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ABSTRACT

The aim of this thesis was to study aspects of the neuronal control of
catecholamine secretion in a teleost, the rainbow trout. The development and validation
of a nerve stimulation technique made it possible to determine that a portion of the
neuronal control of catecholamine release, which prevailed at low frequency stimulation,
could be attributed to vasoactive intestinal polypeptide (VIP) and/or pituitary adenylate
cyclase activating polypeptide (PACAP). On the other hand, cholinergic stimulation
predominated during higher levels of neuronal activity. Fluorescent histochemical
techniques in combination with pharmacological approaches provided direct evidence
that VIP and PACAP can elicit the secretion of adrenaline, only, from the chromaffin
tissue via specific VIP binding sites that exhibited properties of VPAC receptors.

Using in situ perfused posterior cardinal vein preparations, evidence was provided
that while the nicotinic receptor appears to be the predominant pathway mediating the
effects of acetylcholine on catecholamine secretion, muscarinic receptor stimulation may
augment the cellular response to nicotinic receptor activation. Under extreme conditions,
muscarinic receptors may directly elicit the secretion of catecholamines.

The impact of extracellular catecholamines on catecholamine secretion from
chromaffin cells was also investigated. Results revealed that the mechanisms of
adrenergic inhibition of catecholamine secretion in response to cholinergic stimulation
include activation of chromaffin cell membrane PB;-receptors and presynaptic o,-
adrenergic receptors. However, catecholamine release in response to VIP appears to be

insensitive to the adrenergic negative feedback mechanisms.
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Finally, despite the rapid progress in cDNA cloning, molecular information on the
receptors mediating the effects of VIP and PACAP in fish is scant. In this thesis, I report
preliminary findings of the cloning of the trout PAC;, VPAC,, and VPAC,; receptors from
brain cDNA.

In summary, VIP and PACAP appear to function as neurotransmitters in the
neuronal regulation of catecholamine release in this species. The apparent complexity of
the mechanisms regulating the secretion of catecholamines from trout chromaffin cells
may reflect the precise control required for these hormones to play their role in

physiological and biochemical homeostasis in these organisms.
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RESUME

Le but principal de cette thése était d’étudier certains aspects du contrdle nerveux
de la sécrétion des catécholamines chez un poisson téléostéen, la truite. Le
développement d’une manipulation neuronale nous a permis de déterminer qu’une
portion du controle nerveux de la sécrétion, s’exprimant a de basse fréquence de
stimulation neuronale, pouvait étre attribué aux neurotransmetteurs tels que le peptide
intestinale vasoactif (VIP) et/ou le peptide activant 1’adenylate cyclase pituitaire
(PACAP). Au contraire, la stimulation cholinergique prédominait lors de stimulation a
fréquence élevée. Des techniques histochimiques ont fourni des preuves direct que le VIP
et le PACAP sont capable d’induire la sécretion de 1’adrénaline par I’intermédiaire des
récepteurs spécifiques pour le VIP.

Quoique les récepteurs cholinergiques du type nicotinique parait étre le réseau
prédominant effectuant les effets de ’acetylcholine, des résultats en provenance d’une
préparation in situ de perfusion de la veine cardinale postérieure ont fourni des preuves
que la stimulation des récepteurs muscariniques semble augmenter la réponse cellulaire
suivant la stimulation des récepteurs nicotiniques. Par contre, sous conditions extrémes,
les récepteurs muscariniques. peuvent influencer directement la sécrétion des
catécholamines.

L’impact des catécholamines sur la sécrétion des catécholamines fut aussi étudié.
Les résultats démontrent que !inhibition adrénergiques de la sécretion des
catécholamines suivant la stimulation cholinergique impliquent [Pactivation des

récepteurs Pa.-adrénergiques sur la membrane des cellules chromaffins et les récepteurs



az-adrénergiques présynaptiques. Par contre, la sécretion des catécholamines en réponse
au VIP parait insensible a I’inhibition adrénergique.

Finalement, en dépis du progrés rapide du cloning de 'ADN,, I’information
moléculaire sur les récepteurs exprimant les effets du VIP and PACAP chez les poissons
demeure minime. Dans cette thése, je révéle des résultats préliminaires pour le cloning
des récepteurs PAC,, VPAC,, et VPAC; en provenance de I’ADN, du cervaux de la
truite.

En conclusion, le VIP et le PACAP semble fonctionner comme
neurotransmetteurs dans la régulation neuronale de la sécrétion des catécholamines chez
la truite. La complexité apparente des méchanismes de régulation de la sécrétion des
catécholamines réfléte probablement le contrdle précis requis pour que les
catécholamines jouent leurs rdles dans ’homéostasie physiologique et biochimique chez

cet organisme.
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CHAPTER 1

GENERAL INTRODUCTION



RATIONALE FOR THE THESIS

In fish, as in other vertebrates, the catecholamine hormones (adrenaline and
noradrenaline) are released from chromaffin tissue (adrenal homologue; Epple et al.,
1995) into the circulation during exposure to a wide range of stressors (Wendelaar
Bonga, 1997; Reid et al., 1998). Once in the circulation, these hormones function to
reduce the detrimental consequences often associated with stressful situations. Indeed, the
primary role of catecholamines is to modulate cardiovascular and respiratory functions
(Randall and Perry, 1992), as well as mobilize energy stores to provide for increased
energy demands that may accompany stress (Fabbri et al, 1998). The control of
catecholamine release from the chromaffin tissue is therefore central to an organism’s
ability to cope with potentially life-threatening events.

In vertebrates, the release of humoral catecholamine from chromaffin cells is
controlled by numerous physiological stimuli including increased neuronal stimulation
and humoral signals of circulatory, paracrine or autocrine origin (Ungar and Phillips,
1983; Livett and Marley, 1993). Current evidence suggests that the hypothalamic
sympathetic chromaffin cell axis is the predominant pathway involved in the stimulation
of humoral catecholamine release. After the discovery of sympathetic preganglionic
cholinergic nerve fibres innervating vertebrate chromaffin tissue (Young 1939; Coupland
1963; Nilsson 1976), research into the control of catecholamine secretion has focused
extensively on the involvement of cholinergic mechanisms (Ungar and Phillips, 1983;
Burgoyne 1991; Edwards and Jones, 1993; Reid et al., 1998).

In fish, the neuronal regulation of catecholamine release is controlled by the

activity of preganglionic nerves that innervate the chromaffin tissue that line the walls of



the posterior cardinal vein (PCV) (Nilsson et al., 1976; Abrahamsson, 1979; Perry et al,,
1991; Abele et al., 1998). The prevailing view is that excitation of these nerves causes the
release of acetylcholine (Ach) which then activates the cholinergic receptors of the
chromaffin cells to evoke the secretion of catecholamines (Nilsson et al, 1976,
Abrahamsson, 1979; Abele et al, 1998). In addition to cholinergic control of
catecholamine release, a previous study has shown that in several fish species, a number
of polypeptides exist in nerves in the vicinity of chromaffin cells and that they may act as
neurotransmitters or neuromodulators (Reid et al., 1995). However, until physiological
experiments are performed, their role in the neuronal regulation of chromaffin cell
activity in fish will remain unknown. The above background obviously raises an
important question as to whether, in addition to Ach, other excitatory substances are
released from the preganglionic nerves to trigger the secretion of humoral
catecholamines. Therefore, this thesis has examined neuronal aspects of catecholamine

release from teleost fish chromaffin cells with emphasis on non-cholinergic pathways.



BACKGROUND KNOWLEDGE
Humoral catecholamines

Historically, adrenaline was discovered as a physiologically active substance from
mammalian adrenomedullary extracts (reviewed by Nilsson and Holmgren, 1989). The
original name epinephrine (Greek epi = on; nephros = kidney) has been retained in
American terminology, while the Latin name for the adrenal (Latin ad = near; renes =
kidney) forms the basis of the name adrenaline (Nilsson and Holmgren, 1989). The latter
terminology (along with noradrenaline) is employed in this thesis.

Humoral catecholamines are synthesized and stored in chromaffin cells from
which they can be released into the blood and function as hormones. The biosynthesis of
catecholamines in fish, as in other vertebrates, is achieved via a series of enzymatic
reactions known as the Blaschko pathway (Nilsson 1983; Randall and Perry, 1992).
Unlike in the chromaffin tissue of other vertebrates, the chromaffin cells of fish are not
organized into a distinct adrenal gland (reviewed by Reid et al, 1998). Instead,
aggregations of chromaffin cells are intimately associated with the vascular system
(Nilsson 1983) and also to the head kidney and sympathetic ganglia. In teleosts,
catecholamines released into the circulation are secreted from chromaffin cells that are
located within the walls of the posterior cardinal vein (PCV) and its branches within the
kidney tissue (Nilsson 1976; Mastrolia et al., 1984; Reid et al., 1995; Furimsky et al,,
1996). Synaptic overflow of catecholamines from sympathetic nerve endings, which
forms a substantial part of noradrenaline release into the circulation of mammals, does

not contribute significantly to circulating catecholamines in fish (Perry et al., 1991).



The various tissue responses elicited by catecholamine release are aimed at
allowing organisms to cope with environmental and physiological stressors. Fish only
release appreciable levels of catecholamines during conditions of acute severe stress (e.g
air exposure, hypoxia and hypercarbia, metabolic acidosis, physical disturbances, anemia,
and anesthesia), which generally require the modulation of cardio-respiratory function
and the mobilization of energy reserves (Randall and Perry, 1992; Perry and Bernier,
1998; Reid et al., 1998). Indeed, humoral catecholamines contribute to the maintenance
or increase in blood oxygen carrying capacity by increasing gill-diffusing capacity,
stimulating the release of erythrocytes from the spleen, and by increasing red blood cell
hemoglobin-O, affinity (Perry and Wood, 1989; Randall and Perry, 1992; Thomas and
Perry, 1992, Wendelaar Bonga, 1997; Perry and Bernier, 1998). Additionally, humoral
catecholamines can modulate vascular resistance as well as cardiac and venous functions
(Capra and Satchell, 1977, Olson et al., 1997; Bernier and Perry, 1999; Bernier et al.,
1999). Metabolically, catecholamines are involved in glucose production and lipid

mobilization (Fabbri et al., 1998).

Mechanisms of catecholamine release

The magnitude of the elevation in plasma catecholamine levels can vary
depending upon their clearance from the circulation, the type and severity of the stress,
and the ability of chromaffin cells to secrete a particular catecholamine in response to
different hormones and neurotransmitters. Once in the circulation, catecholamines are
rapidly cleared via the combination of tissue uptake mechanisms and metabolic

degradation predominantly involving the gills, liver, and kidney (Nekvasil and Olson,



1986a, b). Although neuronal stimulation is presumably the predominant mechanism
regulating the release of catecholamines, experimental evidence suggests that other
factors may play a role (stimulatory or modulatory) in the secretion of catecholamines
from chromaffin cells in teleosts (Reid et al., 1998).

Non-endocrine agents that are known to elicit or modulate catecholamine release
in fish include hypoxaemia, blood acidosis and potassium. In the Atlantic cod (Gadus
morhua), perfusion of the PCV with hypoxic blood caused the release of adrenaline
(Perry et al., 1991). In rainbow trout, moderate hypoxia enhanced the responsiveness of
the chromaffin tissue to cholinergic stimulation (Montpetit and Perry, 1998).
Furthermore, exposure of cannulated lamprey (Petromyzon marinus) to CO; is associated
with a significant increase in plasma catecholamines (Dashow and Epple, 1985).
However it remains to be determined whether this is due to a direct effect of blood
acidosis on the chromaffin tissue. Acidosis, while not influencing basal catecholamine
release in trout, modulates the cholinergic control of catecholamine release by enhancing
the response of chromaffin cells to nicotinic receptor stimulation (Julio et al., 1998). In
spiny dogfish (Squalus acanthias), physiological doses of potassium elicit a dose
dependent increase in plasma catecholamines (Opdyke et al., 1981; Opdyke et al.,
1983a).

Activation of the hypothalamo-pituitary axis and the release of ACTH into the
circulation is an integral part of the primary stress response in fish. ACTH, in addition to
stimulating the release of corticosteroids from the interrenal cells of the head kidney has
also been implicated in the control of catecholamine release in both the rainbow trout

(Reid et al.,, 1996) and the Atlantic hagfish Myxine glutinosa (Perry et al., 1993).



Although there is immunohistochemical evidence for the presence of natriuretic peptides
in the chromaffin cells of the common carp Cyprinus carpio (Kloas et al., 1994), overall
results from in situ and in vivo experiments in rainbow trout and American eels (Anguilla
rostrata) do not support a role for natriuretic peptides in the control of catecholamine
release in teleosts (McKendry et al., 1999). On the other hand, intravenous injection of C-
type natriuretic peptide in the spiny dogfish elicits an increase in plasma noradrenaline
(McKendry et al, 1999; Montpetit et al., 2001). There is considerable evidence that the
regulatory peptides of the renin-angiotensin system, angiotensins, may contribute to the
regulation of catecholamine secretion from the chromaffin tissue in fish. Angiotensin Il
(Ang II) is a potent secretagogue of humoral catecholamine release in rainbow trout and
dogfish (Bernier and Perry, 1999; Bernier et al., 1999). In both species, Ang II plays a
significant role in the control of catecholamine release during acute hypotension.
Serotonin, stored in high concentrations in the vicinity of the chromaffin tissue in the
head kidney, has been shown to elicit catecholamine release both in situ and in vivo in the
trout, as well as in the Atlantic hagfish (Fritsche et al., 1993; Bernier et al., 1996).
Additionally in Atlantic cod, high concentrations of a particular catecholamine
(adrenaline or noradrenaline) flowing past the chromaffin cells appears to auto-inhibit its
own release from the chromaffin cells of the PCV through a negative feedback
mechanism (Perry et al, 1991). In contrast, in the lamprey (Petromyzon marinus) and
American eel there is in vivo evidence that catecholamines are catecholaminotropic

(Dashow and Epple, 1983; Epple and Nibbio, 1985).



Neuronal control of catecholamine release

In the most “primitive” fish, hagfishes and lampreys, the principal catecholamine
storing tissue, the chromaffin cells of the systemic heart (Augustinsson et al., 1956; Perry
et al., 1993), is not innervated (Green 1902). All other vertebrates, however, appear to
possess mechanisms allowing for the neuronal activation of catecholamine secretion. The
autonomic nervous systems of teleosts resemble that of higher vertebrates, however, a
unique feature of the teleosts include well developed sympathetic chains bearing ganglia
that continue forward into the head (Nilsson 1976). Anatomical descriptions of the
sympathetic nervous system (SNS) indicate that chromaffin cells that line the wall of the
PCV are innervated by preganglionic sympathetic nerve fibres. In the Atlantic cod, there
is a discrete innervation of the chromaffin cells by preganglionic nerves passing through
the sympathetic chain ganglia at the level of the 3™ spinal autonomic nerve and entering
the walls of the PCV (Nilsson 1976). In these fish, in vivo bilateral sectioning of the first
four spinal nerves reduced catecholamine release in response to air exposure or acute
hypoxia (Nilsson et al., 1976; Perry et al., 1991). Furthermore, in the trout and eel,
microscopic evidence reveals that all chromaffin cells are in close contact with one or
more nerve terminals which ultrastructurally appear to be identical to those found in the
adrenomedullary chromaffin cells of higher vertebrates (Mastrolia et al., 1984; Hathaway
et al., 1989; Scheuermann 1993).

While the cholinergic neural pathway has been identified as an important route for
catecholamine release, there is increasing evidence that a number of non-cholinergic
neurotransmitters or neuromodulators also play an important role in the neuronal control

of catecholamine release from fish chromaffin cells (Reid et al., 1998). In agreement with



those observations, nerve fibres displaying vasoactive intestinal polypeptide (VIP)-like
and pituitary adenylate cyclase activating polypeptide (PACAP)-like immunoreactivity
were identified in the vicinity of the chromaffin tissue of Atlantic cod, rainbow trout,
European eel and spiny dogfish (Reid et al., 1995). In the axillary bodies of the dogfish,
nerve fibres exhibiting substance P-like and galanin-like immunoreactivity were also
demonstrated (Reid et al., 1995). Although the significance of these observations remains
speculative in fish, there is increasing evidence that VIP, PACAP and tachykinins have
the ability to stimulate and/or modulate the secretion of catecholamines under
physiological conditions in amphibians and mammals (Wakade et al., 1991; Yamaguchi

1993; Yon et al., 1994; Reid et al., 1998).

Cholinergic control of catecholamine release

Current evidence suggests that the neuronal control of catecholamine release in
both teleosts and elasmobranchs is mediated primarily via preganglionic cholinergic
nerve fibres that release the neurotransmitter Ach. Ultrastructural histochemistry for
acetylcholinesterase activity indicates that the nerve fibres innervating the chromaffin
tissue are cholinergic in nature (Nilsson 1976, Mastrolia et al, 1984). Electrical
stimulation of the nerve fibres innervating the chromaffin tissue of teleosts (cod and eel)
and elasmobranchs (dogfish) elicits the secretion of catecholamines from in situ
preparations, which can be blocked by prior treatment with the ganglionic blocker,
hexamethonium (Nilsson et al., 1976; Abrahamsson 1979; Opdyke et al., 1983b; Perry et
al., 1991; Abele et al., 1998). Likewise, exogenous administration of Ach or cholinergic

agonists to perfused or perifused preparations of trout, cod, dogfish and eel, causes the
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secretion of catecholamines that also is prevented by hexamethonium (Nilsson et al.,
1976, Perry et al., 1991; Reid et al., 1995; Al-Kharrat et al., 1997; Gfell et al. 1997). In
dogfish, in vivo administration of hexamethonium reduces catecholamine release
following bouts of intense exercise (Opdyke et al., 1983).

Ach interacts with two distinct cholinergic receptor sub-types, nicotinic and
muscarinic receptors. Nicotinic receptors are believed to be the predominant cholinergic
receptors involved in the neuronal control of catecholamine release from chromaffin cells
(Nilsson et al., 1976; Perry et al., 1991; Reid et al., 1995; Al-Kharrat et al., 1997; Gfell et
al, 1997, Julio et al., 1998). Nicotinic receptor stimulation is coupled to the opening of
receptor-linked Na™ channels and the resultant membrane depolarization causes an
opening of voltage-dependant Ca®* channels (Brandt et al., 1976; Wada et al., 1985; Liu
and Kao, 1990). The subsequent influx of Ca* is thought to trigger the cascade of events
leading to the secretion of catecholamines (Burgoyne et al., 1993).

Experiments designed to investigate the involvement of muscarinic receptors in
the release of catecholamines from chromaffin cells of mammals and amphibians have
produced mixed results. Indeed, in these organisms, stimulation with muscarinic receptor
agonists can enhance nicotinic-evoked release (Role and Perlman, 1983; Accordi 1988;
Nassar-Gentina et al, 1997), inhibit nicotinic-evoked release (Swilem and Hawthorn,
1983; Cheek and Burgoyne, 1985; Nassar-Gentina et al., 1991), stimulate catecholamine
release (Wakade and Wakade, 1983; Knight and Baker, 1986; Ballesta et al., 1989; Xu et
al, 1991; Tobin et al, 1992; Chowdhury et al, 1994) or exert no effect (Liang and
Perlman, 1979; Mckay et al, 1991). It would appear as if the presence of muscarinic

receptors on chromaffin cells in fish might also exhibit substantial variability. Previous
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studies using -American eels have provided conflicting evidence. Reid and Perry (1995)
were unable to demonstrate any involvement of muscarinic receptors, whereas other
studies have documented an inhibitory role of basal secretion (Al-Kharrat et al., 1997), or
a positive modulatory role under electrical stimulation of the sympathetic fibres (Abele et
al., 1998). Fritsche et al. (1993) demonstrated using an in situ saline PCV preparation of
rainbow trout, that pre-treatment with hexamethonium prevented the carbachol-induced
release of noradrenaline but failed to “completely” block the release of adrenaline.
Moreover, Julio et al. (1998) demonstrated that the muscarinic receptor agonist
pilocarpine was capable of directly eliciting the release of adrenaline and noradrenaline
from in situ perfused PCV preparations of trout. Therefore in trout, cholinergic
stimulation of catecholamine release may include stimulation of muscarinic in addition to

nicotinic receptors.

Non-cholinergic control (VIP and PACAP) of catecholamine release

VIP and PACAP are two closely related neuropeptides that belong to the secretin/
glucagon/ GH-releasing hormone superfamily of peptide hormones (Harmar et al., 1998).
VIP was first isolated from porcine intestine as a 28 amino acid polypeptide capable of
inducing vasodilation in the canine femoral artery (Said and Mutt, 1970, 1972). PACAP,
a peptide first identified from ovine hypothalamus that stimulated adenylyl cyclase in rat
anterior pituitary cells occurs in two molecular forms of 27 and 38 amino acids (Miyata et
al., 1989; Miyata et al., 1990). Since their discoveries, immunolabeling, in situ

hybridization, and ligand binding investigations indicate that the neuropeptides are



12

widely distributed in the central and peripheral nervous systems and in some cases,
displaying overlapping distributions (Harmar et al., 1998; Vaudry et al., 2000).

In fish, as in other vertebrates, VIP and PACAP have been implicated as
neurotransmitters or neuromodulators in the control of various physiological processes
including cardiovascular function, respiration, digestion and glandular secretions
(Holmgren, 1985; Dimaline et al,, 1987, Aldman and Holmgren, 1992; Holmgren, 1995;
Wong et al, 1998; Vaudry et al., 2000; Johnsson et al., 2001). They exert tissue specific
effects by interacting with three distinct receptors that belong to a seven transmembrane
spanning domain G-protein coupled receptor superfamily that are coupled to adenylyl
cyclase and the production of intracellular cAMP (Harmar et al., 1998). Two of these
receptors, VPAC, and VPAC,, are activated with comparable potencies by VIP and
PACAP, whereas the third receptor, PAC,, preferentially binds PACAP (Harmar et al.,
1998; Vaudry et al, 2000).

The ability of VIP and PACAP to directly stimulate catecholamine release from
chromaffin cells was first demonstrated in rat (Malhotra and Wakade, 1987). Since then,
a large number of studies on other mammals and amphibians have reached the same
conclusion (Misbahuddin et al., 1988; Yamaguchi 1993; Yon et al., 1994; Tanaka et al.,
1996; Lamouche et al., 2001). In mammals, PAC, receptors appear to be the predominant
receptor mediating the stimulatory effects of VIP and PACAP on catecholamine release
(Vaudry et al, 2000). Indeed, while VIP and PACAP elicit the secretion of
catecholamines from canine chromaffin cells, only specific PAC, receptor antagonists
were capable of suppressing the response (Lamouche et al.,, 2001). Furthermore, PACAP

is 1000 times more potent than VIP in eliciting the secretion of adrenaline from bovine
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and rat chromaffin cells (Wakade et al., 1991; Watanabe et al., 1992, Isobe et al., 1993;
Guo and Wakade, 1994; Watanabe et al., 1995). However, there is evidence that VPAC
receptors may also participate in this response. Indeed, while the adrenal medulla of
mammals exhibits a pronounced expression of the PAC, receptor mRNA, investigations
have also revealed the presence of VPAC, and VPAC; receptor mRNA (Usdin et al.,
1994).

Research on the relative involvement of cholinergic and non-cholinergic (VIP and
PACAP) neurotransmitters in the control of catecholamine secretion from chromaffin
cells and the physiological conditions under which they function have been performed on
mammals. Guo and Wakade (1994) demonstrated that in the rat adrenal medulla, low
frequency nerve stimulation of the splanchnic nerve caused the neural release of VIP
from the nerve, which in turn stimulated the secretion of adrenaline from the adrenal
medulla. Upon high frequency stimulation, Ach was also released and caused the release
of adrenaline and noradrenaline. Although immunolabeling experiments have identified
the presence of these neuropeptides in the proximity of chromaffin cells in a number of
fish, the physiological significance of these observations remain to be established. The
close structural and functional relationship between VIP and PACAP and the coexistence
in nerve fibres in the vicinity of chromaffin cells would suggests a role for these

neuropeptides in the regulation of catecholamine secretion in fish species.
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AIM AND OUTLINE OF THE THESIS

The general aim of this thesis was to investigate the relative contribution of
cholinergic and non-cholinergic neurotransmitters in the control of humoral
catecholamine secretion in fish, predominantly the rainbow trout. The rainbow trout was
chosen because of the extensive background literature existing for this species and its
ability to mount a robust adrenergic stress response. Furthermore, the demonstration of
sympathetic innervation of the chromaffin tissue and the presence of neuropeptide
neurotransmitters within these nerve fibres made this species a suitable candidate to study
non-cholinergic neuronal aspects of catecholamine release in fish. All of the components
of this thesis are encompassed under the general hypothesis that the neuronal control of
catecholamine secretion from piscine chromaffin cells is not confined to nicotinic
receptor evoked events.

As such, experimental approaches were designed to answer the following
questions:;
1) Does cholinergic stimulation of catecholamine release include activation of muscarinic
receptors in addition to nicotinic receptors?
2) Do VIP and PACAP elicit the secretion of catecholamines from trout chromaffin cells,
and if so, which receptor among PAC;, VPAC,, and VPAC, mediate the response?
3) Are acetylcholine (Ach) and VIP/PACAP released from the preganglionic nerves
during neuronal stimulation of the chromaffin cells? Can catecholamine secretion be

inhibited by receptor antagonists specific for Ach and the neuropeptides under these

conditions?
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4) And finally, what are the impacts of high levels of catecholamines on the subsequent
release of additional catecholamines? Do they affect catecholamine secretion in response
to neuronal stimulation?

To evaluate the relative contribution of cholinergic (Ach) and non-cholinergic
(VIP and/or PACAP) neurotransmitters, a nerve stimulating technique capable of
specifically activating the nerve fibres innervating the chromaffin cells was developed
and validated. This technique is described in CHAPTER 2.

Although cholinergic stimulation of catecholamine release in fish has been
established, a role for muscarinic receptors remains inconclusive. In CHAPTER 3,
pharmacological experiments were designed to test whether cholinergic stimulation of
catecholamine secretion involved muscarinic receptors in addition to nicotinic receptors.

In CHAPTER 4, the ability of VIP and PACAP to elicit the secretion of
catecholamines from the chromaffin tissue was examined using pharmacological
approaches. Furthermore, the relative contributions of Ach and VIP/PACAP during
electrical stimulation were investigated.

In CHAPTER S5, light microscopy techniques were used to identify the
chromaffin cell fraction of the posterior cardinal vein exhibiting binding sites for VIP.
Additionally, pharmacological approaches were utilized to assess the ability of these VIP
binding sites to mediate catecholamine secretion in response to VIP and PACAP.

In CHAPTER 6, molecular cloning of trout VPAC,, VPAC,, and PAC, receptor
cDNAs is described.

