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SOMMAIRE 

Titre: 

Implication fonctionnelle de canaux Ca' dans la sécrétion des catécholamines de la 

glande surrénales induites par PACAP chez le chien in vivo. 

Introduction: 

Le polypeptide hypophysaire activateur de l'adenylate cyclase ("pituitary adenylate 

cyclase activating polypeptide", PACAP) a été suggéré comme étant un neurotransmetteur 

non-cholinergique qui stimule la libération des catécholamines sécrétées par les cellules 

chromaffines chez le rat. Le PACAP semble à la fois augmenter l'entrée du calcium (Ca') 

extracellulaire et la libération du Ca" intra-cellulaire des cellules chromaffines. La libération 

des catécholamines des cellules chromaffines en culture induite par le PACAP serait 

probablement bloquée par un bloqueur des canaux Ca' de type-L, suggérant que ces canaux 

jouent un rôle important sur la sécrétion des catécholamines. Malgré le fait que les canaux 

Ca' de type-L (sensibles aux dihydropyridines) ont été impliqués dans la libération des 

catécholamines induite par le PACAP sous les conditions in vitro, leurs rôles fonctionnels 

demeurent inconnu in vivo. 

Buts: 

Nous allons tenter d'étudier l'implication fonctionnelle d'un mécanisme régulateur 

potentiel sur la libération des catécholamines induite par le PACAP in vivo. Pour ce faire, 

nous allons examiner la libération des catécholamines en réponse au PACAP en présence 

de nifédipine (un bloqueur des canaux Ca' de type-L) chez le chien anesthésié. Le but 

spécifique de cette étude est de vérifier, en premier lieu, si les deux isomères du PACAP (- 
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27 et -38) stimulent directement la sécrétion des catécholamines, et également de montrer 

l'implication possible des canaux Ca2+ de type-L dans cette réponse hormonale. 

Méthodes: 

Des chiens adultes étaient anesthésiés avec du pentobarbital sodique à une dose 

initiale de 30 mg/kg, iv. Les médicaments ont été administrés localement dans l'artère 

lombo-surrénale gauche. Les concentrations plasmatiques d'épinephrine et de norépinephrine 

ont été déterminées dans le sang veineux surrénal lien gauche et le sang aortique par 

l'HPLC avec détecteur électrochimique. 

Résultats: 

L'administration locale du PACAP27 (n = 11) ou PACAP38 (n = 7) (3.2, 32 and 320 

nM) a augmenté la sécrétion basale des catécholamines surrénaliennes de manière dose-

dépendante. La réponse des catécholamines induite par le PACAP27 était 3 à 5 fois 

supérieure à celle du PACAP38 selon les doses utilisées. Dans le groupe contrôle, le 

PACAP27 (50 µg, 32 nM) en présence du véhicule (6% ethanol) a augmenté de façon 

reproductible la sécrétion basale des catécholamines à la seconde administration de la même 

dose du PACAP27. Dans le groupe recevant la nifédipine (50 µg, 289 µM), l'augmentation 

nette des catécholamines en réponse au PACAP27 a été significativement inhibée d'environ 

50% (n = 9). Cependant, dans des conditions similaires, une augmentation de la sécrétion 

basale des catécholamines induite par BAY-K 8644 (5 µg, 2.9 um) (un activateur des 

canaux Ca' de type-L), a été complètement inhibée en presence de la nifédipine (n = 6). 

Conclusion: 

Les PACAP27 et PACAP38 augmente la sécrétion basale des catécholamines 



surrénaliennes de façon dose-dépendante par leur action directe au niveau de la médullo-

surrénale chez le chien in vivo. La présente étude suggère que cette réponse serait médié en 

partie par les canaux Ca' de type-L chez le chien anesthésié. 
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SUMIVIARY 

Background: 

Pituitary adenylate cyclase-activating polypeptide (PACAP) has been suggested as 

a non-cholinergic neurotransmitter to stimulate catecholamine secretion from rat chromaffin 

cells. PACAP has been shown to increase Ca' influx and Ca' release from intracellular 

sources in chromaffin cells. PACAP-stimulated catecholamine release in cultured adrenal 

medullary cells is likely to be blocked by an L-type Ca" channel blocker, suggesting that 

such channels play an important role in hormone secretion. Although dihydropyridine-

sensitive L-type Ca' channels have been implicated in PACAP-induced catecholamine 

release in vitro, their functional role still remains unclear under in vivo conditions. 

Objectives: 

We therefore attempted to demonstrate the functional significance of L-type Ca' 

channels potentially involved in PACAP-induced catecholamine secretion in vivo. To this 

end, adrenal catecholamine release in response to PACAP was examined in the presence of 

nifedipine (a dihydropyridine sensitive L-type Ca' channel blocker) locally administered 

to the adrenal gland in anesthetized dogs. The specific aim of the present study was to 

investigate whether two isomers of PACAP, consisted of 27 (PACAP27) and 38 

(PACAP38) amino acid residues, directly stimulate adrenal catecholamine release and 

whether L-type Ca' channels are involved in PACAP27-induced adrenal catecholamine 

secretion in anesthetized dogs. 

Methods: 

Adult mongrel dogs were anesthetized with pentobarbital sodium (30 mg/kg, iv). 
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Drugs were locally infused into the left adrenal gland through the left adrenolumbar artery. 

Plasma epinephrine and norepinephrine concentrations in adrenal venous and aortic blood 

were determined by an HPLC with electrochemical detection. 

Results: 

Local administration of either PACAP27 (n = 11) or PACAP38 (n = 7) resulted in 

an increase in catecholamine output in a dose-dependent manner (P( 0.05) with doses 

ranging from 3.2, 32 to 320 nM. The catecholamine response to PACAP27 were — 3 to 5 

times greater than those to PACAP38 within the dose range tested. In the control group, 

receiving the vehicle (6% ethanol), PACAP27-induced catecholamine secretion was highly 

reproducible upon the repeated administration of PACAP27 (50 µg, 32 nM). In dogs 

receiving nifedipine (50 µg, 289 µM) similarly administered to the left adrenal 5 min before 

PACAP27 infusion, the net increase in adrenal catecholamine response to PACAP27 was 

significantly inhibited by 50% (n = 9). However, under similar experimental conditions, the 

adrenal catecholamine response to BAY-K 8644 (5 lig, 2.9 p.M) (an L-type Ca' channel 

activator) was completely abolished in the presence of the same dose of nifedipine (n = 6). 

Conclusions: 

Both PACAP27 and PACAP38 increase adrenal catecholamine secretion in a dose-

dependent marner by their direct action on the medulla of canine adrenal gland in vivo. The 

study suggests that PACAP-induced adrenal catecholamine release is, at least in part, 

mediated by the dihydropyridine-sensitive L-type Ca' channels in anesthetized dogs. 
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CHAPTER 1 

1 

INTRODUCTION 
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1.1. BRIEF HISTORY OF NEUROPEPTIDE 

The concept of chemical neurotransmission goes back to the beginning of this 

century, but was confined to the peripheral nervous system for a long time. According to 

the observation that the adrenal extract mimicked the effect of epinephrine, Elliot suggested, 

in 1905, that epinephrine might be released from sympathetic nerves. The hypothesis that 

an epinephrine-like substance might be released from sympathetic nerve endings has thus 

been suggested, but it remained unproven until Loewi demonstrated the first direct evidence 

that a chemical transmission is opsrative in the peripheral neuro-effector junction (Loewi 

1921). Loewi found that the perfusion fluid obtained from the first isolated, perfused frog 

heart receiving electrical stimulation of the vagus nerve could decelerate the second heart 

similarly perfused but without nerve stimulation (Loewi 1921). At the same time, Cannon 

and Uridil demonstrated that an epinephrine-like substance was obtained during hepatic 

sympathetic nerve stimulation resulting in increase in blood pressure and heart rate (Cannon 

and Uridil 1921). However, it was wrongly assumed until 1946 when Von Euler 

demonstrated that norepinephrine is a sympathetic neurotransmitter (Von Euler 1946a, b, 

c). In 1949, Pearl reported the finding that norepinephrine was released from the spleen 

when sympathetic nerves are stimulated, establishing that norepinephrine is the 

neurotransmitter released from sympathetic nerve endings (Peart 1949), by contrast to 

epinephrine which is the major catecholatnine released from the adrenal medulla (Cannon 

and Rosenbleuth 1937). 



3 

The term neurohumoral has been used to explain the observations relating to the 

transmission of impulses from postganglionic autonomic fibers to effector cells. The term 

"peptidergic neuron" was first introduced by Bargmann et al (1967), as the synapse-like 

terminals on endocrine epithelial cells of the cat hypophysis were discovered. Many novel 

peptides in the central nerve system have been discovered in 1980s. In addition, 

immunobiological tests have shown that neuropeptides are widely distributed in mammalian 

and unicellular organisms (Roth and Le Roith 1984). According to the recent new definition, 

any compound consisting of 100 or fewer amino acids can be considered as a peptide. 

Polypeptide consists of 100-200 amino acids, and proteins consists more than 200 amino 

acids (Kastin et al. 1996). 

Since norepinephrine has been demonstrated as a neurotransmitter, it was generally 

assumed that each nerve cell could synthesize and release only one neurotransmitter (Eccles 

et al. 1954). More recently, it is generally accepted that a nerve cell can produce more than 

one transmitter (Leonard 1984). It has been found that not only two components of the 

same peptide (e.g., neuropeptide Y [NPY] and its C-terminal flanking peptide) can be 

colocalind, but also more than one peptide can be stored with a classical neurotransmitter 

(Gulbenkian et al. 1985). Moreover, many polypeptide hormones which were recently 

discovered have been suggested to act as neurotransmitters or neuromodulators (Sundler 

et al. 1985). Neuropeptides have been extensively studied in the central and the peripheral 

autonomic nervous system. Neuropeptides are chemical messengers and their major role 

seems to be the local modulation of amine and amino acid neurotransmission (Hughes and 



4 

Woodruff 1992). 

Substance P, discovered by Von Euler and Gaddum (1931), has been chemically 

identified by Leeman (1980) and found to be a multifunctional neuropeptide. It has been 

shown that the substance P exist in splanchnic nerve and in nerve terminals in the adrenal 

medulla (Livett and Marley 1993). This suggests that the substance P may play a role in 

modulating the cholinergic secretion of adrenal catecholamines from the adrenal medulla. 

Among various peptides so far identified, angiotensin II is the peptide in that it's 

amino acid sequence was first established in 1945 (Sundler et al. 1985). It was found that 

angiotensin 11 releases adrenal catecholamine more than 50 years ago (Braun-Menendez et 

al. 1940). In 1958, Hillarp found the protein composition of adrenal chromaffin granules. 

The development of immunohistochemical techniques has led to precisely localize some of 

the neuropeptides within chromaffin cells in the adrenal medulla and/or sympathetic nerve 

fibres in several species. 

Said and Mutt first isolated vasoactive intestinal polypeptide (VIP) from porcine 

intestine in 1970 (Said and Muttt 1970). VlP, composed of 28 amino acids, is known to be 

a circulating hormone under physiological conditions. It is also well documented that VlP 

plays a role of neurotransmitter (Fahrenkrug 1979, 1991) and is implicated in a peptidergic 

stimulatory mechanism of adrenal medullary catecholamine secretion (Houchi et al. 1987). 

In 1989, pituitary adenylate cyclase activating polypeptide (PACAP), a neuropeptide 
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belonging to the VIP/secretion/glucagon family, was detected in ovine hypothalamic tissues 

based on its ability to stimulate adenylate cyclase activity in cultured pituitary cells (Miyata 

et al. 1989). It has been suggested that PACAP is a potent noncholinergic secretagogue for 

catecholamines and also functions as a neurotransmitter, neuromodulator, and neurotrophic 

factor in the central nervous system (Arimura and Shioda 1995). 

It has become increasingly clear that various neurochetnical messengers are co-

existing in a variety of nerves, both in the brain and peripheral tissues (Lundberg and Hafelt 

1983). There is some speculation. Such as conventional neuroregulators may function as 

primary neurotransmitters, and peptides may function as "cotransmitters" in an auxiliary 

capacity of the same neuron. More recently, there have been a lot of newly discovered 

neuropeptides. Among those neuropeptides, VIP (Bloom and Polsk 1980), NPY (Tatemoto 

et al. 1982) and galanin (Durming et al. 1990) and endothelin (Yanagisawa et al. 1988) may 

be the most well characterized peptides functionally involved in the peripheral autonomic 

nervous system. More recent studies indicate that PACAP is likely to be involved in the 

local regulation of chromaffin cell functions in vitro (Watanabe et al. 1992, Wakade et al. 

1992, Isobe et al. 1993), although its functional implication remains to be determined under 

in vivo condition. 

