
The corpuscles of Stannius contain essential elements of the renin- 
angiotensin systern for the regulation of blood flow in freshwater North 
American eels, Anguilla rostrata Lesueur. 

Donald H. Zhang 

A thesis submitted in confomity with the requirements 
for the degree of Master of Science 

Graduate Department of Zoology 
University of Toronto 

O Copyright by Donald H. Zhang (1999) 



National Library 1+1 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395. rue Weflhgton 
OaawaON K 1 A M  OttawaON K 1 A W  
Canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sel1 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantid extracts fkom it 
may be printed or otheMrise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni Ia thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



ABSTRACT 

The corpuscles of Stannius contain essential elements of the renin- 

angiotensin system for the regulation of blood flow in freshwater North 

American eels, Anguilla rostrata Lesueur. 

Master of Science, 1999 

Donald H. Zhang 

Department of Zoology. University of Toronto. 

These experiments examine how elements of the renin-angiotensin 

system (RAS) may modulate dorsal aortic blood flow (DABF) and caudal venous 

blood flow (CVBF) in a mode[ teleost fish. the freshwater North American eel 

(Anguilla rostrata Lesueur). The experiments also examine the theory that the 

corpuscles of Stannius (CS) are part of the RAS in freshwater eels and that they 

may secrete renin. Blood Row rates were measured in the dorsal aorta (DA) and 

the caudal vein (CV) of free-swimming, conscious freshwater (FW) eels. using , 

surgically implanted Doppler flow probes. DABF and CVBF increased in (FW) 

eels in a dose-dependent manner following i.v. injections of [~sn' .  val5, ~ 1 ~ 4 -  
Angiotensin I (ANG 1). [ ~ sn ' .  ~al7-~ngiotensin II (ANG II) and   al^]-~ngiotensin 

III (ANG III). Doses were given in 5 ng increments, ranged from 5 -50 ng.kg bw? 

A minimum effective dose for ANG I and ANG II was 5 ng-kg bw-'; for ANG 111. 10 

ng-kg bw? In most cases. both DABF and CVBF flow increased during the first 2 

minutes and remained elevated for 20-50 minutes (min) before decreasing to the 

pre-injection rates. [ ~ a r ' .  V~IY-ANG II (Sarile). the AT1 And AT2 receptor 



antagonist. completely blocked the increases in DABF and CVBF in responses to 

ANG II. Losartan, the mammalian AT1 antagonist, and PD 123319. the 

rnamrnalian AT2 antagonist. both blocked partially. the increased DABF and 

CVBF which followed injections of ANG II. Failure of both Losartan and 

PD123319 to completely abolish the flow response to ANG II and CS-EXT 

suggest strongly that the blood flow responses to angiotensins is governed by 

more than one Angiotensin l l receptor subtype in the eel- 

An i.v. injection of an extract of 2.5 mg fresh corpuscles of Stannius (CS- 

EXT). presumed to contain renin. was followed by an immediate and sustained 

elevation in DABF and CVBF which lasted for approximately 30 min. A similar 

increase in DABF and CVBF followed the i.v. injection of 150 ng-kg bw" of 

human renin substrate (hRS). An extract of posterior kidney (PK-EXT) had no 

effect on either DABF or CVBF. Flow responses to CS-EXT and hRS were 

blocked completely by a prior i.v. injection of 1 mg-kg bw-' of the mammalian 

renin inhibitor, Pepstatin A. Pepstatin A did not block the flow responses to either 

ANG I or ANG II. lntravenous injection of 1 rng-kg bw*' of Captopril. the 

mammalian angiotensin-converting enzyme (ACE) inhibitor, completely abolished 

the DABF and CVBF responses to CS-EXT, hRS and ANG 1, while the flow 

responses to ANG II was unaffected. 

These findings in conjunction with other works on freshwater eels lead to 

the conclusion that angiotensins act centrally or via catecholamine release from 

the peripheral sympathetic nervous system or chromaffin cells of the anterior 

head kidney to increase cardiac output (CO). Moreover, my experiments have 



shown that eel CS contain renin or a renin-like substance that is a cornponent of 

an eel RAS. 
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INTRODUCTION 

The corpuscles of Stannius (CS) are putative endocrine glands that may regulate 

cardiovascular function in teleostean fishes. in concert with the Renin-angiotensin 

system (RAS). Chester-Jones first described a rapid decline in blood pressure in 

European eels. Anguilla anguiiia. following extirpation of the paired glands (Chester- 

Jones et ai. 1966). Subsequently, he showed that extracts of the CS contain a powerful 

renin-like pressor substance. in the anaesthetized rat bioassay. More recently, the CS 

have been shown to contain angiotensin I (ANG 1) and angiotensin II (ANG II). in a wide 

variety of teleost species (Hasegawa et ai. 19Wa. Takemoto et al. 1983, Yamada & 

Kobayashi 1987). The present study was undertaken to determine whether the CS in a 

model teleost fish. the North American eel, Anguilla rostrata Lesueur, contain 

physiologicaily significant renin-like activity. In these experirnents, the effects of an 

extract of CS on the regulation of blood flow were investigated in conscious eels, with 

the aid of chemical antagonists of the RAS. 

(A) The RAS in marnmals 

Brown and Séquard have been credited with the discovery of the RAS over a century 

ago, in 1892. Since its discovery, the vast majority of research on the RAS has been 

limited to studies on rnarnmals. In marnmals. the RAS is an intricate enzymatic cascade 

comprising 7 essential elements: 1) The enzyme renin. an aspartyl released by the 

juxtaglomerular cells (JG) of renal afferent and efferent arterioles. 2) the protein 

angiotensinogen. an U, globulin renin-substrate produced by the liver, 3) angiotensin- 



converting enzyme (ACE). a dipeptidyl carboxypeptidase occurring mostly in the lung 

endothelium. and 4) angiotensinases that degrade the active hormones of the RAS into 

smaller, predorninately inactive peptides. The active products of the RAS consist of 

angiotensin (ANG) peptides of varying lengths (7-10 amino acids), including 5) the ANG 

1 decapeptide. 6) the ANG II octapeptide and 7) the ANG III heptapeptide. ANG II is 

considered the most potent of these peptides, in terrns of its pressor effects and its 

primary function in the regulation of body fl uid homeostasis . 

Traditionally. the juxtaglomenilar apparatus (JGA) was considered essential for 

the proper functioning of the RAS. Yet only birds and marnmals have intact JGA's. even 

though species from every vertebrate class are dependent on the RAS (Nishimura 

1980a. b). In birds and marnmals, juxtaglomenilar (JG) cells containing renin and 

prorenin granules are found in both the afferent and the efferent arterioles of the unit 

nephron. Apposed to one side of the afferent arteriole are specialized epithelial cells of 

the renal tubule called macula densa cells (MD). The MD act as sodium sensors which 

respond to drops in tubular lumina1 sodium concentration, by stimulating renin secretion 

from JG cells. Accessory cells associated with the JGA include extraglomenilar 

mesangial cells (EGM) which are interspersed between the MD and the glomerulus. A 

second cell type. known as peripolar cells (Ryan et al. 1979). can be found encircling 

the origin of the glomerular tuft, although. their function is hitherto unknown. 



(B) Evoiution of the RAS 

Comparative studies on the RAS began in the late 1960s. and it became rapidly 

apparent that all vertebrate classes have a RAS despite an incomplete or altogether 

absent JGA (Edwards 1940, Capelli et al.1970, Sokabe et a1.1969). Studies on the RAS 

of fishes. amphibians and reptiles necessarily focus on the physiological and the 

biochemical features of the RAS. rather than on the presence of the JGA (Nishimura et 

al. 1973). Incubation of renal extract with homologous plasma produces angiotensins in 

select species frorn every vertebrate class. from primitive jawless fishes to mammals. In 

addition, incubation of renal extracts with homologous plasma. under the condition of 

angiotensinase inhibition, produce ANG Il-like pressor substance in virtually every 

animal mode! examined (see review by Sokabe 8 Ogawa 1974). 

A preponderance of research strongly suggests that the RAS is an evolutionanly 

ancient system whose ancestry may be traced as far back as invertebrates. ANG Il-like 

substances have been isolated in the nervous systems of the leech, Theromyzon 

tessulatum, (Verger-Bocquet et al. 1992, Salzet et al. 1992. 1993). the earthworm, 

Eisenia foetida (Kobayashi 8 Takei 1996a) and the amphioxus. Branchiostoma belcheri 

(Uemura et al. 1994). In invertebrates, ANG Il-like substances are thought to subserve 

a neuromodulatory function, whereas in vertebrates, it plays a pivotal role in 

cardiovascular regulation as welt as fluid and electrolyte homeostasis. Hence, an 

evolutionary transition in the function of ANG II may have occurred from that of a 

neuromodulator to a regulator of cardiovascular function. 

The presence of cells with renin-containing granules that have similar staining 

and chernical properties to their mammalian counterpart, is an a prion requirement for 



the existence of a RAS within a vertebrate class. On the basis of this criteria, the RAS 

seems to have evolved first in fishes (Nishimura 1987). Primitive bony fishes. teleosts, 

lungfishes, amphibians, and reptiles al1 have granulated cells resembling mammalian 

JG cells in the small arteries and the artenoles of the kidney. In fishes, up to 6 different 

types of JG cell distributions have been described along the renal artery and arterioles 

(Krishnamurthy & Bern 1969). Vasopressor substances with similar biological properties 

to mammalian angiotensins have been formed from kidney extracts of lower vertebrates 

including primitive bony fishes, modern bony fis hes. amphibians, reptiles. and birds 

(Sokabe et al. 1969: Nishimura et al. 1973). 

(C) The RAS in Fishes 

i. Cyclostomes Studies on the cyclostome RAS have focused on 3 species: the 

lamprey. Lampetra japonica. the hagfish. and the myxinoids Paramyxine atami and 

Myxine glutinosa (Nishimura et al. 1970. Oguri et al. 1970). Cyclostomes do not appear 

to have a RAS, since they Jack granulated JG cells (Sokabe et al. 1969). Nevertheless, 

exogenous ANG II can stimulate vasoconstriction. drinking behaviour and 

mineralocorticoid release in the hagfish (Carroll 8 Opdyke 1982). Similarly. renal 

extracts of the lamprey. incubated with canine renin-substrate, produce ANG Il-like 

pressor substances (Henderson et al. 1981). Most recently, Takei and Rankin have 

isolated ANG I from the lamprey (Kobayashi & Takei 1996b). In Iight of these new 

findings. more detailed studies on the histological basis of the RAS in cyclostomes may 

be warranted. 



ii. Holocephalans There is a small number of studies on the RAS in holocephalans. In 

the rabbitfkh. Chimaera monstrosa (Oguri 1 978. 1980) and the ratfish. Hydolagus 

colloeo (Nishimura et al. 1973. Oguri 1978). cells similar to rnammalian JG cells have 

been detected in the afferent arteriole. near the glomenilus. Incubation of ratfish kidney 

extract with hornologous plasma produced a pressor substance sirnilar to ANG Il 

(Nishimura 1985). however, the existence of a JGA is doubtful since both species lack 

MD- 

iii. Elasmobranchs Early histological studies failed to detect JG cells in 

elasmobranchs (see reviews by Sokabe 8 Ogawa 1974. Wilson 1984. Nishimura 1985). 

Of the species examined. renin could not be detected in kidney extracts (Bean, 1942. 

Nishimura et al. 1970, Nishimura, 1985). However, these studies relied on the old 

Bowie's staining rnethod. and with the development of the toludine-blue staining 

technique as well as more sensitive assays for renin, the presence of the RAS in 

elasrnobranches has since been clearly validated. Granulated JG cells have been 

identified in 4 species of elasmobranchs (Lacy & Reale 1990) along with the MD. EGM 

and the peripolar cells. 

ANG II has also been detected in the brain. kidney, pituitary and rectal glands of 

the nurse shark. Gynclymostoma cirratum. In the spiny dogfish. Squalus acanthias. 

exogenous ANG I and ANG II elicits pronounced pressor responses. Furthermore, the 

effect of ANG 1 was blocked by the ACE inhibitor, SQ 20881 (Opdyke 8 Holcombe 1976 

) Direct intravenous injection of dogfish. Scyliohinus canicula. renal extract or the 

injection of renal extract incubated with rat renin substrate, produced an ANG Il-like 

pressor effect in nephrectomized rats (Henderson et al. 1981). In the dogfish and spiny 



dogfish, exogenous ANG II elicits both pressor and dipsogenic responses and 

stimulates the release of mineralocorticoids (Hazon 8 Henderson 1985. Hazon et al. 

1989, O'Toole et al. 1990). ANG II stimulates the secretion of 1 a- 

hydroxycorticosterone from the isolated and perfused intenenal gland of the dogfish 

(Armour et ai. 1993). Plasma levels of ANG II in the nurse shark range between 30 to 

80pglml (Galli-Phillips, 1991). and these levels increase significantly following 

hemorrhage or transfer from freshwater to 25% seawater. 