In CHAPTER 7, experiments were designed to investigate the effects of

catecholamines on catecholamine release (catecholaminotropic effects). The goals were
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to assess the impact of extracellular catecholamines on catecholamine secretion from
rainbow trout chromaffin cells in response to different stimuli and to use

pharmacological approaches to identify the underlying mechanisms.
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CHAPTER 2

DEVELOPMENT AND VALIDATION OF AN IN SITU SALINE
PERFUSED POSTERIOR CARDINAL VEIN -~ NERVE

STIMULATING TECHNIQUE

(Based in part on Montpetit CJ and Perry SF. 1999. Journal of Experimental
Biology 202, 2059-2069)
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INTRODUCTION

Numerous approaches have been used to study catecholamine release in fish
including in vivo assessments of circulating catecholamine levels (e.g.; Perry et al., 1991;
Bernier and Perry, 1999a,b), in vitro perifusion techniques (e.g.; Gfell et al., 1997; Abele
et al., 1998) and in situ saline perfused posterior cardinal vein preparations (e.g. Perry et
al, 1991; Fritsche et al., 1993; Reid et al., 1995; Al-Kharrat et al., 1997). Advantages of
the latter technique are that catecholamine secretion can be studied in the absence of
external stimuli without major disturbance to the chromaffin tissue. Indeed, the ‘in situ
saline perfused posterior cardinal vein preparation has emerged as a well-established tool
to dissect the mechanisms regulating catecholamine secretion in piscine chromaffin cells
(see review by Reid et al., 1998).

Using pharmacological approaches, the in situ perfused PCV preparation has
generated important information on the neuronal and hormonal control of catecholamine
release in fish, however, very few studies have attempted to study neuronal mechanisms

of catecholamine release using direct electrical stimulation of the sympathetic nerve

fibers innervating the chromaffin tissue. In the Atlantic cod, there is a discrete innervation

of the chromaffin tissue by preganglionic fibres passing through the sympathetic chain
ganglia and entering the walls of the posterior cardinal vein (Nilsson 1976). On the left
side, the innervation forms a single nerve, which lends itself to experimental
manipulation (Nilsson et al., 1976; Nilsson 1984). In the perfused cod posterior cardinal
vein a release of catecholamines from the chromaffin tissue could be demonstrated as a
response to electrical stimulation of this nerve (Nilsson et al., 1976; Perry et al., 1991). In

the spiny dogfish and eels similar results were obtained by stimulating the spinal cord to a
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site behind the hind brain (Abrahamsson 1979; Abele et al, 1998). In all these
experiments, the demonstration that addition of the ganglionic blocker hexamethonium to
the perfusion medium could abolish the release of catecholamines in response to neuronal
stimulation confirmed that the innervation of the chromaffin tissue consisfed of
preganglionic cholinergic nerve fibres of spinal autonomic origin.

Recently, nerve fibres that were immunoreactive to vasoactive intestinal
polypeptide (VIP) and pituitary adenylate cyclase activating polypeptide (PACAP) were
demonstrated in the vicinity of the chromaffin tissue of different fish (Reid et al., 1995).
While studies have focused predominantly on the cholinergic nature of catecholamine
secretion from the chromaffin cells, no studies have yet been performed to evaluate the
relative contribution of cholinergic (Ach) and non-cholinergic (VIP and/or PACAP)
neurotransmitters during increased neuronal stimulation of the chromaffin cells. To
conclusively demonstrate a role for Ach and VIP/PACAP stimulation of catecholamine
secretion during neuronal excitation of trout chromaffin tissue in situ, it_was first

necessary to develop an in situ nerve-stimulating protocol able to specifically elicit

catecholamine secretion from the chromaffin tissue in the trout. As such, a field

stimulation technique was developed and validated. This chapter presents a general

description of this preparation.
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MATERIALS AND METHODS
Experimental Animals
Rainbow trout of either sex weighing between 250 and 350g were obtained from
Linwood Acres Trout Farm (Campbellcroft, Ontario) and held in large fiberglass tanks
supplied with dechlorinated city of Ottawa tap water maintained at 15°C. They were
allowed to acclimate to the aquaria for at least 3 wk before experimentation. Fish were

maintained on a 12L: 12D photoperiod and fed daily to satiation with a commercial fish

diet.

In situ saline perfused posterior cardinal vein preparation
Fish were killed by a sharp blow to the head, weighed and placed on ice. A

ventral incision was made along the entire length of the animal, and the tissue overlying
the heart was removed by blunt dissection to expose the ventricle .and the bulbus
arteriosis. The posterior cardinal vein and ventricle were catheterized (Clay-Adams PE
160 polyethylene tubing) and served a.s the inflow and outflow, respectively, of the
perfusion fluid. Each preparation was perfused for 20 min with modified aerated Cortland
(control) saline (Wolf, 1963; 125 mM NaCl, 2.0 mM KCl, 2.0 mM MgSO,, 5.0 mM
NaHCO;, 7.5 mM glucose, 2.0 CaCly, and 1.25 mM KH,PQ,, final pH 7.8) to allow -
catecholamine secretion to stabilize. Perfusion was accomplished by siphon resulting
from a positive pressure difference between the surface of the saline and the outflow

cannula, which resulted in a flow rate of approximately 1.5 ml min™.
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After the stabilization period, a contro] pre-stimulation sample was collected in a
pre-weighed microcentrifuge tube to assess basal catecholamine secretion rate. After
collection of the pre-stimulation sample, the preparations were electrically stimulated in
accordance with the treatments described below. All stimulations were performed by
administering an electrical current through a pair of wire electrodes connected to a Grass-
SD9 stimulator. In total, five post-stimulation samples were collected 1,2,3,4 and 5 min
after intervention. All samples were frozen in liquid N, after collection and stored at -
80°C until determination of catecholamine levels. Perfusate samples were reweighed
before catecholamine analysis to permit an estimation of perfusion flow rates and thus
allow the calculation of catecholamine secretion rates.

Nerve Stimulation Protocols

Different protocols known to induce neuronally evoked secretion of
catecholamines in situ in fish (cod, dogfish, and eels) was performed on trout (Nilsson et
al.,, 1976; Abrahamsson 1979; Abele et al, 1998). Because unlike in the cod, it was
difficult to trace the neuronal supply to the chromaffin tissue of trout, different
approaches were taken. In the first protocol, given that bilateral sectioning of the first
four spinal nerves inhibited catecholamine release in response to acute stress in cod in
vivo, a pair of wire electrodes was placed under the first four spinal nerves near the spine.
In a second protocol, similar to that described for eels and dogfish, nerve stimulation of
the spinal cord to a site behind the hind brain was performed. In each case, following
collection of a pre-stimulation sample, direct electrical stimulation was performed using a

range of voltages (1-60V) in combination with a range of frequencies (1-20 pulses per
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sec”). In each case, perfusate catecholamine levels were not significantly elevated over
baseline levels. As such, a field stimulating protocol was developed and validated.
Field Stimulation Protocol-Validation

Voltage/response curve: Fish were electrically stimulated using a pair of
electrodes sutured to the body wall on either side of the fish in the anterior region of the
posterior cardinal vein. After collection of the pre-stimulation sample, each preparation
was stimulated only once at 0, 10, 30, 45, 60, or 80 V. Field stimulation was carried out
at a frequency of 20 pulses per sec”, 1 ms in duration for a period of 30s, and collection
of post-stimulation samples began immediately at the onset of stimulation. Stimulation at
60 V was determined to be the lowest stimulus amplitude capable of eliciting maximal
catecholamine secretion (Fig. 1) and was subsequently utilized for all experiments
involving field stimulation.

To assess whether field stimulation causes non-specific depolarization of
chromaffin cells via surface current or neuronally mediated catecholamine secretion, the
following series of experiments was performed.

Series 1: Effects of neostigmine on electrically stimulated catecholamine
secretion. Using the same procedures as described above, the effects of the
anticholinesterase agent neostigmine on electrically evoked catecholamine secretion were
assessed in preparations perfused with saline or saline containing neostigmine bromide
(10* M).

Series 2: Neuronally evoked catecholamine secretion versus non-specific
depolarization. Two sets of experiments were performed in this series using the protocol

of series 1. In the first, fish were perfused with saline or saline containing the nicotinic
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receptor antagonist hexamethonium (10® M). In the second, fish were perfused with
saline or Na'-free saline containing 125 mM NMDG (N-methyl, D-glucamine), 2 mM
KCl, 2 mM MgSO4, 5 mM KHCOs, 7.5 mM glucose, 2 mM CaCl,, and 1.25 mM
KH,POq.

Series 3: Effects of spinal cord removal on electrically stimulated catecholamine
secretion. Using the same procedures as in series 1, electrical stimulation was applied to
fish in which the anterior third portion of the spinal cord had been removed. For sham

preparations, the spinal cord was exposed but not removed.

Analytical Procedures

Perfusate adrenaline and noradrenaline concentrations were determined on
alumina-extracted samples (200 pl) using high-pressure liquid chromatography (HPLC)
with electrochemical detection, The HPLC consisted of a Varian Star 9012 solvent
delivery system (Varian Chromatography Systems, Walnut Creek, CA) coupled to a
Princeton Applied Research 400 electrochemical detector (EG & G Instruments,
Princeton, NJ). The extracted samples were passed through an Ultratechsphere ODS-C ¢
5 pm column (HPLC Technology Ltd., Macclesfield, U.K.) and the separated amines
were integrated using the Star Chromatography software program (version 4.0, Varian).
Concentrations were calculated relative to appropriate standards and with 3,4-

dihydroxybenzylamine hydrobromide (DHBA) as an internal standard in all

determinations.
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Statistical Analysis

The data are presented as the mean £ 1 standard error of the mean (SEM). Where
appropriate, the data were statistically analyzed vby a one-way repeated measures
ANOVA followed by Dunnett's test for comparison with pre-stimulation values, or a one-
way ANOVA followed by Dunnett's test for multiple comparisons; if the normality test
failed, an ANOVA on ranks was performed followed by Dunnett's multiple comparison
test. In other instances, data were analyzed by Student's t-test or paired t-test, and if the
normality test failed, a Mann-Whitney rank sum test was performed. The fiducial limits
of significance were set at 5%. All statistical tests were performed using a commercial

statistical software package (SigmaStat version 2.03).
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RESULTS

Nerve stimulating protocols

Electrical stimulation of the spinal nerves or nerve cord did not elicit the secretion
of either noradrenaline or adrenaline at any level of stimulation. Therefore nerve
stimulating protocols known to induce the secretion of catecholamines in cod, eel, or
dogfish were unsuccessful in trout. As such, a field stimulation protocol was developed
and validated.

Validation of Field Stimulation Protocol

Voltage/response curve. Field stimulation ranging from 0 to 80 V elicited a
voltage-dependent secretion of both catecholamines (Fig. 2.1). Significant elevation of
the rate of adrenaline and noradrenaline secretion occurred at 45 V and reached a
maximum at 60 V.

Series 1: Effects of neostigmine on electrically stimulated catecholamine
secretion. Field stimulation caused a significant increase in the rate of adrenaline
secretion in both saline-perfused and neostigmine-perfused preparations (Fig. 2.2A).
However, in neostigmine-treated preparations, secretion remained elevated at 2 and 3 min
post-stimulation; over the 5 min post-stimulation period, total adrenaline secretion was
nearly doubled (Fig. 2.2A). Pre-treatment with neostigmine did not effect noradrenaline
secretion (Fig. 2.2B).

Series 2: Neuronally evoked catecholamine secretion versus non-specific
depolarization. Perfusion with saline containing hexamethonium reduced the rate of
adrenaline and noradrenaline secretion in response to field stimulation (Fig. 2.3).

Adrenaline secretion, although reduced in the presence of hexamethonium, was
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significantly increased from pre-stimulation values (Fig. 2.3A). In contrast, perfusion
with Na'-free saline eliminated both adrenaline and noradrenaline secretion during field
stimulation (Fig. 2.4).

Series 3: Effects of spinal cord removal on electrically stimulated catecholamine
secretion. Removal of the spinal cord totally prevented the secretion of both adrenaline

and noradrenaline (Fig. 2.5) in response to field stimulation.



27

Figure 2.1 Voltage (V)-response curve of adrenaline (unfilled circles), and of
noradrenaline (filled circles) secretion rates. Each preparation was stimulated for a period
of 30 sec at 20 pps, and 1 msec duration. Values are shown as means + 1 SEM, (N =6
fish for each voltage). An asterisk denotes a significant difference from unstimulated
values (0 V). Curves were constructed by fitting the data to a sigmoidal function using an

iterative curve-fitting function in a commercial software program (Sigmaplot 4.0)
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Figure 2.2 The effects of pre-treatment with saline (N = 6, white bars), or saline
containing 100 puM neostigmine (N = 6, black bars) on (A) adrenaline or (B)
noradrenaline secretion in response to field stimulation. Each preparation was stimulated
at 60 V at 20 pps, and 1 msec duration, for 30 sec. The inset graphs in each panel
illustrate the total quantity of catecholamine secreted over the 5 min collection period.
Values are shown as means + 1 SEM. An asterisk denotes a significant difference from

the pre-stimulation values (pre); a dagger denotes a significant difference between the

control and neostigmine treated group.
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Figure 2.3 The effects of pre-perfusion with hexamethonium (10 M) on (A) adrenaline
and (B) noradrenaline secretion rates in response to field stimulation (N = 8). Control fish
(N = 8) were pre-perfused with saline. Each preparation was stimulated at 60 V at 20 pps,
and 1 msec duration for 30 sec. Values are shown as means + 1 SEM. An asterisk denotes
a significant difference from pre-stimulation values (white bars); a dagger denotes a

significant difference between the stimulated values (black bars).
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Figure 2.4 The effects of pre-perfusion with Na'-free saline on (A) adrenaline and (B)
noradrenaline secretion rates in response to field stimulation (N = 8). Control fish (N = 8)
were pre-perfused with saline. Each preparation was stimulated at 60 V at 20 pps, and 1
msec duration for 30 sec. Values are shown as means + 1 SEM. An asterisk deﬁotes a
significant difference from pre-stimulation values (white bars); a dagger denotes a

significant difference between the stimulated values (black bars).
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Figure 2.5 The effects of spinal cord removal on (A) adrenaline and (B) noradrenaline
secretion rates in response to field stimulation (N = 6). For sham preparations (N = 6), the
spinal cord was dissected but not removed. Each preparation was stimulated at 60 V at 20
pps, and 1 msec duration for 30 sec. Values are shown as means = 1 SEM. An asterisk
denotes a significant difference from pre-stimulation values (white bars); a dagger

denotes a significant difference between the stimulated values (black bars).



Adrenaline Secretion

Noradrenaline Secretion

(nmol min™)

(nmol min™)

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

36

——3 Pre-Stimulation

I 60 volts

T

= 1

Sham

Spine removal

1 Pre-Stimulation

I 60 volts

1.

Sham

Spine removal

Figure 2.5



37

DISCUSSION

Validation of the field stimulation technique

In contrast to the situation in the cod (Nilsson 1976), it was technically difficult to
exclusively identify and stimulate the fine branch of nerves that supplies the chromaffin
tissue in trout. Furthermore, repeated efforts to stimulate the nerves innervating the
chromaffin cells of trout by direct application of electrical current to the spinal nerves or
spinal cord were unsuccessful. Therefore, procedures known to induce neuronally
induced catecholamine secretion in cod (Nilsson et al, 1976), dogfish (Abrahamsson

1979), or eel (Abele et al, 1998) in situ, were ineffective in trout. As such a field

stimulation protocol was developed and validated.

Field stimulation of in situ saline-perfused posterior cardinal vein preparations of
trout could induce catecholamine secretion in one of three possible ways. First,
conduction of electrical current to the spinal cord could generate action potentials in the
preganglionic sympathetic fibers known to innervate the chromaffin cells and ultimately
lead to the release of acetylcholine (among other neurotransmitters and neuromodulators).
Second, the electrical current could cause direct excitation of the pre-ganglionic nerve
terminals without intervention of the spinal cord. Third, catecholamine secretion could be
caused by non-specific depolarization of the chromaffin cells in response to the electrical
current. In the present study, data obtained using neostigmine, hexamethonium, Na*-free
saline and from fish in which a portion of the spinal cord was removed demonstrated
conclusively that catecholamine secretion in response to field stimulation was neuronally
induced and dependent upon an intact spinal cord. Furthermore, the contribution of non-

specific depolarization of chromaffin cells towards secretion appears to be negligible.
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The specificity of the field stimulation technique was confirmed by demonstrating
that cholinergic catecholamine secretion was reduced in the presence of the nicotinic
receptor antagonist hexamethonium, and that adrenaline secretion was prolonged and
more than doubled in the presence of neostigmine over the 5 min period of sample
collection. The absence of an effect of neostigmine on noradrenaline secretion during
field stimulation was unexpected. However, if the rate of secretion of noradrenaline were
already maximal during field stimulation, then any effects of neostigmine on stabilizing
acetylcholine levels would go unnoticed. Nevertheless, these results together with the
observation that secretion was prevented in fish in which the spinal cord had been
removed, indicate that catecholamine secretion elicited by field stimulation is neuronally
mediated.

To address the possibility that catecholamine secretion occurred as a result of
non-specific depolarization, fish were perfused with Na‘-free saline. It is believed that
nicotinic receptor stimulation is coupled to the opening of receptor-linked Na* channels
and that the resultant membrane depolarization causes an opening of voltage-dependant
Ca** channels (Brandt et al, 1976, Wada et al, 1985; Liu and Kao, 1990). The
subsequent influx of Ca?* is thought to trigger the cascade of events leading to the
secretion of catecholamines (Burgoyne et al, 1993). The absence of a response during
field stimulation in preparations perfused with Na'-free saline and from which the spinal
cord had been removed indicates that the electrical current, in itself, was unable to elicit
sufficient chromaffin cell membrane depolarization as to initiate catecholamine secretion.

The results of these validation experiments demonstrate that the field stimulation

protocol causes specific neuronally mediated secretion of catecholamines from
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chromaffin cells that line the walls of the PCV in trout. As such, this preparation appears
to be a valid tool to examine various aspects of neuronal mechanisms regulating the

release of catecholamines from the chromaffin cells in trout.
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CHAPTER 3

CHOLINERGIC CONTROL OF CATECHOLAMINE SECRETION
FROM CHROMAFFIN CELLS IN THE RAINBOW TROUT

(Oncorhynchus mykiss)

(Based in part on Montpetit CJ and Perry SF. 1999. Journal of Experimental
Biology 202, 2059-2069)
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INTRODUCTION

In teleosts, the principal source of circulating catecholamines are chromaffin cells
located within the walls of the posterior cardinal vein (Nandi, 1961; Gallo et al., 1993).
The primary mechanism leading to their secretion is believed to be increased neuronal
stimulation by preganglionic nerve fibers (from the sympathetic nervous system)
innervating the chromaffin cells (Nilsson, 1983). Upon stimulation, the release of
acetylcholine (Ach) stimulates cholinergic receptors ultimately initiating a series of Ca®"'-
dependent events leading to the secretion of catecholamines (Nilsson et al., 1976;
Burgoyne et al., 1993; Fritsche et al., 1993; Furimsky et al., 1996). In teleost fish, it
appears that nicotinic receptors are the predominant cholinoceptor present on chromaffin
cells (reviewed by Reid et al., 1998).

The nicotinic nature of cholinergic catecholamine secretion has been
demonstrated in several teleosts including rainbow trout (Oncorhynchus mykiss; Fritsche
et al,, 1993; Julio et al, 1998), American eel (4dnguilla rostrata; Reid and Perry, 1995;
Al-Kharrat et al, 1997), Atlantic cod (Gadus morhua, Nilsson et al., 1976) and carp
(Cyprinus carpio; Gfell et al, 1997). In the Atlantic cod, electrical stimulation of the
sympathetic fibers or application of Ach to the head kidney caused the secretion of
catecholamines from in situ perfused preparations (Nilsson et al, 1976). Furthermore,
bolus injections of the non-selective cholinergic agonist carbachol to in situ perfused
preparations of American eels caused the secretion of both noradrenaline and adrenaline
(Reid and Perry, 1995). In those studies, the secretion of catecholamines in response to
either stimulus was prevented by prior treatment with the nicotinic receptor antagonist

hexamethonium.
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In rainbow trout, nicotinic receptor stimulation is believed to be the primary
mediator of cholinergic induced secretion of catecholamines (Reid et al., 1998). Recent
evidence, however, suggests that muscarinic cholinergic stimulation may also contribute
to catecholamine release. For example, in isolated trout chromaffin cells, hexamethonium
reduced the rise in [Ca®*']; during nicotine administration, but was without effect on
[Ca®*); in the presence of carbachol (Furimsky et al., 1996). Furthermore, Fritsche et al.,
(1993) demonstrated using an in situ saline perfused posterior cardinal vein preparation
of rainbow trout, that pre-treatment with hexamethonium prevented the carbachol-
induced release of noradrenaline but failed to “completely” block the release of
adrenaline.

Together, the results of these studies suggest a role for muscarinic receptors in the
control of catecholamine secretion from trout chromaffin cells. More recently, Julio et al.,
(1998) demonstrated that the muscarinic receptor agonist pilocarpine was capable of
directly eliciting the release of adrenaline and noradrenaline from in situ perfused
posterior cardinal vein preparations of trout. Selective muscarinic receptor antagonists
(e.g. atropine), however, were not used in any of these studies, thus casting doubt on a
specific involvement of muscarinic receptor stimulation. Studies designed to evaluate the
contribution of the muscarinic receptor in catecholamine secretion in other teleosts (eel
and carp) have produced conflicting results (Reid and Perry, 1995; Al-Kharrat et al.,
1997; Gfell et al, 1997; Abele et al., 1998). Moreover, while prior experiments have
indirectly (Fritsche et al., 1993; Furimsky et al, 1996) or directly (Julio et al, 1998)
suggested the presence of muscarinic receptors, no studies have yet been performed to

evaluate the relative involvement of muscarinic receptors in catecholamine secretion
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during neuronal stimulation of rainbow trout chromaffin cells. Thus, the goal of the
present investigation was to determine if neuronal cholinergic stimulation of

catecholamine secretion in rainbow trout involves muscarinic receptors.
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MATERIALS AND METHODS

Experimental Animals

Rainbow trout weighing between 250 and 350g were obtained and maintained
under conditions outlined in Chapter 2.
In Situ Saline Perfused Posterior Cardinal Vein Preparation

The posterior cardinal vein tissue was perfused as outlined in Chapter 2. After the
20-min stabilization period, a control sample was collected in a pre-weighed micro-
centrifuge tube to assess basal catecholamine secretion rate. After collection of the pre-
sample, whole-body field electrical stimulation (as described in Chapter 2) or a bolus
injection of agonist was given to the preparations in accordance with the treatments
described below. Agonists were delivered by bolus injection (final volume = 0.3 ml)
through a three-way valve connected to the inflow catheter. A period of 1 min was
allowed for the drug to be delivered to the chromaffin tissue before post-samples were
collected in pre-weighed tubes. In total, five post-treatment samples were collected

1,2,3,4 and 5 min after intervention.

Cholinergic evoked catecholamine secretion

The following series of experiments were performed to study the contributions of
nicotinic and muscarinic receptor stimulation to catecholamine secretion from the
chromaffin tissue.

Series 1: Effects of cholinergic antagonists on electrical and cholinergic agonist-
evoked catecholamine secretion. After collection of the pre-sample, bolus injection (0.3

ml) of the non-selective cholinergic agonist carbachol (10° mol kg' body wt) or
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electrical stimulation was administered to preparations perfused with saline or saline
containing the muscarinic receptor antagonist atropine (10 M), the nicotinic receptor
antagonist hexamethonium (10° M), or both hexamethonium (107 M) and atropine (10
M). Furthermore, bolus injection (0.3 ml) of nicotine (10”7 mol kg™), or the muscarinic
receptor agonist methacholine (10® mol kg™) was administered to preparations perfused
with saline, or saline containing hexamethonium (10° M), or atropine (10™ M), to
confirm the specificity of the cholinergic receptor antagonists.

Series 2: Effects of nicotinic and muscarinic receptor agonists on catecholamine
secretion. After collection of the pre-sample, preparations were given a bolus injection
(0.3 ml) of the nicotinic receptor agonist nicotine (107 mol kg™ body wt), the muscarinic
receptor agonists oxotremorine sesquifumarate (10 mol kg’ body wt) or methacholine
(10% mol kg’ body wt), or a cocktail of nicotine (107 mol kg' body wt) and
oxotremorine (10 mol kg™ body wt) or nicotine and methacholine (10° mol kg' body
wt).

Series 3: Effects of atropine and/or hexamethonium on muscarinic cholinergic
stimulation of catecholamine secretion. Bolus injections (0.3 ml) of methacholine (10
mol kg body wt) or oxotremorine (10* mol kg body wt) were administered to
preparations perfused with saline, saline containing atropine (10* M), or saline

containing hexamethonium (10® M).
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Analytical Procedures

Determination of perfusate catecholamine levels was performed as outlined in

Chapter 2.

Statistical Analysis

The data are presented as the mean + 1 standard error of the mean (SEM). Where
appropriate, the data were statistically analyzed by a one-way repeated measures
ANOVA followed by Dunnett's test for comparison with pre-stimulation values, or a one-
way ANOVA followed by Dunnett's test for multiple comparisons; if the normality test
failed, an ANOVA on ranks was performed followed by Dunnett's multiple comparison
test. In other instances, data were analyzed by Student's t-test or paired t-test, and if the
normality test failed, a Mann-Whitney rank sum test was performed. The fiducial limits
of significance were set at 5%. All statistical tests were performed using a commercial

statistical software package (SigmaStat version 2.03).
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RESULTS

Series 1: Effects of cholinergic antagonists on electrical and cholinergic agonist-
evoked catecholamine secretion. A set of experiments was performed to confirm the
specificity of the cholinergic receptor antagonists, hexamethonium and atropine; the
results are presented in Table 3.1. Nicotine evoked catecholamine secretion was
abolished by pre-treatment with hexamethonium and unaffected by pre-treatment with
atropine. Conversely, methacholine (cholinergic receptor agonist) evoked catecholamine
secretion was unchanged in the presence of hexamethonium but was blocked by atropine.
These results indicate that at the concentrations employed in the present study,
hexamethonium (102 M) and atropine (10 M) were acting as specific nicotinic and
muscarinic receptor antagonists, respectively.

Both adrenaline and noradrenaline secretion rates were increased over baseline
levels in response to field stimulation or bolus injections of carbachol (Fig 3.1A and
3.2A). In fish given carbachol, secretion of both catecholamines remained above resting
levels for the entirety of the experiment (Fig. 3.2A). Prior treatment with atropine
significantly reduced adrenaline secretion in response to both stimuli (Fig. 3.1B and
3.2B). Pre-treatment with hexamethonium significantly lowered adrenaline secretion in
response to field stimulation (Fig 3.1C). However, hexamethonium entirely prevented
adrenaline secretion in fish given carbachol (Fig. 3.2C). Similar results were obtained in
the presence of both antagonists (Fig 3.1D and 3.2D), i.e. adrenaline secretion was
markedly reduced during electrical stimulation (Fig. 3.1D) and abolished during
application of carbachol (Fig. 3.2D). Prior treatment with any of the antagonists was

without effect on noradrenaline secretion during electrical stimulation (Fig. 3.1B,C, D).
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On the other hand, atropine lowered noradrenaline secretion in response to bolus
injections of carbachol, while hexamethonium totally prevented its release (Fig.3.2B,C,
and D).