1.2. SYMPATHOADRENAL SYSTEM 

The autonomic nervous system is organized on the basis of reflex arc, and consists 
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of afferent, central and efferent elements. Impulses initiated in visceral receptors are relayed 

via afferent autonomic pathway to the centrai nervous system, integrated within it at various 

levels, and transmitted via efferent pathways to visceral effectors. The efferent autonomic 

nervous signals are transmitted to the body through the sympathetic and parasympathetic 

nervous systems, which have the functions in regulating the internai environment of the 

organism. The sympathoadrenal system includes two components. One is the sympathetic 

nervous system that releases the neurotransmitter norepinephrine from its postganglionic 

neurons. Another is the chromaffin tissues, including the adrenal medulla that secrete 

epinephrine, norepinephrine, and dopamine (Shah et al. 1984, Landsberg and Young 1985). 

The organization of the sympathoadrenal system is shown in Fig. 1.1. The regulation of 

physiological functions by catecholamines is mediated by both sympathetic nerves and the 

adrenal medulla. 

1.2.1 Sympathetic nervous systems 

The sympathetic nervous systems are located in the thoracic and upper lumber 

segments of the spinal cord. The preganglionic neurons in the intermediate cell column of 

the spinal cord, which receive neuronal inputs directly from several regions of the central 

nervous system and innervate the postganglionic sympathetic neurons in the paravertebral 

and preaortic sympathetic ganglia. The axons of the preganglionic neurons are originated 

between T-1 and L-5, which may synapse on postganglionic neurons in this ganglion, or 

they may pass through the ganglion and enter either the sympathetic chain or a splanchnic 

nerve. The postganglionic axon passes through a grey cornrnunicating ramus back to the 
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Fig. 1.1 Organization of the sympathoadrenal system. Descending 
tracks from the medulla oblongata, pons, and hypothalamus synapse 
with preganglionic sympathetic neurons in the spinal cord. 
Preganglionic neurons, in turn, innervate adrenal medulla directly or 
synapse in paravertebral ganglia with postganglionic sympathetic 
neurons. The latter gives rise to sympathetic nerves, which are 
distributed widely to viscera and blood vessels. Release of epinephrine 
or norepinephrine at the adrenal medulla or sympathetic nerve endings 
occurs in response to a downward flow of nerve impulses from 
regulatory centres in the brain. (From Landsberg and Young. 1985) 
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spinal nerve for distribution to sweat glands and pilomotor muscles, and to blood vessels of 

skeletal muscle and skin. 

The preganglionic sympathetic neurons are cholinergic. In contrast, however, most 

of the postganglionic sympathetic neurons are adrenergic. The peripheral sympathetic nerve 

endings synthesize and store norepinephrine and release the stored norepinephrine in 

response to sympathetic nerve impulses. The nerve endings also take up catecholamines 

from the extracelluar fluid. Some preganglionic axons pass through a splanchnic nerve and 

end directly into the adrenal medullae. There, they end directly on modified neuronal cells 

(chromaffin cells) that secrete epinephrine and norepinephrine into the blood stream 

(Goodman and Gilman 1996). 

1.2.2 Adrenal medulla 

The adrenal medulla is a sympathoendocrine organ that embryonically and 

anatomically is similar to sympathetic ganglia; all of them are derived from the neural crest. 

In mammals, the adrenal medulla is composed of chromaffin cells surrounded by adrenal 

cortex. These chromaffin cells contain large numbers of vesicles or granules, which are 

important in the storage and secretion of catecholamines. The adrenal medulla contain 

distinct epinephrine- and norepinephrine-containing cells distinguishable on the basis of 

differences in the electron microscopic appearance of chromaffin granules as well as 

differences in biochemical composition (Kryvi 1979). The cells are surrounded by nerves, 

connective tissue, and blood vessels (Perlman and Chalfie 1977). 
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The cells of the adrenal gland receive both an intrinsic and an extrinsic innervation. 

The external fibres reach the adrenal gland via the splanchnic nerves. The chromaffin cells 

in the adrenal medulla receive a preganglionic sympathetic fibers, which release 

acetylcholine (ACh) at the synapses. ACh stimulates catecholamine secretion from adrenal 

medullary chromaffin cells. Recently, it has been shown that the medulla is irmervated by 

both pre- and postganglionic sympathetic and parasympathetic fibers (Breslow 1992, Parker 

et al. 1993) as well as afferent sensory nerves (Breslow 1992, Parker et al. 1993). In 

addition, peptidergic nerves are also present in these ganglion cells. Met- and leu-

enkephalin, NPY and VII' immunoreactive neuropeptides have also been localized in the 

adrenal gland (Breslow 1992, Parker et al. 1993). Furthermore, PACAP immunoreactivity 

has been found in the rat adrenal medulla (Tabarin et al. 1994, Frôdin et al. 1995). 

The adrenal medulla and the sympathetic postganglionic neurons share a variety of 

physiological processes including the synthesis, storage, and release of catecholamines. The 

catecholamines serve both as neurotransmitters and hormones. 

1.3. BIOCHEMISTRY OF CATECHOLAM1NES 

The endogenous catecholamines include epinephrine (adrenaline), norepinephrine 

(noradrena1ine) and dopamine. Epinephrine is a neurotransmitter in certain selected regions 

of the central nervous system. Norepinephrine is the peripheral and central adrenergic 
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neurotransmitter. Dopamine is a neurotransmitter in the central nervous system, but its 

functional role in periphery remains unclear. 

1.3.1 Chemistry, site of formation and synthesis of catecholamines 

The basic chemical reaction of catecholamine synthesis is shown in Fig. 1.2. The 

sequence of catecholamine synthesis is as follows: tyrosine —) dihydroxyphenylalanine 

dopamine —) norepinephrine epinephrine. Catecholamines are synthesized from the amino 

acid tyrosine, which enters neurons and chromaffin cells via an active transport mechanism 

and is converted to dihydroxyphenylalanine (dopa). This reaction is catalyzed by tyrosine 

hydroxylase, which appears to be in the cytosol of both adrenal medulla and sympathetic 

nerve ending (Landsberg and Young 1985). The conversion of dopa to dopamine is 

catalyzed by the enzyme aromatic L-amino acid decarboxylase (dopa decarboxylase), which 

can be found in all the tissues. The dopamine formed in the cytoplasm must be taken up by 

the chromaffin granule before it can be processed further. The conversion of dopamine to 

norepinephrine is catalyzed by dopamine 13-hydroxy1ase (DBH) which is present exclusively 

within the granules (Winlder et al. 1986). Synthesis of norepinephrine begins inside the 

vesicles in the axoplasm of the terminal nerve endings of adrenergic nerve fibres (Fig. 1.3). 

In the adrenal medulla, this reaction goes still one step further to transform about 

80 per cent of the norepinephrine into epinephrine (Fig. 1.4). Most of the norepinephrine 

leaves the granules again and passes into the cytoplasm. Phenylethanolamine N-methyl 

transferase (PNMT) catalyzes the N-methylation of norepinephrine to epinephrine, using S- 
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conversion to epinephrine in the cytosol (From Junqueira et al. 1992). 
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adenosylmethionine as the methyl donor. Epinephrine thus formed is stored again in the 

granules. PNMT appears in the cytosol in the epinephrine-containing cells of the adrenal 

gland (Coupland 1972) and a few neurons in the central nervous system that utilizes 

epinephrine as a neurotransmitter (Saavedra et al. 1976). 

1.3.2 Storage of catecholamines 

Catecholamines are stored within specific intracellular electron-dense granules of the 

adrenal medulla and of the sympathetic neurons, and appear in physiologically inactive form 

as long as they are within granules. The chromaffin granules contains, by dry weight: 

catecholamines (21%), proteins (35%), lipids (22%), and adenosine triphosphate (ATP) 

(15%) (Winlder et al. 1986). Calcium and ascorbic acid are present in high concentrations 

within the granule (Stjarne 1972). DBH is one of the proteins in the chromaffin granules, 

which synthesizes norepinephrine from dopamine (Johnson 1988). Norepinephrine and its 

methyl derivative, epinephrine, are secreted by the adrenal medulla, but epinephrine is not 

a mediator at postganglionic sympathetic endings. It is interesting that some neuropeptides 

such as NPY and galanin have been identified in chromaffin granules (Majane et al. 1985, 

Bauer et al. 1986). 

Norepinephrine is localind in the storage granules of the sympathetic nerve ending. 

Though granules in the sympathetic nerve endings are similax to those in the adrenal medulla 

in appearance, it is considerably small in size and contain only norepinephrine is found 

throughout the entire sympathetic nervous system. The granules containing norepinephrine, 
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can absorb and inactivate circulating norepinephrine (Stjâme 1966). The vesicles of 

peripheral sympathetic nerves uptake dopamine (DA) from the cytosol by an active transport 

mechanism, and covert it to norepinephrine, and store norepinephrine in the form of 

intravesicular complex involving ATP (Smith 1972). As in the case of adrenal medullary 

chromaffin granules, the large vesicles in the sympathetic nerve ending contain ATP, DBH, 

and neuropeptides such as NPY (Millhom and Hokfelt 1988, Winlder et al. 1987) and 

substance P (Kessler et al. 1983), which are released in response to nerve impulses. 

1.3.3 Release of catecholamines 

Catecholamines can be released from the granules by physical, chetnical, and neural 

means. Catecholamine release at the sympathetic nerve endings and adrenal medulla is under 

the direct and exclusive control of the central nervous system. In the adrenal medulla, the 

physiological stimulus for adrenal catecholamine secretion is the liberation of ACh by the 

preganglionic fibres of the splanchnic nerves. The interaction of ACh with nicotinic 

receptors is to activate receptor-associated cation channels in the chromaffin cell, which in 

turn leads to membrane depolarization and to activation of voltage-sensitive calcium (Ce) 

channels (Burgoyne 1991). The entry of Ca' leads to an increase in the concentration of 

free intracellular Ce. The increase of intracellular Ca' results in the extrusion by 

exocytosis of the granular contents, including epinephrine, norepinephrine, ATP, some 

neuroactive peptides or their precursors, chromogranins, and DBH (Winkler et al. 1986). 

ACh also induces a prompt rise in intracellular cyclic adenosine monophosphate (cAMP), 

which may be involved in stimulus-secretion coupling (Schneider et al. 1979). 
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The sympathetic nervous system continuously secretes a small amount of 

norepinephrine into the blood. It has also been known that adrenergic nerve stimulation 

induces exocytosis. Stimulation of the sympathetic nervous system results in a large increase 

in the released amount of norepinephrine. Influx of Ca' plays an essential role in coupling 

the nerve impulse, axonal membrane depolarization, and opening of voltage-sensitive Ca' 

channels with the release of norepinephrine at adrenergic nerve terminals (Goodman and 

Gilman 1996). Both L- and N- type Ca' channels are found on cultured sympathetic 

neurons (Lipscombe et al. 1988, Thayer et al. 1987). 

Recently, there is increasing evidence of the existence of specific proteins localized 

in sympathetic nerve terminals and chromaffin cells, which are involved in catecholamine 

release. The cytosolic proteins, protein annexin II, and protein kinase C control Ca2+-

dependent exocytosis in adrenal chromaffin cells (Burgoyne et al. 1993, Chasserot-Golaz 

et al. 1996). Furthermore, it has been indicated that three multimeric complexes of the 

protein syntaxin, 1) syntaxin and n-sec 1, syntaxin, VAMP (vesicle associated membrane 

protein), 2) SNAP-25 (synaptosome associated protein of 25 kDa), and 3) syntaxin, VAMP, 

SNAP-25, alpha SNAP and NSF (N-ethylmaleimide-sensitive fusion protein), are important 

in this process (Kee et al. 1995). The SNAP proteins also participate in the Ce-regulated 

membrane fusion events that mediated neurotransmitter release (Gutierrez et al. 1995). This 

result supports the hypothesis that conformational changes in syntaxin, resulting from 

protein-protein interactions and ATP hydrolysis by NSF, mediate transmitter release. 
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1.3.4 Breakdown and excretion 

The actions of catecholamine are terminated by (1) reuptake into the sympathetic 

nerve endings; (2) metabolism by the enzymes, catechol-O-methyl transferase (COMT) and 

monamine oxidase (MAO); (3) deamination; and (4) by renal excretion (Axelrod and 

Weinshiboum 1972, Kopin 1972, Mass et al.1970). Inactivation of catecholamines occurs 

mainly through reabsorption into the granules of the sympathetic nerve endings or 

breakdown. Some of the norepinephrine in sympathetic nerve ending are manufactured 

there, but some others are also from norepinephrine that has been secreted and then taken 

up again into the noradrenergic neurons. An active reuptake mechanism is characteristic of 

noradrenergic neurons. Circulating epinephrine and norepinephrine are also taken up in small 

amounts by noradrenergic neurons in the autonomic nervous system. In this regard, 

noradrenergic neurons differ from cholinergie nervous. ACh is not taken up to any 

appreciable degree, but instead, the choline formed by the action of ACh-esterase is actively 

taken up and recycled (Goodman and Gilman 1996). Labelled catecholamines are rapidly 

accumulated in tissues receiving extensive sympathetic innervation and concentrated in 

sympathetic nerve endings. The tissue uptake such as this disappears after denervation 

(Brownstein and Hoffman 1994), suggesting the presence of transporters on the plasma 

membrane of sympathetic nerve fibers (Goodman and Gilman 1996). 

