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Abstract 

Natriuretic peptide hormones secreted from the heart are important in maintaining  the volume and 
electrolyte balance and in regulation of blood pressure. The secretion of natriuretic peptides is 
stimulated by myocyte stretch and paracrine  factors. However, the intracellular actions of these 
stimuli and the cellular and  molecular mechanisms involved in the processing and secretion of 
natriuretic peptides are still largely unknown. In this study, a new model for studies of the natriuretic 
peptide system was developed using a novel natriuretic peptide from salmon. 

Salmon (Salmo salar) maintains its water and salt  homeostasis despite the volume gain in fresh 
water and electrolyte gain in sea water. Thus, salmon is an ideal model to study the mechanisms 
regulating the extracellular volume and salt balance, like natriuretic peptides. Furthermore, 
comparative studies revealing the common characteristics in phylogenetically distinct species suggest 
the importance of these factors in the regulation of the natriuretic peptide system. 

A novel natriuretic peptide, salmon cardiac peptide (sCP), was cloned from salmon heart. 
Distribution of sCP was studied in a variety of vertebrates and its physiological effects were examined 
in in vitro and in vivo experiments in salmon and rats. The storage and release of sCP was studied 
using a salmon ventricle perfusion system and by analysing the molecular forms of stored and 
secreted forms. Factors modulating  the secretion and circulating concentration of sCP, and cardiac 
peptide and sCP mRNA level in salmon were examined as well. 

The biosynthesis of sCP is strictly restricted to the heart. sCP is stored  in myocytes in the 
prohormone form, while the secreted form is a 29-amino acid peptide in salmon. Mechanical load on 
isolated salmon ventricle and volume overload in intact salmon induced a rapid release of sCP. 
Exposure to  hyperosmotic environment decreased the plasma sCP level. sCP increased diuresis and 
natriuresis, as well as relaxed preconstricted arteries from salmon and rats. Thus the storage, 
processing and release of sCP resembles those of mammalian ANP. The circulating level of sCP in 
salmon was markedly upregulated at increased temperatures. Upregulation resulted from decreased 
elimination rather than increased secretion of sCP, providing the first direct evidence that elimination 
is used for the regulation of the natriuretic peptide system. In conclusion, sCP is a promising model 
for studying the general factors regulating the cardiac natriuretic peptides. 

Keywords: mechanical load, osmoregulation, temperature, elimination 
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 Abbreviations 

ACE angiotensin converting enzyme 
Ang II angiotensin II 
ANOVA analysis of variance of repeated measurements 
ANP atrial natriuretic peptide 
AVP arginine vasopressin 
BNP B-type or brain natriuretic peptide 
bw body weight 
cDNA complementary deoxyribonucleic acid 
cGMP cyclic guanosine monophosphate 
CGRP calsitonin gene-related peptide 
EDTA ethylenediaminetetraacetic acid 
ET endothelin 
FW fresh water 
GF-HPLC gel filtration high performance liquid chromatography 
CNP C-type natriuretic peptide 
HPLC high performance liquid chromatography 
ir immunoreactive 
LB Luria-Bertani 
L-NAME NG-nitro-L-arginine methyl ester 
MAP mean arterial pressure 
MMVL Moloney murine leukemia virus 
mRNA messenger ribonucleic acid 
NEP neutral endopeptidase 
NO nitric oxide 
NPR-A type A natriuretic peptide receptor 
NPR-B type B natriuretic peptide receptor 
NPR-C clearance receptor or type C natriuretic peptide receptor 
NT-proANP aminoterminal fragment of proform atrial natriuretic peptide 
NT-proBNP aminoterminal fragment of proform B-type natriuretic peptide 
NT-pro-sCP aminoterminal fragment of proform salmon cardiac peptide 
PDA blood pressure in dorsal aorta 
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PKC protein kinase C 
RACE-PCR rapid amplification of cDNA ends polymerase chain reaction 
RIA radioimmunoassay 
RNA ribonucleic acid 
RT-PCR reverse transcriptase polymerase chain reaction 
sCP salmon cardiac peptide 
SD Sprague-Dawley 
SD standard deviation 
SDS sodium dodecyl sulfate 
SEM standard error of mean 
SSC saline-sodium citrate 
SW sea water 
TFA trifluoroacetic acid  
VNP ventricular natriuretic peptide 
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1 Introduction 

Natriuretic peptides have generated much interest in the understanding of mechanisms 
maintaining extracellular volume and cardiovascular physiology, because they have a key 
role in regulating the homeostasis of salt and water balance and blood pressure (for re-
view see Ruskoaho 1992, Thibault et al. 1999). Since the first natriuretic peptide was 
identified from the rat atrium by de Bold et al. (1981), several structurally-related natri-
uretic peptides belonging to different subgroups have been discovered from elasmobrachs 
to mammals (for review see Ruskoaho 1992). The combined actions of the cardiac-origin 
natriuretic peptides on kidneys, adrenals and vasculature potently inhibit increases in 
blood volume and systemic blood pressure. In the kidney cardiac natriuretic peptides in-
duce diuresis and natriuresis and suppress renin and aldosterone release (Burnett et al. 
1984, Atarashi et al. 1985, Appel et al. 1986, Marin-Grez et al. 1986, Pollock & Arend-
shorst 1986, Sonnenberg et al. 1986). The reduction in blood pressure is a consequence of 
reduced peripheral resistance, as a result of decreased intravascular volume and direct re-
laxation of vascular smooth muscle (Currie et al. 1983, Granger et al. 1986). Further-
more, the cardiac natriuretic peptides reduce the intravascular volume and blood pressure 
by facilitating transudation of plasma water to interstitium (Wijeyaratne & Moult 1993). 

Cardiac natriuretic peptides are continuously synthesized and released from the heart 
under normal conditions, but appropriate mechanical or endocrine stimuli increase their 
rate of release. The major stimulus increasing the secretion of natriuretic peptides and the 
circulating concentrations is volume or pressure overload to the heart, a condition typical 
for various cardiac pathologies (Lang et al. 1985, Anderson et al. 1986, Ruskoaho et al. 
1986, Eskay et al. 1986, Ogawa et al. 1991, Mukoyama et al. 1990). In addition to 
stretch-induced secretion, paracrine factors have been shown to modulate the cardiac re-
lease of natriuretic peptides (Zamir et al. 1987, Veress et al. 1988, Lew & Baertschi 
1989a, Fyhrqvist et al. 1993). However, the humoral agents that trigger natriuretic peptide 
secretion and how these agents mediate their intracellular action through signal transduc-
tion pathway is not yet well understood. Also the cellular and molecular mechanisms in-
volved in the processing and secretion of the peptide from the cardiac myocytes into the 
blood stream are still largely unknown. 

The aim of the present study was to develop new models for the studies of natriuretic 
peptide regulation. Salmon (Salmo salar) was chosen as a model organism. Salmon is a 
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teleost species that adapts to both low salt and high salt environments as a part of its life 
cycle. It is hyper-osmotic to fresh water and therefore tends to gain volume and lose salt, 
the reverse being true in sea water (see e.g. Evans 1993). Hence, both water and electro-
lyte retaining and expelling mechanisms have to be well developed for this animal to 
thrive in its natural environment. Thus, salmon is an ideal model to study the defense 
mechanisms maintaing the extracellular volume and salt balance, such as the natriuretic 
peptide system. Furthermore, the characteristics of the natriuretic peptide system found to 
be common in phylogenetically distinct vertebrate species suggest the importance of 
these factors in the regulation of this system. 



2 Review of literature 

2.1  Natriuretic peptide system in vertebrates 

The natriuretic peptide system in vertebrates consists of several distinct peptides and four 
receptors. Among the natriuretic peptides the best known are atrial natriuretic peptide 
(ANP), B-type natriuretic peptide (BNP), and C-type natriuretic peptide (CNP). Each 
peptide exhibits natriuretic and diuretic, vasorelaxant and other functions protecting the 
electrolyte and volume homeostasis and retaining normal blood pressure (for review see 
e.g. McDowell et al. 1995, Barr et al. 1996). Natriuretic peptides exert their physiological 
actions via cellular receptors. Ligand binding to the receptor results in the activation of an 
intracellular guanylyl cyclase with an associated rise in cGMP. cGMP is believed to act as 
the second messenger for the peptides. Natriuretic peptide receptors lacking the guanylyl 
cyclase domain are thought to possess clearance function (for review see e.g. Maack 
1992).  

All natriuretic peptides, regardless of size or tissue of origin, share structural features 
important for the physiological effects. One of the preserved characteristics common to 
all biologically active natriuretic peptides is the central ring structure formed by a disul-
fide bridge between two cysteine residues (for review see e.g. Nakao et al. 1992, Levin et 
al. 1998). This cysteine ring includes 17 amino acid residues in all known natriuretic pep-
tides and parts of its amino acid sequence are highly conserved. 

2.1.1  Atrial natriuretic peptide 

2.1.1.1  Biosynthesis of atrial natriuretic peptide 

Atrial natriuretic peptide (ANP) is produced primarily in the cardiac atria of the adult 
heart, where ANP mRNA constitutes 1–3 % of total mRNA (for review see e.g. Ruskoaho 
1992). Ventricular expression is the next in abundance, although the level is about 1 % of 
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that in the atria (Gardner et al. 1986a). The expression of the ANP gene is strictly modu-
lated during development. During embryonic development the ANP gene is expressed in 
both the atria and the ventricle. Atrial expression rises during fetal development, and also 
fetal mammalian ventricular cells contain membrane-bound granules that resemble atrial 
granules. Soon after birth, ventricular ANP gene expression decreases rapidly with dissa-
pearance of the granules, and the atrium is the primary site of ANP synthesis within the 
mature myocardium (Bloch et al. 1986, Wei et al. 1987, Zeller et al. 1987). In the normal 
adult ventricle, ANP expression is low. However, ventricular expression of ANP can be 
induced by pathological conditions, most notably in cardiac hypertrophy (Izumo et al. 
1988, Lee et al. 1988). 

The translation product of ANP gene is preproANP, from which proANP is formed by 
cleavage of a signal peptide. The 126 amino acid propeptide is the predominant form of 
ANP in the atrial tissue, stored in high amounts in specific granules that are morphologi-
cally similar to those of polypeptide hormone secretory cells (for review see e.g. 
Rosenzweig & Seidman 1991, Ruskoaho 1992, McDowell et al. 1995). On the other 
hand, very little ANP with only occasional secretory granules can be found in the ventri-
cles in basal conditions (Thibault et al. 1992a). During or very close to the secretory 
event, proANP is split further between Arg and Ser residues (for review see Ruskoaho 
1992) by a membrane-bound enzyme into an amino-terminal peptide and the biologically 
active hormone, the carboxy-terminal peptide (Vuolteenaho et al. 1985). It has been sug-
gested that this enzyme is the serine protease corin (Yan et al. 2000). Both fragments of 
proANP circulate in the plasma, and their concentrations are elevated by an increase of 
the intravascular volume, in heart failure, and in cardiac hypertrophy (Lang et al. 1985, 
for review see Ruskoaho 1992, Stein & Levin 1998). 

2.1.1.2  Regulation of atrial natriuretic peptide 

The basal circulating plasma level of ANP is 6–45 pmol/l in various vertebrate species 
(Mukoyama et al. 1991, Leskinen et al.1995, Charles et al. 1996b, Kaiya & Takei 1996a, 
Woods & Jones 1999). The major stimulus in the regulation of ANP release is myocyte 
stretch, triggering the release of ANP rapidly from the heart. In vitro myocyte stretch in-
creases ANP release from the atrium (Lang et al. 1985, Ruskoaho et al. 1986, Laine et al. 
1994) and ventricle (Kinnunen et al. 1993, Mäntymaa et al. 1993). In vivo, plasma vol-
ume expansion increases the circulating level of ANP (Anderson et al. 1986, Eskay et al. 
1986, Salazar et al. 1986, Tulassay et al. 1988, Kaiya & Takei 1996b). Since ANP is 
stored at high concentration in the specific secretory granules before release, which is in-
duced rapidly by mechanical load and paracrine factors, the storage and secretion of atrial 
ANP is suggested to utilize the regulated pathway (for review see Ruskoaho 1992, Levin 
et al. 1998, Thibault et al. 1999). However, although both atrial and ventricular myocytes 
synthesize and secrete ANP, it has been proposed that only the atrial secretion takes place 
via the regulated pathway, while the ventricular ANP is released via a constitutive secre-
tory pathway. Peptides secreted by the constitutive pathway are released rapidly once 
produced. The constitutive release of ANP from the ventricle has been suggested to be 
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coupled with the lack of the secretory granules in ventricular cardiocytes (Bloch et al. 
1986). 

The primary sensors for stretch-depended release may be the cardiac myocytes, but 
other cell types, including endothelial cells, may also be involved in the activation of ANP 
release. Therefore, stretch-induced ANP release may be modulated by local or humoral 
vasoactive factors. The mechanism by which cell stretch induces release of ANP from the 
myocytes is not yet well understood. The stimulation of secretion by the myocyte stretch 
does not result in concominant increase in the synthesis of ANP, at least in the short term. 
Several studies have shown that the activation of ANP gene expression in response to ele-
vated mechanical load takes hours or days to develop. In perfused rat heart, mechanical 
stretching by increasing the intra-atrial pressure for up to two hours does not change the 
level of ANP mRNA (Mäntymaa et al. 1993). The earliest responses have been reported 
in cardiac papillary muscles after five hours of stretch (Jarygin et al. 1994). In neonatal 
cardiac myocytes mechanical load increases the ANP mRNA level within 24 hours of 
stimulation (Gardner et al. 1992, Sadoshima et al. 1992). Thus, acute regulation of atrial 
ANP occurs mostly at the level of hormone release, rather than at the level of ANP gene 
transcription. There is some evidence that the late induction of ANP is dependent on the 
general level of protein synthesis, which is consistent with other secondary response 
genes. This suggests that the induction of the ANP gene involves transcription factors, 
which need to be translated before upregulation of ANP transcription is possible (for re-
view ree e.g. Ruskoaho 1992, de Bold et al. 1996). 

The ANP gene is also expressed in ventricular myocytes, and the expression is greatly 
enhanced in cardiac overload associated with ventricular hypertrophy (for review see 
Ruskoaho 1992). In addition to the ANP mRNA, also the ventricular level of immunore-
active ANP is significantly increased in hypertrophied heart compared to the normal ven-
tricle (Kinnunen et al. 1992). In vitro studies with perfused rat heart indicate that the ma-
ture ANP is promptly released from the ventricle in response to gradual increase in intra-
ventricular pressure (Kinnunen et al. 1993). However, due to the limited capacity of the 
normal ventricle to store the hormone, the elevated level of ventricular ANP secretion is 
not sustained (for review see Ruskoaho 1992). Myocardial hypertrophy seems to be a re-
quirement for enhanced ventricular ANP gene expression and, therefore, elevated ven-
tricular secretion of ANP. In hypertrophied ventricle, the amount of released ANP de-
pends on the degree of hypertrophy (Ruskoaho et al. 1989a, Thibault et al. 1989). The 
ventricular ANP gene expression increases within a few days after induction of increased 
cardiac work load (Izumo et al. 1988, Rockman et al. 1991). Thus in hypertrophied heart, 
the source of ANP shifts more and more from the atrium to the ventricle as the hypertro-
phy progresses. Since enhanced ventricular ANP gene expression can be seen in most 
conditions associated with ventricular hypertrophy, it has been suggested that the induc-
tion of ANP gene expression is a direct response to cell hypertrophy. However, increased 
ventricular concentration of immunoreactive ANP and augmentation of ANP mRNA level 
can occur without concomitant ventricular hypertrophy (Ruskoaho et al. 1989b, Raffestin 
et al. 1990). Thus, the re-expression of the ventricular ANP gene may be a more complex 
phenomenon, and increase in ANP gene expression and ventricular mass may be inde-
pendent consequences of cardiac overload. 

Increase in the heart rate, particularly the frequency of atrial contraction, is a potent 
stimulus for ANP release. In isolated rat atria rapid pacing enhances ANP secretion 
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(Schiebinger &Linden 1986). In vivo, tachycardia increases plasma ANP concentrations 
in sheep and dog (Rademaker et al. 1996, Grantham et al. 1997, Pemberton et al. 2000). 
In humans, the circulating ANP level is increased during tachycardia as well (Espiner et 
al. 1985, Tikkanen et al. 1985, Roy et al. 1987). Although tachycardia also generally in-
creases mean atrial pressure, the rate of contraction appears to be a specific and inde-
pendent stimulus, at least in dogs (Nishimura et al. 1990), and the combination of in-
creased atrial pressure and rate of contraction has a synergistic effect (for review see Rus-
koaho 1992). 

Exposure to acute and chronic hypoxia stimulates ANP secretion (for review see Rus-
koaho 1992), and chronic exposure to hypoxia also elevates the ANP mRNA level in rat 
ventricles (Raffestin et al. 1990). The increased ANP synthesis and circulating level may 
protect against hypoxic pulmonary hypertension, since atrial natriuretic peptide is a po-
tent pulmonary vasodilator (Adnot et al. 1988). However, chronical hypoxia is typically 
associated with left ventricular hypertrophy, which is a potent stimulus of ANP release 
(see above). In acute hypoxia, increase in plasma ANP concentration is caused by pres-
sure overload of the right ventricle following hypoxia-induced pulmonary hypertension 
(Pfeifer et al. 1997). On the other hand, hypoxia may have a direct effect on ANP release 
in isolated rat and rabbit heart (Baertchi et al. 1986, Lew & Baertchi 1989b). Studies with 
these in vitro models suggest that α- and β-adrenergic mechanisms partly mediate the re-
sponse in ANP secretion. In isolated rat atria anoxia-induced ANP response is mediated 
by locally produced endothelin, which, in turn, stimulates the production of prostagland-
ins (Skvorak et al. 1996). Thus, in this case, prostaglandins are proposed to be responsi-
ble for the increased ANP secretion rate. Furthermore, in the perfused rat heart reduction 
of coronary flow stimulates ANP secretion. The increase in ANP release due to the 
ischemia shows positive correlation with the atrial and ventricular lactate/pyruvate ratios 
and negative correlation with the atrial and ventricular phosphorylation potentials (Uusi-
maa et al. 1992a). Additionally, in patients with metabolic myocardial ischemia, the cir-
culating ANP concentration is increased (Uusimaa et al. 1993). Thus, ANP release may 
be linked to cellular redox or energy metabolism. 

An increase in osmolality modulates ANP synthesis and secretion. Hyperosmolality 
increases the release of ANP from in vitro rat atrial preparation (Arjamaa & Vuolteenaho 
1985) and atrial myocytes (Gibbs 1987b). In vivo hyperosmolality has also been reported 
to increase plasma ANP concentrations in rat (Eskay et al. 1986). In the teleost eel (An-
guilla japonica) it has been suggested that osmotic regulation dominates volemic regula-
tion (Kaiya & Takei 1997). In this species the level of circulating ANP increases acutely 
after exposure to hyperosmotic environment. However, although plasma osmolality re-
mains at an elevated level in sea water adapted eel, ANP concentration does not differ be-
tween fresh water and sea water adapted eels (Kaiya & Takei 1996a). 

Several hormones and neurotransmitters, such as endothelin, angiotensin II, arginine 
vasopressin, and catecholamines stimulate the rate of ANP secretion. Among the pro-
posed vasoactive factors that are involved in the modulation of the endocrine heart, endo-
thelin-1 (ET-1) appears to be the most potent stimulus for ANP secretion. Endothelin-1 is 
a vasoconstrictory peptide derived from the endothelial cells, which line the inner sur-
faces of blood vessels and cardiac chambers. In vitro endothelin-induced release of ANP 
has been shown in coculture of endothelial and atrial cells (Lew & Baertschi 1989a). Fur-
thermore, synthetic endothelin-1 increases ANP release in cultured rat atrial and ventricu-
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lar myocytes (Fukuda et al. 1988, Sei & Glembotski 1990, Uusimaa et al. 1992b). Endo-
thelin-1 has also been shown to increase ANP release from isolated rat atria (Hu et al. 
1988, Stasch et al. 1989). The stimulation of ANP secretion from the rat atrial preparation 
by endothelin-1 appears to be rapid and potent (Bruneau & de Bold 1994, Bruneau et al. 
1997). However, acute secretion of ANP by endothelin-1 is not accompanied by changes 
in ANP mRNA levels (Bruneau & de Bold 1994). In isolated rat heart endothelin-1 en-
hances both basal and atrial stretch-stimulated ANP secretion, suggesting that endothelin-
1 is involved in the regulation of stretch-induced ANP release (Mäntymaa et al. 1990). 
Exogenously applied endothelin-1 significantly augments the stretch-induced release of 
ANP also from isolated rat atria (Skvorak et al. 1995). In vivo endothelin-1 increases the 
plasma ANP levels in rats and dogs (Miller et al. 1989, Stasch et al. 1989). However, 
exogenously administered endothelin-1 may enhance ANP secretion because of its vaso-
constrictive paracrine action accompanied by an increase in atrial pressure. On the other 
hand, direct effects of endothelin in vivo have been shown using endothelin antiserum and 
endothelin receptor antagonists. Treatment of rats with antiserum raised against endo-
thelin-1 lowers basal plasma ANP levels and attenuates volume-stimulated ANP release 
(Fyhrquist et al. 1993). Inhibition of ETA/B receptors in rat significantly decreases ANP re-
sponse to acute volume load (Leskinen et al. 1997a). Therefore, according to the results 
from in vitro and in vivo studies, endothelin-1 appears to induce ANP release by a direct 
action on atrial myocytes, and appears to be required for a full response of the endocrine 
heart to overload. Thus endothelin-1 may be an important primary stimulus for increased 
secretion and synthesis of ANP (Mäntymaa et al. 1990, Fyhrquist et al. 1993, Skvorak et 
al. 1995, Leskinen et al. 1997a). 

Angiotensin II (Ang II) is also a secretagogue of ANP (Veress et al. 1988, Soualmia et 
al. 1997). The activation of protein kinase C (PKC) and rise of [Ca2+]i are important in 
angiotensin II induced ANP release (Soualmia et al. 1996). The effect of angiotensin II on 
ANP secretion may be modulated by nitric oxide, likely via the cGMP pathway (Soual-
mia et al. 2001). The ability of angiotensin II to increase plasma ANP concentration in 
vivo may also be due to the effect of this hormone on atrial pressure (Dietz 1988, Rus-
koaho et al. 1989c). On the other hand, it has been shown that angiotensin II also has the 
ability to directly stimulate ANP release in cultured neonatal-rat cardiomyocytes (Church 
et al. 1994), isolated rat atrial appendages (Veress et al. 1988), and in isolated rabbit heart 
independently of hemodynamic changes (Focaccio et al. 1993). 

Arginine vasopressin (AVP) appears to be involved in the regulation of atrial stretch-
induced ANP release. Hypophysectomy reduces both the basal and volume-stimulated 
plasma ANP levels (Zamir et al. 1987, Arjamaa et al. 1988, Dietz & Nazian 1988) and 
pithing, which interrupts the humoral influences of the brain and pituitary gland, reduces 
the basal and volume load-induced ANP release in rats (Eskay et al. 1986, Ruskoaho et 
al. 1989c). Furthermore, the volume load-stimulated increase is restored in pithed rats re-
ceiving posterior pituitary extract, and a similar amount of ANP is released in the pithed 
rat during the vasopressin infusion as in the normal conscious animal (Ruskoaho et al. 
1989c). Vasopressin has been shown to increase the release of ANP from isolated rat atria 
atrial appendages (Veress et al. 1988) and in vivo to induce the basal and stretch-activated 
ANP (Katsube et al. 1985, Manning et al. 1985). However, in intact animals the release 
of ANP is correlated with, and may be due to, increased arterial pressure (Katsube et al. 
1985, Manning et al. 1985, Dietz 1988). In addition to stimulating ANP secretion, argin-
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ine vasopressin can also inhibit ANP release through production of nitric oxide (Melo & 
Sonnenberg 1996). 

Among vasoactive factors, ANP release is modulated by nitric oxide (NO), which is 
produced by vascular endothelial and endocardial cells (Sanchez-Ferrer et al. 1990, 
Schulz et al. 1991, Smith et al. 1993). Stimulation of nitric oxide by endothelin-1, argin-
ine vasopressin, and acetylcholine has been suggested to be responsible for the inhibitory 
effects of these factors on ANP release (Melo & Sonnenberg 1996, Skvorak & Dietz 
1997). Stretch-induced ANP secretion is modulated by nitric oxide, since inhibition of 
NO synthase enhances volume load-induced ANP release in conscious rats (Leskinen et 
al. 1995). The basal ANP release is also increased by NO synthase inhibition (Leskinen et 
al. 1995). Furthermore, another study using isolated rat atria showed the inhibitory effect 
of nitric oxide during stretch- or endothelin-1 -stimulated ANP secretion, but not during 
basal ANP release (Skvorak & Dietz 1997). 