Most recently. ANG I frorn the dogfish. Tnakis scyllia, has been isolated and fully 

sequenced with startling results(Takei et al. 1993b). As in mammals, isoleucine occurs 

in the fifth position of the amino acid sequence of dogfish ANG I .  a finding which may 

have important phylogenetic implications. In addition. dogfish is unique among 

vertebrates since its ANG I contains proline occurs in the third position. instead of 

valine. 

iv. Sarcopterygians and ancient bony fishes In the kidneys of crossopterygians, 

coelacanthodi and Latimena chalumnae. Bowie stain failed to detect JG granules 

(Nishimura & Ogawa. 1973). however. renin-activity was present in their kidney extracts 

(Nishimura et al. 1973). In dipnoan fishes. granulated cells resembling JG cells have 

been identified in the tunica media of renal arteries. Renal renin activity has been found 

in the kidney extracts of the dipnoan. Protopterus aethiopicus. and Lepidosiren 

paradoxa (Ogawa et al. 1972. Nishimura et al. 1973). and plasma renin activity has 

been detected in a third species. Neoceratodus fosten (Blair-West et al. 1977). 



To date, studies on the holostean RAS have been limited to only two species; 

the bowfin, Amia calva and the longnosed garpike. Lepisosteus osseus. Although 

granulated JG cells have only been identified in the garpike (Ogawa et al. 1972. 

Nishimura et al. 1973). kidneys of both species contain significant renin-activity 

(Nishimura et a/. 1973). In the bowfin, expenmental evidence suggests that the 

cardiovascular system is regulated by a RAS (Butler et al. 1995). Exogenous ANG II 

was found to increase arterial blood pressure, a response that c m  be blocked by the 

ACE inhibitor Captopril. In the bowfin, ANG II and its receptors may have evolved .. 
somewhat independently since exogenous eel-[Asn', Val5. GlflANG II and bowfin- 

[Asp', Val5. Gly5]-ANG II have identical pressor effects in the bowfinuakei et al. 1998). 

In 4 species of chondrosteans, the Bowie's stain method failed to detect 

granulated JG cells (Ogawa et al. 1972. Nishimura et aL 1973, Krishnamurthy & B e n  

1969). Nevertheless, kidney extracts from Polypterus senegalus show renin activity, 

suggesting the presence of a chondrostean RAS (Nishimura et al. 1973). Of the 

sarcopterygian fishes examined thus far. there is no evidence of a JGA. Stnictures- 

relevant to the JGA, including the MD and the EGM have not been detected (Nishimura 

et al. 1973, Sokabe & Ogawa 1974. Lagios 1974). 

v. Modern bony fishes (Teleosteans) The teleostean RAS is the most extensively 

studied among fishes. Granulated JG cells have been observed in numerous species of 

teleosts using the Bowie's stain method and the periodic acid Schiff stain method 

(Sokabe & Ogawa, 1974, Oguri 8 Sokabe, 1968, Krishnamurthy 8 Bern, 1969). In 



teleosts. there is no evidence of the MD (Krishnamuithy & Bem, 1969). or EGM cells in 

teleosts (Sokabe 8 Ogawa, 1974. Ogawa & Oguri 1978). 

50th plasma renin activity and renin-substrate have been detected in the 

toadfish. Opsanus tau (Nishimura, 1980). Such studies provide strong indirect evidence 

for a renin or a renin-like enzyme in teleosts. In the European eel. A. anguilla. and the 

rainbow trout, Oncorhynchus mykiss. exogenous ANG II increases plasma cortisol 

levels (8omraja et al. 1973. Arnold-Reed 8 Balment 1994). Exogenous ANG II can also 

increase water intake in teleosts (Perrott 8 Balment 1985. Perott et al. 1992, Hirano et 

al. 1978. Takei et al. 1979b. Hirano & Hasegawa 1984). 

ANG I has been sequenced in 4 species of teleosts: the aglomerular goosefish, 

Lophius litulon (Hayashi et al. 1978). the chum salmon. Oncorhynchus keta (Takemoto 

et al. 1983). the Japanese eel. A. japonica (Hasegawa et al. 1983) and the North 

American eel. A. rostrata (Khosla et al. 1985). Unlike tetrapods, teleost ANG I contains 

the amino acid asparagine (Asn). instead of aspartate (Asp) in position one (Table 1). In 

the North American eel. [~sn'-Arg~-~al~-Tyf-~al~-~is~-~ro~-Phe~-GIy' -Leu'O] ANG I 

predominates (Khosla et al. 1985). However. a small proportion of eel ANG I contains 

Asp in position 1. perhaps due to the enzymatic interconvenion of Asn to Asp (Hayashi 

et al. 1978. Takemoto et al. 1983. Hasegawa et al. 1983a. Khosla et al. 1985). Position 

nine appears to be variable in teleosts and it may be occupied by Asn. as in the chum 

salrnon (Takemoto et al. 1983). histadine as in the goosefish (Hayashi et al. 1978). or 

glycine as in the eel (Hasegawa et al. 1983. Khosla et al. 1985). 



Table 1. Primêry structure of ANG I from select vertebrate spelleS 

SDecies ino acid Sequence 

Mammals 
Human, pig, horse, sheep 
rat, mouse, rabbit, guinea pig 
Ox 

Asp Arg Val 
Asp Arg Val 
Asp 

Tyr Ile His Pro 
Tyr Ile His Pro 

Val 

Phe His Leu 
Phe His Leu 

His 

Akagi et al., 1992 
Fernley et al., 1986 
Akagi et al., 1 992 

Birds 
Fowl (Gallus domesticus ) 
Quail ( Coturnix coturnix japonica ) 

Val 
Val 

Ser 
Ser 

Nakayama et al., 1973 
Takei and Hasegawa, 1990 

Reptiles 
Snake (Elaphe climocophora ) 
Turtle (Pseudemys scripta ) 
Alligator (Alligator mississipiensis ) 

Val 
Val 
Val 

Ser 
His 
Ala 

Nakayarna et al., 1977 
Hasegawa et al., 1984 
Takei et al,, 1993a 

Amphibians 
Bullfrog (Rana catesbeiana ) Hasegawa et al., 1983a Val Asn 

Teleost Fishes 
Salmon (Oncorhynchus keta ) 
Eel (Anguilla jeponica ) 
Eel ( A. rostrata ) 
Goosefish (Lophius litulon ) 

Asn 
Asn 
Asn 
Asn 

Val 
Val 
Val 
Val 

Asn 
G ~ Y  
G ~ Y  
His 

Takemoto et al., 1983 
Hasegawa et al., 1983b 
Khosla et al., 1985 
Hayashi et al., 1978 

Elasmobranc h Fis hes 
Dogfish (Triekis syllia ) Asn Pro Takei et al,, 1993b Gln 



Along with the well-established pressor effects of exogenous ANG I and ANG II, 

investigators have further explored the mechanisms underlying the regulation of the 

teleost RAS. Hemorrhage is a potent stimulator of plasma renin activity in the rainbow 

trout, 0. Mykiss (Bailey & Randall 1981)- Acute hemorrhage has been found to 

increase plasma ANG II levels in the Japanese eel. Anguilla japonica (Takei et al. 

1988). Therefore a putative baroreceptor mechanism, one that senses decreases in 

arterial blood pressure is thought to control the activation of the RAS in teleosts. 

Environrnental changes that can lead to extracellular fluid loss also stimulates the 

teleost RAS. In the tilapia, Tilapia mossambica, JG cells increase in size and number 

following transfer to seawater (Krishnamurthy & Bem 1973). Plasma renin activity can 

also increase in teleosts following seawater transfer (Henderson et al. 1 976, Sokabe et 

al. 1973. Jackson et al. 1977. Arillo et al. 1981 ). In eels, transfer to seawater has been 

found to increase plasma ANG Il levelsflakei et al. 1988). 

In mammals. the extrarenal RAS is an area of active investigation (see review by 

Johnson 1990). The synthesis of renin has been found to occur locally in many tissues 

and organs, such as the brain. ovaries, blood vessels and the heart. The local 

activation of the RAS and the consequent formation of ANG II rnay facilitate both 

endocrine and paracrine functions. In teleosts. the CS and perhaps the ovaries have 

been implicted as important sources of extrarenal-renin (Sokabe et al. 1970, Mandich 8 

Massari 1994). 



The corpuscles of Stannius (CS) of teleost fishes 

(A) RAS and the CS 

Since the discovery of the CS in 1839 by Stannius (see Pang 8 Schreibman 1986). 

many theories have been proposed that have Iinked the CS to osmoregulation in 

teleostean fishes. Rasquin (1956) observed that the activity and the size of the CS 

increased in relation to the salinity of the water. Until the discovery of the interrenals, 

the CS were thought to be the adrenocortical homologue of teleost fishes (De Smet 

1962. Sandor et al. 1966. Youson et al. 1976). The CS were also thought to be the 

parathyroid glands of teleost fishes. until this theory was also abandoned owing to a 

lack of strong supporting evidence (Parsons et al. 1978, Shoumura et al. 1983. Lopez 

et al. 1 984b, Milet et al- 1984). It has since been shown that the CS, at least in teleosts, 

contain a powerful renin-like pressor substance (Chester-Jones. 1 966. Sokabe et al. 

1970). The CS also contain stanniocalcin (Lafeber et al. 1988a.b. Wagner et al. 1988a. 

1993). a 56 kDa glycoprotein (So & Fenwick 1977, 1979) that can suppress gill Mg2+ - 

Ca2* activated ATPase (Ma & Copp 1978) to cause hypercalcemia. 

In 1966. Chester-Jones was the first investigator to describe a link between the 

RAS and the CS. in teleosts. Using the rat bioassay, he demonstrated that CS extracts 

from freshwater eelç. A. anguilla, produced a powerful. angiotensin-like pressor 

substance. He also showed that removal of the CS (stanniectomy) caused a rapid and 

profound decline in the blood pressure of the stanniectomized eel (Chester-Jones et al. 

1966). Four years later. these findings were confimed by studies on 3 additional teleost 

species (Sokabe 1970). Histological cornpansons between the granulated cells of the 

CS and JG cells of the kidney reveal numerous structural simitities (Sokabe & Ogawa 



1974). Both ANG I and ANG II have been isolated from the CS of Japanese eels. A. 

japonica. chu m salmon. 0. keta. Japanese goosefish. L. litulon. rainbow trout. 0. 

mykiss (Ogawa 1982. Takemoto et al. 1983. Hasegawa et al. 1984b. Yamada 8 

Kobayashi 1987). 

Most recently. in the freshwater North American eel. A. rostrata. stanniectorny 

led to a 45% reduction in donal aortic blood flow and a consequent 15% reduction-in 

dorsal aortic blood pressure (Butler & Oudit 1995). Stanniectomy can also lead to 

hypercalcemia. hypocalcemia. hypematremia. hyperkalemia and hypophosphaternia 

(see reviews by Hirano 1989). In a rarely cited study. Ogawa (1968) showed that the 

dramatic changes in plasma electrolyte levels following stanniectomy in goldfishes. 

Carassius auratus. coufd be corrected simply with i.v. injections of ANG II. Thus. it has 

been proposed that stanniectomy disrupts plasma electrolyte levels by impairing the 

RAS. leading to alterations in normal blood flow to osmoregulatory organs in the 

peripheral circulation. such as the gills. kidney and skin (Ogawa 1968. Butler et al. 

1995, Butler 8 Cadinouche 1995). 

(8) Distribution of the CS 

The CS are small. ovoid endocrine glands unique to teleostean and holostean fishes. 

Embryonically. the CS may anse from the pronephric, mesonephric or opisthonephric 

ducts (Garrett 1942. Ford 1959. Belsare 1973a. Krishnarnurthy 1967). A nurnber of 

important generalizations may be made with regard to the anatomical distribution of the 

CS. In the more primitive holosteans. such as the bowfin and garpike. the CS tend to be 

small. numerous and widely distributed throughout the kidney mass (Garett 1942. 



Bauchot 1953. De Smet 1962. Youson & Butler 1976). In teleosts. such as the eel, the 

CS tend to be larger. and occumng as a single pair embedded in the ventral surface of 

the posterior mesonephric kidney (Bauchot 1953). There are notable exceptions to this 

general trend. For instance. only one corpuscle is present in the ancient Notopterus 

notopterus (Belsare 1973a). whereas in the relatively modem salmon. up to 14 

corpuscles have been reported (Krishnamurthy 1976). 

(C) Vascularizafion of the CS 

The cells of the CS are arranged in strands and lobules that are separated by 

connective tissue septa which also support the vascular and the nervous elements 

(Krishnamurthy & Bern 1969). The CS is supplied by an extensive network of blood 

vessels that can adapt to accommodate changing metabolic demands (Johnson 1972. 