The catecholamines are metabolized by the reaction sequences shown in Fig. 1.5, 

i. e. the metabolism by the enzymes COMT and MAO, followed by excretion via the kidney. 

MAO is present in most tissues, and the action of MAO on norepinephrine or epinephrine 
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produces the alcohol, 3-methoxy-4-hydroxyphenylglycol (MHPG) or the acid, 3-methoxy-4-

dihydroxymandelic acid (DOMA) (Tipton 1973). COMT functions to metabolize 

circulating catechols in the liver and kidney and to metabolize locally released 

norepinephrine in the effector tissue. The action of COMT produces normetanephrine from 

norepinephrine and metanephrine from epinephrine, vanillylmandelic acid (VMA) or MHPG 

from 3-methoxy-4-hydroxymandelic acid or 3-methoxy-4-hydroxyphenylglycol; 3-

methoxytyramine from DA; and homovanillic acid (HVA) from 3-methoxy-4-

hydroxyphenylacetic acid (Sharman 1973). Catecholamines and catecholatnine metabolites 

(VMA, MHPG, HVA) are excreted in the urine, a small fraction is excreted unchanged or 

as 0-methylated amines (metanephrines). 

1.4. ADRENERGIC RECEPTORS AND ACTIONS OF CATECHOLAMINES 

The catecholamines exert their physiologic effects by stimulating specific adrenergic 

receptors (adrenoceptors) in the plasma membranes of their target cells (Heinsimer and 

Lefkowitz 1982, Insel 1984). The effects of epinephrine and norepinephrine are brought 

about by actions on two classes of receptors, a- and f3-adrenergic receptors. On the basis 

of pharmacologic and biochemical studies, a- and f3-receptors are further subdivided into 

al and ca and 131 and f32. A third f3-adrenergic receptor ([33) in human gene encoded has 

been isolated (Emorine et al. 1989, Granneman et al. 1993). pl, [32 and a2 receptors are 

structurally similar. They are single-unit glycoproteins with molecular weights around 

64,000. Alpha-1 receptors differ from the others and the cDNA encoded a single 



20 

polypeptide of 515 amino acids with an apparent molecular weights of approximately 80,000 

(Cotecchia et al. 1988). The al receptors mediate smooth muscle contraction, while a2-

adrenoceptors mediate inhibition of various functions. 

The experiments in which norepinephrine overflow from perfused cat spleen in 

response to nerve stimulation before and aller treatment with phentolamine or 

phenoxybenzamine, a—adrenergic antagonists, suggested that the feedback inhibitory effect 

of norepinephrine on its own release from nerve terminals is mediated by presynaptic a-

adrenoceptors (Kirpekar and Puig 1971). Therefore, the presynaptic a—adrenoceptors were 

designated as a2, whereas the postsynaptic a receptors were designated as al. The a2- and 

02-adrenergic receptors are localized in presynaptic regions and play important roles in the 

local regulation of neurotransmitter release from sympathetic nerve ending. More recently, 

however, it has been sug,gested that a2-adrenoceptors are also present at postjunctional or 

nonjunctional sites in several tissues, e.g., on many types of neurons in the brain. By 

contrast, both al- and 131-adrenergic receptors are located in the vicinity of adrenergic 

nerve terminals in peripheral target organs, strategically placed to be activated during 

stimulation of sympathetic nerves. It has been found that a 1-adrenoceptors are also 

functional presynaptically in the autonomic nervous system (Goodman and Gilman 1996). 

1.4.1 Alpha-adrenoceptors 

The a-adrenergic receptors mediate a variety of response including vasoconstriction. 
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The translation of cc-receptor occupancy into physiological response is mediated by distinct 

mechanisms for the al and a2 receptors. 

The al receptors are postsynaptic ones (junctional adrenergic receptors) that 

typically mediate vascular and other smooth muscle contraction. The al receptor binds to 

protein Gq  and activates phospholipase C (PLC). This enzyme catalyzes the conversion of 

phosphatidylinositol (PI) phosphate to inositol triphosphate (1P3) and diacylglycerol. IP3 

increases intracellular Ca' concentration by releasing Ca' from intracellular stores. Alpha 

1 receptor can increase intracellular Ca" and promote Ca2+  influx through voltage-sensitive 

Ca' channels to induce physiologie responses (Piascik et al. 1996). 

Alpha 2 receptor is coupled to an inhibitory G protein, resulting in an inhibition of 

adenylate cyclase and the subsequent reduction of intracellular cAMP level and protein 

kinase A activity. Additional signalling pathways have also been demonstrated for the ca-

adrenoceptors in expressing transfected a2-adrenoceptors. These signalling pathways 

include acceleration of Na+/Ir exchange (Sweatt et al. 1985), activation of phospholipase 

A2  (PLA2) (Sweatt et al. 1986), activation of phospholipase D (MacNulty et al. 1992) and 

activation of PLC (Cotecchia et al. 1990). When oc2 receptors are activated, the release of 

norepinephrine is inhibited. The physiological process is currently not clear, although a 

reduction of Ca2+  influx due to the selective inhibition of neuronal N-type Ca" channels has 

previously been suggested as an underlying mechanism of presynaptic inhibition of 

norepinephrine release (Lipscombe et al. 1989). 
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1.4.2 Beta-adrenoceptors 

The f3 receptor mediates cardiac stimulation, bronchodilation, and vasodilation. Beta 

1 and 132 receptors activate adenylyl cyclase via the Gs a subunit to increase intracellular 

cAMP production, which in turn, as a second messenger, converts protein kinase A to its 

active form, kinase A, then phosphorylates a variety of proteins including enzymes, ion 

charnels, and receptors (Steer 1977, Pollet and Levey 1980). In addition, Gs can directly 

enhance the activation of voltage-sensitive Ca2+ channels in the plasma membrane of skeletal 

and cardiac muscle (Brown and Birnbaumer 1988). 

1.4.3 Actions of catecholamines 

Catecholamines produce a variety of effects in the body, where adrenergic receptors 

are widely distributed mediating effects of the neurotranstnitter of sympathetic nervous 

system as well as those of circulating catecholamines of adrenal origin. When the body is 

stressed or in a marked deviation from homeostatic conditions, the sympathoadrenal system 

is activated resulting in the release of neural noradrenaline and adrenal catecholamines. A 

summary of physiologic effects of the catecholamines in various tissues is shown in table 

1.1. 



TABLE 1.1. 

Adrenergic responses of selected tissues: 

Organ or Tissue Receptor Effect 

Heart (myocardium) 131 Increased force of contraction 
Increased rate of contraction 

Blood vessels al 
52 

Vasoconstriction 
Vasodilatation 

Kidney al 
51 

Decreased renin release 
Increased renin release 

Gut al, (x2, f32 
al 

Decreased motility and tone 
Sphincter contraction 

Pancreas oc2 

52 

Decreased insulin release, 
Decreased glucagon release 
Increased insulin release, 
Increased glucagon release 

Liver a, 52 Glycogenolysis and gluconeogenesis* 

Adipose tissue 01, (f33) Increased lipolysis 

Skin (apocrine gland 
on hands, axillae, etc) 

al Increase sweating 

Bronchioles 52 Dilation 

Uterus al 
(32 

Contraction 
Relaxation 

*: There is significant variation among species in the type of receptor that mediates certain 
metabolic responses; A 53 receptor has been cloned and may mediate responses in fat cells 
in some species. (From Goldfien 1994). 
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1.5. REGULATION OF CATECHOLAMINE SECRETION 

In the regulation of homeostasis, the autonomic nervous system is responsible for 

the rapid adjustments of the body to the altered environment. This minute-to-minute 

regulation is performed at the level of ganglionic synapses and post ganglionic nerve 

terminals of the autonomic nervous system by the liberation of chetnical agents that act 

transiently on receptors localized at their immediate sites of release. On the other hand, 

stimulation of the splanchnic nerves to the adrenal medullae causes the release of large 

quantities of epinephrine and norepinephrine into the systemic circulation, reaching to all 

tissues of the body. On the average, approximately 80 % of the secreted catecholamines is 

epinephrine and 20 % is norepinephrine, although the relative proportions can be changed 

considerably under different physiopathological conditions. 

Adrenal medullary catecholamine secretion appears to be regulated by four distinct 

local mechanisms: (1) cholinergie regulation; (2) adrenoceptor-mediated modulation; (3) L-

type Ca' channel-mediated mechanism; and (4) sensory nerve-mediated peptidergic 

mechanism (Yamaguchi 1992, Akaike et al. 1990). 

1.5.1 Cholinergie regulation of secretion 

Cholinergie mechanism of secretion have been studied in primary cultures of bovine 

adrenal medullary cells (Livett et al. 1983). Both nicotinic and muscarinic receptors 

participate in the secretion of catecholamines from the adrenal medulla (Akaike et al. 1990). 
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Nicotinic receptor stimulation causes rapid increase in the permeability to sodium (Na) 

through voltage-sensitive Na channels which brings about an influx of extracellular Ce. 

Thus, an early depolarization appears to serve the principal mechanism for catecholamine 

release from the chromaffin cells. It has been suggested that nicotinic receptor-mediated 

catecholamine secretion is exclusively mediated by voltage-dependent entry of extracelluar 

Ca'. Protein kinase C (PKC) is likely to serves as a "buffering" second messenger 

(Tuominen et al. 1992). The short-term activation of PKC is thought to be ce influx 

(TerBush et al. 1988) whereas that responsibility for long-term activation of PKC is 

proposed to be nicotine receptor-mediated diacylglycerol formation (Tuominen et al.1992). 

The muscarinic receptors also play an important role in secretion of catecholamines 

from rat chromaffin cells in culture and in the intact gland (Malhotra et al. 1988a, Wakade 

and Wakade 1983). Muscarinic receptor-mediated release may be caused by Ca' mobilized 

from intracellular storage sites (Nakazato et al. 1984, Yamada et al. 1988). By contrast, 

however, it has been suggested that muscarinic stimulation rises intracellular Ca' 

concentration and enhances PI metabolism, not cause the secretion of catecholamines in 

cultured chromaffin cells (Schneider 1987). The intracellular signalling of muscarinic 

receptor stimulation thus remains unclear. It is, however, of interest to note that both 

epinephrine and norepinephrine are non-selectively secreted in response to nicotinic 

stimulation, whereas epinephrine is selectively released by muscarinic stimulation in the rat 

adrenal in vitro (Warashina et ai 1989), although the latter observation has not always been 

confirmed in the canine adrenal in vivo (Yamaguchi 1995). 
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1.5.2 Adrenoceptor-mediated modulating mechanism 

It has been well documented that the release of noradrenaline from sympathetic 

nerve fibres is modulated by a variety of receptor-coupled mechanisms, particularly 

presynaptic a2- and 32-adrenoceptor-mediated modulation (Rand et al.1990). Although 

precise mechanisms regarding either pre- or postsynaptic regulation still remain unclear 

(Yamaguchi 1992), there exist several indications for adrenoceptor-mediated modulation 

of adrenal catecholamine secretion. ACh-evoked catecholamine was inhibited by 

phenylephrine and naphazoline, a-agonists, in bovine adrenal medulla in vitro (Boonyaviroj 

and Gutman 1979). An a2-agonist, clonidine did not modify adrenal catecholamine 

secretion induced by direct splanclmic nerve stimulation, but an a2-antagonist, yohimbine, 

enhanced the secretion. These observation suggest that catecholamine release from the 

adrenal medulla may be locally modulated by a negative feedback mechanism, mediated 

through activation of a2-adrenoceptors in vivo (Foucart et ai. 1987). It has also been shown 

that a 132-adrenoceptor agonist enhanced the release of catecholamine induced by ACh from 

bovine and rat adrenal medullary slices. Adrenal catecholamine response to salbutamol, a 

02-adrenoceptor agonist, could also be blocked by either practolol or H 35/25, 02-

adrenoceptor antagonists (Boonyaviroj and Gutuman 1977, 1979). A facilitating modulation 

of adrenal catecholamine release through 132-adrenoceptors localized within the adrenal 

medulla (either on splanchnic nerve terminals or on chromaffin cells) has been suggested 

under in vivo conditions (Foucart et al. 1988). Those observations suggest that both a- and 
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I3-adrenoceptors are involved in the local regulation of adrenal medullary secretion, although 

their functional implication remains inconsistent in different models and approaches 

(Yamaguchi 1992). 