The influence of catecholamines on the release of ANP has also been studied. Infusion 
of isolated rat heart with epinephrine produces a dose-dependent rise in heart rate and in 
contractile force, which are associated with a marked increase in perfusate ANP immuno-
reactivity (Toth et al. 1986). Epinephrine infusion has also been reported to induce a bi-
phasic release of ANP from rat right atrium (Wong et al. 1988). An increase in ANP re-
lease as a result of epinephrine administration occurs in dispersed atrial cells as well 
(Gibbs 1987a). Also norepinephrine directly stimulates ANP secretion (Ruskoaho & Lep-
päluoto 1988b, Wong et al. 1988). In vivo administration of norepinephrine produces an 
increase in plasma ANP concentration, which is related to the increase in atrial pressure 
(Katsube et al. 1985, Manning et al. 1985, Haas et al. 1987). 

ANP release is modulated by several other factors as well. Calcitonin gene-related 
peptide (CGRP) has been shown to increase ANP secretion from isolated rat atria (Schie-
binger & Santora 1989), and prostaglandins have been shown to have a role in modulat-
ing ANP release (Melo & Sonnenberg 1995). Acetylcholine has been shown to inhibit 
ANP secretion in the isolated heart indirectly by stimulating nitric oxide (Melo & Son-
nenberg 1996). In addition many circulating hormones have been shown to affect ANP 
secretion. Glucocorticoids (Matsubara et al. 1987a, 1987b, Gardner et al. 1988), testos-
terone (Matsubara et al. 1987a, b), and thyroid hormones (Gardner et al. 1987, Matsubara 
et al. 1987) have been reported to stimulate ANP release in vitro from cell cultures. An in 
vivo increase in ANP secretion has been observed in response to glucocorticoids (Gardner 
et al. 1986b), mineralocorticoids (Ballermann et al. 1986) and thyroid hormones (Gard-
ner et al. 1987). 

2.1.1.3  Clearance of circulating atrial natriuretic peptide 

Biologically active ANP has a relatively short plasma half-life, varying from 20–30 s in 
rat and mouse (Luft et al. 1986, Murthy et al. 1986, Gros et al. 1990) to approximately 
one minute in dog (Woods 1988) and 2–3 minutes in sheep and man (Yandle et al. 1986, 
Tonolo et al. 1988, Mukaddam-Daher et al. 1994). With aging, the clearance of ANP ap-
pears to slow down (Tan et al. 1992, Giannessi et al. 2001). The two major routes of 
elimination of ANP are degradation by neutral endopeptidase and binding to the clearance 
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receptor. ANP is removed from the circulation by the neutral endopeptidase (NEP) 
mainly in the kidney, lung, and vascular endothelium. The enzyme inactivates the mature 
peptide by disrupting the cysteine ring (for review see Maack 1992). Elimination of ANP 
by binding to the clearance receptor (NPR-C) occurs mainly in the vascular endothelium 
(for review see Ruskoaho 1992, McDowell et al. 1995). Clearance receptors are widely 
distributed in several tissues, representing the majority of the total population of natri-
uretic peptide receptors (see section 2.3.2). Inactivation of its gene in mice results in two-
thirds longer half life of [125I]ANP in the circulation compared to that in the wild type 
(Matsukawa et al. 1999). 

In contrast to active clearance mechanisms of carboxy-terminal fragment of proANP, 
NT-proANP (Itoh et al. 1988, Sundsfjord et al. 1988) is slowly metabolized and accumu-
lates in plasma to concentrations which are 10- to 50-fold higher than those of ANP (Thi-
bault et al. 1988). The main elimination pathway for the N-terminal fragment is postu-
lated to be passive excretion by the kidney, since the plasma level of NT-fragment is tre-
mendously elevated in rats with bilateral nephrectomy and in patients with chronic renal 
failure (Katsube et al. 1986, Franz et al. 2000). Moreover, NT-proANP can be detected 
from urine by homologous radioimmunoassay (Hartter et al. 2000). 

2.1.2  B-type natriuretic peptide 

2.1.2.1  Biosynthesis of B-type natriuretic peptide 

Whilst B-type natriuretic peptide (BNP) has strong similarities with ANP as regards the 
structure of the prohormone and the processing steps and circulating forms of mature 
peptide, the differences in gene expression, secretion, and metabolism suggest that BNP 
has a separate role in cardiovascular homeostasis. B-type natriuretic peptide is most 
abundant in the cardiac atria and ventricles, although extracardiac BNP expression occurs 
in the central nervous system, adrenal gland and gut (for review see Rosenzweig & Seid-
man 1991, Espiner 1994, Yandle 1994). There is an approximately 100-fold higher con-
centration of BNP in the atria than the ventricle. However, the BNP level is only 2–5 % of 
the ANP level in the atria and 20–25 % of the ANP level in the ventricle of a normal heart 
(for review see e.g. Yandle 1994). The concentration does not seem to reflect the relative 
importance of this tissue in secretion of BNP, since it has been proposed that ventricles 
are the main source of circulating BNP (Yokota et al. 1990, Ogawa et al. 1991, Kohno et 
al. 1992a).  

The biosynthetic pathway of BNP is similar to that of ANP. Transcription yields a pre-
sursor containing a hydrophobic leader sequence that is cleaved to produce the prohor-
mone (for review see e.g. Nakao et al. 1992a, Yandle 1994). The amino acid sequences of 
BNPs are less conserved across species than those of the ANPs, and sometimes a greater 
homology exists between BNP and ANP molecules in a given species than between BNPs 
from different, even closely related, species. As with ANP, the biologically active peptide 
sequence lies in the carboxy-terminal portion of the prohormone and the cleavage of the 
proBNP occurs between the Arg and Ser amino acid residues. The processing site in 
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proBNP occurs immediately after the Arg-X-X-Arg sequence, a cleavage site specificity 
similar to that of the converting enzyme furin (Sawada et al. 1997). However, the place-
ment of the processing sites themselves is not highly conserved between species, result-
ing in mature BNP molecules varying in length from 26 to 45 amino acids (for review see 
e.g. Nakao et al. 1992a, Rosenzweig & Seidman 1991). Processing of the precursor re-
leases a mature BNP and an amino-terminal fragment, both of which circulate in the 
plasma (Hunt et al. 1995, Pemberton et al. 1998, 2000). However, species specificity in 
the circulating forms does occur, since in man considerable amounts of proBNP can be 
found in the circulation (Tateyama et al. 1992). As is the case with circulating form of 
BNP, the major storage form of BNP differs among species; myocytes contain either 
cleaved BNP and NT-proBNP, a varying ratio of proBNP, BNP, and NT-proBNP, or 
proBNP alone (Minamino et al. 1988, Kambayashi et al. 1990, Tateyama et al. 1990, 
Thibault et al. 1992a, Hira et al. 1993, Pemberton et al. 1997). Thus the timing of the 
post-translational processing of proBNP varies among species, taking place intracellularly 
or at the time of secretion (Ogawa et al. 1991, Pemberton et al. 1997). However, the 
processing occurs prior to or during the secretion in the cell, since processing of proBNP 
has not been observed in blood or plasma (Hunt et al. 1997). Whether the differences be-
tween species have any effect on the physiological function of these molecules is not 
known. The difference in the molecular form of stored and circulating BNP and ANP 
suggests that the regulatory mechanisms for the secretion and processing mechanisms of 
these peptides are not identical. 

2.1.2.2  Regulation of B-type natriuretic peptide 

The regulation of storage of BNP differs from that of ANP. BNP is secreted soon after its 
synthesis, although some synthetized BNP may be stored in small amounts in atrial secre-
tory granules like ANP (Suzuki et al. 1992a). However, the bulk of BNP is exported from 
the heart cell via constitutive secretory pathway, although a portion of BNP, stored with 
ANP in the atrial secretory granules, is secreted utilizing the regulated pathway (for re-
view see de Bold et al. 1996). The basal plasma concentration of BNP is lower than that 
of ANP (Mukoyama et al. 1990, 1991). The basal plasma concentration varies from 0.9 to 
6 pmol/l in different vertebrate species (Mukoyama et al. 1991, Lang et al. 1992, Mot-
wani et al. 1993, Charles et al. 1998). However, once the secretion of BNP is stimulated, 
the plasma concentration of BNP is markedly elevated and sometimes exceeds that of 
ANP in the same condition (Mukoyama et al. 1991). The increase in plasma concentra-
tion seems to be derived mainly from the ventricle, since similar increases in plasma and 
ventricular BNP have been observed in hypertensive rats (Yokota et al. 1990, Ogawa et 
al. 1991). Increased BNP release depends on increased level of BNP production and very 
likely reflects the mainly constitutive nature of BNP release (for review see de Bold et al. 
1996). 

The BNP gene is induced by pressure and volume overload in vivo similarly to the 
ANP gene (Ogawa et al. 1991). Atrial and ventricular stretching stimulates BNP gene ex-
pression more rapidly than ANP gene expression. BNP mRNA transcripts increase within 
one hour of constant stretch, whereas increases in ANP mRNA are observed only after 
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several hours (Mäntymaa et al. 1993, Magga et al. 1994, Nakagawa et al. 1995, Magga et 
al. 1997a). This suggests that the regulation of the BNP gene differs from that of ANP. 
Fast induction of the BNP gene occurs in a manner characteristic of the immediate early 
genes, which respond within two hours. Several studies have demonstrated the differen-
tial expression of various cardiac-specific genes during increased cardiac overload and 
myocyte hypertrophy (for review see Chien et al. 1991, 1993, Yamazaki et al. 1995). The 
early genetic response to mechanical loading in cardiac myocytes includes transcription 
of immediate early response genes such as c-fos, c-myc, c-jun, and Egr-1. Furthermore, 
the stretch-induced upregulation of the BNP gene does not depend on protein synthesis, 
demonstrating that the induction can be started by available regulators (Magga et al. 
1997b). The rapid increase of gene transcripts, which is independent of the general level 
of protein synthesis, is a hallmark of the immediate early genes (for review see Chien et 
al. 1991, 1993, Yamazaki et al. 1995). Thus regulation of BNP synthesis appears to occur 
at the level of rapid transcription of the BNP gene.  

The mRNA encoding BNP is transiently transcribed in response to stimuli, but it is 
also degraded relatively rapidly. The BNP mRNA contains an AU-rich sequence, which is 
known to destabilize mRNA in the cell. The conserved AU-rich sequence including re-
peated units of the AUUUA motif in the untranslated 3’ region is a characteristic feature 
of BNP mRNA (for review see e.g. Nakao et al. 1992a, Yandle 1994). This feature is con-
served among species, distinguishing BNP mRNA from ANP mRNA. This AUUUA motif 
is generally found in the mRNAs of transiently expressed genes for cytokines, growth 
factors, or cellular proto-oncoproteins, and is involved in the translation-dependent 
mRNA degrading mechanism (Shaw & Kamen 1986, Wilson & Treisman 1988, Brawer-
man 1989). BNP mRNA is likely to be rapidly degraded through this selective decay 
pathway. However, in hypertrophied myocytes BNP mRNA stabilization may occur (Han-
ford et al. 1994). 

BNP synthesis and secretion are enhanced in the ventricle of the hypertrophied heart. 
Thus, as is the case with ANP, cardiac hypertrophy is associated with increased synthesis 
of ventricular BNP (for review see e.g. Yandle 1994). However, the induction of BNP in 
the ventricle in response to cardiac hypertrophy is greater than the induction of ANP 
(Mukoyama et al. 1990). Cardiac hypertrophy, leading to increased ventricular produc-
tion of BNP, may accompany different pathological conditions. Cardiac hypertrophy due 
to myocardial heart failure and chronic hypoxia has been observed to increase BNP ex-
pression (Hill et al. 1994, for review see de Bold et al. 1996). 

Endothelin-1 increases the secretion of BNP from rat atrial myocytes (Horio et al. 
1992, Suzuki et al. 1992a). A similar response has been observed in rat atrium prepara-
tion, in which BNP secretion is rapidly stimulated by endothelin-1 (Bruneau & de Bold 
1994, Bruneau et al. 1997). BNP gene expression is also modulated by endothelin-1, 
since the level of BNP mRNA increases in the rat atria within 2 h in response to endo-
thelin-1 (Bruneau et al. 1994). On the other hand, perfusion of rat atria with ET receptor 
antagonist bosentan, decreases the mechanical stretch-induced increase in BNP mRNA 
level (Magga et al. 1997a). However, endothelin-1 is not required in pressure load-
induced increase in BNP mRNA levels in rat left ventricle (Magga et al. 1997a). Thus, 
endothelin-1 appears to be required for the mechanical stretch-induced activation of the 
BNP gene expression in the atria but not in the ventricle.  



 

 

26
 

 

Arginine vasopressin infusion has been shown to increase plasma BNP levels both in 
normotensive and hypertensive rats (Magga et al. 1994). Ventricular BNP synthesis shows 
a similar change to the increased circulating level of BNP due to arginine vasopressin in-
fusion (Magga et al. 1994). Administration of another vasoactive factor, angiotensin II, 
has been reported to induce a dose-dependent increase in plasma BNP concentration in 
rats (Horio et al. 1992). However, the elevation of the plasma ir-BNP concentration after 
stimulation by these vasoconstrictors appears to be paralleled by the elevation in mean 
blood pressure. In contrast to in vivo studies, arginine vasopressin and angiotensin II have 
not been found to stimulate BNP expression in vitro (Horio et al. 1992, Magga et al. 
1997a), suggesting an indirect role of these agents in the regulation of ANP secretion. 

2.1.2.3  Clearance of circulating B-type natriuretic peptide 

The mechanism of clearance of BNP is still being evaluated, but it seems probable that 
BNP is cleared by similar mechanisms as ANP, namely by clearance type receptors and 
neutral endopeptidase. The disappearance rate of BNP varies among species. The plasma 
half-life of BNP is longer than that of ANP in man and rat, about 20 min and 80 s, respec-
tively (Vanneste et al. 1990, Richards et al. 1993, Holmes et al. 1993). However, t1/2 for 
BNP is the same or only slightly longer than that of ANP in sheep (3–5 min, Rademaker 
et al. 1997, Pemberton et al. 2000) and dog (~1 min, Woods 1988, Woods & Jones 1999). 
Presumably the difference in the clearance rates between BNP and ANP is due to the rela-
tive affinity of BNP to NPR-C (for review see Yandle 1994, McDowell et al. 1995). 
Clearance of BNP by NEP has also been reported to differ from that observed for ANP. 
Whereas neutral endopeptidase cleaves ANP at only one site, at least porcine BNP ap-
pears to be cleaved at multiple sites (Hashimoto et al. 1994). Furthermore, BNP is me-
tabolized by angiotensin converting enzyme (ACE), at least in vitro (Vanneste et al. 
1990).  

In spite of the fact that both BNP and NT-proBNP are secreted simultaneously and in 
equimolar amounts in sheep, the half-life of NT-proBNP is 15-times longer than that of 
BNP (Pemberton et al. 2000). Furthermore, in pathological conditions the absolute and 
proportional increment of NT-proBNP exceeds that of BNP (Hunt et al. 1997b, 
Pemberton et al. 1998, Richards et al. 1998)  

2.1.3  C-type natriuretic peptide 

2.1.3.1  Biosynthesis of C-type natriuretic peptide 

The structure of C-type natriuretic peptide (CNP) is almost identical among species and 
thus this subgroup is the most conserved in the natriuretic peptide family. The biosyn-
thetic pathway of CNP includes formation of the preprohormone form, from which 
proCNP is formed by cleavage of a hydrophobic signal peptide (for review see Barr et al. 
1996). The biologically active forms of CNP are contained in the carboxy-terminal end of 
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the proCNP molecule, as is characteristic for natriuretic peptide prohormones. CNP ter-
minates at the C-terminal end with the second cysteine residue, which is critical for the 
17-member ring structure, in contrast to other natriuretic peptide family members (for re-
view see Nakao et al. 1992a). Absence of the carboxy-terminal residues in CNP is not, 
however, due to posttranslational processing, but a result of termination codon in CNP 
mRNA following directly after the carboxyterminal cysteine. In mammals proCNP is 
processed to peptides 53 and 22 amino acid residues long. CNP-53 is presumably cleaved 
from proCNP by an enzyme with Arg-x-x-Arg specificity, similar to that in BNP. In the 
formation of CNP-22 the dibasic Lys-Lys sequence is important (for review see Yandle 
1994). However, it is not known whether CNP-22 is directly cleaved from proCNP or 
from CNP-53. 

ProCNP and CNP-53 have been identified in the cell cytoplasm, but CNP-22 does not 
appear to be found within cells in mammals (Heublein et al. 1992, Stingo et al. 1992b). 
CNP-53 and CNP-22 have both been detected in the plasma (Stingo et al. 1992b, Totsune 
et al. 1994b). In the shark Triakis scyllia, the molecular forms of CNP differ among tis-
sues. In the brain, a substantial proportion is CNP-22, with a small quantity of the pro-
hormone, CNP-115. However, in the heart CNP-115 is the dominant form and the low 
molecular forms 38 or 39 amino acids long are present in small amounts (Suzuki et al. 
1992b, 1994). It is of interest that the typical proteolytic processing signal, Lys-Lys, for 
CNP-22 remains uncut in proCNP, CNP-38, and CNP-39 in the heart. Thus the process-
ing system of CNP in the brain and heart of elasmobranchs may be different form that in 
other vertebrates. In contrast to mammals, the molecular form of CNP in shark plasma 
appears to be proCNP (Suzuki et al. 1994).  

The distribution of CNP is widespread. In mammals it can be found throughout the 
brain, and its concentration in the central nervous system is greater than that of either 
ANP or BNP. Additionally, CNP is the major natriuretic peptide in cerebrospinal fluid 
(for review see Yandle 1994, Barr et al. 1996). CNP has also been detected in the vascular 
endothelial cell as well as in the kidney (Stingo et al. 1992b, Nir et al. 1994, Totsune et 
al. 1994a). CNP is present in the adrenal medulla, intestine and chondrocytes as well 
(Minamino et al. 1993). However, very little if any CNP is present in the mammalian car-
diomyocytes (for review see Nakao et al. 1992a, Barr et al. 1996). In contrast to that, in 
elasmobranch sharks Scyliorhinus canicula, Squalus acanthias, and Triakis scyllia, the 
main site of CNP synthesis is the heart (Schofield et al. 1991, Suzuki et al. 1991, 1992b, 
1994). In mammals CNP circulates in low picomolar concentrations (Clavell et al. 1993a, 
Hama et al. 1994). In shark and eel the plasma CNP level is remarkably high, in dogfish 
shark (Triakis scyllia) about 2 nmol/l (Suzuki et al. 1994), and in eel (Anguilla japonica) 
from 15 pmol/l to 125 pmol/l (Takei et al. 2001). The presence of CNP in the plasma 
suggests that CNP, like ANP and BNP, may be produced and released into the circulation 
to exert its actions in widely distributed tissues. Thus, in mammals CNP is considered a 
paracrine or autocrine factor acting locally in the brain and periphery, and in fish an en-
docrine, circulating hormone.  
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2.1.3.2  Regulation of C-type natriuretic peptide 

Elevated levels of CNP have been found in hypoxia and chronic renal failure (for review 
see Barr et al. 1996). Since endothelial cell damage is associated with hypoxia, it is not 
clear whether the raised levels of CNP are related to this or whether they constitute a 
more specific response. Also the marked elevation of plasma CNP found in chronic renal 
failure could be due to either impaired clearance or to endothelial damage. On the other 
hand, the plasma CNP concentration has not been observed to increase in essential hyper-
tension (Cheung & Brown 1994) or in chronic heart failure (Totsune et al. 1994b), condi-
tions associated with high levels of ANP and BNP. On the other hand, CNP concentration 
in human ventricular myocardium is reported to increase in severe heart failure (Wei et al. 
1993a). In eel, the plasma CNP concentration is higher in animals adapted to fresh water 
than in those adapted to sea water. Furthermore, CNP expression is higher in the heart 
and gut of freshwater eels than in seawater eels. The adaptation to high environmental sa-
linity does not, however, have impact on the expression level of CNP in the eel brain (Ta-
kei et al. 2001).  

Factors regulating the brain and kidney production of CNP in mammals are still to be 
determined. In olfactory regions of the rat brain CNP expression is regulated in response 
to acute challenges to water and salt balance and by central angiotensin II. Levels of CNP 
mRNA in rat olfactory regions have been reported to decrease significantly following 
acute water deprivation for 48 hours. The effect of salt load has been studied in rats, 
which had access to 2% saline for 48 hours. In these animals, the level of CNP mRNA in 
the medulla was significantly increased, but not elsewhere in the brain (Cameron et al. 
2001). Intracerebroventricular administration of angiotensin II in rats increases water in-
take and induces a significant increase in CNP expression at 4 hours in olfactory regions, 
but not at other brain sites (Cameron et al. 2001). 

In cell culture studies synthesis of CNP is stimulated by several cytokines. Endothelial 
production of CNP is enhanced mainly by tumor necrosis factor, interleukin-1α and inter-
leukin-1β. In addition, lipopolysaccharide potently stimulates CNP secretion from the 
endothelial cells (Suga et al. 1993, 1998). Thus, it has been proposed that these factors 
can regulate local vascular tone and growth through the activation of CNP secretion from 
endothelial cells. On the other hand, the vasoconstrictors endothelin-1 and angiotensin II 
appear to have little effect on the basal secretion of CNP. In contrast, ANP and BNP 
strongly stimulate the secretion of CNP from bovine aortic endothelial cells (Nazario et 
al. 1995). 

2.1.3.3  Clearance of C-type natriuretic peptide 

The same mechanisms of metabolism as those recognized for ANP and BNP are operative 
for CNP. CNP is the natriuretic peptide most rapidly hydrolyzed by neutral endopeptidase 
in vitro, the rank order being CNP > ANP > BNP (Kenny et al. 1993). CNP is also cleared 
from the circulation by the kidney, since both CNP-22 and CNP-53 have been identified 
in the urine. For an unknown reason, the amount of CNP-53 is greater in human urine 
than that of CNP-22 (Mattingly et al. 1994). 
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2.1.4  Ventricular natriuretic peptide 

Ventricular natriuretic peptide (VNP) has been identified in teleost species. Eel VNP 
cDNA encodes a preproVNP of 150 amino acid residues, containing a signal sequence of 
22 amino acid residues at its N-terminus and mature VNP at its C-terminus (Takei et al. 
1994b). In eel VNP is synthesized mainly in the heart, so that the VNP concentration in 
the ventricle is three times higher than in the atrium (Takei et al. 1994c). A long C-
terminal tail sequence consisting of 14 amino acids is typical for mature forms of VNP 
(Takei et al. 1991). The major circulating form of eel VNP is 36 residues long, but VNP-
25 has also been detected in plasma (Takei et al. 1994c). In freshwater eel the peripheral 
VNP plasma concentration is approximately 35 pmol/l (Kaiya & Takei 1996a). In addi-
tion to mature forms of VNP, also proVNP circulates in the plasma, contributing to one-
third of the total immunoreactivity. The secretion of VNP is regulated both by osmotic 
and volemic stimulus in vivo in eels (Kaiya & Takei 1996b). VNP has also been isolated 
from rainbow trout (Oncorhynchus mykiss) ventricle (Takei et al. 1994a). Trout VNP con-
sists of 35 amino acid residues carrying a C-terminal tail sequence with 14 amino acid 
residues, similar to that in eel VNP. 

2.2  Natriuretic peptides in different vertebrate groups 

The distribution of natriuretic peptides belonging to different subgroups varies in differ-
ent vertebrate groups. In mammals the natriuretic peptide family appears to consist ANP, 
BNP and CNP (for review see McDowell et al. 1995, Barr et al. 1996). In avians C-type 
and a peptide belonging to either A- or B-type natriuretic peptide subgroup have been iso-
lated from the brain and heart, respectively (Akizuki et al. 1991, Arimura et al. 1991, Mi-
fune et al. 1996). In reptiles, peptides structurally belonging to the natriuretic peptide 
family have been identified in several snake species (Schweitz et al. 1992, Ho et al. 1997, 
Murayama et al. 1997, Michel et al. 2000). The natriuretic peptide purified from green 
mamba (Dendroaspis angusticeps) venom has been named DNP (Dendroaspis natriuretic 
peptide, Schweitz et al. 1992). The rest of these peptide hormones present in snakes be-
long to the C-type natriuretic peptide subgroup or are representative of unknown groups. 
The snake natriuretic peptides appear not to be endocrine hormones, but specific con-
stituents of the externally secreted venom. The distribution of natriuretic peptides in am-
phibians resembles that in mammals, since ANP, BNP and CNP have all been identified 
in frog (Lazure et al. 1988, Sakata et al. 1988, Yoshihara et al. 1990, Kojima et al. 1994, 
Fukuzawa et al. 1996). Frogs differ from other vertebrates, since they express two distinct 
natriuretic peptide precursors for CNP, and thus the mature CNP are named CNP I and 
CNP II (Yoshihara et al. 1990, Kojima et al. 1994). In bony fish the composition of natri-
uretic peptides includes ANP and CNP and ventricular natriuretic peptide (VNP). ANP 
and CNP have been characterized in eel (Anguilla japonica) (Takei et al. 1989, 2001) and 
CNP has been isolated from killifish (Fundulus heteroclitus) (Price et al. 1990). VNP has 
been identified in eel and rainbow trout (Oncorhynchus mykiss) (Takei et al. 1994a, 
1994b). In addition to these teleosts, in which homologous natriuretic peptides have been 
isolated and identified, immunoreactive natriuretic peptides have been detected in many 
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fish species using heterologous assays. In elasmobranch sharks (Scyliorhinus canicula, 
Squalus acanthias and Triakis scyllia) the only natriuretic peptide identified is CNP, even 
in the heart (Schofield et al. 1991, Suzuki et al. 1991, 1992, Takano et al. 1994). CNP is 
the most conserved peptide in the natriuretic peptide family, and regardless of the phy-
logenetical distance between elasmobranchs and mammals, the sequence homology of 
mature shark and mammalian CNP is high.  

