulation

was applied. The atria and vasa deferentia were driven electrically at maximal voltage and

frequencies 00 Hz (0.3 ms) and 0.12 Hz (0.5 ms), respectively. Concentration-response

curves of hCGRPa or rat amylin-NH2 were determined by increasing bath concentrations

applied in a cumulative manner by using previously reported methods that have revealed

the absence of tachyphylaxis in these tissues (Dennis et al. 1989). Concentrations up to 5

!lM of rat amylin-NH2 were tested in the guinea pig atria, f01l0wed by the addition

(without wash) of 0.1 !1M hCGRPa to evaluate the maintenance of the maximal response

ofthis tissue and the fu1l effectiveness ofhCGRPet under these conditions.

4.3.6 Data analysis

ICso values (i.e. concentration of the peptide required to compete for 50% of

specifie binding of the radioligand) of the various peptides were calculated in

autoradiographie binding studies by using nonlinear regression by GraphPAD InPlot which

quantitate goodness offit by the method ofMarquardt (1963) with modification ofTabata

and Ito (1975). Values are expressed as mean :l: S.E.M. from at least 3 brains. The

analysis of the competition curves obtained from membrane binding assays was performed

using the LUNDON-2 Competition Data Analysis program which is based on a modified

version of the Cheng-Prusoff method. Analysis of variance was used to compare the

goodness offit between the one- and two-site models. Ifthe analysis ofvariance yielded a

probability value greater ihan 0.05, the less complex model was accepted as the model

which best fitted the data. Values represent the mean :l: S.E.M. of at least three separate

experiments each performed in triplicate. FinaI1y, ECso values from in vitro bioassays

were computed using nonlinear regression by GraphPAD InPlot (see above). Data are

expressed as mean :l: S.E.M. of 4 to 10 individual preparations. Student's t test was

performed to compare peptide affinities and activities in the various preparations.
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4.4 Results

4.4.1 Autoradiographie distribution and binding profile of [l2SI]BH-rat amylin

binding sites in rat brain

The distribution of [I2SI]BH-rat amylin binding sites in coronal rat brain sections is

shown in Figure 4.1 and quantified in Table 4. 1. Highest amounts of specifie [I2SI]BH-rat

amylin Iabeling (> 7 finoIlmg of tissue, wet weight) were observed in the nucleus

accumbens, fundus striati, central and medial amygdaloid nuclei, amygdalostriatal

transition zone, dorsal raphe and locus coeruleus. Moderate levels of specifie binding

(between 5-7 finoIlmg of tissue, wet weight) were quantified in the medial preoptic area

and dorsomedial and arcuate hypothalamic nuclei. Low levels ofbinding « 5 finoll mg of

tissue, wet weight) were de-;ected in the ventromedial hypothalanùc nucleus, the medial

tuberai nucleus, the laterodorsal tegmental and the lateral parabrachial nuclei. Significant

amounts of specifie [I2SI]BH-rat amylin binding failed to be detected in most cortical

areas, hippocampus and cerebellum (Figure 4. 1).

Residual [I2SI]BH-rat amylin binding in the presence of increasing concentrations

(1-1000 nM) ofeither rat amylin-NH2, sCT or hCGRPa. is shown in Figure 4.2. The

apparent affinity of rat amylin-NH2 and sCT for [I2SI]BH-rat amylin was similar in ail

brain regions whereas hCGRPa. demonstrated 5- to 35- fold lower affirùty (Table 4.1). In

brain areas also known to be enriched in [I2SI]hCGRPa. binding such as the nucleus

accumbens and the amygdaloid body (DenTÙs et al. 1991; Quirion et al. 1992), hCGRPa.

competed with greater affirùty for [I2SI]BH-rat amylin sites than in areas not contairùng

significant amounts of [I2SI]hCGRPa. binding such as in various hypothalamic nuclei

(Table 4.1).
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Figure 4.1 Photomicrographs of the autoradiographie distribution of [1 25I]BH-rat

amylin binding sites in coronal sections of the rat brain. Sections were incubated with

35 pM [1 25I]BH-rat amylin and nonspecific binding was determined in the presence of 1

~M amylin on adjacent sections. Abbreviations: AcbC, nucleus accumbens, core; AcbSh,
nucleus accumbens, shell; Arc, arcuate hypothalamic nucleus; Ce, central amygdala nucleus;

Cer, cerebellum; DM, dorsomedial hypothalamic nucleus; DR, dorsal raphe nucleus; FStr,

fundus striali; LC, locus coeruleus; LDTg, laterodorsal tegmental nucleus; LPB, lateral
parabrachial nucleus; MePD, medial amygdaloid nucleus, posterodorsal; MPA, medial preoptic

area; MTu, medial tuberai nucleus; ZI, zona incerta.

4.4.2 Competition of [l2SI]hCGRPtt binding by rat amylin-NH2 in various areas of

the rat brain

The quantitative analysis of residual [I2SI]hCGRPtt binding seen in the presence of

increasing concentrations of rat amylin-NH2 (1-1000 nM) is shown in Figure 4.4 and

Table 4.2. Interestingly, rat amylin-NH2 was highly potent in competing for specifie
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Figure 4.2 Photomicrographs of the competition profiles of rat amylin-NH2, sCT and

hCGRPo: for specifie r25I]BH-rat amylin-NH2 in rat brain. Nonspeeifie binding was

defined as [1 25I]BH-rat amylin-NH2 binding in the presence of 1 \lM of rat amylin-NH2.

Abbreviations: Arc, arcuate hypolhalamic nucleus; ASIr, amygdalostriatal transition zone;

DM, dorsomedial hypothalamic nucleus; MePD, medial amygdaloid nucleus, posterodorsal;
MePV, mediai amygdaloid nucleus, posteroventral; MTu, medial tuberai nucleus; VMHVL,

venlromedial hypothalamic nucleus, ventrolaleral.
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Table 4.1 Quantitative autoradiographie analysis and comparative affinities of amylin

and related peptides for specifie [l25I]BH-rat amylin binding in selected rat brain areas.

Total ICso (nM)"

(tinoVmg tissue. rat amylin sCT hCGRPa
wet weight)

Accumbcns n. (sh~l1) 9.1 = 0.5 18.7=1.2 16.7±1.I 130±12

Accumbens n. (core) 704 = 0.5 7.8 = lA 9.2 ± 1.0 25 ± \

Olf. tubercle 7.9 = 0.6 1.5 ± 1.0 4.7 = 1.2 17 ± 2

Fundus striati 8.5 = 1.2 14.5 = 1.2 8.7 ± 1.1 100±13

Mec'jal preoptic area 6.1 = 1.0 13.2 = 1.3 5.3 ± 1.4 77 = 3

Cet:traI amygdala n. 7.0±0.6 3.2 = 1.0 4.5 ± 1.8 29± 1

Dorsomedial hypoth. n. 6.2 = 004 3.6 = 1.2 5.\ = 1.1 150±12

Arcuate hypoth. n. 5.0 = 0.2 2.3 = 1.2 4.2 = lA 1I8±12

Ventromedial hypoth. n.,
ventrolateral 4.8 = 004 2.9 ± 1.2 3.3 ± lA 53 ± 2

Medial tuberai n. 4.5 = 0.8 3.8 ± 1.3 4.3 ± 1.4 24 = 1

Amygdalostriatal transition
zone 8.3 = 0.5 3.6 = 1.1 4.7 = 1.8 14 ± 1

Medial amygdaloid n.,
posterodorsal 7.1 ± 0.5 2.9 ± 1.1 3.1 ± 1.3 14 ± 1

Medial amygdaloid n.,
posteroventral 6.9 = 1.2 2.2 = 1.2 3.2 = 1.6 13 ± 1

Dorsal raphe n. 7.3 = 1.1 5.8 = 2.6 3.5 ± 1.2 38 = 2

Laterodorsal tegrnental n. 3.8 = 0.2 3.2 ± 1.2 4.6 = 1.1 24 = 1

Lateral parabrachial n. 4.4 = 0.7 4.2 = 1.0 3.7= 1.2 75 ±12

Locus coeruleus 7.3 = 1.9 9.1 = 1.0 2.8 ± 1.2 100±13

*IC,o, the r.oncentration of peptide required to compete for 50% of specifie [l25I]BH_rat

amylin binding. Adjacent rat brain coronal sedions were incubated with either 35 pM [12SI)BH_rat

amylin alone or with increasing concentrations (1-1000 nM) of the respective competitolS.

Nonspecifie was defined as [12SI)BH_rat amylin binding in the presence of 1 !'M of rat amylin­

NH2. Data represent mean :1: S.E.M. of at least three separate brains.

lOS



[12SI]hCGRPcr. binding in two regions only (Figures 4.3 and 4.4), namely the nucleus

accumbens and the ventral striatum which are also enriched in [l2SI]BH-rat amylin sites

(Figure 4.1). Ail other brain areas examined were much less sensitive to rat amylin-NH2
with ICso values significantly above 100 nM (Figure 4.4, Table 4.2).

4.4.3 Comparative affinities of rat amyIin-NH2 and hCGRPa for [l25I)hCGRPa

binding in CGRP1 and CGRP2 enriched membrane homogenates

The comparative affinities of rat arnylin-NH2 and hCGRPcr. for specific

[12SI]hCGRPcr. binding in membrane homogenates enriched with the CGRP j (atrium) and

CGRP2 (vas deferens) receptor subtypes was investigated next. Rat amylin-NH2 was able

to compete, in a concentration-dependent manner, for [I25I]hCGRPcr. binding in these \WO

tissues. Rat arnylin-NH2 showed -200-fold lower affinity than previously reported

hCGRPcr. affinity values for specific [I25I]hCGRPcr. binding in atrium (KH: 2.7 xIO- IO) and

vas deferens (KH: 2.1 xl0- IO) (van Rossum et al. 1993). However. rat arnylin-NH2
appeared to compete more potentiy (P<0.05) for the [I25I]hCGRPa binding in a CGRP2
(Ko 45 :l: 1 nM) over a CGRP j (Ko 61 :l: 4 nM) enriched membrane preparations.

4.4.4 ln vitro biological activity in CGRP1 and CGRP2 preparations

Ta further determine if rat arnylin-NH2 shows preferential affinity for a CGRP

receptor subtype in funetional assay~ the comparative effects of hCGRPa, hCGRP13 and

rat arnylin-NH2 on the eleetrica1ly stimulated guinea pig left atrium (prototypica1 CGRP j

assay) and rat vas deferens (prototypica1 CGRP2 assay) were investigated. These three

peptides induced a concentration-dependent positive inotropic effeet in the guinea pig atria

(Table 4.3). However. rat arnylin-NH2 was markedly less potent than hCGRPcr. showing

--400-fold lower affinity and reaching only 60% ofthe maximal effeet induced by hCGRPa

. hCGRPB revea1ed similar maximal effeet but with -20-fold lower affinity than hCGRPa.

In the rat vas deferens, hCGRPa, hCGRP13 and rat arnylin-NH2 produced a concentration­

dependent inhibition of the eleetrica1ly evoked twitch response (Table 4.3). In this

preparation, rat amylin-NH2 was -1 OO-fold less potent than hCGRPcr.. The hCGRPB also

showed lower affinity (6-fold) than hCGRPa in the rat vas deferens. Ali peptides

including rat arnylin-NH2, were able to fully inht"bit the electrica1ly evoked twitch response

in the rat vas deferens, suggesting preferential affinity of rat amylin-NH2 for the CGRP2

vs. CGRP1 receptor SlIbtype, albeit with much lower potencies than CGRP and reïated

homologue.
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Figure 4.3 Photomicrographs of the autoradiographie distribution of P25IjhCGRPa.

binding sites in the presence of increasing concentrations (1-1000 nM) of rat amylin­

NH2 at four different levels in the rat brain. Nonspecific binding was determined by the

addition of 1 ~M hCGRPa.. Abbreviations: Fr, Frontal cortex; Par, Parietal cortex; CPu,

Caudate Putamen; Pir, Piriform cortex; Acb, nucleus Accumbens; Tu, Olfactory tubercule; VS,

Ventral striatum; acp, anterior commissure posterior; Amy, Amygdala nuclei; Cer, Cerebellum;

Ve, Vestibular nuclei; Sp5, Spinal lrigeminal nucleus; 10, Inferior olive.
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Table 4.2 Affinities of rat amylin-NH2 for [l25 ljhCGRPa binding in various areas of the

rat brain.

Brain areas

Frontal Cortex
Parietal Cortex

Piriform Cortex

Olfaetv!y Tubercule

Tenia Teeta

Accumbens nucleus (Shell)

Caudate-Putamen

Ventral Striatum

Amygdaloid nuclei

Caudate-Putamen (Tail)

Temporal Cortex

Medial Geniculate

Superior Colliculus

Substantia Nigra

Pontine nucleus

Inferior Colliculus (Extemal Cortex)

Cerebellum

Vestibular nuclei

Motor Trigerninal nucleus

Spinal Trigerninal nucleus

Inferior Olive

ICso (nM)A

163 ± 25

110 ± 45

128 ± 41

126 ± 34

238±30

50± 13

183 ± 40

18 ± 10

233 ±37

228±35

275 ±62

184 ± 60

150 ± 32

235 ±64

166 ± 57

168 ± 54

167 ± 24

170 ± 30

195 ± 5

330± 79

193 ± 24

* ICso represents the concentration of rat amylin-NH2 required to compete for 50% of

specifically bound [l25l]hCGRPa. Data are expressed in nanomolar and represent means ±

S.E.M. of at least four different brains. Nonspecific binding was determined in the presence of 1

~M unlabeled hCGRPa and corresponded to -25% of total binding.
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Figure 4.4 Competition profiles of rat aml,lin-NH2 for P25ljhCGRPa. binding in various

regions of the brain: _, nucleus accumbens; l!., ventral striatum; D, caudate putamen

(tail); ", amygdaloid body and 0, cerebellum. Adjacent coronal brain sections were

incubated with 25 pM P25ljhCGRPa. and increasing concentrations of rat amylin-NH2 (1­

1000 nM). Nonspecific binding was evaluated in the presence of 1 IJM hCGRPa. and

corresponded to -10% of total binding.
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Table 4.3 Comparative potency of hCGRPa. hCGRP/l and rat amylin-NH2 on CGRP, and CGRP2 representative in vitro
bloassays.

e

Guinea pig alrium (CGRPI) RaI vas deferens(CGRP2)

hCGRPa

hCGRPfl

raI amylin-NH2

ECso(nM)*

6.7 ± 0.4

152 ± 14

2550 ± 790

RP(%)

100

4.4

0.3

Emax (%)

100

100

59±2

ECso(nM)*

1.9 ± 0.3

Il ± 3

180 ± 55

RP(%)

100

17

1.1

Emax (%)

100

100

100

--o

* ECso. the concentration requlred to produce 50% of the maximal response and Is expressed as mean :t S.E.M. of dala oblalned from 4
to 10 Indlvldual preparations. RP, the celculated polency compared to hCGRPa. Emax corresponds 10 the percentage of the maximal response
observed with hCGRPa.