1.5.3 L-type Ca' channel-mediated mechanism 

An increase of intracellular Ca2+ concentration is important in regulation of various 

cellular processes to induce catecholamine secretion in chromaffin cells. Calcium entry into 

neurons also affects many cellular activities such as neurotransmitter release and gene 

expression. Alteration of the intracellular Ca' concentration can be elicited by mobilizing 

Ca2+ from both extra- and intracellular pools (Meldolesi and Pozzan 1987). In adrenal 

medullary chromaffin cell, the entry of Ca" is mediated through voltage-dependent Ca' 

channels (Montiel et al. 1984) which have been dassified into T (transient), L (long lasting), 

N (neuronal), P (purkinje cells), and Q type (Bean 1989, Hess 1990, Zhang et al. 1993, 

Tsien et al. 1991). 

In vitro studies, the dihydropyridine-sensitive L-type Ca2+  channel is blocked by 

dihydropyridine antagonists (+)-PN 200-110 (Gandia et al. 1987) and activated by Bay-K 

8644 (Cena et al. 1989) in chromaffin cell, indicating the presence of dihydropyridine-

sensitive L-type Ca2+ channels on the surface of chromaffin cell membranes (Ivlotiel et 

al.1984). It has also been shown that several Ca2+  channel blockers, mainly 1,4-

dihydropyridine derivatives, depressed potassium- and transmural stimulation-induced 

catecholamine release from chromaffin cells (Cardenas et al. 1991, Gandia et al. 1987, 
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Lopez et al. 1989). It has been indicated that L-type Ca' channels are localized "hot spots" 

in the plasmalemma of adrenal chromaffin cells where exocytosis occurs (Lopez et al. 1994). 

These observations suggest that the dihydropyridine-sensitive L-type Ca2+ channels are 

functionally implicated in adrenal catecholamine secretion. Hirning et al. reported that, in 

adrenal glands, the catecholamine secretion process in response to nicotinic receptor 

stimulation or to depolarizing stimuli is highly sensitive to dihydropyrdine L-type Ca" 

channels, whereas the catecholamine response to splanchnic nerve stimulation is sensitive 

to N-type Ca' channels (Hirning et al. 1988). Both L-type dihydropridine-sensitive and 

dihydropridine-insensitive (non-L type) Ca" channels might co-operate in controlling 

exocytosis (Gandia et al. 1995). 

Recently, an in vivo study has shown that the dihydropyridine-sensitive L-type Ca' 

channels are functionally involved in the regulation of adrenal medullary catecholamine 

secretion induced by splanchnic nerve stimulation (Gaspo et al. 1993). Furthermore, the 

dihydropyridine-sensitive L-type Ca' channels play a role in some peptides such as 

endothelin-, and angiotensin II-induced adrenal medullary catecholamine secretion in 

anesthetized dogs (Yamaguchi 1995, Martineau et al. 1996). 

1.5.4 Sensory nerve-mediated peptidergic mechanism 

Afferent sensory nerves, via the splanchnic nerves, are present in adrenal medulla 

(Mohamed et al. 1988). It is generally accepted that peptidergic nerves are also present in 

adrenal. Some peptide immunoreactivities such as for VIP (Hokfelt et al. 1981), substance 
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P (Kuramoto et al. 1987), NPY (Kuramoto et al.1986), calcitonin gene-related peptide 

(Kuramoto et al. 1987), corticotrophin-releasing factor (Bruhn et al.1987, Rundle et al. 

1988), nitric oxide synthase (Bredt et al. 1990) and PACAP (F'ntidin et al. 1995) have been 

localized within nerve fibers innervating the adrenal gland. Moreover, specific 

immunomodulatory role of the sensory neurons has been suggested. 

Substance P-containing sensory neurons are present in the dorsal root ganglia 

innervating adrenal medulla (Strack et al. 1988, 1989a, b, Zhou et al. 1991). Substance P 

is released following pretreatment with capsaicin (Bucsics and Lembeck 1981). Substance 

P has been shown to exert two distinct actions on the nicotinic response to catecholamine 

secretion of chromaffin cells: (1) Substance P inhibits catecholamine secretory response 

induced by nicotinic agonists (Livett et al 1979), and (2) Substance P protects against 

desensitization of nicotinic response (Boksa and Livett 1984, Khalil et al. 1988). In 

capsaicin-pretreated rats, adrenal catecholamine secretion was reduced in response to 

insulin, histamine or cold stress (Khalil et al. 1986, 1987). Although the physiological role 

of sensory afferent in catecholamine secretion has not been fully resolved, the studies 

suggest that substance P may be the neruomodulator released from such sensory nerves and 

play a role in modulating cholinergie secretion of catecholamines from the adrenal medulla. 

VIP has been shown to be present within chromaffin cells and or nerve fibres in the 

adrenal medulla of several species (Linnoila et al. 1980). Adrenal catecholamine response 

to exogenous VIP is mimicked by stimulating the splanchnic nerves (Wakade et al. 1991). 
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VIP is a noncholinergic transmitter present in adrenal medullary and plays a role for the 

regulation of catecholamine secretion at low levels of sympathoadrenal activity in the rat 

adrenal in vitro (Wakade et al. 1991), although the latter concept is not consistently 

accepted in the adrenal gland in anesthetized dogs (Gaspo et al. 1995). Furthermore, 

pituitary adenylate cyclase activating polypeptide inununoreactive (PACAP-1R) fibres, the 

same family of VIP, were observed in the adrenal medulla and are likely to be primarily 

sensory in origin (Dun et al. 1996, Frôdin et al. 1995). PACAP may be involved in the 

peptidergic sensory nerves which may play a role of regulation of adrenal catecholamine 

secretion (Dun et al. 1996). 

1.6. PITUITARY ADENYLATE CYCLASE ACTIVATING 

POLYPEPTIDE (PACAP) 

ACh is an important secretagogue of catecholamines in the adrenal medulla. 

However, the splanchnic nerve-stimulated secretion of catecholamines from the adrenal 

medulla can not be completely blocked by treatment with cholinergic antagonists using 

either hexamethonium (a selective nicotinic receptor blocker), or pirenzepine (a selective 

muscarinic receptor antagonist) in anesthetized dogs (Kimura et al. 1992). The release of 

adrenal catecholamines evoked by exogenous ACh was not blocked by either 

hexamethonium or atropine; the combination of these drugs produced an inhibition, but the 

release was not completely abolished (Wakade and Wakade 1983). To explain the remaining 

catecholamine response, other noncholinergic secretagogues, such as VIP and substance P, 
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have been suggested to be functionally involved in adrenal catecholamine secretion (Livett 

and Marley 1993). Furthermore, there is increasing evidence that PACAP is another potent 

secretagogue of catecholamines in adrenal medulla in various species so far studied 

(Arimura and Shioda 1995). 

1.6.1. Biochemistry of PACAP 

PACAP was first isolated from ovine hypothalamus (Miyata et al. 1989). PACAP 

is a new member of the family of peptides secretin/glucagonivasoactive intestinal peptide. 

There exist two isoforms, PACAP38 and PACAP27. The two forms of PACAP result from 

alternative processing of a precursor protein of 176 amino acids; with 38- and 27-amino acid 

residues, the latter was derived from the N-terminal 27 of PACAP38. PACAP38 and 

PACAP27 are equally potent in stimulating pituitary adenylate-cyclase in rat pituitary cell 

cultures (Miyata et al. 1990). PACAP27 and PACAP38 are also contained in adrenal 

medulla of several mammalian species. PACAP27 shares 68% homology with VIP and is 

more potent than VIP in stimulating adenylate cyclase in pituitary cells (Arimura and Shioda 

1995) and adrenal chromaffin cell (Watanabe et al. 1992). 

1.6.1.1 Structure of PACAP and VIP 

The amino acid sequence of PACAP has been identified. The structure of PACAP 

shows considerable similarity to VIP. Comparison of the amino acid sequences of PACAP 

and VIP is as follows (Arimura and Shioda 1995). Residues that are underlined indicate 

amino acids identical with those for VIP. 
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PACAP38: 

er-Asp-Gly-Ile-Phe-Thr-Asp-Ser-Tyr-Ser-Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-

Lys-Tyr-Leu-Ala-Ala-Val-Leu-Gly-Lys-Arg-Tyr-Lys-Gln-Arg-Val-Lys-Asn-Lys-NH2 

PACAP2 7: 

Hi s- S er-Asp  -Gly-Il e-P he-Thr-Asp- S er-Tyr-Ser-Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-

Lys-Tyr-Leu-A1a-Ala-Va1-Leu-NH2 

VIP: 

His-Ser-Asp-Ala-Va1-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-Gln-Met-Ala-Val-Lys-

Lys-Tyr-Leu-Asn-Ser-Ile-Leu-Asn-NH2 

The molecular cloning of a single hybridizing cDNA for PACAP38 from cDNA 

libraries of ovine hypothalamus has shown that the nucleotide sequence is different with 

prepro-VlP (Arimura and Shioda 1995). Ovine pro-PACAP38 contains 176 amino acids 

where PACAP38 is located between His132 and Lys169 of the precursor (Kimura et al. 

1990). PACAP38 and PACAP27 are derived from the same precursor. However, whether 

PACAP27 is generated from PACAP38 or processed independently from their common 

precursor remains to be established. The comparison of the sequence of V1P with that of 

PACAP27 sug,gests that their great difference in biological activities results principally from 

the shift from Ala to Gly in position 4 and few substantive differences exist further down the 
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amino sequences. It is further suggested that the physiologie effects of PACAP and VIP may 

be mediated by receptor binding with the different spacing of residue pairs (Coy et al. 1996). 

1.6.1.2 Synthesis and distribution 

Tt is generally accepted that the biosynthesis of biologically active PACAP involves 

a few of steps fi-om large, inactive precursors to smaller, active products (Mains et al. 1996). 

PACAP has been suggested to be synthesized in several tissues such as brain and testis 

(Christophe 1993), but the enzymes involved in this cleavage remain to be 

elucidated. 

RIA binding studies have shown that PACAP binding sites are widely distributed in 

brain and different peripheral tissues involving testis, adrenal gland, pancreas, lung, liver, 

stomach, etc (Arimura and Shioda 1995). The distribution of pituitary adenylate cyclase 

activating polypeptide-like immunoreactive (PACAP-LI) neurons in peripheral tissues is 

shown in table 1.2. The adrenal gland is one of the peripheral organs which contain a high 

concentration of PACAP (Arimura et al. 1991). Previous studies have indicated that PACAP 

like immunoreactivity in all tissues including the adrenal glands in rats is largely PACAP38; 

PACAP27 being 10% or less of the total PACAP like immunoreactivity (Arimura et al. 

1991). More recently, a radioirnmunoassay has estimated the quantities of PACAP38 and 

PACAP27 in the adult rat adrenal gland (table 1.3). The isoform of PACAP found in the 

adrenal medulla is almost exclusively to be PACAP38 and the quantity of PACAP27 is only 

0.25% of that of PACAP38. However, it is still in argument whether PACAP is contained 



TABLE 1.2 
Distribution of PACAP-LI neurons in peripheral tissues: 

Tissue Cells Fibres Species 

Respiratory system 
Nose - + Guinea pig, rat 
Larynx - + Rat 
Trachea - + Rat 
Bronchus - + Guinea pig, rat, ferret, pig, sheep, monkey 
Lung + + Guinea pig, rat, ferret, pig, sheep, monkey 

Digestive system 
Esophagus 
Stomach 

+ 
+ 

+ 
+ 

Sheep, cat, human, 
Chicken, mouse, rat, sheep, human 

Duodenum + + Sheep 
Intestine + + Chicken, ferret, cat, pig, sheep. human 
Salivary glands - + Rat 
Pancreas 

Exocrine - + Mouse, rat, sheep 

Endocrine system 
Adrenal cortex 
Adrenal medulla +b +e Mouse, hamster, rat, cow, pig 
Pancreas endocrine +a + Mouse, rat, sheep 

Urogenital system 
Urinary bladder - + Rat 

Reproductive system 
Male +c + Rat, human 
Female - + Human 

Immune system 
Lymphoid tissue +d Rat 

a: B cell. b: NE cell. c: Germ cell. d: Lymphoid cell (From Arimura and Shioda. 1995). 
e: According to new observation, the PACAP-IR fibers were found to contain PACAP38, 
whereas PACAP27 could not be detected in rat chromaffin cells (From Friidin et al. 1995). 
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TABLE 1.3 

Medulla (nmol/kg wet tissue) Cortex (mnol/kg wet tissue) 

PACAP38 23.9 8.4 

PACAP27 0.6 0.3 

The concentration of PACAP38 and PACAP27 were determined by radioimmunoassay in 
extracts of adult rat adrenal gland. From Frôdin et al. 1995. 
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in the adrenal cortex or not. The physiological significance of such differences remains 

unknown. 