2.3  Natriuretic peptide receptors 

The biological functions of the natriuretic peptides are mediated by two receptors, natri-
uretic peptide receptor A (NPR-A) and natriuretic peptide receptor B (NPR-B), which 
have a cytoplasmic guanylyl cyclase (GC) domain that is stimulated when the receptors 
bind ligand. NPR-A binds primarily ANP and BNP. NPR-B on the other hand binds pri-
marily CNP (for review see Maack 1992). The type A and B natriuretic peptide receptors 
have rather stringent structural requirements for ligand binding. Natriuretic peptide recep-
tors lacking the guanylyl cyclase domain (C- and D-type) are suggested to act as clear-
ance receptors for the circulating hormones. NPR-C interacts with all three natriuretic 
peptides in the order ANP > CNP > BNP (Suga et al. 1992). Clearance receptors are pre-
sent in high density in many tissues, dominating the natriuretic peptide receptor popula-
tion. The natriuretic peptide receptors present in mammals are NPR-A, NPR-B and NPR-
C (for review see Nakao et al. 1992b, Yandle 1994, Cerra 1994). The D-type natriuretic 
peptide receptor has only been found in the teleost eel (Kashiwagi et al. 1995).  

2.3.1  Structure of natriuretic peptide receptors 

Both NPR-A and NPR-B have a single transmembrane and three other functional do-
mains. The intracellular regions of NPR-A and NPR-B containing the kinase and 
guanylyl cyclase domain show high sequence homology. The kinase domain is suggested 
to function as a nucleotide binding region and to act as a regulatory unit of the receptor 
suppressing the guanulate cyclase activity (for review see Yandle 1994). The NPR-C and 
NPR-D receptors differ from the NPR-A and NPR-B receptors in not having domains 
corresponding to a kinase-like or guanylate cyclase region, retaining only the extracellu-
lar domain connected to a short cytoplasmic tail (Fuller et al. 1988, Kashiwagi et al. 
1995, Takashima et al. 1995). NPR-C receptors exist on the cell membrane in a 
homodimer form. However, the other identified clearance receptor, eel NPR-D, showing 
high sequence and structural similarity to the NPR-C receptor has been reported to exist 
as a tetramer (Kashiwagi et al. 1995). The NPR-C receptor removes natriuretic peptides 
from circulation by internalization, following ligand binding, delivering the peptide to ly-
sosomes for degradation. After this the clearance receptor returns to the cell surface (for 
review see Yandle 1994). Although the clearance receptors are not coupled to guanosine 
monophosphate production and have been thought to act only as an elimination pathway 
of natriuretic peptides, it has been suggested that clearance receptors might be involved in 
the modulation on adenylyl cyclase activity through inhibitory guanine nucleotide regula-
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tory protein (Anand-Srivastava et al. 1990) and cell proliferation (Levin & Frank 1990, 
Itoh et al. 1992). 

2.3.2  Distribution of natriuretic peptide receptors 

The natriuretic peptide receptors are widely distributed in tissues. The NPR-A receptor 
mediating the effect of ANP and BNP is expressed in various tissues, overlapping to some 
extent with the tissue distribution of NPR-B. In mammals the NPR-A receptor has been 
found in blood vessels, lung, kidney, adrenal, heart and adipose tissue (for review see 
Maack 1992, Nakao et al. 1992b). In a gene knock-out animal model type A receptor has 
been shown to have a role in cardiac hypertrophy. Mice lacking NPR-A have marked car-
diac hypertrophy and chamber dilatation disproportionate to their increased blood pres-
sure, suggesting that the NPR-A system moderates the cardiac response to hypertrophic 
stimuli (Knowles et al. 2001). Thus the NPR-A system has direct antihypertrophic actions 
in the heart, independent of its role in blood pressure control. The NPR-B receptors spe-
cific for CNP predominate in the brain, but there are also some in the heart and large 
blood vessels (for review see Barr et al. 1996, Levin et al. 1998).  

The clearance receptor without a guanylate cyclase domain (NPR-C) is widely distrib-
uted in several tissues and cell types, including kidney, vascular, endothelial, and smooth 
muscle cells. High levels of NPR-C expression have also been observed in the pulmonary 
vascular bed (see Barr et al. 1996). In these tissues and cells, the largest population of re-
ceptors is NPR-C receptors, up to 95 % or even more of the total ANP receptor popula-
tion (for review see Ruskoaho 1992, Levin 1993).  

In non-mammalian vertebrates, natriuretic peptide binding sites have been reported in 
species representing different animal groups. In avian species, binding sites have been lo-
calized in duck kidney using receptor autoradiography and chicken ANP (Schutz et al. 
1992). In toad (Bufo marinus), representing the group of amphibians, specific rat ANP 
binding sites were observed on kidney glomeruli and blood vessels (Meier et al. 1999). 
Two distinct receptor types are suggested, since in toad kidney cell membrane prepara-
tions rat ANP, frog ANP, and porcine CNP stimulated a significant increase in cGMP pro-
duction rates. In addition, two partial cDNA clones show high homology to the natriuretic 
peptide guanylate cyclase and clearance receptors (Meier et al. 1999). In the teleost eel 
(Anguilla japonica) NPR-A receptor messenger has been found to be relatively abundant 
in the gill, kidney, intestine and urinary bladder (Kashiwagi et al. 1999), whilst the other 
guanylase cyclase coupled receptor, NPR-B, expresses high mRNA levels in the liver and 
atrium. Moderate to small amounts of NPR-B messenger have been found in the eel 
brain, ventricle, esophageal sphincter, stomach, posterior intestine and kidney (Katafuchi 
et al. 1994). In the eel, two separate natriuretic peptide clearance receptors expressing dif-
ferent expression patterns of tissue distribution, namely NPR-C and NPR-D, have been 
identified. NPR-C is expressed in high levels in the gill, atrium and ventricle, and tran-
scripts have also been detected in lesser amounts in the brain and posterior intestine. In 
eel transferred from fresh water to sea water NPR-C mRNA levels were found to be up-
regulated in the anterior intestine (Takashima et al. 1995). The NPR-D mRNA was found 
to be most abundant in the brain and was present at moderate levels in the gill (Kashiwagi 
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et al. 1995). In an elasmobranch, spiny dogfish shark (Squalus acanthias), specific natri-
uretic binding sites occur in the gill filaments (Donald et al. 1997). The binding sites 
turned out to represent two types of natriuretic peptide receptors, one guanylate cyclase- 
and another clearance-type receptor. The GC-receptor is suggested to be similar to the 
mammalian NPR-B, since only CNP stimulated cGMP production. In cyclostomes sev-
eral studies report of binding sites of natriuretic peptides, mainly in the brain, vasculature, 
kidneys, and gills (Kloas et al. 1988, Toop et al. 1995a, 1995b, Donald et al. 1992, 1999). 
Thus far, however, no natriuretic peptides have been identified in these vertebrates. 

2.3.3  Factors affecting the expression of natriuretic peptide receptors  

In addition to the regulation of the natriuretic peptide synthesis, storage, and release, the 
function of the natriuretic peptide system is modulated by the expression of the peptide 
receptors. Although the regulation of natriuretic peptide receptors is not well understood, 
some physiological ANP and pathophysiological stimuli have been found to contribute to 
the modulation of clearance receptor density in the cell membrane. In rats, water depriva-
tion and high salt intake significantly increase natriuretic peptide clearance receptor 
(NPR-C) density in the kidney glomerular membranes (Kollenda et al. 1990, Michel et al. 
1990). Moreover, cardiac hypertrophy leads to the gradual disappearance of clearance re-
ceptor mRNA in the atria and the ventricles, as well as to a significant decrease in the re-
ceptor level in the endocardium (Brown et al. 1993, 1997). In the eel, natriuretic peptide 
clearance receptors are highly expressed in the gill, atrium and ventricle. When eels are 
exposed to a hyperosmotic environment, the NPR-C mRNA levels are down-regulated in 
these tissues. However, in the anterior intestine, the level is up-regulated, suggesting that 
NPR-C plays a role in the adaptation to salinity changes in the euryhaline eel (Takashima 
et al. 1995). Ligand-mediated down-regulation of natriuretic peptide receptors is contro-
versial, but several studies, if not the majority, support this idea (for review see Maack 
1992). NPR-C expression is down-regulated in endothelial cells by activation of NPR-A 
and NPR-B by increased cGMP generation (for review see Levin 1993). NPR-C has also 
been found to be sensitive to osmotic and ionic stress, since the transcription of the clear-
ance receptor gene is markedly inhibited in bovine endothelial cells by an increase in the 
salt concentration of the culture medium (Katafuchi et al. 1992). Furthermore, hypoxia 
reduces clearance receptor gene expression in an ANP knockout mice model (Sun et al. 
2000). NPR-C distribution may be reduced with aging, since clearance of ANP is slowed 
down in the elderly (Giannessi et al. 2001). On the other hand, clearance receptor mRNA 
level has been reported to be increased by glucocorticoids in endothelial cells (Lanier-
Smith & Curie 1991).  

2.4  Actions of natriuretic peptides  

Natriuretic peptides act as endocrine and paracrine hormones to regulate extracellular 
fluid volume and blood pressure at all levels of the circulation. ANP and BNP, circulating 
hormones secreted in response to increased stretch within the cardiac atrium and ventri-
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cle, respectively, induce natriuresis, diuresis, vasorelaxation, and inhibition of renin, an-
giotensin, and aldosterone via the guanylate-cyclase receptor, NPR-A (for review see e.g. 
Nakao et al. 1992a, 1992b, Yandle 1994, McDowell et al. 1995). C-type natriuretic pep-
tide acts via a different guanylate-cyclase receptor, NPR-B, to affect vessel tone and vas-
cular cell growth (for review see e.g. Barr et al. 1996). Although the importance and exact 
role of natriuretic peptides is still being assessed, data from animal studies strongly sup-
port an important role for these hormones in the maintenance of volume and electrolyte 
balance and cardiovascular homeostasis. 

2.4.1  Atrial natriuretic peptide 

2.4.1.1  Renal effects 

ANP causes natriuresis and diuresis both by modulating renal hemodynamics and by hav-
ing direct tubular actions. The natriuretic and diuretic effects are accompanied by a mark-
edly increased excretion of chloride, calcium, magnesium, phosphate, and cGMP (for re-
view see Brenner et al. 1990). ANP increases the glomerular filtration rate (Huang et al. 
1985, Fried et al. 1986) by vasodilatating the afferent renal arterioles, which supply the 
glomeruli, and by vasoconstricting the efferent arterioles, which drain them (Marin-Grez 
et al. 1986, Kimura et al. 1990). This increased filtration pressure results in increased 
glomerular filtration accompanied by enhanced fluid and electrolyte excretion. ANP also 
relaxes glomerular mesengial cells, which is believed to increase the filtration surface 
area (Appel et al. 1986, Bianchi et al. 1986, Singhal et al. 1989). However, increased re-
nal blood flow is not essential for the natriuretic response (Pollock & Arendshorst 1986, 
Smits et al. 1986, Dietz et al. 2001). In fact, ANP induces marked natriuresis in the toad-
fish (Opsanus tau), a species that lacks glomeruli (Lee & Malvin 1987). Thus, the natri-
uretic and diuretic response to ANP can occur by mechanisms unrelated to changes in 
glomerular filtration, indicating that it has direct tubular actions. Direct effects of ANP 
have been found on the collecting duct sodium and water transport. ANP reduces sodium 
reabsorbtion in the inner medullary collecting duct (Sonnenberg et al. 1986, Light et al. 
1989). Significantly, ANP inhibits Na+-K+-2Cl- -cotransport in the intestine of winter 
flounder (Pseudopleuronectes americanus) (O’Grady et al. 1985), an absorptive epithe-
lium with transport properties analogous to those in the renal thick ascending limb seg-
ment in mammals. However, in vitro and in vivo studies reveal no effects of ANP in 
mammalian thick ascending limb (Kondo et al. 1986, Peterson et al. 1987). Neither have 
receptors for ANP been found in this renal segment (Murphy et al. 1985, Healy & Fanes-
til 1986, Koseki et al. 1986). Other sites of actions include an inhibitory effect of ANP on 
angiotensin II-stimulated sodium and water reabsorption in proximal tubulus (Harris et 
al. 1987, for review see Harris & Skinner 1990) and inhibition of tubular water transport 
by antagonizing the action of arginine vasopressin (Dillingham & Anderson 1986). 
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2.4.1.2  Hemodynamic effects 

ANP has a potent relaxing activity on vascular smooth muscle. ANP has been shown to 
dilatate preconstricted blood vessel rings in vitro (Currie et al. 1983, Winquist et al. 1984, 
Rapoport et al. 1985, Opgenorth & Novosad 1990, Peral de Bruno & Coviello 1992). In 
contrast to the in vitro evidence, results from physiological studies in vivo are variant. 
ANP appears to cause vasodilatation in vivo only when very large doses are administered 
(Richards et al. 1985, Shen et al. 1991). Long-term infusions of ANP into conscious ani-
mals have been reported to lead to a sustained decrease in arterial blood pressure 
(Granger et al. 1986, Harrison-Bernard et al. 1991). Similarly, transgenic mice overex-
pressing ANP gene are markedly hypotensive compared with nontransgenic control mice, 
in association with lifelong 8- to 10-fold elevation in plasma ANP (Steinhelper et al. 
1990, Veress et al. 1995). In contrast, knockout mice, in which synthesis of ANP (John et 
al. 1995) or its NPR-A (Lopez et al. 1995) receptor is interrupted, develop hypertension 
relative to their wild-type siblings. On the other hand, low-dose ANP infusions, which 
elevate the circulating levels within the range achieved with endogenous release, have 
been reported to increase (Shen et al. 1990, 1991, Woods & Anderson 1990) or decrease 
(Parkes et al. 1988, Charles et al. 1993) total peripheral resistance in normotensive ani-
mals. However, the increased total peripheral resistance is not accompanied with a change 
in arterial pressure, since cardiac output has been found to decrease (Shen et al. 1990, 
1991, Woods & Anderson 1990). The vasoconstrictor action of ANP appears to be highly 
selective for the splanchnic region, of which the mesenteric vascular bed appears to be 
representative (Woods & Smolich 1991, Woods & Jones 1999). Low-dose infusions have 
been reported not to have any effect on blood pressure (Soejima et al. 1988, Solomon et 
al. 1988, Shen et al. 1990, 1991, Woods & Anderson 1990) or to decrease blood pressure 
(Metzler et al. 1989, Charles et al. 1993). Low-dose infusions depress cardiac output, 
possibly by reducing venous return to the heart (Parkes et al. 1988, Mizelle et al. 1992). 
The ANP-dependent decrease in blood pressure and venous return appears to result in 
part from a shift of intravascular fluid into the extravascular compartment (Wijeyaratne & 
Moult 1993) and fall in plasma volume (Charles et al. 1990). This suggests increased 
permeability of the vascular endothelium and perhaps increased hydrostatic pressure in 
the capillary bed. The cardiac preload is also reduced by increase in venous capacitance 
and by excretion of electrolytes and water via the kidneys (see section 2.4.1.1). ANP has 
been additionally shown to suppress the renin-angiotensin-aldosterone -system (see sec-
tion 2.4.1.3). 

2.4.1.3  Endocrine effects 

ANP counteracts the renin-angiotensin-aldosterone -system and causes a natriuretic and 
diuretic effect in the kidney. Renin secretion from the macula densa is markedly sup-
pressed, and plasma renin concentration falls upon ANP infusion (Burnett et al. 1984, 
Lang et al. 1993). A direct inhibition mechanism mediated by cGMP has been observed 
in vitro. Utilizing this pathway, ANP has the ability to inhibit renin release from cultured 
juxtaglomerular cells (Kurtz et al. 1986) and from renal cortical slices (Henrich et al. 
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1986, 1987). Aldosterone secretion from the adrenal gland is also suppressed by ANP. 
ANP inhibits aldosterone secretion both by reducing renin secretion and by direct effects 
on the aldosterone-secreting glomerulosa cells of the adrenal cortex. In the latter, ANP is 
able to suppress both basal and angiotensin- and ACTH-induced aldosterone secretion 
(Atarashi et al. 1985, Mulrow et al. 1987). In addition, the actions of angiotensin II are 
potentially inhibited by ANP (Wittert et al. 1993). 

ANP decreases both basal and stimulated production of vasoconstrictor endothelin-1 
from vascular endothelial cells in vitro (Saijonmaa et al. 1990, Kohno et al. 1991, Emori 
et al. 1993). Furthermore, ANP attenuates the pressor effect of endothelin-1 in rabbit aor-
tic rings (Opgenorth & Novosad 1990). Since the vascular endothelium is known to play 
a major role in local regulation of vascular tone (for review see Inagami et al. 1995), ANP 
has been suggested to reduce peripheral vascular resistance and blood pressure chroni-
cally by regulating the synthesis of endothelin-1. However, in a study with mice overex-
pressing or lacking the ANP gene, neither the synthesis of endothelin-1 in the vasculature 
nor its effects on cardiovascular regulation were altered by increased chronic level of 
ANP (Melo et al. 1998). ANP has also been shown to inhibit stimulated arginine vaso-
pressin secretion (Samson 1985, Wittert et al. 1993).  

In addition to the effect on other hormonal systems, different natriuretic peptides may 
have interactions with each other. In vitro ANP has been reported to stimulate the secre-
tion of CNP from bovine aortic endothelial cells (Nazario et al. 1995). 

2.4.1.4  Central effects 

ANP synthesis and NPR-A receptor expression in hypothalamic and other brain nuclei 
suggest that ANP has a role in the central regulation of water and salt balance and cardio-
vascular homeostasis (for review see Imura et al. 1992). Furthermore, although plasma 
natriuretic peptides do not cross the blood-brain barrier, NPR-A receptors are present in 
areas adjacent to the third ventricle that are not separated from the blood-brain barrier, al-
lowing binding of circulating ANP as well as centrally produced peptide (Langub et al. 
1995). Pressor hormones and catecholamines, such as endothelin (Levin et al. 1991), ar-
ginine vasopressin (Levin et al. 1992) and norepinephrine (Huang et al. 1992) have been 
shown to stimulate the release of ANP from cultured hypothalamic cells. The central ac-
tions of ANP appear to reinforce the peripheral effects. Injection of ANP into the fourth 
ventricle of the brain causes vasodepression (Levin et al. 1989), and intracerebroventricu-
lar administration of ANP attenuates the pressor action of central angiotensin II in rat 
(Casto et al. 1987). Within the brain ANP inhibits drinking induced by angiotensin II and 
blocks dehydration-induced drinking caused by the release of angiotensin II (Burrell et 
al. 1991, Blackburn et al. 1995). Microinjections of ANP into cardioinhibitory sites in the 
nucleus ambiguous or on single vagal cardioinhibitory neurons in rat reduce heart rate 
(Ermirio et al. 1991), suggesting that the brain ANP system has a role as a neuromediator 
involved in the central processing of baroreceptor inputs. 
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2.4.2  B-type natriuretic peptide 

B-type natriuretic peptide (BNP) has been shown to exhibit natriuretic, diuretic and 
hemodynamic responses, which resemble those observed with ANP (Sudoh et al. 1988). 
Thus far no specific receptors for BNP have been found, but BNP binds to the NPR-A re-
ceptor, like ANP. Comparative studies of the bioactivity of ANP and BNP are complicated 
by the species specificity of BNP (Kambayashi et al. 1990), differences in their relative 
affinities for the major clearance mechanisms mediated by NPR-C (Engel et al. 1994) and 
neutral endopeptidase (Watanabe et al. 1997) and by their different potencies in activating 
guanylate cyclase, at least in man (Hunt et al. 1996).  

2.4.2.1  Renal effects 

BNP has been shown to cause diuresis and natriuresis when injected into rats (Gunning et 
al. 1990). When infused at low doses, which reproduce plasma concentrations seen in 
normal physiology, BNP induces diuresis and natriuresis in humans as well (Wijayaratne 
& Moult 1993, Cheung et al. 1994, La Villa et al. 1995, Florkowski et al. 1997). The ef-
fect of a continuous infusion of BNP at doses giving increases in the plasma levels similar 
to those seen in heart or renal failure increases the urinary flow rate and the excretion of 
sodium in a dose-dependent way in man (Yoshimura et al. 1991, Jensen et al. 1998). In-
trarenal infusion of BNP in dog increases renal sodium excretion without altering the 
glomerular filtration rate (Akabane et al. 1991) and renal blood flow (Clavell et al. 
1993b). The increased natriuresis has been reported to be a result of decreased proximal 
and distal fractional reabsorption of sodium (Clavell et al. 1993b). However, the natri-
uretic effect of BNP infusion is less potent than that induced by ANP infusion at a similar 
dose in humans (Pidgeon et al. 1996). On the other hand, short-term infusions in sheep 
have shown a remarkable similarity between the actions of ANP and BNP (Charles et al. 
1996b).  

2.4.2.2  Hemodynamic effects 

BNP dilates preconstricted blood vessels in vitro (Sudoh et al. 1988, Kambayashi et al. 
1990, Furuya et al. 1991). Again, like in the case of ANP, high doses of BNP appear to be 
needed for the induction of the hypotensive action (Kita et al. 1989, 1991), since studies 
with BNP at low, or even pathophysiological doses, have reported no blood pressure-
lowering effects in man (McGregor et al. 1990, La Villa et al. 1995, Florkowski et al. 
1997, Jensen et al. 1998). BNP has not been reported to have an effect on the plasma vol-
ume in humans, since BNP infusion has not been found to have any effect on hematocrit 
(Florkowski et al. 1997). In contrast, in sheep BNP short term infusion appears to reduce 
mean arterial pressure and increase the hematocrit value (Pidgeon et al. 1997). Further-
more, prolonged low-dose BNP infusions in sheep have been shown to reduce plasma 
volume and hence venous return, inducing a fall in right arterial pressure and cardiac out-
put (Charles et al. 1996b, Charles et al. 1998). Thus a profile of hemodynamic actions of 
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BNP in normal sheep appears to be similar to that reported previously for ANP (Charles 
et al. 1990). 

2.4.2.3  Endocrine effects 

BNP modulates the renin-angiotensin-aldosterone -system with species-specific variation. 
In dog, intrarenal infusion of BNP attenuates the renin secretion (Akabane et al. 1991), 
and in humans short term BNP infusions at low doses which reproduce plasma concentra-
tions seen in normal physiology, result in renin suppression (Cheung et al. 1994, La Villa 
et al. 1995, Florkowski et al. 1997). In another study with humans, continuous infusion of 
BNP at doses giving increments in plasma as seen in heart or renal failure directly inhibit 
renin secretion, while angiotensin II and aldosterone are unaffected (Jensen et al. 1998). 
In sheep BNP has not been found to have an effect on renin and aldosterone (Charles et 
al. 1998). However, BNP inhibits the basal aldosterone secretion and suppresses plasma 
aldosterone levels in both sheep and man (Yoshimura et al. 1991, Charles et al. 1996b, 
Hunt et al. 1996). Like ANP, BNP inhibits the production and release of endothelin-1. In 
vitro BNP reduces the synthesis and release of endothelin-1 in cultured rat aortic endothe-
lial cells (Emori et al. 1993) and endothelin-1 secretion from porcine aorta (Kohno et al. 
1992b). BNP also inhibits angiotensin II-stimulated proliferation of cardiac fibroblasts, 
possibly by inhibiting endothelin-1 gene expression (Fujisaki et al. 1995). 

BNP, like ANP, stimulates the secretion of CNP from bovine aortic endothelial cells. 
However, BNP appears to be a more potent stimulator of CNP secretion than ANP 
(Nazario et al. 1995). In addition, BNP infusions have been shown to increase CNP level 
in sheep (Charles et al. 1996b). 