Wendelaar Bonga et al. 1977. Bhattacharya 8 Butler 1978). In the species examined 

thus far. there appears to be considerable variation in the blood supply to the CS. In the 

mullet. Mugli cephalus. branches from the renal arteries and the cardinal vein supply . 

the glands (Johnson 1972). In the stickleback. Gasterosteus aculeatus, the CS receives 

blood. rnainly from segmental veins of the dorsal musculature (Wendelaar Bonga et al. 

1977). Regardless of the species. al1 the glandular cells of the CS recieve a rich 

vascular supply. reflecting perhaps an important secretory function of the cells of the 

CS. 



(D) Innervation of the CS 

The CS are richly innervated by both sympathetic and parasympathetic efferents, which 

run parallel to the blood vessels supplying the glandular tissues (Heyl 1970, Wendelaar 

Bonga et aï. 1977). However, there is no evidence of direct synaptic contact between 

the nerve fibres and the cells of the CS (Heyl 1970. Krishnamurthy 8 Bern 1971, 

Wendelaar Bonga et al. 1977, Bhattacharya & Butler 1978). lnstead, the nerves are 

confined to the interlobular connective tissue septa. where they terminate on- adjacent 

blood vessels and presumably modulate local blood flow. Fluorimetric techniques show 

that these fibres can be either cholinergic or adrenergic; carrying the neurotransmitten 

acetylcholine, noradrenaline or serotonin (Unsicker et al. 1977). 

(E) Cell Types of the CS 

The CS of teleostean fishes contain 2 distinct secretory ce11 types, the type-1 cells and 

type-2 cells (Wendelaar-Bonga 8 Greven 1975, Wendelaar-Bonga et al. 1977). An 

additionai neurosecretory cell type has been identified in the CS of the white sucker, 

Catastomus commersoni (Marra et al. 1 998). The structure of type-1 cells resemble that 

of other cells active in the synthesis and secretion of polypeptides, such as cells of the 

exocrine pancreas. The type-1 cell is ovoid, contain large nucleus with a pronounced 

nucleolus, extensive granular endoplasmic reticulum, large Golgi bodies and 

characteristic large, round, densely-staining secretory granules. In al1 species 

examined, the majority of CS cells are of the type-1 cytology (Oguri 1966. Fujita 8 

Honma 1967, Carpenter & Heyl 1974. Cohen et al. 1975). In the bowfin, toadfish and a 



number of other species (Youson & Butler 1978. Wendelaar Bonga 8 Greven 1975. 

Bhattacharya 8 Butler 1978). the CS is composed alrnost exclusively of type4 cells. 

The other cell type. type2 cells. tend to be narrower. with smaller. itregularly 

shaped granules. sparsely distnbuted endoplasmic reticulum and fewer golgi bodies 

(Wendelaar Bonga 8 Greven 1975, Wendelaar Bonga et al. 1977). There is evidence. 

that the two cell types corne from a single lineage. whereby their histologicals 

differences may reflect different stages of development or different States of activity 

(Kaneko et al. 1992. Bhattacharya & Butler 1978, Youson & Butler 1976, Bhattacharya 

et al. 1978). It has even been suggested that type-2 cells rnay represent type-1 cells 

that are undergoing programmed cell death. or apotosis (Wyllie et al. 1980). 

Pharmacological inhibition of the RAS 

The RAS plays a major role in the regulation of blood pressure. as well as fluid and 

electrolyte homeostasis. It is a closed-loop. negative-feedback system responding to 

volume or sodium depletion and to factors modifying renal blood fiow. Two key 

enzymes in the RAS cascade are the highly specific aspartyl protease. renin. and by 

contrast, the highly non-specific ACE, a dipeptidyl-carboxypeptidase. Renin hydrolyses 

the globular plasma protein. angiotensinogen. to release the decapeptide. ANG 1. ANG 

I is subsequently converted to the powerful vasoconstrictive octapeptide. ANG II by 

ACE. ANG II is hydrolyzed further by arninopeptidases to become ANG III. and other 

relatively inactive peptides. 

In theory, pharmacological interference with the RAS is possible at every step in 

the formation or action of ANG II. However. at present. drugs have been developed to 



block the RAS at only 3 steps. Firstly. renin inhibitors selectively block the formation of 

ANG I from renin-substrate. Secondly, AC€ inhibitors prevent the formation of ANG il 

from ANG 1. Thirdly. ANG II receptor antagonists inhibit the cellular responses to ANG 

II. ANG II analog receptor-antagonists such as [Sar'. Ilel-ANG II (Sarile) have helped to 

clarify the role of the RAS in normal as well as pathological models. More recently. 

nonpeptide ANG II antagonists such as Losartan. have gained rapid and widespread 

acceptance clinically and experimentally. interestingly, the biosynthesis, secretion and 

maturation of renin are potential sites of inhibition that have not yet been explored. 

Given the intense medical interest in the RAS, much of the research on the 

biochemical properties of the RAS and its interaction with chemical inhibitors has 

focused primarily on rnammalian models. To date. the amino acid sequence of renin 

has only been determined for the rat, mouse and human (Hirose & Murakami 1992). In 

recent years. tremendous strides have been made in our understanding of the 

biologicat and the biochemical properties of the RAS in mammals. However, the role of 

the RAS and the effect of RAS inhibitors on the cardiovascular regulation of teleost 

fishes have not been examined in depth. 

(A) Inhibition of renin 

Renin belongs to the aspartyl protease family of enzymes that incfudeç pepsin. 

prochymosin and penicillopepsin. Renin is distinct from other aspartyl protease due to 

its high specificity for its substrate, angiotensinogen. Renin occurs naturally in both 

active and inactive forms (Lumbers 1971). In the hog kidney. 3 foms of renin have 

been isolated (Inagami 8 Murakami 1977): a 42-kDa active renin. a 61-kDa prorenin 



and a 140-kDa inactive renin. In hurnans, it is estimated that between 50 to 60 % of 

circulating renin is in the f o m  of prorenin or inactive renin (Boyd 1977). Renin-binding 

protein, located in the renal tubules of rats. has been implicated in the interconversion 

of active and inactive renin (Ikemoto et al. 1982). 

Angiotensinogen. or renin substrate. is a 58 kDa hepatic glycoprotein that has 

been isolated in humans, as well as a handful of other mammals (Schiffrin 8 Genest 

1983). In mammals, the ANG I decapeptide is liberated from the N-terminal of 

angiotensinogen by renin. through the hydrolytic cleavage of a leucine-valine bond 

called the "scissile" bond (Tewsbury et al. 1981). As is the case with renin, there also 

appears to be variable forms of angiotensinogen (Murakai et al. 1984). In humans. 

variations in the primary structure of angiotensinogen are thought to be the result of 

different pathways of post-translational processing and of noncovalent interactions 

between the newly secreted angiotensinogen molecule and other circulating moieties 

(Campbell et al. 1985). Two enzymes. a cardiac chyme and tonin. an enzyme found in 

the mouse subrnaxillary gland, can synthesize ANG II directly from renin substrate, 

without the participation of AC€ (Erdos 1976, Urata et ai. 1990). 

Prior to the development of ACE inhibitors and nonpeptide ANG II receptor 

antagonists, numerous attempts have been made to synthesis renin inhibitors for 

therapeutic applications- Five different categories of renin inhibitors are descnbed in the 

literature: phospholipid inhibitors, renin antibody inhibiton, angiotensinogen-analogue 

inhibitors. prorenin inhibitors and the most wideiy studied renin inhibitor. Pepstatin A. 

Membrane-derived phospholipid preinhibitors. such as PE-140, were the first renin 

inhibitors to receive serious consideration (Sen et al. 1969a. b). PE-140 blocked the 



pressor effects of exogenous renin and lowers blood pressure in dogs (Antonaccio 

1982. Davis et al. 1974). Specific antibodies to renin were also considered as 

candidates for renin in hibitors. l nitial findings showed that the antibodies can in hibit 

renin activity both in vitro and in vivo (Ondetti et al. 1982. Kohler et al. 1975). 

Chemically modified angiotensinogens have also shown promise as renin inhibitors. 

Modifications are made to the "scissile" bond. thereby preventing renin from carrying 

out the proteolytic release of ANG I (Burton et al. 1975. Poulsen et al. 1973). 

Alternatively. fragments of prorenin from the mouse submaxillary-gland have also been 

found to have inhibitory effects on renin (Panthier et al. 1982). Unfortunately. none of 

these four strategies have proven to be effective in the long tem. 

In 1971. a bacterially derived peptide. Pepstatin A. was introduced as a 

nonspecific inhibitor of acid proteases. such as renin (Marciniszyn et al. 1976, Aoyagi et 

al. 1971 ). Of the five different classes of renin inhibitors. Pepstatin A is the most 

effective. Pepstatin A blocks the pressor effects of exogenous renin and renin 

substrate. without interfering with the actions of ANG I or ANG II. The other major 

physiological effects of renin. attributable to the de novo synthesis of ANG I and ANG II. 

can also be blocked by pepstatin A. Currently. Pepstatin A is one of the only renin 

inhibitors that are commercially available. The effect of Pepstatin A on the RAS has not 

been exarnined in fishes. 

(B) Inhibition of ACE 

ACE is a large. 150 to 206-kDa peptidyl carboxypeptidase that is found in the lung, 

kidney and plasma of mammals (Peach 1977). Unlike renin, ACE has a wide substrate 



specificity (Ehlers et al. 1989, Erdos & Skidgel 1987). enabling it to hydrolyze ANG I .  

bradykinin, enkephalins, neurotensin, substance P as well as LHRH (see review by 

Erdos 1976). Recently. 2 forms of ACE have been identified. One occurs in the 

endothelium of the lung and kidney, and the other in germinal cells of the testes (Ehler 

& Riordan 1990, Beldent et al. 1993. Hooper 1990 ). In the RAS, ACE is responsible for 

the final proteolytic step in the formation of ANG II. ACE cleaves the two C-terminal 

amino acids from ANG 1. to form the ANG II octapeptide. 

Although ANG 1 does not stimulate vascular smooth muscle contraction, it can 

act directly on the central nervous systern, adrenal cortex, adrenal rnedulla and the 

kidney (8uckley 1972. Swanson et al. 1973, Saruta et al. 1972. ltskowitz 8 McGriff 

1974). The discovery of ANG 1-specific binding sites support these findings (Goodfriend 

et al. 1972). ANG l has a highly conserved structure. Between species, variations in its 

primary structure is restricted almost exclusively to positions 1, 5 and 9 (Table 1). 

Among mammals, the ANG I of ox is unique because it contains valine, instead of 

isoleucine in the fifth position (Akagi et al. 1982). This amino acid configuration of ANG . 

I is characteristic of submammalians. not of rnammalians. 

ACE inhibitors such as captopril. mask the catalytic properties of AC€ by 

competitively binding to its active site (Ehlers 8 Riordan 1989, 1991). In mammals, 

ACE-inhibition decreased plasma ANG II and aldosterone levels (Johnson et al. 1979, 

Hulthen 1978). causing total peripheral resistance and arterial blood pressure to decline 

(Lund-Johansen et al. 1984). Similar findings have also been reported in 

nonmammalian species. Butler et al. (1995) showed that in the bowfin. A. calva. 

captopril can attenuate the pressor response to exogenous ANG 1. 



(C) Inhibition of ANG II Receptors 

ANG II has been implicated in the pathogenesis of vanous cardiovascular disorders that 

affect millions of people(Peach 1977). Synthetic ANG II analogs, which act as 

competitive antagonists of ANG II receptors, have proven to be clinically and 

experimentally relevant (Khosla et al. 1974). Such cornpounds. including [Sar'. Ileu]- - 

ANG II (Sarile) and [Sar'. Ala7-ANG II (Saralasin) inhibit the acti-ons of ANG II at the 

receptor ievel (Brown et al. 1983, Timmermans et a/. 1992) and has been shown to 

bind al1 ANG II receptor subtypes. ubiquitously (Khosla et al. 1974). Hence, these 

compounds are ideally suited for inhibiting the biological actions of ANG II and for 

identifying its specific sites of action. 