1.6.2 PACAP receptors and PACAP receptor antagonists 

In mammalian, two classes of PACAP receptors have been described: type I sites, 

which prefer PACAP over VIP (PACAP-specific site), and type II sites which have equally 

high affinity for PACAP and VIP (PACAP and VIP shared site). The PACAP type I 

receptor was found in hypothalamus, brain stem, pituitary, adrenal gland and testes; and 

further subdivided into PACAP type IA and PACAP type IB receptors. The PACAP type 

11 receptor was expressed in the lung, intestines and liver, while the levels in the brain were 

five times lower than type I receptor (Ishihara et al. 1992). Previous studies showed that 

PACAP IA receptor binds PACAP27 with slightly higher affinity than PACAP38 while 

PACAP IB receptor binds PACAP38 with high affinity and PACAP27 with low affinity 

(Shivers et al. 1991, Spengler et al. 1993). PACAP type I receptor has been proposed to 

exist on adrenal chromaffin cells in the rat (Spengler et al. 1993, Moller and Sundler 1996). 

In contrast, the type II receptor was undetectable in the rat adrenal medulla (Ishiara et al. 

1992). The characteristics of the PACAP type I (PACAP-I-R) and type II (PACAP-II-R) 

receptors are shown in table 1.4. 

The PACAP type I receptor virtually do not recognize VIP. However, it has been 

suggested that PACAP type IA receptors recognize PACAP27 and PACAP38 with equally 

high affinity and VIP with low affinity. PACAP type IB receptors are present in equivalent 



TABLE 1.4 

Characteristics of the PACAP type I (PACAP-I-R) and type II (PACAP-II-R) receptors 
cloned. 

EC50 values for stimulation of intracellular cAMP and inositol 
phosphate production 

cAMP Inositol phosphates 

PACAP38 PACAP27 PACAP38 PACAP27 

PACAP-I-R 0.4 0.1 15 >1µM 

PACAP-I-R-hip 6 1.7 NS NS 

PACAP-I-R-hopl 0.4 0.1 16 >1µM 

PACAP-I-R-hop2 0.4 0.1 15 >1µM 

PACAP-I-R-hip-hopl 2.5 0.7 50 >>1 µM 

PACAP-II-R 0.28 0.42 

PACAP-I-R-hip no stimulating (NS) at all was observed for inositol phosphate production 
(From Rawlings 1994). 
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concentrations and recognize PACAP38 with high affinity but PACAP27 with a 100-fold 

lower affinity (Robberecht et al. 1992). The binding studies have indicated that PACAP38 

did not discriminate among the PACAP type IA and 1B receptors, whereas PACAP27 could 

be entirely accounted for by their interaction with PACAP type IA receptors. 

It has been suggested that the N-terminally shortened PACAP6-38 and PACAP6-27 

fragments acted as competitive antagonists with vastly different potency (Ki 1.5 nM and 60 

nM, respectively) (Vandermeers et al. 1992). In AR 4-27 rat pancreatic acinar cell 

membranes, PACAP type IA receptors are high affinity (Kd, 0.3-0.5 nM) for both 

PACAP27 and PACAP38, and type II3 receptors are high affinity for PACAP38 (Kd, 0.3 

nM) but low affinity for PACAP27 (Kd, 20 nM) (Robberecht et al. 1992). The inhibitory 

effects of PACAP6-27 preferably with their ability to occupy PACAP type IA receptors 

(Robberecht et al 1991, 1992). Recent research has shown that both PACAP6-27 and 

PACAP6-38 blocked the PACAP27, PACAP38 and VIP-stimulated cAMP accumulation 

in the osteoblast-like tumour cell line (Kovacs et al. 1996 ). However, VIP antagonist did 

not reduce the PACAP- or VIP-stimulated cAMP accumulation (Kovacs et al. 1996). 

Fur-thermore, VIP-induced adrenal catecholamine release was significantly inhibited by 

PACAP6-27 while VIP antagonist did not inhibited the VIP-induced catecholamine 

secretion in anesthetized dogs (Gaspo et al. 1997). Taken together, it can be speculated that 

PACAP6-27 and PACAP6-38 are potent PACAP receptor antagonist. 

1.6.3 PACAP immunoreactivity in the adrenal 
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It has been reported that the splanchnic nerve terminals were negative in PACAP 

immunoreactivity in the rat adrenal gland (Shiotani et al. 1995). However, PACAP-IR 

nerve fibres were indeed found in the rat adrenal gland (Frôdin et al. 1995, Dun et al. 1996), 

and these fibres are likely to be sensory in nature (Dun et al. 1996). This is also supported 

by the observation that the treatment of rats with capsaicin resulted in a nearly complete 

disappearance of PACAP-111 fibres in the adrenal gland (Dun et al. 1996). A high 

concentration of PACAP has been detected by radioimmunoassay in rat adrenal gland 

(Frôdin et al. 1995). The endogenous PACAP is released upon splanchnic nerve stimulation 

in isolated rat adrenal gland (Wakade et al. 1992). These observations raise the possibility 

that PACAP may be involved in the peptidergic sensory nerves which may play a role of 

local regulation of catecholamine secretion in conjunction with cholinergie sympathetic 

preganglionic fibers (Dun et al. 1996). 

PACAP-positive cells were immunoreactive to tyrosine hydroxylase and dopamine 

13-hydroxy1ase, but not to phenylethanolatnine-N-methyl transferase, suggesting that they 

were coincident with norepinephrine secreting cells (Shiotani et al. 1995). This observation 

suggested that PACAP itnmunoreactivity exist in some cell groups in the adrenal medulla, 

whereas it can not be observed in the adrenal cortex. In agreement with these observations, 

immunohistochemical studies have revealed that, in all species so far examined, adrenal 

PACAP27-LI was confined to the norepinephrine containing cells (Tabarin et al. 1994). 

Furthermore, PACAP38-LI also localized in norepinephrine containing cells in the adrenal 

medulla in rats (Shiotani et al. 1995). The PACAP immunoreactivity detected in the 
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adrenomedullary cells may result either from the local synthesis of PACAP or the uptake of 

PACAP by splanchnic nerve fibres (Tabarin et al. 1995). However, it is unclear why PACAP 

is localized only in norepinephrine containing cells. The physiological role of PACAP in 

norepinephrine storing cells also remains obscure. 

1.6.4 Physiological effects of PACAP 

In peripheral organs, the effect of PACAP are likely to be mediated either through 

type I or type II receptor. Various effects so far observed in peripheral organs are 

summarized in table 1.5. PACAP stimulates insulin release in isolated perfused rat pancreas 

(Kawai et al. 1992) and augments basal and carbachol-stimulated glucagon secretion as well 

as plasma glucose associated with a modest elevation of plasma insulin levels in vivo in mice 

(Fridolf et al. 1992). It has been suggested that PACAP may act as a physiological regulator 

of the islet hormone release and thereby of the glucose metabolism (Yada et al. 1996). 

PACAP is involved in the memory storage in drosophila (Kandel and Abel 1995). PACAP 

prevents neuronal cell death and functions as a neurotrophic factor (Arimura et al. 1994). 

In the heart, PACAP exerts a long-lasting tachycardia (Sawangjaroen et al. 1992, Will-

Shabab et al. 1993), and a potent positive inotropic effect (Minkes et al. 1992). PACAP 

relaxes intestinal smooth muscle (Schwôrer et al 1992). 

PACAP is a potent secretagogue in chromaffin cells (Watanabe et al. 1992, Isobe 

et al. 1993), in isolated perfused adrenal gland (Chowdhury et al. 1994) and in anesthetized 

rats (Watanabe et al. 1995). Adrenal gland is one of organs which contains highest 
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TABLE 1.5 

Effect of PACAP in peripheral organs. 

Organ or 
Tissue 

Receptor Effect (in vitro) Effect (in vivo) 

Head 
(myocardium) 

Type I, 
Type II 
and 
PACAPR- 
3 

Inotropic (+) 
Increased heart rate 
Seebeck et al. 1996, 
Will-Shabab et al. 1993, 
Minkes et al. 1992 

Inotropic (+) 
Chronotropic (+) 
Increased heart rate 
Runcie et al. 1995, 
Suzuki et al. 1993 

Blood vessels Type II Vasodilator 
Champion et al. 1996 

Vasodilation 
Warren et al. 1992 

Bronchioles Type I Bronchodiators 
Cardell et al. 1991 

Bronchodiators 
Linden et al. 1995 

Pancreas Type I Insulin increase 

Kawai et al. 1992 

Insulin increase 
Glucagon increase 
Yamaguchi. 1996, 
Fridolf et al. 1992 

Liver Type II Increased glucose 
output 

Yokota et al. 1995 

Increased glucose 
output 
Trabelsi and 
Yamaguchi. 1997. 

Gastrointestinal Type I Relax intestinal smooth 
muscle 
Katsoulis et al. 1993, 
Mungan et al. 1992 

Relaxation of intestinal 
smooth muscle 

Schwôrer et al. 1993 

Adrenal 
medulla 

Type I Increased CA release 
Isobe et al. 1993 

Increased CA release 
Watanabe et al. 1995 

PACAP receptors mediate certain physiology responses in peripheral organs. A PACAPR-3 
receptor has been cloned and may mediate responses in heart in some species. Type I and 
Type II: indicate PACAP type I and type 11 receptors, respectively. 
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concentration of PACAP (Arimura et al. 1991). PACAP type I receptor has been detected 

in rat adrenal medulla. PACAP exhibits a variety of biological activities, including activation 

of adenylate cyclase in PC-12 cells and other cells (Watanabe et al. 1990, Miyata et al. 

1989); stimulating cAMP production in porcine adrenal medulla chromaffin cells (Isobe et 

al. 1993, Watanabe et al. 1992); increase in intracellular Ca' concentrations in bovine 

adrenal medulla (Tanaka et al. 1996). More recently, it has been suggested that PACAP-

induced catecholamine secretion is involved in PACAP receptor-mediated intracellular 

cAMP increase and Ca' influx in rat adrenal chromaffin cells (Przywara et al. 1996). 

However, ail these mechanisms shown in in vivo studies still remain unproven under in vivo 

conditions. 

1.7. HYPOTHESES AND OBJECTIVES 

1.7.1 Hypotheses 

It has been shown that in cultured chromaffin cells, the Ca' influx into the 

chromaffin cells and resultant increases in intracellular Ca" concentration are essential for 

nicotine-evoked catecholamine release (Garcia et al. 1984). It has further been demonstrated 

that the dihydropyridine-sensitive L-type Ca' channels, presumably localized on the surface 

of the chromaffin cell membranes are functionally involved in adrenal catecholamine 

secretion induced by nicotinic stimulation both in vitro (Gandia et al. 1987, Garrido et al. 

1991, Montiel et al. 1984) and in vivo (Gaspo et al. 1994). In more recent in vivo studies, 

the functional implication of the dihydropyridine-sensitive L-type Ca2+  channels has been 
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indicated in adrenal catecholamine secretory response to non-cholinergic stimulation by 

certain peptides such as endothelin-1 (Yamaguchi 1993, 1995) and angiotensin-H 

(Martineau et al. 1996). These in vivo observations are consistent with those obtained from 

various in vitro studies (Boarder and Marriott 1991, Stauderman and Pruss 1989). Thus, the 

dihydropyridine-sensitive L-type Ca" channels are also likely to be a common factor 

functionally involved in noncholinergic peptidergic stimulation-induced adrenal 

catecholamine secretion. 

Nevertheless, it appears unlikely that the dihydropyridine-sensitive L-type Ca" 

channels play a functional role in catecholamine release induced by VIP, a noncholinergic 

neurotransmitter in rat adrenal gland (Wakade et al. 1991). In support of this hypothesis, 

a recent in vivo study has indicated that the VIP-induced increase in adrenal catecholamine 

secretion was not significantly inhibited in the presence of nifedipine (Gaspo et al. 1997). 

This observation is compatible with a previous finding that VIP-induced catecholamine 

secretion was not rapidly lost in Ca'-free medium (Marley 1987). More recently, PACAP 

was discovered and shown to be a potent inducer of catecholamine secretion in adrenal 

medulla. However, catecholamine release induced by PACAP, a new member of the VIP 

/ glucagon / secretin fatnily, is likely to result from an increase in Ca' influx by selectively 

activating voltage-dependent L-type Ca' channels in cultured porcine chromaffin cells 

(Isobe et al. 1993, Tanaka et al. 1996). Interestingly, however, nifedipine had no effect on 

PACAP-induced catecholamine secretion in cultured rat chromaffin cells (Przywara et al. 

1996). It seems, therefore, likely that the functional implication of the dihydropytidine- 
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sensitive L-type Ca" channels in PACAP-induced catecholamine secretion appears to be 

specific depending on the species used. Furthermore, the potential implication of L-type 

Ca' channels in PACAP-induced catecholamine release remains unproven under in vivo 

conditions. Therefore, the hypotheses to be tested in the present study is that the L-type 

Ca' channels are involved in PACAP-induced catecholamine release in the canine adrenal 

gland in vivo. 

1.7.2 Specific aims 

The principal objective of the present study was to investigate local effect of PACAP 

on the canine adrenal medulla, and to clarify whether the dihydropyridine-sensitive L-type 

Ca' channels are involved in PACAP-induced adrenal catecholamine secretion in the dog 

model in vivo. 