2.4.3  C-type natriuretic peptide 

C-type natriuretic peptide (CNP) plays a different role in circulatory physiology than 
ANP and BNP. Whereas ANP and BNP are mainly synthesized and secreted by the heart 
and interact primarily with type A natriuretic peptide receptor (NPR-A), CNP is ex-
pressed predominantly in the central nervous system and in vascular endothelial cells and 
exerts its vasoactive effects via NPR-B. In mammals CNP is thought to be a non-cardiac 
paracrine hormone which participates in cardiovascular regulation in a manner different 
from ANP and BNP (for review see e. g. Espiner 1994, Barr et al. 1996), while in teleost 
eel (Anguilla japonica) and elasmobranch shark (Triakis scyllia) CNP has been shown to 
circulate in high concentrations (Suzuki et al. 1994, Takei et al. 2001). In the shark CNP 
has a major site of action in the rectal gland. Shark CNP stimulates potently chloride se-
cretion from isolated perfused rectal gland of dogfish shark (Squalus acanthias) (Solo-
mon et al. 1992, Gunning et al. 1993, 1997). 
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2.4.3.1  Hemodynamic and vascular effects 

CNP has been shown to act as a potent vasorelaxant in a range of studies from elasmo-
branchs to mammals. In vitro, shark CNP has powerful vasodilatory effects on dogfish 
shark aortic vascular smooth muscle (Evans et al. 1993). Additionally, CNP-22 causes a 
dose-dependent, endothelium-independent relaxation of shark Scyliorhinus canicula 
branchial artery (Bjenning et al. 1992). CNP also relaxes isolated dog coronary arteries 
with and without endothelium (Wright et al. 1996). It is a relaxing factor in isolated pe-
ripheral veins in dog as well (Wei et al. 1993b). In vivo, shark CNP causes a dose-
dependent reduction in mean arterial blood pressure in dogfish (Scyliorhinus canicula, 
Bjenning et al. 1992). In rats, CNP induces systemic hypotension (Wei et al. 1994), and 
in dogs CNP has been shown to be potently vasoactive in vivo (Clavell et al. 1993a), sug-
gesting a potential role in the regulation of vascular tone. In normotensive sheep, cen-
trally administred CNP lowers blood pressure and adrenocortical secretion (Charles et al. 
1992). Also in man, CNP causes a significant decrease in both systolic and diastolic blood 
pressure with a significant increase in heart rate (Igaki et al. 1998). However, the natri-
uretic and diuretic activities of CNP are modest when compared to those of ANP and 
BNP (Stingo et al. 1992a, Clavell et al. 1993a, Igaki et al. 1998) 

CNP has been shown to exert antiproliferative effect by inhibiting growth of rat vascu-
lar smooth muscle cells (Furuya et al. 1991b). CNP has also been found to inhibit intimal 
thickening after vascular injury in rat carotid arteries (Furuya et al. 1993). In addition to 
antiproliferative action on vascular smooth muscle cells, CNP has antigrowth effects in 
glia cells (Levin & Frank 1991). 

2.4.3.2  Endocrine effects 

CNP appears not to have any effect on the secretion of renin and angiotensin, thus differ-
ing from ANP and BNP. However, plasma aldosterone levels have been reported to de-
crease as a result of CNP infusion in man (Hunt et al. 1994, Igaki et al. 1996, 1998). CNP 
regulates the endothelial production of endothelin-1 (Suga et al. 1998). Of the known na-
triuretic peptides, CNP is the most potent in inhibiting angiotensin II- and trombin-
stimulated endothelin-1 secretion from endothelial cells (Kohno et al. 1992c). CNP is 
also able to reduce the cellular response to growth factors (Porter et al. 1992). Thus, CNP 
could mediate its antiproliferative action by locally inhibiting agents stimulating cell pro-
liferation. Interaction of CNP with other natriuretic peptides, especially with BNP, has 
been found in infusion studies with sheep, in which plasma BNP appears to be signifi-
cantly increased by CNP infusion (Charles et al. 1996b). 

2.4.4  Ventricular natriuretic peptide 

Ventricular natriuretic peptide (VNP), identified in two teleost species, has both vasoac-
tive and renal effects. Trout VNP has been reported to cause a biphasic vasopres-
sor/depressor effect in trout (Oncorhynchus mykiss), and in rat trout VNP causes almost 
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equipotent vasodepressor and natriuretic effects as human ANP (Takei et al. 1994a). In 
eel (Anguilla japonica), homologous VNP exerts vasodepressor and natriuretic effects 
(Takei et al. 1994c) and in dog, infusion of eel VNP has been reported to produce diuresis 
and natriuresis (Arai et al. 1996). 



3 Aims of the present study 

The aim of the present work was to develop new models for comparative studies of the 
cardiac natriuretic peptide system. The conserved natriuretic peptide system has an im-
portant role in the maintenance of volume and electrolyte homeostasis and regulation of 
cardiovascular physiology in vertebrates. Salmon (Salmo salar) was selected for use as a 
biological model, since osmoregulating fishes have a particularly well developed defense 
mechanism against volume or electrolyte excess. Furthermore, since salmon lives with a 
constant threat of hypervolemia in fresh water or hypernatremia in sea water, it was hy-
pothetsized to provide a physiological representative in an exaggerated form of what hap-
pens in mammalian heart cells in normal and pathological situations.  

The specific aims of the present study were: 

1. to deduce the complete cDNA sequence of the new natriuretic peptide from salmon 
heart, salmon cardiac peptide (sCP) 

2. to develop a method for measurement of plasma and tissue concentrations of sCP 

3. to determine the distribution of sCP mRNA and immunoreactivity in tissues of 
salmon and in various vertebrates 

4. to determine the molecular forms of stored and circulating sCP in several teleost spe-
cies 

5. to find out the characteristics of sCP release from salmon ventricle in vitro 

6. to find out the effects of synthetic sCP on cardiovascular and renal function in vivo 

7. to determine whether ambient temperature and environmental salinity in vivo modu-
late the circulating levels of sCP as well as the cardiac levels of its prohormone and 
mRNA. 



4 Materials and methods 

4.1  Experimental animals 

The experimental designs were approved by the Animal Experimentation Review Board 
of the University of Oulu. The teleost species used are listed in Table 1. Temperate spe-
cies belonging to the group of salmonids, mature adults of both sexes, were obtained 
from the Game and Fisheries Research Institute, Taivalkoski, Finland (65°57' lat.). 
Salmon parrs were provided by the hatchery of Imatran Voima power plant in Montta, 
Muhos, Finland (64°8’ lat.), and Voimalohi OY fish hatchery Raatakka, Finland (65°3’ 
lat.). In the hatcheries fish were kept in fresh river water and under natural photoperiod 
and temperature. The seasonal temperature is shown in Fig. 1. The dates of experimenta-
tion are specified in the context of the study in question. 

Table 1.  Teleost species used in studies of sCP and sCP-like peptide hormones.  

Study Temperate species Study Arctic species 

salmon (Salmo salar) II Atlantic wolf fish (Anarhichas lupus) 

III, IV parr, smolt II dusky snailfish (Liparis gibbus) 

I–IV adult II eel poud (Lycodes vahlii) 

I, II landlocked salmon (Salmo salar m. sebago) II Greenland cod (Gadus ogac) 

I, II sea trout (Salmo trutta m. trutta) II sculpin (Myoxocephalus scorpius) 

I, II brown trout (Salmo trutta m. lacustris)   

I, II rainbow trout (Oncorhynchus mykiss)   

I, II arctic char (Salvelinus alpinus)   

II lake trout (Salvelinus namaycush)   

I, II grayling (Thymallus thymallus)   

I, II vendace (Coregonus albula)   

I, II migrating whitefish (Coregonus lavaretus)   

II whitefish sp. (Coregonus pallasi)   
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The animals were transported from the hatchery to the laboratories of the Department of 
Physiology, University of Oulu, in plastic packages containing oxygenated water. The fish 
were released into a tank containing dechlorinated, recirculated and well-aerated city tap 
water. The tank water temperature was adjusted to and maintained at that of outdoor wa-
ter of the season using a cooling unit (Aqua Medic, Melle, Germany). The oxygen and ni-
trite content was followed regularly with a portable dissolved oxygen meter (OxyGuard 
International A/S, Birkerød, Denmark) and Aqua Vital Multisticks (Aquarium Münster, 
Telgte, Germany).  

Fig. 1.  The average water temperature to which the parrs (open symbol) and adults (solid 
symbol) were exposed to during the study year. The water temperature for each month is an 
average of fourteen days prior to the sampling day.  

The arctic fish (Table 1) were caught in Disko Bay and Disko Fjord in Greenland (69°15’ 
lat.) during the month of August. The hearts of the freshly killed animals were immedi-
ately stored at −70 °C. Other heart tissue samples were from lamprey (Lampetra fluvi-
atilis), frog (Xenopus sp.), fin whale (Balaenoptera physalus), rat, cow, and man (II). 
Lampreys were caught from the river Aurajoki, Turku, Finland (60°3’ lat.). Frogs were 
from the colony of the Department of Biology, University of Oulu, and Sprague-Dawley 
rats from the colony of the Center of Experimental Animals at the University of Oulu. 
Cow heart was provided by a local slaughterhouse, and the sample of fin whale heart was 
from the University of Reykjavik, Island (64°1’ lat.). All tissue samples were stored at 
−70 °C.  

Male Sprague-Dawley (SD) rats (IV) were from the colony of the Center of Experi-
mental Animals at the University of Oulu. The rats were housed in plastic cages and had 
free access to rat maintenance chow and water. Room temperature of 22 °C, humidity of 
40 %, and a 12-h light, 12-h dark environmental light cycle were maintained. 
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4.2  Extraction of total RNA and synthesis of cDNA (I–IV) 

Total RNA was prepared from the tissue samples by pulverizing in liquid N2 and ho-
mogenising in 9 volumes of 4 M guanidium thiocyanate, 8 % 2-mercaptoethanol, 50 mM 
Tris-HCl, 10 mM EDTA, pH 7.5, conditions that inhibit enzyme activity and RNA degra-
tion. Aliquots of the guanidine isothiocyanate homogenates were stored at −70 °C for use 
in radioimmunoassay and chromatography. Total RNA was isolated from the homoge-
nates with the acidic phenol method (I–IV) (Chomczynski & Sacchi 1987). Salmon 
atrium and ventricle cDNA first strand was synthesized using Moloney murine leukemia 
virus (MMLV) reverse transcriptase according to the manufacturer’s instructions (cDNA 
First Strand cDNA Synthesis Kit, Pharmacia Biotech, Uppsala, Sweden) (I). In the syn-
thesis 5 µg of RNA and the oligonuclotide primer GTCGCATGCTATCGGGATGGA-
TCCGCATGCCT17 were used. This reaction mixture was then used for amplification of 
salmon cardiac peptide cDNA by PCR. 

4.3  Amplification and cDNA cloning of salmon cardiac mRNA (I) 

For the rapid amplification of cDNA ends polymerase chain reaction (RACE-PCR), 
cDNA, prepared from 2 µg of RNA, was amplified with the following 5’(sense) and 3’ 
(antisense) primers, respectively: (A/C)(A/G)A(A/C)T(G/T)GAC(A/C)G(A/C/G)AT-
(A/C/T)GG and GTCGACATGCTTCGG. The degenerate sense primer used for the am-
plification was designed on the basis of the nucleotide sequence encoding the conserved 
cysteine ring of known natriuretic peptides. The PCR reaction was carried out in 50 µl re-
action mixture containing 40 pmols sense and antisense oligonucleotide primers, 10 mM 
Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl, and 0.25 mM each of dATP, dTTP, dGTP, 
and dCTP, and 0.5 U of AmpliTaq DNA Polymerase (Perkin Elmer). The reaction condi-
tions were the following: denaturation for 1 min at 94 °C; touchdown annealing for 30 
sec with two-cycle steps, proceeding from 59 °C down to 47 °C during 22 cycles then 
continuing for 12 cycles at 47 °C; extension for 1 min at 72 °C. One fiftieth of the prod-
uct was reamplified using the following nested 5’ and 3’ primers with SphI and XbaI link-
ers: GCTCTAGA(C/T)A(A/G)AG(C/T)GG(A/C)(A/C/T)T(A/G)GG(A/C/T)TG and 
GATGGATCCGCATGCC, respectively. The reaction was identical to the first round of 
PCR, except that the touchdown annealing stepped from 59 °C to 49 °C. PCR products 
were examined on 1.2% agarose gels. A major 630 bp PCR product was eluted, digested 
with SphI and XbaI restriction enzymes, cloned in pUC-19 plasmid vector, and sequenced 
with the dideoxy chain termination method (Sanger et al. 1977). 
In order to reveal the whole nucleotide sequence of the amplified PCR template, a cDNA 
library was constructed from salmon atrium mRNA using λExCell vector (Pharmacia 
Biotech) and packed into λ phages (Gigapack ® II Packing Extract, Stratagene). E. coli 
NM522 -blue cells were infected with the recombinant phages and were plated onto 120-
mm LB-agarose plates at a density of 20 000 cfu/plate. DNA from the phages was blotted 
on nitrocellulose filters (Protran, Schleicher & Shuell), denaturated in 0.5 M NaOH, 1,5 
M NaCl and neutralized in 1.5 M NaCl, 0.5 Tris pH 7,5. DNA was fixed on the filters by 
baking at +80 °C for 2 h after washing the filters with 2 x SSC. The cDNA library was 
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screened using the 630 bp insert cloned from the original salmon cardiac PCR product. 
The probe was labeled with [32P]-αCTP using an oligolabeling kit (Pharmacia) and puri-
fied from unincorporated radioactivity by elution through a 2 ml Sephadex G-50 column. 
Hybridization was performed on nitrocellulose filters at 65 °C in 10% Denhardt’s solu-
tion, 6x SSC, 0.8% SDS, herring sperm DNA (10 g/ml) overnight. The nitrocellulose fil-
ters were washed at 65 °C with 0.2 x SSC, 0.1 % SDS for 30 min and exposed to X-Omat 
film (Kodak, Rochester, USA). Eighteen positive clones were observed. Four hybridizing 
clones were isolated, and plate-purified to homogeneity. These plasmids were released in 
vivo using E. coli NP66 cells. To find out whether the recombinant carried inserts corre-
sponded to the initially amplified 639 bp cDNA, the purified clones were sequenced par-
tially with the dideoxy chain termination method (Sanger et al. 1977). Finally, the full-
length nucleotide sequence of the recombinant plasmid with the longest insert was deter-
mined using nested primers. The sequence of 1214 bp was assembled using GeneJockey 
II for Macintosh software (Biosoft, Cambridge, UK) and deposited in the EMBL nucleo-
tide sequence data base (Acc. no. AJ001806). 

4.4  Northern blot analysis (I–III) 

Northern blot analysis was used to detect sCP mRNA in the tissue samples and to deter-
mine its size. Samples of total RNA were separated by electrophoresis on 1 % agarose 
gels, blotted on nylon membranes and fixed by baking at 80 °C for 2 h. RNA G3191 
marker (Promega, Madison, WI, USA) were used as size reference. The membranes were 
hybridized in 10% Denhardt’s solution, 6 x SSC, 0.2 % SDS, and herring sperm DNA (10 
g/ml) overnight at 65 °C. The probes were labeled to a specific activity of > 108 dpm/µg 
by random primed labeling and purified by Sephadex G-50 gel filtration. The insert of a 
full length (1214 bp) sCP cDNA clone was used as the probe. 

A 229 bp probe was used for RNA obtained from the phylogenetically more distant 
arctic fish (relative to salmon) and other vertebrates (II), corresponding to the sequence 
encoding the conserved cysteine ring structure of the salmon peptide. The probe was pre-
pared by RT-PCR using the 1214 bp sCP cDNA as the template, and CCTGAACACAG-
TAAGGCT and GGACTGCAGCCTAAACCGCTCG as the sense and antisense primers, 
corresponding to nucleotides 237–254 and 466–445 of the sCP cDNA, respectively. The 
membranes were washed for 30 min at room temperature and 60 min at 65 °C with 0.2 x 
SSC containing 0.2 % SDS (samples of salmon) or 60 min at 65 °C with 1 x SSC con-
taining 0.2 % SDS (other species), and used to expose X-Omat film (Kodak, Rochester, 
USA) with an intensifying screen at −70 °C for 1.5 h at room temperature (samples of 
salmon) or 4 days at −70 °C (other species).  
The results were normalized to the RNA load by hybridizing the same membranes with a 
482 bp cDNA probe corresponding to the sequence 922–1403 of the rat gene for ribo-
somal 18S RNA (Torczynski et al. 1983). The extremely conserved r18S sequence chosen 
shows 99.8 % homology between rat and human and 98 % homology between rat and 
teleost or elasmobranch fishes. The r18S probe was prepared by RT-PCR and the DNA 
sequence was confirmed using the dideoxy method. Following a strip wash of the mem-
branes with 0.05 x SSC, 0.5 mol/l EDTA, 10 % SDS at 95 °C for 30 min, the hybridiza-
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tions were performed as described above for sCP. The northern blot films were digitized 
using a Macintosh personal computer, a U-Max flat bed scanner, and Adobe Photoshop®. 
The intensity of the signals was quantified with densitometry (ScanAnalysis, Biosoft, 
Cambridge, UK) and normalized to the ribosomal 18S RNA in the same samples. 

4.5  Extraction of total RNA and quantitative PCR (IV) 

For quantitative PCR, total RNA was extracted using a kit according to the manufacturer's 
protocol (GenElute™ Mammalian Total RNA Miniprep Kit, Sigma-Aldrich, Steimheim, 
Germany). The first strand cDNA was synthesized from the RNA using MMLV reverse 
transcriptase. The quantitative PCR reactions were perfomed with an ABI 7700 Sequence 
Detection System using TaqMan® chemistry, primers and bifunctional probes for sCP 
and 18S RNA as described (Majalahti-Palviainen et al. 2000). 

4.6  Synthesis of sCP (II) 

For use in studies of the biological effects of sCP, a 29-amino acid cyclic peptide (FTIX-
267C, March 1997) with the following sequence was synthesized (Neosystem, Stras-
bourg, France): Ser-Lys-Ala-Met-Ser-Gly-Cys-Phe-Gly-Ala-Arg-Met-Asp-Arg-lle-Gly-
Thr-Ser-Ser-Gly-Leu-Gly-Cys-Ser-Pro-Lys-Arg-Arg-Ser. Since the sequence of sCP does 
not contain tyrosine or histidine, residues required for radioiodination, an analogue with 
an extra tyrosine at the NH2-terminal end was synthesized for use in radioiodination (SP-
195, May 1996, Biocenter Oulu Peptide Synthesis Service). Final purifications were done 
by reverse-phase HPLC. The structures were confirmed with amino acid analysis and 
mass spectrometry. 

4.7  Radioimmunoassay for sCP (I–IV) 

4.7.1  Preparation of antiserum to sCP (II) 

For immunisation, synthetic sCP was conjugated to bovine thyroglobulin with water-
soluble carbodiimide as described previously (Vuolteenaho et al. 1981). The conjugate, 
purified by dialysis against two changes of 2 litres of 0.9 % NaCl, was emulsified in 
Freund's complete adjuvant (Difco Laboratories, Detroit, MI), and injected subcutane-
ously at multiple sites on the back of two white New Zealand rabbits and a male goat. 
Boosters, emulsified in Freund's incomplete adjuvant, were given at 3–5 week intervals. 
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4.7.2  Radioiodination (I–IV) 

Synthetic Tyr0-sCP was radiolabeled with 125I using the chloramine-T technique (Hunter & 
Greenwood 1962). In brief, five µg of chloramine-T was added in 10 µl of 0.25 mol/l 
Na2HPO4/NaH2PO4 (pH 7.4) to 30 µl 10 mmol/l HCl containing 2 µg Tyr0-sCP-30 and 0.5 
mCi of Na125I (Amersham-Pharmacia Biotech, UK). After 5 s the reaction was stopped 
with 10 µg of sodium metabisulfite in 10 µl of the phosphate buffer. The labeled peptide 
was desalted by gel filtration in a 2 ml Sephadex G-25M column (Pharmacia, Uppsala, 
Sweden). The void volume fraction was purified further by reverse phase HPLC using a 
4.6 x 250 mm Vydac C18 column (Separation Group, Hesperia, CA, USA) and a 30 min 
linear gradient from 10 to 40 % acetonitrile in aqueous trifluoroacetic acid (TFA). The 
radioactivity of the HPLC fractions was counted in an LKB MultiGamma gamma counter 
and the peak fractions were tested for binding and sensitivity in sCP radioimmunoassay. 
The iodinated peptide was divided into aliquots and stored at −20°C. 

4.7.3  Radioimmunoassay procedure (I–IV) 

All dilutions were made with the radioimmunoassay (RIA) buffer consisting of 0.1 M so-
dium phosphate, 0.05 M NaCl, 0.1% gelatin 0.05 % Triton-X and 0.1% NaN3, pH 7.4. 
Standards (synthetic sCP-29 in concentrations ranging from 8.19 to 2000 pg/tube) and 
samples were pipetted in duplicates of 100 µl in polystyrene tubes. The goat anti-sCP an-
tiserum "Pelle" (final dilution of 1/8000) was added in 100 µl followed by an overnight 
incubation at +4 °C. 125I-Tyr0-sCP (6000–10000 cpm) was then added in 100 µl and the in-
cubation was continued for another 16–20 h at +4 °C. The bound and free fractions were 
separated by double antibody precipitation. The tubes were centrifuged (2000 g, 15 min), 
the supernatants were aspirated and the precipitates were counted in an LKB Clini-
Gamma gamma counter. The specificity of the antiserum was tested using the following 
synthetic peptides purchased from Peninsula Laboratories Europe (Merseyside, UK): rat 
ANP, porcine BNP, human CNP, eel ANP and rainbow trout VNP (II). The sCP antiserum 
was also tested with recombinant N-terminal fragment of the peptide (NT-pro-sCP1-97) 
(III). 

4.8  Radioimmunoassay for NT-pro-sCP,  

NT-proANP, and BNP (III, IV) 

The N-terminal fragment of pro-sCP was measured with the same procedure as the im-
munoreactive sCP (ir-sCP), with the exception that an antiserum raised against recombi-
nant pro-sCP1-97-GST fusion protein was used (III, IV). NT-pro-sCP1-97 was used as a stan-
dard and for radioiodination. The NT-pro-sCP antisera have < 0.1 % cross-reactivity with 
mammalian ANP, BNP and CNP as well as with eel ANP and rainbow trout VNP. The 
NT-pro-sCP1-97 antiserum does not recognize sCP. Rat NT-proANP and BNP radioimmu-
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noassays (IV) were performed as described previously (Vuolteenaho et al. 1992, Magga 
et al. 1997). 

4.9  Extraction of sCP from plasma and tissues (I–IV) 

In order to concentrate the peptides and to prevent non-specific interference, plasma sam-
ples (0.5–1 ml) were extracted with SepPak C18 cartriges (Waters, Milford, MA, USA). 
The plasma was first acidified with 1 M HCl/0.2 M glycine (200 µl per ml of plasma) to 
inhibit proteolytic enzymes and to enhance peptide binding to the resin. The samples 
were loaded into the SepPak C18 cartridges that had been preactivated with isopropanol 
and aqueous 0.1 % trifluoroacetic acid (TFA). Following a wash with 10 ml of 0.1 % 
TFA, the peptide fraction was eluted with 2 ml of 60 % acetonitrile in aqueous 0.1 % 
TFA, dried in Savant Speed Vac concentrator and dissolved in radioimmunoassay buffer. 
Aliquots from the guanidine isothiocyanate/2-mercaptoethanol homogenates prepared in 
the course of RNA isolation (see below) were used for the radioimmunoassay of tissue 
immunoreactive sCP and for gel filtration HPLC. Because of interference with larger vol-
umes by the chaotropic extraction solution, no more than 1 µl of the tissue homogenate, 
diluted with the assay buffer, was used directly in the radioimmunoassay. 