4.5 Discussion

The present study demonstrates the e.-ostence of specific. high affinity. saturable

[l25I]BH-rat amylin binding sites in few areas of the rat brain including the nucleus

accumbens, sorne hypothalamic nuclei, amygdaloid body. dorsal raphe. tegmental and

parabrachial nuclei and the locus coeruleus. Both rat amylin-NH2 and sCT revealed

nanomolar affinities for these specific [l25I]BH-rat amylin binding sites whereas hCGRPa

showed 5 to 35 times lower affinity depending upon the region examined. Furtherrnore.

rat amylin-NH2 competed with rather low affinity for [l25I]hCGRPa binding sites in the

brain, atrium (CGRP1 enriched tissue) and vas deferens (CGRP2 enriched tissue).

Exceptions were observed in the nucleus accumbens and ventral striatum; two regions in

which rat amylin-NH2 demonstrated nanomolar affinities for specific [125I]hCGRPa

binding. In addition, rat amylin-NH2 was clearly less potent than hCGRPa to induce a

positive inotropic effect in the isolated guinea pig atria and to inhibit the in vitro

contraction of the electrically stimulated rat vas deferens, two prototypical CGRP

bioassays (Dennis el al. 1989; Quirion el al. 1992).

By using in vitro receptor autoradiography, we were able to detect the existence of

specific [l25I]BH-rat amylin binding sites in various nuclei of the basal ganglia,

diencephalon and brainstem. As shown in Figure 4.1, levels of specific [125I]BH-rat

amylin binding var.ed between the various zones of the basal ganglia with the highest

levels in the shell of the nucleus accumbens, followed by fundus striati, olfactory tubercle

and core of the nucleus accumbens. Interestingiy, in the caudate putamen, only the most

ventral part showed specific [l25I)BH-rat amylin labeling (Figure 4.1). Despite multiple

shared features between the caudate putamen, accumbens and olfactory tubercle,

significant differences have been reported as to their respective connectivity, morphology

and chemical neuroanatomy (Groenewegen and Russchen, 1984; Zaborszky el al. 1985;

Voom et al. 1989; Meredith et al. 1992; for review, Zahm and Brog, 1992). The unique

distribution of [I2SI]BH-rat amylin binding in these structures further supports the high

differentiation of the basal ganglia and may be relevant to the role of this peptide in the

brain.

High amounts of [I2SI]BH-rat amylin binding were also observed in several nuclei

ofthe hypothalamus with the highest levels present in the medial preoptic and dorsemedial

nuclei. Bidirectional projections have been demonstrated between the medial preoptic

nucleus and diverse areas of the brainstem including the parabrachial and laterodorsal

tegmentai nuclei and the locus coeruleus (Swanson, 1987). Similar pathways aise exist
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betwccn the dorsomedial nucleus and certain brainstem nuclei believed to play a role in the

relay oftaste and/or visceral sensory information (Swanson. 1987) and hence may suggest

a role for amylin in these behaviours. A lower level of [I2SI]BH-rat amylin binding was

detected in the ventrolateral part of the ventromedial nucleus of the hypothalamus. In

contrast, its dorsomedial part was devoid of [I2SI]BH-rat amylin labeling supporting

functional differences between these two areas of the ventromedial nucleus (Swanson.

1987). Furthermore, massive inputs from the amygdaloid body to the ventromedial

nucleus have been identified with the posterior part of the medial nucleus of the amygdala

particularly innervating the ventrolateral portion of the nucleus (Swanson, 1987). These

projections are in a position to relay olfactory information to the ventromedial nucleus.

On the other hand, this nucleus has a widespread network of efferents including sorne to

the amygdala and various brainstem nuclei. The pathway from the ventromedial nucleus

to the central nucleus of the amygdala may be of particu1ar importance as the latter

projects massive1y to parasympathetic sensory and motor nuclei of the brainstem

(Swanson, 1987). Indeed, the amygdaloid complex can be seen as a major interface

between hypothalamic and brainstem areas involved in the regulation of endocrine and

autonomic functions (price el al. 1987). The presence of [I2SI]BH-rat amylin in the

ventromedial nucleus of the hypothalamus may thus be relevant in that regard.

The dorsal raphe and locus coeruleus are highly enriched with specific [I2SI]BH-rat

amylin binding sites. The dorsal raphe projects throughout the brain and particularly to

the medial preoptic nucleus, caudate putamen, locus coeruleus and the parabrachial nuclei

(Torlt, 1985). Reciproca\ly, afferents to the dorsal raphe arise from the locus coeruleus,

laterodorsal tegmental nucleus and the parabrachial nuclei (Torlt, 1985). Additionally,

afferents and efferents of the locus coeruleus include reciproca\ projections to the

dorsomedial nucleus of the hypothalamus, central nucleus of the amygdala as weil as to

the dorsal raphe (Loughlin and Fallon, 1985). The purported roles of the locus coeruleus

are diverse and include the modulation of pain, various limbic activities and

neuroendocrine systems (Loughlin and Fallon, 1985). The enrichment of [I2SI]BH-rat

amylin sites in these areas are likely offunctional significance.

Taken together, the discrete distribution of[I2SI]BH-rat amylin binding throughout

the rat brain thus suggests that this peptide might play a role in the modulation offood and

water intakes, the control of body ternperature as weIl as in various sensory,

neuroendocrine and autonomic functions. Indeed, amylin aIready was reported to have

anorexic and adipic effects upon its injection into the hypothalamus (Chance el al. 1991;

Chance el al. 1992) as well as to alter the metabolism of dopamine and serotonin in the

hypothalamus and the striatum (Chance el al. 1991). Systemic injection of amylin also
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was shown to induce both hyperglycaemia and anore:'Cia (Chance et al. 1993) suggesting

that this peptide could be involved as a link between the peripheral and central modulation

of appetite.

[I2SI]BH-rat amylin binding was found to be highly specifie in a variety of brain

areas and was competed in a concentration-dependent manner with high affinity by both

rat amylin-NH2 and sCT, whereas hCGRPa had lower affinity in most regions. Few

reports have descnoed the characterization ofputative [l2SI]amylin binding sites (Sheriffet

al. 1992; Bhogal et al. 1992; Beaumont et al. 1993), and the recent solubilisation and

partial purification of a [I25I]amylin receptor binding protein from rat lung membranes

further support the existence of a distinct class of amylin receptors (Bhogal et al. 1993).

ln vitro [I2SI]amylin binding using brain membrane preparations revea1ed the e.xistence of

specifie labeling in the rat cortex, hypothalamus, brainstem and cerebellum (Bhogal et al.

1992). Moreover, the presence of high affinity [l25I]BH-amylin binding sites in the

nucleus accumbens (lCso: 42 pM) also was reported recently (Beaumont et al. 1993).

The apparent discrepancies between the reported amylin affinity values in rat brain might

be related to the use of different assay conditions including ligand concentrations, buffer

composition as weil as the competion profiles being performed in membrane homogenates

vs. brain sections. In contras! to specifie amylin binding sites, amylin peptide mRNA

could not be detected in nervous tissues except in the dorsal root ganglia (Ferrier et al.

1989). Similarly, amylin failed at first to be detected in the brain (Asai et al. 1990) or

could only be detected in the hypothalamus (Chance et al. 1991) by using a highly specifie

radioimmunoassay. Whereas these findings may be related to the relative sensitivity of

these methods, it is noteworthy that both [I2SI]BH-amylin and [I2SI]sCT binding sites

(Skofitsch and Jacobowitz, 1992) are similarly distributed in the brain. Therefore. the

recently isolated sCT-like molecule from the rat brain (Sexton and Hilton, 1992) might be

an endogenous ligand for the amylin binding sites characterized here. However, it appears

that rat arnylin failed to compete for the [I2SI]sCr binding sites recently cloned from the

rat brain (Lin et al. 1991; Sexton et al. 1993; A1brandt et al. 1993) and showed over

1000-fold lower affinity than sCT, for [I25I]sCT binding in rat skeletaI muscle (Kenney et

al. 1993). Further studies will be required to clarify the precise nature of the endogenous

ligand acting on the [I25I]BH-arnylin binding sites characterized in the present study.

Rat arnylin-NH2, unlike hCGRPa (Quirion et aL 1992), demonstrated rather high

affinity for [l25I]CGRP binding only in the shell of the nucleus accumbens and the ventral

striatum, whereas lower affinities were observed in most other areas. Similarly, the

existence of a unique population of CGRPlsCT sensitive sites was reported previously in

the nucleus accumbens, fundus striati, lateral border of the lateral bed nucleus of the stria
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tenninalis and part of the central amygdaloid nucleus of the rat brain (Sexton et al. 1988;

Dennis et al. 1991; Quirion et al. 1992). These data support the existence of an atypical

class of CGRP receptors in the nucleus accumbens and the ventral striatum as both amylin

and sCT demonstrated high affinity for these sites, whereas comparable competition

profiles failed to be observed in various other brain regions (Quirion et al. 1992). The

cloning of this atypical site is awaited to confinn the present data mostly derived from

phannacological studies.

Rat amylin-NH2 showed a very low potency (rnicromolar concentrations) to

induce a positive inotropic effect in the guinea pig atrium while being relatively more

active (-15 times) to inhibit the electrically stimulated contraction of the rat vas deferens.

two prototypical CGRP bioassays (Quirion et al. 1992). The greater potency of amylin in

the rat vas deferens suggests a preferential affinity of amylin for the CGRP2 vs. CGRP 1

receptor subtype. Moreover. the capacity of the C-terminal fragment hCGRPS•37 to act as

a potent antagonist is a key feature of the CGRP1 receptor c1ass (Dennis et al 1990;

Quirion et al. 1992). The blocking activity of this CGRP fragment for various effects

induced by amylin has been reported. For example, CGRP8-37 acted as a potent blocker of

the hypotensive and tachycardiac effects ofboth amylin and CGRP in vivo (Gardiner et al.

1991) and their inhibitory action on glycogen turnover in the soleus muscle (Deems et al.

199Ia). However, only very high concentrations (10-100 ).lM) of the CGRP fragment

were able to antagonize the action of amylin in the liver (Morishita et al. 1990) and

skeletal muscle (Wang et al. 1991). Additionally, CGRP8-37 was unable to antagonize the

action of amylin in both the isolated guinea pig urinary bladder and the rat vas deferens

(Giuliani et al. 1992). Taken together, these findings suggest that amylin, whereas mostly

acting on its own class ofhigh affinity receptors, can also activate at higher concentrations

CGRP receptors showing a preferential affinity for the putative CGRP2 vs. CGRP1

receptor subtypes.

In summary. the present data provide further evidence for the existence of

[l2SI]BH-rat amylin binding sites in the rat brain. Both rat amylin-NH2 and sCT competed

with high affinity for [l2SI]BH-rat amylin binding in various brain regions. The cross­

reactivity between amylin and CGRP receptors in brain and peripheral tissues appears to

be rather lirnited (except for the atypical amylinlCGRPlsCT sites present in the nucleus

accumbens) further supporting the presence ofpreferential amylin sites in the brain.
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5.0 Preface to Chapter 5

Adrenomedullin is the most recent isolated peptide belonging to the

CGRP/calcitonin family of peptides. It revealed approximately 25% sequence

homology with CGRP. Thus far, adrenomedullin has essentially been studied for its

peripheral vasodilating properties. Only one study has reported adrenomedullin­

mediated CNS effects. Similar to amylin, very little is currently known about receptor

sites mediating the effects of adrenomedul1in. We have thus studied the affinity of this

newly isolated peptide homologue for the various putative CGRP receptor subtypes in

rat brain. We have also eva1uated the potential affinity of adrenomedullin for amylin

binding sites present in the rat brain. These findings further distinguish the

characteristics ofbrain amylin and CGRP binding sites.
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5.1 Abstract

Adrenomedullin (ADM) is a recently identified peptide that shows sorne homology

(-25%) with calcitonin gene-related peptide (CGRP) and is now considered to be a new

member of this family. As it shares biological effeets with CGRP, we evaluated the

possible affinity of human adrenomedullin (hADM) for [12SI]hCGRPa. binding sites in the

rat brain. Moreover, we evaluated the potential existence ofcross-reaetivity for [l2SI]BH­

rat arnylin binding sites, another member of this peptide family. ln all brain areas

investigated, hADM only competed with rather low affinities for both [l2SI]hCGRPa. and

[l2SI]BH-rat arnylin binding sites with ICso values generally in the high nanomolar-low

micromolar range; the lowest affinity being observed for [l2SI]BH-rat arnylin binding

sites. Interestingly, the lowest affinities of hADM against both radioligands were deteeted

in the nucleus aceumbens and ventral striatum. These areas are known to be enriched with

atypical CGRPlsalmon calcitoninlarnylin-sensitive sites. It would thus appears that hADM

is unlikely to bind to this atypical site. Moreover, hADM demonstrated limited affinity for

either [l25I]hCGRPa. or [l25I]BH-rat arnylin binding sites in the rat brain. This suggests

that the potential biological effects of ADM in the brain could be mediated through a

different class ofreceptors with higher affinity for this newly isolated peptide.
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5.2 Introduction

Adrenomedullin (ADM) is a peptide discovered very recently by monitoring the

elevation of activity of platelet cAMP in human pheochromocytoma (Kitamura el al.