The specific aims were: 

1) to confirai if the catecholamine response to PACAP is dose-dependent; 

2) to compare the catecholamine secretory effect of PACAP27with that of PACAP38; 

3) to demonstrate the anticipated catecholamine response to PACAP is due to its direct 

action on the adrenal medulla; and 

4) to indicate that the dihydropyridine-sensitive L-type Ca2+  channels are fiinctionally 



involved in PACAP-induced catecholamine release under in vivo conditions. 
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CHAPTER 2 

A STUDY ON THE ROLE OF L-TYPE Ca' CHANNEL IN 

PACAP-INDUCED ADRENAL CATECHOLAMINE 

RELEASE IN VIVO* 

* This work has recently been published in the American Journal of Physiology as follows: 

Geng, G., R. Gaspo, F. Trabelsi, and N. Yamaguchi. Role of L-type Ca' channel in 

PACAP-induced adrenal catecholamine release in vivo. American Journal of Physiology 273 

(Regulatory Integrative Comp. Physiol. 42) R1339-R1345, 1997. 
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ABSTRACT 

The aim of the present study was to investigate whether the dihydropyridine-

sensitive L-type Ca' channel is operative in adrenal catecholamine (CA) secretion induced 

by a novel neuropeptide, pituitary adenylate cyclase activating polypeptide (PACAP), in 

anesthetized dogs. Plasma CA concentrations in adrenal venous and aortic blood were 

determined by an HPLC method. All drugs tested were locally infused to the left adrenal 

gland via the left adrenolumbar artery. PACAP, with the isoform consisting of 27 

(PACAP27) and 38 (PACAP38) amino acid residues, significantly increased CA output in 

a dose-dependent manner with doses ranging from 5 to 500 ng and 7 to 700 ng, 

respectively. However, the amplitude of epinephrine response to PACAP27 was 3 times 

greater than that obtained with PACAP38 at the highest dose tested. In a separate group, 

a single dose of PACAP27 (50 ng) induced highly reproducible CA responses when the 

same dose was repeated with an interval of 35 min. In dogs treated with nifedipine (50 µg), 

5 min prior to the second administration of PACAP27, the net CA response was 

significantly inhibited by — 50% as compared to that obtained in the presence of vehicle. A 

similar CA response to BAY-K 8644 (5 µg) was completely abolished by the same dose of 

nifedipine. The present results indicate that both PACAP27 and PACAP38 have the direct 

local secretagogue effect on the adrenal medulla in vivo, and that CA responses to 

PACAP27 were greater than those observed with PACAP38 at equivalent mole doses. The 

study suggests that the dihydropyridine-sensitive L-type Ca' channel is functionally 

involved in PACAP-induced adrenal CA secretion in the canine adrenal medulla in vivo. 

Key words: PACAP27, PACAP38, BAY-K 8644, nifedipine, medullary secretion, dogs 
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INTRODUCTION 

Pituitary adenylate cyclase activating polypeptide (PACAP) is a novel member of the 

family of vasoactive intestinal polypeptide (VIP). This biologically active neuropeptide exists 

in two fortns, PACAP38 and PACAP27 with 38 amino acid residues and the N-terminal 

amidated 27 residues, respectively, originally isolated from ovine hypothalamus (16, 18). 

The structure of PACAP27 has been shown to be 68% homologous to VIP in their amino 

acid sequences (10, 18). PACAP is widely distributed in central nervous system and 

peripheral organs. The adrenal gland is the one which contains a high concentration of 

PACAP (1). PACAP is a very potent secretagogue for catecholamines in cultured 

chromaffin cells from the rat and pig as well as in the isolated, perfused rat adrenal gland 

(10, 13, 25). PACAP has been postulated to play a role of non-cholinergic neurotransmitter 

in the rat adrenal medulla (24, 26), but its local direct effect on the adrenal gland has not 

convincingly been demonstrated in other in vivo models. On the other hand, it has been 

shown that, in cultured porcine chromaffin cells, PACAP-induced catecholamine release was 

inhibited by L-type Ca2+  channel blockers (13), sug,gesting that PACAP increases Ca2+ influx 

into chromaffin cens and thereby induces the release of catecholamines. Furthermore, it has 

been demonstrated that the release of adrenal catecholamine depends on the influx of Ca' 

into the intracellular compartment of chromaffin cells through voltage-dependent Ca' 

channel (4, 15). The dihydropyridine-sensitive L-type Ca2+ channel has thus been locally 

implicated in adrenal catecholamine secretion induced by angiotensin II and endothelin-1 

under in vivo conditions (17, 28). However, the potential involvement of L-type Ca2+  

channel in PACAP-induced catecholamine release still remains unknown in vivo. Therefore, 
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the specific aims of the present study were to investigate whether PACAP possesses the 

direct secretagogue effect in vivo, and the dihydropridine-sensitive L-type Ca' channel is 

functionally involved in PACAP-induced catecholamine secretion in the canine adrenal gland 

under in vivo conditions. 

METHODS 

General preparation of animais. Adult mongrel dogs (27.0 ± 0.8 kg, n — 39), fasted 

overnight but allowed free access to water, were anesthetized with pentobarbital sodium (30 

mg/kg iv, followed by 4 mg,/kg as needed (MTC pharmaceuticals, Cambridge, Ontario). 

Respiration was controlled through an endotracheal tube, with room air delivered by a 

respirator (model 607; Harvard, South Natick, Mass). Body temperature of each dog was 

monitored and kept constant at 37.5 ± 0.5°C by a thermoregulator (model 74; Yellow 

Spring Instruments Yellow springs, Ohio) connected to a heating pad throughout the 

experiment. Physiological saline was slowly administered intravenously during the whole 

period of the experiment to prevent dehydration. The pH of physiological saline was 

adjusted between 7.35-7.45 immediately before use. Both femoral arteries were cannulated: 

the right femoral artery was used to measure aortic pressure through a catheter, the tip of 

which was placed at the level of abdominal aorta, and the left femoral artery to obtain aortic 

blood samples. 

Preparation of local intra-arterial drug infusion into left adrenal gland The 

experimental model used in this study has been reported elsewhere in full detail (27). Briefly, 
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after a median laparotomy and a left flank incision, the left adrenolumbar artery was 

dissected free from the surrounding tissues and cannulated in a retrograde manner, so that 

the tip of catheter (PE-90) was placed either close to or underneath the gland. The volume 

of this catheter was fixed at 0.5 ml. All visible branches arising from the adrenolumbar artery 

toward the outside of the gland were ligated to prevent undesired drug diffusion into the 

systemic circulation. The catheter was connected to an infusion pump (model 1140-001, 

Harvard, South Natick, Mass). 

Preparation of extracorporeal adrenal venous circuit. A specially shaped catheter 

(PE-240) was inserted into the adrenal vein through the left femoral vein. The volume of this 

catheter was fixed to be 1.5 ml. The catheter was tied at the adreno-abdominal vena caval 

junction to prevent dilution of adrenal venous blood with abdominal vena caval blood. The 

left adrenolumbar vein distal to the gland was ligated to obtain actual adrenal venous blood. 

Adrenal venous blood from the left gland was drained into a small reservoir. The blood in 

the reservoir was connected to a perfusion pump (Masterflex 7016-52, Cole -Parmer 

Instrument, Chicago, IL) to return adrenal venous blood through a catheter inserted into the 

right femoral vein at a rate of stabilized initial venous blood flow (27). After all surgical 

procedures were completed, heparin sodium (200 U/kg iv) was administered, followed by 

100 U/kg every hour thereafter. The dog was then allowed a stabilization period of — 60 

min. 

lvleasured parameters. Aortic blood pressure and heart rate measured from the body 
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surface ECG were monitored with a polygraph system (model RM-6000, Nihon-Kohden, 

Tokyo, Japan). Blood samples for plasma catecholamine assays were collected in ice-cooled 

test tubes. Left adrenal venous blood flow was determined by a gravimetric method, and 

haematocrit with microhematocrit capillary tubes after 10 min centrifugation. An aliquot of 

1.5 ml of aortic and adrenal venous blood were transferred to a chilled centrifuge tubes 

containing 30 tl of preservative solution (pH 6.5) consisted of EGTA (95 mg/mi) and 

glutathione (60 mg/m1). Blood samples for catecholamine measurements were inunediately 

centrifuged at 4°C for 5 min at 15,800 g (Centrifuge Eppendorf, model 5402, Eppendorf, 

Hamburg, Germany). Plasma was stored at -80°C until the assay carried out within two 

weeks. Plasma epinephrine and norepinephrine concentrations were determined by an 

electrochemical detector (model 5200, ESA Coulochem II Multi-Electrode Detector, 

Bedford, MA) coupled with a high performance liquid chromatographic system (Gilson, 

Villiero-le-Bel, France) according to the method previously reported from our laboratory 

(27). At the end of each experiment, the left adrenal gland was removed and weighed. The 

net catecholamine output was calculated as follows: Net output of adrenal catecholamines 

(netnin-ls-1) = ([CA1ADv-[CAL0)xBFADvx(1-HtAD,)/wet weight of adrenal gland, where 

[CALADv  is plasma catecholamine concentration in adrenal venous blood, [CALO  is 

circulating catecholamine concentration in aortic blood, BFADv  is adrenal venous blood flow, 

and HtADv is adrenal venous hematocrit. The amount of catecholamine released during the 

first 5 min after PACAP27 was obtained from an area under the curve of net catecholamine 

output, and the data were expressed as ng-g-1  of wet weight of the gland. 
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Experimental groups and drugs. The present study was carried out in five separate 

groups: the first two groups served to compare local effects of PACAP27 (M.W. = 3147.6) 

(n = 11) and PACAP38 (M.W. = 4534.3) (n = 7) (Sigma Chemical, St-Louis, MO) on the 

adrenal medulla within a dose range from 5 to 500 ng or 7 to 700 ng, respectively; the third 

group (n = 8), serving as the control group, was to ensure the reproducibility of the adrenal 

catecholamine responses to repeated single doses of PACAP27 (50 ng) in the presence of 

vehicle (6% ethanol prepared with saline); the fourth (n = 9) and fifth (n = 4) group served 

to test the effect of nifedipine (50 µg) (Sigma Chemical) on the adrenal catecholamine 

response induced by PACAP27 (50 ng) and BAY-K 8644 (5 µg) (Calbiochem La Jolla, 

CA), respectively. The doses of nifedipine and BAY-K 8644 were selected based on our 

recent observations that nifedipine at the dose used in the present study completely blocked 

the adrenal catecholamine response to BAY-K 8644 in a similar experimental setup (17). 

The dose of PACAP27 was selected according to the present dose-response experiments. 

PACAP27 was dissolved in saline. Nifedipine and BAY-K 8644 were first dissolved in 

ethanol and then diluted with saline to the desired concentration; the final solution contained 

6% ethanol. 

Experimental protocols. In the first two separate groups, in which the dose-

dependency was tested, dogs received, with an interval of 30 min, three different doses of 

either PACAP27 (5, 50 and 500 ng) or PACAP38 (7, 70 and 700 ng) with the same molar 

basis (3.2, 32 and 320 nM) for both drugs. One minute atter the initial control sample was 

talcen, the first dose of either drug was infused into the left adrenolumbar artery at a rate of 
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0.5 ml/min. The net infusion period was fixed to be 1 min. The dead volume of the adrenal 

arterial (0.5 ml) and venous (1.5 ml) catheter was taken into account in relation to the 

infusion rate and adrenal venous blood flow, respectively. Blood collections were made at 

1, 2, 3, 5, 10, 15 and 30 min after the onset of net infusion. The sample obtained 30 min 

after the drug infusion served as control for the next response. The procedure was repeated 

in a smilar way for the next two higher doses. Two additional samples were collected 105 

and 120 min alter the third dose to ensure the stability of basal catecholamine secretion. 

In the third group receiving the vehicle and PACAP27, immediately after taking the 

initial control sample, the vehicle was infused into the left adrenolumbar artery in a similar 

way as described above. Then, the second control sample was taken 5 min after the vehicle 

administration. PACAP27 (50 ng) was similarly administered, and blood samples were 

collected at 1, 2, 3, 5, 10, 15 and 30 min after the infusion of PACAP27. As in the case of 

the first group, the sample obtained 30 min alter PACAP27 served as control for the next 

procedure. Then, the second vehicle was administered followed by the same procedures as 

those after the first vehicle administration. 

In the fourth and fifth group, the effect of PACAP27 (50 ng) and BAY-K 8644 (5 

µg) was tested in the presence of nifedipine (50 lig), respectively. The experimental protocol 

was exactly the same as that described for the third group with the exception that the second 

vehicle was replaced with nifedipine administration. 
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All surgeries and experimental procedures were carried out under the full surgical 

anesthesia. All experiments were acute, terminal procedures. At the end of the experimental 

protocols, each animal used in this study was euthanized following an intravenous overdose 

of pentobabital sodium without regaining consciousness. 