Tne recent development of specific. nonpeptide ANG II receptor antagonists, in 

particular Losartan. PD1 2331 9, PD1 231 77 and CGP42112A have enabled researchers 

to characterize different subtypes of ANG II receptors on the basis of their affinity for 

these compounds. Losartan (Dup 753) binds the AT, receptor subtype (Timmermans et 

al. 1993). while CGP42112A. PD1 231 77 and PD1 2331 9 bind preferentially to receptors 

of the AT- subtype (Chiu et al. 1989. Burnpus et al. 1991 ). Since AT, recepton mediate 

al1 the known actions of ANG II. their inhibition by Losartan can block al1 the effects of 

ANG II on vascular srnooth muscle, the kidney. and the adrenal cortex (Timmermans et 

al. 1993). Although studies have been undertaken to identify AT, receptors in 

nonmammaiian species, the physiological role of AT, receptors in nonmammalians has 

yet to be established. The role of AT, receptors, in al1 species, is unclear (Saavedra & 

Timmermans 1994). In mammals, the use of AT, receptor antagonists such as 



PD1 231 77. PD12331 9 and CGP42112A do not affect any of the actions of ANG II (Chiu 

et al. 1989, Whitebread et al. 1989). A study on the effects of AT, and AT, inhibition, in 

a piscine species, has not been previously undertaken. 

The purpose of this investigation is to test the hypothsis that the CS. in the North 

American eei (Anguilla rostrata Lesueur), is an important source of renin-like enzyme 

activity. The effect of i.v. injections of CS extract (CS-EXT) on blood flow in the dorsal 

aorta and the caudal vein will be explored. Furthermore. phannacological antagonists of 

the RAS will be tested in the eel, to determine their effects on the dorsal aortic and 

caudal venous blood flow responses to CS-EXT. In addition. this is the first study to test 

the effects of subtype specific. nonpeptide antagonists of ANG II receptors. in fishes. 



MATERIALS AND METHOD 

Experimental animals 

Female North American eels. (Anguiiia rostata LeSueur), weighing 800-1200 g were 

collected in October 1996, from the St. Lawrence River near Quebec City by Pecheries 

Gingras. DuPont. St. Nicholas. Quebec. Canada. and shipped by air to Toronto. 

Ontario. They were delivered to the Department of Zoology. animal care facilities. 

where they were held in aerated plastic holding tanks (25 fish per 5001 capacity tank), 

supplied with aerated. dechlorinated, Toronto tap water (Na', 0.45; CI- 0.95; K' 0.02; 

Ca2-. 0.98; Mg2'. 1 -59 mmol 1") at 1 1 .O + 1.0 O C . Eels were held under a 12 : 12 h 

light-dark cycle and fed woms ad libiurn. Eels were selected at random for expenments 

that started in March 1997. 

Experimental set-up and surgical procedures 

Eels were selected at random and placed individually in Plexiglas observation 

chambers (13.8 x 12.0 x 114.5 cm ) supplied with aerated, dechlorinated tap water 

(12.0 + 0.5' C).  Eels were adapted to the observation chambers for at  least 3 days 

before the experiment started. 

(A) Insertion of Doppler flow probes 

Eels were anaesthesized in a solution of methane tricanesulphonate (MS222) in tap 

water (1 g 1'' ). When movement of the operculum ceased, the eel was deemed to be 

unconscious. and it was then wrapped carefully in a wet Cotton towel and placed on its 



back on an enamel surgical tray. A ventro-medial incision into the coelomic cavity was 

started near the anterior border of the liver, and extended 5-6 cm posteriorly. The 

edges of the body wall were retracted and the liver was deflected to the right to expose 

the dorsal aorta. Next. the dorsal aorta was carefully dissected free of connective 

tissue. care being taken not to break the fine intersegmental arten'es supplying the body 

wall. The dorsal aorta varied in diameter according to the size of the eel. so in each 

case. it was fitted with a probe beanng a cuff diameter of 2.6. 2.8. or 3.0 mm. Signal 

transmission was improved if ultrasonic transmission gel (Aquasonic 100. Parker Labs.. 

New Jersey) was smeared on the contact surface between the transducer crystal of the 

probe and the wall of the artery. Pieces of sterile Gelfoam measuring 3 mm X 5 mm 

were packed against the outside of the cuffed vesse1 to provide support and to reduce 

any bleeding. The lead coming frorn the flow probe was loosely stitched to the body 

wall to hold it in the correct position. Then the cut edges of the body wall were pulled 

together with size 3-0 Chinese braided silk sutures. Finaliy. the skin was sutured with 

size 3-0 stainless steel wire. 

The caudal vein was also fitted with an appmpriately sized Doppler probe. 

Access to the caudal vein was made through an 5-cm ventro-medial incision through 

the body wall along the anterior border of the caudal fin. The edges of the body wall 

were retracted to expose the caudal vein. The vein was stripped free of connective 

tissue; great care being taken to not tear the segmental veins draining into it. 

Application of gel was followed by insertion of a suitable sized Doppler cuff which was 

tied in place in much the same manner as the dorsal aortic cuff. The surgical area was 

packed with small. 3 x 5 cm pieces of Gelfoam sponge. Then the cut edges of the body 



wall were pulled together with size 3-0 Chinese silk sutures. Finally. the skin was 

sutured with size 3-0 stainless steel wire. 

When the surgery was completed, the eel was nnsed with tap water to remove 

any residual anaesthetic. It was then given a 2-3 ml injection of Ampicillin (100 mg. ml" 

i.m.). When the eel was able to swim again. it was transferred to an observation 

chamber that was covered with a black plastic sheet. 1 ml of Ampicillin (100 mg. ml" 

i.v.) was deliver i.v. daily via the caudal vein catheter for the duration of the 

experimental period. Each eel was allowed to rest for 3-4 days before experiments 

commenced. to allow its cardiovascular parameters to return to normal. There was no 

evidence of infection during the next four days and the wound healed well with no 

apparent leakage or discomfort for the eel. 

(B) Collecting the corpuscles of Stannius and posterior kidney tissue 

Each eel was randomly selected from stock. anaesthetized with MS 222 (1 .Og. 1-') and 

placed on a wet cotton towel. It was rolled over onto its side and a 5 cm incision 

through the body wall was made a few mm below the Iateral Iine and parallel to it, 

immediately above the ventral fin. The cut edges were retracted to expose the edge of 

the posterior portion of the kidney. The bladder was iifted away from the ventral surface 

of the kidney by btunt dissection, with no evident bleeding. The oval, ivory-coloured CS, 

measuring approximately 2-3 mm in diameter and weighing approximately 6 mg. could 

now be seen as embedded in the surface of the kidney, at the point where the right 

posterior cardinal vein emerges from the kidney surface. Both corpuscles were easily 

excised and then placed on ice. where they were immediately transferred to a -50 O C  



refrigeration compartment. The bladder was carefully fowered back into place before 

the edges of the body wall muscle were sutured together with size 3-0 Chinese braided 

silk. Following this. the skin was sutured with 3-0 stainless steel wire. Finally the eel 

was given a 2-3 ml injection of Ampicillin (100 mg.ml-' im.) and retumed to a 400 liter 

glass aquarium supplied with constantly flowing aerated dechlorinated tap water (12.5 2 

0.5 OC). until it was used for additional blood flow experiments. 

Sarnples of posterior kidney tissue adjacent to the corpuscles were removed 

from five eels. The tissue was frozen immediately. later to be thawed. weighed and 

extracted on the day of the experiment. The posterior kidney extracts were prepared 

using the same method used to prepare extracts of the CS. Afterward, the eel was 

killed with an overdose of MS 222. 

(C) Insertion of drug delivery catheter 

A 3 cm incision was made 3 mm below and parallel to the lateral line near the tip of the 

caudal fin. Muscle tissue was gently plied apart and retracted to expose a 2 cm length - 

of caudal vein. It was freed of connective tissue and bone of the neurohaemal arch. A 

heparinized polyethylene catheter (PE-10. Clay Adams) was inserted into the caudal 

vein and pushed 10-12 cm anteriorly. The catheter was then tied in place with 5-0 

braided silk sutures before the incision was closed with 5-0 braided silk sutures. This 

left a trailing length of approximately 20 cm. The end of the catheter was heat-sealed. 

The catheter was used later for the delivery of al1 the dwgs and hormones without 

disturbing the eel during the experiments. It was flushed regularly with 0.4 ml heparin- 

solution to prevent the formation of blood clots. 



(D) Calibration of Doppler flow probes 

A postmortem calibration of dorsal aortic and caudal venous flow probes was performed 

in situ. This allowed the experirnenter to calculate the absolute values for blood fiows 

(Butler & Oudif 1995, Oudit & Butler 1995). At the end of the flow experiment. the eel 

was killed using a 5 ml injection of Somnotol (sodium pentobarbital. 65 mg.ml-' i.v.). The - 

ventral incision was re-opened to gain access to the Doppler fiow probe on the dorsal 

aorta. First. the dorsal aorta was exposed and catheterïzed 5-10 mm anterior to the 

probe with PE-100 (i. d. 0.86 mm, o. d. 1.5 mm) polyethylene tubing for blood perfusion. 

It was placed close to the probe so as to minimize leakage through the segmental, as 

well other arteries. Then the catheter was tied in place with 3-0 silk sutures. An oufflow 

catheter, also PE-100, was inserted into the dorsal aorta posterior to the probe and 

positioned 5 mm behind it. Then the catheter was tied in place with 3-0 silk sutures. The 

Doppler flow probe on the caudal vein was prepared for calibration in a similar manner. 

There was no sign of hemorrhaging in the region of the probe. nor of coagulated blood 

or other obstructive tissues on the contact surface between the probe cuff and the 

blood vessels. Connective tissue growth surrounding the Doppler probes provided 

additional stability for the duration of the experiments and the calibrations. 

Freshly collected, heparinized eel blood was infused using an infusion pump 

(Harvard Apparatus Infusion Pump). over a range of flow rates that encompassed the 

minimum and the maximum values for each eel (Butler 8 Oudit 1995a. b). Flow rates 

were analyzed by linear regression analysis to provide calibration curves for the dorsal 



aortic probe and the caudal venous probe. These plots confirmed that proper acoustic 

coupling was maintained during the calibration procedure. 

Drugs and peptides 

€el Angiotensin I = [Asn'. Val5. Glyq-ANG I (MW=1200.7); Eel Angiotensin Il = [Asn'. 

Val5]-ANG II (MW=lO30.5); €el Angiotensin I I I  = pal4}-ANG I I I  (MW=W 6.5); Human 

renin substrate tetradecapeptide = [l-141-hRS (MW=1758.9), Pepstatin A (MW= 685.9) 

and Sarile = [Sar'. Ile7-ANG II (MW=967.6) were al1 supplied by Penninsula 

Laboratories (Belmont. CA). Captopril (SQ 14 225, MW = 217.28) was supplied by 

Bristol-Myers Squibb Pharmaceutical Research lnstitute (Princeton, NJ). The ANG II 

receptor blockers were supplied as follows: Losartan potassium (DuP 753. MK 954 

MW=461). Dupont Merck Research and Development. Wilmington, DE.; PD123319 

(MW=749.4). Parke-Davis Pharmaceutical Research Division. Ann Arbor, MI. Methane 

tricainesulfonate (MS 222). Sigma Chemical Corp.. St. Louis. MO.; Somnotol (Sodium 

pentobarbital in isotonic saline). MTC Pharrnaceuticals. Cambridge. Ont.. Canada: 

Ampicillin sodium. Novopharm. Toronto. Ont-. Canada; Heparin solution. Hepalean- 

Organon Tekita. Toronto. Ont.. Canada. All of the drug and peptide injections were 

made with 0.9% NaCl- 



Blood flow experiments: Experimenfal protocol 

Series /: Response to components of the RAS 

Experiment 1: [ A d ,  Val5, GlyT-ANG 1. 5. 10. 20. and 5Gng. kg bw-' doses of [Asn'. 

Val5. GIS]-ANG 1 were injected i.v. in 0.2 ml of 0.9% NaCl to test the effect on donal 

aortic and caudal venous blood flows (n=5). These test doses were not injected until 

flow rates had stabilized and remained at baseline levels for 45 minutes. The caudal 

venous dnrg delivery catheter was flushed with 0.2 ml of 0.9% NaCl after each peptide 

injection to ensure that al1 the peptide reached the bioodstream. When blood flow had 

returned to normal. after the effect of the peptide had subsided, the animals were 

injected with a second 0.50 ml of 0.9% NaCl solution to show that volume loads had not 

affected blood flows. This basic experimental protocol was used also for experiments 2, 

3. 4 and 5 which are described in this section. Following each expenment, the animals 

were given a one-day recovery period. 

Experiment 2: [ A d ,  Valq-ANG II This expenrnent measured the effect of 5, 10, 20, 

and 50 ng kg bw-' doses of [Asn'. val)-ANG II. in 0.2 ml of 0.9% NaCI. on dorsal aortic 

and caudal venous blood flows (n=5). 

Experiment 3: Human Renin Substrate (hRS) This experiment measured the effect 

of 50, 100, 150 ng kg bw-' hRS. in 0.2 ml of 0.9% NaCI, on dorsal aortic and caudal 

venous blood flows (n=5). 