Series 2: Effects of nicotinic and muscarinic receptor agonists on catecholamine
secretion. Figure 3.3 illustrates the effects of bolus injections of nicotine, oxotremorine
(muscarinic agonist), and a cocktail of both agonists on catecholamine secretion in the
perfused posterior cardinal vein preparation. Nicotine or oxotremorine administration
predominantly affected adrenaline secretion. Noradrenaline secretion was only slightly
affected, reaching about 0.1 nmol min™ in response to nicotine or oxotremorine. When
administered together, nicotine and oxotremorine appeared to have a simple additive
effect on adrenaline secretion. The effect on noradrenaline secretion on the other hand
was greater than additive and was more than tripled in the presence of both agonists.
Applicatiori of another muscarinic agonist, methacholine (10> mol kg?), had similar
effects on adrenaline secretion (see Table 3.1). Nicotine-evoked adrenaline and
noradrenaline secretion occurred transiently. Oxotremorine administration caused a
sustained secretion of both adrenaline and noradrenaline, albeit at a lower level.

Series 3: Effects of atropine and hexamethonium on methacholine- and
oxotremorine-evoked catecholamine secretion. Prior treatment with atropine or
hexamethonium had no effect on maximal secretion rates in response to bolus injection of
oxotremorine (data not shown). On the other hand, atropine totally prevented

methacholine-evoked secretion (Table 3.1).
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Figure 3.1 The effects of cholinergic antagonists on adrenaline (white bars) and
noradrenaline (black bars) secretion rates in response to field stimulation. Each
preparation was pre-treated with (A) saline (Control; N = 6), or saline containing (B)
atropine (10”° M; N = 6), (C) hexamethonium (10°M; N = 6), or (D) atropine (1.0'5 M)
plus hexamethonium (10? M) (N=6) in the solution. Electrical stimulation was carried
out at 60 V at 20 pps, and Imsec duration for 30 sec. Values are shown as means + 1
SEM. An asterisk denotes a significant difference from pre-stimulation (pre) values; a

dagger denotes a significant difference from the control values (A).



Catecholamine Secretion (nmol min ™)

1.60
1.20
0.80

0.407
0.187

0.12
0.06 |
0.00

T

N

T

51

Control

il

1.60
1.20
0.80

0.40/
0.18"]

012
0.06

T \N T

=]

Atropine (10° M)

b

P D D

0.00

1.60
1.20
0.80 |

0.40
0.187

012
0.06 |-
0.00

NN

1.60
1.20
0.80

0.40
0.18

0.12
0.06 |

T \NI 1 T 1

Hexamethonium (10 M)

:I-' %
iR
i

1

0.00

pre

1 2

¥ Hexamethonium + Atropine

M —
3 4

5

Time (min)
Figure 3.1



¥
(3]

Figure 3.2. The effects of cholinergic antagonists on adrenaline (white bars) and
noradrenaline (black bars) secretion rates in response to bolus injections of carbachol (10
> mol kg™"). Each preparation was pre-treated with (A) saline (control; N = 6), or saline
containing (B) atropine (10* M; N = 6), (C) hexamethonium (10> M; N = 6), or (D)
atropine (10° M) plus hexamethonium (10° M) (N = 6) in the solution. Values are shown
as means = 1 SEM. An asterisk denotes a significant difference from the pre-stimulation

(pre) value; a dagger denotes a significant difference with the control values (A).
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Figure 3.3 The effects of cholinergic agonists on adrenaline (white bars) and
noradrenaline (black bars) secretion rates. Each preparation was given a bolus injection of
(A) nicotine (107 mol kg™; N = 6), (B) oxotremorine (10™ mol kg'; N =6), or (C) a
cocktail of nicotine (107 mol kg™) and oxotremorine (10* mol kg™) (N = 6). Values are
shown as means + 1 SEM. An asterisk denotes a significant difference from the pre-

stimulation (pre) value.
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DISCUSSION

During periods of acute severe stress, teleost fish release noradrenaline and
adrenaline into the circulation (reviewed by Randall and Perry, 1992; Thomas and Perry,
1992; Wendelaar Bonga, 1997; Reid et al.,, 1998). The subsequent elevation of plasma
catecholamine levels is believed to initiate a series of physiological adjustments aimed at
enhancing blood O, transport and gill O, diffusing capacity (reviewed by Randall and
Perry, 1992; Epple, 1993). In teleosts, the secretion of catecholamines from chromaffin
cells is under the control of numerous physiological stimuli. These include stimulation by
pre-ganglionic sympathetic nerve fibers (Nilsson et al., 1976; Abele et al., 1998),
localized changes in blood chemistry (Opdyke et al., 1983; Perry et al., 1991), activation
of the renin-angiotensin system (Opdyke et al., 1981; Bernier and Perry, 1997), serotonin
(Fritsche et al., 1993; Reid et al., 1996), and adrenocorticotropic hormone (Reid et al.,
1996, Bernier and Perry, 1996). Of these, increased neuronal stimulation of the
chromaffin cells by preganglionic cholinergic fibers is thought to be the predominant
mechanism promoting catecholamine secretion (reviewed by Epple et al,, 1995; Reid et
al., 1998).

Based on the results of the present investigation, it appears that cholinergic
control of catecholamine secretion from trout chromaffin cells is not confined to nicotinic
receptor evoked events. Indeed, this is the first study to conclusively demonstrate a role
for muscarinic receptors in catecholamine secretion from rainbow trout chromaffin cells.
An involvement of muscarinic receptors in the catecholamine secretion process is not
without precedent. In the common carp (Cyprinus carpio), the muscarinic receptor

agonists, muscarine and pilocarpine, elicited catecholamine secretion in perifused head
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kidney preparations (Gfell et al., 1997). Previous studies using American eels have
provided conflicting evidence. Reid and Perry (1995) were unable to demonstrate any
involvement of muscarinic receptors whereas other studies have documented an
inhibitory role of basal secretion (Al-Kharrat et al., 1997), or a positive modulatory role
under electrical stimulation of the sympathetic fibers (Abele et al., 1998). Moreover,
there are numerous reports that demonstrate a role of muscarinic receptors in
catecholamine secretion in non-piscine vertebrates although the results are highly
variable. Indeed, these investigations have demonstrated that muscarinic receptor
stimulation can enhance nicotinic evoked release (Role and Perlman, 1983; Accordi
1988; Nassar-Gentina et al., 1997), inhibit nicotinic evoked release (Swilem and
Hawthorn, 1983; Cheek and Burgoyne, 1985; Nassar-Gentina et al., 1991), stimulate
secretion in the absence of nicotinic agonists (Wakade and Wakade, 1983; Knight and
Baker, 1986; Ballesta et al., 1989; Xu et al., 1991; Tobin et al., 1992; Chowdhury et al.,
1994), or exert no effects on catecholamine secretion (Liang and Perlman, 1979; Mckay
et al., 1991). The results of the present investigation suggest that in rainbow trout,
muscarinic receptor stimulation enhances nicotine-induced secretion, and that under
intense stimulation may directly elicit catecholamine secretion. This was shown by the
fact that catecholamine secretion elicited by either field stimulation or carbachol was
inhibited by atropine but was not further decreased when added with hexamethonium.
The direct effect of muscarinic receptor stimulation on catecholamine secretion was
confirmed using the specific muscarinic agonists, oxotremorine and methacholine.

This is the first study (in rainbow trout) to use a muscarinic receptor antagonist

(atropine), and the muscarinic receptor agonists methacholine and oxotremorine to dissect
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the cholinergic control of catecholamine secretion. Methacholine- and oxotremorine-
induced catecholamine secretion, and their inhibition by atropine have been described for
avian (Knight and Baker, 1986) and mammalian (Ballesta et al., 1989; Xu et al., 1991;
Yamagami et al, 1991; Nassar-Gentina et al., 1997) chromaffin cells. In this study,
atropine inhibited the methacholine-evoked secretion but did not reduce catecholamine
secretion during oxotremorine administration. The inability of atropine to block
oxotremorine-evoked secretion is not understood. However, resistance to muscarinic
antagonists has been demonstrated in other systems (Robitaille et al, 1997). The
possibility that oxotremorine-evoked secretion was mediated by nicotinic receptor
activation can be discounted because the response was insensitive to hexamethonium.
Regardless, taken together, the fact that methacholine and oxotremorine elicited secretion
and that atropine reduced secretion in response to field stimulation, bolus injections of
carbachol and methacholine, clearly indicates the presence of muscarinic receptors on
rainbow trout chromaffin cells with a role in the control of catecholamine secretion.
Modulation of presynaptic Ach release via muscarinic receptor stimulation is an
alternative explanation for the observations. Muscarinic cholinergic modulation of
presynaptic activity has been demonstrated in the central nervous system of non-piscine
vertebrates (Raiteri et al., 1990). It is unlikely, however, that the muscarinic effect on
catecholamine secretion observed in the present study was mediated through modulation
of presynaptic Ach release from nerve fibers innervating the chromaffin cells. First,
presynaptic muscarinic receptors generally regulate Ach release through inhibitory
actions (Raiteri et al., 1990). Second, the nicotinic receptor antagonist hexamethonium

did not affect the oxotremorine-evoked secretion of catecholamines. If, indeed,
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stimulation of pre-synaptic muscarinic receptors was causing Ach release, then
catecholamine secretion should have been reduced by hexamethonium. Third, Furimsky
et al, (1996) demonstrated that when hexamethonium was added to isolated trout
chromaffin cells after stimulation with carbachol, there was no significant decrease in
[Ca®]; as was observed after nicotine administration thus implicating the presence of
hexamethonium-insensitive muscarinic receptors.

The stimulation of muscarinic receptors is known to activate phospholipase C to
produce IP;, which subsequently causes the release of Ca®** from intracellular stores
within chromaffin cells (Eberhard and Holtz, 1987, O’Sullivan and Burgoyne, 1989;
Abad et al, 1992). In some species, the rise in [Ca®*); is not sufficient to trigger
catecholamine secretion (Cheek and Burgoyne, 1985; Sorimachi et al., 1992). However,
in other species, muscarinic receptor stimulation can cause sufficient release of Ca** from
intracellular stores to elicit the secretion of catecholamines (Burgoyne et al., 1993).

In accordance with other studies, high doses of muscarinic agonists were required
to elicit catecholamine secretion. In rainbow trout, muscarinic receptor stimulation during
field stimulation does not appear to be able to induce secretion in the absence of nicotinic
receptor activation. However, under more intense conditions of stimulation, muscarinic
receptor stimulation may have direct positive effects on secretion. Using the field
stimulation technique, the muscarinic cholinergic evoked increase in [Ca**]; presumably
was not sufficient to trigger secretion but probably enhanced post-nicotinic receptor
Ca’*-dependent events thereby increasing the nicotinic-induced secretion of
catecholamines. However, under more intense muscarinic receptor stimulation, these

[Ca®); levels may reach threshold and trigger the secretion process. Furthermore,
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muscarinic cholinergic stimulation of catecholamine release may help to sustain secretion
in the event of nicotinic receptor desensitization (Boksa and Livett, 1984). In this study,
oxotremorine, methacholine, and carbachol administration caused a sustained and
prolonged secretion of both catecholamines. This response might be useful during
prolonged stressful situations when the nicotinic secretory response may be desensitized
(Boksa and Livett, 1984).

It is possible that catecholamine secretion also is controlled by non-cholinergic
neurotransmitters. Reid et al., (1995) identified a number of neurotransmitters or
neuropeptides including vasoactive intestinal polypeptide (VIP) and pituitary adenylate
cyclase activating polypeptide (PACAP) in nerve fibers in the vicinity of chromaffin cells
in teleost fish. Their role in the secretion process in fish has yet to be investigated,
although both are known to have stimulatory effects on catecholamine secretion in non-
piscine vertebrates (Watanabe et al., 1995; Yamaguchi, 1993). Similar studies are
required to determine their relative contribution to catecholamine secretion in teleost ﬁsh;v
A line of evidence for this occurrence is that in response to field stimulation, pretreatment

with hexamethonium plus atropine failed to completely inhibit the secretion of both

adrenaline and noradrenaline.

Conclusion

Using a “new” field stimulating technique, this is the first study to directly
investigate the possible involvement of muscarinic receptor stimulation of catecholamine
secretion from the chromaffin tissue in the rainbow trout. The results of the study support

the presence of muscarinic receptors with a functional role in the cholinergic control of
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catecholamine secretion. More specifically, muscarinic receptor stimulation enhances the
nicotinic evoked secretion of catecholamines, and that under intense stimulation may

directly elicit secretion.
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CHAPTER 4

VIP AND PACAP-MEDIATED CONTROL OF CATECHOLAMINE
RELEASE FROM THE CHROMAFFIN TISSUE IN THE RAINBOW
TROUT (Oncorhynchus mykiss)

(Based in part on Montpetit CJ and Perry SF. 2000.
Journal of Endocrinology 166, 705-714)
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INTRODUCTION

In teleost fish, the secretion of catecholamines from chromaffin tissue, located
within the walls of the posterior cardinal vein (Nandi, 1961; Gallo et al., 1993), is under
the control of numerous physiological stimuli including signals of humoral, neuronal, and
autocrine/paracrine origin (Reid et al., 1998). Although several factors are known to
initiate catecholamine secretion, increased neuronal activity of preganglionic sympathetic
nerve fibers is thought to be the predominant mechanism for catecholamine secretion
during stress (Epple et al., 1995; Reid et al., 1998).

The current model for the neuronal control of catecholamine secretion in fish
advocates that a number of non-cholinergic neurotransmitters and/or neuromodulators are
co-released with acetylcholine during neuronal activity (Reid and Perry, 1995a; Abele et
al., 1998; Montpetit and Perry, 1999). However, this model has not been tested and thus
the role of non-cholinergic neurotransmitters in controlling catecholamine secretion in
fish is unknown. Reid et al. (1995), using immunohistochemistry, identified a number of
neurotransmitters or neuropeptides, including VIP (vasoactive intestinal polypeptide) and
PACAP (pituitary adenylate cyclase activating polypeptide) in nerve fibers innervating
the chromaffin tissue of Atlantic cod (Gadus morhua), rainbow trout (Oncorhynchus
mykiss), American eel (Anguilla anguilla), and dogfish (Squalus acanthias). While VIP
and PACAP mediation of catecholamine secretion have been demonstrated in non-piscine
chromaffin cells (Misbuhuddin et al., 1988; Yamaguchi, 1993; Guo and Wakade, 1994;
Yon et al., 1994; Watanabe et al., 1995; Tanaka et al., 1996), their involvement in fish is

unresolved. Thus, the goal of the first component of the study was to determine whether
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the neuropeptides VIP and PACAP are able to directly stimulate the secretion of
catecholamines from the chromaffin tissue in rainbow trout.

A recent study (Montpetit and Perry, 1999; Chapter 3) demonstrated that blockade
of chromaffin cell cholinergic (nicotinic and muscarinic) receptors failed to completely
inhibit the neuronally induced secretion of adrenaline and noradrenaline in rainbow trout.
Consequently, the participation of unspecified non-cholinergic neurotransmitters was
suggested. Thus, a second goal of the present investigation was to assess the relative
contribution of cholinergic and non-cholinergic mechanisms in the control of
catecholamine secretion from trout chromaffin cells during neuronal stimulation and to
identify the contributing non-cholinergic neurotransmitters. This was accomplished by
comparing catecholamine secretion in the presence or absence of cholinergic or

VIP/PACAP receptor antagonists during neuronal stimulation of chromaffin tissue in situ.
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MATERIAL AND METHODS

Experimental Animals

Rainbow trout weighing between 250 and 350g were maintained under conditions
outlined in Chapter 2.
In situ saline-perfused posterior cardinal vein preparation

The posterior cardinal vein tissue was perfused as outlined in Chapter 2. After the
20-min stabilization period, a control pre-stimulation sample was collected in a pre-
weighed microcentrifuge tube to assess basal catecholamine secretion rate. After
collection of the pre-stimulation sample, a bolus injection of agonist or whole field body
electrical stimulation (as described in Chapter 2) was given to preparations in accordance
with the treatments described below. Agonists were delivered by a bolus injection
through a three-way valve connected to the inflow catheter. A period of 1 min was
allowed for the drug to be delivered to the chromaffin tissue before post-stimulation
samples were collected at 1, 2, 3, 4, and 5 min after intervention.
VIP- and PACAP- induced catecholamine secretion

Series 1: VIP and PACAP evoked catecholamine secretion. To characterize the
effects of exogenous ckVIP (chicken VIP, Peninsula Laboratories Inc., San Carlos, CA,
USA) and hPACAP-27 (PACAP-27-NH; human, ovine, rat, Peninsula Laboratories Inc.)
on catecholamine secretion, preparations were given a single bolus injection (final
volume, 0.3 ml) of VIP or PACAP-27, at doses ranging from 10" to 5X10® mol kg’
body mass (N = 6-10 for each dose). In these experiments, only adrenaline secretion was
significantly elevated over baseline levels and therefore only dose response curves for

ckVIP- and hPACAP-27-induced adrenaline secretion were constructed. Generally, peak
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secretion rates were obtained in the second or third minute after agonist administration.
Therefore, dose response curves for ckVIP or hPACAP-27-elicited adrenaline secretion
were constructed that expressed peak catecholamine secretion rates as a function of dose.
The doses of ckVIP and hPACAP-27 required to cause half-maximal release (EDso) were
calculated from Hill plots of log (% of maximal secretion / 100-% of maximal secretion)
versus log dose. Only those values falling between 5% and 95% were used.

Series 2: effects of VIP 6-28, PACAP 6-27, and cholinergic antagonists on VIP-
and PACAP-27-evoked catecholamine secretion. Experiments were performed to
evaluate the effects of ckVIP and hPACAP-27 on catecholamine secretion in the presence
or absence of VIP (VIP 6-28, Peninsula Laboratories), PACAP (PACAP 6-27, Peninsula
Laboratories Inc.), and cholinergic receptor (hexamethonium plus atropine (Sigma,
Oaksville, Ontario, Canada)) antagonists. VIP 6-28 and PACAP 6-27 were chosen on the
basis of their potent antagonism of VPAC (VIP and PACAP receptors) receptors
(Bodanszky et al., 1973; Fishbein et al, 1994) and PAC; (PACAP receptors)
(Robberecht et al., 1991; Gaspo et al., 1997), respectively. In a first experimental series,
different preparations were given a bolus injection (0.6 ml) of ckVIP (10"° mol kg™)
(N=6), a cocktail (0.6 ml) containing ckVIP (10" mol kg™'; 0.3 ml) plus VIP 6-28 (10°
M; 0.3ml) (N=6), a cocktail (0.6 ml) containing ckVIP (10" mol kg'; 0.3 ml) and a
mixture of hexamethonium (10° M) plus atropine (10° M) (0.3 ml) (N=6) or a cocktail
(0.6 ml) containing ckVIP (10" mol kg™; 0.3 ml) plus PACAP 6-27 (10 M; 0.3 ml)
(N=6). Similarly, in a second experimental series, preparations were given a bolus
injection (0.6 ml) containing hPACAP-27 (10" mol kg™') or hPACAP-27 (10"*° mol kg™;

0.3 ml) in combination with the antagonists described above (0.3 ml). In a third set of
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experiments, bolus injection (0.6 ml) of the VIP or PACAP-27 receptor antagonists, VIP
6-28 (10 M) and PACAP 6-27 (10 M), respectively, were administered to preparations
to confirm that they were not acting as peptidergic agonists. Each preparation received a
single injection.

Series 3: effects of cholinergic receptor antagonists, and of VIP 6-28 on
carbachol elicited catecholamine secretion. This series of experiments was performed to
confirm the specificity of the various drugs. Preparations were given a bolus injection
(0.3 ml) of either 10° mol kg™ carbachol (non-specific cholinergic receptor agonist;
Sigma) or carbachol in combination with a cocktail (0.3 ml) of hexamethonium (nicotinic
receptor antagonist, 10> M) plus atropine (muscarinic receptor antagonist; 10° M) (0.3
ml). Additionally, preparations were given a bolus injection of carbachol in combination
with VIP 6-28 (10° M).

Series 4: effects of Ca’*-free saline and internal Ca®* stores depletion on
nicotine and VIP elicited secretion of catecholamines. Owing to the requirement of Ca?*
in secretory processes, experiments were performed to ascertain the sources of Ca®* that
are recruited following cholinergic (nicotinic) and VIP stimulation of catecholamine
secretion. A single bolus injection (0.3 ml) of either 107 mol kg! nicotine (nicotinic
cholinergic receptor agonist; Sigma) or 10° mol kg' ckVIP was administered to
preparations prior perfused with control saline, Ca**-free saline, or saline containing

thapsigargin (10" M; internal Ca®" store releaser).
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Series 5: Contribution of cholinergic versus non-cholinergic neurotransmitters
on catecholamine secretion. To compare catecholamine secretion in the presence or
absence of cholinergic and non-cholinergic receptor antagonists during low and high
levels of neuronal activity, it was first necessary to establish frequency response curves.
Each preparation was given a single electrical stimulation (see above), at frequencies
ranging from O to 20 Hz.

This series of experiments was performed to determine the relative contribution of
cholinergic and non-cholinergic neurotransmitters on catecholamine secretion at different
levels of neuronal activity. To accomplish this, each preparation was electrically
stimulated (see above) only once at a low (1 Hz) or high (20 Hz) frequency of
stimulation, in the presence or absence of cholinergic and VIP receptor antagonists.
Preparations were perfused with control saline for 15-20 min, followed by a switch to
saline containing VIP 6-28 (10" M), prior to electrical stimulation. Given the observation
that PACAP 6-27 was without effect on either VIP- or PACAP-elicited adrenaline
secretion, only the effects of the VIP receptor antagonist, VIP 6-28, on catecholamine

secretion were evaluated.

Analytical Procedures

Determination of perfusate catecholamine levels was performed as outlined in

Chapter 2.
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Statistical analysis

The data are presented as means + 1 standard error of the mean (SEM). Where
appropriate, the data were analyzed statistically using one-way repeated measures
analysis of variance (ANOVA) followed by Dunnett’s test for multiple comparison to
pre-stimulation values. In other instances, a one-way ANOVA followed by Dunnett’s test
for multiple comparisons was performed; if the normality test failed, an ANOVA on
ranks was performed followed by Dunnett’s test for multiple comparisons. The fiducial
limits of significance were set at 5%. Significance of EDso values was determined by
calculating the 95% confidence intervals of the Hill plot regressions (SigmaPlot 4.0). All
statistical tests were performed using a commercial statistical software package

(SigmaStat, Jandel Scientific, version 2.03).
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RESULTS

Series 1: VIP and PACAP induced catecholamine secretion and dose response
curves. Figure 4.1 illustrates the temporal effects of bolus injections of ckVIP or
hPACAP-27 on catecholamine secretion. Significant increases in adrenaline secretion
were observed in response to exogenous ckVIP (Fig. 4.1A) and hPACAP-27 (Fig. 4.1B)
within 1 min of injection. The increases in adrenaline secretion caused by ckVIP and
hPACAP-27 were dose dependent (Fig. 4.2). EDsp values obtained from the dose
response curves revealed that exogenous ckVIP and hPACAP-27 stimulated adrenaline
secretion with similar potency. The EDs values for adrenaline secretion were 1.91X10™"
and 1.02X10"" mol kg’ for ckVIP and hPACAP-27, respectively. Noradrenaline
secretion was unaffected by either neuropeptide at all of the doses tested.

Series 2: effects of VIP 6-28, PACAP 6-27, and cholinergic receptor antagonists
on VIP- and PACAP-27- evoked adrenaline secretion. The addition of VIP 6-28 (VPAC
receptor antagonist) caused significant reductions in adrenaline secretion rates in
response to ckVIP (Fig. 4.3) or hPACAP-27 (Fig. 4.4), however PACAP 6-27 (PAC,
receptor antagonist) was without effect. Blockade of the cholinergic receptor (using
hexamethonium plus atropine) did not affect the ckVIP- or hPACAP-27 -evoked
secretion of adrenaline. VIP 6-28 or PACAP 6-27, alone, did not affect adrenaline

secretion (Figures 4.3 and 4.4).
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Figure 4.1 In situ adrenaline (black columns) and noradrenaline (unfilled columns)
secretion rates in response to bolus injections of A) VIP (10° mol kg*; N = 6) and B)
PACAP-27 (107" mol kg"; N = 6). Values are shown as means £ 1 SEM. An asterisk

denotes a significant difference from the pre-stimulation (Pre) value (P<0.05).
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Figure 4.2 In situ peak adrenaline (black columns) and noradrenaline (unfilled columns)
secretion rates in response to bolus injections of A) VIP and B) PACAP-27. Values are
shown as means + 1 SEM, (N = 6-10 different fish for each dose administered). An
asterisk denotes a significant difference in peak secretion when compared to the saline
injected group (P<0.05). Inserts, doses of ckVIP (A) and hPACAP-27 (B) required to
cause half-maximal release (EDso) were calculated from Hill plots that expressed (log [%
of maximal secretion / 100- % of maximal secretion] versus log dose). The regression
equations and EDso’s are: for VIP, y=0.298x + 3.11, r=0.98, EDs;= 1.90*10""! mol kg'';

for PACAP, y= 0.5666x + 6.23, 1=0.99, EDso=1.03*10""! mol kg™
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Figure 4.3 The effects of bolus injections of VIP (10'9 mol kg'l, blqck column, N=6), and
VIP (10® mol kg™) in combination with hexamethonium (Hex) (10° M) plus atropine
(At) (10° M) (gray column, N = 6), PACAP 6-27 (10 M) (cross hatched column, N =
6), or VIP6-28 (10°® M) (hatched column, N = 6) on in situ adrenaline secretion rétes. In
addition, the effects of bolus injections of VIP 6-28 (10 M) (unfilled column, N = 6)
alone was evaluated. Values are shown as means £ 1 SEM. An asterisk denotes a

significant difference with pre-stimulation (Pre) value (P<0.05).
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Figure 4.4 The effects of bolus injections of PACAP-27 (10™"° mol kg™ (black column,
N=6), and PACAP-27 (10" mol kg™) in combination with hexamethonium (Hex) plus
atropine (4#r) (gray column, N=6), PACAP6-27 (10® M) (crossed hatched column,
N=6), or VIP6-28 (10° M) (hatched column, N=6) on in situ adrenaline secretion rates.
In addition, the effects of bolus injections of PACAP6-27 (10 M) (unfilled column,
N=6) alone was evaluated. Values are shown as means + 1 SEM. An asterisk denotes a

significant difference with pre-stimulation (Pre) values (P<0.05).
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Series 3: effects of cholinergic receptor antagonists and of VIP 6-28 on
carbachol-elicited  catecholamine secretion. Carbachol-evoked adrenaline and
noradrenaline secretion in the presence of a cocktail of hexamethonium and atropine was
markedly diminished (Fig. 4.5). Because PACAP 6-27 had no effect on ckVIP- and
hPACAP-27-elicited release, only the effect of VIP 6-28 on carbachol-evoked release
was evaluated; VIP 6-28 did not alter the cholinergic secretion of either catecholamine

(Fig. 4.5).