Statistical analyses. The statistical evaluations and the calculations of an area under 

the curve were carried out using a statistical software package (SigmaStat and SigmaPlot 

for Windows, Version 1.0, Jandel Scientific, San Rafael, CA). Differences within subjects 

observed over a given experimental period were evaluated by an analysis of variance for 

repeated measures followed by multiple comparisons with one control using the Dunnett's 

method (Figs.1, 3, 5 and 6). Comparisons of catecholamine responses to PACAP27 before 

and alter nifedipine administration were made using the paired t-test (Fig. 4). Comparisons 

between different groups were conducted by the use of one-way analysis of variance 

followed by the Bonferroni's test (Figs. 2 and 7). The results are expressed as mean ± SE, 

and P < 0.05 was considered statistically signiflcant. 

RESULTS 

Effect of PACAP27 and PACAP38 on adrenal catecholamine output. Following 

local infusion of either PACAP27 or PACAP38, both adrenal venous catecholamine 

concentration and blood flow increased without significantly affecting circulating 

catecholamine concentration in aortic blood. Consequently, the net output of adrenal 

epinephrine and norepinephrine significantly increased in a dose-dependent manner in 
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response to various doses of PACAP27 ranging from 5 to 500 ng (Fig.1). The response was 

rapid, and the peak response was usually observed during the infusion (Fig. 1). After the 

cessation of the infusion, the increased catecholamine output returned towards the 

corresponding pre-infusion control levels within — 5, — 10 and — 15 min following the dose 

of 5, 50 and 500 ng, respectively (Fig. 1). Thus, the duration of action also increased in a 

dose-dependent mariner. Similar dose-related responses were observed with PACAP38, but 

the maximum responses were significantly smaller than, being — 1/4 to — 1/3 of, those 

obtained with PACAP27 (Fig. 2). Mean aortic pressure and heart rate did not significantly 

change following the local administration of either peptide at any doses tested. 

Catecholamine responses to PACAP27 in the absence or presence of nifechpine. In 

the control group receiving vehicle, adrenal catecholamine output significantly increased in 

response to PACAP27 with a dose of 50 ng. The increases in the output of both epinephrine 

and norepinephrine were highly reproducible upon the second administration of PACAP27 

with the same dose given at an interval of 35 min (Fig. 3). The increased catecholamine 

output remained significantly higher than the control levels up to at least 5 min alter the 

administration of PACAP27 (Fig. 3). The quantity of each epinephrine and norepinephrine 

released during the first 5 min alter the onset of PACAP27 infusion remained unchanged 

upon the second infusion in the vehicle control group (Fig. 4A). 

In the group receiving nifedipine (50 µg), the maximum catecholamine response to 

PACAP27 observed in the presence of nifedipine was slightly attenuated by — 30% (P --- 
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0.02 and 0.16 for epinephrine and norepinephrine, respectively) as compared with the 

control response (Fig. 5). In addition, the catecholamine output remained significantly 

elevated only for 2 min in the presence of nifedipine (Fig. 5). Consequently, the quantity of 

catecholamines released during the first 5 min after the administration of PACAP27 was 

significantly reduced by — 50% in the presence of nifedipine (Fig. 4B). This reduction in 

PACAP27-induced catecholamine secretion was significantly different from the value 

observed in the vehicle control group (Fig. 7). By contrast, the increase in catecholamine 

output similarly observed in response to BAY-K 8644 was almost completely blocked by 

nifedipine (Figs. 6 and 7). 

DISCUSSION 

The present study demonstrates that the local administration of either PACAP27 or 

PACAP38 into the left adrenolumbar artery resulted in a significant increase in adrenal 

catecholamine secretion in a dose-dependent manner without any significant systemic effect 

in anesthetized dogs. The study also shows that the amplitude of catecholamine response 

to PACAP27 was at least 3 times greater than that to PACAP38 at the highest dose tested 

in the dog model in vivo. The results suggests that the dihydropyridine-sensitive L-type Ca2+  

channel is functionally involved in mechanisms regulating adrenal catecholamine secretion 

induced by PACAP27. 

Since PACAP has been originally isolated from ovine hypothalamic tissues, it has 

been suggested that PACAP may play distinct roles as a neurotransmitter, neuromodulator, 
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or neurotropic factor in the central nervous system (2). In the peripheral nervous system, 

PACAP has been proposed to be a non-cholinergic neurotransmitter controlling 

catecholamine secretion in the rat adrenal medulla (24). PACAP has been shown to be a 

potent secretagogue in various studies in vitro, including the isolated, perfused rat adrenal 

gland (11) and cultured chromaffin cells obtained from rat (25), frog (29) and porcine 

adrenal glands (13). More recently, it has been shown that PACAP increased catecholamine 

secretion from the rat adrenal in vivo (26). In concordance with those previous studies, the 

present observations are compatible with the view that PACAP may be functionally involved 

in local regulation of adrenal catecholamine secretion as a potent modulator or secretagogue 

in anesthetized dogs. Furtherrnore, we observed, in the present study, that mean aortic 

pressure, heart rate and circulating catecholamine levels in aortic blood did not significantly 

change even during the infusion of either PACAP27 or PACAP38 at their highest dose 

tested. In this context, it is of interest to note that, in anesthetized dogs, intravenous 

injection of PACAP27 resulted in either hypotension or hypertension associated with 

tachycardia or bradycardia, respectively, depending on the doses administered (12). The 

latter observations suggest that PACAP may affect the sympathoadrenal activity through 

cardiovascular reflexes. However, the results of the present study are consistent with the 

view that the increasing effect of PACAP on catecholamine secretion resulted from its direct 

action on the adrenal medulla and not from secondary factors such as a reflex-induced 

increase in sympathetic outflow. 

Although adrenal chromaffin cells possess not only L-type but also N-, P-, and Q- 
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type voltage-dependant Ca" channels (7), it is well accepted that L-type Ca' channel is a 

major route of Ca' entry (15). In the present study, BAY-K 8644, a dihydropyridine L-type 

Ca' channel activator, significantly increased catecholamine secretion. This BAY-K 8644-

induced catecholamine release was almost completely diminished by nifedipine, clearly 

indicating the specific antagonism at the level of the dihydropyridine-sensitive L-type Ca' 

channel. With respect to the functional existence of L-type Ca' channel in the dog adrenal 

medulla in vivo, we have recently demonstrated that the increase in adrenal catecholamine 

output induced by BAY-K 8644 was significantly inhibited in the presence of nifedipine in 

a dose-dependent manner under conditions similar to those of the present study (17). These 

observations are compatible with the view that the dihydropyridine-sensitive L-type Ca' 

channel is operative in the local regulation of adrenal catecholamine secretion not only in 

vitro (4) but also under in vivo conditions (8, 17, 28). 

It has been debatable whether the dihydropyridine-sensitive L-type Ca' channel is 

functionally involved in PACAP-induced adrenal catecholamine secretion. It has been shown 

that, in cultured porcine chromaffin cells, catecholamine release induced by PACAP 

resulted, most probably, from an increase in Ca" influx by selectively activating voltage-

dependent L-type Ca' channel, but not N-, P-, or Q-type channels (13). More recently, the 

whole cell patch-clamp technique revealed that, in bovine adrenal chromaffin cells, PACAP 

causes both Ca' release, mainly from caffeine-sensitive Ca' stores, and Ca2+  influx through 

dihydropyridine-sensitive L-type Ca' channel (23). In cultured rat chromaffin cells, 

however, nifedipine had no effect on PACAP-induced catecholamine secretion (20). These 
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previous in vitro studies imply the existence of species difference with respect to 

mechanisms involved in PACAP-induced adrenal catecholamine secretion. 

In the present study, the maximum increase in catecholamine response to PACAP27, 

usually observed during the first minute of infusion, was inhibited by — 30% in the presence 

of nifedipine, while the quantity of catecholatnines released during the first 5 min was 

diminished by — 50%. The lack of more complete inhibition of the PACAP27-induced 

response, particularly of the initial rapid increase in catecholamine output, may be due to the 

dose of nifedipine which was insufficient. This is, however, unlikely to be the case, because 

the similar catecholamine response to BAY-K 8644 was abolished in the presence of 

nifedipine with the same dose used for the experiments with PACAP27 in the present as well 

as in our previous study (17). Furthermore, we have shown that a small dose of nifedipine 

(1/10 of that used in the present study) markedly attenuated by — 75% the initial steep 

catecholamine response to endothelin-1, an extent of which was similar to that induced by 

PACAP27, in the same dog model used in the present study (28). In addition, the rapid 

increase in catecholamine response to angiotensin II was also significantly inhibited by — 

65% in the presence of nifedipine under conditions similar to those of the present study (17). 

Taken together, the present findings are compatible with the hypothesis that the Ca' entry 

via the dihydropyridine-sensitive L-type Ca' channel may be involved, but play only a minor 

role, to initiate the exocytotic release of catecholamines induced by PACAP27 in the canine 

adrenal medulla in vivo. 
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It may be of further interest that the PACAP27-induced increase in catecholamine 

output remained significantly elevated at least for 5 min, while it remained only for 2 min 

in the presence of nifedipine. It is, therefore, likely that the duration of action of PACAP27 

was significantly shortened by nifedipine. This observation also suggests that the 

dihydropyridine-sensitive L-type Ca' channel is functionally involved in PACAP27-induced 

adrena1 catecholamine secretion, but its contribution to the initial rapid Ca2+  entry may not 

be as important as observed in catecholamine release induced by either endothelin-1 (28) or 

angiotensin II (17). In this context, we have recently observed that V1P-induced adrenal 

catecholamine secretion remained unchanged in the presence of nifedipine at the same dose 

used in the present study (9). The latter finding is compatible with the view that the 

dihydropyridine-sensitive L-type Ca2+ channel may play only a minor role in PACAP27-

induced catecholamine secretion, as PACAP27 is 68% homologous to VIP in their atnino 

acid sequences and, therefore, shares mechanisms mediated by cyclic adenosine 

monophosphate (AMP) (10, 18). Indeed, it has been postulated that, in rat chromaffin cells, 

PACAP-induced catecholamine release could be initiated by a nifedipine-resistant, cyclic 

AMP-mediated Ca2+ influx (20). 

In conclusion, PACAP is a potent adrenomedullary secretagogue in anesthetized 

dogs. Both PACAP27 and PACAP38 directly stimulate the medulla resulting in an increase 

in catecholamine release in a dose-dependent manner. It is most likely that the 

dihydropyridine-sensitive L-type Ca' channel is functionally involved in mechanisms 

controlling catecholamine secretion induced by PACAP27. 
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PERSPECTIVES 

It has been shown that intravenous administration of PACAP produced an increase 

in systemic blood pressure which was blocked by an a-adrenoceptor antagonist, 

phentolamine, in anesthetized dogs (21) and cats (5) as well as in adrenalectomized cats (5). 

Furthermore, PACAP has been shown to exert a central pressor action by increasing 

sympathetic outflow in anesthetized dogs (22). These observations strongly suggest that 

PACAP may play important roles in hormonal and neural control of cardiovascular 

fiinctions. On the other hand, nifedipine and other similar L-type Ca2+ channel blockers are 

commonly used in the treatment of cardiovascular diseases such as hypertension and cardiac 

arrhythmias, which may frequently involve sympathoadrenal dysfunctions (6, 19). In this 

context, the present findings may contribute to a better comprehension of mechanisms of 

action of PACAP and its interaction with the L-type Ca' channel in the sympathoadrenal 

system under certain pathophysiological conditions. 

With respect to the potential interaction of PACAP with the peripheral autonomic 

nervous system, it has been shown that PACAP elicited sustained release of catecholamines 

in cultured superior cervical ganglion (3). In cultured porcine adrenal medullary chromaffin 

cells, PACAP has also been shown to stimulate sustained catecholamine production 

resulting from both cyclic AMP- and protein kinase C-dependent activations of tyrosine 

hydroxylase and dopamine P-hydroxylase (14). Furthermore, PACAP27 potentiated the 

cardiac slowing induced by vagal stimulation, while had no effect on the cardiac response 

to sympathetic stimulation in anesthetized dogs (21). PACAP38 has similarly been shown 
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to activate cardiac parasympathetic nerves in the isolated, blood-perfused dog heart (30). 