4.10  Gel filtration high performance liquid chromatography (II) 

Gel filtration high performance liquid chromatography (GF-HPLC) and sCP-RIA were 
used in order to characterize the molecular form of immunoreactive sCP in the cardiac 
tissue and plasma of fish and in the perfusates from salmon ventricle. Aliquots of atrial 
and ventricle tissue homogenates from RNA isolation were diluted to 400 µl with 40 % 
acetonitrile in aqueous 0.1 % TFA. Samples (3 ml) of the acidified ventricular perfusates 
were extracted with SepPak C18 cartridges as described for the plasma samples. The dried 
extracts were reconstituted in 400 µl of 40 % acetonitrile in aqueous 0.1 % TFA. To find 
out whether the extraction procedure alters the chromatography profile, 300 µl samples of 
the perfusate were diluted with 200 µl 0.25 % TFA in acetonitrile and subjected directly 
to the gel filtration HPLC. All samples were passed through Millex HV filters (Millipore) 
before being loaded via a Rheodyne Loop Injector into the 7.8 x 300 mm ProteinPak-125 
column (Waters). The column was eluted with 40 % acetonitrile in aqueous 0.1 % TFA at 
1 ml/min. Fractions of 0.5 ml were collected, dried in Savant SpeedVac and subjected in 
duplicate to sCP radioimmunoassay. The column was calibrated with bovine serum albu-
min (68 kD, void volume), human proANP (14 kD), synthetic sCP-29 (3 kD) and 125I (to-
tal volume). 
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4.11  Isolated artery preparations (I) 

The vasoactivity of synthetic sCP was studied using preconstricted rings of salmon epi-
branchial arteries and rat aortas. Epibranchial arteries were removed from fresh-water 
salmon (400–600 g, May), cut transaxially into rings (2–3 mm long), and individually 
mounted on steinless steel hooks. Epibranchial artery rings were maintained in an organ 
bath at 12 °C in a modified version of Cortland saline containing 124 mmol NaCl, 5 
mmol CaCl�2H2O, 3 mmol KCl, 0.09 mmol NaH2PO4�2H2O, 1.8 mmol NaHPO4�2H2O, 
1.1 mmol MgSO4�6H2O, 5.6 mmol dextrose, and 12 mmol NaHCO3 (280 mOsm, pH 7.8, 
gassed with air). The equilibration period in buffer solution was 60 min at 350 ± 35 mg 
pretension. The vessel tension was measured with force transducers (Grass Instruments, 
Quincy, MA, USA) and recorded with a Grass polygraph. The rings were precontracted 
with arginine vasotocin (10-11–10-10 M). Cumulative dose-response curves were obtained 
from contracted artery rings by increasing the bath concentrations of synthetic sCP or rat 
ANP, ranging from 10-11 M to 10-6 M. The rat descending aortas were opened helically and 
portions were placed in organ bath and maintained at 37 °C. NG-nitro-L-arginine methyl 
ester (L-NAME) was added to the bath just before the experiment at a final concentration 
of 4 x 10-7 M. Each strip was precontacted with 1 x 10-8 M noradrenaline, and synthetic 
peptides (sCP or rat ANP) were added into the bath cumulatively (10-11–10-6 M). 

4.12  Perfused salmon ventricle preparation (I–III) 

Isolated perfused salmon ventricle preparation was used to study the release of sCP. Spe-
cifically the effect of mechanical load subjected to the tissue and the influence of tem-
perature were examined. The molecular form of the secreted immunoreactive sCP was 
also studied. Ventricles of adult freshwater salmon were mounted in an organ bath, which 
was constructed on the basis of the rat atrial perfusion system described previously (Laine 
et al. 1994). The salmon ventricle perfusion set-up has been described by Kokkonen et al. 
(2000). The ventricle was perfused with a modified version of Cortland saline (see sec-
tion 4.11) at a constant temperature of +8 °C. The perfusate was gassed with 95 % 02, 5 % 
CO2. The perfusion rate was 1.5 ml/min (II, III) or 4 ml/min (I). The ventricle was paced 
supramaximally 12 times per min with a silver electrode placed near the atrio-ventricular 
node and a platinum electrode at the bottom of the organ bath. In order to record the con-
tractions, a probe was coupled to the ventricular tissue and connected to a Grass mul-
tichannel recorder. The preparation was allowed to equilibrate before starting the experi-
ment. After perfusion for 60 min, the ventricle was subjected to mechanical load of 13 
cmH2O (1.33 kPa or 10 mmHg), produced by adjusting the outflow height of the per-
fusate. In studies of the effect of temperature (III), the ventricles from the fish kept at 6 
°C and 12 °C were perfused at the same temperatures. Due to the limitation of the perfu-
sion system, the ventricles from the fish acclimatized to near zero temperatures were 
studied at 6 °C. Fractions of 7.5 ml were collected at 5 min intervals in order to measure 
the concentration of immunoreactive sCP in the perfusate. Fractions were stored at −20 
°C until analyzed. The ir-sCP level was measured directly from 100 µl aliquots of the per-
fusate fractions. Control perfusions were performed identically, except for the mechanical 
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load, in order to verify the specificity of the effect of load on the ir-sCP release. The ven-
tricle tissue was blotted dry, weighed, frozen in liquid N2,

 and stored at −70 °C for use in 
mRNA isolation and determination of immunoreactivity. 

4.13  Chronically cannulated rats (IV) 

4.13.1   Studies with synthetic sCP (IV) 

The surgical preparation and experimental setup have been described previously (Leski-
nen et al. 1995). Briefly, under chloral hydrate anesthesia (300 mg/kg i.p.) a PE-60 cathe-
ter (ID 0.76 mm, OD 1.22 mm, Intramedic, Becton Dickinson Co., Sparks, MD) was 
placed into the abdominal aorta through the left femoral artery, and a PE-50 catheter (ID 
0.58 mm, OD 0.965 mm, Intramedic) was inserted into the femoral vein. Catheters were 
exteriorized behind the neck, filled with heparinized saline (500 IU/ml) solution and 
plugged with a stainless steel pin. After operation, the rats were housed individually in 
cages and had free access to food and water. One day after the operation rats were placed 
individually in metabolic cages without food and water. The arterial catheter was attached 
to pressure transducer (Micron Instruments Inc, Los Angeles, California) for recording of 
mean arterial pressure (MAP) and heart rate (HR) by Ponemah Physiology Platform 
software (Gould Instrument Systems, Valley View, Ohio, USA). The venous catheter was 
connected to a syringe infusion pump (Braun Perfusor ED, Braun Melsungen AG, Mel-
sungen, Germany) for administration of peptide or its vehicle (0.9 % NaCl). Rats were 
left undisturbed for 30 min before the recording of hemodynamic variables and collecting 
the urine. 

The experiment was started by recording mean arterial pressure and heart rate for 25 
min before 1.0 ml blood was withdrawn from the arterial catheter for the measurement of 
basal plasma immunoreactive NT-proANP (ir-NT-proANP) and ir-BNP levels. Since the 
plasma sample size did not allow measurement of both ir-ANP and ir-BNP, the NT-
proANP analysis was chosen for the estimation of the ANP secretion. The hemodynamic 
measurements were continued, and when blood pressure, heart rate, and right atrial pres-
sure were stabilized near to the control values (approximately in 5 min), synthetic sCP 
was administred intravenously at a dose of 660 pmol/kg/min for 150 min via an infusion 
pump. The infusion rate was 20 µl/min. In control experiments only the vehicle was in-
fused. Arterial blood samples of 1.0 ml were taken into K2EDTA tubes at 30, 60, 90, 120, 
and 150 min after administration of sCP or vehicle. Samples were centrifuged immedi-
ately (13 000 rpm, 5 min) and the separated plasma was stored at −20 °C. The blood 
drawn was replaced with an equal volume of blood from a donor rat. Donor blood was 
obtained from conscious rats, to which this volume was replaced by 0.9 % NaCl. Donor 
rats were cannulated into femoral artery for this purpose. Urine was collected every 30 
min over 2.5 consecutive hours for volume, sodium and potassium concentration, and 
osmolality measurements. The urine ion concentrations were measured by ion selective 
analyzer (Kone Instruments, Espoo, Finland) and the osmotic concentration by osmome-
ter (Advanced wide-range osmometer, Advanced Instruments Inc., Needham Heights, 
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MA, USA). After the experiments, rats were anesthetized with a bolus injection of anaes-
thetic solution (see above) via the arterial cannulla and decapitated. All plasma and urine 
samples were stored at −70 °C. 

4.14  Chronically cannulated salmon (IV) 

For the administration of drugs, measurement of arterial blood pressure, and collection of 
blood samples, adult salmon were cannulated via the dorsal aorta as described by Soivio 
et al. (1975). The fish were anaesthetized in well aerated tricaine solution (100 mg/l, MS-
222, Sigma Chemicals, St. Louis, MO) the pH of which was adjusted to 7 with sodium 
carbonate. The dorsal aorta was cannulated near its origin via the buccal cavity with a PE-
50 tubing (OD 0.96 mm, ID 0.58 mm, Portex, Hythe, England) with help of a stainless 
wire. The cannula was pretreated with small amount of heparine (5000 IU/ml, Lövens, 
Ballenrup, Denmark). The catheter was exteriorised through the snout via a short PE-10 
tubing (OD 1.57 mm, ID 1.14 mm, Portex), which pierced the upper jaw through the 
snore. The cannula was filled with heparinized saline (100 IU/ml) and plugged with a 
stainless pin. The urinary bladder was catheterized through the urinary pore with PE-50 
tubing filled with saline and worked into the animal about 4 cm. This cannula was an-
chored with a ligature (3-0 coated polyester fiber, Deknalon, Hamburg, Germany) to the 
anal fin. The operation from immersing the fish into the tricaine solution to reviving the 
fish took at most 15 min. The fish were placed in individual black plastic tubes and al-
lowed to recover over night. After the experiments, fish were killed with a sharp blow 
onto the head. All tissue, plasma and urine samples were stored at −70 °C. 

4.14.1   Bolus injection of synthetic sCP into salmon (IV) 

For the studies with synthetic sCP in salmon (636 ± 121 g, mean ± SD), the dorsal aorta 
cannula was flushed with heparinized saline and attached into a 3-way stopcock (Codan, 
Espergaerde, Denmark), one arm of which was connected to a pressure transducer (Mi-
cron Instruments, Simi Valley, CA) and a Grass polygraph (Grass Instruments, Quincy, 
MA). Zero pressure was adjusted to the level of the water surface, and the calibration was 
carried out using tube filled with water. The experiments was started by monitoring the 
baseline dorsal aortic pressure for 20 min, before which a blood sample was withdrawn 
from the arterial cannula for the measurement of basal plasma ir-sCP and NT-pro-sCP. 
The blood sample was immediatelly centrifuged in a microfuge (1 min, 13 000 rpm, Her-
aeus Instruments, Osterode, Germany). The plasma was removed into a chilled eppendorf 
tube on ice, and the blood cells were gently resuspended in cold salmon Ringer’s solution 
(in mmol/l: 140 NaCl, 10 NaHCO3, 2 NaH2PO4, 1 MgSO4, 1 CaCl2, 4 KCl, pH 7.8) and 
injected back into the fish. Synthetic sCP or its vehicle (salmon Ringer’s solution) was in-
jected into the dorsal aorta as a single bolus. The sCP dose of 60 pmol/kg was delivered 
in volumes ranging from 0.3 to 0.5 ml, and the peptide injection was followed by a 0.1 ml 
saline flush. Arterial blood samples of 0.5 ml were taken at 30, 60, 90, 120, and 150 min 
after administration of sCP or vehicle. The plasma, obtained from centrifugation in a mi-
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crofuge (2 min, 13 000 rpm), was placed on ice. The blood samples were replaced with 
an equal volume of salmon Ringer’s solution. The urine catheter emptied in polyethylene 
tubes placed below the water surface outside the holding tank to insure constant urine 
flow from the bladder. Fractions (30 min) were collected by fraction collector for meas-
urements of volume, sodium and potassium. The ion concentrations were measured from 
urine by ion selective analyzer and osmolality by osmometer. 

4.14.2  Acute volume overload in adult salmon (IV) 

Acute volume overload experiments were performed in October. Adult salmon (732 ± 114 
g, mean ± SD) were cannulated via the dorsal aorta for studies of acute volume overload 
in vivo as described above. The acute volume overload was caused by an intra-arterial bo-
lus injection (10 ml/kg bw) of pre-cooled 0.9 % NaCl during a period of 2–3 min. For the 
measurement of the plasma levels of ir-sCP and NT-pro-sCP, arterial blood samples of 0.5 
ml were drawn in chilled tubes containing 1.5 mg K2EDTA per 1 ml blood at 10, 20, 30 
min, and 1, 2, 3 h, and centrifuged at +4 °C in order to separate the plasma. All blood 
samples were replaced with an equal volume of saline.  

4.14.3  Whole body autoradiography 

Salmon cardiac peptide binding sites in gills were studied by whole body autoradiogra-
phy (Tervonen, Kolehmainen and Vuolteenaho, unpublished results). Salmon cannulated 
via the dorsal aorta in November were anaesthetized in tricaine solution and injected with 
22 x 106 cpm of 125I-sCP in 100 µl of saline. The specificity of the binding was studied by 
injecting the fish with saline containing 10 µg of unlabeled sCP in addition to the labeled 
peptide. The syringe and the catheter were flushed by drawing blood into the syringe and 
injecting it back to the fish via the cannula. The injection of the labeled peptide and flush-
ing took 2 min. The amount of 125I-sCP injected into fish was confirmed by measuring the 
remaining radioactivity in the syringe. After 2 min, the fish was snap frozen in liquid N2, 
cut into cranial and caudal parts and mounted on a precooled 8 cm x 18 cm microtome 
stage, embedded in carboxymethyl cellulose solution and rapidly frozen in liquid N2. Sec-
tions of 30 µm were cut with a cryomacrotome (PMV model 2250, LKB, Bromma, Swe-
den) and taken onto cryotape (Leica, type 810, Leica Microsystems, Nussloch, Germany). 
After freeze-drying at −20 °C, the samples were exposed to X-Omat AR film (Kodak, 
Rochester, USA) with a fine intensifying screen at −20 °C for appropriate times.  
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4.15  Sea water exposure (IV) 

4.15.1  Sea water transfer experiments in parrs (IV)  

Salmon parrs (104 ± 50 g, mean ± SD) from a fresh water stock were further held in the 
laboratory fresh water tank for 5–10 days before experimentation, after which the stock 
was separated into two batches. The control group was transferred in fresh water, while 
the experimental group was acutely transferred to artificial seawater (1000 mOsm/kg 
H2O, pH 8, Instant Sea, Aquarium Systems, Sarrebourg, France). No mortality was asso-
ciated with the transfer. Fresh water and sea water parrs were sampled 2, 3, or 5 days af-
ter the experiment was started. The fish were killed with a sharp blow onto the head. 
Blood samples were taken for measurement of plasma ir-sCP and NT-pro-sCP and heart 
tissue samples were collected for the determination of sCP mRNA and ir-sCP. The blood 
was drawn from the caudal vein into 1 ml syringes with heparinized (ammonium salt 
heparine, Sigma) 23G needle, removed into eppendorf tubes containing 1.5 mg K2EDTA 
per 1 ml blood and centrifuged at 4 °C. The ventricle was removed, weighed, frozen in 
liquid N2 and stored at −70 °C. 

4.15.2  Sea water transfer experiments in adult salmon (IV) 

Adult salmon (566 ± 70 g, mean ± SD) were used to study more closely the effect of sea 
water exposure on plasma and heart tissue sCP concentrations. The dorsal aorta and the 
urinary bladder were cannulated as described above, except that the urinary pore was 
sealed with a small piece of vinyl and cyanoacrylate adhesive. The fish were placed in in-
dividual plastic tubes floating in a 300-l fresh water tank. The next day a 0.7 ml blood 
sample was withdrawn via the arterial cannula for the measurement of basal plasma ir-
sCP, ir-NT-pro-sCP, Na+, Cl-, K+ and osmolality. Urine was collected via the catheter as 
two 60-min fractions using an LKB Redirac fraction collector (LKB, Bromma, Sweden) 
to determine the volume and NT-pro-sCP, Na+, and K+ concentrations. The fish were ran-
domly divided into two groups, which were acutely transferred into either fresh water or 
artificial sea water. The transfer was not associated with any mortalities. Blood samples 
of 0.7 ml were drawn at 30, 60, 120 min, 24, 48 and 72 hours after the transfer. The blood 
samples were centrifuged at +4 °C. The blood cells were gently resuspended in 0.5 ml of 
chilled salmon Ringer’s solution and injected back into the fish. In fish kept in fresh wa-
ter urine was collected in 60 min fractions starting from the transfer. In fish transferred to 
sea water the urine flow decreased significantly in two hours after the transfer. To obtain a 
volume large enough for the determination of the electrolytes, osmolality and ir-NT-pro-
sCP, the urine was collected in 24-hour fractions starting from 24 h after the transfer. Af-
ter the experiments, the fish were killed with a sharp blow onto the head. The heart was 
removed and the atrium and ventricle separated, weighed, and frozen in liquid N2. The 
plasma and tissue samples were stored at −70 °C. 
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4.16  Seasonal sampling of salmon (III) 

Cardiac tissue and plasma samples were collected monthly for a period of one year from 
salmon kept under field conditions in natural temperature (Fig. 1, pg 42). Samples were 
collected from young parrs and adult salmon to find out whether sCP gene expression is 
similar during the two major developmental stages. The parrs were sampled in the hatch-
ery of Imatran Voima power plant in Montta. When the sampling was started, the parrs 
were two years of age. The body weight of the parrs increased from 61 ± 8 g to 
262 ± 40 g (n = 5) during the study. Adult salmon were transported from Taivalkoski to 
the laboratories of Department of Physiology. At the beginning of the sampling, the fish 
were 5 years of age and weighed 464 ± 51 g (n = 5). In the last sampling month, the adult 
salmon weighed 590 ± 78 g (n = 5). The fish were killed with a sharp blow on the head. 
Each individual was weighed and the total body length was measured. The blood was 
drawn from the caudal vein into chilled EDTA tubes and centrifuged within 30 min to 
separate the plasma. Following decapitation the body cavity was opened and the sex of 
mature fish was determined. The heart was removed and the atrium and ventricle sepa-
rated, weighed, and frozen in liquid N2. All samples were stored at −70 °C. 

4.17  Statistical analyses 

The data from repeated measurements was analyzed with one-way or two-way analysis of 
variance (ANOVA) followed by Student-Newman-Keuls test using SigmaStat software 
(SPSS Inc., Chicago, Illinois, USA). Base 10 logarithm transformation was applied prior 
ANOVA to results which did not pass the normality test. For the comparison of statistical 
significance between two groups, student t-test for paired and unpaired data was used 
(InStat, GraphPad Software, Inc., CA, USA). In case the variances were nonhomogene-
ous, the non-parametric Mann-Whitney test was used. Linear regression was used for cor-
relation analysis. The statistical test results are expressed as the two-sided p-value, and 
p < 0.05 was considered statistically significant. All results are expressed as 
mean ± SEM. 



5 Results 

5.1  Structure of sCP cDNA (I) 

Natriuretic peptides are a group of conserved hormones, which have been identified in all 
vertebrate groups from sharks to mammals (for review see Nakao et al. 1992a, Ruskoaho 
1992). However, none of these peptide hormones were found in salmon (Salmo salar) 
when the current studies were started. We hypothesized that natriuretic peptide in salmon 
has some homology with known natriuretic peptides. Thus degenerate nested 5' oligonu-
cleotide primers were prepared based on the known, most conserved cysteine ring se-
quences of A-, B- and C-type natriuretic peptides. They were used with 3' oligo-d(T) 
primers to amplify mRNA from salmon cardiac atria and ventricles in RACE RT-PCR re-
actions. A 630 bp major PCR product was purified, cloned and sequenced. It did not show 
any significant homology with any sequences stored in the EMBL nucleotide sequence 
database. However, the sequence contained an in-frame stop codon within six amino ac-
ids following the codon of the C-terminal cysteine residue. Furthermore, in RNA blot 
analyses it hybridized to a ~1.3 kb mRNA in the heart atrium and ventricle but not in any 
other salmon tissues (I, Tervonen et al. 1997). These results suggested that the sequenced 
PCR product was amplified from cDNA encoding heart-specific peptide, possibly related 
to natriuretic peptides. 

In order to find out the complete structure of the hybridizing mRNA, a cDNA library 
was constructed in λ ExCell vector from salmon atrial mRNA and screened with the PCR 
product. Of the large number of hybridizing recombinant clones four were plaque-
purified. Partial sequencing of these four positive clones showed, that they all were carry-
ing inserts amplified from the same template mRNA, corresponding to the probe se-
quence. The nucleotide sequence analysis of the recombinant plasmid carrying the long-
est insert revealed the entire coding sequence of the salmon heart specific polypeptide. 
The 1214 bp nucleotide sequence encoded a putative 148-amino acid protein product 
with significant homology with known natriuretic peptides in its extreme C-terminal part. 
On the basis of the structures of previously known natriuretic peptides, the mature salmon 
cardiac hormone has 29 amino acids and contains a 17-amino acid cysteine ring (Fig. 2). 
Comparison of the nucleotide sequence encoding the conserved 17-amino acid cysteine 
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ring of the sCP with that from various animal species where DNA sequence was available 
demonstrated that the salmon peptide has homology to A-, B- and C-type natriuretic pep-
tides with no clear-cut precedence (Fig. 3). The 3´ untranslated region of sCP contained 
several AU-rich stretches, within them a copy of AUUUA (Fig. 2). Kyle-Doolittle hydro-
pathy plot (not shown) demonstrated a hydrophobic N-terminal sequence of 20-25 resi-
dues which could serve as a signal peptide, a feature generally found in secretory pro-
teins. 

 

Fig. 2.  Nucleotide and amino acid sequence of salmon cardiac peptide (sCP, EMBL 
nucleotide sequence databank accession number AJ001806). The 29-amino acid sCP sequence 
and the 3’ untranslated AT-rich sequence with homology to mammalian BNP cDNA 
sequences are underlined. The cysteine residues forming the ring structure are marked with 
asterisks and the conserved glutamic residue pair in pro-sCP is numbered. 
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5.2  sCP mRNA distribution (I, II) 

sCP mRNA was detected by northern blot analysis from the salmon cardiac tissue. The 
1214-bp sCP cDNA probe detected a strong ~1.3 kb signal from both chambers of the 
salmon heart (Fig. 4). The distribution of the mRNA was found to be strictly restricted to 
the atrium and ventricle with no detectable signal from the bulbus arteriosus, brain, intes-
tine, kidney, skeletal muscle or gill. The atrium contained approximately three times more 
hybridizing signal than the ventricle. Thus sCP gene expression appears to be highly spe-
cific to the heart. 

 

1     2 3     4     5     6     7     8     9

sCP mRNA

r18S
 

Fig. 4.  Northern blot analysis of RNA extracted from various tissues. A 1.3 kb mRNA band 
hybridizing with the sCP cDNA probe was found only in the atrial (1) and ventricular (2) 
samples, but not in bulbus arteriosus (3), brain (4), gill (5), intestine (6), kidney (7), testis (8), 
or skeletal muscle (9) (upper panel). 18S ribosomal RNA was used to normalize the RNA 
amounts in different samples (lower panel). 

In order to find out, whether the new hormone is produced in other species, RNA was 
prepared from the hearts of various vertebrates. In northern blot analysis of lamprey, frog, 
fin whale, rat, cow, and man heart RNA, a 229 bp probe was used. This probe corre-
sponds to the most highly conserved sequence encoding the cysteine ring structure of 
sCP. It, however, failed to hybridize to RNA from above mentioned species. On the other 
hand, when the 229 bp sCP probe was utilized in the hybridization of the RNA from the 
arctic teleost species (Table 1, pg 41), a faint band of ~0.85 kb was detected in all the 
species but dusky snailfish. In studies of mRNA distribution in temperate teleost species  
(Table 1), the full-length salmon cDNA probe was used. The 1214-bp sCP cDNA probe 
detected hybridizing mRNA in all these species, although the total levels, the 
atrium/ventricle ratio, and the molecular size varied. 

Considering the use of relatively stringent hybridization conditions, the result indicates 
that a gene closely homologous to that of sCP is widely expressed in teleost fish. More-
over, only one hybridizing band was observed. There was some variation in the mRNA 
size, so that mRNA with similar size as that in salmon (~1.3 kb) was detected in the ma-
jority of the species, but the coregonids demonstrated a band of ~1.5 kb.  
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5.3  Immunoreactive sCP 

5.3.1  Characteristics of sCP radioimmunoassay (II) 

For measurement of sCP levels, a specific radioimmunoassay was set up. The antiserum 
selected for use was raised in a goat against synthetic salmon CP. The cross-reaction stud-
ies demonstrated that antiserum ”Pelle” is highly specific for sCP. The specificity was 
tested with rat ANP and porcine BNP and the cross-reactions were found to be < 0.1 % on 
a molar basis. Additionally, the teleost peptides eel ANP and rainbow trout VNP, were not 
recognized at all by the antiserum (cross-reaction < 0.01 %). Eel CNP is not commer-
cially available, but the close homologue human CNP, crossreacted < 0.01 % indicating 
that the C-type natriuretic peptides are not recognized by sCP antiserum. The lowest de-
tectable dose in the radioimmunoassay was 10 pg/tube, which produced < 5 % displace-
ment of the tracer. The intra- and interassay coefficients of variation were < 10 % 
and < 15 %, respectively. To exclude the possibility that proteolytic enzymes in tissue ex-
tracts cause artefactual results by degrading immunoreactive material or tracer during the 
extraction procedure or assay incubation, boiled and non-boiled extracts of salmon heart 
were tested. They both contained the same amount of immunoreactivity and produced 
displacement curves parallel to that produced by synthetic sCP. To confirm that sCP-RIA 
can be used for measurement of ir-sCP-like material in plasma of salmon and also in 
other fish species, plasma extracts of representatives of different genera were tested. 
Plasma extracts of salmon, rainbow trout and migrating whitefish produced displacement 
curves parallel to that produced by synthetic sCP. 