Series 4: effects of Ca’*~free saline and internal Ca®* stores depletion on nicotine
and VIP elicited secretion of catecholamines. Nicotine-evoked adrenaline and
noradrenaline was prevented with the removal of Ca?* from the perfusion media (Fig.
4.6). Prior treatment with thapsigargin, did not alter catecholamine secretion in response
to nicotinic receptor stimulation (Fig. 4.6). On the other hand, while pre treatment with
Ca® free saline did not alter adrenaline secretion in response to ckVIP, depletion of

internal Ca®* stores prevented it (Fig. 4.7).
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Figure 4.5 The effects of bolus injections of carbachol (10° mol kg, black columns,
N=6), and carbachol (10~ mol kg') in combination with VIP 6-28 (10° M) (gray
columns, N=6) or hexamethonium (Hex) (10 M) plus atropine (4#r) (10° M) (unfilled
columns, N=6), on in situ (A) noradrenaline and (B) adrenaline secretion rates. Values

are shown as means = 1 SEM. An asterisk denotes a significant difference from pre-

stimulation (Pre) values (P<0.05).
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Figure 4.6 Maximal adrenaline (unfilled bars) and noradrenaline (filled bars) secretion
rates in response to an injection of nicotine (10”7 mol kg™') following 20 min pre-
perfusion with control saline (N=6), Ca’*-free saline (N=6) or saline containing
thapsigargin (10° M; N=6). The pre-value (Pre) represents catecholamine secretion rates
prior to the injection of nicotine. Values are shown as means + 1 SEM. An asterisk

denotes a significant difference with pre-stimulation (Pre) value (P<0.05).
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Figure 4.7 Maximal adrenaline (unfilled bars) and noradrenaline (filled bars) secretion
rates in response to an injection of ckVIP (10® mol kg™) following 20 min pre-perfusion
with control saline (N=6), Ca**-free saline (N=6) or saline containing thapsigargin (10°
M; N=6). The pre-value (Pre) represents catecholamine secretion rates prior to the
injection of nicotine. Values are shown as means £ 1 SEM. An asterisk denotes a

significant difference with pre-stimulation (Pre) value (P<0.05).
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Series 5: Contribution of cholinergic versus non-cholinergic neurotransmitters on
catecholamine secretion. Catecholamine secretion during field stimulation, in situ, was
frequency dependent (Fig. 4.8). Significant elevation of the rate of adrenaline and
noradrenaline secretion occurred at 1 Hz and reached a maximum at 10 Hz. Given that 1
Hz elicited significant increases in catecholamine secretion and that 20 Hz induced
maximal secretion, these frequencies were chosen for subsequent experiments to evaluate
the relative contribution of non-cholinergic neurotransmitters during high and low levels
of neuronal activity.

To evaluate the involvement of cholinergic and non-cholinergic neurotransmitters
at different levels of neuronal activity, preparations were stimulated at low (1 Hz) or high
(20 Hz) frequencies in the presence or absence of cholinergic receptor blockade (using
hexamethonium plus atropine) or VPAC receptor blockade (using VIP 6-28) (Fig. 4.9).
Given the inability of PACAP 6-27 to reduce the VIP- and PACAP-elicited adrenaline
secretion, only VIP 6-28 was used in this series of experiments. During stimulation
carried out at 1 Hz, noradrenaline secretion was significantly reduced in preparations
perfused with’ saline containing hexamethonium plus atropine. In preparations perfused
with saline containing VIP 6-28, both the rate of noradrenaline and adrenaline secretion
was significantly reduced. At 20 Hz, the rate noradrenaline and adrenaline secretion were
significantly reduced in preparations perfused with saline containing hexamethonium plus

atropine. In preparations perfused with saline containing VIP 6-28, secretion of both

catecholamines was unaffected.
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Figure 4.8 Frequency/response curve for adrenaline (filled circles) and noradrenaline
(unfilled circles) secretion rates. Each preparation was stimulated at different frequencies
(Hz, Hertz) of stimulation for a period of 30 s at 60V and for 1msec. Values are shown as
means + 1 SEM (N=6 fish for each frequency). An asterisk denotes a significant

difference with non-stimulated values (0V) (P<0.05).
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Figure 4.9 The effects of pre-treatment with saline (N=6, unfilled columns), saline
containing hexamethonium (10 M) plus atropine (10° M) (N=6, black columns), or
saline containing VIP 6-28 (10 M) (N=6, gray columns) on in situ (A) noradrenaline
and (B) adrenaline secretion rates in response to low (1 Hz) and high (20 Hz) freqﬁencies
of stimulation. Values are shown as means £ 1 SEM. An asterisk denotes a significant
difference with the pre-stimulation (Pre) values (P<0.05); a cross denotes a significant

difference with the control saline treated group (P<0.05).
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DISCUSSION

In fish, the neuropeptides VIP and PACAP are found throughout the central and
peripheral nervous systems. VIP and PACAP have been implicated as neurotransmitters
or neuromodulators in the control of various physiological processes including
cardiovascular function, respiration, digestion and glandular secretions (Holmgren, 1985;
Dimaline et al., 1987; Aldman and Holmgren, 1992; Holmgren, 1995; Wong et al., 1998).
On the basis of the results of the present investigation, a role for VIP and/or PACAP can
be extended to the regulation of catecholamine secretion from chromaffin cells in the
rainbow trout.

Direct effects of exogenous VIP and PACAP on in situ catecholamine secretion.

The ability of the neuropeptides VIP and PACAP to directly stimulate the
secretion of adrenaline from piscine chromaffin cells is reported for the first time. In
agreement with prior studies using non-piscine vertebrates (Misbahuddin et al., 1988;
Wakade et al,, 1991; Isobe et al., 1993; Guo and Wakade, 1994; Yon et al, 1994;
Watanabe et al., 1995), bolus injections of VIP or PACAP caused a dose-dependent
release of adrenaline from the chromaffin tissue associated with the posterior cardinal
vein. The EDso values for ckVIP and hPACAP-27 showed that both neuropeptides were
able to stimulate adrenaline secretion with a similar degree of potency. The results also
indicated that the increase in adrenaline secretion in response to VIP or PACAP was
significantly reduced by the VPAC receptor antagonist, VIP 6-28, but unaffected by the
PAC; receptor antagonist, PACAP 6-27, or the cholinergic receptor antagonists,

hexamethonium and atropine. Thus, the results of this study suggest that the neuronal



control of trout chromaffin cell activity may include both cholinergic and peptidergic
components (see below).

In agreement with prior studies conducted in several teleosts including rainbow
trout, American eel, Atlantic cod, and the common carp (Nilsson et al., 1976; Fritsche et
al., 1993; Reid and Perry, 1995b; Al-Kharrat et al., 1997; Gfell et al., 1997, Montpetit
and Perry, 1999), the carbachol-evoked elevation of adrenaline and noradrenaline
secretion was significantly reduced in the presence of hexamethonium (nicotinic receptor
antagonist) and atropine (muscarinic receptor antagonists). Because cholinoceptor
blockade did not affect ckVIP- or hPACAP-27-evoked adrenaline secretion, it was clear
that the effects of the neuropeptides on trout chromaffin cells occur independently of
cholinergic stimulation. Moreover, the observation that the VPAC receptor antagonist,
VIP 6-28, significantly attenuated the ckVIP- and hPACAP-27-elicited secretion of
adrenaline indicates that these neuropeptides specifically stimulate VPAC receptors. In
accordance with prior studies, the secretory profile during cholinergic stimulation
includes the release of both adrenaline and noradrenaline (Fritsche et al., 1993; Montpetit
and Perry, 1999). VIP and PACAP, however preferentially stimulated the secretion of
adrenaline (see also Guo and Wakade, 1994). These findings imply that the variations in
the secretion of adrenaline and noradrenaline in response to Ach and VIP/PACAP may
not reflect their potency but their ability to specifically stimulate adrenaline- versus
noradrenaline-containing chromaffin cells.

In the present study, PACAP-27 and VIP were equipotent in stimulating
adrenaline secretion. This is in marked contrast to the situation in non-piscine chromaffin

cells where PACAP is 1000 times more potent than VIP (Wakade et al., 1991; Watanabe
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et al., 1992; Isobe et al., 1993; Guo and Wakade, 1994; Watanabe et al., 1995). It has
been previously demonstrated in fish and higher vertebrates, that two different types of
receptors may mediate the biological effects of VIP and PACAP. PAC, receptors have a
much greater affinity for PACAP (1000 times) than VIP, whereas the VPAC receptors
bind VIP and PACAP with similar affinity (Chow, 1997, Wei et al., 1998; Wong et al.,
1998). In mammals, the adrenal medulla exhibits a pronounced expression of the PAC,
receptor, while the VPAC receptor is undetectable (Watanabe et al., 1992; Spengler et al.,
1993), or expressed at much lower levels. Moreover, pharmacological approaches have
revealed that the VIP and PACAP mediated effects on catecholamine release from
adrenomedullary chromaffin cells occurs through activation of PAC, receptors. Yet,
given the fact that both VIP and PACAP elicited the secretion of adrenaline with
equipotency, and that the VPAC receptor antagonist (VIP6-28) reduced secretion in
response to both neuropeptides, it appears that in rainbow trout, the VIP and PACAP
elicited secretion of adrenaline may be mediated by VPAC type receptors. Although Reid
et al. (1995) identified VIP- and PACAP-immunoreactive like substances in nerve fibers
in the vicinity of piscine chromaffin tissue, it is unclear as to which one or both of these
neuropeptides play a role in catecholamine secretion. However, given the inability of the
specific PAC; receptors antagonist (PACAP 6-27) to reduce adrenaline secretion in
response to VIP and PACAP, it is possible that VIP, rather than PACAP, is responsible
for the non-cholinergic component of the neuronal regulation of adrenaline secretion
from trout chromaffin cells.

The precise mechanisms underlying the initiation of catecholamine secretion by

VIP/PACAP from trout chromaffin cells are not known. However, owing to the specific
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requirement of Ca in the secretory process (Burgoyne et al., 1993; Furimsky et al.,
1996), pathways for increasing intracellular Ca®* are likely responsible. VIP and PACAP
receptors belong to a seven transmembrane spanning domain G-protein coupled receptor
superfamily and are coupled to adenylyl cyclase and phospholipase C (Ishihara et al.,
1992; Lutz et al., 1993; Spengler et al., 1993; Wong et al., 1998). Indeed, in non-piscine
chromaffin cells, VIP or PACAP receptor stimulation is associated with an elevation of
cAMP, inositol 1,4,5-trisphosphate and diacylglycerol, which are believed to promote the
entry of extracellular Ca** as well as stimulating the release of Ca** from intracellular
stores (Malhotra et al., 1989; Isobe et al., 1993; Przywara et al., 1996; Tanaka et al.,
1996). The ability of VIP to elicit the secretion of adrenaline in fish perfused with Ca*'-
free saline, together with the inability of the chromaffin cells to secrete adrenaline
following depletion of internal calcium stores is consistent with the recruitment of Ca?*
from intracellular stores.

The use of heterologous peptides in this study may explain some of the inter-
species differences in the degree of potency of VIP and PACAP in stimulating adrenaline
secretion from chromaffin cells. This is unlikely, however, because the amino acid
sequence of different vertebrate VIP’s has been strongly conserved and most substitutions
are conservative suggesting that the evolutionary pressure to conserve the VIP molecule
has been strong. Indeed, in trout, the VIP amino acid sequence differs from the cod,
dogfish, porcine and chicken VIP’s at the 3, 6, 4, and 1 positions, respectively (Nilsson,
1975; Dimaline et al., 1987; Thwaites et al., 1989; Holmgren and Jensen, 1994; Wang
and Conlon, 1995). While the trout PACAP amino acid sequenCt’a has not been analyzed,

PACAP’s throughout other vertebrates (rat, sheep, mouse, human, amphibian, chicken,
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and teleost fish) also share a high degree of sequence similarity (Wong et al., 1998).
Additionally, PACAP shares 66-68% sequence similarity with VIP. In mammalian and
fish species, these structural differences appear to have little effect on their biological
functions. Indeed, porcine, cod, and dogfish VIP were equipotent in stimulating amylase
secretion and displacement of radioligand from guinea pig pancreatic acini (Dimaline et
al, 1987). Moreover, porcine VIP was able to inhibit cholecystokinin-induced gall
bladder contraction in trout (Aldman and Holmgren, 1992) and to relax smooth muscle in
the rectum and swim bladder in the cod (Lundin and Holmgren, 1984). Similarly,
different forms of PACAP (frog, zebrafish, and ovine) were able to stimulate growth
hormone secretion with more or less similar potencies from goldfish pituitary cells

(Wong et al., 1998).

Relative contribution of cholinergic and non-cholinergic neurotransmitters in the
neuronal control of catecholamine secretion.

The differential participation of cholinergic and peptidergic neurotransmitters in
the neural control of catecholamine secretion in response to different levels of
preganglionic nerve activity has been reported for mammals (Malhotra and Wakade,
1987, Wakade et al, 1991; Guo and Wakade, 1994). In agreement with those
investigations, the present study demonstrated that cholinergic stimulation predominated
during high frequencies of electrical stimulation while the non-cholinergic component
prevailed at low frequencies of stimulation.

In addition to assessing the relative contribution of cholinergic and non-

cholinergic neurotransmitters in the neural control of catecholamine secretion from trout
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chromaffin cells, this study has identified a non-cholinergic component. The observed
reduction in catecholamine secretion during low frequency stimulation in preparations
previously treated with the VIP receptor antagonist, VIP 6-28, strongly suggests the
participation of the neuropeptides, VIP and/or PACAP. The reduction in noradrenaline
secretion was, however, unexpected given the predominant effect of VIP and PACAP on
adrenaline secretion. It is clear that cholinergic stimulation, although less prevalent,
participates at low frequencies of stimulation with respect to noradrenaline secretion.
Based on these results, direct VIP receptor stimulation may interact with cholinergic
pathways to regulate noradrenaline secretion from trout chromaffin cells. The precise
mechanisms of this interaction remain unknown. To conclusively determine the relative
involvement of VIP and PACAP, future studies need to identify which peptides are
secreted from the preganglionic nerve terminals during electrical stimulation of these
nerves.

Overall, the results of the present investigation demonstrate that the neuronal
control of catecholamine secretion in teleost fish may not be confined to cholinergic-
evoked events. Indeed, the results suggest that VIP and/or PACAP may act as
neurotransmitters and be directly involved in the neuronal stimulation of adrenaline
secretion from piscine chromaffin cells, especially at low levels of neuronal activity.
Furthermore, the fact that the VIP receptor antagonist (VIP 6-28) greatly reduced
adrenaline secretion in response to both VIP and PACAP, together with the observation
that both neuropeptides stimulated the secretion of adrenaline with similar potencies,
suggest that the VIP- and PACAP-evoked secretion was mediated by VPAC type

receptors. This is in marked contrast to the situation in non-piscine chromaffin cells in
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which PACAP rather than VIP is believed to be more important in mediating the

neuronal non-cholinergic component to adrenaline secretion.



99
CHAPTER 5

LOCALISATION AND CHARACTERISATION OF VASOACTIVE
INTESTINAL POLYPEPTIDE (VIP) RECEPTORS IN
CHROMAFFIN CELLS OF THE RAINBOW TROUT

(Oncorhynchus mykiss)

(Based in part on Montpetit CJ and Perry SF. 2002. Journal of Experimental
Biology, Submitted)
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INTRODUCTION

Vasoactive intestinal polypeptide (VIP) and pituitary adenylate cyclase activating
polypeptide (PACAP) are members of a superfamily of structurally related peptide
hormones that include glucagon, glucagon-like peptides, secretin, and growth hormone
releasing-hormone (Harmar et al., 1998). Since their discoveries (Said and Mutt, 1972;
Miyata et al., 1989), VIP and PACAP have been implicated as neurotransmitters in
various physiological processes including cardiovascular function, respiration, digestion
and glandular secretions (reviewed by Nilsson and Holmgren, 1994; Harmar et al., 1998).
Recently, nerve fibres exhibiting immunoreactivity to VIP and PACAP were identified in
the vicinity of the chromaffin tissue of fish including Gadus morhua, Oncorhynchus
mykiss, Anguilla anguilla, and Squalus acanthias (Reid et al., 1995).

Catecholamines that are secreted into the circulation are stored in separate
populations of adrenaline- and noradrenaline-chromaffin cells, but unlike in mammals,
the chromaffin cells of fish are not organised into a distinct adrenal gland (reviewed by
Reid et al., 1998). In teleost fish, chromaffin cells line the walls of the posterior cardinal
vein (PCV). Because VIP and PACAP can evoke the secretion of adrenaline from in situ
saline perfused PCV preparations of trout (Montpetit and Perry, 1999 & 2000), it is
conceivable that the neuronal control of catecholamine release in fish may include VIP
and/or PACAP in addition to acetylcholine (Ach). In contrast to mammals, the effects of
VIP and PACAP appear to be mediated by VPAC type receptors in rainbow trout
(Montpetit and Perry, 2000). In mammalian and amphibian adrenal chromaffin cells,
PAC; receptors are thought to mediate the stimulatory effects of VIP and PACAP on

catecholamine secretion (Vaudry et al., 2000).
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In fish, the secretory profile of catecholamines during cholinergic stimulation of
chromaffin tissue features the release of both adrenaline and noradrenaline (Nilsson et al.,
1976; Fritsche et al., 1993; Reid and Perry, 1995; Al-Kharrat et al., 1997; Gfell et al.,
1997; Montpetit and Perry, 1999). In contrast, however, administration of a range of VIP
and PACAP doses selectively causes the release of adrenaline from the chromaffin cells
of all vertebrate species studied to date (Guo and Wakade, 1994; Montpetit and Perry,
2000). These findings suggest that the variations in the secretion of adrenaline and
noradrenaline in response to acetylcholine and VIP/PACAP may reflect their ability to
specifically stimulate adrenaline- versus noradrenaline-containing chromaffin cells.
Thus, the goal of the present study was to determine whether VIP binding sites were
present on rainbow trout chromaffin cells and if they exhibited a differential spatial
localization among different chromaffin cell subtypes. This was achieved using a

combination of fluorescent histochemical techniques and pharmacological approaches.
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MATERIALS AND METHODS

Experimental animals

Rainbow trout weighing between 250 and 350g were obtained and maintained

under conditions outlined in Chapter 2.

Fluorescent histochemistry
Loacalization of chromaffin cells and VIP binding sites within the PCV tissue

Posterior cardinal veins, in the anterior region of the head kidney, were dissected
and collected in 0.1 M phosphate-buffered saline (PBS; adjusted to pH 7.2). To identify
the catecholamine containing cell fraction of the PCV, the aldehyde-induced green
fluorescence of catecholamines method (Furness et al,, 1977; Lacoste et al., 2001) was
used. Each PCV was cut into 5 mm pieces and incubated for 24 h at 4° C in a solution of
4% paraformaldehyde and 0.55% glutaraldehyde (prepared in PBS). Tissues were
washed with PBS and cryoprotected by immersion in a series of PBS solutions containing
5, 10, 15 and 20% sucrose (wt/vol) for 1 h each. Tissues were embedded in Cryomatrix
(OCT-compound, Shandon, Pittsburgh, PA) and quick-frozen in liquid N,. Cross
sections (10 um) were prepared using a cryostat, cooled to -17° C, and thaw-mounted on
poly-L-lysine coated slides. Following rehydration in PBS (3 X 5 min), stained cells
were visualized in the PCV sections using fluorescence microscopy (see below). Other
sections were kept in the dark at -20° C until needed for immunostaining of enzymes
known to be involved in the biosynthesis of catecholamines.

Characterisation of chromaffin cells was confirmed by immunolabelling of

dopamine $-hydroxylase (DBH) using the methods of Bernier et al. (1997). Following
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rehydration in PBS, sections were incubated with 5% bovine serum albumin (BSA; ICN
Biomedical, Aurora, OH) in PBS for 1 h. Sections were then incubated for 12 h with
anti-dopamine. B-hydroxylase (DBH; mouse monoclonal anti-DBH; dilution 1:500;
Chemicon), and further incubated for 2 h with the Cy3-conjugated donkey anti-mouse
secondary antibody (dilution 1:400; Jackson Immunoresearch Laboratories, West Grove,
PA). Sections were then examined after a final rinse in PBS (3 X 5 min).

To determine whether VIP-binding sites were differentially distributed amongst
the different chromaffin cell subtypes, sections were triple labelled for DBH (an enzyme
found in all chromaffin cells), phenylethanolamine N-methyltransferase (PNMT; an
enzyme found only in adrenaline-containing cells) and VIP-binding sites, according to
the protocols described below. Following rehydration in PBS (3 X 5 min), sections were
reduced in NaBH; (3 X 5 min) to decrease autofluorescence and immunolabelled for
DpH as described above. Sections were then incubated in rabbit polyclonal anti-bovine
PNMT (dilution 1:100; ProtosTech International, New York) and fluorescein
isothyocyanate (FITC)-conjugated donkey anti-rabbit secondary antibody (dilution 1:200;
Jackson Immunoresearch Laboratories, West Grove, PA) using the same protocol as for
DBH immunolabelling.

To visualise VIP binding sites within the PCV, tissue sections (previously
immunostained for DBH and PNMT) were incubated with a solution of biotinylated hVIP
(2.58 X 10° M biotinyl-VIP human, porcine, rat; Peninsula Laboratories Inc.) for 2 h and
further incubated with Cascade blue-conjugated streptavidin (dilution 1:500; Jackson
Immunoresearch Laboratories, West Grove, PA) for an additional 2 h. Stained cells were

then visualised in the PCV tissues using fluorescence microscopy.
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Receptor pharmacology

These experiments were performed to evaluate the pharmacological properties of
the VIP binding sites. Sections were reduced in NaBH4 (3 X S min). VIP binding sites
(assumed to be PAC; or VPAC receptors) were then saturated by incubating sections with
solutions containing excess VIP receptor agonist ckVIP (10° M chicken VIP; Peninsula
Laboratories Inc.), VIP receptor antagonist hVIP-6-28 (10° M humanVIP6-28 Peninsula
Laboratories Inc.), PACAP receptor agonist hPACAP-27 (10° M human PACAP-27;
Peninsula Laboratories Inc.) or the PACAP receptor antagonist hPACAP6-27 (10° M
human PACAP6-27; Peninsula Laboratories Inc.) for 2 h each prior to incubation with
biotynilated-VIP probe (described above). To visualise binding of the probe, sections
were then incubated with DTAF (dichlorotriazinyl aminofluorescein)-conjugated
streptavidin (dilution 1:500; Jackson Immunoresearch Laboratories, West Grove, PA) as
described earlier. In control experiments, tissue sections were incubated for 2 h with PBS

prior to labelling of VIP binding sites.

Control and specificity experiments

For the aldehyde induced fluorescence of catecholamines, sections reduced in
NaBH,; (3 X Smin) served as a methodological control. Heart tissue (lacking chromaffin
cells) processed for the aldehyde induced-green fluorescence of catecholamines served as
a negative control. Specificity of primary antibodies was demonstrated previously (Reid
et al., 1995; Lacoste et al., 2001) but was confirmed in the present study by omission of

the primary antibody. To distinguish specific from non-specific binding of biotinyi-
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hVIP, VIP receptors were saturated with an excess of unlabelled ckVIP (10° M chicken
VIP; Peninsula Laboratories Inc.) for 2 h prior to the addition of biotinyl-hVIP.
Background fluorescence was determined by replacing the primary antibodies and

fluorescent probes with PBS.

Fluorescence microscopy

All incubations were performed in a moist sealed chamber at room temperature
(~20° C), consistently using 50-pl aliquots of the various solutions. Sections were
mounted using 30ul of Vectashield mounting medium with or without the nucleic acid
dye DAPI (4,6-diamidino-2-phenlidole; Vector Laboratories, Inc., Burmingham, CA). To
preserve the slides, coverslips were sealed with nail polish and stored at —20° C. The
PBS, NaBH,, and BSA solutions were freshly prepared before use.

Tissue sections were visualised with a Zeiss Axiophot photomicroscope with
appropriate filters using X10 Phl, X16 Ph2, or X40 Ph2 Plan Neofluar objectives.
Photographs were taken using Kodak MAX is0400-color 35mm film. The negatives were
developed by a local processing centre and the images were processed using a negative

scanner (SprintScan 35, Polaroid) and Paint Shop Pro software (version 5.01; JASC

Software Inc.).

Determination of catecholamine stores
Measurements were performed to confirm the presence of stored catecholamines
in the PCV tissue. The PCV of different fish was separated from the surrounding kidney

tissue and both the vein and the kidney were divided into thirds (anterior, middle, and
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posterior for each). The various tissues were placed into pre-weighed micro-centrifuge
tubes (1.5 mL), frozen in liquid Ny, and stored at -80° C until subsequent determination of
catecholamine levels. The tissues were then thawed and washed with 1 mL of Cortland
saline (Wolf, 1963). After removing the salitie by aspiration, the tubes were reweighed to
determine tissue weights. Aliquots (1 mL) of 4% perchloric acid containing 2 mg mL"
EDTA and 0.5 mg mi" sodium bisulphite were added to each tube (Nilsson 1989), and
samples were homogenised with a micro-ultrasonic cell disrupter. The supernatant was
diluted 100-fold with a 4% perchloric acid solution containing EDTA and sodium

bisulphite (as above) and analysed for catecholamine levels (see below).

In situ saline perfused posterior cardinal vein preparation

The bioactivity of the biotinylated-VIP probe was tested using an in sifu saline
perfused PCV previously described by Montpetit and Perry (2000). The posterior cardinal
vein tissue was perfused as outlined in Chapter 2. After the 20-min stabilisation period, a
control (pre-treatment) sample was collected in pre-weighed micro-centrifﬁge tube to
assess basal catecholamine secretion rate. After collection of the pre-sample, a single
bolus injection of biotinylated-hVIP (2.58 X 10 M; final volume 0.3 ml) was delivered
through a three-way valve connected to the inflow catheter. A period of 1 min was
allowed for the drug to be delivered to the chromaffin tissue before post-samples were

collected in pre-weighed tubes. In total, five post-samples were collected 1, 2, 3, 4 and 5

min after intervention.
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Determination of perfusate and tissue catecholamine levels

Perfusate and tissue adrenaline and noradrenaline levels were determined by

HPLC as outlined in Chapter 2.