1993a). The human form of this peptide consists of 52 amino acids. has one

intramolecular disulfide bond and shows homology (-25%) with the calcitonin gene·

related peptide or CGRP. ADM mRNA and the corresponding peptide, as measured by

RNA blot anaiysis and radioimmunoassay respectively, were detected in a variety of

human and porcine tissues including the adrenai medulla, ventricle, lung and kidney

(Kitamura et al 1993b; Ichiki et al 1994; Kitamura et al. 1994). Only low amounts (0.31

finoVmg tissue wet weight) of immunoreactive ADM were detected in human brain

cortex (lchiki et al. 1994).

Intravenous injections of ADM elicit a potent and long lasting reduction in blood

pressure in rats , mainly by inducing a vasodilatation (lshiyama et al. 1993). Interestingly,

the CGRP receptor antagonist, hCGRPg.37 (Chiba et al. 1989; Dennis et al. 1990). was

shown to inhibit in a dose-dependent manner, the ADM-induced increases in cAMP

formation in vascular smooth muscle cells (Eguchi et al 1994). In contrast to its

vasodepressor effects upon peripheral injection, ADM was shown to increase blood

pressure when injected directly into the rat brain (Takahashi et al. 1994). Similar

opposing effects have been reported for CGRP (Fisher et al. 1983).

In spite of the blocking effect of CGRPg.37, it remains to be determined if ADM

mostly acts tbrough CGRP receptors, or via a unique ADM receptor to induce its

biological effects. We thus investigated the comparative affinity of hADM for either

[l2SI]hCGRPa or [l2SI]BH-rat amylin receptor binding sites known to be present and

differentiaily distributed in the rat brain (Dennis et al. 1991; Beaumont et al. 1993; van

Rossum et al 1994). Amylin is a well known member of this peptide family showing

rather high homology (-50%) with CGRP (Westermark et al. 1986; Westermark et al

1987).
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5.3 Materials and Methods

5.3.1 Materials

Male Sprague-Dawley rats (225-250 g) were obtained from Charles River (St­

Constant, Québec, Canada). They had free access to food and water and were kept

according to the guidelines of the Canadian Couneil for Animal Care and McGill

University.

Rat amylin was purchased from Bachem Ca1ifornia (Torrance, California). hCGRP

cr. was synthesized in our laboratories as previously described in detail (Mimeault et al.

1992) and human adrenomedullin (hADM) was obtained from Phoenix Pharmaceutica1

Inc. (2-[125I]iodohistidyllÜ)-hCGRPcr. (2000 Cilmmol), [l2SI]BH-rat amylin (2000

Ci/mmol), Hyperfilm and 3H microsca1e standards were purchased from Amersham

Canada (Oakville, Ontario). Trisma-base, NaCl, baeitraein, leupeptin and chymostatin

were supplied by Sigma Chernica1s Co. (St-Louis, MO) and bovine serum albumin (BSA)

by Boehringer Mannheim Canada (Laval, Québec, Canada). Other chemica1s were of

analytica1 grade and were obtained from Fisher Seientific (Montréal, Québec, Canada).

5.3.2 [l2SI]hCGRPI1 and [l2SI]BH-rat amylin in vitro receptor autoradiography

Brain tissues were snap-frozen in 2-methylbutane (-400C) and stored at -SOoC until

use. Seriai coronal sections (20 Ilm) were cut and thaw-mounted onto gelatin coated

microscope slides. Tissue sections were then desiccated overnight at 40C and stored at ­

SOoC until experiments were performed.

The competition profile of ADM for (l2SI]hCGRPI1 binding sites in the rat brain

was deterrnined by pre-incubating adjacent coronal rat brain sections for 15-20 min in 50

mM Tris-HCl buffer, 100 mM NaC~ 4 mM MgC12, pH 7.4, followed by a 60 min

incubation in fresh buffer containing 25 pM (l2SI]hCGRPCL, 0.2% BSA, 0.4 mM

baeitracin, 4 Ilg/mlleupeptin and 2 Ilg/ml chymostatin and increasing concentrations (10-9­

1()-6 M) of ADM. The sections were then washed in ice cold buffer (4 x 2 min) and

dipped twice in cold distilled water. Nonspecific binding to adjacent tissue sections was
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detennined in the presence of 1 J.IM hCGRPex and represented 10-15 % of total

[l25I]hCGRPex binding (see Dennis et al., 1991 for details). Radiolabelled tissue sections

were exposed alongside with standards to highly sensitive film for 5 days. Thereafter,

specifie binding in various brain regions was quantified using commercially avaiiable

standards and computerized image analysis system (MCID System, Image Research Inc..

Ste-Catharines, Ontario). A similar protocol was used for [I25I]BH-rat amylin binding

except for the following: after a 15 min pre-incubation, coronal rat brain sections were

incubated in fresh buffer with 35 pM [l25I]BH-rat amylin (see van Rossum et al. , 1994

for details). Nonspecific binding was evaluated on adjacent sections incubated with 1 J.IM

rat amylin and corresponded to -30% of total binding. The radiolabelled tissue sections

were exposed to Hyperfilm for 7 days and quantified as above. The comparative affinities

of hADM for [I25I]hCGRPex and [I25I]BH-rat amylin binding sites are derived from

competition curves and expressed as ICso values.
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5.4 ResulU

Using in vitro receptor autoradiography, high densities of binding sites for

[125I]hCGRPa. were found to be especially concentrated in the shen of the nucleus

accumbens, the tail of the caudate putamen and the amygdaloid body (Figure 5.1, total,

left side). On the other hand, [l25I]BH-rat amylin binding sites were observed in the

nucleus accumbens (core and shell), various hypothalamic nuclei !ncluding the

dorsomedial and arcuate nuclei and in the amygdala (Figure 5.1, total, right side). The

residual binding of either [l25I]hCGRPa. or [l25I]BH-rat amylin in the presence of

increasing concentrations of hADM (lo-9-1~ M) is also shown in Figure 5.1;

quantitative data being summarized in Table 5.1. Overall, hADM demonstrated relatively

higher affinities for specific [125I]hCGRPa. binding sites (130-880 nM) eompared to

specifie [125I]BH-rat amylin binding sites (330-18 000 nM) in ail brain areas exarnined

(Table 5.1). Interestingly, the lowest aflinities of ADM were observed in the nucleus

aeeumbens and ventral striatum for both radioligands; differenees between these two

regions and ail others studied here being especially marked for [125I]BH-rat amylin labeled

sites (Table 5.1).
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Figure 5.1 Photomicrographs of the autoradiographie distribution of [1 25ljhCGRPo.

and [1 25ljBH-rat amylin binding sites in the presence of increasing concentrations (10"9­

10-6 M) of hADM at two different levels of the rat brain, namely the nucleus aeeumbens

and the dorsal hippocampus. Nonspecifie binding (NS) was determined in the

presence of 1 !1M hCGRPo. or rat amylin, respectively and represented between 10 to

30% of total binding. Abbreviations: Acb, nucleus accumbens; Amy, amygdaloid body;

Arc, arcuate hypothalamie nucleus; ASIr, amygdalostriatal transition zone; CPu. caudale

putamen; DM, dorsomedial hypothalamie nucleus; Hb, habenular nucleus; Pir, piriform cortex

and Tu, olfactory tubercule.
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Table 5.1 Comparative affinities of human adrenomedullin (hADM) for specifie

[1 25ljhCGRPa and [1 25ljBH-amylin binding in various areas of the rat brain.

Brain areas

ICSO (nM) hADM~

[12SI]hCGRPet [12SI]BH-amylin

binding binding

Olfactory tubercule

Accumbens nucleus (shell)

Ventral striatum

Amygdaloid nuclei

Caudate-putamen (tail)

Temporal cortex

Dorsomedial hypothalamic nucleus

Arcuate hypothalamic nucleus

Superior colliculus

Pontine nucleus

Dorsal raphe nucleus

Laterodorsal tegmental nucleus

Lateral parabraehial nucleus

Locus eoeruleus

Cerebellum

Inferior olive

130=20

880 = ISO

500=66

330 = 52

350 = 14

240=35

ND

ND

140= 11

170 = 14

ND

ND

ND

ND

160=40

360=73

ND

18000 = 10000

13 000 = 400

710 = 160

ND

ND

890 = 160

565 = 95

ND

ND

565 =76

560=32

330=40

1600 = 560

ND

ND

• ICso represents the concentration of hADM required to compete for 50% of either r25l]hCGRP

a or [l25I]BH-amylin specifie binding. Data are expressed in nanomolar (nM) and represent

means :1: S.E.M. of three to four different brains.
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5.5 Discussion

The present study reveals the limited affinity of hADM for both [12SI]hCGRPa.

and [l2SI]BH-rat amylin binding sites in the rat brain. However, hADM showed a

substantially higher affinity (high nanomolar range) for [12SI]hCGRPa. sites compared to

[12SI]BH-rat amylin (low micromolar range) sites in ail brain areas investigated.

Very little is known thus far concerning the potential role(s) of ADM in the brain.

Ooly one study reported the presence of a low amount of ADM-like immunoreactivity in

the human brain cortex, as measured by radioimmunoassay (Ichiki et al. 1994). More

recendy, Takahaslù et al (1994) showed that intracerebroventricular injections of ADM

(1-3 nrnoVkg) in the rat brain produced an increase in blood pressure suggesting the

existence ofspecifie sites ofaction for ADM in the brain. However, it was not clear from

this study if these sites represented unique ADM receptors or if ADM acted through

CGRP receptors to produce tlùs hypertensive effect especially as CGRP was shown to

induce similar effects upon intracerebroventricular injection (Fisher et al. 1983).

In the present study, hADM revealed over 100 fold lower affinity (ICso: 130-880

nM) for [12SI]hCGRPa. binding sites compare to hCGRPa. itself (ICso: 0.4-6.9 nM;

Quirion et al. 1992). Similarly, hADM showed over 200 fold lower affinity (ICso: 330­

18000 nM) than rat amylin (ICso: 1.5-18 nM; van Rossum et al. 1994) for [12SI]BH-rat

amylin binding sites. In view of these limited affinities of hADM for both CGRP and

amylin receptor sites in the rat brain, it would appear that the potent biological effects of

ADM might be mediated by a unique class of ADM-preferring receptors such as those

reported in vascular smooth muscle cells (Eguclù et aL 1994). However, future

experiments using radiolabeled adrenomedullin as ligand will be required to fully establish

the existence ofthis unique receptor class in rat brain. Furthermore, the rather low affinity

ofhADM for CGRP and amylin binding sites in rat brain is uolikely to be due to limited

interspecies crossreactivity as hADM has been reported to be potent in eliciting a variety

of biological responses in severa! species including rats and cats (Ishiyama et al. 1993;

Ishizaka et aL 1994; Lippton et aL 1994; Takahashi et aL 1994)

Our laboratory (Dennis et aL 1991; Quirion et al 1992) as weil as others (Sexton

et aL 1988) have reported the existence of a unique population of CGRPlsalmon
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calcitonin-sensitive binding sites in the rat nucleus accumbens. Moreover, rat amylin

revealed its highest affinity for [12SI]hCGRPa binding sites in this area over all other brain

areas investigated (van Rossum el al. 1994). In contrast, hADM showed its lowest

affinity for both CGRP and amylin labeled sites in the nucleus accumbens. This

demonstrates further the uniqueness of the nucleus accumbens CGRPlsalmon

calcitoninlamylin sites for which hADM is unlikely to be an endogenous ligand.
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6.0 Preface to Chapter 6

As no highly selective CGRP analogs are thus far available to uniquely label and

study putative CGRP receptor subtypes, we undertook the investigation of the

characterization of potential transduction mechanisms associated with the CGRP

receptors. Different transduction mechanisms coupled to the CGRP receptors could

provide sorne evidence, albeit indirect, for the existence of multiple CGRP receptor

subtypes. CGRP receptors apparently belong to the G protein-coupled receptor super­

family. We have thus studied the effects of a non-hydrolyzable GTP nuc1eotide

analogue on the binding affinity of CGRP. We compared these effects in several

peripherai and central tissues known to be enriched with the various putative CGRP

receptor subtypes, such as the atrium and vas deferens.
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6.1 Abstract

Recent data have suggested the existence of at 1east !wo major classes of calcitonin

gene-related peptide (CGRP) receptors in brain and peripl.eral tissues [Henke et al., Brain

Res. 410 (1987) 404-408; Dennis et al., J.PharmacoI.Exp.Ther., 251 (1989) 718-725;

ibid, 254 (1990) 123-128; Quirion et al., Ann.NY Acad.Sci., 657 (1992) 88-105].

However, Iittle is currendy known on the structure charaeteristics of CGRP receptors as

its cloning has as yet to be reported. In the present study, the sensitivity of

[125I]humanCGRPex binding to guanine nucleotides and ternperature was investigated in

guinea pig atria (prototypica1 CGRPI tissue) guinea pig vas deferens (prototypica1 CGRP2

tissue) and in the rat brain and cerebellum (mixed assay). Binding isotherrns of

[125I]hCGRPex in those four preparations were curvi1inear and best fitted to a !Wo-site

model under most assay conditions. The high affinity binding component was highly

temperature-sensitive and accounted, under expelimental conditions, for up to 18% of the

total population ofreceptors. Moreover, these high affinity sites were aIso highly sensitive

to guanine nucleotides (Gpp(NH)p, 100 /.lM) in aIl preparations aIthough to a different

extent depending upon assay temperatures. Taleen together, this suggests that the

different CGRP receptor subtypes present in these tissues aIl belong to a G protein­

coupled receptor family.
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6.2 Introduction

Calcitonin gene-re1ated peptide (CGRP) is a 37 amino acid peptide that arises trom

the alternate processing of the RNA transcript of the calcitonin gene (Amara et al. 1982;

Rosenfeld et al. 1984). Two forms (CL and ~) of CGRP 1ike-immunoreactive peptides as

well as specific CGRP receptor sites are widely distributed throughout the central (CNS)

and peripheral (PNS) nervous systems (Skofitsch and Jacobowitz, 1985; Tschopp et al.