5.3.2  Tissue distribution of immunoreactive sCP (I–IV) 

In order to quantify the amount of immunoreactive material in the atrium and ventricle of 
different fish species, aliquots of the tissue homogenates from RNA extraction (see sec-
tion 4.2) were subjected to sCP radioimmunoassay. In salmon, high levels of ir-sCP were 
detected in the atrium and ventricle (I–IV, Table 2). The atrium/ventricle ratio of immuno-
reactivity in adult salmon was 7 ± 0.3 (n = 62) and in young salmon (parrs and smolts) 
6 ± 0.3 (n = 62). The ir-sCP level was undetectable ( < 0.003 nmol/g) in bulbus arteriosus, 
brain, intestine, kidney, skeletal muscle, and gill (I, II). 

Large quantities of immunoreactive sCP were also detected in the heart of several 
other temperate teleost species (II, Table 1, pg 41). The highest concentration of ir-sCP 
was measured in the atrium of vendace (121.9 ± 12 nmol/g). On the other hand, in this 
species the ir-sCP level in the ventricle was relatively low (4.1 ± 0.4 nmol/g), resulting in 
the highest atrium to ventricle ratio (32.7 ± 8.1) of all the species studied. The atrium to 
ventricle ratio in the two other members of the family Coregonus studied was 8.4 ± 3 in 
migrating whitefish and 8.0 ± 1.6 in C. pallasi. Rainbow trout had fairly high concentra-
tions of ir-sCP in both the atrium and ventricle, with the lowest atrium to ventricle ratio of 
2.3 ± 0.6.  
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No ir-sCP was detected in the hearts of lamprey, arctic fish, frog, fin whale, rat, cow or 
man. However, in radioimmunoassay a critically placed difference of even a single amino 
acid in the peptide sequence can totally abolish immunoreactivity.  

Table 2.  Distribution of ir-sCP in the heart and plasma of different teleost species. The 
amount of analyzed samples are shown in parentheses. Results are given as mean ± SEM. 

Species Atrium (nmol/g) Ventricle (nmol/g) Plasma (pmol/l) 

Salmon    

young  40.4 ± 1.6 (62)         7.2 ± 0.3 (84)  1180 ± 184 (70) 
adult   44.6 ± 2.5 (82)          7.6 ± 0.3 (82)    403 ± 22 (124) 

Landlocked salmon (5)  39.4 ± 3.7         11.9 ± 0.8    319 ± 17         
Brown trout (5)  58.9 ± 14.6       2.7 ± 0.3  527 ± 124       
Sea trout (1)  44.7            < 4  
Rainbow trout (5)  40.2 ± 5.5         18.4 ± 2.2    374 ± 64         
Lake trout (5)  13.5 ± 1.4         2.9 ± 0.4  204 ± 14         
Arctic char (1)  24.2            < 4  
Grayling (5)  8.0 ± 0.7       2.3 ± 0.3  340 ± 79         
Vendace (7)  121.9 ± 12             4.1 ± 0.4  14593 ± 3751 (10) 
Migrating whitefish (5)  54.4 ± 6.6          6.6 ± 0.7  6000 ± 497         
Coregonus pallasi (5)  53.8 ± 3.5          7.3 ± 0.9  2986 ± 198         

5.4  Circulating level of immunoreactive sCP (I–IV) 

In fresh water adult salmon caudal vein plasma extract contains 403 ± 22 pmol/l ir-sCP 
(n = 124, Table 2, I–IV). In young salmon (parrs and smolts), the caudal vein plasma con-
centration of ir-sCP is significantly higher, 1180 ± 184 pmol/l (n = 70, p < 0.001, III, IV). 
The highest peripheral plasma levels of ir-sCP were detected in vendace (II), with the re-
markable concentration of 14593 ± 3751 pmo/l of ir-sCP (n = 10), which is clearly the 
highest of any natriuretic peptide in any species studied thus far. Very high levels of 
plasma ir-sCP were also measured from the other coregonids. Relatively high concentra-
tions of ir-sCP, were also detected in the plasma of all the remaining fish species studied, 
varying from 204 ± 14 pmol/l in lake trout (n = 5) to 527 ± 124 pmol/l in brown trout 
(n = 5) (II). 

The plasma ir-sCP concentration in the ventral aorta was significantly higher, 
1815 ± 436 pmol/l (n = 6, p < 0.001, measured from samples collected in September and 
October), than that in the peripherial circulation of salmon. Thus there was a large reduc-
tion of immunoreactivity from prebranchial to postbranchial blood. To find out if this 
were due to sCP binding in gills, whole body autoradiography was carried out (Tervonen, 
Kolehmainen and Vuolteenaho, unpublished results). A dense distribution of 125I-sCP 
binding was present in the gill filaments (Fig. 5A). The intensity of the signal was de-
creased to background level in fish injected with the 18 x 106 cpm of radiolabeled and 10 
µg of unlabeled ligand, demonstrating competition for binding sites, and thus specificity 
of the binding (Fig. 5B). 
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Fig. 5.  Autoradiographic localization of sCP binding sites in salmon gill. Whole body autora-
diogram of salmon gill after intra-arterial administration of 125I-labeled sCP (A), and after in-
jection of unlabeled and 125I-labeled sCP (B). The administration of unlabeled peptide de-
creased the accumulation of radioactivity in the gill indicating specific binding sites for 125I-
sCP. 

5.5  Molecular forms of stored and circulating sCP (II) 

In order to obtain a preliminary characterization of the nature of immunoreactive sCP 
present in the heart and plasma of different fish species, the extracts were separated with 
gel filtration HPLC and the fractions were analyzed by sCP radioimmunoassay. In salmon 
atrial and ventricular extracts the immunoreactivity consisted almost exclusively of high-
molecular weight material ( > 10 kD), which probably corresponds to pro-sCP. In con-
trast, ir-sCP in the plasma extracts was due to approximately 3 kD material, which coe-
lutes with the 29-amino acid synthetic sCP standard (Fig. 6). Very little high molecular 
weight material was detected in salmon plasma. An isolated perfused salmon ventricle 
preparation was used as a model system in which it was possible to exclude the possibil-
ity that plasma-derived proteases or the extraction procedure of plasma samples cause ar-
tefactual conversion from high to low molecular weight immunoreactive material. Immu-
noreactive sCP in the perfusate, whether fractionated directly or after SepPak extraction, 
was of the low molecular weight variant and eluted identically with that extracted from 
plasma. Mechanical load of 10 mmHg (1.33 kPa) subjected onto the ventricular tissue did 
not alter the gel filtration pattern of immunoreactive sCP in the perfusate, either. 

Extension of the gel filtration HPLC analysis to the other fish species revealed a very 
similar elution pattern for the atrial immunoreactive sCP in all the fish belonging to the 
genus Salmo (salmon, landlocked salmon, brown trout, sea trout) and Salvelinus (lake 
trout and arctic char). Another group, according to the elution pattern, is formed by the 
coregonids and rainbow trout, with the ir-sCP peak being broader. This suggests that in 
these species the high molecular weight ir-sCP is of a slightly smaller size than in salmon.  
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Immunoreactive sCP in plasma extracts were composed of varying amounts of the 
high and low molecular weight material in different fish species. In salmon, landlocked 
salmon and rainbow trout all of the immunoreactive material eluted almost exclusively 
identically with the synthetic sCP-29 used for calibration of the column. In lake trout and 
brown trout, both high and low molecular weight material was present. On the other 
hand, in coregonids the immunoreactivity consisted almost exclusively of the high mo-
lecular weight, pro-sCP sized material (Fig. 6). 

Fig. 6.  The major molecular forms of sCP and the suggested processing pathways of the pep-
tide. The major storage form of sCP in salmon and several other teleosts is pro-sCP. The 
plasma of salmon, landlocked salmon, and rainbow trout contains almost exclusively sCP-29, 
cleavaged from the prohormone form. In contrast in coregonids pro-sCP was found to be the 
circulating form. This suggests that the processing pathways of pro-sCP are variant in differ-
ent species. 

5.6  Biological effects of synthetic sCP (I, IV) 

5.6.1  Relaxation of preconstricted epibranchial arteries of salmon (I) 

Natriuretic peptides are known to have relaxing activity on vascular smooth muscle. 
Since the salmon cardiac peptide has structural homology with natriuretic peptides, we 
tested whether they share vasoactive properties. The effect of synthetic sCP on vascular 
smooth muscle was studied in vasotocin-contracted relaxed salmon epibranchial arteries 
and noradrenaline-contracted rat descending aortas for comparison of the effects and po-
tency of relaxation in distinct animal species. In order to compare the effects of sCP with 
another natriuretic peptide, rat ANP was used as a reference. sCP was efficient in relaxing 
the salmon arteries and 50 % reversal of constriction was achieved in low nanomolar con-
centration. Rat ANP was as efficient as sCP in relaxing the salmon epibranchial artery 
preparation. However, the activity of sCP was only 1/100–1/1000th of the potency of rat 
ANP in relaxing noradrenaline-contracted rat aortic smooth muscle. 

prepro-sCP

pro-sCP

1 12697 98

signal peptide

1 97

NT-pro-sCP1-97 pro-sCP

1 12697 98

sCP-29

98 126
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5.6.2  Cardiovascular effects in salmon and rats (IV) 

Next, the vasoactivity of synthetic sCP, as reflected on the blood pressure and heart rate, 
was studied in intact animals. The mean blood pressure was not affected by sCP in 
salmon or rats. In control salmon the resting baseline PDA value was 26.5 ± 2 mmHg and 
in experimental fish 25.5 ± 1.3 mmHg. At the end of the experiment period, the blood 
pressure in control fish was 21.5 ± 1.9 mmHg (n = 5), and in experimental fish 21.4 ± 1.5 
mmHg (n = 8). In control and experimental rats the mean arterial pressure also remained 
essentially unchanged during the infusion varying between 119 ± 4 mmHg (n = 8) and 
121 ± 5 mmHg (n = 8). In addition, sCP did not affect heart rate in rats. 

5.6.3  Renal effects in salmon and rats (IV) 

Cardiac natriuretic peptides typically increase the excretion of water and electrolytes in 
the kidney (de Bold et al. 1981, for review see Ruskoaho 1992, Maack 1996, Stein & 
Levin 1998). Therefore the natriuretic and diuretic action of sCP was studied. A bolus in-
jection of synthetic sCP into salmon dorsal aorta resulted in a remarkable 4-fold increase 
in the urine flow (p < 0.01, n = 11 for the control group, n = 7 for the sCP group). The 
maximal increase of urine flow from 0.5 ± 0.1 ml/h/kg to 1.7 ± 0.3 ml/kg/h was detected 
during the first 30 min after the sCP bolus, and the significant diuretic effect lasted for at 
least 90 min. The urine flow remained constant in control fish injected with salmon 
Ringer’s solution (0.5 ml/h/kg). The administration of sCP did not cause any significant 
changes in urine Na+ concentration or osmolality. The total amount of renally excreted 
sodium increased 3.2 ± 0.6 -fold, parallel to the 3.4 ± 0.7-fold increase diuresis. 
The renal effects of sCP in the rat were evaluated during a constant infusion of sCP over a 
2-h period. The total amount of urine excreted during the study period was significantly 
higher in rats administred with sCP than in control rats (4.7 ± 1.1 ml/kg/2 h vs. 13.3 ± 2.5 
ml/kg/2 h, p < 0.01, n = 8 for both groups). Similar to the findings with salmon, sCP did 
not have any significant influence on urine Na+ or K+ concentration or osmolality. How-
ever, since urine flow was increased, the total amount of excreted sodium during the two 
hour study period was significantly higher in the sCP-treated group than in controls 
(p < 0.05). 
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5.7  Factors regulating sCP 

5.7.1  Mechanical load (I) 

5.7.1.1  Effect on the release of sCP from the isolated salmon ventricle 

The secretion of cardiac natriuretic peptides increases in response to mechanical stretch 
of atrial and ventricular heart cells (Lang et al. 1985, Kinnunen et al. 1993, Mäntymaa et 
al. 1993, de Bold et al. 1996). To study the release of the sCP from salmon ventricle, a 
perfusion system for isolated salmon ventricle was used (Kokkonen et al. 2000). This in 
vitro perfusion system enables easy manipulation of the mechanical load imposed on the 
tissue and the collection of samples of the perfusate for peptide measurement. When iso-
lated salmon ventricles (0.9 ± 0.1 g, n = 18) were perfused at the constant temperature of 
8 °C, the level of immunoreactive sCP released from the perfused ventricle remained rela-
tively stable at 247 ± 44 pmol/l/g ventricle tissue (n = 10) during the 60 min study period. 
However, when the work load of the ventricle was increased by raising the pressure 
against which the ventricle was required to pump, an almost instantaneous load-
dependent elevation of the perfusate immunoreactive sCP levels was observed. A 13 cm 
H2O increase of load elevated the sCP concentration in the perfusate to 1628 ± 182 
pmol/l/g ventricle (n = 10), corresponding to a 6.6 ± 1.3-fold increase in the perfusate 
immunoreactive sCP level. In control experiments without load, immunoreactive cardiac 
peptide remained at the basal level throughout the perfusion (n = 8) (Fig. 7). Thus, ven-
tricular release of the cardiac peptide is very sensitive to mechanical load. 
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Fig. 7.  Release of immunoreactive sCP from isolated perfused salmon ventricle in response to 
mechanical load. The black bar shows the period when the load was increased by 13 H20 
(n = 10, closed symbols). Control experiments were performed without mechanical load 
(n = 8, open symbols). Results are expressed as mean ± SEM. 
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To study whether the perfused ventricle is able to maintain the increased level of ir-
sCP secretion, isolated salmon ventricles were subjected to mechanical load for varying 
periods of time. After the basal perfusion for 60 min, ventricles were loaded with 13 cm 
H2O for 1, 2, or 4 hours. As a response to the increased load, prompt and potent elevation 
in the ir-sCP release was observed, as above. The ventricles, which were loaded for 1 and 
2 hours, were able to maintain the increased level of secretion for the whole study period. 
Ventricles, to which the load was subjected for 4 hours, showed a significant decline in 
the rate of release. However, the secretion rate was still approximately three times higher 
at the end of the experiment compared to that during the perfusion without load (Ter-
vonen & Vuolteenaho, unpublished results). Thus, mechanically loaded salmon ventri-
cles, which are perfused in an in vitro system, are able to sustain elevated level of ir-sCP 
release for several hours. 

5.7.1.2  Effect on the ventricular ir-sCP and sCP mRNA level 

Since mechanical load is a potent stimulator of sCP release from isolated salmon ventri-
cle, and the elevated level of secretion is maintained for at least for 4 hours, the effect of 
loading on the ventricular ir-sCP storage was studied. High level of immunoreactive sCP 
was detectable in the ventricle in the basal condition (5.8 ± 0.5 nmol/g, n = 6, analyzed in 
November) as well as after the ventricle was loaded loaded for 60 min (5.3 ± 0.5 nmol/g, 
n = 9), with no statistically significant difference between the two. There was no signifi-
cant alteration of the ventricular level of ir-sCP when the loading was extented to 1, 2, 4 
or 16 hours (Tervonen & Vuolteenaho, unpublished results). Thus, the ventricular storage 
of sCP does not limit the secretion rate of the peptide.  

As an estimate of the sCP gene expression activity, the ventricular sCP mRNA level 
was analyzed using the northern blot method. When mechanically loaded, no significant 
change in the sCP mRNA was not observed. Neither did loading for up to 16 hours cause 
any significant change in ventricular sCP mRNA level (Tervonen & Vuolteenaho, unpub-
lished results).  

5.7.2  Acute plasma volume expansion (IV) 

To find out whether acute blood volume expansion corresponding mechanical load in vivo 
affects the release of sCP, salmon were given an intra-arterial bolus injection of saline (10 
ml/kg bw). The injection increases theoretically the blood volume by 25 %. The basal line 
plasma ir-sCP concentration was 153 ± 37 pmol/l. As a result of plasma expansion the 
circulating ir-sCP level increased 1.6 ± 0.1-fold (p < 0.05, n = 5) and remained signifi-
cantly elevated for approximately 20 min after the bolus. The plasma NT-pro-sCP con-
centration before and after the bolus did not differ significantly (n = 5, Table 3).  
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5.7.3  Environmental salinity (IV) 

Natriuretic peptides are thought to be important in maintaining the volume and electrolyte 
balance in fishes due to the osmotic challenge of their aquatic environment. In fresh water 
environment salmon is hyperosmotic and prone to volume overload due to the osmotic 
diffusion of water into the animal. In contrast, in sea water salmon is hypo-osmotic to its 
environment and faces a threat of dehydration. To balance the osmotic loss of water, ma-
rine fish ingest sea water, and thus gain salts. In order to study whether acute exposure to 
hyperosmotic environment has effect on sCP expression, fresh water (FW) salmon were 
abruptly transfered into sea water (SW). 

Table 3.  Summary of the effects of various treatments to the secretion or plasma 
concentration of sCP, and ventricle peptide and sCP mRNA level. An arrow indicates 
increase or decrease, and a dash no change. 

Treatment sCP 

secretion 

Plasma 

ir-sCP 

Plasma 

NT-pro-sCP 

Ventricle 

ir-sCP 

Ventricle 

sCP mRNA 

Mechanical load  ⇐     − −   

Volume expansion  

⇐ −   
Increased salinity (3 d)     

 

 ⇐ −   − −   

Increased temperature   

⇐ −   

loaded   ⇐     −  ⇐ 

nonloaded      ⇐     ⇐ 

 

5.7.3.1  Plasma ir-sCP and NT-pro-sCP concentrations in parrs 

The amount of circulating ir-sCP in fresh water parrs transferred to sea water was re-
markably decreased after two and three days of transfer, while the plasma level of ir-sCP 
remained stable in parrs kept in fresh water. The ir-sCP concentration of 0.6 ± 0.1 nmol/l 
and 1.5 ± 0.4 nmol/l in parrs exposed to sea water for 2 or 3 days respectively, were sig-
nificantly different than those measured from the fresh water parrs at the same time points 
(3.5 ± 0.5 nmol/l, 3.6 ± 0.4 nmol/l on day 2 and 3; p < 0.01 for both, n = 3–5). However, 
the ir-sCP level in parrs kept in sea water for 5 days, did not differ significantly from that 
in the fresh water parrs. The level of circulating NT-pro-sCP parrs transferred to sea water 
did not differ significantly from that in the fresh water group at days 2 or 3, but was sig-
nificantly higher at day 5 (p < 0.05, n = 4 for fresh water, n = 5 for sea water, Table 3). 

5.7.3.2  Plasma ion, ir-sCP and NT-pro-sCP concentrations 
 in adult salmon 

In the fresh water adult salmon the baseline plasma concentration of sodium, chloride, 
and potassium ions were 159.6 ± 1.7 mmol, 132.6 ± 1.8 mmol/, and 2.2 ± 0.06 mmol/l, 
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respectively (n = 10), which are in accordance with previous results (Talbot et al. 1989, 
Smith et al. 1991). The plasma Na+ and Cl- concentrations were significantly elevated 24 
h after transfer of salmon to sea water as compared with salmon in FW (p < 0.001, n = 5). 
The control value of plasma osmotic concentration was 316 ± 2 mOsm/kg H2O (n = 10). 
The plasma osmolality was significantly increased 2 h after transfer to SW (p < 0.05, 
n = 5), and continued to increase throughout the experiment. 

The baseline plasma ir-sCP level was 194 ± 21 pmol/l, and 30 min after the transfer to 
the sea water, the circulating level of the peptide was 426 ± 131 pmol/l. On day three, the 
plasma ir-sCP level in salmon kept in FW were significantly higher than that in fish ex-
posed to SW (p < 0.01, n = 5, Table 3). Plasma NT-pro-sCP did not differ significantly 
between the FW and SW groups or between any of the time points. 

5.7.3.3  Tissue ir-sCP and sCP mRNA 

The level of immunoreactivity did not show significant difference between the fresh wa-
ter and sea water groups or the time points in parrs and in adult salmon. No significant 
difference in the level of sCP mRNA were detected either, although in adult salmon the 
cardiac sCP mRNA levels tended to be lower in the sea water group (Table 3). 

5.7.3.4  Urine flow, osmolality and the concentrations of Na
+

  
and ir-NT-pro-sCP 

The urine flow rate in adult, cannulated salmon kept in FW was 2.7 ± 0.6 ml/kg/h during 
the experiment. In salmon transfered from FW to SW the urine flow was markedly de-
creased almost immediately to 0.2 ± 0.1 ml/kg/h (p < 0.01). The minimum urine flow 
rate, which was maintained to the end of the experiment, was reached within 2 h after the 
transfer to SW.  

The basal urine concentration of Na+ was 22.3 ± 3.4 mmol/l (n = 6), and the osmolarity 
was 54 ± 10 mOsm/kg H2O (n = 6). During the three days experiment, the urine osmotic 
concentration remained relatively stable in salmon kept in FW. In salmon transfered to 
SW, the urine osmolality increased significantly at least within 24 h after the transfer 
(p < 0.05). Because of the small urine volume, it was not possible to analyse the urine 
osmolality at 2 h after the transfer to SW. The urine Na+ concentration was significantly 
higher after 24 h (p < 0.001) in salmon transferred to SW compared to the FW salmon.  

The urine ir-NT-pro-sCP level in FW salmon was 9.3 ± 2 pmol/l (n = 7). No statisti-
cally significant differences were detected in NT-pro-sCP levels between the experimental 
groups or the time points 

5.7.4  Temperature (III) 

Most fishes are in thermal equilibrium with their environment and several fish species are 
exposed to large changes in temperature on seasonal basis. However, many fishes, such as 
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the salmon, exhibit relative independence of locomotory function from temperature. In 
these species therefore cold can represent a significant challenge to the cardiovascular 
system. It was hypothetized that the adaptation of salmon cardiovascular system to the 
large variations of the water temperature may have an influence on sCP. On the other 
hand, any changes in the function of the natriuretic peptide system of seasonally acclima-
tised salmon could help in understanding the general mechanisms regulating this con-
served peptide hormone family. Thus in the present work the circulating levels of sCP as 
well as the cardiac levels of its prohormone and mRNA were studied from samples col-
lected at monthly intervals for a period of one year from salmon kept under natural pho-
toperiod and temperature. The possible effect of the stage of maturation was taken into 
account by sampling young salmon parrs and mature adult salmon separately. Since ma-
jor seasonal variation was found in sCP levels, the mechanisms by which temperature 
could affect the sCP system were further studied in salmon maintained in varying tem-
peratures and in a ventricle perfusion system in vitro. 

5.7.4.1  Seasonal levels of plasma and cardiac immunoreactive sCP 

The circulating levels of ir-sCP showed significant seasonal changes, with highly elevated 
levels during the summer months and low levels during the winter. The levels correlated 
positively with the ambient temperature both in parrs and adult salmon (r = 0.65, 
p < 0.001 and r = 0.58, p < 0.001, respectively, Table 4). The increase of plasma ir-sCP 
during the warm months was especially marked in the parrs, rising from the lowest level 
of 157 ± 25 pmol/l in March to 2805 ± 998 pmol/l in September (p < 0.05). In adult 
salmon the increase was not quite as great, the levels rising from 250 ± 46 pmol/l in May 
to 663 ± 46 pmol/l in June. The monthly fluctuations of cardiac tissue ir-sCP levels re-
sembled those observed in plasma sCP, although they were less extensive. The ir-sCP lev-
els in adult salmon were significantly higher (p < 0.01) during the late summer and early 
autumn (July-September) and than that during the remaining months. In parrs the sea-
sonal pattern of cardiac ir-sCP levels resembled those of adult salmon. The concentration 
of ir-sCP in the parr atrium varied from 24 ± 3 nmol/g in May to 54 ± 6 nmol/g in Sep-
tember. In adult salmon the atrial ir-sCP concentrations were somewhat higher than those 
in the parrs, ranging from 36 ± 9 nmol/g in February to 73 ± 6 nmol/g in September. The 
ventricular ir-sCP concentration in parrs varied from 5.3 ± 0.7 nmol/g in July to 7.8 ± 0.8 
nmol/g in August. In adult salmon the level of ventricular ir-sCP ranged from 4.3 ± 1 
nmol/g in December to 14.7 ± 1.9 nmol/g in August. While the seasonal variations were 
similar in parrs and in adult salmon, the ir-sCP levels in adult salmon were significantly 
higher in the atrium in June and July (p < 0.05) and in the ventricle in August and Sep-
tember (p < 0.01) compared with those in the parrs. 