Experiment 4: pal4]-ANG III This experiment measured the effect of 5. 10. 20. 50 ng 

kg bw" [Val4]-ANG III. in 0.2 ml of 0.9% NaCI. on dorsal aortic and caudal venous blood 

flows (n=5). 

Experiment 5: Eel corpuscle of Stannius extract (CS-EXT) This experiment 

rneasured the effect of extracts of 0.50, 1.25, 2.50 mg of eel corpuscles of Stannius 

(CS-EXT) .kg bw-'. delivered in 0.2 ml of 0.9% NaCI, on dorsal aortic and caudal 

venous blood flows (n=5). 

Experiment 6: Eel posterior kidney extract (PK-€Xi) This experiment measured the 

effect of an extract of 5 mg of eel posterior kidney (PK-EXT).kg bw", delivered in 0.2 ml 

of 0.9% NaCI. on dorsal aortic and caudal venous blood flows (n=5). 

Series II: Response to RAS antagonists 

Experirnent 1: Effect of Pepstatin A on the blood flow response to [ Asn'. Vals. 

Gly9]ANG I This experiment measured the effect of 1 mg kg bw-' dose of Pepstatin A. 

delivered i-v. in 0.5mI of 0.9% NaCl, on the dorsal aortic and caudal venous blood flow 

response to 50 ng kg bw*' dose of ANG I i.v. Dorsal aortic and caudal venous blood 

Rows were measured continuously. The drug delivery catheter was flushed with 0.2 ml 

of 0.9% NaCl after each injection to ensure that al1 the peptide or antagonist reached 

the bloodstream. Eels were injected with 0.50 ml saline solution (0.9% NaCI) to 

measure the effect of volume loads on blood flow. 55 minutes later, eels were injected 



with 50 ng kg bw" dose of [ Asn'. vals. Glfl-ANG 1. After a further 45 minutes. when 

the flow rates had retumed to preinjection levels. the eels were given a 1 mg kg bw-' 

dose of Pepstatin A. Eel was injected with 50 ng kg bw-' dose of [ Asnl. Val5. Glfl- 

ANG I 10 minutes later. Flow rates were measured for an additional 40 minutes, until 

rates had returned to preinjection levels- The basic expenmental protocol for this 

experiment was also used for experiments 2. 3.4. 5 .6 .7 .  8.9. 10. 11. 12, 13 and 14 on 

this section (n=5). 

Experiment 2: Effect of Pepstatin A on the blood flow response to [ Asn', Val79 

ANG II This expenment measured the effect of a 1 mg kg bw-' dose of Pepstatin A. 

delivered i.v. in O.5ml of 0.9% NaCI, on the dorsal aortic and caudal venous blood flow 

response to a 50 ng kg bw-1 dose of [ Asnl. ValYANG II (n=5). 

Experiment 3: Effect of Pepstatin A on the blood flow response to human renin 

substrate (hRS) This experiment measured the effect a of 1 mg kg bw-' dose of 

Pepstatin A. delivered i-v. in 0.5ml of 0.9% NaCl, on the dorsal aortic and caudal 

venous blood flow response to a 150 ng kg bw-' dose of hRS (n=5). 

Experirnent 4: Effect of Pepstatin A on the blood flow response to extract of 

corpuscles of Stannius (CS-EXT) This experiment measured the effect of a 1 mg kg 

bw-' dose of Pepstatin A. delivered i-v. in 0-5ml of 0.9% NaCI, on the dorsal aortic and 

caudal venous blood flow response to a 2.50 mg kg bw-' of CS-EXT(nr5). 



Experiment 5: Effect o f  Captopril on the blood flow response to [ A d ,  Vals, Glfl- 

ANG I This experiment measured the effect of a 1 mg . kg bw-' dose of Captopril. 

delivered i.v. in 0.5ml of 0.9% NaCI, on the dorsal aortic and caudal venous blood flow 

response to a 50 ng kg bw-' dose of [Asnl. Vals. GIfl-ANG I (n=5). 

Experiment 6: Effect o f  Captopril on the blood flow response to ( Asnl, ValSI-ANG 

Il This experirnent measured the effect of a 1 mg kg bw-' dose of Captopril. delivered 

i-v. in 0.5ml of 0.9% NaCI. on the dorsal aortic and caudal venous blood flow response 

to a 50 ng kg bw-' dose of [Asnl. Val5]-ANG ll(n=5) . 

Experiment 7: Effect of Captopril on the blood flow response to hurnan renin 

substrate (hRS) This experiment measured the effect of a 1 mg kg bw-' dose of 

Captopril. delivered i.v. in 0.5mI of 0.9% NaCI, on the dorsal aortic and caudal venous 

blood flow response to 150 ng kg bw" dose of hRS (n=5). 

Experirnent 8: Effect of Captopril on the blood flow response to extract of 

corpuscles of Stannius (CS-EXT) This experiment measured the effect of 1 mg kg 

bw-' dose of Captopril. delivered I.V. in 0.5ml of 0.9% NaCI. on the dorsal aortic and 

caudal venous blood flow response to 2.50 mg kg bw-' dose of CS-EXT (n=5). 

Experiment 9: Effect of  (Sar1, Ile8]-ANG II (Sarile) on the blood flow response to 

[Asn', Val5]-ANG II This expenment measured the effect of a 50 pg . kg bw-' dose of 



Sarile, delivered i-v. in 0.5ml of 0.9% NaCI. on the dorsal aortic and caudal venous 

blood flow response to a 50 ng kg bw-' dose of [Asn', Val)-ANG II (n=5). 

Experirnent 10: Effect of (Sar1, Ile8JANG II (Sarile) on the blood flow response to 

extract of the corpuscles of Stannius (CS-En) This experiment measured the 

effect of a 50 pg . kg bw-' dose of Sarile. delivered i.v. in 0.5ml of 0.9% NaCI. on the . 

dorsal aortic and caudal venous blood flow response to a 2.50 mg - kg bw-' dose of CS- 

EXT (n=5). 

Experirnent 11 : Effect of Losartan on the blood fiow response to [ Asnl, ValSI-ANG 

II This experiment measured the effect of a 5 mg kg bw" dose of Losartan. delivered 

i.v. in 0.5mI of 0.9% NaCI, on the dorsal aortic and caudal venous blood flow response 

to a 50 ng kg bw*' dose of [ A d .  V~I~J-ANG II (n=5). 

Experiment 12: Effect of Losartan on the blood flow response to extract of 

corpuscles of Stannius (CS-EXT) This experiment rneasured the effect of a 5 mg kg 

bw" bw dose of Losartan. delivered i.v. in 0.5ml of 0.9% NaCI, on the dorsal aortic and 

caudal venous blood flow response to a 2.50 mg kg bw-' dose of CS-EXT(n=5) . 

Experiment 13: Effect of PD123319 on the blood flow response to [ Asnl, ValSI- 

ANG II This experiment measured the effect of a 5 mg kg bw-' dose of PD123319. 

delivered i.v. in 0.5ml of 0.9% NaCI, on the dorsal aortic and caudal venous blood flow 

response to a 50 ng kg bw-' dose of [ Asn', Val5]-ANG II (n-5). 



Experiment 14: Effect of PD123319 on the blood flow response to extract of 

corpuscles of Stannius (CS-EXT) This experirnent measured the effect of a 5 mg kg 

bw-' dose of PD123319, delivered i.v. in 0.5rnl of 0.9% NaCI, on the dorsal aortic and 

caudal venous blood flow response to a 2.50 mg kg-bw" dose of CS-EXT ( ~ 5 ) .  



RESULTS 

Calibra tion cuwes and velocity profiles 

Dorsal aortic and caudal venous calibration curves for three freshwater eels are shown 

in Figure 1. 80th curves have similar slopes and there was a strong positive linear 

correlation between the Doppler shift (KHz) and the blood perfusion rate in ml.min-'.kg 

bw-'. Dorsal aortic and caudal venous blood fiows were then obtained by interpolation. 

Velocity profiles across the dorsal aorta and caudal vein (2.8 mm probe) of freshwater 

eels were obtained by making small increments in the range outputs which determined 

the distance at which the blood velocity was measured (0-10 mm) (Butler & Oudit 

1995). During the present experiments, the range was adjusted accordingly so as to 

measure the peak mean blood flow in both the dorsal aorta and caudal vein. 

(A) ANGI,ANGIIorANGIlI  and bloodflow 

This experiment compared the blood flow responses (BFR) in freshwater eels to a 

range of doses of each of three angiotensins including (Asn',ValS.Glg]-ANG I (ANG 1). 

[Asn'.ValS]-ANG II (ANG-II). and val4]-ANG III (ANG III). The repeated measures 

ANOVA showed that whereas ANG 1 and ANG II groups both produced significant 

increases in caudal venous blood flow (CVBF) and dorsal aortic blood flow (DABF). 

while the ANG III group had a more modest effect when compared with the saline 

injected control group (Figure 2). 

CVBF increased significantly following the i.v. injection of only 5 ng-kg bw-' of 

ANG I or ANG II (Figure 2) but it was not until the dose reached 10 ng.kg bw-' of each 



Figure 1. Caudal venous ( O ) and dorsal aortic ( ) calibration curves for 

freshwater North Amencan eels, A. rostrata ( n = 3 ). Linear regression lines: 

Y = Doppler shift ( Khz ), X = Blood flow rate (ml.rnirfl.kg bw-'); 

CV: Y = 0.08X+ 0.11, rr0.98. p <0.0001. 

DA: Y =O.O8X +0.0004, r=0.99. p <0.0001. 





Figure 2. CVBF ( 0 ) and DABF ( I ). in freshwater North American eels, A. 

Rostrata, in response to i.v. injection of 5, 10.20 or 50 ng. kg bw-'of [ ~ s n '  , val5, 

GI~~]-ANG 1, [Asn', ~al7-ANG II and [V~I"]-ANG III. CVBF mponse to ANG I 

or ANG II: O P c 0.05 compared with saline control, 5. 10, 20 ng. kg bw-' 

peptide; O P c 0.05 compared with saline control, 5. 10 ng. kg bw" peptide; O P 

< 0.05 compared with saline control and 5 ng. kg bw-'. A P < 0.05 compared with 

saline control. DABF response to ANG I or ANG II: P < 0.05 compared with 

saline control. 5. 10. 20 ng. kg bw" peptide; . P < 0.05 compared with saline 

control. 5 and 10 ng. kg bw-' (for ANG I and ANG II). A P c 0.05 compared with 

saline control and 5 ng. kg bw". CVBF response to ANG III: O P c 0.05 . 

compared with saline control. S. 10. 20 ng. kg bw-' peptide. A P < 0.05 compared 

with saline control. 5. 10, ng. kg bw*' peptide. DABF response to ANG III: A P < 

0.05 compared with saline control. 5. 10. 20 ng. kg bw-' peptide; ANOVA, 

Duncan's Multiple Range Test. Values are mean + SEM; n = 5. 





peptide that there was a significant increase in DABF. ANG III stood alone insofar as it 

required 20 ng .kg bw-' of the peptide to increase significantly CVBF and 50 ng.kg bw" 

to increase DABF (Figure 2). In both the ANG I and ANG II groups there was a dose 

dependent increase in both CVBF and DABF. 

(B) Tissue exfracts and blood flow 

Posterior kidney extracts (PU-EXT), human renin substrate or human angiotensinogen 

1-1 4 (hRS) and extracts of corpuscles of Stannius (CS-EXT) were each tested for their 

effect on CVBF and DABF in freshwater eels. An i.v. injection of 5 mg of PK-EXT had 

no measurable effect on either CVBF or DABF compared with saline injected controls 

(Figure 3). An i.v. injection of 50 ng-kg bw" of hRS had no rneasurabie effect on CVBF 

or DABF whereas 100 ng.kg bw" of the peptide was followed by a significant increase 

in CVBF but not DABF. At the highest dose (150 ng-kg bw-') both CVBF and DABF 

increased significantly compared with the saline injected controls (Figure 3). 

Extracts of CS brought about important changes in fiows. An i-v. injection of 

extract from 1.25 mg of tissue increased the CVBF from 2.80 + 0.18 ml. min".kg bw-' to 

6.38 + 0.31 ml.min.kg bw-' (P ~0.05) and the DABF from 6.99 + 0.47 ml.min.kg bw" to 

10.14 + 0.36 ml.rnin.kg bw-' (P ~0.05). The highest dose of extract of 2.5 mg of tissue 

i.v. increased further both the CVBF and DABF to levels which were significantly 

greater than the flows observed in both the saline injected controls and the 1.25 mg. kg 

bw-' CS-EXT group. 