1985; Kruger et al. 1988; Quirion et al. 1992; for review, Ishida-Yamamoto and

Tohyama, 1989). Based on the differential potencies of CGRP analogues in various ill

vitro and in vivo bioassays, we proposed the existence of at 1east !WO classes of CGRP

receptors, the CGRP1and CGRP2 subtypes (Dennis et al. 1989; Dennis et al. 1990). The

CGRP1 receptor is ruglùy sensitive to the antagonistic properties of C-terminal fragments

hCGRP8-37 to hCGRP12.37 and is present in peripheral tissues such as the guinea pig and

rat atria, whereas CGRP2 sites demonstrate preferential affinity for the linear CGRP

agonist, [Cys(ACMi·7]hCGRPCL with the rat and guinea pig vasa deferenria representing

prototypical tissues (Mimeault et al. 1991; for review, Quirion et al. 1992). More

recently, Maggi and co-workers (Evangelista et al. 1992; Giuliani et al. 1992) reported

that the effects of CGRP on the rat stomach and the guinea pig urinary bladder are also

resistant to the antagonistic properties of the fragment hCGRP8-37, suggesting the

existence of non-CGRPI receptors, possibly CGRP2, in these !WO preparations. In

addition, a population of salmon calcitonin-sensitive CGRP binding sites has been

demonstrated in few selected areas of the rat brain including the nucleus accumbens and

the central amygdaloid nucleus (Henke et al. 1985; Sexton et al. 1988; Dennis et al. 1991;

Quirion et al. 1992). Taken together, these data clearly demonstrate the existence of

multiple CGRP receptor subtypes in brain and peripheral tissues.

The activation orCGRP receptors of unidentified subtypes was reported to induce

increases in intrace1lular cAMP content and/or to activate adenylate cyclase in a variety of

tissues including the rat and guinea pig heart (Islùkawa et al. 1988; Wang and Fiscus,

1989), rat liver (Yamagucru et al. 1988), guinea pig pancreas (ZholJ et al. 1986), cruck

ske1etal muscle (Laurer and Changeux, 1989) as well as in the neuroblastoma ce\lline SK­

N-MC (van Valen et al. 1990) and astrocytic culture (Lazar et al. 1991). Moreover,
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guanine nucleotide-sensitive [125I]CGRP binding sites were reported to be present in the

rat cerebellum (ChatteJjee and Fisher, 1991), chick skeletal muscle (Takamori and

Yoshikawa, 1989; Roa and Changeux, 1991), guinea pig Jung (Umeda and Arisawa, 1989)

and neonatal rat cardiac myocytes (ChatteJjee el al. 1991). Hence, in these tissues, CGRP

receptors might belong to a family ofG protein-coupled receptors.

In contras!, the activation ofCGRP receptors present in guinea pig small intestinal

myenteric neurons (palmer el al. 1987) and in rat spinal cord (Goltzrnan and Mitchell,

1985) did not appear to directly invo1ve cAMP production. Furthermore, the biological

effects induced by CGRP are believed to be at least partly mediated through increases in

both cGMP and cAMP formation in the rat aorta (Wang el al. 1991; Fiscus el al. 1991),

activation ofK+A1'P channe1s in rabbit mesenteric arteries (Nelson el al. 1990), increases in

Ca++ inward current and K+ permeability in the guinea pig atria (Ohrnura el al. 1990) and

activation ofmuscarinic-gated r current in rat atrial cells (Kim, 1991). It remains to be

established ifthe mobilisation ofthese different mechanisms by CGRP is mediated through

G protein-coupled receptors.

To further investigate if the various putative CGRP receptor subtypes

characterized in our earlier studies (Dennis el al. 1989; Dennis el al. 1990; Mimeault el al.

1991, Quirion el al. 1992) all belong to a G protein-coupled receptor family, we evaluated

the effects of a non-hydrolysable analog of GTP, Gpp(NH)p, on e25I]hCGRPa binding

parameters in various CNS and peripheral tissues including the guinea pig atria and vas

deferens, and the rat brain (minus cerebelIum) and the cerebe1lum itself as it is most

enriched with CGRP receptors (Henke el al. 1987; ChatteJjee and Fisher, 1991). The first

IWO tissues are be1ieved to be enriched with the CGRPI and CGRP2 receptor subtypes

respectively (Dennis et al. 1989; Dennis el al. 1990; Quirion el' al. 1992) while the precise

nature of the CGRP receptor subtype(s) present in different brain areas remains to be

established although recent evidence suggests coupling to G protein in rat cerebellum

(ChatteJjee and Fisher, 1991).
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6.3 Materials and Methods

6.3.1 Materials

hCGRPa: was synthesized in our laboratories as previously described (Mimeault el

al. 1992). (2_[1251] iodohistidyIIl)-hCGRPa: (specifie aetivity -2000 Ci/mmol) was

purchased from Amersham Canada (Oakville. Ontario. Canada). Gpp(NH)p and bovine

serum albumin (BSA) was supplied by Boehringer Mannheim Canada, Laval. Québec.

GTPyS. GTP. GDP, GMP. ATPyS, bacitracin and polypep were obtained from Sigma

Chemical Co., St-Louis. MO. Ali the other chemicals were of analytical grade and were

obtained from Fisher Scientific, Montréal. Québec, Canada.

6.3.2 Membrane Preparation

Male Sprague-Dawley rats (225-250 g) and male Hartley guinea pigs (325-375 g)

obtained from Charles River (St-Constant, Québec) were sacrificed by decapitation. The

guinea pig atria (as prototypical CGRPI assay. Quirion et al. 1992) and vas deferens (as

prototypical CGRP2 assay, Quirion et al. 1992) and the rat brain (minus cerebellum) and

rat cerebellum were isolated and prepared as described by Sexton et al. (1986). Briel1y.

tissues were homogenized in 20x vol. ofice-cold 25 mM Tris-HCl, 50 mM NaCI. pH 7.4

using Brinkmann polytron (setting 6, 30 sec) and centrifuged at 48 000 g for 20 min at

4°C. The pellets were then washed and resuspended in the original volume of buffer three

successive times. Final pellets were resuspended in 50 mM Tris-HCI containing 100 mM

NaCl (pH 7.4) and subsequently used in assays on the very same day.

6.3.3 Receptor binding assays

Either guinea pig atria, guinea llig vas deferens. rat brain (minus cerebellum) or rat

cerebellum corresponding to 150 Ilg, 15 Ilg, 250 Ilg and 300 !-tg of protein, respeclively

was incubated for 2 hours at 4°C, 1 hour al 20°C (room tempe..;jture) or 30 min. at 3~C,

in a final volume of 0.5 ml consisting of 50 mM Tris-HCl, 100 mM NaCl, 0.2% BSA,

0.5% polypep, 0.4 mM bacitracin, 5 mM MgCI2, 40 pM [12SI ]hCGRPa: and increasing

concentrations of hCGRPa: (10-12 - 10-6 M), in the presence or absence of various

concentrations of cyclic nuc1eotides (10-8-10-4 M). At the end of the incubation, bound

rt2SI]hCGRPa: was separated from free ligand by rapid filtration under reduced pressure

141



using a Brandel Cell Harvester (Model M24-R, Gaithersburg, MO) through glass-fibre

filters (#32, Schleicher and Schuell, Keene, NH) presoaked in 0.1% polyetyleneimine

solution. Tubes were rinsed with 3x 5 ml ofice-cold buffer. The radioaetivity trapped on

the filters was measured using a gamma counter (1282 Compugamma, LKB, Rocleville,

MO). Non-specifie [125I]hCGRPa binding was defined by the addition of 1 !JM unlabelled

hCGRPa to the various incubation media and represented between 15-45 % of total

binding depending upon the tissue preparation. Proteins were measured by the method of

Lowry et al. (I951) using BSA as standard.

6.3.4 Data Analysis

The analysis of the competition curves was performed using the LUNDON-2

Competition Data Analysis program wlùch is based on a modified version of the Cheng­

Prusoffmethod. The F-test was used to compare the goodness offit between the one and

two-site models. If the F-test indicated that the probability value was greater than 0.05,

the less complex model was accepted as the mode1 wlùch better fitted the data. The sum

of squared error (SSE) values for the two consecutive models along with their

corresponding degree offreedom are used to determine the F value. Significance between

values was determined by analysis of variance and Scheffe's post hoc analysis for multiple

comparisons. Data represent the mean :l: S.E.M. of at least three separate experiments,

each performed in triplicate.
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6.4 Results

6.4.1 e2SI]hCGRPa binding characteristics in rat cerebellum

As shown in Figure 6. la, the effeet of Gpp(NH)p on [125I]hCGRPCt binding in the

cerebellum is temperature dependent. At 4°C, in the absence of the GTP analog,

[125I]hCGRPCt binding best fined a one-site model (Table 6.1). However, by increasing

the temperature te 20°C or 3i>C, a higher affinity site (Kw could be detected and

accounted for about 10% of the total population ofreceptor (Table 6.1). In the presence

of Gpp(NH)p, the one-site model best fined [12SI]hCGRPCt competition curves at ail

temperatures indicating a shift ofKH to a lower affinity site (Kù at both 20°C and 37°C

(Table 6.1; Fig 6.la). However, in one experiment at 20°C, receptors under RH could still

be deteeted and corresponded to 4% of RT (vs. 10% in control) with affinity constant

values of 3.3xI0-1I M and 2.1xI0-9 M for KH and KL respectively. Similarly. in two

replicate experiments at 3i>C, the two-site model best fined the data obtained (P<O.OS) in

the presence of Gpp(NH)p with affinity constants of 2.lxI0-10 M and 4.lxI0-s M

respectively.

6.4.2 e2SI]hCGRPa binding characteristics in rat brain

As in the cerebel!um, the effect of Gpp(NH)p on [12SI]hCGRPCt binding in rat

brain (minus cerebellum) is temperature dependent (Figure 6.lb). At 4°C, Gpp(NH)p

failed to alter [12SI]hCGRPa. binding: both competition curves best fined the one-site

model (Table 6.1). At higher temperatures (20°C and 3i>C), a significant proportion of

RH could be detected (up to IS% ofRT, Table 6.1). In the presence of Gpp(NH)p, both

KH and KL could still be detected at 20°C, CGRP competition curves best fined the two­

site model. At 3i>C, in the presence of Gpp(NH)p, a single affinity site could be detected

in two separate experiments (Table 6.1). However, in twO other experiments, the CGRP

competition curves in the presence of the GTP analog still best fined the two-site model

(P<O.OS), with affinity constants of 4.4xIO-II M and 1.6xIO-9 M respective1y and

decreased RH from 7"10 to 4% (not significant, NS).

We next examined the effects of Gpp(NH)p on prototypical CGRPI (guinea pig

atria) and CGRP2 (guinea pig vas deferens) receptor subtypes to evaluate the re1evance of

data observed in CNS preparations and to better charaeterize CGRP receptor subtypes.
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Figure 6.1 [ t25l)hCGRPa blndlng profile in the rat cerebellum (A) and brain (minus cerebellum; B) in the presence or absence of

non-hydrolysable GTP analogue, Gpp(NH)p. Membranes were Incubated with 40 pM [t25l)hCGRPa in the presence (V) or absence

(e) of 100 IIM Gpp(NH)p at 4°C. 20°C or 37°C. Gpp(NH)p curves are expressed as percentage of the specific binding observed

under control conditions. Non-specifie blndlng was determined in presence of 1 IIM unlabeled hCGRPa and represented -30% of

t total blndlng. Data represent means ±S.E.M. of at least 3 different expariments, each performed in tripllcate.
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Table 6.1 [1 25ljhCGRPa binding characlerislics in rat cenlral nervous syslem in the presence or absence of a non-hydrolysable

GTP analogue, Gpp(NH)p.

Control +Gpp(NH)p

Tcmp n Ku KL RT %Ru Ku KL RT %Ru

(~~ (M) (M) (fmoVmg prolein) (M) (M) (fmoVmg protdn)

Rat 4 4 - 3.lxlO-9±0.7 131 ±15 ND -- 3.9x 1O-9±0.6 156±17 ND

cerebellum 20 J 3.7xlO-II±1 1.8x1O-9±0.2 56±0.5 9.5±0.sA - 2.6xlO-1o±0.5 22±3 NDe

37 4 I.7x10-lo±0.4 1.5x10-8:1:1.1 69±18 9 ±2A -- 9.1xlO-1o±0.8 24±3 NDe

Rat brain 4 " - 1.4xlO-9±0.3 73±12 ND -- 1.8xlO-9±0.4 91±11 ND

20 4 6.lxlO-II±0.7 2.9x10-9±1. 1 54±7 18±).4·8 4.5xlO-II±0.6 4.0xlO-9±2.4 52±9 14±2A.8

37 " 8.2x 1O-1I±3 2.6xlO·9±0.8 36±5 11±4.4 -- 3.5xlO-1o±0.6 13±2 NDe

A Besl goodness fit of Ihe two-slle model with P< 0.01
8 Best goodness fit of the two-slle model with P< 0.05
C See 'Resulls' for further detalled vel!leS

n represenls number of repllcales. each perforrned ln tripllcate; Ku and KL refer to hlgh and low aff1nlly blndlng components, respec1lvely; RT

rofers to tolal number of blndlng slles whlle %Ru relates to Ihelr proportion under hlgh aff1nity. ND: Not Detec1ed.