5.7.4.2  Seasonal levels of cardiac sCP mRNA 

To find out whether the seasonal variations in circulating ir-sCP and cardiac tissue ir-sCP 
were associated with changes in sCP gene expression, the levels of sCP mRNA were 
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measured from atrial and ventricular tissue from both parrs and adult salmon at the same 
time points as those of ir-sCP. Significant seasonal fluctuations were observed in both 
atrial and ventricular sCP mRNA. However, it was surprising that the mRNA levels 
tended to be higher during the cold period of the year when the plasma and cardiac ir-sCP 
levels were low. In keeping with this there was a significant inverse correlation between 
the plasma levels of ir-sCP and those of sCP mRNA in the ventricle of parrs and adults 
(r = −0.3, p < 0.05 for both), and between temperature and ventricular sCP mRNA con-
centration of parrs and adults (r = −0.53, p < 0.001 and r = −0.5, p < 0.01, respectively, 
Table 4). In the parrs the atrial sCP mRNA level was also inversely correlated with the 
water temperature (r = −0.49, p < 0.001, Table 4). 

5.7.4.3  Seasonal relative ventricle mass 

Both in parrs and adult salmon the lowest relative ventricle mass (ventricle mass/bw*100) 
was observed in the warm-acclimatized fish, in August (0.065 ± 0.003 in parrs, 
0.099 ± 0.008 in adult salmon), and the highest in March in fish who had acclimatized to 
temperature near zero °C for five months (0.12 ± 0.018 in parrs, 0.13 ± 0.007 in adult 
salmon). The increase was significant in both groups (p < 0.05). 

Table 4.  Summary of the correlation of the seasonal concentration of plasma and 
cardiac ir-sCP, and tissue sCP mRNA level with temperature. + indicates a positive 
correlation, – a negative correlation, and ns no significant correlation. 

Source   
Ir-sCP sCP mRNA Parr Adult salmon 

Plasma  + + 
Atrium  ns ns 

Ventricle  ns ns 

 Atrium − ns 

 Ventricle − − 

5.7.4.4  The effect of different temperatures on  
sCP secretion and expression 

To find out whether the variation in the water temperature was responsible for the major 
seasonal fluctuations sCP, the secretion of immunoreactive sCP was studied with an in vi-
tro model. Isolated salmon ventricles, obtained from salmon acclimatized to cold (0.2 °C) 
and subsequently acclimated to 6 °C or 12 °C for 10 days, were perfused in a system 
which enables the adjustment of the mechanical load imposed on the ventricle. sCP levels 
in the perfusate were measured with a specific radioimmunoassay. Based on the seasonal 
variation of circulating ir-sCP higher sCP release was expected when the temperature was 
raised. The amount of sCP secreted into the perfusate without any extra mechanical load 
was, however, not significantly different in salmon acclimated to the different tempera-
tures (460 ± 94 pmol/l/g ventricle tissue at 0.2 °C, n = 10, 459 ± 16 pmol/l/g ventricle tis-
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sue at 6 °C, n = 10 and 314 ± 66 pmol/l/g ventricle tissue at 12 °C, n = 10). Moreover, in 
ventricles obtained from salmon acclimatised to 0.2 °C, the load of 13 H2Ocm increased 
the release of ir-sCP 5.3 ± 0.6 -fold compared with 3.5 ± 0.5 -fold and 3.7 ± 0.7 -fold in 
ventricles acclimated to 6 °C and 12 °C, respectively. Although the 0.2 °C acclimatised 
ventricles were tested in 6 °C due to the technical limitations of the perfusion system, the 
basal and load-stimulated secretion was stable and similar in quantity to that found in the 
other temperatures, and there was no indication of disturbance.  

Although the sCP secretion was not increased in higher temperatures, the circulating 
level of ir-sCP was significantly higher in the warm-acclimated salmon used for ventricle 
perfusion studies than in salmon acclimatized to cold (Table 3, pg 65). In salmon accli-
matized in 0.2 °C, the plasma ir-sCP was 148 ± 16 pmol/l, which was significantly in-
creased to 244 ± 46 pmol/l after 10 days in 6°C. In fish in which the temperature was fur-
ther increased to 12 °C, the circulating level of 471 ± 102 pmol ir-sCP/l was significantly 
higher than that in 6 C°. The circulating ir-sCP was observed to correlate with the accli-
mation temperature (r = 0.63, p < 0.001). To rule out the possibility that the secretion of 
sCP was increased at elevated temperature in intact animals, despite the results from the 
in vitro model, we measured the plasma levels of NT-pro-sCP. Surprisingly, there was no 
elevation of plasma NT-pro-sCP levels associated with the higher temperatures, as was 
expected from the results with sCP. If anything, there was a tendency for a slight decrease 
(from 1428 ± 148 pmol/l at 0.2 °C to 1298 ± 140 pmol/l at 6 °C and 1393 ± 179 pmol/l at 
12 °C). 

In keeping with the finding that the seasonal ventricular sCP mRNA level was higher 
in cold acclimatized salmon, the sCP mRNA level in the ventricles used for the perfusion 
experiments was significantly lower when the tissue was obtained from salmon kept in 12 
°C rather than from those kept in 6 °C or acclimatized to 0.2 °C. The difference associ-
ated with the temperature (r = −0.68, p < 0.005 in control experiments; r = −0.91, 
p < 0.001 in experiments with mechanical load, Table 4, pg 68).  

In contrast to the mRNA levels, but in accordance with the seasonal fluctuations in 
ventricular ir-sCP, the peptide level was higher in the ventricles obtained from warm-
acclimated salmon than in those from the cold-acclimated salmon (10.2 ± 1.9 nmol/g 
ventricle tissue at 12 °C, n = 6; 8.9 ± 1.0 nmol/g ventricle tissue at 6 °C, n = 6; and 
6.4 ± 0.7 nmol/g ventricle tissue at 0.2 °C, n = 4, Table 3). The level of immunoreactivity 
correlated significantly with temperature in nonloaded ventricles (r = 0.55, p < 0.05). 



6 Discussion 

6.1  Salmon cardiac peptide cDNA 

Hormones belonging to the natriuretic peptide family have previously not been found in 
salmon (Salmo salar). In the present study, a novel peptide hormone from salmon heart 
with homology to natriuretic peptides was identified and characterized using RACE-RT-
PCR cloning and sequencing (I). The sCP cDNA sequence has subsequently been con-
firmed by cloning of the sCP gene (Majalahti-Palviainen et al. 2000). Additionally, the 
reading frame deduced from the nucleotide sequences was confirmed by isolation and 
NH2-terminal sequence analysis of immunoreactive sCP stored in salmon heart (Majalah-
ti-Palviainen et al. 2000). 

The total length of sCP cDNA in salmon was found to be 1214 bp (I). The size of the 
messenger encoding the A-type natriuretic peptide in different species varies between 0.7 
kb and 0.85 kb. The BNP mRNA shows higher diversity in size among different animals, 
varying in length from 0.6 to 1.8 kb, while the mRNA of CNPs is more conserved, having 
a size of 0.8-1.0 kb. The results from the northern blot analysis of various teleost species 
in the present study reveal that the sCP-like mRNAs have some variation in size between 
species (II). In relatively stringent hybridizing conditions, sCP cDNA probes detected 
messenger RNA with similar size as that in salmon (~1.3 kb) in the majority of the spe-
cies, but the coregonids demonstrated a mRNA of ~1.5 kb. Additionally, in arctic teleost 
species the hybridizing band was ~0.85 kb in size. 

Comparison of the 1214 bp sCP cDNA sequence with other known natriuretic peptide 
nucleotide sequences show only slight homology apart from the extreme 3’ end of the 
translated sequence (I). The deduced amino acid sequence of sCP cDNA encoding the 17-
residues cysteine ring structure at C-terminal end reveals clear homology with A-, B-, C-, 
and V-type natriuretic peptides. Additionally, the proposed prepro-sCP contains an in-
frame stop codon within six amino acids following the codon of the C-terminal cysteine 
residue. In A-type and B-type natriuretic peptides the length of the C-terminal tail varies 
between four to seven amino acids, while ventricular natriuretic peptide (VNP) has an ex-
tended C-terminal peptide tail containing 14 residues.  
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The overall AU content of the 3’ untranslated region of the salmon cardiac peptide 
mRNA is high, and it contains several AU-rich stretches, within them a copy of AUUUA 
(I), which is implicated in destabilization of mRNA (Wilson & Treisman 1988). These 
features are characteristic of BNP peptides. Interestingly, in the sCP gene the second in-
tron, present in all ANP and BNP genes studied thus far (Nakao et al. 1992a), cannot be 
found (Majalahti-Palviainen et al. 2000).  

Considering the size and sequence of sCP cDNA, as well as the deduced prepro-sCP 
amino acid structure, the novel cardiac peptide from salmon heart clearly belongs to the 
family of natriuretic peptides. However, sCP does not show any clear-cut precedence to 
any of the known natriuretic peptide subgroups, especially those of ANP and BNP. Thus 
it might represent a member of a new group of natriuretic peptides. 

6.2  Stored salmon cardiac peptide 

6.2.1  The amino acid sequence of prepro-sCP 

The sCP preprohormone deduced from the cDNA sequence is composed of 148 residues 
(I). The N-terminus of prepro-sCP shares a characteristic feature generally found in secre-
tory proteins, namely the presence of a hydrophobic core signal sequence. The hydropho-
bic NH2-terminal signal sequence guides the growing peptide chain across the endoplas-
mic reticulum membrane, after which it is removed. The prepro-sCP signal sequence con-
sists of 22 residues. In A- and C-type natriuretic peptides, excluding frog CNP I, the sig-
nal peptidase cleavage takes place on the carboxyterminal side of an alanine residue. This 
is the case with sCP as well. The cleavage results in 126-amino acid pro-sCP, which, in 
spite of the low homology of the sequences, is of exactly the same length as mammalian 
proANPs (for review see Ruskoaho 1992). In non-mammalians the prohormone forms of 
natriuretic peptides vary from 96 amino acid residues of frog proCNP II to 128 amino ac-
ids of eel proVNP.  

Following the signal peptide cleavage, most of the proANP is targeted to the regulated 
secretory pathway, where it is stored intact in the dense core secretory granules (Thibault 
et al. 1987, Irons et al. 1993). The mechanism by which proANP enters the dense core 
secretory granules of the regulated secretory pathway is currently unclear. It has been 
suggested that intracellular sorting of proteins to secretory granules is encoded by a 
dominant signal on the protein itself. Although no consensus amino acid sequence has 
been found to date in proteins secreted via the regulated pathway, a model of preferential 
aggregation of molecules as a signal for encapsulation has been proposed (Huttner & 
Tooze 1989, Song & Fricker 1995, Yoo 1996). Indeed, proANP has the capacity to aggre-
gate in vitro in presence of increased levels of calcium and decreased pH (Thibault & 
Doubell 1992, Canaff et al. 1996). The highly acidic cluster of proANP between residues 
11 and 44 contains five aspartic acids and six glutamic acid residues with a total negative 
charge of −8 (Genest & Cantin 1988). This portion of proANP is cabable of interacting 
with calcium and demonstrates a direct correlation between calcium-mediated aggrega-
tion and protein sorting (Canaff et al. 1996). The two glutamic acid residues at positions 
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23 and 24 in the profragment are required for both in vitro aggregation and regulated se-
cretion (Canaff et al. 1996). Comparison of proANP peptide sequences from man, cow, 
pig, dog, rabbit, guinea pig, and rat shows absolute conservation of the Glu23-Glu24 se-
quence. The glutamic residue pair is present at positions 23 and 24 in pro-sCP as well (I, 
Fig. 2, pg 55). Additionally, the residues between 11 and 44 of pro-sCP contain 4 aspartic 
acids and 4 glutamatic acids with a total charge of −6.2. Salmon heart cells have been 
found to contain small sarcoplasmic granules showing sCP immunoreactivity (Arjamaa et 
al. 2000). These granules are similar to the vesicles typical for secretory cells that utilize 
the regulatory pathway. Thus, the mechanism by which pro-sCP enters the secretory 
granule might be identical to that of proANP. 

6.2.2  The molecular form of pro-sCP 

In order to extend the data about the molecular form of sCP in the heart, the actual mo-
lecular size of sCP was characterized in the atrial and ventricular tissue of different spe-
cies using gel filtration HPLC (II). The tissue storage form, both in the atrium and ventri-
cle, invariably corresponds to a high-molecular weight, pro-sCP-sized peptide. Although 
gel filtration cannot resolve the exact length of the peptide chain, our results suggest that 
the major or sole storage form is the full-length pro-sCP of 126 amino acids. sCP thus re-
sembles the proANP system in this sense. 

6.3  Circulating salmon cardiac peptide 

6.3.1  The amino acid sequence of sCP-29 

On the basis of the structures of previously known natriuretic peptides, the mature salmon 
cardiac hormone has 29 amino acids and contains a cysteine ring structure of 17 amino 
acids by formation of a disulfide bond between Cys7 and Cys23 (I, Fig. 2, pg 55). The ma-
ture sCP-29 clearly differs from CNP, having both N- and C-terminal extensions to the 
cysteine ring. sCP does not share high sequence homology with ventricular natriuretic 
peptide (VNP), which has a long C-terminal tail (Takei 1994b). On the other hand, sCP-
29 resembles both ANP and BNP. The homology with other natriuretic peptides is re-
stricted specifically to the 17-residue cysteine ring (Fig. 3, pg 56). The amino acid se-
quence of sCP cysteine ring shows higher homology with the conserved residues of ANP 
(11 identical residues with ANP) than with those of BNP (9 identical residues with BNP). 
The fact that the mature A-type natriuretic peptides show high amino acid sequence ho-
mology between different species, while BNPs show remarkably large interspecies differ-
ences, has to be taken in consideration. Even within the cysteine ring, however, in the 
consensus Asp-Arg-Ile-(Gly/Ser)-(Ala/Ser) sequence the last residue is replaced by 
threonine in sCP, differentiating it from all the natriuretic peptides discovered thus far. 
Additionally, the first amino acid of the C-terminal tail is serine, a characteristic not 
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found in any other natriuretic peptide. On the other hand, the first amino acid upstream 
from the N-terminal cysteine is glysine, a residue common at that position in the B-type 
and C-type, but not A-type natriuretic peptides. 

6.3.2  The molecular form of plasma sCP 

The molecular form of circulating sCP plasma from different teleost species was analyzed 
by gel filtration HPLC, followed by sCP radioimmunoassay (II). In addition, the molecu-
lar size of immunoreactivity in the perfusate from salmon ventricle was studied. The 
characterization of secreted immunoreactive sCP revealed that the circulating form 
clearly differs from the storage form of sCP. The predominant form in the plasma of 
salmon behaves identically with the 29-amino acid biologically active sCP, whereas the 
stored form was of the size of pro-sCP. The difference in the stored and secreted forms 
was similar when using an isolated perfused salmon ventricle preparation, ruling out the 
possibility that plasma proteases are responsible for the conversion from high to low mo-
lecular weight immunoreactive sCP. These results indicate that the cardiac storage form 
of sCP in salmon is processed to the mature, circulating hormone in close conjunction 
with release from the tissue. This is similar to the way mammalian proANP is processed 
in atrial myocytes (Vuolteenaho et al. 1985) and which appears to be the case with eel 
proANP and proVNP as well (Takei et al. 1994a). In salmon the conversion of pro-sCP to 
the 29 amino acid residue sCP shows similarities with the conserved features of matura-
tion process of ANP. 

The conversion of the proform into a mature, circulating peptide is probably the most 
important posttranslational modification of natriuretic peptides. The cleavage of prohor-
mone results in formation of a N-terminal fragment and a mature form. However, the 
processing is variable between subgroups of natriuretic peptides. Conversion of proANP 
to the biologically active ANP is highly conserved among species. It occurs by the cleav-
age of the peptide bond between Arg and Ser in all species resulting in mature ANP (for 
review see Ruskoaho 1992). The processing of proANP to ANP requires a highly specific 
protease, since another Arg-Ser peptide bond present in mammalian proANP remains in-
tact. It has been suggested recently that this enzyme is a membrane-bound serine protease 
corin (Yan et al. 2000). In the formation of BNP from proBNP via the constitutive secre-
tory pathway, the subtilisin-like proprotein convertase furin appears to be the major proc-
essing enzyme. This protease demands a cleavage motif of Arg-X-X-Arg in the target 
protein (Sawada et al. 1997). However, while ANP invariably appears to be stored in the 
heart as the prohormone and processed in highly conserved processes, proteolytic proc-
essing of BNP is not invariant (for review see Yandle 1994). This results in differences in 
the proportion of high and low molecular weight forms of BNP present in cardiac tissue 
and plasma (Tamura et al. 1994). Finally, the maturation of CNP-22 takes place by a 
cleavage between Lys-Lys sequence and a Gly residue in all CNPs including the shark 
proCNP as well as the presursor of bradykinin-potentiating peptides and a CNP in snake 
Bothrops jararaca venom (Kojima et al. 1994, McDowell et al. 1995, Murayama et al. 
1997, Schofield et al. 1991). 
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The processing of pro-sCP to the 29-amino acid residue sCP does not resemble the 
processing of BNP and CNP (I). Pro-sCP lacks the arginine residue at position −4 from 
the cleavage site of the furin motif, which is an important processing signal in conversion 
of proBNP to BNP. Additionally, the Lys-Lys-Gly -sequence, the processing signal of 
CNP, is absent in pro-sCP. However, the cleavage of pro-sCP to mature form shows simi-
larities with the conserved features of the maturation process of ANP. Firstly, the matura-
tion of pro-sCP takes place by proteolysis of the Arg-Ser bond. Secondly, this event oc-
curs during or very close to the secretion, since the heart consists almost exlusively of 
high-molecular weight material, while plasma contains the low molecular weight form of 
sCP. 

On the other hand, in plasma of other teleost species the amount of high and low mo-
lecular weight sCP varies (II), a feature which is more typical of the members of the BNP 
group (Tamura et al. 1994, for review see Yandle 1994). Since the structure of the ho-
molog of pro-sCP in other species is not yet known, the factors causing these differences 
can only be hypothesized. They might be due to changes of the processing signals of pro-
sCP or absence of the processing enzymes. In coregonids the circulating form consist al-
most exclusively of the high molecular form of sCP. However, the mature peptide present 
in these fish is highly homologous to sCP, since the immunoreactive material in corego-
nid, as well as in rainbow trout plasma extract displaced the 125I-sCP parallelly with the 
synthetic sCP and salmon plasma extract and the specificity of the antiserum to sCP (II). 
Moreover, the sCP-like mRNA hybridized to the sCP probe in high stringency conditions 
(II, see sections 4.4 and 5.2). 

6.4  Distribution of sCP mRNA and immunoreactive sCP 

6.4.1  Tissue sCP messenger RNA 

sCP mRNA can be found in high concentrations in both chambers of the salmon heart. 
Results from northern blot analysis demonstrated approximately a three to four-fold dif-
ference in favor of the atrium (I, II). A gene homologous to that of sCP is expressed in the 
heart of several other teleost species, but the levels of sCP mRNA in the atrium and ven-
tricle vary from species to species (II). However, although the sCP gene is actively ex-
pressed in the heart, no mRNA can be detected in other tissues of salmon, nor in extracar-
diac tissues of a variety of other teleost species (I, II). No evidence of sCP mRNA outside 
the heart was found in studies by an extremely sensitive quantitative RT-PCR method 
(Majalahti-Palviainen et al. 2000). In previous studies, the expression of natriuretic pep-
tide genes, although predominant in the heart, has been found not to be strictly cardio-
specific. Mammalian A- and B-type natriuretic peptide genes are expressed in several ex-
tracardiac tissues, such as the central nervous system and gonads (Dagnino et al. 1991, 
for review see Ruskoaho 1992). Likewise, eel A-type natriuretic peptide and eel ventricu-
lar natriuretic peptide have been found to be cardiac hormones, but significant extracar-
diac synthesis appears to take place as well, e.g. in the brain (Takei et al. 1992, 1994b). In 
mammals, the production of C-type natriuretic peptide takes place almost exclusively 
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outside the heart (Minamino et al. 1993). In elasmobranch shark (Triakis scyllia) the tis-
sue distribution of CNP has also been found to be wide, although the heart contains the 
highest concentration (Suzuki et al. 1994). In the frog (Rana catesbeiana) CNP II is 
widely distributed in peripheral tissues (Kojima et al. 1994). Thus sCP appears to be 
clearly the most heart-specific hormone among the natriuretic peptide family found thus 
far. 

6.4.2  Tissue immunoreactive sCP 

The salmon heart stores large amounts of immunoreactive sCP, matching high level of 
sCP mRNA (I-IV). High concentrations of immunoreactive sCP were found in the cardiac 
atrium and ventricle, whereas the levels were below detection limit in other tissues, such 
as the brain and gonads. The ir-sCP level in the atrium, both in young salmon and in 
adults, is higher (42.8 ± 1.5 nmol/g) than that reported for the atrial concentration of ANP 
in several mammalian species (2-10 nmol/g, Lang et al. 1992, Mukoyama et al. 1991, Ta-
kei et al. 1992, Tamura et al. 1994, Pemberton et al. 1997) and the eel (~10 nmol/g, Takei 
et al. 1992). The atrium of several other fish species contains large amounts of immuno-
reactive sCP as well, with the remarkable concentration of 122 ± 12 nmol/g in the atrium 
of vendace (II). 

Not only the atrial concentration of ir-sCP, but also the ventricle level of immunoreac-
tivity, is significantly higher than that observed in other vertebrates (I–IV). The concen-
tration of immunoreactive sCP in salmon ventricle (7600 ± 300 pmol/g) is much higher 
than that previously reported for ANP (6.5–30 pmol/g) or CNP (0.6 pmol/g) in rat ventri-
cle (Lang et al. 1992, Minamino et al. 1993). The amount of ir-sCP is even higher than 
that of hormones considered to be characteristically ventricular, namely BNP in the ven-
tricle of rat (3 pmol/g) or hamster (35 ± 8 pmol/g) (Aburaya et al. 1989, Tamura et al. 
1994) or VNP in eel ventricle (~1600 pmol/g) (Takei et al. 1994c). Thus, salmon ventricle 
appears to produce sCP in a manner resembling the production of ANP in mammalian 
atrium with high basal levels of mRNA and hormone stores, approaching the level of 
atrial ANP. This differs significantly from the production of ANP and BNP in postnatal 
mammalian ventricle, which appear to be made only on demand in nonpathological situa-
tions (Nakao et al. 1992). 

The presence of high concentration of sCP in both chambers of the heart is exceptional 
among the natriuretic peptides. In eel and mammalian heart the atria are the major source 
of ANP (Minamino et al. 1993, Takei et al. 1994a, Ueda et al. 1991). In mammals BNP is 
thought of as a ventricular hormone, because it is predominantly released from the ventri-
cles (Ogawa et al. 1991). However, the ventricle-to-atrium ratio of sCP in salmon is still 
several times higher than that of BNP in mammals. On the other hand, the atrium-
ventricle ratio of sCP in vendace (1/33) and brown trout (1/23) resembles that of mam-
malian BNP (1/25) (II). In eel the concentration of the ventricular natriuretic peptide is 
three times higher in the ventricle than in the atrium, thus indicating the ventricle to be 
the major source of the peptide (Takei et al. 1994a). Among the natriuretic peptides, only 
the distribution of CNP in dogfish shark (Triakis scyllia) bears a resemblance to that of 
sCP in salmon, being three times higher in the atrium than in the ventricle (Suzuki et al. 
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1994). The CNP of sharks, however, shares few structural characteristics with sCP. They 
are, according to their structure, typical representatives of the C-type subgroup of the na-
triuretic peptide family (Schofield et al. 1991, Suzuki et al. 1991). Thus, regarding the 
distribution in the heart, sCP does bear some resemblance to mammalian B-type natri-
uretic peptides and elasmobranch C-type natriuretic peptides, but it differs clearly from 
them in structure. 

6.4.3  Plasma immunoreactive sCP 

The ir-sCP concentration in adult salmon caudal vein plasma is several times higher 
(403 ± 22 pmol/l, I–IV) than that found for ANP (6–45 pmol/l) or BNP (0.9–6 pmol/l) in 
plasma of various species (Mukoyama et al. 1991, Lang et al. 1992, Motwani et al. 1993, 
Leskinen et al. 1995, Arjamaa et al. 1996, Charles et al. 1996b, Kaiya & Takei 1996a, 
Charles et al. 1998 Woods & Jones 1999). The peripheral ir-sCP plasma level is even 
higher than that of coronary sinus plasma ANP (150–260 pmol/l) and BNP (20–50 
pmol/l) (Mukoyama et al. 1991, Pemberton et al. 1997). Interestingly, in young salmon 
representing parrs and smolts, the caudal vein plasma concentration of ir-sCP is even 
higher (1180 ± 184 pmol/l, n = 70) than the already remarkably high level in adult 
salmon. The reason for this variation between salmon of different maturational stages is 
not known. 