Statistical analysis

The data are presented as the mean + 1 standard error of the mean (SEM). Where
appropriate, the data were statistically analysed by a two-way repeated measures
ANOVA followed by Dunnett's test for comparison with pre-stimulation values. The
fiducial limits of significance were set at 5%. All statistical tests were performed using a

commercial statistical software package (SigmaStat version 2.03).
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RESULTS
Catecholamine fluorescence histochemistry

The chromaffin cell-containing fraction of the PCV was identified using the
aldehyde-induced green fluorescence that is characteristic of catecholamines (Fig. 5.1A-
C). This was achieved by comparing the fluorescent labelling of nucleic acids with that
of catecholamines. The pattern of labelling revealed a distinct layer of catecholamine-
containing cells lining the wall of the PCV in the immediate vicinity of the lumen. Most
of these chromaffin cells formed aggregates in this area, with fewer chromaffin cells
lying outside of these clusters. In other sections, PCV tissue was double labelled using
the aldehyde-induced fluorescence of catecholamines and immunostaining for DBH (Fig.
5.1D-E). Co-localisation of catecholamine-céntaining and DBH-positive cells confirmed
that there was a high density of chromaffin cells adjacent to the lumen of the PCV. The
presence of chromaffin cells was also verified by measuring tissue catecholamine content
in the PCV and surrounding kidney tissue (Fig. 5.2). While low concentrations of
catecholamines were detected in the kidney tissue, high levels were measured in the PCV,
with the highest concentration being located in the anterior region. Adrenaline was the
predominate catecholamine stored in the PCV.

Multiple labelling experiments revealed that only a small number of DBH -
positive cells were immunonegative for PNMT (Fig. 5.3). This finding indicates that in
the chromaffin tissue of trout, there are relatively few numbers of cells containing only
noradrenaline. Labelling with the biotinylated-VIP probe revealed that all DBH-positive

(chromaffin) cells appeared to possess VIP binding sites. The pattern of labelling of VIP,
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Figure 5.1. Identification and localisation of chromaffin cells within the posterior
cardinal vein (PCV) tissue of rainbow trout based on the double labelling of
A) nucleic acids and B) catecholamines or the double labelling of D)
catecholamines and E) DBH. Panel C is an overlay image of the sections
shown in A & B (nucleic acids and catecholamines appear in red and
green/yellow, respectively). Panel F is an overlay image of the sections
shown in D & E (catecholamines and DBH appear in green and red,
respectively; yellow indicates co-localisation of catecholamines and DBH).
Note that the labelling patterns for catecholamines and DPH are identical.

Bars D-F, 100 um; Bars A-C, 50 pm.



Figure 5.1
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Figure 5.2. Mean tissue concentrations (ug catecholamine g™ tissue) of noradrenaline
(open columns) and adrenaline (filled columns) in rainbow trout (N = 6). Values are
shown as means = 1 SEM. Abbreviations: APCV-anterior posterior cardinal vein,
MPCV-middle posterior cardinal vein, and PPCV-posterior posterior cardinal veiﬁ; AK-

anterior kidney, MK-middle kidney, and PK-posterior kidney.
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Figure 5.3. Localisation of VIP binding sites to the chromaffin cell subtypes in the PCV

of rainbow trout using triple labelling,

A) DBH-immunoreactive cells (mouse anti- DBH). B) PNMT-immunoreactive

cells (rabbit anti-bovine PNMT). C) Labelling of VIP-binding sites.

D) Overlay image of the sections shown in A & B (DBH and PNMT positive
cells); the PNMT-negative cells are indicated by arrows. E) Overlay image of
the sections shown in A & C (DBH and VIP labelling). F) Overlay image of
the sections shown in B & C (PNMT and VIP labelling); the PNMT-negative
cells are indicated by arrows. Yellow/bright orange colour indicates co-
localisation. Note that only a few of the DBH- labelled cells were negative for
PNMT thus indicating only a small number of noradrenaline-containing cells.
Moreover, the pattern of VIP binding was identical to that of DBH indicating

that all chromaffin cells possess VIP binding sites. Bars A-F, 150pm.



Figure 5.3
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however, demonstrated that VIP binding sites were present on both PNMT-positive
(adrenaline-containing) and negative (noradrenaline-containing) chromaffin cells.

Control tissue sections exhibited dull non-specific autofluorescence in comparison
to the bright specific fluorescence illustrated in Figs. 5.1 and 5.3. Excess unlabeled
ckVIP eliminated the specific fluorescence obtained using the streptavidin-biotinylated
VIP probe complex on chromaffin cells (see below). Incubation of sections without
primary antisera did not produce any specific labelling.

To confirm that the biotinylated VIP probe was indeed binding to VIP receptors,
its bioactivity was tested using an in sifu saline perfused PCV preparation.  Bolus
injection of biotinylated VIP caused a significant increase in the rate of secretion of
adrenaline; noradrenaline secretion was unaffected (Fig. 5.4). Administration of saline

did not cause the release of either catecholamine.

Pharmacological assessment of VIP binding sites

To pharmacologically assess the chromaffin cell VIP-binding sites, sections of the
PCV were treated with non-conjugated VPAC and PAC, receptor agonists/antagonists
prior to incubation with biotinylated-VIP for visualisation of binding sites (Fig. 5.5).
While prior treatment with the VIP receptor agonist, ckVIP, the VIP receptor antagonist
VIP6-28, and the PACAP receptor agonist, hPACAP-27, eliminated the fluorescence
obtained with the DTAF-conjugated streptavidin- biotinylated-VIP complex, treatment
with the PACAP receptor antagonist, PACAP6-27, was without effect on the binding of

the biotinylated-VIP probe.
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Figure 5.4. Secretion rates of adrenaline (filled columns) and noradrenaline (unfilled
columns) in response to a bolus injection of saline (inset; N = 6) or
biotinylated-VIP (10® mol kg; N = 6) using an in situ PCV preparation of
rainbow trout. Values are shown as means £ S.EEM. An asterisk denotes a

significant difference from the pre-stimulation (Pre) value (P<0.05).
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Figure 5.5. Pharmacological assessment of the VIP binding sites. A-E, labelling of VIP
binding sites following treatment with different VPAC and PAC receptor agonists and
antagonists. A) Control, labelling of VIP binding sites. B) Labelling of VIP binding sites
following treatment with ckVIP. C) Labelling of VIP binding sites following treatment
with VIP receptor antagonist, VIP6-28. D) Labelling of VIP binding sites following
treatment with PACAP-27. E) Labelling of VIP binding sites following treatment with

PAC, receptor antagonist, PACAP6-27. Bars A-E, 150 pm.
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Figure 5.5
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DISCUSSION

In a previous study, we demonstrated that VIP and PACAP were able to directly
elicit the secretion of adrenaline from trout chromaffin cells (Montpetit and Perry, 2000).
The results of that study suggested that VIP- or PACAP-evoked catecholamine secretion
was being mediated by VPAC type receptors. The present study, using fluorescent
histochemical techniques, extends these findings by showing that VIP receptors are
specifically localised to chromaffin cells concentrated around the lumen of the posterior
cardinal vein (PCV). The presence of VIP and PACAP binding sites in defined pathways
in the central and peripheral nervous systems have been previously demonstrated in
-higher vertebrates (Vertongen et al., 1997; Becker et al., 2000; Vaudry et al., 2000). In
the present study, the identification of specific VIP binding sites on chromaffin cells is
reported for the first time.

In fhis study, different forms of VIP were used to visualise and characterise
receptors. The primary sequences of VIPs throughout vertebrates share considerable
sequence similarity with only minor amino acid changes having been reported. Indeed,
the VIP amino acid sequence of fish (dogfish, trout and cod), amphibians, reptiles, and
birds differs from the mammalian VIP at 4 to 5 positions (Nilsson, 1975; Dimaline et al.,
1987; Thwaites et al., 1989; Holmgren and Jensen, 1994; Wang and Conlon, 1995).
Results indicate that species variations of VIP and PACAP involve conservative
substitutions that do not affect the biological activities of the peptides (Lundin and
Holmgren 1984; Dimaline et al., 1987; Aldman and Holmgren 1992; Wong et al., 1998;

Montpeit and Perry, 2000).
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In teleost fish, catecholamines that enter the circulation are secreted from
chromaffin cells that are located within the walls of the PCV in the region of the head
kidney (Reid et al, 1998). The distribution of chromaffin cells in a discrete layer within
the walls of the PCV supports the results of several previous histological studies (Reid et
al, 1995; Furimsky et al., 1996; Bernier and Perry, 1997). The pattern of labelling
suggest that the majority of chromaffin cells form aggregates adjacent to the lumen of the
PCV although individual cells can also be observed outside of these groupings.

In vertebrates, a variety of studies have demonstrated that adrenaline and
noradrenaline are stored, at least in part, in separate populations of chromaffin cells. The
existence of separate noradrenaline- and adrenaline-containing cells has been previously
demonstrated in teleost fish (Mastrolia et al., 1984; Gallo et al., 1993; Kloas et al., 1994;
Reid et al., 1995; Abelli et al., 1996). In the present study, the observation that some of
the chromaffin cells were immunopositive for DBH but not for PNMT confirmed the
presence of a sub-population of chromaffin cells containing only noradrenaline.
However, the vast majority -of the chromaffin cells in the PCV were PNMT-
immunoreactive. Because PNMT catalyses the methylation of noradrenaline to
adrenaline, its presence is indicative of adrenaline-containing chromaffin cells. This
finding is consistent with previous results demonstrating that adrenaline is the more
abundant catecholamine in trout chromaffin tissue (Reid et al., 1995).

The concentration of catecholamines within the chromaffin tissue and the extent
of their release differ to a large extent within and between fish species (Reid et al., 1998).
- Yet, given that different secretagogues can preferentially induce the secretion of a

particular catecholamine implies an ability to specifically stimulate subpopulations of
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chromaffin cells. For example, administration of cholinergic agonists to in situ
preparations causes the release of adrenaline and noradrenaline (Nilsson et al., 1976;
Opdyke et al., 1983; Al-Kharrat et al, 1997; Gfell et al., 1997, Montpetit and Perry,
1999; Montpetit et al., 2001). In contrast, while the administration of angioteﬁsin I
elicits predominantly the secretion of adrenaline in fish (Bernier and Perry, 1997; Bernier
et al, 1999), injection of natriuretic peptide in dogfish (Squalus acanthias) causes the
release of noradrenaline only (McKendry et al., 1999; Montpetit et al., 2001). However,
because the results of the present study demonstrated the presence of VIP receptors on
both types of chromaffin cells, the selectivity of VIP and PACAP for adrenaline secretion
cannot be explained by differential receptor abundance on the chromaffin cell subtypes.
Nor can the greater numbers of PNMT-positive chromaffin cells explain the selective
secretion of adrenaline. Indeed, although the PNMT-positive cells are referred to as
“adrenaline cells” (Reid et al., 1995; 1998), they also contain and secrete noradrenaline,
albeit at lower levels.

VIP and PACAP exert tissue specific effects by interacting with three distinct
receptors that belong to a seven trans-membrane spanning domain G-protein coupled
receptor superfamily (Harmar et al.,, 1998). Two of these receptors, VPAC, and VPAC,,
bind VIP and PACAP with equal affinity, whereas a third receptor, PAC,, preferentially
binds PACAP. Several approaches can be used to classify these receptors including
ligand binding studies, assessing the relative potencies of the peptides in different tissue
preparations, and evaluating differences between antagonist efficacy on VIP- and
PACAP-elicited effects (Bodanszky et al., 1973; Robberecht et al., 1991; Fishbein et al.,

1994; Gaspo et al., 1997; Robberecht and Waelbroeck, 1998; Wong et al., 1998). The
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results of the present study, employing histochemistry in conjunction with prior
application of receptor agonists and antagonists, clearly identified the chromaffin cell
VIP binding sites as VPAC receptors. This finding is in marked contrast to the situation
in mammals where PAC, receptors are believed to mediate the VIP/PACAP elicited
secretion of catecholamines (Watanabe et al., 1992; Spengler et al., 1993; Gaspo et al.,
1997, Vaudry et al., 2000; Lamouche and Yamaguchi, 2001).

Future research should be directed at further characterisation of the VPAC
receptors of trout chromaffin cells. Recently, partial clones for VPAC, and VPAC,
receptors from trout brain cDNA were obtained. Tissue distribution experiments using
RT-PCR demonstrated the presence of VPAC, receptors, but not VPACz, in the PCV
tissue (unpublished data, Montpetit and Perry, 2002). These preliminary results suggest
that in trout, the chromaffin cell VIP receptors mediating adrenaline secretion are of the
VPAC, subtype.

The results of this, and an earlier study (Montpetit and Perry, 2000), reveal that
both VIP and PACAP can potentially contribute to catecholamine secretion from trout
chromaffin cells. However, whether or not these neuropeptides actually contribute
significantly to the afferent limb of the adrenergic stress response in vivo has yet to be
determined. Indeed, the release of these neuropeptides during sympathetic activation of
the chromaffin cell in response to acute stressors such as hypoxia, air exposure, or
handling remains to be confirmed. However, we have recently shown that cholinergic
and VPAC receptor antagonists can inhibit catecholamine secretion during electrically-
evoked neuronal stimulation of the chromaffin cells in trout, thus implicating the release

of Ach, VIP and/or PACAP under these conditions (Montpetit and Perry, 2000). Further
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research should now address the relative contribution of VIP and PACAP in vivo to
establish the functional significance of these neuropeptides (and their receptors) in the

control of catecholamine secretion in fish.
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CHAPTER 6

MOLECULAR CLONING AND TISSUE EXPRESSION OF TROUT
(Oncorhynchus mykiss)
VPAC,, VPAC,;, AND PAC,; RECEPTORS
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INTRODUCTION

The presence of multiple receptors mediating the effects of VIP and PACAP was
confirmed by the cloning of at least three VIP/PACAP interacting receptors (VPAC,
VPAC; and PAC; receptors) (Harmar et al., 1998; Vaudry et al, 2000). Sequence
analysis of the VPAC and PAC, receptors show that they are members of a novel family
of G-protein-coupled receptors first identified by cloning of secretin, calcitonin, and
parathyroid hormone receptors, and which now includes receptors for PACAP, VIP,
glucagon, and growth hormone releasing hormone (Harmar et al., 1998; Vaudry et al,
2000). These receptors contain a large N-terminal extracellular domain essential for
ligand interactions, followed by seven highly conserved hydrophobic transmembrane
helices. The typical VPAC and PAC, receptor transduction pathway results in the
increased intracellular cAMP levels caused by G-protein mediated stimulation of
adenylyl cyclase activity (Harmar et al, 1998; Vaudry et al., 2000). Since the initial
cloning of the VPAC,, VPAC,, and PAC, receptors in human and rat (Ishihara et al.,
1992; Pisegna and Wank, 1993; Lutz et al,, 1993), molecular cloning and functional
characterization of these receptors have been achieved in a variety of vertebrates
including fish, amphibians, reptiles, birds and mammals (Chow, 1997; Chow et al,, 1997,
Wong et al, 1998; Alexandre et al., 1999; Hoo et al., 2001; Kansaku et al., 2001; You et
al., 2001).

In vertebrates, VIP and PACAP immunoreactive nerves have been identified in
both the central and peripheral nervous systems (Vaudry et al., 2000). Indeed, VIP and
PACAP are known to influence the circulation, gastrointestinal function, glandular

secretions, the immune system and the central nervous system. Physiology based studies
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using several species of fish reveal that some of the typical mammalian VIP and PACAP
responses also occur in fish. Some of these include vasodilation in pulmonary/gill and
peripheral blood vessels, pituitary secretions (Holmgren 1995; Wong et al,, 1998),
relaxation of gastrointestinal smooth muscles (Holmgren 1985), and catecholamine
secretion from chromaffin cells (Montpetit and Perry, 2000). The neuropeptides are also
involved in many other physiological events in fish, such as osmoregulation by gill in
tilapia (Mainoya and Bern, 1984), relaxation of the gall bladder in trout (Aldman and
Holmgren 1992), and the regulation of the digestive system and swim bladder gas
absorption in the cod (Lundin and Holmgren 1984).

Previous studies on the molecular biology of the VIP and PACAP receptors have
focused almost exclusively on mammalian species. Despite the rapid progress in cDNA
cloning, molecular information on these receptors from fish still remains in its infancy.
With the exception of goldfish, no studies have dealt with the molecular biology of fish
VPAC,;, VPAC;, and PAC, receptors. Full-length sequences for VPAC, and PAC, have
been obtained only from goldfish brain tissue (Chow, 1997; Chow et al., 1997, Wong et
al, 1998). Moreover, no fish VPAC, receptor cDNA has yet been isolated. Owing to
increasing comparative research on the VIP/PACAP neuropeptide system, it is the
ultimate goal of this study to provide additional information on PAC, and VPAC
receptors at the molecular level in fish. In this thesis, I describe the cloning and tissue

expression of partial cDNAs for the trout PAC;, VPAC,, and VPAC, receptors.
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MATERIALS AND METHODS

Tissue collection and RNA isolation

Rainbow trout, weighing between 250 and 350g were obtained and maintained
under conditions outlined in Chapter 2. For tissue collection, fish were killed by a blow to
the head, and tissues (brain, posterior cardinal vein, kidney, gill, spleen, heart, liver,
intestine, and blood) were harvested and immediately frozen in liquid nitrogen prior to
storage at —80°C. Total RNA was isolated using Trizol reagent (GIBCO BRL, Life
Technologies, Rockville, MD) according to the manufacturers instructions. RNA
concentrations and quality were verified using spectrophotometry (Eppendorf

BioPhotometer) and gel electrophoresis.

Cloning and sequencing of VPAC and PAC receptor cDNA

Polymerase chain reaction (PCR) using brain cDNA as template

Degenerate primers were designed for semi-nested PCR on the basis of sequence
comparisons of selected vertebrate VPAC; and PAC,; receptor nucleotide sequences
available in GenBank. Briefly, degenerate primers were designed (see Table 6.1)
according to conserved regions within the third and seventh transmembrane domain
(TMD) of the VPAC receptors and second and seventh TMD of the PAC, receptors of
various vertebrates. Approximately Spg of total RNA from trout brain was reverse-
transcribed into cDNA using oligo- (deoxythymidine) 15.15 primer and SuperScript 11
reverse transcriptase (GIBCO-BRL, Life Technologies) in a 20-pl mixture. PCR
amplification of first strand cDNA (1pl) was performed in 50-pl reaction mixtures

containing 0.2 uM of each primer (forward and reverse), 2 mM MgCl,, 0.2 mM of each
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dNTP, and 2.5 units of Tag DNA polymerase (GIBCO-BRL, Life Technologies) in PCR
buffer supplied with the enzyme. Following a denaturation step at 94°C for 5 min, the
reaction was subjected to 34 cycles of 94°C for 40 sec, 55°C (PAC, degenerate primers)
or 60.5°C (VPAC degenerate primers) for 40 sec, 72°C for 40 sec, with a final extension
for 10 min at 72°C in a thermal cycler (Eppendorf Mastercycler).

For the first round of amplification, 1pl of brain cDNA was used as template with
the following primer pairs: VPAC F2 and VPAC R7 for VPAC receptors; PAC F2 and
PAC R7 for PAC, receptors. A description of the primers is shown in Table 6.1. These
yielded PCR products of 490-bp with the VPAC primers and 700-bp with the PAC
primers (Fig. 6.1). Validity of the PCR products were assessed on the basis of a semi-
nested PCR amplification of the products obtained in the initial PCRs. For the second
round, 1pl of the first PCR reaction was used as template with the following primer pairs:
VPAC F3 and VPAC R7 for VPAC receptors; PAC F3 and PAC R7 for PAC; receptors
(see Table 6.1). Amplification profiles were performed as described above. Following
PCR, 6 ul of each reaction was submitted to electrophoresis on a 1.25% agarose gel
stained with ethidium bromide. Gels were visualised under ultraviolet light (BIORAD
Chemi Doc attached to a camera) and digital images processed using a commercial
software (Quantity One software, version 4.1.1).

PCR products of interest were agarose gel purified (GenElute Gel purification kit,
Sigma) and cloned into pCR2.1 vector (TOPO TA Cloning kit; Invitrogen). Plasmids
from selected positive clones were purified (GeneElute Plasmid purification kit, Sigma;
or Wizard kit, Promega) and the DNA was sequenced on both strands using Li-Cor

4200L DNA sequencer technology (Canadian Molecular Research Services, CMRSinc).
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Of the different positive clones that were analysed, 3 groups could be identified after
sequencing and determination of the highest nucleotide sequence identity with other
known VPAC,;, VPAC,, and PAC, receptors, respectively. As such, they were termed

trout VPAC,, trout VPAC; and trout PAC, receptor cDNA clones, respectively.

Sequence analysis

GenBank searches were performed with the standard BLAST algorithms at the
National Center for Biotechnology Information (NCBI) using the default settings
(Altschul et al., 1990). Sequence alignments were carried out on derived protein
sequences using the default settings in CLUSTAL W with DNAMAN software (Lynnon
Biosoft, Quebec). The same software was used for sequence editing and translation as
well as to construct phylogenetic trees. Phylogenetic trees were constructed using the
Neighbour joining tree method. All sequences used for BLAST searches, alignments, and
phylogenetic tree construction were edited to include only the area of the trout VPAC,,

VPAC,, and PAC,; receptors that was amplified in between the primer sites used to obtain

the clones.

VPAC,, VPAC;, and PAC; receptor tissue distribution
Tissue distribution using Northern blot analysis

RNA samples (20pg) were incubated in loading buffer at 65°C for 5 min and
electrophoresed through 1.5% (w/v) agarose gels in MOPS buffer containing 5%
formaldehyde, and then transferred and UV-cross linked to GeneScreen+ membranes

(NEN Life Sciences) by capillary action. Membranes were prehybridised at 65°C for 2-4
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h in a buffer containing 6X SSC (0.9 M NaCl, 0.09 M sodium citrate, pH7.0), 5X
Denhardt’s (1X Denhardt’s is 0.1% Ficoll 400 000, 0.1% polyvinylpyrrolidone, 0.1 %
bovine serum albumin), 100 mg/ml denatured salmon sperm DNA, 1% sodium
dodecylsulphate (SDS) and in 10% dextran sulfate (Amersham Pharmacia Biotech). After
addition of probe to a concentration of 10° - 2 X 10° CPM ml™, hybridisation proceeded
overnight at 65°C in the same solution. Following hybridisation, the membranes were
washed several times at 65°C under conditions of increasing stringency to a final wash
solution of 0.1X SSC, 0.1% SDS. Membranes were then exposed to BioMax film plus
intensifying screen (Kodak) at —80°C for up to a week. Probes were prepared by *?P
random primer labeling of PCR amplified fragments of the trout VPAC,, VPAC,, and
PAC, receptor partial cDNA clones. Unincorporated nucleotides were removed by spin

columns. Prior to use, the labelled DNA was denatured by boiling for 5 min followed by

rapid chilling in ice.

Tissue distribution using RT-PCR

Total RNA was isolated from various trout tissues (brain, posterior cardinal 'vein,
kidney, gill, spleen, heart, liver, intestine, and blood) and reverse-transcribed as described
above. 1pl of first strand product was then used as template for PCR analysis. Gene
specific primers (GSP; Table 6.1), forward and reverse, based on the sequences obtained
for trout VPAC,, VPAC;, PAC, receptors partial cDNAs, amplified a 313-bp (trout
VPAC, receptor), 363-bp (trout VPAC; receptor), and a 700-bp (trout PAC; receptor)
products, respectively. The reaction conditions consisted of 5 min of denaturation at

94°C, followed by 40 sec at 94°C, 40 sec at 55°C (PAC; primers) or 62°C (VPAC, and
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VPAC; receptor primers), and 40 sec extension at 72°C for 34 cycles, and a 10-min
extension at 72°C on the final cycle. Furthermore, B-actin control RT-PCR was
performed to verify the quality and integrity of first strand cDNAs produced from the
various tissues. The reaction conditions were similar except for 40 sec annealing at 55°C.
Moreover, the specificity of the GSP primers were tested in PCR amplification (as
described above) using the different GSPs in combination with the plasmids of the three

clones. Minus template and single primer control PCRs were also performed.
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Table 6.1. Forward and reverse primer sequences used in PCR amplification of VPAC
and PAC, receptor cDNAs. The VPAC and PAC degenerate primers were deduced from
conserved regions of nucleotide sequences within the third and seventh transmembrane
domain (TMD) of VPAC receptors and second and seventh TMD of PAC, receptors of
various vertebrates. Gene specific primers (GSP) were designed according to the partial
cDNA sequences obtained for the three receptors. B-actin forward and reverse primers are
also described. Expected band sizes obtained with different primer pairs are shown.

Abbreviations, forward (FOR); reverse (REV); band size in base pairs (bp).

Primers Sequence

Primer pair
/expected size

VPAC degenerate primers

VPACF2 (FOR) 5’ TTCTGGCTKCTRGTGGAAGG 3’
VPACF3 (FOR) 5’ GAGMGGAARTAYTTCTGGKGGTACAT 3’
VPACR7(REV) 5° ACCACAAADCCCTGRAADGABCC 3’

VPAC; GSP
VPAC, 3.1 (FOR) 5> AGGGCCAACAATCTTCATCACA 3’
VPAC, 5.1 (REV) 5’ CTGTGTTCACCTGCTCTGGG 3’
VPAC; GSP

VPAC; 3.1 (FOR) 5 GCATACACACACCTCGCTGT 3’
VPAC; 5.1 (REV) 5’ CTTGTACTCCTCCATCCCGTC 3’

F2-R7- 490 bp

F3-R7- 410 bp

VPAC, 3.1 -5.1
313 bp

VPAC, 3.1 - 5.1
363 bp

Continued on next page...
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Primers Sequence

Primer pair
/expected size

PAC; degenerate primers

PAC, F2 (FOR) 5 MGNAACTTCATCCACATGAAYC 3’
PAC, F3 (FOR) 5° YGTBRTGTCMAACTACTTCTGGCT 3’
PAC,R7 (REV) 5° GMYTGYACCTCBCCATTCA 3’

PAC; GSP

PAC,3.1 (FOR) 5’ GTCGTGTCAAACTACTTCTGGC 3’
PAC,5.1 (REV) 5 GACTGTACCTCACCATTCAGAA3’

B-actin
(FOR) 5" TGTGATGGTGGGAATGGGTCAG 3’
(REV) 5 TTTGATGTCACGCACGATTTCC 3’

F2-R7- 700 bp

F3-R7- 540 bp

PAC; 3.1 -5.1
540 bp

B-actin (FOR)
and (REV)
530 bp
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RESULTS

The available sequence information (GenBank) from cloned VPAC, and PAC,
receptors was used to design degenerate primers on the basis of conserved regions within
transmembrane domains (TMD) for semi-nested PCR of trout brain ¢cDNA. Using
degenerate primers designed against VPAC, receptors, a 490 base pair (bp) cDNA
fragment was amplified (Fig. 6.1A). Likewise, a 700-bp cDNA fragment was amplified
using degenerate primers designed against PAC; receptors (Fig.6.1B). Subsequently,
these fragments were cloned into pCR2.1 vectors and sequenced. Although a 490-bp
¢cDNA fragment was amplified following PCR with the degenerate primers designed
against the VPAC, receptors, two different clones of similar sizes were isolated (Figs. 6.2
and 6.3). The sequence obtained using the PAC degenerate primers is shown in figure
6.4. Sequence analyses of the DNA inserts revealed several lines of evidence that the
partial sequences belong to VPAC,, VPAC,, and PAC, receptors. As such, the partial
cDNA clones were subsequently termed trout VPAC;, trout VPAC,, and trout PAC,
receptors.