6.4.3 (I2SI]hCGRPa binding characteristics in guinea pig atria (CGRPI tissue)

As in the two CNS preparations, a single class of [12SI]hCGRPa binding site was

deteeted at 4°C in both control and Gpp(NH)p membrane treated preparations (Table 6.2,

Fig 6.2a). Increasing the temperature to 20°C revealed the existence of a very small

population of RH (2% of Rr ) while failed to be deteeted in the presence of Gpp(NH)p

(Table 6.2). The assay was not carried at 3'f1C due to low specifie binding.

6.4.4 e2SI]hCGRPa binding characteristics in guinea pig vas deferens (CGRP2

tissue)

As observed in the other three membrane preparations (Fig 6.1 a, 6.1b, 6.2a),

[12SI]hCGRPa binding charaeteristics varied with temperature in the guinea pig vas

deferens (Figure 6.2b). In the presence or absence ofGpp(NH)p, data best fitted the one­

site model at 4°C (P>O.OS, Table 6.2). At higher temperatures, the presence of a high

affinity site was deteeted and accounted for about 4% ofRr (Table 6.2). Treatments with

Gpp(NH)p shifted [12SI]hCGRPa binding to a single population of sites as results best

fitted the one-site model at 20°C and 37°C. However, in two separate experiments at

37°C, data best fitted the two-site mode! (P<O.01) even in the presence of Gpp(NH)p,

with affinity constant values of2.8x10-10 M and 4x10.s M for the KH and Kt respeetively

and with 1% ofRr under KH vs. 3% in non-treated membrane preparations (NS).
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Figure 6.2 [ l25l)hCGRPa binding profile in prototypical CGRP1 (guinea pig atria, A) and CGRP2 (guinea pig vas deferens, B) in
the presence or absence of a non·hydrolysable GTP analogue, Gpp(NH)p. Membranes were incubated wilh 40 pM [l25ljhCGRPa.
in the presence (V) or absence (e) of 100 /lM Gpp(NH)p at 4°C, 20°C or 37°C. Gpp(NH)p curves are expressed as percentage of
the specific binding observed under control conditions. Non·specific binding was determined in the presence of 1 /lM unlabeled
hCGRPa and represented between 15 to 35% of total binding. Data represent means ± S.E.M. of at least 3 different experiments
performed in tripllcate. No data were obtained at 370C in the guinea pig atria as specifie binding was highly unslable likely because

~ of proteoly1lc degradation of the radiollgand.
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Table 6.2 1'2511hCGRPa blnding characterislics in prototypical CGRP1 and CGRP2 assays in the presence or absence of a non·
hydrolysable GTP analogue, Gpp(NH)p.

Control +Gpp(NH)p

Tcmp n Kil KI. RT %RII Kil KI. RT %RII

(OC) (M) (M) (prnoVms """.in) (M) (M) (pmol'mg prottin)

Guines pig 4 4 - 8.8xlO-9±1.3 1.I±0.5 ND - 1.1 x lO,siO.7 1.3±0.5 ND

stria 20 J 2.7xI0· IO±0.9 2.1xlO's±0.4 0.7±0.05 2±IA .. 9.0xI0'9±1.1 0.7±0.2 ND

(CGRP,) ,

Guines pig 4 4 .. 9.4xlO-9±1.8 17±1 ND .. 7.4xlO-9±0.7 20±0.7 ND

vss dererens 20 4 2.lxI0· IO±0.5 7.2xlO·9±2.8 9±3 5±2.4A .. 2.9xI0-9±0.2 6.3±0.6 ND

(CGRP:z) 37 4 2.5xI0· IO±0.9 9.2xlO·8±2.9 10±2 3±1.5A .. 4.3xI0-9±0.7 1.7± 0.5 NDc

A Best goodness fit of Ihe iwo-site model with P< 0.01
C See "Resulls" for further delalled values

n represenls number of repllcales, each performed ln Irlpllcale; Kil and KI. reler 10 hlgh and low affinlly blndlng componenls, rcspcctlvcly; RI'

relers to lolal number of blndlng slles whlle %RII relaies to Ihelr proportion under hlgh affinlly. ND: Nol Oclected.



6.4.5 Nucleotide specificity

The effect of various nucleotides and nucleotide analogues on [1251]hCGRPex

binding in gl1inea pig vas deferens is shown in Figure 6.3. GTPyS was tht: most effective

nucleotide to inhibit [125I]hCGRPex specifie binding with ma.ximal effect (--45%) at 1 J-lM.
Gpp(NH)p, GTP and GDP had similar effects in decrt:asing [usl]hCGRPex specifie

binding at higher concentrations (10-100 J.lM). GMP and ATPyS had very little effect at

concentrations up to 100 J-lM.

6.4.6 Temperature and Gpp(NH)p-dependent changes in RT

In all tissues studied, the addition of Gpp(NH}p (100 J.lM) to membrane

preparations and the increment of the assay temperature tend to decrt:ase RT' For

example, significant decrt:ases w~re observed in rat cerebellum (P<0.05 at 4°C vs. 20°C

and 37°C) and rat brain (minus cerebellum) (P<0.05 at 4°C vs. 3~C). Significant

decrt:ases were also detected in the presence of Gpp(NH)p in the rat cerebellum at 20°C

(P<O.OS), the rat brain (minus cerebellum) at 37°C (P<O.OS) as weil as in the guinea pig

vas deferens at 3~C (P<O.OS).

4O+--..-----,---,---,---r----.

8 7 6 s 4

·Iog (nucleOlldel IMI

Figure 6.3 Effect of various cyclie nucleotides on specifie [l25ljhCGRPa binding in

guinea pig vasa deferentia. Membranes were incubated with 40 pM [l25ljhCGRPa for

30 min at 3i'C, in the presence of increasing concentrations of GTPyS (.), Gpp(NH}p

(~), GTP ('Y), GDP ('\7), GMP (e) and ATPyS (0). Data are expressed as percentage

of the specifie binding observed under control conditions and represent the meëlnS of

three separate experiments.
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6.5 Discussion

We (Dennis et al. 1989; Dennis et al. 1990; Mimeault et al. 1991; Quirion et al.

1992) and others (Henke et al. 1985; Henke et al. 1987; Sexton et al. 1988; Giuliani et al.

1992) have reported the existence of multiple CGRP receptor subtypes in brain and

peripheral tissues. In the present study, we focused on the sensitivity of e25I]hCGRPex

binding to guanine nucleotide analog such as Gpp(NH)p, and temperature in various

preparations. The results suggest that CGRP receptors present in aIl these tissues belong

to ~. G protein-coupled receptor family. High affinity [1251]hCGRPex binding sites were

deteeted, in a temperature-dependent manner, in the four tissues studied, namely the brain

(l'lÎnus cerebellum), cerebellum, atria (prototypical CGRP1 assay) and vas deferens

(prototypical CGRP2 assay). At low temperature (4°C), high affinity sites could not be

deteeted in any preparations. By raising the incubation temperature to 20°C or 3~C, the

presence of a high affinity population of sites became apparent which correspondQd to

between 2 and 18% of the total receptor population. Addition of the guanine nucleotide

analog reduced or induced thl: disappearance of this high affinity [125I]hCGRPex binding

component. This suggests that Gpp(NH)p induced a shift to a lower affinity receptor

state, as expeeted for G protein-coupled receptors.

A variety of dissociation constant values has been previously reported for

e25I]CGRP binding in rat cerebellum (Sexton et al. 1986; Inagaki et al. 1986; Yoshizaki

et al. 1987; ChatteJjee and Fisher, 1991), brain (Yoshizaki et al. 1987; Henke et al. 1987)

and atria (Yoshizaki et al. 1987). Three different laboratories reported the existence of a

single high affinity site in the rat cerebellum with KD values ranging from l.lxl0-10 M to

3.9x1O-9 M (Sexton et al. 1986; Inagaki et al. 1986; ChatteJjee and Fisher, 1991). On the

other hand, Yoshizaki et al. (1987) descnbed the existence of two [125I]CGRP binding

components wiih constant values of i.5xl0-11 M and 6.1xl0-s M respectively. These

apparent discrepancies could be related to the use of different assay conditions. For

example, Sexton et al. (1986) used a 1 hour incubation period at 20°C (KD= 3.9xl0-9M)

in comparison to 30 millutes at 3~C for ChateJjee et al. (1991) (KD= 2.2x1O-10 M). In

the present study, we obtained values of 3.7xl0-11 M and 1.8xl0-9 M at 20°C and of

1.7xlO-10 M and 1.5x10-sM at 3~C for the two affinity components present in cerebe1lar

membrane preParations. Interestingly, KD values reported by the other laboratories

(Sexton et al. 1986; ChatteJjee and Fisher, 1991) are very close to those obtained here for

the low and high affinity constant values at 20°C and 3~C, respective1y.

150



The binding of ligands to their receptors is weB known to be a temperature­

dependent process (for example. Weiland el al. 1980). Binding and thermodynamic

properties at various temperatures have been e:<tensively studied for 13-adrenergic agonists

and antagonists in a variety of preparations (pike and Lefkowitz, 1978; Weiland el al.

1980; Contreras el al. 1986). One characteristic of adrenergic agonist binding to their

receptors relates to their higher affinity at lower temperatures (Insel and Sanda. 1979;

Contreras el al. 1986). In contras!, opiate and adenosine related agonists demonstrate

lower affinities for their respective receptors at low temperatures (Murphy and Snyder.

1982; Lohse el al. 1984; Simantov el al. 1976). The major factor leading to these

differences is thought to result from an enthalpy-driven interaction in the case of

adrenergic agonists in contras! to an entropy-driven interaction for opiates and adenosine

(Weiland el al. 1980; Lohse el al. 1984). The affinity of[1251]hCGRPa for its receptors

in the cerebellum and vas deferens (CGRP2 tissue) is inversely related to temperature

(Tables 6.1 and 6.2) suggesting by analogy, an enthalpy-driven interaction between CGRP

and its receptors in these tissues. On the other hand, [1251]hCGRP binding affinities were

apparently unaffeeted by temperature in the other two preparations used here, n~mely the

rat brain (minus cerebellum) and guinea pig atria (CGRP! tissue). Further experiments

will be required to address the nature of these differences and to deterrnine if they can be

related to different proportion of CGRP1 and CGRP2 receptor subtypes in these various

preparations.

The formation of a high affinity state complex of the 13-adrenergic receptors

decreased in para1lel with temperature. This likely results from a decrease in the

availability ofthe guanine nuc1eotide-binding protein (G protein) or to its reduced mobility

in the cytoplasmic membrane at lower temperatures (Contreras el al. 1986). Similarly, the

proportion of brain adenosine receptors present in the high affinity state is largely

decreased at OOC compared to 3~C (35% vs. 80% respectively) (Lohse el al. 1984). ln

agreement with these reports, high affinity [125I)hCGRPa binding components could not

be detected at 4°C in any of the tissue preparations used in the present study but

accounted for between 2 and 18% of the total population of receptors at 20°C (without

further increase at 3~C).

GTP and GTP analogues prevent the formation of high affinity Ligand (L)­

Receptor (R)-G protein (G) complex favouring a lower affinity state (LR) by activating

the G protein which rapidly dissociates from the ternary complex (LR*G) (DeLean el al.

1980; for review, Bimbaumer et aL 1990). [125I]hCGRPa binding is shown here to be

sensitive to various GTP analogues. especially GTPyS and Gpp(NH)p. The similar

potency ofGDP and GTP to affect [125I)hCGRPa receptor affinities in the guinea pig vas
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deferens was previously reported in a variety of other preparations (Iyengar et al. 1980;

Rojas and Bimbaumer. 1985; Mattera et al. 1985). lt is not obvious why GDP can shift

[1251]hCGRPCL binding to a similar lower affinity state as GTP. One possibility could be

that at least two pathways could lead to the fonnation of low affinity binding site (RL):

one being the GTP-dependent activation of the G protein and the other being a direct

dissociation of GDP from RL(Bimbaumer et al. 1990).

Multiple affinity components, sensitive to Gpp(NH)p were detected for

[125I]hCGRPCL binding in the four preparations used in the present study. In most cases,

addition of the nucleotide analog fully shifted all [125I]hCGRPCL binding sites to a lower

affinity (Kù suggesting that CGRP receptors are coupled to G proteins. However. at

both 20°C and 3ilc in the CNS and the vas deferens. a small percentage of high affinity

site, with KH values very similar to control. could still be deteeted even in the presence of

Gpp(NH)p. In agreement with this observation, ChatteIjee et al. (Chatteljee et al.• 1991;

Chatteryee and Fisher, 1991) recently reported that CGRP receptors in the rat cerebellum

and cardiac myocytes may exist under multiple affinity states even before complexing with

their respec+ive G proteins. These authors observed that the dissociation of [125I)hCGRP

CL from its cerebellar receptors reveaiec! a multi-exponential dissociation curve which could

be described by fast and slow dissociating components, either in the presence or absence

of GTPyS (Chatteljee and Fisher, 1991). Based on these and our results, one possible

scheme for CGRP receptor isomerisation and subsequent coupling to a G protein could be

as follows:

L+R ...... LR ...... LR* + G ...... LR*G

in which the receptor undergoes a confonnational change before forming a high affinity

temary complex (LR*G) by associating with a G protein. According to our results, the

additional intennediary (LR*) could be of similar affinity as LR*G. This receptor

isomerisation sequence would explain the small percentage of[125I)hCGRPCL binding still

observed in the KH state in the presence of the GTP analog under certain expt:rimental

conditions. ln faet, the percentage of CGRP receptors in high affinity would be expeeted

to be lower since in the presence of Gpp(NH)p ooly LR* is deteeted vs. LR* + LR*G

under control assay conditions. The LR* intermediary is usually difficult to deteet and

quantify because of its very smaII amounts secn at equilibrium (1-4% of the total

[125I]hCGRPCL receptor population).