These observations suggest that PACAP may facilitate cholinergic, rather than adrenergic, 

neuroeffector transmission. Our recent study indicated that splanchnic nerve stimulation-

induced catecholamine secretion was significantly enhanced in the presence of PACAP27 

in the canine adrenal gland in vivo (unpublished observation). The latter observation is 

compatible with the view that PACAP facilitates the cholinergic neurotransmission in the 

adrenal medulla. However, the functional implication of either presynaptic receptor-

mediated or nicotinic and/or muscarinic postsynaptic receptor-mediated mechanisms remains 

to be elucidated. 
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Fig. 2.1. Adrenal epinephrine (EPI, upper panel) and norepinephrine (NE, lower 
panel) output in response to local infusion of PACAP27 with doses of 5, 50, 
and 500 ng given at 0, 30, and 60 min, respectively. Arrows indicate time of 
administration. * P < 0.05 vs. the corresponding control value indicated by 
an open circle. 
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Fig. 2.2. Maximum increases in adrenal epinephrine (AEPI, upper panel) and 
norepinephrine(ANE, lower panel) output in response to various doses of 
PACAP27 (open columns) and PACAP38 (filled columns). *, P < 0.05 vs. 
the corresponding response obtained with PACAP27. 
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Fig. 2.3. Adrenal epinephrine (EPI, upper panel) and norepinephrine (NE, lower 
panel) output in response to repeated administration of PACAP27 (50 ng) 
at 0 and 35 min in the vehicle control group. First and second vehicle was 
administered at -5 and 30 min, respectively. The stippled circle represents 
control value observed inunediately before the vehicle administration. *, P 
< 0.05 vs. the corresponding control value indicated by an open circle. 
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Fig. 2.4. Net amount of epinephrine (upper panel) and norepinephrine (lower panel) 
released during the first 5 min aller the onset of PACAP27 (50 ng) infusion 
in the vehicle (VH) control group (coloumn A) and in the group receiving 
nifedipine (NTF, 50 µg, colounm B). *, P < 0.05 vs. the corresponding 
vehicle control value. The original data are shown in Figures 3 and 5. 
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Fig. 2.5. Adrenal epinephrine (EPI, upper panel) and norepinephrine (NE, lower 
panel) output in response to repeated administration of PACAP27 (50 ng) 
at 0 and 35 min in the absence and presence of nifedipine (50 µg), 
respectively. The vehicle and nifedipine was given at -5 and 30 min, 
respectively. The stippled circle represents control value observed 
immediately before the administration of either vehicle or nifedipine. *, P < 
0.05 vs. the corresponding control value indicated by an open circle. 
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Fig. 2.6. Adrenal epinephrine (EPI, upper panel) and norepinephrine (NE, lower 
panel) output in response to repeated administration of BAY-K 8644 (5 µg) 
at 0 and 35 min in the absence and presence of nifedipine (50 .tg), 
respectively. The vehicle and nifedipine was administered at -5 and 30 min, 
respectively. The stippled circle represents control value observed 
immediately before the administration of either vehicle or nifedipine. *, P < 
0.05 vs. the corresponding control value indicated by an open circle. 
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Fig. 2.7. Percent changes in the net amount of epinephrine (upper panel) and 
norepinephrine (lower panel) released during the first 5 min after the onset , 
of the infusion of either PACAP27 (50 ng) or BAY-K 8644 (5 µg) in the 
vehicle (VH) control group and in the group receiving nifedipine (NIF, 50 
µg). *, P < 0.05 vs. VH + PACAP27 group; t, P < 0.05 vs. NF + 
PACAP27 group. The original data are shown in Figures 3, 5 and 6. 
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3.1. GENERAL DISCUSSION 

3.1.1. Methodology-an in vivo model 

The principal objective of the present study was to investigate local effects of 

PACAP on the basal secretion of adrenal catecholamines in anesthetized dogs. A previous 

study has indicated that intravenous administration of PACAP induces either hypotension 

associated with tachycardia or hypertension associated with bradycardia (Ishizuka et al. 

1992, Runcie et al. 1995). Such severe changes in systemic blood pressure may significantly 

affect the sympathoadrenal output through indirect reflex mechanisms most probably via 

baroreflex (Yamaguchi 1992). To avoid undesired systemic effects such as this, an in vivo 

dog model previously developed in our laboratory (Yamaguchi 1993) was used in the 

present study. In this model, local effects of any given drug on the adrenal gland can be 

evaluated without being disturbed by their undesired potential systemic effects (Yamaguchi 

1993). As observed in present study, local administration of PACAP significantly increased 

adrenal catecholamine secretion, but circulating catecholamine levels in aortic blood 

remained unchanged. Moreover, neither mean aortic pressure nor heart rate changed 

significantly during PACAP infusion. These findings are consistent with the view that the 

model used in the present study was a suitable one to investigate local effects of PACAP and 

related drugs on the adrena1 gland in vivo without their undesired potential systemic effects. 

3.1.2. The mechanisms of PACAP-induced adrenal catecholamine secretion 

Previous studies have shown that PACAP is present in adrenal medulla where it may 
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play a role as a noncholinergic neurotransmitter. Both PACAP and ACh induced adrenal 

catecholamine release in rat chrome:ln cells and in anesthetized rats (Watanabe et al. 1992, 

1995, Chowdhury et al. 1994). However, the mechanism of catecholamine release in 

response to PACAP is different from that to ACh. PACAP caused a long-term increase in 

adrenal catecholamine secretion, whereas ACh did not (Watanabe et al. 1992). The PACAP-

induced adrenal catecholamine release was not inhibited by treatment with the cholinergie 

antagonists mecamylamine and atropine, but ACh-induced adrenal catecholamine release 

was significantly inhibited by such cholinergic antagonists (Watanabe et al. 1995). 

Furthermore, DMPP (1,1-dimethy1-4-phenylpiperazinium, a ganglionic stimulating drug) and 

PACAP both release large amounts of Leu-EK (enkephalin) and catecholamines in bovine 

adrenal chromaffin cells. DMPP caused a fast and effective action, while PACAP caused a 

slow and more sustained action (Babinski et al. 1996). It has been suggested that the 

interactive control of catecholamine secretion was mediated by cholinergie and peptidergic 

receptors (Chowdhury et al. 1994). Our experimental results also suggested that PACAP 

directly induced adrenal medullary catecholamine release in anesthetized dogs. Taken 

together, these results suggested that PACAP directly induces adrenal catecholamine 

secretion, and not indirectly via cholinergie mechanisms. 

It is well accepted that both Ca' influx and Ca' release from intracellular Ca" store 

play a role as the major mechanism of intracellular Ca' increase in adrenal chromaffin cells. 

Ca" influx could be through several types of voltage-dependent Ca' channels (Gandia et 

al. 1995). L-type voltage-dependent Ca" channel is a major route for Ca2+  entries (Cena et 
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al. 1989). Ca' release from intracellular Ca' store was sensitive to 1P3 or caffeine 

(Stauderman et al. 1991). PACAP could induce increases of intracellular Ca' concentration 

and catecholamine secretion from several cultured adrenal chromaffin cells (Tanaka et al. 

1996, Isobe et al. 1992, Przywara et al. 1996). Present study shows that L-type Ca' channel 

blocker inhibited PACAP-induced catecholamine release, but it did not completely abolish 

this effect in anesthetized dogs. It has also been suggested that PACAP causes Ca' release 

from intracellular Ca' stores in bovine and porcine adrenal chromaffin cells (Tanaka et al. 

1996, Isobe et al. 1992). The caffeine (ryanodine)-sensitive Ca' stores are the major source 

of PACAP-induced Ca' release from intracellular Ca' store, and IP3 dependent Ca' stores 

may play a minor role in PACAP-induced Ca' release from intracellular Ca' store (Tanaka 

et al. 1996). Nevertheless, it appears likely that the Ca' release from the intracellular stores 

plays only a minor role in regulation of catecholamine secretion from adrenal chromaffin 

cells (Tanaka et al. 1996). It seems, therefore, likely that PACAP arises the intracellular Ca' 

concentration mainly by increasing Ca" influx and, secondary, by releasing Ca" from 

intracellular Ca" stores. 

PACAP38 is at least 100-fold more potent than PACAP27 in stimulating 1P3 

turnover. However, both PACAP27 and PACAP38 have sitnilar potencies on cAMP 

accumulation (Spengler et al. 1993). In present study, PACAP27 was about 3 to 5 fold more 

potent than PACAP38 in adrenal catecholamine secretion in anesthetized dogs. This 

observation is compatible with the idea that PACAP27-induced catecholamine secretion is 

due to the cAMP production, and not due to an increase in IP3 turnover. 
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PACAP increases intracellular cAIVIP levels in rat adrenal chromaffin cell (Watanabe 

et al. 1992, Przywara et al. 1996). In comparison with VIP, PACAP was approximately 100 

to 1000 times more potent in increasing intracellular cAMP concentration and in evoking 

catecholamine secretion (Watanabe et al. 1992). An increase in intracellular cAMP is known 

to facilitate the secretion of catecholamines in rat adrenal medulla (Malhotra et al. 1989). 

However, intracellular cAMP alone is not sufficient to trigger catecholamine secretion. 

Intracellular Ca' increase is necessary to initiate the exocytosis of catecholamines (Malhotra 

et al. 1989). It has been suggested that PACAP-induced catecholamine release results from 

an increase in cAMP-dependent Ca' influx (Przywara et al. 1996). In this context, the 

present data obtained with nifedipine support the role of Ca2+ influx as a major mechanism 

in PACAP-induced catecholamine release. However, the observation that nifedipine only 

partially inhibited the catecholamine response to PACAP suggests the existence of additional 

mechanisms operating in the canine adrenal in vivo. 

There exist at least two types of PACAP receptors, type I (PACAP-specific site) and 

type II (PACAP and VIP shared site), characterized on the basis of the relative affinities for 

PACAP and VIP (Arimura and Shioda 1995, Harmar and Lutz 1994, Shivers et al. 1991). 

The adrenal medulla is one of tissues containing high density of PACAP type I receptors, 

which recognize PACAP much more selectively than VIP (Spengler et al. 1993, Watanabe 

et al. 1995). It has been suggested that PACAP-induced catecholamine secretion from 

adrenal medulla was mediated by type I receptor-mediated mechanisms (Watanabe et al. 

1995). In this context, it is of particular interest that, in the similar experimental approach 



81 

in anesthetized dogs, VIP-induced adrenal catecholamine release was significantly inhibited 

by PACAP6-27, a selective PACAP type I receptor antagonist (Gaspo et al. 1997). 

Furthermore, it appears likely that the increase in catecholamine release through a 

dihydropyridine-resistant mechanism is closely related to the cyclic AMP-mediated Ca' 

influx (Przywara et al. 1996). Moreover, a recent study indicated that PACAP stimulated 

the production of both cAMP and inositol phosphates in bovine adrenal chromaffin cells 

(Babinski et al. 1996). Taken together, it can be speculated that PACAP27-induced adrenal 

catecholamine secretion may results from the stimulation of PACAP type I receptor, which, 

in turn, activates both adenylate cyclase and phospholipase C, resulting in increases in cyclic 

AMP-dependent Ca' entry and Ca2+  release from intracellular Ca' stores. The functional 

involvement of the PACAP type I receptor and cyclic AMP- and inositol phosphates-

mediated mechanisms in adrenal catecholamine secretion in vivo remains to be demonstrated 

in future studies. 

3.1.3. Future investigation 

The present results indicated that L-type Ca2+  channels play a role in PACAP-

induced adrenal catecholamine secretion. However, various mechanisms related to the Ca' 

influx remains to be elucidated in future studies. 

It would be of particular importance to verify if PACAP type I receptor is 

functionally involved in PACAP-induced catecholamine release under in vivo conditions. 
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Adrena1 catecholamine release in response to PACAP needs to be examined in the presence 

of PACAP6-27 or PACAP6-38, selective PACAP receptor antagonists. If adrenal 

catecholamine response to PACAP is actually mediated by the specific PACAP receptor, 

the presence of these antagonists may abolish the response. 

According to findings in vitro, the formation of cAMP was enhanced by PACAP. 

However, it remains unclear whether PACAP increases plasma cAMP levels in adrenal 

venous blood or tissue adenylate cyclase activity. Forskolin is a potent activator of adenylate 

cyclase and increases cAMP formation in vitro (Seamon and Daly 1983). ACh-evoked 

catecholamine release has been shown to be markedly potentiated by the pretreatment with 

forskolin. This observation suggests that cAMP may play a role in the modulation of 

catecholamine release from bovine chromaffin cells (Morita et al. 1987). Therefore, it would 

be of interest to know whether forskolin can enhance the PACAP-induced catecholamine 

release under in vivo conditions. Thus, the investigation of the role of cAMP in PACAP-

induced catecholamine release would be necessary. 

3.2. CONCLUSION 

The present study led to the following conclusions: 

Adrenal catecholamine secretion significantly increased following the local 

administration of PACAP to the left adrenal gland, while plasma catecholamine levels in 
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aortic blood remained unchanged, indicating the direct local drug effect on the adrenal 

medulla in vivo. PACAP is thus a potent secretagogue of catecholamine in anesthetized 

dogs. Both PACAP27 and PACAP38 directly stimulate the medulla resulting in an increase 

in catecholamine release in a dose-dependent manner. PACAP27-induced catecholamine 

release is about 3 to 5 fold greater than that induced by PACAP38 on the same molar basis. 

Nifedipine significantly blocked by about 50% the PACAP27-induced catecholamine release, 

indicating that L-type Ca2+ channels are operative, of least in part, in PACAP-induced 

catecholamine release in the canine adrenal gland in vivo. 

••111.;+.11411••• 	  
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