Figure 3. CVBF ( ) and DABF ( ), in freshwater North American eels, A. 

rostrata, in response to i-v. injection of 50, 100 or 150 ng. kg bw" of human 

renin-substrate (hRS) and 0.5, 1.25 and 2.5 mg. kg bw-' extract of CS (CS-EXT) 

expressed in units. kg bw-'.CVBF response to hRS: A P < 0.05 compared with 

saline control, posterior kidney extract injection (PK-EXT) and 50 ng. kg bw-' 

hRS. DABF response to hRS: A P c 0.05 compared with saline control, PK- 

EXT, 50 and 100 ng. kg bw-' hRS. CVBF response to CS-EXT: Ci P < 0.05 

compared with saline control, PK-EXT, 0.5 and 1.25 mg. kg bw-' extract; A P < 

0.05 compared with saline control, PK-EXT, 0.5 mg. kg bw-' extract. DABF 

response to CS-EXT: . P < 0.05 compared with saline control, PK-EXT, 0.5 

and 1.25 mg. kg bw-' extract; A P < 0.05 compared with saline control, PK-EXT, 

0.5 mg. kg bw" extract; ANOVA, Duncan's Multiple Range Test. Values are 

mean + SEM; n = 5. 
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(C) Pepstatin A and the blood flow responses to ANG 1, ANG II. hRS or CS- 

EXT 

Figure 4 shows that CVBF and DABF both increased significantly in freshwater eels 

following an i.v. injection of 50 ng-kg bw-' of ANG 1. Peak blood flow rate (BFR) in the 

CV and DA were 10.32 t 0.23 and 12.44 t 0.49 rnl.kg bw-' respectively. The onset of 

peak CVBF and DABF occurred 8 and 9 minutes after the injection of ANG I and 

remained elevated for 28 and 18 minutes before retuming to the preinjection rates. 

These patterns in flow were not affected measurably by the prior i.v. injection of 1 

mg-kg bw-' of Pepstatin A (Figure 4). The Pepstatin A experiment was repeated using 

50 ng.kg bw-' of ANG II (Figure 5). Again. there was a dear and significant increase in 

both CVB and DABF both before and after an i.v. injection of 1 mg-kg bw-' of Pepstatin 

A. These results were not unexpected since Pepstatin A is an effective renin inhibitor in 

marnmals. 

Next. 150 ng.kg bw-' of hRS were injected i.v. which led to srnaller. though 

statistically significant (Pc0.05) increases in both CVBF and DABF. 80th CVBF and 

DABF were increased significantly within 3 minutes after the hRS was injected. Peak 

flow rates in the CV and DA occurred 6 and 7 minutes after hRS injection and were 4.0 

20.29 and 8.1t.49 ml-rnin-'.kg bw-' respectively (Figure 6). The f o m  of the flow 

responses were similar to those observed following injection of ANG I and ANG II. The 

i.v. injection of 1 mg. kg bw" of Pepstatin A completely blocked the increased CVBF 

and DABF that had previously followed the injection of hRS (Figure 6). Flow rates 

remained at the preinjection level. 



Figure 4. Effect of the marnrnalian renin antagonist pepstatin A on the temporal 

changes in CVBF ( O ) and DABF ( ) in freshwater North American eels, A. 

rostrata. after 2 i.v. injections of 50 ng. kg bw" of [~sn' .  val5. G I ~ - A N G  I given 

before ( time = 55 ) and after ( time = 110 ) the i.v. injection of 1 mg. kg bw" of 

antagonist ( time = 100 ). CVBF: ( A to v ) P < 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA, Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 





Figure 5. Effect of the mammalian renin antagonist pepstatin A on the temporal 

changes in CVBF ( O ) and DABF ( - ) in freshwater North American eels, A. 

rostrata. after 2 i.v. injections of 50 ng. kg bw-' of [ ~ s n ' .  valS]-ANG II given before 

( time = 55 ) and after ( time = 110 ) the i-v. injection of 1 mg. kg bw" of 

antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with the 

preiojection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 





Figure 6. Effect of the mammalian renin antagonist pepstatin A on the temporal 

changes in CVBF ( O ) and DABF ( = ) in freshwater North American eels, A. 

rostrata. after 2 i.v. injections of 150 ng. kg bw-' of hRS given before ( time = 55 ) 

and after ( time = 1 10 ) the i-v. injection of 1 mg. kg bw-' of antagonist ( time = 

100 ). CVBF: ( A to V ) P c 0.05 compared with the preinjection values ( time = 

1 to 50 ). DABF: ( A to ) P ç 0.05 compared with the preinjection values ( 

time = 1 to 50 ); ANOVA, Duncan's Multiple Range Test. Values are mean + 

SEM. n = 5. 





Figure 7. Effect of the mammalian renin antagonist pepstatin A on the temporal 

changes in CVBF ( O ) and DABF ( ) in freshwater North Arnencan eels, A. 

rostrata. after 2 i.v. injections of 2.5 mg. kg bw*' of CS-EXT given before ( time = 

55 ) and after ( time = 1 10 ) the i.v. injection of 1 mg. kg bw" of antagonist ( time 

= 100 ). CVBF: ( A to v ) P c 0.05 compared with the preinjection values ( time 

= 1 to 50 ). DABF: ( A to ) P < 0.05 cornpared with the preinjection values ( 

time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. Values are mean + 

SEM; n = 5. 





Figure 7 shows that an extract of 2.5 mg of CS injected i.v. was followed by rapid 

and significant increases in both CVBF and DABF. Peak flow rates were 9.5 t 0.24 and 

11 -5 20.42 rnl.min?kg bw-' respectively within 10 and 7 minutes after the injection of 

CS-EXT. These significant increases in blood flow rates were completed blocked by an 

i.v. injection of 1 mg.kg bw" of Pepstatin A. CVBF and DABF remained at preinjection 

rates. That implied that the renin-inhibitor had blocked the activity of renin or a renin-like 

material contained within the CS, 

(D) Captopril and the blood flow responses to ANG I, ANG II, hRS or CS-EXT 

Figure 8 illustrates a 266 % increase in CVBF resulting in a peak rate of 10.3 î 0.22 

ml.min-'.kg bw"; (Pc0.05) and a concomitant 84 % increase in DABF with a peak rate of 

12.9 I 0.39 ml-min ".kg bw"; (P ~0.05) which occurred within approximately 9 minutes 

after an i.v. injection of 50 ng-kg bw" of ANG 1. An i.v. injection of 1 rng.kg bw-' of 

Captopril blocked completely the blood flow responses to a second i.v. injection of 50 

ng.kg bw-' of ANG I (Figure 8). The expetiment was repeated using ANG II instead of 

ANG 1. Figure 9 shows that. after the first i.v. injection of 50 ng of ANG II, the CVBF and 

DABF rose rapidly and peaked at 10.6 20.16 (278% increase) and 12.3 1-49 ml-min-'.kg 

bw" (75% increase). respectively within 8 and 10 minutes, then subsided. The i.v. 

injection of 1 mg-kg bw-' of Captopril did not block the flow responses to a second i-v. 

injection of 50 ng of ANG II because the angiotensin-converting enzyme (ACE) was 

bypassed (Figure 9). The onset of peak flow rates occurred with 7 (CVBF) and 10 

(DABF) minutes after the injection of peptide: the peak ffows were 10.5 f 0.19 (275% 

increase) and 12.1 2 0.44 ml.rnin-'.kg bw" (73% increase) for CVBF and DABF (Figure 

9 ). 



Figure 8. Effect of the mammalian AC€ antagonist captopril on the temporal 

changes in CVBF ( 0 ) and DABF ( ) in freshwater North American eels, A. 

rostrata. after 2 i.v. injections of 50 ng. kg bw" of [ ~ s n ' ,  val5, GIYI]-ANG I given 

before ( time = 55 ) and after ( time = 110 ) the i.v. injection of 1 mg. kg bw" of 

antagonist ( time = 100 ). CVBF: ( A to V ) P < 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P c 0.05 cornpared wlh  

the preinjection values ( time = 1 to 50 ); ANOVA, Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 
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Figure 9. Effect of the mammalian AC€ antagonist captopril on the temporal 

changes in CVBF ( 0 ) and DABF ( ) in freshwater North American eels. A. 

rostrata. after 2 i.v. injections of 50 ng. kg bw-' of [ ~ s n ' ,  V~I~]-ANG II given 

before ( time = 55 ) and after ( time = 110 ) the i.v. injection of 1 mg. kg bw*' of 

antagonist ( time = 100 ). CVBF: ( A to V ) P < 0.05 cornpared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P c 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM, n = 5. 
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Figure 10. Effect of the marnrnalian AC€ antagonist captopril on the temporal 

changes in CVBF ( O ) and DABF ( = ) in freshwater North American eels. A. 

rostrata. after 2 i.v. injections of 150 ng. kg bw-' of hRS given before ( tirne = 55 

) and after ( tirne = 110 ) the i.v. injection of 1 mg. kg bw-' of antagonist ( time = 

100 ). CVBF: ( A to V ) P c 0.05 compared with the preinjection values ( time = 

1 to 50 ). DABF: ( A to ) P < 0.05 compared with the preinjection values ( 

time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. Values are mean + 

SEM. n = 5. 





Figure 11. Effect of the mammalian angiotensintonverting enzyme (ACE) 

antagonist captopnl on the temporal changes in CVBF ( 0 ) and DABF ( ) in 

freshwater North American eels, A. rostrata. after 2 i.v. injections of 2.5 mg. kg 

bw" of CS-EXT given before ( tirne = 55 ) and after ( time = 110 ) the i.v. injection 

of 1 mg. kg bw-' of antagonist ( time = 100 ). CVBF: ( A to v ) P < 0.05 

compared with the preinjection values ( time = 1 to 50 ). DABF: ( A to ) P c 

0.05 compared with the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's 

Multiple Range Test. Values are mean + SEM. n = 5. 
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Figure 10 shows that there was a modest but significant increase (P<O.OS)in both CVBF 

(47%) and DABF (20%) following an i.v. injection of 150 ng.kg bw-' of hRS (human 

renin substrate), as observed in the Pepstatin A experiment (see Figure 6). BFR in the 

CV peaked at 4.1 ~0 .31  rnl.min".kg bw-' and in the DA at 8.4 20.46 ml-min-'.kg bw" 8 

-and 6 min after the injection of hRS. However if the eel was given an i.v. injection of 1 

mg-kg bw" of Captopfil before the second dose of hRS, the flow responses were 

abolished (Figure 10). In the subsequent . but related experiment, an eet was given an 

i.v. injection of an extract of 2.5 mg of fresh CS (Figure 11). Peak flow rates in the CV 

and DA were 9.2 t 0.26 and 11.6 I 0.44 ml.min-'.kg bw-' amounting to increases of 

230% and 66% respectively. These peaks occurred about 9 min after injection of the 

CS-EXT (Figure 11) whereas CVBF and DABF remained above baseline rates for 

about 32 and 24 min. An i.v. injection of 1 mg-kg bw" of Captopnl was followed by a 

second injection of an extract of 2.5 mg of fresh CS extract, but the flow response was 

completely abolished by the drug (Figure 1 1 ). 

(E) [Sar', IIe8+ANG II (Sarile) and the blood t7ow responses to ANG II or CS-EX7 

Figure 12 shows that both CVBF and DABF increased significantly after an i-v. injection 

of 50 ng.kg bw" of ANG II reaching peak flows of 10.3t0.21 and 11 -8 *.49 ml.min-l .kg 

bw" at 7 and 10 minutes after injection of the peptide. CVBF and DABF remained 

elevated for approximately 33 and 23 minutes respectively, before retuming to pre- 

injection baseline rates (Figure 12). Eels were then injected i.v. with 50 pg-kg bw-' of 

Sarile and. 10 minutes later. by a further 50 ng.kg bw" of ANG II. There was no 



Figure 12. Effect of the mamrnalian ANG II receptor antagonist Sarile on the 

temporal changes in CVBF ( 0)  and DABF ( = ) in freshwater North American 

eels, A. rostrafa. afier 2 i.v. injections of 50 ng. kg bw" of [ ~ s n ' ,  V~I~]-ANG II 

given before ( time = 55 ) and after ( time = 110 ) the i.v. injection of 50 ug. kg 

bw-' of antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 
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Figure 13. Effect of the mammalian ANG II receptor antagonist [ ~ a r ' ,  IJ~*]-ANG II 

(Sarile) on the temporal changes in CVBF ( O ) and DABF ( = ) in freshwater 

North American eels. A. rostrata. after 2 i.v. injections of 2.5 mg. kg bw-' of CS- 

EXT given before ( time = 55 ) and after ( time = I l  O ) the i.v. injection of 50 ug. 

Kg bw" of antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with 

the preinjection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared 

with the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range 

Test. Vatues are mean + SEM. n = 5. 
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subsequent increase in either CVBF or DABF which showed that Sarile had blocked 

completely the fiow responses to ANG II (Figure 12). 