Furthermore, plasma concentration of sCP in adult salmon is much higher in the ven-
tral aorta (1815 ± 436 pmol/l), receiving blood directly from the heart, than in the periph-
eral circulation, which receives its blood from the branchial circulation (II). This finding 
is consistent with that in the eel, another teleost species, in which plasma ANP and VNP 
levels in the ventral aorta have been found to be significantly higher than those in the dor-
sal aorta after the blood has left the branchial circulation (Kaiya & Takei 1996). The bio-
logically active natriuretic peptides are removed from the circulation mainly by receptor-
mediated clearance and entzymatic degradation by neutral endopeptidase (Charles et al. 
1996). The clearance receptors are believed to have an important role in regulating the 
half life, and hence the bioavailability, of the natriuretic peptides (Kukkonen et al. 1992, 
Matsukawa et al. 1999). In fish the distribution of the natriuretic peptide receptors in the 
gills has received much attention, since the control of gill blood flow and epithelial func-
tion is critical for the osmotic and cardiovascular homeostasis. The gills of different fish 
species have been found to express natriuretic peptide receptors homologous to mammal-
ian NPR-A, NPR-B and NPR-C (Kashiwagi et al. 1995, 1999, Katafuchi et al. 1994, Ta-
kashima et al. 1995, Callahan et al. 2000). The results of the present study with whole 
body autoradiography demonstrate that salmon gill contains large amounts of specific 125I-
sCP binding sites (Tervonen, Kolehmainen and Vuolteenaho, unpublished results). Since 
the clearance receptor is the most abundant natriuretic peptide receptor type, making up 
over 95 % of the total population of natriuretic peptide receptors (for review see Maack 
1992, Ruskoaho 1992), the majority of the binding sites in salmon gill possibly represent 
clearance receptors. Thus the present results suggest that the gill regulates the circulating 
amount of sCP in salmon.  
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Among the teleosts studied, the plasma ir-sCP level in coregonids differs markedly 
from the other species, in addition to the plasma molecular form of the immunoreactivity 
(II). The peripheral plasma level of ir-sCP in vendace (16 ± 5 nmo/l) is clearly the highest 
of any natriuretic peptide in any species studied thus far. Very high levels of plasma ir-
sCP were also measured in the other coregonids. It is interesting that the extremely high 
amount of circulating ir-sCP coincides with the presence in the plasma of high molecular 
plasma form of sCP, possibly representing pro-sCP. 

6.5  Physiological effects of synthetic sCP 

Cardiac natriuretic peptides act to reduce the systemic blood pressure as well as the in-
travascular volume to normal. They have been shown to have potent natriuretic and diu-
retic effects, and the ability to decrease blood pressure by relaxing vascular smooth mus-
cle, inhibiting the renin-angiotensin-aldosterone axis, and by facilitating the transudation 
of plasma to the interstitial space. The volume-depleting action is further intensified by 
excretion of water and electrolytes in the kidney and the inhibition of the synthesis of 
antidiuretic vasopressin and dipsogenic angiotensin II through the suppression of renin 
release (for review see Maack 1992, Ruskoaho 1992, McDowell et al. 1995, Stein & 
Levin 1998). 

6.5.1  Diuresis and natriuresis 

The diuretic effect of ANP is well described in mammals (for review see e. g. McDowell 
et al. 1995, Maack 1996). In the present study the administration of synthetic sCP at a 
single dose of 60 pmol/kg into salmon dorsal aorta caused an impressive diuretic re-
sponse (IV). Ninety minutes after the bolus injection of synthetic sCP, the urine formation 
was still significantly elevated, even thought the sCP concentration had reached the con-
trol level in sixty minutes after the bolus. This observation suggests, that the cellular re-
sponse and thereby the biological effect may outlast the changes in plasma sCP concen-
tration, consistently with previous findings with ANP (Anderson et al. 1987, Bruun et al. 
1991). The infusion of synthetic sCP at a dose of 330 pmol/kg/min increased the total 
amount of excreted urine in SD rats significantly (IV). This result shows that the renal ac-
tion of heterologous salmon natriuretic peptide in rat resembles that of mammalian ANP 
and BNP. Additionally, the receptor binding elements are conserved in ANP, BNP and 
sCP, since the NPR-A receptor, which mediates the biological action in the rat kidney, is 
able to recognize and bind sCP. The diuretic action of sCP suggests that this peptide par-
ticipates in the regulation of volume by its capacity to acutely affect water excretion. Pre-
viously, in teleost species the diuretic effect of natriuretic peptides has been reported in 
the toadfish and fresh water rainbow trout. In toadfish (Opsanus tau) homologous heart 
extract and heterologous ANP cause significant diuresis (Lee & Malvin 1987) and in trout 
(Oncorhynchus mykiss), eel and rat ANP exhibit diuretic effects (Olson & Duff 1992). In 
sea water eel (Anguilla japonica), which are prone to dehydration, homologous ANP has 
an antidiuretic effect (Takei & Kaiya 1998). 
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In addition to the diuretic effect, the renal actions of ANP include a robust natriuretic 
response in mammals. Urinary chloride excretion is also elevated. In contrast, potassium 
excretion is not affected even by large increases in circulating ANP (for review see e. g. 
McDowell et al. 1995, Maack 1996). In the present study, sCP did not affect either the 
urinary concentration of Na+ or osmolality in salmon or rat, although the total amount of 
excreted sodium was significantly increased by the enhanced diuresis (IV). The diuretic 
and natriuretic responses were of the same magnitude in both species. In fresh water trout 
(Oncorhynchus mykiss), eel ANP has been reported to increase the urine osmolarity (Ol-
son & Duff 1992) and in toadfish (Opsanus tau) homologous heart extracts and mammal-
ian ANP increase excretion of Na+, with unchanged secretion of Mg2+, Ca2+, and K+ (Lee 
& Malvin 1987). However, the statistically significant natriuretic response exceeding the 
diuretic action was obtained with high-dose administration of natriuretic peptides (10 
µg/kg bw of eel ANP into trout and heart extract derived from one heart or 20 µg of 
mammalian ANP into toad). Thus, the bolus dose of 0.2 µg/kg bw sCP might not be 
enough to increase the sodium concentration in the urine. On the other hand, in contrast 
to the domination of the kidney in osmotic and ionic regulation in terrestrial vertebrates, 
fishes mainly use gills to regulate the ion balance for univalent ions. Thus gill has to be 
considered as a target organ of sCP for the regulation of electrolyte balance.  

6.5.2  Cardiovascular effects of salmon cardiac peptide 

6.5.2.1  Relaxation of salmon and rat arterial preparations 

Natriuretic peptides have potent relaxing activity on vascular smooth muscle (de Bold 
1985, for review see Ruskoaho 1992). In order to find out whether the salmon cardiac 
peptide has vasoactive properties, the effect of synthetic sCP was tested using in vitro 
bioassays (I). Salmon peptide relaxed vasotocin-precontracted salmon epibranchial arte-
rial smooth muscle preparations with a potency similar to that of synthetic rat ANP. The 
high potency of rat ANP in salmon indicates a homologous structure for the receptor me-
diating the vasorelaxant activity to that in mammals. However, the phenomenon appears 
not to work both ways: sCP had only 1/100th to 1/1000th of the potency of rat ANP in re-
laxing noradrenaline-precontracted rat aortic smooth muscle. 

6.5.2.2  Vasoactivity in salmon and rat in vivo 

Hypotensive action is characteristic of mammalian cardiac natriuretic peptides (for re-
view see e. g. Ruskoaho 1992, Maack 1996). However, decreases in blood pressure in 
normotensive experimental animals have usually been achieved with doses that clearly 
exceed those required for diuresis or natriuresis (Weidmann et al. 1986, Anderson et al. 
1987, Lee & Malvin 1987, Soejima et al. 1988, Olson & Duff 1992). In contrast, ANP af-
fects blood pressure markedly in hypertensive laboratory animals (for review see e. g. 
Maack 1996). In the present study, the bolus intra-arterial injection of sCP into salmon, 
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causing brisk and prolonged diuresis, did not affect the mean arterial pressure compared 
to control fish (IV). Additionally, the mean arterial pressure as well as the heart rate were 
unchanged in SD rats in which sCP was infused at doses resulting in very high plasma 
levels and significant diuresis. Thus, the effects of sCP on the fluid and electrolyte bal-
ance appear to dominate over those on the cardiovascular system. 

6.6  Factors regulating sCP 

6.6.1  Mechanical load in vitro 

In mammals ANP and BNP are secreted by atrial and ventricular myocytes as a response 
to mechanical stretch (Lang et al. 1985, Kinnunen et al. 1993, Mäntymaa et al. 1993, de 
Bold et al. 1996). For the studies of sCP release from salmon ventricle, a perfusion sys-
tem of isolated salmon ventricle was used (I, III). In this in vitro system, ventricular re-
lease of the cardiac peptide is highly sensitive to mechanical load. A 13 H20cm increase 
of load induces an over six-fold increase of hormone release. In rat atrial preparation 
pressure of 8 H20cm increases the ANP secretion rate approximately four-fold (Laine et 
al. 1994b), while in rat ventricular preparations a 2-fold increase of ANP release is seen 
even with a maximal load stimulus (Kinnunen et al. 1992, 1993). Thus the intensity of 
load response of sCP from salmon ventricle has more resemblance to that observed for 
the atrial than for the ventricular release of mammalian ANP. 

On the basis of studies with mammalian cardiocytes, the ventricular secretion of the 
natriuretic peptides is believed to take place via the constitutive pathway, whereas the 
atrial secretion follows the regulated pathway (Bloch et al. 1986). However, this is not the 
case with sCP production in the salmon ventricle, and therefore the constitutive pathway 
is not an inherent property of ventricular hormone release. On the contrary, the secretion 
of sCP from salmon ventricle clearly utilizes the regulated pathway, since the release 
from the secretory granules can be induced rapidly by mechanical load and endothelin-1 
(I, Kokkonen et al. 2000). 

Several studies have shown that stretching of atrial myocytes in vitro or by volume 
load or pressure in vivo stimulates the secretion of ANP within minutes, while the activa-
tion of ANP gene expression takes hours or days to develop (Lang et al. 1985, Ruskoaho 
et al. 1986, Gardner et al. 1992, Sadoshima et al. 1992, Mäntymaa et al. 1993, Jarygin et 
al. 1994). In the case of BNP, on the other hand, mechanical load causes a rapid induction 
of gene expression, whereas the secretory response is slower to develop (Mäntymaa et al. 
1993, Magga et al. 1994, Nakagawa et al. 1995, Magga et al. 1997a). A clear induction of 
rat atrial BNP mRNA can be observed after an hour of mechanical loading (Mäntymaa et 
al. 1993). In the present study, no significant change in the ventricular sCP mRNA level 
was detected after 16 hours of stimulation by mechanical load (Tervonen and Vuoltee-
naho, unpublished results). 
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6.6.2  Environmental salinity 

Among vertebrates, particularly fishes have chronic problems of salt and water balance 
because of the ionic and osmotic gradients between the epithelia of the fish and the ambi-
ent environment. Teleosts are hyperosmotic to fresh water but hypo-osmotic to seawater. 
Thus a freshwater fish faces the threat of volume overload and salt loss, while marine 
teleosts are potentially volume-depleted and salt-loaded (for review see e.g. Evans 1993). 
Euryhaline fishes, such as migrating salmon, face opposing gradients and therefore must 
modulate the osmoregulatory mechanisms to protect the water and electrolyte homeosta-
sis. The cardiac natriuretic peptides are important in the regulation of the water and salt 
balance in mammals, and thus peptide hormones belonging to this family probably have 
an essential role in fish osmoregulation as well (Evans 1990, 1993). In the present study, 
the effect of acute change in ambient osmolality on sCP was studied in salmon transferred 
from fresh water environment to saline water environment. 

In several teleost species, the plasma concentration of ANP has been reported to be 
higher in sea water than in fresh water, estimated by heterologous radioimmunoassays 
(Galli et al. 1988, Westenfelder et al. 1988, Evans et al. 1989, Smith et al. 1991). In eel 
(Anguilla japonica) long-term adaptation to high environmental salinity does not affect 
the peripheral plasma ir-ANP concentration, estimated by homologous radioimmunoas-
say (Kaiya & Takei 1996a). In the present study, the plasma concentration of ir-sCP was 
significantly lower in parrs kept in sea water for 2 and 3 days, and in adult salmon the 
amount of plasma ir-sCP was significantly decreased after three days in sea water (IV). 
The reduced circulating amount of biologically active sCP might be advantageous during 
the adaptation process. In order to maintain the osmotic balance, the adaptation to differ-
ent environmental salinities requires morphological and functional changes in osmoregu-
latory organs (see e.g. Foskett et al. 1983, Evans 1990). However, in parrs, in which the 
experiment was conducted for 5 days, the difference in the ir-sCP plasma concentration 
between fresh water and sea water group was insignificant. Thus, sCP might have a dif-
ferent osmoregulatory role in sea water adapted than that in fresh water adapted fish de-
pending on the osmoregulatory epithelia cell type distribution, as well as the distribution 
of sCP receptors in different target tissues. Another regulatory role, other than osmoregu-
latory, for sCP in the general physiology of fish should also be considered since the 
plasma and tissue immunoreactivity were relatively high in both the fresh water and sea 
water groups during the whole study period. 

6.6.3  Temperature 

Physiologic functions are strongly influenced by temperature. Especially in ectothermic 
fishes, in which the thermal balance is predominated by external sources of heat, changes 
in ambient temperature challenge the cardiovascular system (for review see Driedzic & 
Gesser 1994, Willmer et al. 2000). Many fishes are exposed seasonally to considerable 
changes in the water temperature. Temperature acclimation is accompanied by compensa-
tory changes in metabolic, contractile and morphological properties of muscle, which 
significantly offset the negative impact of reduced temperature on swimming perform-
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ance (Egginton & Sidell 1989, Johnston et al. 1990, Keen & Farrell 1994, Taylor et al. 
1996). Thus many fish species, like salmonids, retain their locomotory activity at low 
temperatures (Nilssen et al. 1997, Aho & Vornanen 1999). In these species therefore, cold 
can represent a significant challenge to the cardiovascular system. Low temperature di-
rectly affects the intrinsic properties of the heart, decreasing the rate of contractions and 
the power output. Adequate cardiac output can be maintained at low temperatures by 
enlargement of the ventricle and an increase of the stroke volume (for review see Driedzic 
& Gesser 1994). Thus, the cardiovascular adaptation of salmon to the large seasonal 
variations in the ambient temperature might modulate the sCP expression. Any changes in 
the function of the natriuretic peptide system of seasonally acclimatized salmon could 
help in understanding the general mechanisms regulating this conserved peptide hormone 
family.  

In the present study, the seasonal levels of circulating sCP as well as the cardiac levels 
of its prohormone and mRNA were followed in samples collected at monthly intervals for 
a period of one year from salmon kept under natural photoperiod and temperature. The 
possible effect of the stage of maturation was taken into account by sampling young 
salmon parrs and mature adult salmon separately. Since major seasonal variation was 
found in sCP levels, the mechanisms by which temperature could affect the sCP system 
were studied further in salmon kept in different temperatures and in a ventricle perfusion 
system in vitro. 

6.6.3.1  Immunoreactive sCP plasma level in varying temperatures 

The plasma concentration of immunoreactive sCP was found to be significantly higher in 
salmon adapted to warm ambient temperature than at cold (III). The elevation of sCP 
plasma levels associated with increasing water temperature could be detected both in 
animals studied under field conditions and in those acclimated in the laboratory. This ar-
gues strongly for a causal role of temperature in the regulation of sCP. An increased se-
cretion of the peptide from the heart during the warm period of the year would be an ob-
vious explanation for the increased plasma levels. In principle, however, a decreased rate 
of elimination during the period with increased ambient temperature could also result in 
the elevation of plasma sCP. In mammals, inhibition of the major routes of elimination of 
ANP, the clearance receptors or the neutral endopeptidase, either pharmacologically 
(Kukkonen et al. 1992) or by gene inactivation (Matsukawa et al. 1999), has been shown 
to result in elevated basal plasma ANP levels and a diuretic response.  

To differentiate between increased secretion and decreased elimination of the peptide 
as an explanation for the increased plasma concentration, the effects of varying tempera-
ture within the physiological range on the release of immunoreactive sCP and concentra-
tion of plasma ir-sCP and NT-pro-sCP were studied using homologous radioimmunoas-
says (III). sCP is released by salmon ventricular myocytes via the regulated secretory 
pathway, and the release is very sensitive to load (I, Kokkonen et al. 2000). However, the 
basal and load-induced release of immunoreactive sCP from perfused salmon ventricle 
was not found to be augmented by increased temperature. It is unlikely that atrial secre-
tion is responsible for the temperature-associated increase of plasma sCP levels. The 
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basal and mechanical load-induced release of sCP is similar in the atrium to that observed 
in the ventricle (Tervonen and Vuolteenaho, unpublished results). Due to the fragility of 
the tissue, however, the atrial preparation is much more awkward to use than the ventricu-
lar preparation. Moreover, the seasonal profile of ir-sCP in the atrium is similar to that in 
the ventricle. Finally, the small size of salmon atrium argues against a major contribution 
of atrial release to circulating sCP.  

Thus the results with the isolated perfused ventricle preparation were inconsistent with 
increased secretion as an explanation for the high plasma sCP levels in salmon during the 
warm months of the year. Therefore temperature-associated changes in the efficiency of 
elimination of sCP were studied. The measurement of NT-pro-sCP was used to assess the 
importance of the specific elimination pathways on the elevated levels of sCP in warm-
adapted salmon, analogously to the use of the N-terminal fragment of ANP in mammalian 
experiments (III, Leskinen et al. 1997). The measurement of both mature sCP and its in-
ert N-terminal fragment plasma concentration revealed that while warm-acclimation of 
salmon is associated with greatly elevated plasma sCP levels, the levels of the N-terminal 
fragment of pro-sCP remain stable. This indicates that the high plasma levels of sCP in 
salmon during the warm summer months are primarily a result of a decreased rate of 
elimination, rather than increased secretion. While there are previous experimental data 
indicating that changes in elimination can affect the circulating natriuretic peptide levels 
(Kukkonen et al. 1992, Matsukawa et al. 1999), the present results provide the first direct 
evidence that modification in the clearance rate is used for important physiologic regula-
tion. 

6.6.3.2  Salmon cardiac peptide mRNA and immunoreactive sCP 
 in varying temperatures 

In the present study the levels of ventricular sCP mRNA and peptide appeared to diverge 
during the winter, since the very high sCP mRNA levels are not associated with elevation 
of cardiac immunoreactive sCP levels (III). In accordance with these findings, increased 
ambient temperature was found to be associated with a decrease of sCP mRNA levels also 
in the experiments with in vitro perfused salmon ventricles (III). There are no previous 
data that address the possibility that changes in natriuretic peptide mRNA level could oc-
cur independently of changes in natriuretic peptide translation activity. The lack of con-
comitant decrease in the immunoreactive sCP levels could indicate that the scarcer sCP 
mRNA pool is translated more efficiently at higher temperatures. This is a surprising find-
ing, although the stability of sCP mRNA could vary with temperature. On the other hand, 
stabilization of sCP mRNA could occur in hypertrophied salmon heart, as suggested for 
BNP mRNA (Hanford et al. 1994). Alternatively the production of pro-sCP in cold may 
be actively inhibited at the translational level, or the half life of pro-sCP in ventricular tis-
sue may be extraordinarily short. 
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6.6.3.3  Ventricular relative mass 

In the present study the relative ventricle mass was found to increase in salmon acclima-
tized to cold (III). Ventricular hypertrophy has been observed in many teleosts as a re-
sponse to cold-temperature acclimatization, presumably as a compensation for the re-
duced cardiac contractility and heart rate associated with low temperatures (for review 
see Driedzic & Gesser 1994). This helps the fish to stay locomotorically active at low 
ambient temperature. In mammals cardiac hypertrophy is associated with an induction of 
the A- and B-type natriuretic peptide genes (Nakao et al. 1992, Tamura et al. 1994, 
Pemberton et al. 1997). Observation of a concomitant increase in the salmon relative ven-
tricular mass and sCP mRNA levels during the winter could indicate that increased natri-
uretic peptide gene expression serves as a marker of cardiac hypertrophy also in salmon. 
The promoter of the sCP gene is highly active in rat atrial myocytes, indicating that ele-
ments regulating the atrial natriuretic peptide gene expression have been conserved over a 
considerable phylogenetic distance (Majalahti-Palviainen et al. 2000). Thus the same 
mechanisms could lead to hypertrophy-related upregulation of ANP and BNP in mam-
mals and sCP in salmon. In view of the markedly simpler in vitro and in vivo experimen-
tation, salmon heart could serve as a useful model to find out general molecular mecha-
nisms important for cardiac hypertrophy.  

6.6.3.4  Seasonal variation in sCP in parrs and adult salmon 

In addition to the effect of temperature, the importance of the stage of maturation was 
also examined (III). The cardiac and plasma levels of sCP showed similar seasonal pro-
files in parrs and adult salmon, but the extent of the changes varied between the different 
maturation stages. The seasonal fluctuations of the cardiac sCP levels had a higher ampli-
tude in adult salmon than in parrs, but the increase in plasma sCP levels during acclima-
tion to warm was in turn greater in parrs. This indicates that the parr-smolt -
transformation and sexual maturity could affect the sensitivity of sCP regulation.



7 Summary and conclusions  

1. In the present work a novel peptide cDNA was cloned and sequenced from salmon 
(Salmo salar) heart. Considering the sequence of salmon cardiac peptide (sCP) 
cDNA and the deduced prepro-sCP amino acid structure, it clearly belongs to the 
family of natriuretic peptides. However, sCP does not show any clear-cut precedence 
to any of the known natriuretic peptide subgroups. Thus it might represent a member 
of a new group of natriuretic peptides providing intriguing implications regarding the 
evolution of natriuretic peptides. The distribution of the sCP mRNA and peptide is 
strictly restricted to the heart, with high levels in both the atrium and the ventricle in 
various fish species. Therefore sCP appears to be the most heart-specific hormone 
among the natriuretic peptide family found thus far, offering a model to define the 
general molecular machinery required for cardiac-specific gene expression.  

2. sCP appears to be stored in atrial and ventricular myocytes in the prohormone form, 
while the circulating form is a 29-amino acid peptide in salmon. Furthermore, the 
isolated salmon ventricle was found to secrete sCP-29, cleaved from pro-sCP. Thus 
the maturation of sCP appears to be tightly linked to secretion in salmon, as is the 
case with ANP. In contrast to salmon and several other species in which the major 
circulating form is the mature sCP, in coregonid species the plasma contains almost 
exclusively large molecular weight sCP, probably pro-sCP. This indicates that the 
processing mechanisms or their efficiency may vary in different species. The cellular 
mechanisms of processing and secretion of natriuretic peptides are not yet well 
known. sCP and its homologues in other species offer a model for comparative stud-
ies of processing mechanisms of ANP-like peptide hormones. The characteristics 
found to be common in different vertebrate species suggest the importance of these 
factors in the regulation of the natriuretic peptide system. 

3. sCP release is highly sensitive to myocyte stretch. Subjected to mechanical load, iso-
lated perfused salmon ventricle induces potent and almost instantaneous increase in 
the secretion of sCP. Furthermore, acute volume load in intact salmon results in sig-
nificantly increased plasma sCP level. The mechanical load-induced rapid release in-
dicates that the sCP secretion from ventricular myocytes utilizes the regulated path-
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way. These results demonstrate also that mechanical stimuli have been central to vol-
ume regulation since early evolution. Thus, mechanosensitive sCP secretion from 
salmon ventricle could serve as a model for defining the cardiac load-inducible cell 
elements and the molecular mechanisms of regulated release. 

4. The biological effects of sCP include diuresis and natriuresis, as well as relaxation of 
preconstricted aortic smooth muscle in salmon. The receptor binding elements ap-
pear to be conserved in sCP and mammalian natriuretic peptides, since sCP is able to 
significantly induce excretion of water and electrolytes, and to dilatate preconstricted 
blood vessel preparation in rats as well. Therefore sCP might help in understanding 
the structure-function relationship important for the action of the natriuretic peptides. 
The plasma sCP level is decreased after a short exposure to hyperosmotic environ-
ment in which salmon is challenged by the threat of dehydration. This result, and the 
mechanosensitive release of sCP from the salmon heart, indicate that sCP has an im-
portant role in fish volume regulation. 

5. The circulating level of sCP in salmon was found to be markedly upregulated at in-
creased temperatures. The release of sCP from isolated in vitro perfused salmon ven-
tricle was, however, not increased by acclimation to higher temperatures, either in 
basal conditions or when stimulated by mechanical load. Concomitant measurements 
of circulating sCP and the biologically inert N-terminal fragment of pro-sCP showed 
that the upregulation of circulating sCP at warm ambient temperature results from 
decreased elimination rather than increased secretion of sCP. Thus, the present study 
provides the first direct evidence that change in the elimination rate of a natriuretic 
peptide is used for the regulation of this peptide hormone system. 
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Fig. 8.  Summary of the sCP hormonal system in salmon. 
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