A BLASTn search of the GenBank database, using the partial sequences of the
trout clones produced matches corresponding to receptors belonging to the
VIP/PACAP/glucagon/secretin/parathyroid/calcitonin receptor family. For the trout
VPAC, partial cDNA clone, the best match was to the goldfish VPAC, receptor (E value,
10%). At the protein level, the trout sequence displayed highest amino acid identity
(88%) with the goldfish VPAC; receptor. For the trout VPAC, receptor partial cDNA
clone, the best match (BLASTn search) was to the rat/mouse/human VPAC, receptor (E

values, 10). Each of the VPAC; receptor matches showed approximately 60% identity
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Figure 6.1 PCR amplification of the putative trout VPAC (A) and PAC, (B) receptors
from brain cDNA. PCR reactions were subjected to electrophoresis on agarose gels
stained with ethidium bromide. In each case, PCR using primers deduced from conserved
regions of the VPAC and PAC; receptor cDNAs of various vertebrates ampliﬁed an
expected 490-bp (A) and 700-bp (B) fragment using the VPAC F2-R7 and PAC, F2-R7
primer pairs, respectively. Validity of the PCR products was assessed on the basis of a
semi-nested PCR amplification of the products obtained in the initial PCR. PCR
amplification using the VPAC F3-R7 and PAC, F3-R7 primer pairs amplified expected
410-bp and 540-bp products, respectively. P$X, DNA molecular size ladder. The 490-bp

and 540-bp products obtained in (A) and (B) were subsequently cloned and sequenced.
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A. VPAC P¢X F2-R7 F3-R7
815 | —
587 .

- <— 490 bp

460 1 @9le— 410 bp
290

B. PAC, P6X F2-R7 F3-R7
1353 | e
815 1 e 700 bp
S87 | - 540 bp
460 | o
290 | wn

Figure 6.1
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Figure 6.2 The partial nucleotide and deduced amino acid sequences of the trout
(Oncorhynchus mykiss) VPAC, receptor. The black boxes indicate the positions of the
degenerate primers (forward primer, VPAC F2; reverse primer, VPAC R7) used in the
initial PCR to obtain the partial clone. The red boxes indicate the positions of the gene
specific primers used in RT-PCR tissue distribution analysis (forward primer, VPAC,
3.1; reverse primer, VPAC, 5.1). Nucleotides shown in bold character were excluded

from sequence alignments (see Materials and Methods for details).
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Trout VPAC, receptor
VPAC F2 >
1 TTCTGGYTGTCTGGTGGAAGGICCTGTATCTCCGCGCCCTATTGGCCGTTTCCTTCTTTTC
1 s 6 ¢ L VvV EGUL YL RAL LAV S F F S
VPAC, 3.1
61 TGAGAGAAAGTACTTCTGGTACTACATTCTGATTGGCTGGGEAGGGCCAACAATCTTCAT
21 E R K Y F W Y Y I L I G W G P T I F I
m—_
121 CACAGCTTGGGGAGTGGCGAAGGCCTACTATAATGACGTGGGGTGCTGGGACATAATTGA
41 T|/IA W G V A K A Y Y ND V G C W D I I E
181 GAAGACTGAGATGTTCTGGTGGATCATTAAGACACCAATCCTGGCCTCCATCCTGATGAA
61 K T E M F W W I I K TP I LA S I L MN
241 CTTCATCCTCTTCATCTGCATCATCAGGAT CCTCCGGCAGAAGGTCAACTGTCCAGACAT
81 F I L F I ¢ I I R I L R Q K V N C P D I
301 TGGAAGGAACGAGTCCAACCAGTACTTGAGGCTGGCCAAGTCCACCCTGCTGCTGATCCC
101 G R N E S N Q YL R L A K S T UL L L I P
< VPAC, 5.1
361 TCTTTTTGGGATCAACTTCATAGTGTTTGCCTTCATCECAGAGCAGGTGAACACAGAGCA
121 L F 6 I N F I V FP A F I |P E Q V N T [E Q
< VPACR7
421 ACGGCTGGTCTTCGACCTCATACTGGCCTCATTTCAGGGCTTTCGTGGT
141 R L v F DL I L|G S F @ G F V

Figure 6.2
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Figure 6.3 The partial nucleotide and deduced amino acid sequences of the trout
(Oncorhynchus mykiss) VPAC, receptor. The black boxes indicate the positions of the
degenerate primers (forward primer, VPAC F2; reverse primer, VPAC R7) used in the
initial PCR to obtain the partial clone. The red boxes indicate the positions of the gene
specific primers used in RT-PCR tissue distribution analysis (forward primer, VPAC;
3.1; reverse primer, VPAC; 5.1). Nucleotides shown in bold character were excluded

from sequence alignments (see Materials and Methods for details).
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Trout VPAC, receptor

e

61
21

121
41

181
61

241
81

301
101

361
121

421
141

VPACF2

> VPAC, 3.1

TTCTGGYCTTCTCCTGGAAGGLCCTCTACCTACACACTCTGCTCCTCGTCACCTACGCAT
S 6 L L V. EGgUL Y L HTULL L L VT YA

g

»

CACACACCTCGCTGTLCTACCTCACCATCGGCTGGGGGTTACCCTCAGTATTTCTTGTGGT
T H L A VYL TTIGWSGUL P SV F L V V

CTGGGTCTTCTGTAGGATCTATCTGGAAGACACCGGGTGCTGGGAGAGGAARTGACATCCC
WV F CRI YL EDTGTCWEURNDTIFP

CACCCCTTGGAGGGTGATCAACTGGCCCATAATGGCGTCTGTGATAARTCAACTTTGTTCT
T P W R V I N W P I MAS VI I NF VL

TTTTATAAGTATCACCCGTATTCTAGTCCAGAAACTACGCTGCTCTGACGTGGGCGGGAA
F I s I T R I L V Q K L R C S D V G G N

CGACCAGTCACAATACAGGCGTCTGGCTAAGTCCACCCTGCTGTTGATCCCTCTCTTTGG
D Q S Q YRRULAI K STULULUL I PL F G

AGTCAACTACATGGTGTTTGTCTACCTGGTGGAAACAGAGAGCGACGGGATGGAGGAGTA
vV NY MV F VY L V ETE S|D G M E E Y

——VPAC,; 5.1 < VPAC R7

CAAGATTCTGTTTGACCTGGTACTHGGATCCTTCCAGGGATTTGTGGT

KK I L F DL V L|G S F Q G F V

Figure 6.3
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Figure 6.4 The partial nucleotide and deduced amino acid sequences of the trout
(Oncorhynchus mykiss) PAC, receptor. The black boxes indicate the positions of the
degenerate primers (forward primer, PAC F2; reverse primer, PAC R7) used in the initial
PCR to obtain the partial clone. The red boxes indicate the positions of the gene specific
primers used in RT-PCR tissue distribution analysis (forward primer, PAC, 3.1; reverse
primer, PAC, 5.1). Nucleotides shown in bold character were excluded from sequence

alignments (see Materials and Methods for details).
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Trout PAC, receptor
PAC, F2 —»
1 TGCAACTTCATCCACATGAATETGTTTGTGTCATTCATTCTGAGAGCCATCTCTGTCTTC
1 C N F I HMNIL FVSsS F I L RWATI S VF
61 ATCAAGGACGGGGTCCTGTACGCAGAGGAGGACAGCAACCACTGCTTCTTACACACTGTG
21 I K D GV L YAEEUDSNUHTCU FIULUHTV
PAC, 3.1 >
121 GAGTGTAAGGTGGTGATGGTGTTCTTTCACTACT'TGTCCTATCTAACTACTTCTGGCTG
41 E C K VvV MVFFHY ¢V L S NY F W L
181 TTCATTGAGGGCCTGTACCTCTTCACTCTGTTAGTAGAGACATTCTTCCCTGAGAGAAGA
61 F I E G L YL F T LUL V ETVF F P E R R
241 TACTTCTACTGGTATACCATCATTGGCTGGGGGACCCCCACTATATGTGTGGTGATATGG
81 Y F Y W YTI I G WG T PTTICVV I W
301 GCAGTACTCAGGCTGCACTTTGATGACATAGGGTGTTGGGATATGAATGATAATGCTGGT
101 A VvV L R L HFDUDI GCWUDMMNUDNA AG
361 ATCTGGTGGGTGATTAAGGGACCTGTGCTGGCTTCTATCATGATCAACTTTGTCCTCTTC
121 I W WwWvVv I K GGP VL A S I MINUFV L F
421 ATCGGCATCATAATCATCCTTGTCCAGAAACTGCAGTCACCAGACATCGGTGGGAACGAA
141 I 6 I 1 I I LV Q KL Q s p DI G G N E
481 TCCAGTATTTACCTGCGTCTGGCGCGTTCCACCCTGCTCTTGATCCCTCTGTTTGGGATC
161 s §$ I YL RLARSTULULUL I PULF G I
541 CACTATACTGTGTTCGCCTTCTCACCCGAAGACGTCAGCAAGAGGGAGAGGCTGGTGTTT
181 H Y T VvV F A F S P E DV S KREI RULVPF
601 GAGCTAGGCCTAGGCTCCTTCCAGGGCTTCGTTGTGGCTGTTCTCTACTGOTTHCTGAAT
201 E L 6 L G S FQ G F V V AV L Y C|FIL N
PAC, 5.1
661 GeTGAGGTGCAGAG) TACI RT
221 G E V Q

Figure 6.4
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with the trout VPAC,; sequence. Finally, for the trout PAC; partial cDNA clone, the best
match was to the goldfish PAC receptor (E value, 107%%). At the protein level, the trout
sequence also displayed highest amino acid identity (94%) with the goldfish PAC,
receptor.

Sequence alignments of the trout sequences indicated that they are highly
homologous to their vertebrate counterparts (Figs. 6.5). Visual inspection of the deduced
amino sequences of the trout partial clones revealed motifs that are common to the
VPAC,, VPAC,, and PAC, receptors. A signature motif for the VPAC, receptors was
identified at a unique cysteine residue within the TMDS5, just in front of the “IIRL”. This
cysteine residue is believed important for disulfide linkages for proper receptor function.
A consensus phosphorylation sequence for protein kinase C is also located in the 2™
intracellular loop between TMDs 3 and 4 of VPAC, receptors (Chow 1997; Chow et al.,
1997). The serine residue may be important for receptor activation/inactivation through
secondary messenger systems. This conserved “SE-R/K” motif is also found in several
other members in the same receptor family including secretin, GHRH, glucagon and PTH
receptors. Another motif, the “P D I I/V” found only in VPAC,, VPAC,, and PAC,
receptors between the putative TMDS and TMD6 (Chow et al., 1997), was also present in
the trout receptors. The “RLA K/R” motif immediately in front of TMD6 also matches
the consensus found in other members of G-protein coupled receptors. This motif (basic-
L/A L/A/V/S-basic) containing two basic amino acids separated by two hydrophobic

residues has been indicated to be essential to Gs, protein coupling. The most conserved

regions of the receptors appear to be the putative TMDs. Furthermore, phylogenetic
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analysis indicates that the rainbow trout sequences are most related to their vertebrate

counterparts (Fig. 6.6).
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Figure 6.5 Comparison of partial amino acids sequences of the putative trout VPAC,
(A), VPAC; (B), and PAC, (C) receptors with those of selected vertebrates. Conserved
amino acids (100% identity) among taxa are highlighted. Sequences were aligned using
CLUSTAL W and the alignment was prepared from DNAMAN (Lynnon Biosoft). The
putative trans membrane domains (TMD) are labelled with arrows, and were deduced by
visual inspection of published reports and hydrophobocity analysis. The Gs, -protein
coupling motif (basic- L/A L/A/V/S-basic) is shown with a +. The RLA K/R motif
common to members of the G-protein coupled receptor family. The PD I/V motif
common to VIP binding receptors is shown with a *. Finally, the conserved cysteines in
front of the “IIRIL motif, common only to VPAC, receptors is shown with a **.

Sequences were edited to include only the region spanning the primer sites used to obtain

the trout partial cDNA clones.
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A. VPAC,; receptors
__I_MD 3 P TMD 4 R
trout a YYN 50
Goldfish SEESEE[\’YEIA‘YILIGWGCP 50
Human SEESEI'«KYEV\;CYILIGWG”P IARTHFED 50
Frog lSEESEHKYFWiYILIGWGéP 50
Rat LYL LL&SEESEEI\’YFWEYILIGWG”F YFED 50
Chicken ISFESERKYFWRYILIGWGEP YF 50
*
trout KTEMFIARENTIARER Q8 IGRNESNQ 100
Goldfish SDL WWII[\'HPILQSIL NEMLEICIIRILIECKISY6 PLaelsiNsiNe] 100
Human .NSSL.WWIIKEPIL SIL‘NEILEICIIRIL ONL.RHYMNIRKSDSSP o8
Frog . ESHL. {108 PIL&SIL*NEILFICIIRIL¥ 98
Rat INSSL.WWIIK‘PILISIL‘NE LFICIIRIL~CKI"PDIGKNDSSP 99
Chicken & ) 99
trout 141
Goldfish 141
Human 139
Frog 139
Rat 140
Chicken 140
B. VPAC; receptors
--IMD 3 < R
trout 49
£ROG 49
Human 50
Mouse 50
Rat 50
trout ) DI PTERAN INEMLFI‘I RILYCKLI®S CVGGNDCEC 89
fROG LS T3 \/I# NESOLE TN TNMRITICKTINRISCVGGNDCOCIFSS 99
Human DHSVIZSWAIRT] CVGGNDCRCHS 100
Mouse DHS i3 VI%' 2CVGGNDCRCp4 100
Rat ’ 100
-+ ~IMD.7
trout INIAK 141
fROG RL%STLLLIPLFG}/;IYMVE OMPSFSD...C L 138
Human INAAKRYNAABEINIVIHNUMIAVEPTISTISSK. . . Y L 139
Mouse RL‘<STLLLIPLFGVHYMVE“ PIGISST...Y 139
Rat RLISSTLLLIPLEGV sl YMV FLEN AR E1S3 N { 139
Figure 6.5

Continued on next page
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Figure 6.5 continued. ...

C. PAC, receptors

Xenopus l% 50
Human NEIHMNLEVSE LRAISVEII\E%LYAEOE HCs ‘TVISCI\qVMVEEHY 50
Rana NEIHMNLEVSE ILRAISVEII\D* S TVI :ICI\" 50
trout NEIHMNLEVSEILRAISVEIRE:~ 50
Goldfish NFTHMNLEVSFULRATISVEIKLC 50
Xenopus CV% 100
Human CV 100
Rana 100
trout CVISNYEWLFIEGLYLETLLVETEEPERRYEYWYTIIGWGTP 100
Goldfish CV'SNYFWLEIEGLYLFTLLVETEEPERRYEYWYTIIGWGTP 100
Xenopus 150
Human 150
Rana 150
trout 150
Goldfish 150
Xenopus 200
Human 200
Rana 200
trout 200
Goldfish 200
Xenopus 223
Human . 223
Rana LGLGSEQGFVVA:LYCELNGEFL 223
trout LGLGSEQGEVVA*LYCELNGE Q 223
Goldfish 223

Figure 6.5
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Figure 6.6 Phylogenetic tree of the VPAC;, VPAC,, and PAC, receptors using available
vertebrate amino acid sequences from GenBank. Bootstrap values are indicated at the
-nodes. The scale bar indicates distance in units of fraction of amino acids differing

between two sequences.
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100 GOldﬁSh VPAC,

Trout VPAC,
120 93 [Chicken VPAC,
Frog VPAC,
92 Human VPAC,
100 100 Rat VPAC,
Frog VPAC,
21 100 [Mouse VPAC,
1z I'Rat VPAC,
98 +00 Human VPAC,
67 | Trout VPAC,
Human PAC,
Rana PAC,
94 Xenopus PAC,
Goldfish PAC,
Trout PAC,
0.05
—_—

Figure 6.6
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Tissue specific expression of trout VPAC;, VPAC;, and PAC, receptors

Northern blot analyses to study the tissue distribution of each receptor were
performed but no transcript was detected in any of the tissues even after prolonged
exposure. The lack of a hybridization signal was likely due to the sensitivity limit of
Northern blot as neuroreceptors are usually expressed at low levels. A control B-actin
hybridisation, however, was not performed; therefore the quality of the blot was not
confirmed. Regardless, a more sensitive RT-PCR tissue distribution analyses of the trout
VPAC,, VPAC,, and PAC; receptor were performed.

Gene specific primers were designed for each receptor according to the partial
nucleotide sequences (Figs. 6.2, 6.3, and 6.4). The specificity of the gene specific primers
were tested in PCR amplification using the putative trout VPAC,, VPAC; and PAC,
receptor partial clones as template. Trout VPAC, receptor mRNA was found in brain,
liver, and ihtestine (Fig. 6.7). Additionally, while less prominent products were observed
in the PCV, kidney, gill, spleen, and heart, no product was observed in blood. For trout
VPAC; receptor mRNA, products were observed in the brain, spleen, heart, liver, and
intestine (Fig. 6.7). No products were evident in the PCV, kidney, gill or blood. Finally,
PAC, receptor mRNA was detected in every tissue with the exception of blood and

kidney (Fig. 6.8).
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Figure 6.7 Tissue distributions of the putative trout VPAC, and VPAC; receptors as
revealed by RT-PCR. PCR was performed using the gene specific primers (GSP) deduced
from the partial cDNA clones for each receptor. Using the GSP for trout VPAC,
receptors, a 313-bp product was observed in all tissues with the exception of blood.
Prominent products were observed in the liver and intestine. On the other hand, using
GSP for trout VPAC; receptors, a 363-bp product was observed in brain, spleen, heart,
liver and intestine. No products were observed in PCV, kidney, gill and blood. As an

internal control, RT-PCR for trout B-actin was performed. In all tissues, PCR products

specific for trout B-actin were consistently observed. P¢X, DNA molecular size ladder.
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P$X brain pev kidney gill spleen heart liver intest. blood
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460 e f :
| s . o . VPAC,
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460 o | . VPAG,
200 . - @ eewe (363 bp)

815 * IR o L . - w- . SO ' B_actin
387 WO Ry

Figure 6.7
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Figure 6.8 Tissue distribution of the putative trout PAC, receptor as revealed by RT-
PCR. PCR was performed using the gene specific primers (GSP) deduced from the partial
cDNA clones for the PAC, receptor. Using the GSP for trout PAC, receptors, a 540-bp
product was observed in all tissues with the exception of blood. As an internal control,

RT-PCR for trout B-actin was performed. In all tissues, PCR products specific for trout -

actin were consistently observed. P$X, DNA molecular size ladder.
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DISCUSSION

The VPAC and PAC; receptors of mammals have been well characterized
(Harmar et al., 1998; Robberecht and Waelbroeck, 1998; Vaudry et al., 2000). These
receptors have been studied using binding assays that employ agonists and antagonists
shown to have specific affinities for each receptor, and also on the affinity profiles of VIP
and PACAP for given binding sites (Harmar et al.,, 1998). However, identification of
specific receptors mediating the effects of VIP and PACAP based solely on the use of
pharmacological agents may be at times problematic owing to the existence of multiple
receptors and peptides within a given tissue. Hopefully, the classification of the
sequences reported in this study, as being VPAC), VPAC,, and PAC; receptor partial
cDNA clones will provide additional tools to confirm and support the results of previous
and future pharmacological results on the roles of these neuropeptides and receptors in
various physiological systems.

The approach used to obtain the clones was based on the amplification of G-
protein-coupled receptor cDNAs using degenerate primers designed against conserved
regions within transmembrane domains of VPAC and PAC, receptors of selected
vertebrates. At the molecular level, the trout VPAC;, VPAC,, and PAC, deduced partial
amino acid sequences shows high degree of overall sequence conservation with
mammalian and amphibian receptors, respectively. The highest level of sequence
conservation occurs within the putative transmembrane domain regions. Furthermore,
visual inspection for signature motifs reveal that each clone probably belongs to a G-
protein coupled receptor most likely of the VPAC,, VPAC;, and PAC, receptors.

Phylogenetic analysis indicates that the rainbow trout sequences are most related to their
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vertebrate counterparts. Taken together, the sequence analyses provide evidence for the
likelihood that the sequences reported here are rainbow trout VPAC,;, VPAC,, and PAC,
receptor partial cDNA clones.

The isolation of a clone exhibiting identity to the VPAC; receptor was admittedly,
a surprise. Initially the purpose to this study was to clone the trout VPAC, receptor. As
such, primers were designed based on nucleotide sequences of VPAC; receptors from
selected vertebrates. Upon review, the primer sites used to obtain the clones were very
similar in both VPAC,; and VPAC; receptors. Therefore, it is likely that the primers
amplified both receptors during PCR with the VPAC degenerate primers. To further
appreciate the finding, the primer site used to design the semi-nested forward primer is
not present within the trout VPAC, receptor sequence. As such, the semi-nested approach
was in fact amplifying the VPAC; receptors and not the VPAC, receptors. In a previous
study, two VPAC receptor sequences from goldfish brain tissue were isolated that shared
approximately 70% sequence similarity (Chow et al., 1997). The authors suggested that
this was likely due to the fact that goldfish are tetraploids, and it is not uncommon that
these fishes express two different mRNAs from duplicate gene loci. In this study,
however, the VPAC receptor sequences exhibited approximately 50% sequence
similarity, and owing to the phylogenetic analysis, it is unlikely that the two sequences
are variants of the VPAC,; receptors.

Previously, full gene sequences have been isolated for goldfish VPAC; and PAC,
receptors (Chow 1997; Chow et al., 1997; Wong et al., 1998). Also, partial sequences
have been obtained for VPAC, receptors in salmon (Chow et al, 1997) and PAC,

receptors in zebrafish. In this study, I report the first rainbow trout VPAC,, VPAC,, and
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PAC, receptor partial sequences. To my knowledge, the putative frout VPAC,; receptor
sequence is the first ever reported for any fish studied to date. Although several lines of
evidence indicate the likelihood that these receptors are of the VPAC and PAC, receptor
types, definite identification of these receptors at the molecular level will only be possible

by isolating full gene sequences and functional characterization of the encoded proteins.

Tissue specific expression of trout VPAC,;, VPAC;, and PAC; receptors

Primers designed to amplify regions specific to the trout VPAC;, VPAC,, and
PAC, receptors were used to investigate tissue distributions of each receptor. RT-PCR
demonstrated that the receptors are expressed in several tissues. For VPAC, receptors,
strong signals were detected in brain, liver and intestine, while less prominent products
were observed in posterior cardinal vein, kidney, gill, spleen, and heart. As for PAC,
receptors, strong signals were detected in brain, PCV, gill, spleen, heart, liver, and
intestine. The kidney did not exhibit any signal for this receptor. Indeed, the tissue
distributions of the VPAC; and PAC, receptors were consistent with previous
investigations conducted in goldfish (Chow 1997, Wong et al., 1998). Because this study
is the first to report a VPAC; receptor at the molecular biology level for any fish, this
thesis also presents the first account of a tissue distribution for this receptor in fish.
Recently, a VPAC; receptor was cloned and characterized in frogs (Hoo et al., 2001).
Consistent with the results of the study, VPAC, receptors were detected in brain, heart,

spleen, liver and intestine. In contrast to frogs, however, VPAC, receptors were not

detected in the PCV or kidney.
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Expression of the rainbow trout receptors in some of these tissues is consistent
with previous publications that showed, by pharmacology, the presence of VPAC and
PAC, receptors in fish tissues. VIP-immunoreactive nerve fibers are widespread in the
arterial and venous systems of the trout and cod (Johnsson et al., 2001). In vitro, VIP
induces relaxation of pre-contracted arteries of rainbow trout (Kagstrom and Holmgren,
1997). VIP appears to have a similar effect in cod where in vivo and in vitro experiments
show a decrease in vascular resistance in response to VIP (Lundin and Holmgren 1984).
The co-localization of VIP and PACAP-immunoreactive nerves in the posterior cardinal
vein is consistent with the findings of this study (Johnsson et al., 2001). Also, VIP and
PACAP have been demonstrated in nerve fibers in the vicinity of the chromaffin cells of
several species of fish (Reid et al., 1995). Recently, a role for VIP and PACAP has been
demonstrated in the secretion of catecholamine release from trout chromaffin cells
(Montpetit and Perry, 2000). Evidence indicated that a VPAC type receptor mediated the
effects of VIP and PACAP on catecholamine secretion in trout. The detection of VPAC,
receptors in the PCV is consistent with these findings.

Extensive VIP neuronal networks have also been demonstrated in the
gastrointestinal system in several species of cyprinidae (Langer et al., 1979). The
presence of VPAC,, VPAC,, and PAC, receptors in the rainbow trout intestine supports a
role of VIP and/or PACAP in aspects of gut motility and secretions (Jensen and
Holmgren, 1985; Holmgren 1985). VIP also is involved in several other physiological
functions in fish such as osmoregulation (Mainoya and Bern 1984), relaxation of the gall
bladder (Aldman and Holmgren, 1984) and the regulation of swim bladder gas absorption

(Lundin and Holmgren, 1984). The presence of the three receptors in brain is consistent
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with the roles of VIP and PACAP as a neurotransmitter and neuromodulator. Consistent
with these findings, PACAP has been shown to stimulate the release of growth hormone
from goldfish pituitary (Wong et al., 1998).

In summary, using molecular cloning techniques, partial sequences for the trout
VPAC,, VPAC;, and PAC, receptors were obtained. The presence of multiple receptors
for VIP and PACAP is consistent with previous pharmacological characterizations that
showed three types of receptors that could mediate the effects of VIP and PACAP. The
isolation and sequencing of the rainbow trout partial VPAC,, VPAC,, and PAC; receptor
clones are initial steps toward a broader understanding of the VIP/PACAP system in fish
and the functioning of vertebrate VIP and PACAP receptors in general. Future work will
focus on several areas including the isolation of full gene sequences, pharmacological

characterization of the encoded proteins and development and use of homologous

antibodies.
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CHAPTER 7

ADRENERGIC REGULATION OF CATECHOLAMINE
SECRETION FROM TROUT (Oncorhynchus mykiss)
CHROMAFFIN CELLS

(Based in part on Montpetit CJ and Perry SF. 2002.
Journal of Endocrinology 173, 187-197)
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INTRODUCTION

In teleost fish, the catecholamines (adrenaline and noradrenaline) that enter the
circulation are synthesized, stored, and released from chromaffin tissue that line the walls
of the posterior cardinal vein (PCV; Reid et al., 1998). Under adverse conditions
including exhaustive exercise, hypoxia, hypercarbia and physical disturbances (Randall
and Perry, 1992), the rise in plasma catecholamine levels modulates various physiological
responses that serve to enhance cardio-respiratory and metabolic functions (Wendelaar
Bonga, 1997; Reid et al., 1998; Perry and Gilmour, 1999). The control of chromaffin cell
activity and catecholamine secretion involves neuronal signals derived from cholinergic
and non-cholinergic neurotransmitters and humoral signals of endocrine origin (Reid et
al., 1998). While numerous investigations have studied the regulation of the adrenergic
stress response in fish, few studies have investigated the impact of catecholamines,
themselves; on the release of catecholamines from chromaffin cells.