Figure 13 illustrates an experiment in which freshwater eels are first injected i.v. 

with an extract of 2.5 mg of fresh CS. After about 10 min. CVBF had increased to peak 

rates of 9.5i0.26 (241% increase) and DABF to 11.6 1.47 ml.min?kg bw-' (66% 

increase). CVBF and DABF remained elevated for about 33 min and 29 min before 

subsiding to the pre-injection rates (Figure 13). There followed an i.v. injection of 50 

pg.kg bw" of Sarile which blocked completely the subsequent flow response to a 

second injection of extract of 2.5 mg of fresh CS (Figure 13). 

(9 Losartan and the blood flow responses to A NG II or CS-EXT 

An injection of 50 ng.kg bw" of ANG II was again followed by increased flows in the CV 

and DA. The peak blood flow rate in the CV was 10.1 t 0.08 ml-min-'.kg bw" and in the 

DA 12.4 2 0.49 ml-min-'.kg bw" amounting to increases of 263% and 77% respectively 

compared with pre-injection flows (Figure 14). CVBF remained above baseline for 28 

min; DABF for 23 min. The subsequent injection of the mammalian AT, blocker losartan 

(5 mg-kg bw-' i-v.) only partially inhibited the flow responses to a second injection of 50 

ng.kg bw" of ANG II. The peak CVBF was reduced to 5.9 2 0.29 ml-min-'.kg bw-' (1 12% 

increase above baseline) and the D A M  to 9.0 t 0.18 ml.min".kg bw-' (29% above 

baseline). Here the peak response in the CV took 8 min to develop; in the DA , 10 min 

to develop. There was a difference in the duration of the increased flow rates. CVBF 

and DABF remained elevated for 27 min and 16 min respectively before returning to 



Figure 14. Effect of the mammalian ATi receptor antagonist losartan on the 

temporal changes in CVBF ( O ) and DABF ( I ) in freshwater North American 

eels, A. rostrata. after 2 i.v. injections of 50 ng. kg bw" of ( ~ s n ' .  valS]-ANG II 

given before ( time = 55 ) and after ( time = I l 0  ) the i.v. injection of 5 mg. kg bw- 

1 of antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 
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Figure 15. Effect of the mammalhn AT* receptor antagonist losartan on the 

temporal changes in CVBF ( 0 ) and DABF ( ) in freshwater North Amencan 

eels, A. rostrata. after 2 i-v. injections of 2.5 mg. kg bw" of CS-EXT given before 

( time = 55 ) and after ( tirne = 110 ) the i.v. injection of 5 mg. kg bw-' of 

antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P c 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 





baseline pre-injection rates. These experirnents showed that losartan was not a 

completely effective AT, inhibitor in freshwater eels (Figure 14). 

Figure 15 shows that the injection of an extract of 2.5 mg of CS i-v. was followed 

by a 244% increase in CVBF (9.6 * 0.26 ml-min-".kg bw-') and a 67% increase in DABF 

(1 1 -7 t 0.47 ml-min-'.kg bw-'). CVBF and DABF rernained elevated for 38 min and 24 

min respectively before falling to the pre-injection flow rates. An injection of Losartan (5 

mg.kg bw-' i.v. ) reduced significantly the response to the second injection of extact of 

2.5 mg of CS. CVBF increased to only 5.5 2 0.09 ml-min-'.kg bw" (97 % above baseline) 

and DABF increased to only 9.0 + 0.25 ml-min-'.kg bw-' (29% above baseline). This 

amounts to a 43% reduction in the flow response in the CV and a 23% reduction in flow 

response in the DA (Figure 15). 

(G) PD 72331 9 and the blood fiow responses to ANG II or CS-EXT 

Figure 16 illustrates the expected increases in CVBF and DABF following the injection 

of 50 ng.kg bd i.v. of ANG II. CVBF increased by 267% to 10.3 20.21 ml.min".kg bw-' 

and DABF by 74% to 12.2 20.37 ml.min".kg bw-' . BFR remained elevated in the CV for 

33 min and in the DA for 23 min before retuming to the pre-injection rates. Treatment 

with the mammalian AT, blocker PD 123319 (5 mg.kg bw-' i.v.) reduced the duration 

and intensity of the BF responses to a second i.v. injection of 50 ng-kg bw-' of ANG II. 

CVBF increased by only 7.2 I 0.35 ml.min".kg bw-1 (159%) and DABF by only 10.3 2 

0.28 ml.min".kg bw*' (47%). The flows remained elevated for 33 min and 13 min 

respectively (Figure 16). 



Figure 16. Effect of the rnamrnalian AT2 receptor antagonist PD123319 on the 

temporal changes in CVBF ( O ) and DABF ( ) in freshwater North Amefican 

eels. A. rostrata, after 2 i.v. injections of 50 ng. kg bw-' of [ ~ s n ' .  V ~ I ~ - A N G  II 

given before ( time = 55 ) and after ( time = I l 0  ) the i.v. injection of 5 mg.kg bw-' 

antagonist ( time = 100 ). CVBF: ( A to V ) P c 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P < 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Muitiple Range Test. 

VaIues are rnean + SEM. n = 5. 
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Figure 17. Effect of the mammalian AT2 receptor antagonist PD123319 on the 

temporal changes in CVBF ( O ) and DABF ( ) in freshwater North American 

eels. A. rostrata, after 2 i.v. injections of 2.5 mg. kg bw-' of CS-EXT given before 

( time = 55 ) and after ( time = 110 ) the i.v. injection of 5 mg. kg bw-' of 

antagonist ( tirne = 100 ). CVBF: ( A to V ) P < 0.05 compared with the 

preinjection values ( time = 1 to 50 ). DABF: ( A to ) P c 0.05 compared with 

the preinjection values ( time = 1 to 50 ); ANOVA. Duncan's Multiple Range Test. 

Values are mean + SEM. n = 5. 





The i.v. injection of an extract of 2.5 mg of CS was followed by significant and 

prolonged increases in CVBF and DABF. At its peak. CVBF had increased by 250% to 

9.8 t 0.24 ml.min-'.kg bw-' and the DABF had increased by 66% to 1 1 -6 20.43 ml.minm 

'.kg bw-'. The BFR in the CV remained elevated for 32 min whereas the BFR in the DA 

remained elevated for 24 min before returning to the pre-injection level (Figure 17). 

An i-v. injection of 5 mg. kg bw" of the marnrnalian AT, blocker PD 123319 

reduced significantly the responses to a second i-v. injection of an extract of 2.5 mg of 

fresh CS tissue. CVBF reached a peak rate of 7.1 10.25 rnl.minA.kg bw" (154% 

increase) and DABF a peak rate of 9.7 t 0.24 ml.min".kg bw-' (an increase of 39%). 

Flow rates in the CV remained elevated for 22 and 16 minutes respectively before 

returning to the pre-injection rates (Figure 17). Overall. PD 123319 only partially 

blocked the flow responses to components of the RAS. 



The effects of ANG I and ANG II on blood fiow 

The RAS has been thoroughly examined in over 100 different species of teleost fishes 

(Nishimura 1985, Sokabe 8 Ogawa 1974). ANG 1. a decapeptide, has been isolated 

and sequenced following extraction from the plasma of chum salrnon, 0. kefa 

(Takemoto et al. 1983). goosefish, L. lifulon (Hayashi et al. 1978). Japanese eel, A. 

japonica (Hasegawa et al. 1983) and North American eel. A. rostrata (Khosla et al. 

1985). ANG I is a biosynthetic intermediate of the RAS and has no known physiological 

function (Hirano & Hasegawa. 1984). Angbtensin conveRing enzyme (ACE) which. in 

fishes is located primarily in the gills and kidney (Nishimura 1985). rapidly converts 

ANG I to ANG II by cleaving a dipeptide from the C-terminal end of the molecule. Thus 

formed, ANG II has powerful direct and indirect effects on cardiovascular function in 

teleosts as well as higher vertebrates (Olson et al. 1989, Polanc et al. 1990). 

ANG II is the principal effector peptide of the RAS in teleost fishes, wherein it exerts 

a powerful vasopressor effect (Nishimura 8 Sawyer 1976. Churchill et al. 1979. Zuker 8 

Nishimura 1981, Carroll & Opdyke 1982, Perrott & Balment 1990). ANG Il is also known 

to increase cardiac output through its chronotropic and inotropic effects which lead to 

an increase in arterial blood flow and peripheral vasoconstriction in freshwater North 

American eels (Oudit 8 Butler 1995). ANG II also stimulates thirst (Carrick & Balment 

1983. Balment & Camck 1985) during adaptation of euryhaline fishes to seawater. ANG 

II is converted to ANG Ili by the cleavage of the N-terminal amino acid asparagine (Asn) 



and its conversion to a heptapeptide. The conversion is achieved by the action of 

peptidases known to be abundant in the kidneys and gills (Olson 1992). 

In the present study, approximate physiological doses of the peptides. ranging 

from 5 to 50 ng. kg bw" were used. Due to the rapid. peripheral conversion of ANG I to 

ANG II (Nishimura 1985). the effects of these peptides on flow were nearly identical. 

For instance. a 5 ng. kg bw-l dose of either [Asnl, Val5, GIfl-ANG I or [Asn', Va15]ANG 

Il caused a significant increase in venous blood flow, The increase in the rate of arterial 

blood flow became significant at the 10 ng. kg bw-' dose (Figure 2). The responses 

were higher at the 20 ng. kg bw-' dose and the highest at the 50 ng. kg bw-' dose. 

Because the range of doses did not exceed 50 ng. kg bw". a tme curvilinear dose- 

response relationship could not be established. However. I expenments show a strong 

positive correlation between the dose of peptide delivered and the resultant blood flow 

response. These results are consistent with eariier studies that showed that i.v. injection 

of [Asn'. Val5. GlyS]-ANG I or [ A d .  V~I~]-ANG II were followed by significant pressor 

responses in North American eels (Nishimura 8 Sawyer 1976. Nishimura et al. 1978). 

Oudit and Butler (1995) were the first investigators to demonstrate that the increase in 

arterial blood flow was the main contributor to the ANG il mediated pressor response in 

freshwater North American eels. They found that [Asnl, Val5. GIfl-ANG I or [Asn', val5]- 

ANG II has stimulatory effects on heart rate and stroke volume which increases artenal 

blood flow (cardiac output), and leads subsequently to higher arterial blood pressure- 

Although blood pressure was not measured in our experiments. the increase in arterial 

blood flow. following i.v. injection of [Asnl. Vals. Glyq-ANG I or [Asnl. Val5]-ANG II may 

have also caused an increase in arterial blood pressure. 



Figure 1 shows the dorsal aortic and caudal venous calibration curves for three 

freshwater eels. All of the regression lines have nearly identical slopes showing the 

highly significant positive Iinear correlation between the blood flow rate and 

corresponding Doppler shifts. Dorsal aortic and caudal venous blood flows were 

-determined by interpolation from these curves. Velocity profiles across the dorsal aorta 

and caudal veins (2.8 mm probe) were determined by making small serial increments in 

the range output which allowed us to determine the optimal distance at which blood 

velocity could be measured. As in earlier experiments (Butler & Oudit 1995, Oudit 8 

Butler 1995), both the dorsal aortic and caudal venous flow profiles were parabolic, 

indicating that flow was laminar in both vessels. During the experiments, the range was 

adjusted so that the peak mean blood flow was always measured. Similar velocity 

profiles have been observed in the pulmonary arteries of green turtles, Chelonia mydas 

(West 1989) and in the ventral and dorsal aortae of freshwater eels (Butler & Oudit 

1995). In summary 1 was fully confident that Doppler flow probe measurements in my 

experiments gave valid estimates of blood flow velocities. 

The Relationship between cardiac output, dorsal aortic blood pressure and dorsal 

aortic and caudal venous blood flows 

Butler and Oudit (1995) have studied the relationship between cardiac output (CO), 

dorsal aortic blood flow (DABF) and dorsal aortic blood pressure (P,,) in intact 

freshwater eels before and after removal of the corpuscles of Stannius (CS). which they 

presumed to contain renin or a renin-like substance. Three weeks after removal of the 

CS. there followed a 100% increase in estimated branchial shunting wherein the blood 



bypassed the gills and flowed directly to the dorsal aorta, and also a 25% decrease in 

cardiac output. DABF decreased by about 45% one week after CSX and remained 

there for the duration of the experÏment. PD, fell by 15% within four days after the 

glands were removed and gradually climbed back into the normal range by the 12<" day. 

These findings implied that the CS release a renin or a renin-like substance which led to 

further experïments by Oudit and Butler (1995). Their hypothesis was that the end- 

product of the corpuscular RAS (CRAS) is ANG II and that this peptide regulates 

cardiovascular function in freshwater eels. 

CO, DABF and PD, were rneasured simultaneously in conscious freshwater eels 

following i-v. injections of a series of graded doses of 25. 50. 100 and 150 ng.kg bw" of 

[ A d ,  Val '1 Angiotensin II (ANG II) (Figure 18). CO increased gradually at all doses but 

the increase was disproportionately large at the lower doses (Figure 18A). For example. 