It is alse of interest to note that the formation of high affinity receptor complexes

without coupling to a G protein has been previously reported (Lynch et al. 1988;

Hausdorff et al. 1990). For example, Lynch et al. (1988) reported that following the

uncoupling of the G protein frOI!\ the 111-adrenergic receptor by treatments with NaHP04
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or CaCI2• the high affinity binding component of Cl.J-agonists \Vas still ohserved. Similarly.

a mutation of the I3radrenergic receptor was recently shown to impair the activation of

adenylyl cyclase by isoproterenol without mecting the high affinity binding component.

suggesting the existence of an additional intermediary between LR*G and the moieties

which is able to stimulate adenylyl cyclase (Hausdorff et al. 1990). It is also like1y that

more than one CGRP receptor class are present in most tissues; one subtype being highly

sensitive to GTP while the other is not. Addition of Gp?(NH)p would thus shift one

receptor subtype to a lower affinity state while leaving the other into its higher affinity

state. This possibility appears unlikely on the basis of the comparative sensitivity of Kil to

variations in temperature.

The proportion ofKH and KL is known to vary amo~g tissues and receptor classes.

For example. while l3-adrenergic receptors were reported to e.xist mostly (80%) under a

high affinity state in frog erythrocyte (Kent et al. 1980). rat brain o11uscarinic receptors

represented between 19 and 49% of the total population regard1ess of the agonist tested

(BirdsaIl et al. 1978). For [t2sI)hCGRPCl. sites, this percentage appears to vary between 2

and 18% depending upon the preparation studied here. This is a rather low proportion as

compared to other G protein coupled receptors (Birdsall et al. 1978; Kent et al. 1980).

Lin et al. (1991) have recently reported the cloning of the caIcitonin receptor.

Interestingly, the amino acid sequence of this receptor showed very little homology with

other previously cloned, weil known G protein-coupled receptors (except for the

parathyroid hormone and secretin receptors which shared about 50% sequence homology

(Juppner et al. 1991; Ishihara et al. 1991)). These authors suggested that the calcitonin,

parathyroid hormone and secretin receptors belong to a new super-family of G protein­

coupled receptors. One essential feature of this family resides in the short .:ytoplasmic

loop between hydrophobie domains V and VI which is thought to be involved in the
eoupling to the G protein ofthe Gso. type. This region is n'lt ~imilar to the corresponding

regions of other adenylate cyclase-coupled receptors (Lin et al:, 1991). The cloning of

CGRP receptors has yet to be reported but it is Iikely to belong to this new family of G

protein-coupled receptor on the basis of the common caIcitonin-CGRP precursor, peptide

sequence homologies and sharing of sorne biologicaI aetivities and possibly receptors

(Amara et al. 1982; Goltzman and Mitchel~ 1985; Dennis et al. 1991). The differences

between this newly identified family of G protein-coupled receptors and the others might

aIse account for the lower proportion of receptors in KH related to a different type of

interaction between the G protein and the receptor complex.
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In brief, the present findings suggest that CGRP receptor binding sites present in

the brain, atria and vas deferens belong to a family of G protein-coupled receptors which

exist under multiple aflinity states depending upon their micro-environment.
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7.0 Preface to Chapter 7

As presented in Chapters 2 and 4, the nucle'JS accumbens is enriched in binding

sites for both CGRP and amylin. Other laboratories have reported that this nucleus is

also enriched with salmon calcitonin binding sites. The pharmacological characteristics

of the CGRP binding sites in the nucleus accumbens is atypical as [l2SI]hCGRPa

binding in trjs tissue is highly sensitive to both amylin and salmon calcitonin in

comparison to most other areas of the brain. Furthermore, these CGRPlsalmon

calcitoninlamylin-sensitive binding sites do not share the pharmacological

characteristics of either the CGRP1 or CGRP2 receptor subtypes. As the respective

binding affinity of CGRP, salmon calcitonin and arnylin is very sirnilar in the

accumbens, the primary goal of the present study was to develop an assay to

differentiate between the possible functional relevance of these binding sites. We first

evaluated the effects ofthese peptide homologues on amphetarnine-induced locomotion

since the nucleus accumbens plays a critical role in the amphetarnine-induced

hyperactivity. Second, in an attempt to differentiate their actions as weil as to delineate

possible mechanisms of action, we studied the effects of a GABA antagonist on each

p"ptide-induced decreased locomotor activity.
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7.1 Abstract

Calcitonin gene-related peptide (CGRP)-, amylin- and calcitonin-like

immunoreaetivity, as well as their respective receptors, are widely distributed in the brain.

Few brain areas, including the nucleus accumbens, arc: enriched with binding sites for all

three peptide homologues. Specific neurobehavioral profiles are induced following the

central administration of either CGRP, amylin or salmon calcitonin. In the present study,

we investigated the effects of each of these peptides on amphetamine-induced and

spontaneous locomotor behaviors. Intracerebroventricular injections of each peptide

decreased, in a dose-dependent manner, the amphetamine-induced locomotion. Salmon

calcitonin demonstrated the highest potency followed by amylin and hCGRPa.. A similar

profile of pote:'ICY was observed on spontaneous locomotion. Interestingly, peripheral

injection of bicuculline methipdide (0.5 mglkg), a GABAA receptor anta/Svnist, selectively

blocked the decrease in spontaneous locomotion induced by hCGRPa. whereas it had no

effects on amylin and salmon calcitonin-induced decrease in spon~aneous locomotor

activity. The present findings thus s"Jggest the existence of functionally distinct receptors

for CGRP vs. those of amylin and salmon calcitonin to modulate locomotor activity in the

rat brain.
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7.2 Introduction

CGRP results from the alternative splicing of the calcitonin gene and is widely

distributed in both peripheral and central nervous systems (for review, Ishida-Yamamoto

and Tohyama, 1989). CGRP receptors are broadly but discretly localized in the CNS

(Tschopp et al. 1985; Henke et al. 1985; Kruger et al. 1988). Moreover, CGRP has been

shown to induce a variety of effects following intracerebroventricular (i.c.v.) injections

such as hyperthermia (Jolicoeur et al. 1992), catalepsy (Jolicoeur et al. 1992; Clementi et

al. 1992), anorexia (Krahn et al. 1984; Jolicoeur et al. 1992) as weIl as increase in mean

arterial pressure and heart rate (Fisher et al. 1983).

ln addition to CGRP, the presence of calcitonin-like immunoreactivity and binding

sites have been described in brain (Cooper et al. 1980; Fischer et al. 1981; Rizzo and

Goltzman, 1981; for review, Skofitsch and Jacobowitz, 1992). The binding sites for

calcitonin were detected most often using [I25I]salmon calcitonin (sCT) as [I25I]human

calcitonin revealed a more limited distribution of binding sites in the rat brain likely

because of its rather low affinity (Skofitsch and Jacobowitz, 1992). The partial isolation

of sCT-like peptide(s) from the mammalirn brain supports the existence of endûgenous

ligand(s) for these binding sites (Fischer et al. 1983; Sexton and Hilton, 1992). The

central administration of sCT has been reported to induce anorexia (Freed et al. 1979;

Yamamoto et al. 1c;82; De Beaurepaire and Freed, 1987a), hyperthermia (Sellami and De

Beaurepaire, 1993), analgesia (Sellami and De Beaurepaire, 1993) and to decrease

locomotor activity (Twet)' et al. 1983). On the other hand, the central administration of

human calcitonin failed to produce significant anorexic effects in the rat (Yamamoto et al.

1982). This unique neurobehavioral profile suggests a distinct role for sCT-like peptide in

the rat brain.

CGRP shares -50% sequence homology with amy1in, a recently isolated peptide

from human insulinoma and from pancreases oftype 2 diabetic patients (Westermark et ai.

1986; Cooper et al. 1987; Nishi et al. 1991':l. Thus far, only low amounts of amylin-likt>.

immunoreactivity have been deteeted in the rat hypothalamus (Chance et al. 1991). On

the other hand, recent studies have reported the existence and distnOIition of specific

amylin binding sites in the rat brain. The localization ofamylin sites is different from that

of CGRP sites, but rather sirnilar to the one reported for sCT sites (Goltzman and

Mitchell, 1985; Beaumont et al. 1993; van Rossum et al. 1994). Direct administration of

amylin in the brain has been shown to produce anorexia (Chance et al. 1991), adipsia
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(Balasubramaniam et al. 1991; Chance et al. 1992a) and to induce amnesia (Flood and

Morley, 1992).

These three structurally related peptides thus seem to share sorne central effecls

1ike anorexia, albeit with different potencies (Krahn et al. 1984; Chance et al. 1991).

Similarly, few brain areas, including the nucleus accumbens and the ventral strialum, are

enriched with specifie receptor sites for ail three peptides (Henke et al. 1985; Kruger et al.

1988; Skofitsch and Jacobowitz, 1992; van Rossum et al. 1994). However, limited cross­

reactivity appears to exist between each of these three receptor sites in most brain areas.

Only a few areas such as the nucleus accumbens have revealed atypical binding properties

with sCT ana amylin having rather high affinity for [l25I]hCGRPex sites (Sexton et al.

1988; Dennis et al. 1991; van Rossum et al. 1994). We were therefore interested to

evaluate the potenticl functional significance of hCGRPex, sCT and amylin and their

receptors in the nucleus accumbens. Activation of dopamine neurons in the

mesoaccumbens pathway is critical for the initiation of locomotion (Kelly et al. 1975;

Makanjuola et al. 1980; Clarke et al. 1988). At first, we determined the effects of each

peptide on amphetamine-induced locomotion as it is well accepted that the nucleus

accumbens plays a critical role in amphetamine-induced hyperactivity (pijnenburg et al.

1976; Clarke et al. 1988; for review, Seiden et al. 1993), as well as in spontaneous

locomotion. Sevel'lÙ other neurotransmitters including acetylcholine, glutamate, GABA

and enkephalins are also involved in locomotor behaviors (for recent review, Angulo and

McEwen, 1994). Amongst these, the existence of strong interaction between dopamine

and GABA in modulating locomotion within limbic areas is wel1 established (Austin and

Kalivas, 1989; Kalivas et al. 1991; Wong et al. 1991). CGRP and sCT-like peptides have

been reported to not directly modulate mesolimbic dopaminergic transmission (De

Beaurepaire and Freed, 1987b; Masuo et al. 1991; Clementi et al. 1992; Drumhel1er et al.

1992). We have therefore expiored the possible involvement of GABAergic pathways in

the mediation ofthe effects ofhCGRPex, amylin and sCT on locomotor behaviors.
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7.3 Materials and Methods

7.3.1. Animais and Materials

Male Sprague-Dawley rats (250-275 g) were purchased from Charles River ,St­

Constant, Québec, Canada) and kept according to the Guidelines of the Canadian Council

for Animal Care and McGill University. Food and water were available ad libitum.

Animais tested for spontaneous .notor activity were kept in an inverse light-dark cycle

room for a minimum oftwo weeks prior to experiments.

D-amphetarnine sulfate was obtained by the Health Protection Branch of Health

and Welfàre Canada. (-)-Bicuculline methiodide was purchased from Research

Biochemicals International (MA). hCGRPa. was synthesized in our laboratory as

previously described in details elsewhere (Mimeault et al. 1992), whereas sCT and rat

amylin were purchased from Bachem California (Torrance, CA). Ail drugs were dissolved

in sterile 0.9% saline solution (Abbott Laboratories, Montréal, Canada) and prepared

iJ11r.lediately before the experimet:~s.

7.3.2 Surgery

For cannulae implantation, anesthesia was induced using a mixture ofketarnine (80

mglkg)-xylazine (12 mglkg) given intraperitoneally. AnimaIs were placed in a stereotaxie

instrument (Kopflnstruments, Tujunga, CA). The skull was exposed by a sagittal incision

of 1.5 cm, cleaned and :Iried. A stainless-steel guide cannula (23 gauge) was
stereotaxically implanted at 2 mm above tre left lateral ventricle (anteroposterior, -0.4;

and midlateral, +1.5 mm relative to bregma). The cannula was then fixed to the skull with

dental acrylic cement (Durelon, Espe-Premier, Ontario, Canada) and a protection cap was

inserted into the cannulae. The animals were allowed to recover from surgery for at least

5 days before experiments.

7.3.3 Measurements oflocomotion

Locomotion was measured in activity chambers equipped with 2 photocell

detectors. Rats were first habituated to the activity chambers for a minimum of 30 min

prior to treatments. Individual animals were then taken, injected subcutaneously with

either d-amphetarnine sulfate (2 mglkg), (-)-bicuculline methiodide (O.S mglkg) or saline
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and immediately retumed to their respective actlVlty chambers. Fifteen min after.

intracerebroventricular injections of hCGRPa, sCT or rat amylin (0.04-20 IlglIOIlI) or

saline were performed through a 30 gauge injection needle connected to a 50 III Hamilton

syringe by a polypropylene tubing (PE-IO). Following the injection, about 1 min was

allowed before retrieval of the injection needle to avoid reflux into the guide cannulae.

After experiments, rats were sacrificed and the brain was removed, snap-frozen in 2­

methylbutane (-400C) and sectioned to verify the location of the cannula.