Chromaffin cells like adrenergic neurons, are derived from the neural crest during
development and share several properties including synthesis, storage and release of
catecholamines (Nilsson 1983). In the adrenergic neurons of peripheral and central
nerves, specific presynaptic inhibition of neurotransmitter release has been well-
documented in mammals. For example, it has been reported frequently that o-
adrenoceptor agonists and antagonists exert powerful influences on stimulus-evoked
release of noradrenaline from nerve terminals (Starke et al., 1974b; Langer et al., 1977;
Nilsson 1983). Although controversial, similar interactions have been described in
mammalian chromaffin cells leading investigators to suggest an autocrine/paracrine

regulation of catecholamine release via activation of chromaffin cell adrenergic receptors
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(Gutman and Boonyariviroj, 1977; Boonyariviroj et al., 1979; Cohen et al., 1980;
Greenberg and Zinder, 1982; Wada et al., 1982; Powis and Baker, 1985; Sharma et al.,
1986; Orts et al., 1987).

Studies designed to investigate the effects of catecholamines on catecholamine
release from piscine chromaffin cells have produced conflicting results. In lamprey
(Petromyzon marinus) and American eel (Anguilla anguilla), administration of adrenaline
or noradrenaline in vivo causes the elevation of plasma catecholamines (both adrenaline
and noradrenaline; Dashow and Epple, 1983; Hathaway et al., 1989). Furthermore, pre-
treatment with o~ or B-adrenergic receptor antagonists decreased catecholamine release in
the eel in response to neuronal or cholinergic stimulation of the chromaffin tissue in situ
or in vitro (Al-Kharrat et al., 1997; Abele et al., 1998). In contrast to eels and lampreys,
continuous infusion of adrenaline in vivo in rainbow trout (Oncorhynchus mykiss) did not
affect the levels of plasma noradrenaline (Perry and Vermette, 1987). Moreover, in
Atlantic cod (Gadus morhua), the addition of high levels of a particular catecholamine to
the inflowing perfusion fluid of an in situ preparation inhibited the cholinergic-elicited
release of that particular catecholamine (Perry et al., 1991). Thus, there appears to be
species-dependent differences in the response of piscine chromaffin cells to extracellular
catecholamines. To date, a thorough analysis of the response of trout chromaffin cells to
catecholamines has not yet been performed. Thus, the goal of this investigation was to
first assess the impact of extracellular catecholamines on catecholamine secretion from
rainbow trout chromaffin cells, and second, use a pharmacological approach to identify

the underlying mechanisms.
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MATERIALS AND METHODS

Experimental animals

Rainbow trout weighing between 250 and 350g were maintained under conditions

outlined in Chapter 2.
In situ saline perfused posterior cardinal vein preparation

The posterior cardinal vein tissue was perfused as outlined in Chapter 2. After the
20-min stabilization period, preparations were processed according to the protocols
described below. Agonists were administered by bolus injection through a three-way
valve connected to the inflow catheter. Alternatively, agonists and antagonists were
delivered continuously via the perfusion fluid by acutely switching the perfusion media
from one container (control saline) to another container (control saline or saline
containing adrenergic agents) using a three-way valve. For neuronal stimulation, whole
body field electrical stimulation was administered as outlined in Chapter 2.

Series 1: The effects of catecholamines on catecholamine secretion. Two
approaches were used to assess the effects of exogenous adrenaline and noradrenaline on
catecholamine secretion. To study the acute effects, preparations were given a single
bolus injection (final volume 0.3 ml) of adrenaline (330 nM, N = 6; adrenaline bitartrate
salt; Sigma) or noradrenaline (124 nM, N = 6; arterenol bitartrate salt; Sigma). These
levels of catecholamines were chosen to simulate the peak levels of perfusate
catecholamine concentration following a bolus injection of carbachol (10 mol kg™*). A
bolus injection of saline (0.3 ml) was used in control experiments (N = 6). To study the
potential longer term effects, three separate experimental series were performed in which

the concentration of catecholamines in the inflowing perfusion media was varied. In the
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first (control, N = 6), both adrenaline and noradrenaline were nominally zero. In the
second, only the adrenaline concentration was elevated (330 nM, N = 6); in the third,
only the noradrenaline concentration was elevated (124 nM, N = 6). A period of 1 min
was allowed for the catecholamine to be delivered to the chromaffin tissue before post-
samples were collected in pre-weighed tubes. In total, five post-samples were collected
1,2,3,4 and 5 min after intervention.

Series 2: The effects of catecholamines on stimulus evoked secretion of
catecholamines Experiments were performed to evaluate the effects of adrenaline and
noradrenaline on the secretion of catecholamines elicited by carbachol or electrical
stimulation of the nerves innervating the chromaffin tissue. Catecholamine secretion in
response to a bolus injection of 10® mol kg’ carbachol (mixed cholinergic receptor
agonist; Sigma) or electrical/neuronal stimulation was compared in preparations pre-
perfused for 5 min with control saline (N = 6), or saline containing adrenaline (330 nM,
N = 6) or noradrenaline (124 nM, N = 6). Prior to stimulation, a pre-sample was collected
in pre-weighed tubes. For a bolus injection, a period of 1 min was allowed for the drug to
be delivered to the chromaffin tissue before post-samples were collected in pre-weighed
tubes. For neuronal stimulation, post-samples were collected immediately after
stimulation. In total, five post-samples were collected at 1 min intervals after the
intervention.

Series 3: The effects of adrenergic receptor agonists/antagonists on stimulus-
evoked secretion of catecholamines. In a first set of experiments, a bolus injection of
carbachol (10° mol kg'; 03 ml) or neuronal stimulation was administered to

preparations perfused with control saline (N = 6), or saline containing the o-adrenergic
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receptor agonists phenylephrine (10° M phenylephrine hydrochloride, o.;; Sigma; N = 6)
or clonidine (10° M clonidine hydrochloride, o; Sigma; N = 6). In other experiments,
catecholamine secretion was compared in preparations perfused with control saline or
saline containing the B-adrenergic receptor agonists dobutamine (10® M dobutamine
hydrochloride, B;; Sigma; N = 6) or salbutamol (10‘6 M salbutamol hemisulfate salt, B;
Sigma; N = 6). In a third set of experiments, catecholamine secretion was measured in
preparations perfused with saline containing the adrenergic receptor antagonists
phentolamine (10 M phentolamine hydrochloride, o receptor antagonist; Sigma; N = 6)
or nadolol (10° M, B receptor antagonist; Sigma; N = 6) during cholinergic or neuronal
stimulation (as in Series 2).

Series 4. The effects of cAMP on stimulus-evoked secretion of catecholamines.
Catecholamine secretion in response to a bolus injection of 10® mol kg ckVIP (chicken
VIP, vasoactive intestinal polypeptide; Peninsula Laboratories Inc., San Carlos,
California, USA) or 10 mol kg™ carbachol was compared in fish perfused with control
saline (N = 6) or saline containing dibutyryl-cAMP (10® M; N = 6). A period of 1 min
was allowed for the drug to be delivered to the chromaffin tissue before post-samples
were collected in pre-weighed tubes (as in Series 2).

Series 5: The effects of P. receptor stimulation on catecholamine secretion
elicited by VIP or angiotensin II. Catecholamine secretion in response to a bolus injection
of 10° mol kg* ckVIP or 10° mol kg™ angiotensin II ([Asnl-Val5]-Angiotensin II,
Sigma) was compared in fish perfused with control saline (N = 6) or saline containing

salbutamol (10 M; N = 6). A period of 1 min was allowed for the drug to be delivered to
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the chromaffin tissue before post-samples were collected in pre-weighed tubes (as in

Series 2).

Analytical procedures

Determination of perfusate catecholamine levels was performed as outlined in
Chapter 2. In experiments performed using saline containing adrenaline or noradrenaline,
catecholamine release into the perfusate from the chromaffin tissue was determined from
the difference in catecholamine concentrations between the inflowing and outflowing
perfusion media at each sample times. The total quantity of catecholamines secreted over
the duration of the experiment was calculated by summing the amounts of adrenaline or

noradrenaline (nmol) calculated in the perfusate for each time point.

Statistical Analysis

The data are presented as the mean + 1 standard error of the mean (SEM). Where
appropriate, the data were statistically analyzed by a one-way repeated measures
ANOVA followed by Dunnett's multiple comparison test; if the normality test failed, an
ANOVA on ranks was performed followed by Dunnett's multiple comparison. In other
instances, the data were statistically analyzed by a one or two-way ANOVA followed by
Dunnett's test for comparison with control values. The fiducial limits of significance were
set at 5%. All statistical tests were performed using a commercial statistical software

package (SigmaStat version 2.03; SPSS, Sigma).
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RESULTS

Series 1: The effects of catecholamines on éatecholamine release. This
experimental series was designed to investigate the effects of locally elevated
catecholamines on the basal secretion of catecholamines from the chromaffin tissue.
Regardless of the mode of administration, delivery of exogenous catecholamines did not
affect the basal secretion of either adrenaline or noradrenaline. Neither a bolus injection
(Fig 7.1) nor continuous perfusion (data not shown) with saline containing high levels of
adrenaline or noradrenaline altered the rate of catecholamine secretion. Although
noradrenaline secretion appeared to increase initially in response to a bolus injection of
noradrenaline, the rate of secretion was not statistically significant from the pre-value
(Fig 7.1B).

Series 2: The effects of high concentrations of catecholamines on cholinergic and
neuronally induced secretion of adrenaline and noradrenaline. In control preparations
(perfused with saline containing no added catecholamine), a bolus injection of carbachol
(10 mol kg™') caused a rapid increase in adrenaline and noradrenaline secretion (Fig
7.2A). Secretion was greatest in the first few minutes after carbachol addition, after
which catecholamine secretion returned to baseline levels. In contrast, the addition of
catecholamines to the perfusate abolished (using noradrenaline; Fig 7.2B) or reduced
(using adrenaline; Fig 7.2C) the carbachol-induced increase in catecholamine secretion.
Similarly, although neuronal stimulation of the chromaffin cells elicited significant
increases in the rate of secretion of both catecholamines under all treatments, the
presence of adrenaline or noradrenaline in the perfusion fluid significantly reduced the

secretion of adrenaline (Fig 7.3); noradrenaline secretion was unaffected.
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Figure 7.1 The effects of elevated concentrations of B) noradrenaline or C) adrenaline on
basal catecholamine secretion (noradrenaline, unfilled bars; adrenaline, filled bars) in in
situ saline perfused posterior cardinal vein preparations of rainbow trout, Oncorhynchus
mykiss. Catecholamines or saline (control experiments; panel A) were administered to the

preparation by rapid bolus injection. Values are mean + 1 SEM.
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Figure 7.2 The effects of elevated catecholamine concentrations on carbachol (Cch)-
evoked (10 mol kg’, final volume 0.3 ml) stimulation of catecholamine secretion
(noradrenaline, unfilled bars; adrenaline, filled bars) in in situ saline perfused posterior
cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Carbachol was
administered to preparations perfused with A) control saline or with saline containing
either B) noradrenaline (124 nM; N = 6) or adrenaline (330 nM; N = 6). An asterisk
denotes a significant difference (P < 0.05) from the pre-stimulation (pre) value. A double
dagger denotes a significant difference of both catecholamines (noradrenaline and
adrenaline) from the corresponding control value (control, panel A; P < 0.05). A single
dagger denotes a significant difference of adrenaline only from the corresponding control

value (control, panel A; P <0.05). Values are mean + 1 SEM.
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Figure 7.3 The effects of elevated catecholamine concentrations on neuronal (60 V, 20
pps, 0.1 msec, 30 sec duration) stimulation of catecholamine secretion (noradrenaline,
unfilled bars, adrenaline, filled bars) in in situ saline perfused posterior cardinal vein
preparations of rainbow trout, Oncorhynchus mykiss. Electrical stimulation was applied
to preparations perfused with A) control saline or with saline containing either B)
noradrenaline (124 nM; N = 6) or adrenaline (330 oM; N = 6). An asterisk denotes a
significant difference (P < 0.05) from the pre-stimulation (pre) value. A double dagger
denotes a significant difference of both catecholamines (noradrenaline and adrenaline)
from the corresponding control value (control, panel A; P < 0.05). A single dagger
denotes a significant difference of adrenaline only from the corresponding control value

(control, panel A; P < 0.05). Values are mean + 1 SEM.
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Series 3: The effects of adrenergic receptor agonists/antagonists on stimulus-
evoked secretion of catecholamines. To characterize the effects of catecholamines on the
cholinergic and neuronally evoked secretion of catecholamines, a bolus injection of
carbachol (Figs. 7.4 & 7.6) or electrical stimulation of the nerves innervating the
chromaffin cells (Figs. 7.5 & 7.7) was administered to preparations perfused with
adrenergic receptor agonists or antagonists. In one group of experiments, total
catecholamine secretion was compared in fish perfused with control saline or with saline
containing the ai-adrenergic receptor agonists phenylephrine (o), clonidine (0t) or the a-
adrenergic receptor antagonist phentolamine. In addition to having no effect on basal
catecholamine secretion (data not shown), the presence of a-adrenergic receptor agonists
or antagonists in the perfusion media did not affect the release of catecholamines in
response to cholinergic stimulation (Fig. 7.4). However, adrenaline release in response to
neuronal stimulation was significantly reduced in the presence of clonidine (Fig. 7.5A).
An o-receptor mediated inhibition of neuronally evoked adrenaline release was
confirmed in preparations perfused with phentolamine in which secretion was
significantly énhanced (Fig. 7.5B).

In a separate group of experiments, preparations were pre-treated with pB-
adrenergic receptor agonists dobutamine (B;) or salbutamol (B,), or the B-adrenergic
receptor antagonist, nadolol. While these treatments were without effects on basal
catecholamine release (data not shown), the addition of salbutamol caused a significant
reduction in the release of both catecholamines in response to cholinergic stimulation
(carbachol), and reductions in adrenaline release only, during neuronal (electrical)

stimulation (Figs. 7.6 & 7.7); pre-treatment with saline containing dobutamine did not
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affect secretion. To confirm the B-adrenergic receptor mediated inhibition of stimulus-
evoked catecholamine secretion, preparations were perfused with the B-receptor
antagonist, nadolol. Blockade of B-receptors caused a significant increase in adrenaline
release in response to carbachol (Fig. 7.6B) but not neuronal stimulation (Fig. 7.7B).
Under all treatments, catecholamine secretion in response to carbachol or neuronal
stimulation was significantly elevated over baseline levels (mean pre-stimulation value, N
= 120, noradrenaline 0.02  0.01 nmol min™'; adrenaline 0.06 + 0.02 nmol min™).

Series 4: The effects of cAMP on stimulus-evoked secretion of catecholamines.
Bolus injection of carbachol elicited the secretion of both adrenaline and noradrenaline
while ckVIP caused the secretion of adrenaline (Fig. 7.8A & 7.9A, respectively).
Moreover, while pre-treatment with dibutyryl-cAMP reduced the secretion of adrenaline
and noradrenaline in response to cholinergic stimulation (Fig. 7.8B), the ckVIP elicited
secretion of adrenaline was unaffected by the compound (Fig. 7.9B)

Series 5. The effects B, receptor stimulation on catecholamine secretion elicited
by VIP or angiotensin II. Bolus injection of angiotensin II elicited significant increases in
the rate of secretion of both adrenaline and noradrenaline while VIP caused the secretion
of adrenaline only. Furthermore, while pre-treatment with salbutamol had no effect on the
VIP-induced secretion of adrenaline, the presence of the Bp-receptor agonist reduced the

secretion of both adrenaline and noradrenaline in response to a bolus injection of

angiotensin II (Fig 7.10).
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Figure 7.4 The effects o-adrenergic receptor agonists (A) or antagonists (B) on total
noradrenaline (unfilled bars) and adrenaline (filled bars) release evoked by cholinergic
stimulation (carbachol (Cch); 10% mol kg™, 0.3 ml) in in situ saline perfused posterior
cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Carbachol was
administered to preparations (N = 6 for each group) that were perfused with control saline
or saline containing the o-receptor agonists clonidine (o2) or phenylephrine (o) or the

general o-receptor antagonist phentolamine.
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Figure 7.5 The effects a-adrenergic receptor agonists (A) or antagonists (B) on total
noradrenaline (unfilled bars) and adrenaline (filled bars) release evoked by electrical
neuronal stimulation (60 V, 20 pps, 0.1 msec, 30 sec duration) in in situ saline perfused
posterior cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Electrical
stimulation was applied to preparations (N = 6 for each group) that were perfused with
control saline or saline containing the a-receptor agonists clonidine (a;) or phenylephrine
(ou) or the general o-receptor antagonist phentolamine. An asterisk denotes a significant

difference (P < 0.05) from the control value.
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Figure 7.6 The effects of 3-adrenergic receptor agonists (A) or antagonists (B) on total
noradrenaline (unfilled bars) and adrenaline (filled bars) release evoked by cholinergic
stimulation (carbachol (Cch); 10 mol kg™, 0.3 ml) in in situ saline perfused pqsterior
cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Carbachol was
administered to preparations (N = 6 for each group) that were perfused with control saline
or saline containing the B-receptor agonists salbutamol (f82) or dobutamine (B;) or the
general B-receptor antagonist nadolol. An asterisk denotes a significant difference (P <

0.05) from the control value.
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Figure 7.7 The effects of B-adrenergic receptor agonists (A) or antagonists (B) on total
noradrenaline (unfilled bars) and adrenaline (filled bars) release evoked by electrical
neuronal stimulation (60 V, 20 pps, 0.1 msec, 30 sec duration) in in situ saline perfused
posterior cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Electrical
stimulation was applied to preparations (N = 6 for each group) that were perfused with
control saline or saline containing the B-receptor agonists salbutamol (B;) or dobutamine
(B1) or the general P-receptor antagonist nadolol. An asterisk denotes a significant

difference (P < 0.05) from the control value.
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Figure 7.8 The effects of elevated dibutyryl-cAMP concentrations on carbachol (Cch)-
evoked (10 mol kg’, final volume 0.3 ml) stimulation of catecholamine secretion
(noradrenaline, unfilled bars, adrenaline, filled bars) in in situ saline perfused posterior
cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. Carbachol was
administered to preparations perfused with A) control saline or B) with saline containing
dibutyryl-cAMP (10 M; N = 6). An asterisk denotes a significant difference (P < 0.05)
from the pre-stimulation (pre) value. A double dagger denotes a significant difference of
both catecholamines (noradrenaline and adrenaline) from the corresponding control value

(control, panel A; P <0.05). Values are mean = 1 SEM.



Cch-Stimulated Catecholamine secretion

(nmol min'l)

1.0

0.8
0.6
04
0.2
0.0

Pre

I

%

Elevated dcAMP
I

2 A
2 3 4 5
Time (min)

186

FIGURE 7.8



187

Figure 7.9 The effects of elevated dibutyryl-cAMP concentrations on VIP-evoked
(ckVIP; 10 mol kg, final volume 0.3 ml) stimulation of catecholamine secretion
(noradrenaline, unfilled bars; adrenaline, filled bars) in in situ saline perfused posterior
cardinal vein preparations of rainbow trout, Oncorhynchus mykiss. ckVIP was
administered to preparations perfused with A) control saline or B) with saline containing
dibutyryl-cAMP (10° M; N = 6). An asterisk denotes a significant difference (P < 0.05)

from the pre-stimulation (pre) value. Values are mean + 1 SEM.
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Figure 7.10 The effects of the [B,-adrenergic receptor agonist salbutamol on total
noradrenaline (unfilled bars) and adrenaline (filled bars) release in response to A)
angiotensin II (ANG II; 10° mol kg, 0.3 ml) or B) vasoactive intestinal polypeptide
(VIP; 10° mol kg™, 0.3 ml) in in situ saline perfused posterior cardinal vein preparations
of rainbow trout, Oncorhynchus mykiss. An asterisk denotes a significant difference (P <

0.05) from the control (no salbutamol) value.
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DISCUSSION

Effects of catecholamines on catecholamine release

Although previous studies have reported catecholaminotropic activity of
catecholamines in the eel (Anmguilla rostrata, Hathaway et al., 1989) and lamprey
(Petromyzon marinus, Dashow and Epple, 1983), no such interactions were observed in
this study. In agreement with former studies conducted in vivo in trout (Perry and
Vermette, 1987) and in situ in Atlantic cod (Gadus morhua; Perry et al., 1991), the
presence of high levels of adrenaline and noradrenaline did not affect the basal secretion
of catecholamines from trout chromaffin cells. On the other hand, the results of the
present study clearly demonstrate that stimulus-evoked secretion of adrenaline is highly
sensitive to extracellular catecholamine levels. Specifically, in the presence of high
concentrations of adrenaline or noradrenaline in the perfusion fluid, the cholinergic and
neuronally evoked secretion of adrenaline was reduced or abolished. On the other hand,
while the secretion of noradrenaline in response to carbachol was sensitive to
extracellular catecholamine levels, elevated concentrations of noradrenaline appear to
have little, if any, effect on noradrenaline secretion during neuronal stimulation. These
findings reveal the presence of a negative feedback system whereby secreted
catecholamines serve to inhibit additional catecholamine release. This adrenergic
negative feedback regulation of catecholamine release was subsequently characterized
using standard pharmacological techniques that employed classic o- and B-receptor

agonists and antagonists.
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The role of B-adrenergic receptors

The results of the pharmacological study support a physiological role for a B-
adrenergic receptor system on trout chromaffin cells. The adrenergic inhibition of
catecholamine release was mimicked by the P.-adrenergic receptor agonist salbutamol.
Indeed, adrenaline secretion in response to carbachol and neuronal stimulation was
reduced in fish perfused with saline containing salbutamol. The significance of this
system in regulating stimulus-evoked adrenaline secretion was further established using
the B-receptor antagonist nadolol. Adrenaline secretion in response to cholinergic
stimulation in preparations perfused with saline containing nadolol was significantly
elevated in comparison to controls. This finding indicates that adrenaline secretion in
trout may normally be inhibited in an autocrine/paracrine fashion by the action of the
secreted catecholamines on chromaffin cell B, receptors. Typically, B, adrenergic
receptor stimulation is associated with activation of adenylyl cyclase and increases in
intracellular cAMP. Owing to the ability of cAMP to reduce catecholamine secretion in
response to cholinergic stimulation, the B, adrenergic inhibitory mechanisms may involve
cAMP dependent post-receptor events that affect exocytosis.

The lack of an effect of B-receptor blockade on catecholamine secretion following
neuronal stimulation was unexpected, but may reflect the activation of other pathways
during neuronal stimulation that are insensitive to adrenergic negative feedback. Reid et
al. (1995) demonstrated the presence of several neurotransmitters and neuropeptides
capable of regulating chromaffin cell activity during neuronal stimulation. Indeed, a

possible candidate is VIP, a potent activator of catecholamine release in trout (Montpetit
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and Perry, 2000) that is insensitive to autocrine/paracrine stimulation of chromaffin cell
[B2-receptors (see below).

Attempts to demonstrate a role for a B-adrenergic receptor mediated regulation of
catecholamine secretion from mammalian chromaffin cells have yielded mixed results.
While a number of studies were unable to demonstrate an involvement of B-adrenergic
receptors using the B-receptor blocker propranolol (Wakade 1981: Collett and Story,

1984), others have suggested a stimulatory role (Boonyaviroj and Gutman, 1979;

Greenberg and Zinder, 1982). In the latter studies, catecholaminotropic activity of
catecholamines via activation of B-receptors was established using isoproterenol (non-
specific B-agonist) and salbutamol (B,-agonist). Moreover, treatment with B-receptor
antagonists (propranolol or H35/25) caused a reduction in the cholinergic evoked
secretion of catecholamines (Boonyaviroj and Gutman, 1979; Greenberg and Zinder,
1982). In agreement with those studies, a B-stimulatory pathway also has been suggested
to operate in eels (Al-Kharrat et al., 1997; Abele et al., 1998). Thus, to our knowledge,

this is the first study to report a P,-receptor mediated inhibition of catecholamine
secretion from chromaffin cells of any vertebrate species.

The role of a-adrenergic receptors

An inhibitory role for presynaptic op-adrenergic receptors that regulate
neurotransmitter release is well established in the central and peripheral nervous systems
(Holmgren and Nilsson, 1982). Given their relatedness to adrenergic neurons,
investigators have suggested that adrenomedullary chromaffin cells may be regulated in a
similar fashion. Studies conducted on mammalian adrenal glands and isolated chromaffin

cells have indeed shown that o-receptors are able to regulate secretion during cholinergic
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stimulation (Boonyaviroj and Gutman, 1979; Cohen et al., 1980; Greenberg and Zinder,
1982; Wada et al., 1982).

In the present study, the addition of o;-adrenergic receptor agonists or antagonist
to the perfusate did not modify catecholamine secretion in response to a bolus injection of
carbachol. These results suggest that chromaffin cell membrane o.-adrenergic receptors, if
present in trout, do not play a role in the regulation of catecholamine release. In contrast,
adrenaline secretion in response to neuronal stimulation was significantly reduced in the
presence of the a;-receptor antagonist clonidine. Given that clonidine was without effect
on carbachol-evoked secretion, these results suggest that the inhibitory action of
clonidine on neuronally-evoked adrenaline secretion results from pre-synaptic adrenergic
regulation of neurotransmitter release from the preganglionic nerves innervating the
chromaffin cells. The physiological significance of this mechanism was demonstrated by
showing that pre-treatment with the o-adrenergic receptor antagonist phentolamine
significantly enhanced adrenaline secretion in response to neuronal stimulation.
Therefore, in addition to B,-receptors, the adrenergic control of catecholamine secretion
from trout chromaffin cells includes activation of inhibitory a-adrenoceptors located
pre-synaptically. While the results demonstrate profound effects of adrenergic agonists
and antagonists on adrenaline secretion, changes in adrenaline secretion were not always
associated with changes in noradrenaline secretion. Thus, while both catecholamines
have the ability to influence secretion, the system appears to be geared towards the

regulation of adrenaline secretion.
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Adrenergic regulation of non-cholinergic secretagogues

In teleosts, the control of catecholamine secretion from chromaffin cells involves
numerous physiological stimuli including stimulation by preganglionic sympathetic nerve
fibers through non-cholinergic (VIP) and cholinergic (Ach) neurotransmitters (Reid et al.,
1995; Montpetit and Perry, 1999, 2000), and activation of the renin-angiotensin system
(Bernier et al., 1999b). In agreement with previous studies, a bolus injection of VIP
caused a significant elevation of adrenaline secretion (Montpetit and Perry, 2000), while
angiotensin II elicited the secretion of both adrenaline and noradrenaline (Bernier et al.,
1997, 1999ab). Subsequent experiments were designed to determine whether the
catecholaminergic negative feedback mechanism observed for cholinergic and neuronally
evoked secretion also was operative for secretion elicited by non-cholinergic substances.
The results clearly revealed that catecholamine secretion elicited by angiotensin II was
subject to negative feedback control whereas VIP-elicited secretion was not.