7.3.4 Data analysis

In animal'. treated with d-amphetamine, the number of photocell interruptions

(aetivity counts) were recorded automatically for a total of 3 hours. The data were

tabulated as total photocell counts for 2 hrs, i.e. between 30 min and 150 min of

recording. The first 30 min of recording was not included because of animal

manipulations and to allow for drug interactions. Spontaneous locomotor activity was

recorded for 150 min and data were tabulated as total photocell counts between 30 and

120 min. A minimum of6 rats were tested 'It each dose. I:"ata from ail experiments were

analyzed using Sigmastat (Jandel Scientific, CA). Analysis of variance was performed to

compare various groups with control. The 95% leve1 of confidence was accepted as

statistically significant in ail analysis.
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7.4 Results

7.4.1 EfTects on amphetamine-induced locomotion

Over 2300 activity counts were recorded within 2 hours following a single

subcutaneous injectiùn of d-arnphetamine (2 mglkg) in rats (Fig 7.1) compared to less than

100 activitiy counts for the saline-treated rats. Intracerebroventricular injection of sCT

(0.08 ILS) induced substantial decrease in arnphetamine-induced locomotion. Maximal

effects were observed at 0.16 ILg at which dose, sCT reduced the arnphetamine-induced

locomotion by about 40% (Fig 7.1). Rat arnylin was alse potent with sigrùficant effects

observed at 0.625 ILg and a maximal effect (- 40%) seen at 1.25 ILg (Fig 7.1). FinaUy,

hCGRPa was approximately forty and four rimes less potent in decreasing amphetamine­

induced locomotion than sCT and arnylin, respectively, as a minimal dose of 2.5 ILg was
required to sigrùficantiy reduce the arnphetamine-induced locomotion (Fig 7.1). No

further decrease in locomotor activity was observed with doses up to 20 ILg for any of the

peptides tested.
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Figure 7.1 Dose dependent effects of intracerebroventricular injections of salmon

calcitonin (.), amylin (e) or hCGRPa (0) on amphetamine-induced locomotion. D­

amphetamine (2 mglkg) was injeeted subcutaneously 15 min prior to the injection of the

peptide. Data were tabulated for 2 hours, starting 30 min after the d-amphetamine

peripheral injections. A minimum of 6 rats were tested at each dose and data are

presented as mean ± S.E.M. ·P<0.05 from amphetamine-treated animais.
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7.4.2 Effects on spontaneous locomotion

Total activity counts (-1150) were tabulated for 90 min. The subcutaneou:'

injection of bicuculline methiodide (GABAA antagonist. 0.5 mglkg) had no significant

effect on the recorded spontaneous motor activity (Fig 7.2). Intracerebroventricular

injection of sCT (0.08 J,lg), rat amylin (0.62 ilg) or hCGRPa. (1.25 J.lg) ail reduced

spontaneous motor activity by as much as 70% (Fig 7.2). Peripheral injection of

bicuculline methiodide 15 min prior to the central administration of peptides, significant1y

blocked the effect induced by hCGRPa. but not those ofsCT or amylin (Fig 7.2).
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Figure 7.2. Effects of intracerebroventricular injections of salmon calcitonin, amylin or
hCGRPa. on spontaneous locomotor activity. Rats were kept in an inverse light-dark
cycle room for a minimum of two weeks prior to experiments. Bicuculline methiodide
(0.5 mglkg: opened bars) or saline (300 Ill; filled bars) were injected subcutaneously 15
min prior ta the central administration of peptides. Activity counts were tabulated for 90
min starting 30 min after the injection of bicuculline or saline. A minimum of 6 rats were
tested at each dose and data are presented as mean ± S.E.M. ·P<0.05 from

bicuculline-treated animais.
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7.5 Discussion

hCGRP~ sCT and amylin decreased, in a dose-dependent manner, spontaneous

and amphetamine-induced locomotion. Similar maximal effects were observed with ail

three peptides but sCT was the most potent homologue followed by amylin and hCGRP~

respectively. Interestingly, periphera! injection of bicuculline methiodide, a GABAA

receptor antagonist. selectively blocked the effeets of hCGRPa on spontaneous

locomotion without significantly altering those of sCT and amylin. The mechanism(s)

involved in the decrease in locomotor activity induced by these peptides is unknown. The

similar effects of ail three peptides on amphetarnine-induced locomotion, albeit with

diffèrent potencies, may indicate a common mechanism ofaction and the interaction with a

single class of receptors localize in the nucleus accumbens. On the other hand, the

selective blockade by bicuculline methiodide of the effects of hCGRPa on spontaneous

locomotion suggests a different mechanism of action for hCGRPa- vs. amylin- and sCT­

modulated locomotor activities.

The dopaminergic innervation of the basal ganglia plays a major role in

amphetarnine-induced locomotion as it is largely mediated by an increased release of

dopamine from the presynaptic dopaminergic nerve terminais of the nucleus accumbens

(Creese and Iversen, 1975; Pijnenburg et al. 1976; Makanjuola et al. 1980; for review,

Seiden et al. 1993). In agreement with this hypoth ô,. the destruction of the

dopaminergic innervation of the nucleus accumbens has been shown to inhibit the

amphetamine-induced response (Kelly et al. 1975; Joyce and Koob, 1981). In addition,

severa! other neurotransmitter systems are most likely involved in the modulation of

locomotor activities, including the cholinergic, GABAergic, g1utamatergic and

enkephalinergic innervations ofthe basal ganglia (for review, Angulo and McEwen, 1994).

A decrease in the stimulation of the GABAA receptors of the ventral pallidum appears to

be a critical component in motor activity elicited by dopaminergic drugs upon their

injection in the nucleus accumbens (Mogenson and Nielsen, 1983; Swerdlow et al 1986;

Shreve and Uretsky, 1988; Klitenick et al 1992; Churchill et al 1991). This is in keeping

with the data reported in the present study. In contrast to GABAA receptors, the direct

application of GABAB receptor agonists or antagonists elicited little and no effects on

these nucleus accumbens-related dopaminergic behaviors (Wong et al 1991).

Furthermore, a major projection fr.om_the nucleus accumbens to the ventral pallidum has
- _._<:::::':".

been reported to be both GABAergic andêiikephalinergic (Fonnum et al. 1978; Zham et

al 1985) and the amphetar.ùne-induced locomotion can indeed be reversed by the
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administration of naloxone, an opioid antagonist, or GABA antagonists (Austin and

Kalivas, 1989; Kalivas el al. 1991; Angulo and McEwen, 1994).

Central administration of hCGRPa induced a decrease in both spontaneous and

amphetamine-induced locomotion. Previous reports have shown that CGRPa also

produces catalepsy and hypomotility (Jolicoeur el al. 1992; Clementi el al. 1992).

Although these behaviors are generally modulated by the dopaminergic innervation of the

basal ganglia, no significant change in the levels of dopamine or its metabolite DOPAC has

been observed in the striatum following the central administration of CGRPa (Clementi el

al. 1992; Drurnheller el al. 1992). In addition, neurochemical lesion experiments do not

support the existence of a direct interaction between CGRP receptors and dopaminergic

nerve terminais in the nucleus accumbens as unilateral 6-hydroxydoparnine injection in the

ventral tegmental area has been reported to not significantly alter [I25I)CGRP binding in

the nucleus accumbens (Masuo el al. 1991). In contrast, significant decrease in

[I25I]CGRP binding has been observed following quinolinic acid lesions of the nucleus

accumbens suggesting that the CGRP receptors are located on intrinsic neurons of the

accumbens and not on dopaminergic nerve tenninals of the mesoaccumbens projection

(Masuo et al. 1991). Accordingly, hCGRPa-induced decreased locomotion is unlikely

through a direct action on doparninergic nerve tenninal activities. In faet, the effects of

hCGRPa on spontaneous locomotion are apparently mediated through an action on the

GABAergic neurons by inducing the release of this inhibitory transmitter as a GABAA

receptor antagonist blocked the action of hCGRPa. In contrast to CGRP effects on

locomotion, the antiarnnesic action of CGRP is not modified by a GABAA receptor

blocker suggesting that not ail central effects of this peptide are associated to a

modulation of the GABAergic tone (Kovâcs and Telegdy, 1992; Kovacs and Telegdy,

1994).

Salmon calcitonin was most potent in decreasing spontaneous and amphetamine­

induced locomotor activities. Earlier studies have already reported on the decrease in

amphetamine-induced locomotion by sCT (Twery et aL 1983; De Beaurepaire and Freed,

1987b). The nucleus accumbens and the hypothalamus have been identified as key

structures in the sCT-induced decrease in locomotion (De Beaurepaire and Freed, 1987b).

However, a direct action of sCT on doparninergic neurons appears unlikely as this peptide

did not elicit significant behaviors when injeeted in the striatum, an area enriched with high

levels ofdopamine (De Beaurepaire an:! Freed, 1987b). Moreover, sirnilar to [I25I)CGRP

binding, [I25I)sCT labeling was not altered in the nucleus accumbens following the

injection of 6-hydroxydoparnine in the ventral tegmental area, suggesting that [I25I)sCT

binding sites are not located on doparninergic terminals (Masuo et al 1991). However, a
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treatment with the GABAA receptor antagonist failed to alter the action of sCT. Thus. the

mechanism by which sCT mediates its locomotor effects remains to be established.

Amylin was less potent than sCT (- 8 fold) but more than hCGRPa. (-4 fold) in

decreasing amphetamine-induced locomotion. Thus far, only low levels of amylin-like

immunoreactive material have been detected in the brain (Chance et al. 1991). Technical

difficulties rnight account for these results as various groups including ours were able to

detect specifie binding sites for [l25I]amylin in the rat brain (Beaumont et al. 1993; van

Rossum et al. 1994); sCT demonstrating high affinity for these amylin binding sites

(Beaumont et al. 1993; van Rossum et al. 1994). The nature of the endogenous ligand(s)

for these amylinlsCT sites thus remains to be clarified and may be related to the sCT-like

peptide(s) recently isolated from the CNS (Sexton and Hilton, 1992). Moreover, amylin

has also been reported to be a potent modulator of food intake following centrai or

peripherai injections (Chance et al. 1991; Chance et al. 1993). The :ntrahypothalamic

injection ofamylin has been shown to induce increase in dopamine and serotonin turnovers

in various brain areas including the nucleus accumbens, striatum and hypothalamus

(Chance et al 1991). On the other hand, the increase in serotonin and dopamine

metabolism may be related to an increased transport of the precursors tyrosine and

tryptophan across the blood-brain barrier (Chance et al. 1992b). Hence, to our

knowledge, no clear evidence is presently available to support a direct interaction between

amylin and dopaminergic innervation. The mechanisms by which amylin decreased

amphetamine-induced and spontaneous locomotor behaviors are thus still unclear but

likely do not involve a direct interaction with GABAergic innervation in the basal ganglia

as bicuculline failed to alter the effects ofamylin on locomotor activity.

Further experiments will be essential to delineate the precise mechanisms by which

these three peptides modulate locomotion. The potentiaI effect ofselective antagonists for

various dopamine, glutamate and opioid receptors would certainly be of interest.

Mor~over, intra-accumbens injections of each peptide would facilitate a clear

interpretation of the data. In summary, central administration of hCGRPcx, sCT and

amylin ail decreased both amphetamine-induced and spontaneous locomotion. The

mechanisrns by which these peptide homologues induce their effects is still unclear.

However, hCGRPa. likely interacts via a GABAergic pathway to decrease spontaneous

locomotor activity. Taken togetho::~•.these data hence support the existence offunctionally

distinct binding sites for hCGRPcx, sCT and amylin in the rat brain modulating locomotor

behaviors.
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8.1 CGRP and related peptides

A widespread variety of peripheral and central biological actions have been

reported for the various members of the CGRP/calcitonin family of peptides, ranging

!Tom peripheral vasodilatation to anorexia, as reviewed in Chapter 1. These effects are

mediated through specifie receptor sites. Relatively little is known about the

biochemistry and topography ofthese receptor sites as thus far, only calcitonin receptors

have been cloned. Moreover, the precise nature of the endogenous ligand(s) for sorne of

these receptors (especially amylin and salmon calcitonin) remains to be fully clarified.

As summarized in section 1.2 ofChapter 1, the distnoutions ofCGRP rnRNA and

CGRP-like immunoreactivity in the brain are weil established and globally fairly

correlated. The few apparent mismatches observed between the distribution of the

peptide and binding sites in certain brain areas (e.g. cerebellum) may suggest an

important role for CGRP during development of the central nervous system as transient

expression of the peptide was observe~ at neonatal stages (Morara et al. 1989; Provini et

al. 1992). Technical limitations ind...;;. 'ow detectable amounts due to fast turnover

rate of the rnRNA transcript and/or of the peptide might account for sorne of the

rnismatches observed between the CGRP rnRNA and peptide distributions such as

reported in the hypothalamus (Kruger et al. 1988). We have shown that CGRP can also

act on amylin receptor sites although with significantly lower potency than the prototypic

ligand(s) (van Rossum et al. 1994b). Sirnilarly, CGRP revealed low affinity for

calcitonin binding sites (Albrandt et al 1993; Sexton et al 1993). It is thus unlikely that

CGRP would act as the endogenous ligand for either the amylin or calcitonin binding

sites.

Based on the data presented in the present thesis as weil as from the literature, a

summary of the pharmacological profile of putative CGRP and related peptides receptor

subtypes is provided in Table 8.1. Clearly, the ultimate pharmacological characterization

of putative CGRP receptor subtypes will follow their isolation, purification and c1oning.

However, in parallel to these molecular approaches, future research should focus on the
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identification of new tissue preparations enriched \\;th a single c1ass of the putative

CGRP receptor subtypes. The guinea pig urinary bladder and a stable human

adrenocarcinoma cellline (Col-29) may represent improved tissue preparations to study

the CGRP1 receptor subtype as they were recently reported to be insensitive (up to 1-3 ~l

M) to the antagonistic properties of the fragment CGRPS_37 (Giuliani et al. 1992; Cox

and Tough, 1994).