The precise mechanisms underlying the adrenergic inhibition of catecholamine
release from chromaffin cells in response to carbachol, neuronal stimulation, and
angiotensin II (but not VIP) are unknown but may reflect differences in calcium signaling
pathways. An elevation in intracellular Ca** is a prerequisite for catecholamine secretion
(Burgoyne et al., 1993; Furimsky et al., 1996) but the source of this elevation may differ
depending on the specific secretagogue. In rainbow trout, external Ca®* is required to
initiate catecholamine secretion in response to carbachol (Furimsky et al,, 1996), and
angiotensin II (Bernier and Perry, 1997). Although similar studies have not been
performed in fish, VIP receptor stimulation in mammalian chromaffin cells is associated

with an elevation of IP; (inositol 1,4,5-triphosphate) and DAG (diacylglycerol) leading to
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an increase in intracellular Ca?* predominantly from intracellular stores (Malhotra et al.,
1989; Isobe et al., 1993; Przywara et al., 1996; Tanaka et al., 1996). Therefore, the link
between the B,-adrenergic receptor activation and catecholamine release may involve
specific regulation of Ca?* signaling from external sources. Indeed, a recent study
performed using rat chromaffin cells has demonstrated an autocrine negative modulation
of L-type Ca?* channels via adrenergic receptors, representing a possible mechanism
regulating Ca**-dependent exocytosis through voltage-gated channels (Hernandez-Guijo
et al, 1999). Moreover, other studies have demonstrated an inhibitory adrenergic
regulation of Na' influx thereby affecting the extent of cell depolarization and
catecholamine release (Gutman and Boonyaviroj, 1977, Wada et al., 1985). Because L-
type channels (Ca*? voltage-gated channels) contribute over 50% of the total Ca®
current, these mechanisms may form the basis of the adrenergic autocrine/paracrine

control of catecholamine secretion.
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CHAPTER 8

GENERAL DISCUSSION
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SUMMARY OF PRINCIPLE FINDINGS

CHAPTER 2: A whole body field stimulation protocol, able to specifically activate
nerve fibres innervating the chromaffin cells to elicit secretion of catecholamines,
was developed and validated.

CHAPTER 3: Cholinergic stimulation of catecholamine release involves both
muscarinic and nicotinic cholinergic receptors. Muscarinic cholinergic stimulation
indirectly contributes by enhancing the nicotinic-evoked secretion of
catecholamines. Under intense stimulation, muscarinic receptors may directly cause
secretion.

CHAPTER 4: VIP and PACAP can elicit the release of adrenaline (but not
noradrenaline) from the chromaffin tissue of the rainbow trout, via activation of
VPAC type receptors. During neuronal excitation of catecholamine release, the
contribution of cholinergic stimulation predominates during high levels of neuronal
activity, while the non-cholinergic component (VIP/PACAP) participates at low
levels of activity.

CHAPTER 5: VIP and PACAP can elicit catecholamine release from the chromaffin
tissue via specific VIP binding sites that exhibit properties of VPAC type receptors.
Although VIP binding sites are observed on both noradrenaline- and adrenaline-
chromaffin cell types, the effects of VIP and PACAP appear to be targeted towards
the secretion of adrenaline via post-receptor events.

CHAPTER 6: Three putative cDNAs corresponding to VPAC;, VPAC,, and PAC, were
cloned and sequenced from trout brain cDNA. Sequence alignments indicate that

they are highly homologous to other vertebrate VPAC,, VPAC,;, and PAC,
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receptors. Tissue distributions implicate roles for these receptors in the brain and
various peripheral organs.

CHAPTER 7: High levels of catecholamines negatively impact the ability of chromaffin
cells to secrete additional catecholamines in response to cholinergic stimulation but
not VIP. Mechanisms of this adrenergic inhibition of catecholamine secretion
include activation of chromaffin cell membrane B,-receptors and presynaptic o-

adrenergic receptors.
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DISCUSSION

Part L. In situ saline perfused posterior cardinal vein preparation

Although a role for the neuronal control of catecholamine release in fish was
previously established in vivo, the identification of the participating neurotransmitters and
receptors has largely been accomplished using in situ perfused (e.g. Perry et al., 1991;
Fritsche et al., 1993; Al-Kharrat et al., 1997) or perifused (e.g.; Gfell et al., 1997; Abele
et al. 1998) PCV preparations. In situ saline perfused PCV preparations have been used
extensively to study the regulation of catecholamine secretion from chromaffin tissue in
agnathans (e.g. Bernier and Perry, 1996), elasmobranchs (Abrahamsson 1979; Montpetit
et al., 2001), and teleosts (e.g. Nilsson et al., 1976; Reid et al., 1996; Abele et al., 1998;
McKendry et al., 1999; Montpetit and Perry, 1999 & 2000). The results of validation
experiments demonstrate that the chromafﬁn‘tissue that line the walls of the PCV respond
to pharmacological and neuronal manipulations (Chapter 2) in a manner expected based
on available information regarding catecholamine secretion from chromaffin cells in
higher vertebrates. Indeed, this preparation has become an important tool with which to

examine various aspects (neuronal and hormonal) of catecholamine release from

chromaffin cells in fish.

Part I1. Neuronal Control of Catecholamine Release

Cholinergic control-Acetylcholine

Previously, the cholinergic regulation of catecholamine release from trout
chromaffin cells was considered to be mediated exclusively through nicotinic receptors.
The results of recent investigations, however, have provided indirect evidence that

muscarinic receptors may also be involved in the cholinergic control of catecholamine



201

release in fish (Fritsche et al., 1993; Furimsky et al., 1996). Therefore, the focus of
Chapter 3 was to examine whether or not muscarinic receptors participated in the
cholinergic control of catecholamine secretion from the chromaffin cells in rainbow trout.
This was accomplished using nicotinic and muscarinic receptor agonists, in addition to
the mixed nicotinic/muscarinic receptor agonist carbachol.

A role for muscarinic receptors during neuronal stimulation was demonstrated by
the ability of atropine (muscarinic receptor antagonist) to reduce catecholamine secretion
in response to electrical excitation of the preganglionic nerves innervating the chromaffin
cells. On the other hand, the ability of atropine to specifically inhibit the carbachol-
elicited secretion and hexamethonium to prevent it, suggests a positive modulatory role
for muscarinic receptors. A modulatory role for muscarinic receptors is further supported
with the finding that catecholamine secretion was enhanced following a bolus injection of
nicotine in combination with oxotremorine, when compared to the secretion elicited by
either agonist when administered independently.

An involvement of muscarinic receptors in the cholinergic regulation of
catecholamine secretion from piscine chromaffin cells is not without precedent. As in
trout (Chapter 3), muscarinic receptor agonists (muscarine and pilocarpine) elicited
catecholamine secretion from perifused head kidney preparations of the common carp
(Cyprinus carpio) (Gfell et al. 1997). While Reid and Perry (1995) were unable to
demonstrate any involvement of muscarinic receptors in eels, other studies have
documented an inhibitory role on basal secretion (Al-Kharrat et al. 1997), or a positive
modulatory role during electrical stimulation of the sympathetic fibres (Abele et al,

1998). Despite the variable responses elicited through muscarinic cholinergic stimulation,
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overall, muscarinic receptors appear to play either a direct or positive modulatory role
during neuronal stimulation of catecholamine release in fish.

The precise mechanisms underlying the initiation of catecholamine secretion by
muscarinic receptor stimulation of trout chromaffin cells are not known. However, owing
to the specific requirement of Ca®* in the secretory process (Burgoyne et al. 1993;
Furimsky et al. 1996), pathways for increasing intracellular Ca®* are likely responsible.
Activation of muscarinic receptors is generally considered to be associated with increases
in the intracellular concentration of calcium through the liberation of inositol 1,4,5-
trisphosphate (IPs) and diacylglycerol (DAG). However, the rise in intracellular calcium
following muscarinic receptor stimulation might not be sufficient, in itself, to trigger
exocytosis. Owing to the positive modulatory influences of muscarinic receptor
activation, the rise in intracellular calcium may, however, be sufficient to augment
catecholamine secretion in response to other stimuli.

In summary, the resuits of several experimental approaches support a role for
muscarinic receptors (in addition to nicotinic receptors) in the overall cholinergic
regulation of catecholamine release from trout chromaffin cells. Given the presence of
different cholinergic pathways (muscarinic and nicotinic receptors) regulating the process
of catecholamine release, one may speculate that chromaffin cells of trout exhibit a
degree of flexibility with respect to their responses to acetylcholine released from the
preganglionic nerves. Perhaps the presence of two types of cholinergic receptors capable
of eliciting catecholamine release may allow chromaffin cells to continue to release
catecholamines in the event of impairment (e.g. down-regulation, desensitization) of one

type (e.g. nicotinic receptors) of cholinergic receptor.
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Non-cholinergic control- VIP and PACAP

An overview of the principle findings from this thesis suggests that the neuronal
control of catecholamine secretion via the sympathetic preganglionic innervation of the
chromaffin tissue is not confined to cholinergic evoked events. If acetylcholine were the
only neurotransmitter released from the preganglionic nerves that innervate the
chromaffin tissue, one would expect a complete inhibition of the secretion of
catecholamines after blockade of cholinergic receptors. However, unlike the situation
with carbachol, the neuronally evoked secretion of catecholamines was not totally
prevented by a combination of hexamethonium and atropine. Indeed, the results of
Chapter 4 indicate that the neuropeptides VIP and/or PACAP may act as
neurotransmitters, along with acetylcholine, in the neuronal control of chromaffin cell
activity in fish. Several lines of evidence argue for a neurotransmitter role of these
peptides.

First, VIP and PACAP immunoreactive nerve fibres have been demonstrated in
the vicinity of chromaffin cells that line the walls of the posterior cardinal vein of various
species of fish including rainbow trout (Reid et al., 1995). Similar histological evidence
has been demonstrated in adrenal medullary synapses of higher vertebrates (Wakade et
al., 1991). Second, VIP and PACAP exert direct stimulatory effects on the chromaffin
cells of trout. Third, the stimulatory effects of VIP, PACAP, and neuronal stimulation
could be antagonized by the VPAC receptor antagonist, VIP6-28. Fourth, although Ach
is believed to be the main neurotransmitter released from the preganglionic nerves, the
effect of neuronal stimulation on catecholamine release could not be abolished by

treatment with atropine and hexamethonium. The non-cholinergic portion of the secretion
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was not due to inadequate antagonism of the cholinergic receptors because catecholamine
secretion in response to carbachol was totally prevented by atropine and hexamethonium
(Chapter 3). It is clear from the results of Chapter 4 that the stimulatory effects of VIP
and PACAP occur independently of cholinergic receptors. Indeed, specific VIP binding

sites exhibiting properties of VPAC receptors were detected on the chromaffin cells that

line the walls of the posterior cardinal vein in trout. Accordingly, VIP and/or PACAP can
be regarded as neurotransmitters released upon activation of the preganglionic fibres and
are likely to play a key role in the secretion of catecholamines from the chromaffin tissue
of trout. Given that VIP and PACAP immunoreactive nerve fibres have been
demonstrated in the vicinity of the chromaffin cells of other fish, including cod (Gadus
morhua), European eel (Anguilla anguilla), and spiny dogfish (Squalus acanthias) (Reid
et al., 1995), it is reasonable to speculate a neurotransmitter role for the peptides in the
neuronal regulation of catecholamine release in these fish, if not all fish.

In mammals, VIP and PACAP activate two separate signaling pathways,
including the adenylyl cyclase-cAMP pathway and the phosphoinositide-phospholipase C
pathway (Ishihara et al., 1992; Lutz et al., 1993; Spengler et al., 1993). It is believed that
the direct stimulatory actions of VIP and PACAP are mediated by increases of
intracellular concentration of Ca* through the liberation of IP; (Malhotra et al., 1989;
Isobe et al., 1993; Przywara et al., 1996; Tanaka et al,, 1996). The demonstration that VIP

elicited the secretion of adrenaline from in situ preparations perfused with Ca* -free

saline (Chapter 4) is consistent with this hypothesis.
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VPAC and PAC; receptors

To characterize the receptors that mediate the stimulatory effects of VIP and
PACAP on cﬁtecholamine release from trout chromaffin cells, several pharmacological
experiments were designed that relied on receptor antagonism and affinity parameters.
Exogenous administration of a range of doses of VIP and PACAP to in situ perfused
PCV preparations of rainbow trout caused the release of adrenaline in a dose dependent
manner. Evaluation of the effective dose eliciting 50% of the maximal secretion (EDsp)
revealed that VIP and PACAP elicited release of adrenaline with comparable potencies.
Furthermore, adrenaline secretion in response to VIP and PACAP, or neuronal
stimulation (low frequency) was inhibited in the presence of VPAC receptor antagonist.
Moreover, labeling of VIP-binding sites was prevented in tissues pre-treated with
unlabelled VIP, VPAC receptor antagonist, and PACAP, but not PAC,; receptor
antagonist. Together, these results argue for a role of VPAC receptors regulating
chromaffin cell activity in the rainbow trout.

An involvement of VPAC receptors in the control of catecholamine release in
trout is in marked contrast to observations reported for amphibian and mammalian
species. Whether or not trout VPAC receptors respond typically to VIP, PACAP, and
receptor antagonists is not known. Recently, goldfish VPAC, and PAC, receptors were
cloned and functionally characterized (Chow 1997, Chow et al., 1997, Wong et al,
1998). In this thesis, three partial clones exhibiting properties of the VPAC,, VPAC,, and
PAC, receptors were obtained from trout brain. It would appear then, like higher
vertebrates, trout possess all three receptors. Although pharmacological characterizations

of the encoded proteins have not been performed, it is highly likely that they would
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respond, like the goldfish receptors, in a typical fashion based on the similar
pharmacological characteristics displayed by each receptor, respectively, in different
vertebrate species.

Tissue distribution experiments using RT-PCR demonstrated the presence of
VPAC, receptors, but not VPAC,, in the PCV tissue (unpublished data, Montpetit and
Perry, 2002). These preliminary results suggest that in trout, the chromaffin cell VIP
receptors mediating adrenaline secretion are of the VPAC, subtype. However, the results
of the RT-PCR experiments cannot confirm with certainty the source of cells expressing
the VPAC; mRNA. Unlike mammals, fish chromaffin cells are not organized into a
distinct gland. Indeed, the heterogeneous populations of cells within the posterior
cardinal vein has made it difficult to isolate pure populations of chromaffin cells from the
tissue. Therefore, detection of these receptors specifically on chromaffin cells at the PCR
or Northern levels could not be performed. As such, results of the RT-PCR analysis can
only provide hypotheses concerning its presence in chromaffin cells. By isolating partial
clones for the trout VPAC,, VPAC,, and PAC, receptors, however, I have provided

direction for future investigations into the VIP and PACAP system and the neuronal

control of catecholamine release in fish.

Relative contribution of cholinergic and non-cholinergic neurotransmitters

Overall, the neuronal regulation of catecholamine release from trout chromaffin
cells appears to be mediated by increased stimulation via preganglionic nerves. It would
seem that repetitive stimulation above a certain threshold is necessary to yield a sufficient

total output to trigger post-synaptic responses. Moreover, the relative rates of secretion of
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cholinergic and non-cholinergic neurotransmitters are partially dependent on the
frequency of neuronal action potentials. Specifically, cholinergic stimulation, although
participating at low neuronal activities, predominated during high levels of stimulation
frequencies. In contrast, the secretion of non-cholinergic neurotransmitters is favored
during low frequency nerve activity.

If more than one type of neurotransmitter is present within the neurons of the
preganglionic nerve fibres, then the release of each type seems to be controlled by the
rate of impulse traffic. The present observation raises a question of considerable interest
regarding the storage and release of different neurotransmitters in the presynaptic
neurons. One possibility is that each neurotransmitter (Ach, VIP and/or PACAP) is stored
within its own vesicles that exhibit different kinetics of release. There is evidence that the
magnitude of entry of calcium into nerve terminals is related to the frequency of
stimulation (Kirpekar et al., 1975). Thus, at low frequency the amount of calcium
entering the nerve would be low and only a certain population of vesicles with high
affinity for calcium would be released, presumably VIP/PACAP. At high rates of
stimulation, other vesicles requiring higher levels of calcium would enter the exocytotic
process, as such Ach. Alternately, the presynaptic fibres may contain populations of
different neurons expressing different types of neurotransmitters. These neurons may
have different thresholds for firing and conduction of action potentials, which may
account for the differential release of neurotransmitters and consequently the secretion of
adrenaline and noradrenaline. Whether or not VIP/PACAP are co-stored with
acetylcholine and the exact pattern of their release is unknown. Furthermore, whether

repetitive stimulation at different frequencies represents the true nature of the differential
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regulation of catecholamine release during neuronal stimulation remains to be
established. An additional consideration is that neuronal traffic may occur in bursts rather
than fixed rates of impulses.

Because the actual release of the neurotransmitters was not measured in this
thesis, the precise neuropeptide released during low frequency neuronal stimulation is not
known. Given that catecholamine secretion in response to low neuronal activity is
sensitive to VPAC receptor antagonism, it is safe to speculate the participation of VIP
and/or PACAP. However, to conclusively determine the relative involvement of VIP and
PACAP, additional work is needed to identify which peptides are secreted from the

preganglionic nerve terminals during electrical stimulation of these nerves.

Part ITl. Adrenaline versus noradrenaline secretion

The secretory profiles in response to cholinergic and non-cholinergic stimulation
differed substantially. While cholinergic stimulation was associated with the secretion of
adrenaline and noradrenaline, the secretory profile following VIP/PACAP stimulation
include only adrenaline. Originally, the ability of the chromaffin cells to secrete
noradrenaline and adrenaline was believed to be due, in large part, to the differential
regulation of adrenaline- versus noradrenaline- subtypes of chromaffin cells. While the
chromaffin cell fraction of the posterior cardinal vein contains predominantly
“adrenaline-containing chromaffin cells”, mechanisms that regulate the secretion of
catecholamines are more complex than simple stimulation of a single chromaffin cell

subtype (adrenaline versus noradrenaline-containing chromaffin cells).
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The ability of VIP and PACAP to stimulate the secretion of adrenaline, but not
noradrenaline, has previously been reported in rats (Guo and Wakade, 1994). Thus far,
there is no explanation for the preferential release of adrenaline in response to these
peptides. With the observation of VIP binding sites on adrenaline and noradrenaline
chromaffin cell subtypes, one would predict the ability of VIP and PACAP to elicit the
secretion of both catecholamines despite the source of secretion. Therefore, post-receptor
events capable of discriminating between releasable pools of adrenaline and
noradrenaline granules from adrenaline-cells, and for that matter noradrenaline granules
from noradrenaline-cells, must be responsible for the preferential release of adrenaline.

Although the exact mechanism by which exocytosis occurs is unknown, a rise in
intracellular calcium is a necessary prerequisite for catecholamine release to occur.
Rearrangement of the cytoskeleton is considered to be a key event in the process of
exocytosis (Burgoyne 1991). Under normal conditions, a network of actin filaments
separates catecholamine-containing granules from the plasma membrane preventing
release from occurring. The influx of calcium ions, either from extracellular or
intracellular sources, causes the actin network to disassemble allowing for secretory
vesicles to move to the plasma membrane, fuse, and release their contents. Microtubules
may also play a role in the translocation of secretory granules to the plasma membrane.
As such, any of these steps may possibly be regulated to allow for the differential release
of catecholamines. In addition to stimulating the liberation of IP; and subsequently
intracellular calcium, VIP and PACAP stimulation also causes an increase in cAMP
(Vaudry et al., 2000). To date, a role for cCAMP in the regulation of catecholamine

secretion, in trout, as in other vertebrates, has not been established.
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In general, cholinergic stimulation elicits a larger secretion of catecholamines

than VIP/PACAP. Although post-receptor events may explain some of the differences in

the secreted catecholamines (adrenaline and/or noradrenaline), other factors clearly are

involved to account for the differences in the levels of the secreted catecholamines.

Possible explanations for this phenomenon could include a greater number of cholinergic
receptors on the chromaffin cells. Owing to the large distribution of VIP-binding sites on
the chromaffin cells lining the walls of the PCV, this may not be the case. Possibly, the
differences may be due in large part to the recruited pathways that are responsible for the
increase in intracellular calcium and exocytosis. Unlike nicotinic cholinergic stimulation,
activation of VIP and PACAP receptor does not appear to recruit calcium from
extracellular sources through cell depolarization events. Therefore, like muscarinic
receptor stimulation, the ensuing increase of intracellular calcium levels may not reach

the same levels as achieved with nicotinic receptor stimulation, and thus not allow for

similar secretion levels.

Part IV. Adrenergic regulation of catecholamine release
In general, an elevation of plasma catecholamine levels is considered to be a
response to acute stress with catecholamine release occurring almost immediately upon

exposure to the stressful condition. In addition to the effects on several peripheral tissues

and organs, high levels of catecholamines flowing over the chromaffin cells may serve to

inhibit the release of additional catecholamine in trout. The results of Chapter 7 clearly

demonstrate that stimulus-evoked (neuronal and carbachol) secretion of

catecholamines is highly sensitive to extracellular catecholamine levels. The results of
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several pharmacological approaches revealed the possible involvement of B2-adrenergic
receptors on the cell surface of chromaffin cells directly controlling the release of
catecholamines, and a role for op-receptors controlling presynaptic release of the
neurotransmitter acetylcholine, and in doing so, the release of catecholamines.

Upon stimulation, the nicotinic cholinergic receptor of trout chromaffin cells
undergoes rapid desensitization (Lapner et al., 2000). While the re-sensitization process is
gradual (as long as 40 min in trout), nicotinic receptor desensitization, if prolonged, could
potentially impair catecholamine release in individuals experiencing extended and
repeated bouts of acute stress (Lapner et al,, 2000). As such, secreted catecholamines
may protect against cholinergic receptor desensitization by negatively regulating the
release of acetylcholine from the preganglionic nerve terminals and therefore interactions
with cholinergic receptors thus allowing for a more rapid re-sensitization period. Or
perhaps, the negative feedback pathways, by both the B,-receptors on the chromaffin cells
and a,-receptors on the presynaptic nerve terminal may serve as catecholamine release
termination factors. Indeed, in trout, adrenergic feedback mechanisms may prevent the
secretion of catecholamines to levels that may become pathological.

Unlike in eels (Epple and Nibbio, 1985) and lampreys (Dashow and Epple, 1983),
there is no evidence that catecholamines can elicit catecholamine release in trout (so-
called catecholaminotropic effects). While adrenaline and noradrenaline could elicit the
secretion of the other catecholamine in eels (Epple and Nibbio, 1985; Hathaway et al,,
1989), they did not stimulate the secretion of adrenaline or noradrenaline from trout
chromaffin cells. Adrenergic stress responses and elevation of plasma catecholamine

levels are most likely of greater importance in the trout than the eel. Whereas trout
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release catecholamines in the 150-200 nM ranges in response to bouts of acute stresses
(air exposure, hypoxia) (Perry et al., 1991; Perry and Reid, 1992; Perry and Reid, 1994;
Reid and Perry, 1994), catecholamine release in eels reaches approximately 10 nM
following similar stresses (Perry and Reid, 1992; Reid and Perry, 1994). Therefore, such
safeguard mechanisms may not be as important in the eel given the much-reduced release
of catecholamines in eels compared to trout.

In contrast to the PB,-adrenergic receptor mediated inhibition of the cholinergic
and angiotensin II induced release of catecholamines, adrenaline secretion in response to
VIP appeared to be insensitive to this type of regulation. The precise mechanisms for
these differences are not known. ‘However, owing to the prerequisite elevation of
intracellular calcium from external sources for both the cholinergic and angiotensin II
elicited secretion of catecholamines, mechanisms regulating the entry of calcium may be
responsible for the PBr-adrenergic inhibition. If so, then the ability of VIP to cause
catecholamine release, even in the absence of external calcium, would explain the lack of
an adrenergic negative feedback signals on the VIP induced secretion of adrenaline.
Possibly, the ability of VIP to elicit the secretion of adrenaline, even in the presence of
high levels of circulating levels of catecholamines, would allow for secretion to continue
unabated in response to prolonged and/or repeated bouts of acute stress. Whether or not
the release of VIP from the nerve terminals is subject to an adrenergic control was not
examined in this thesis. Owing to the low levels of catecholamines that are released from
the chromaffin tissue in response to VIP or neuronal stimulation (low frequency
stimulation), one might speculate that they would not exert a large impact on

catecholamine secretion. Overall, catecholamines released from “adrenal” chromaffin
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cells have the ability to function in an autocrine and paracrine fashion to regulate the
secretion of additional catecholamines. Given the marked inter-species differences
observed with respect to the adrenergic regulation of catecholamine release from
chromaffin cells, however, it is difficult to generalize on what the overall significance of
catecholamines as a modulator of catecholamine release in fish might be. Owing to the
reliance of circulating catecholamines for adrenergic cardiovascular control and gas
transfer during conditions of acute stress, the adrenergic inhibition of catecholamines
may possibly play a key role in controlling the extent of expression of adrenergic stress
responses in trout. In contrast, a catecholaminotropic effect of catecholamines may be

necessary to elevate circulating catecholamines to physiologically relevant levels in eels.

Part V. Significance of the neuronal control of catecholamine release.

In the cyclostome hagfishes, unlike teleosts, the chromaffin tissue is not
innervated and thus catecholamine release in these fish presumably is mediated
exclusively by the endocrine system via the bloodstream (Perry et al., 1993; Epple et al.,
1995; Bernier and Perry, 1996). Possibly, the emergence of a nervous control of
catecholamine release was induced by a necessity to enable organisms to elicit different
physiological responses depending on the nature and severity of stresses encountered.
Although the cholinergic induced release of catecholamines is the predominant
mechanisms leading to the secretion of catecholamines in teleosts, the presence of non-
cholinergic neurotransmitters such as VIP and PACAP provides a greater degree of

flexibility with respect to the neuronal control of catecholamine release from the

chromaffin cells.
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The results of this thesis reveal that both VIP and PACAP can potentially
contribute to catecholamine secretion from trout chromaffin cells. However, whether or
not these neuropeptides actually contribute significantly to the afferent limb of the
adrenergic stress response in vivo has yet to be determined. Indeed, the release of these
neuropeptides during sympathetic activation of the chromaffin cell in response to acute
stressors such as hypoxia, air exposure, or handling remains to be confirmed. However,
we have recently shown that cholinergic and VPAC receptor antagonists can inhibit
catecholamine secretion during electrically-evoked neuronal stimulation of the
chromaffin cells in trout, thus implicating the release of Ach, VIP and/or PACAP under
these conditions (Montpetit and Perry, 2000). Further research should now address the
relative contribution of VIP and PACAP in vivo to establish the functional significance of

these neuropeptides (and their receptors) in the control of catecholamine secretion in fish.

CONCLUSION

This thesis primarily investigated aspects of the neuronal control of catecholamine
release from the chromaffin cells of the rainbow trout. In addition to cholinergic
stimulation, experimental evidence suggests that the peptides VIP and PACAP may
function as neurotransmitters in the overall control of catecholamine release in this
species. Owing to the presence of VIP and PACAP immunoreactive nerve fibres in the
vicinity of the chromaffin cells in several other species of fish, a neurotransmitter role for
these peptides in the secretion of catecholamines may also be extended to fish in general.
Whether or not this is representative of all fish points to the need for a more comparative

approach in order to further our understanding of this system.
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