Table 8.1 Summary of the pharmacological profile of putative CGRP and related
peptides receptor subtypes

CGRP1 CGRP2 Atypical Amylin ADM

Selective agonist none [CyS(ACM)1.7IhCGRPa. hCGRPa. amylin ADM
[Cys(ACM)l,7,A1a1O). sCT (1) ('1)

hCGRPa. amylin

Selective antagonist hCGRP8-37 none
[AJa20lhCGRP8-37
hCGRP12•37

none AC 187 ADM"."
('1)

Prototypical assay atrium
spleen

vas dcfcrens
livcr
urinary bladdcr
Col·19

nucleus skclctal vascular
aceumbcns muscle smooth

muscle

Based on data presented in this thesis and in the Iiterature

As summarized by Quirion et al, 1992, our group was able to provide functional

evidence for the existence of CGRP receptor subtypes both in peripheral tissue

preparations and in the brain. However, the pharmacologica1 selectivity of these CGRP

fragments and anaIogs seems to be limited to their biologica1 activities as little

preferential binding affinity was observed for these sarne analogs in the various tissue

preparations studied (van Rossum et al 1994a). Indeed, these findings could support the

existence of different binding domains on the various receptor subtypes for the fragment

hCGRP8•37 as the latter revealed high binding affinity for both CGRPI and CGRP1
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subtypes whereas being functionally active only on the CGRP1 sites (van Rossum et al

1994a). The development of more specifie peptide and non-peptide analogs is thus also

crucial for the successful characterization of CGRP receptor subtypes. In that regard.

CGRP analogs with a substitution of the glycine residue in position 14 by an aspartate

are currently under evaluation. This substitution should allow for prolonged biological

activities such as prcviously reported in pre-osteoblast ceIllines (Thiebaud et al. 1991).

The increased potency may also result into a higher specificity of the various analogs for

a given receptor type. Moreover, from the initial evaluation of a series of novel analogs

with modifications of residues 13 to 23, it appears that the substitution of the glycine

residue by an alanine in position 20 in the fragment hCGRP8-37 ([A1a20]hCGRP8-37) as

well as in the Iinear analogue [Cys(ACM)2.7]hCGRPCL ([Cys(ACM)2.7,A1a20] hCGRPCL)

demonstrated incrcased seleetivity for the CGRP1 and CGRP2 receptor subtype,

respectively (Lavallée et al., 1994). The binding profile of these novel analogs is thus

certainly worth investigating and should provide new insights with respect to binding

requirements of the various CGRP receptor subtypes.

The respective distribution of amylin rnRNA and immunoreactive material in the

brain is not yet well defined. At the recent 2nd international symposium on CGRP and

related peptides (August 1994, Montréal), Skofitsch et al (1994) presented for the first

time a map of the widespread distribution of amylin-like immunoreaetivity in the rat

brain. A1though these data are mos! interesting, the specificity of the polyclonal antisera

used in these experiments was not fully established raising possible doubts as to the

genuine amylin-like nature ofthe observed staining. Further studies will thus be required

to rule out potential candidates for cross-reaetivity with the amylin probe such as sCT­

like peptide especially since seT revealed high affinity for the amylin binding sites in the

rat brain (sec below). Purification and sequencing of amylin-like peptides present in the

rat brain could also be perfonned from brain extraets from various nuclei that revealed

high amounts of amylin binding sites including the nucleus accumbens, severa! nuclei of

the hypothalamus, dorsal raphe and locus coeruleus. Following initial separation by, for

example, ion exchange chromatography, the various collected fractions could then be

tested for amylin-like activity such as glucose uptake as well as incrcase in cAMP in
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skeletal muscle preparations as those receptors are coupled to adenylate cy~lase (Deems

et al. 1991). If any fraction revealed positive for amylin-like activity. further purification

by HPLC and sequencing would be most appropriate to uncover the identity of the

peptide(s).

We have recently described the distribution and binding profile of specifie amylin

binding sites in the rat brain (van Rossum et al. 1994b). The ligand selectivity profile of

these sites apparently differ from ail other binding sites reported thus far. including those

for CGRP. Interestingly, salmon calcitonin revea1ed high affinity for the amylin bindir,g

sites present in the rat brain. Furthermore, rat arnylin was recently reported to be

equipotent to salmon calcitonin to stimulate the production of cAMP in a cell line

transfeeted with the c10ned porcine calcitonin receptors (Sexton et al. 1994). On the

other hand, arny1in revea1ed 10w affinity for ail other forms of the calcitonin receptors

cloned thus far. Hence, these reports support the existence of calcitonin binding sites

different from arnylin binding sites. However, it still remain unclear if the amylin binding

sites present in the rat brain correspond to a sub-population of the calcitonin receptors as

salmon calcitonin also revea1ed high affinity for these amy1in binding sites. These

sirnilarities between sorne arnylin and calcitonin binding sites thus leave open the

question about the nature of the endogenous 1igand(s) acting with high affinity on the

arny1in binding sites in the central nervous system. Potential candidates include the

recently iso1ated sCT-like molecule(s) from the rat brain (Sexton and Hilton, 1992).

However, further studies are required to confirm this hypothesis.

The development of potent antagonist specifie for arnylin such as the new

analogue, ac-30Asn, 32Tyr, SCT8-32 (ACI87, Beaumont et al. 1994) should aise help in

providing evidence in regard to the uniqueness and functional role of the arny1in

receptors. The inhibition by arnylin of insulin-stimulated glucose incorporation into the

rat soleus muscle glycogen was shown to be potently antagonized by AC187 fol1owed by

sCT8-32 and CGRP8-37 ,but with much lower potency (Beaunlont et al. 1994). New

pharmacologica1 tools such as AC187 should thus be most helpful to deterrnine the

effeets of arnylin that are mediated through arnylin receptors vs. those likely related to

actions at CGRP or calcitonin receptors. Moreover, the activity profile of this new
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amylin antagonist on the central actions of amylin such as the decrease in amphetamine­

induced and spontaneous locomotions (Chapter 7), would be most essential to shed light

on the nature of amylin binding sites in the brain. Similarly, the activity profiks of the

fragments sCT8-32 and CGRP8-37 on the effeets induced by the respeetive r.ative peptides

(i.e. sCT and CGRP) as weil as amylin on locomotion would also be worth investigating

to charaeterize further the nature of receptors involved in these behaviors. Furthermore,

the modulation by dopaminergic, cholinergie, GABAergic and glutamergic

agonistslantagonists of the effeets of CGRP and rt:lated peptides on locomotion would

also be most appropriate. Indeed, these neurotransmitters were ail reported to play a

role in locomotor behaviors (Angulo and McEwen, 1994). As descnbed in Chapter 7 of

the present thesis, we have thus far only investigated the effects of a GABAA antagonist,

bicuculline, as CGRP and sCT-like peptides have been previously reported not to directly

modulate mesolimbic dopaminergic transmission (De Beaurepaire and Freed, 1987;

Masuo et al. 1991; Clementi et al. 1992). Indeed, the GABAA antagonist could

selectively block the effeets induced by CGRP on spontaneous locomotion. The

decrease induced by CGRP on spontaneous locomotion is thus apparently linked to a

modulation of the GABAergic neurons possibly by increasing the release of GABA as

the latter usually aets as an inlùbitory transmitter. Under our experimental conditions,

amylin and sCT do not seem to directly interaet with the GABAergic neurons.

However, a wider range of concentrations of the various peptides as well as of the

GABAA/GABAB antagoni~ should be tested. Different routes of injection should aise

be studied: for example, central vs. peripheral injections and icv vs. intra-accumbens

should be examined in order to precisely establish the mechanism(s) ofaction of CGRP­

like peptides on locomotor activity.

Both salmon and human calcitonin-like immunoreactivity as well as calcitonin

binding sites ha"e been identified in the rat brain (Cooper et al. 1980; Fischer et al. 1981;

Skofitseh and Jacobowitz, 1992; Shah et al. 1993). Indeed, salmon calcitonin-like

peptides hav~ been detected in both human (Fischer et al 1983) and rat brain (Sexton

and Hilton, 1992) but their full characterization and sequencing are still awaited.

However, it is already well established that salmon calcitonin is usually significantly more

187



potent than human calcitonin in eliciting various central and peripheral biological actions

in the rat as e:l.1ensively described in Chapter 7. Moreover. as summarized in section 1.4

of Chapter 1. several calcitonin receptors have been cloned from different tissues

including the kidney and the brain. Their primary amino acid sequences corre1ate \Vith

the receptor topography ofmembers of the G protein-coupled receptor super-family: the

greatest sequence similarity being observed with secretin, vasoactive intestinal peptide

and parathyroid hormone receptors (Lin et al. 1991; Ishihara et al. 1991; 1992; Juppner

et al. 1991). Up to now, IWO receptors with high affinity for salmon ca1cilonin have

been cloned from the rat brain, name1y the Cla and Clb receptor subtypes. Neither

CGRP nor amylin demonstrated high affinity for these calcitonin receptor subtypes

(Sexton et al. 1993). Therefore, these calcitonin receptors do not share the ligand

binding profile of the atypical binding sites present in the nucleus accumbens described in

Chapters 2 and 4. Severa! lines of evidence support that CGRP receptors (CGRP1.

CGRP2 and CGRPlsalmon calcitoninlamylin-sensitive sites) also belong to the G protein­

coupled receptor super-family. Indeed, [l2SI]CGRP binding was sensitive to the

presence of GTP and/or analogs in tissue preparations enriched with the varioùs CGRP

receptor subtypes (van Rossum et al. 1993). In addition, [l2sI]CGRP binding in skeletal

muscle, lung and cardiac myocytes was also reported to be sensitive to the presence of

GTP nucleotides, as summarized in Chapter 6. Hence, CGRP receptors most likely

belong to the G protein-coupled receptor super-family. However, cloning is awaited to

confirm this hypothesis.

As reviewed in Chapter 5 of the present thesis, very little is currently known in

regard to the tissue distribution, receptor sites and biological effects of adrenomedullin

as its isolation was reported just about a year ago. From our study, it would appear that

adrenomedullin possesses rather low affinity for both CGRP and amylin binding sites in

the rat brain (van Rossum et al. 1995). Therefore, it is unlikely that adrenomedullin acts

as an endogenous ligand on these binding sites suggesting the existence of an additional

class of adrenomedullin-preferring receptors. ln agreement with this hypothesis, recent

reports support the existence of specific high affinity adrenomedullin binding sites in

cultured rat vascular smooth muscle cells (Eguchi et al. 1994a). However, the use of
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radiolabelled adrenomedullin as ligand will be required to fully establish the existence of

this unique receptor cIass in the rat brain. Finally, Eguchi el al. (1994b) recently

reported the antagonistic properties of the C-tenninal fragment hADM22_52. A1though

the potency of this new pharmacological tool is rather low (micromolar), it might

become useful to differentiate between the CGRP vs. adrenomedullin receptors-mediated

biological effects. In addition, this novel tool could provide the initial template to design

new molecules with antagonistic properties for the adrenomedullin vs. CGRP receptor

sites.

Various members of the CGRP/calcitonin family of peptides are under

investigation for cIinical applications or are already in use for tre:ltments of various

disorders. As described in section 1.3 of Chapter 1 of the present thesis, CGRP is one of

the most potent vasodilator substance known (Brain el al. 1985; Girgis et al. 1985).

Consequently, highly potent non-peptide CGRP antagonist could have great cIinical

potentials in the treatment of severa! medical entities including migraine, subarachnoid

haemorrhage and ischemia (Johnston et al. 1990; Mair et al. 1990; Goadsby and

Edvinsson, 1993; Franco-Cereceda et al. 1993). The synthesis ofpeptidomimetic analogs

would facilitate the c1inical use of CGRP and related molecules. Such tools should also

prove most useful toward a c1earer demonstration of the physiological implications of

CGRP in the organism. Moreover, efforts should be made toward the design of subtype­

specific peptidomimetic analogs. This aspect becomes especially relevant in order to limit

potential side effects induced by the activation of various CGRP receptors e.g.

hyperthennia, tachycardia and hypoactivity (Fisher et al. 1983; Jolicoeur et al. 1992;

Clementi et al. 1992). Ideally, by the use of subtype-selective analogs, one might be able

to avoid sorne ofthe possibly undesired actions induced by CGRP.

Salmon calcitonin has been used for more than a decade now in the treatment of

severe osteoporosis, Paget's disease and hypercalcemia (Carstens and Feinblatt, 1991).

As observed in tne rat, lower doses of salmon than human calcitonin were required to

induce similar beneficial effects in human therapy. The side-effecè profile of salmon

calcitonin was thus shown to be favorable in comparison to i15 human homologue. The

synthesis of new salmon calcitonin analogs with increased bioavailability as weil as
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improved dosage formulations could render this peptide more convenient to use in the

clinic (Carstens and Feinblatt, 1991). However, caution should also be taken with respect

to small sCT-like molecules that could cross the blood brain barrier especially since seT

reve3Jed to be most potent in inducing a variety of central effects including anorexia and

hypoactivity (Freed et al. 1979; Twery et al. 1983).

The potential use of amylin antagonists in the treatment of non-insulin-dependent

diabetes is under intensive research (Cooper, 1994; Young et al. 1994). Indeed, the

actions of amylin on muscle glycogen metabolism and on endogenous glucose production

may contribute to the glucose intolerance observed in this pathology (Young et al. 1994).

The development of highly specific antagonists such as AC187 is thus critical to delineate

the physiological role(s) of amylin and its potential significance in the treatment of sorne

forms of diabetes. Moreover, the nature of the endogenous ligand of the amylin binding

sites present in the brain remains to be clarified. However, following its central

administration, amylin was reported to increase dopamine and serotonin turnover as well

as to induce arnnesia and anorexia (Chance et al. 1991; Flood and Morley, 1992).

Moreover, high concentrations (micromolar) of amylin were fot.:nd to be toxic to primary

hippocampal cultures (Mayet al. 1993). Finally, it is unknown if the amylin binding sites

that mediate the peripheral actions of amylin differ from the ones located in brain.

Nevertheless, the affinity of novel amylin analogs should be evaluated in both peripheral

and central tissues to prevent potential harmful central side effects.

Taken together, future research aimed at the development of subtype-specific

peptidomimetic analogs would facilitate the clinical use as weil as delineate the patho­

physiological implications of CGRP and related peptides in the organism. In regards to

receptors, the respective cloning of the CGRP, amylin and possibly adrenomedullin

receptor proteins is anxiously awaited and should greatly help to provide key insights as to

CGRP and re1ated peptides' pharmacology.
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