25 ng.kg bw-' increased the CO by 4 ml.min-'.kg bw-' whereas a six-fold increase in 

dose (1 50 ng-kg bw-') increased the CO by only 8.2 ml.min-'.kg bw? Muscarinic 

receptor blockade with atropine potentiated these responses to graded doses of ANG II 

implying that cholinergie innervation of the eel heart initially downregulates CO via a 

baroreceptor reflex. ANG II also produced a dose-related increase in PD, (Oudit 8 Butler 

1995) which has been observed in other studies on freshwater eels (Nishimura et al. 

1978, Hirano & Hasegawa 1984). At a dose of 100 ng-kg bw" of ANG II. CO increased 

slightly within the first min but leveled off for a further two min suggesting a reflex 

inhibition of cardiac frequency. However, there was 



Figure 18. Temporal changes in CO (A) [control-( n = 8: a ) and atropine treated 

( n = 6; O ) 1. mean PD* (6; n = 6). and R,, (C: n = 6) in freshwater North 

Amencan eels Anguilla rostrata. after intravenous injection of 100 ngkg of [~sn ' .  

val5]-ANG II. Dorsal aortic blood flow followed the same trend as the changes in 

CO. A P < 0.01 compared with the preinjection value (time = O); 6 P < 0.05 

compared with atropine treated. Values are mean 2 SE. (Adapted wlh 

permission from Oudit and Butler, 1995) 





a rebound. as CO climbed rapidly reaching a peak within 9 min and remaining elevated 

for 15 min when the experiment ended (Figure 18B). In contrast the P, increased 

rapidly from the outset. peaked at 4 min and drifted downward slowly. By 15 min it had 

fallen to about 50% of the peak PD,. Peak systemic vascular resistance coincided with 

the peak PD; and fell rapidly thereafter so that it was only slightly above baseline for the 

last half of the 15 min observation period (Figure 18C). In summary. Oudit and Butler 

(1995) have shown that the increased CO due to increased stroke volume and cardiac 

frequency are the driving force for the increased P, which follow elevated circulating 

levels of [ A d ,  V a 1 5 ] - ~ ~ G  II. Nevertheless. these conclusions have Oeen drawn without 

measurements of dorsal aortic blood flows or retuming blood flows through the large 

caudal vein. If caudal venous flow increased substantially. then according to the Frank 

Starling Law. the increased filling pressure of the eel atrium (end diastolic volume) 

would lead to yet a further increase in cardiac output, superimposed on the direct action 

of ANG II on heart rate and stroke volume. Thus I have expanded on the work of Butler 

and Oudit (1 995) and Oudit and Butler (1995) by measuring the dorsal aortic blood flow 

and caudal venous blood flow in freshwater eels following the i.v. injection of a series of 

doses 5. 10. 20 and 50 ng-kg bw" of [Asn'. Val5, Glfl-ANG 1. [Asn'. Vaq-ANG II and 

[Val4]-ANG III (Figure 2). The amount of hormone, as low as 5 ng. kg bw" of [Asn'. 

V~ I~J -ANG II. required to elicit the observed cardiovascular responses. are some of the 

Iowest reported to date. Therefore, the measurement of blood flow in response to 

peptides. may be useful as a sensitive bioassay for testing elements of the RAS such 

as ANG 1. II and III or other vasoactive peptides such as 8-arginine vasotocin. 



The effects of ANG 111 on blood flow 

Figure 2 shows that DABF increased significantly following injections of 10. 20 and 50 

ng of [Asn'. vals. Glfl-ANG I and that al1 four doses increased CVBF. This showed that 

peripheral conversion of [Asnl. Val5. GlflANG I to [Asnl. VaITANG II was rapid and 

that each dose of this biologically inactive intermediate was as effective as an equal 

dose of exogenous ANG II (figure 2). Again. with [Asn'. Van-ANG II a 5 ng-kg bw-' 

dose did not significantly increase DABF. These flow responses to doses of [ A d .  

val5]-ANG II as low as 5 ng-kg bw-' are well within the physiological range and are the 

lowest yet reported to give a cardiovascular response to ANG I or Il, in any species of 

fish. In rnammals. ANG III possess only 40% of the pressor activity of ANG II (Dzau et 

al. 1988. Hall et al. 1992). Initially, it had been reported that [Asn4]-ANG III has virtually 

no pressor activity in Japanese eels. Anguilla japonica (Hirano 8 Hasegawa 1984). 

However. Butler and Oudit (1995) have recently shown that 25 ng-kg bw-' of [Asnq- 

ANG III increased CO by 23% by way of increasing stroke volume but not heart rate. 

Even though 150 ng-kg bw-' increased CO by 47%. there was still no measurable effect 

on heart rate. This lack of change in heart rate represented a clear difference in the 

cardiac responses to ANG II and ANG III. Peak PD, increased by 25% in response to 25 

ng and by 52% in response to 150 ng-kg bw" of ANG III which may have been due to a 

combination of an increased CO and peripheral vasoconstriction. The above 

observations (Butler & Oudit 1995) were supported by the present study. For example. 

Figure 2 shows that even though a 20 ng. kg bw-' i.v. injection of ANG III increased 

significantly CVBF (30%) it had no measurable effect on DABF. At the higher dose of 

50 ng-kg bw-' of val4]-ANG III . CVBF increased by 52% and DABF by 24%. Therefore 



DABF was less affected. My observations may show that pal4]- ANG III diffen from 

[Asn'. val5. Glfl- ANG I and [Asnl. Val5]-ANG II insofar as the hormone increases CO 

slightly through its direct effect on stroke volume but not on cardiac frequency. The 

increase in PD, is achieved by peripheral vasoconstriction. 

The effect of [Asnl. Val5. Glfl-ANG 1. [Asn'. ValSI-ANG II and [ Va14]-ANG Ill on 

blood fiow were tested in North American eels. We have shown that i-v. injections of 

ANG 1, ANG II or ANG Ill. cause dose-dependent increases in artenal (dorsal aorta) and 

venous (caudal vein) blood flows. These results augment the findings of earlier studies 

of the effect of these peptides on the arterial blood pressure and blood flow in some 

fishes. 

Evidence for a renin or renin-like enzyme in the CS: flow responses to CS-EXT 

and hRS 

Now that the experirnental set-up has been shown to be sensitive to angiotensins and 

that CVBF and DABF responses to as little as 5-10 ng-kg bw-' of [Asnl, v~IT-ANG II. 

one rnay proceed with the next step. That is to show that the CS contain renin or a 

renin-like substance. Figure 3 illustrates three experiments that are related to this 

hypothesis. In order to exclude the possibility that the posterior kidney contains 

substantial or measurable arnounts of renin, we tested the flow responses in the DA 

and CV following the i-v. injection of 5.0 mg of a saline extract of the posterior or 

functional kidney. Since this region contains the majority of the filtering glomenili, and 

therefore the bulk of the juxtaglomerular cells containing renin (Capreol and Sutherland 

1968) one might expect a pressor or flow response from the extract- However, there 



was no measurable response to this extract but there was hormonal activity in the CS 

extracts. 

This is the f int study to demonstrate that approxirnate physiological doses of an 

extract containing 0.50, 1.25 or 2.50 mg. Kg bw-' of fresh CS can cause immediate and 

sustained, dose-dependent increases in artenal and venous blood flows. Only the 

lowest dose (0.50 mg. kg bw-'), equivalent to one-tenth of a corpuscle per kg bw. failed 

to elicit a significant flow response. whereas a 1.25 or 2.50 mg. kg bw' dose of CS 

increased arterial and venous blood fiows well beyond baseline levels (Figure 3). The 

results of my study strongly support earlier findings on the pressor effects of the CS. 

Extracts from the CS of four different species of teleosts (A. anguilla, C. carpio. 

C. auratus. L. litulon) were al1 found to have significant pressor effects in anaesthetized 

rats (Chester-Jones et al. 1966. Sokabe et al. 1970). Surgical removal of the CS 

(stanniectomy) in European eels, A. anguilla and North American eels, A. rostrata is 

followed by a rapid decline in arterial blood pressure (Chester-Jones et al. 1966, Bailey 

& Fenwick 1975). In a recent study. as much as a 15% decline in dorsal aortic blood 

pressure and a 45% decline in dorsal aortic blood fiow were reported in the North 

American eel following stanniectomy (Butler et al. 1995). In stanniectomized eels, the 

blood pressure depression was corrected by intravenous injections of extracts of eel CS 

(Chester-Jones et a/. 1966). However, there are no published reports on the effect of 

CS extracts on dorsal aortic or caudal venous blood flow rates. Rernarkably. the 

duration and the intensity of the response to just 2.50 mg. kg bw" of CS is equivalent to 

a 50 ng. kg bw-' injection of [Asn'. Val5, Glfl-ANG I or [Asnl, Va15]ANG II. Our 



experiments cleariy show that the CS contain a vasoactive principle that is a potent 

stimulator of arterial and venous bfood flow, in the intact North American eel. 

A saline extract of 0.5 mg .kg bw-' of CS-EXT failed to change DABF or CVBF. 

but an i-v. injection of 1.25 mg of CS-EXT was followed by a 127% increase in CVBF 

and a 45% increase in DABF. 60th of these increases were statistically significant 

(Pc0.05) compared with saline-injected control values (Figure 3). Even greater 

responses were observed following the injection of an extract from 2.5 mg CS. kg bwl. 

CVBF increased by 237% and DABF by 64%. both fiows being significantly greater 

than both the saline injected controls and in the 1.25 mg group. This observation. 

added to the discovery by Chester Jones et al. (1966) that extracts of freshwater 

European eel. A. anguilla. CS contained a renin-like pressor substance. strengthens rny 

hypothesis that the CS contain significant renin-like activity in teleost fishes. Finally, l 

injected three doses (50. 100 and 150 ng.kg bw-' i.v.) of human renin substrate (hRS) to 

show if endogenous eel renin from either the posterior kidney JG cells andfor the CS 

cleave the decapeptide ANG I from this substrate. It would be rapidly converted to ANG 

II by endogenous ACE and one rnight expect to observe changes in CVBF and DABF 

similar to those shown in Figure 2 in response to injected [Asn'. Val5. Glfl-ANG I and 

[Asn'. Val5]-ANG II. Figure 3 shows that at the intemediate dose there was a 

statistically significant (P<0.05) 38% increase in CVBF but no change in DABF. At the 

highest dose of 150 mg-kg bw-l i-v.. both the CVBF (16%) and DABF (42%) increased 

significantly. Apparently hRS was an adequate but not quantitatively strong substrate 

for endogenous eel renin (Figure 3). 



The response to human renin substrate [Asp', Iles. Hisq (hRS) has not been 

previously tested in freshwater North American eels. It had been reported that kidney 

extract from the eels can fom angiotensin from synthetic hRS as well as fowl renin- 

substrate (Nishimura 1980). The results of our study suggest that in the eel, the 

conversion of hRS to angiotensins can also occur in vivo. It should be considered that 

in mammals, the reaction of renin on renin-substrate shows strong species specificity 

(Schaffenburg et al. 1960, Grill et al. 1972). In our case. the reaction between eel renin 

and heterologous substrate may not have proceeded with great efficiency, resulting in 

the inadequate production of angiotensins and hence the observed weak flow 

responses. 

Inhibition of putative renin in eel CS-EXT and of hRS by Pepstatin A 

Flow responses to extracts of CS were inhibited by prior i.v. injections of 1 mg. kg bw-' 

of pepstatin A. This implied that the CS contained 'renin" (Figure 7). Pepstatin A is a 

bacterially derived pentapetide (Umezawa et al. 1970) which is a highly effective, 

cornpetitive inhibitor of acid proteases such as human pepsin, gastricin, cathespin D 

(Marciniszyn et al. 1976) and human renin (Gross et al. 1977). It has been suggested 

that Pepstatin A is unsatisfactory for use in studies of the RAS because it lacks 

specificity for renin (Gauten et al. 1984. Haber 1985). However. of al1 the acid 

proteases. renin is the only enzyme that can fomi ANG I at a significant rate. Pepstatin 

A decreases renin activity ( P M )  by at least 80% (Hidaka et al. 1985). The intravenous 

injection or constant infusion of Pepstatin A reduced blood pressure and blocked the 



pressor effects of exogenous renin in rats (Evin et al. 1978. Miyazaki et al. 1979, 

Antonaccio 1982). 

This is the first expenmental test of the effects of pepstatin A in any species of 

fish. The effects of pepstatin A in freshwater eels were found to be analogous to its 

effects in mammals (Figure 6). revealing the highly consewed nature of the RAS. We 

showed that pepstatin A can inhibit renin-activity in vivo since the flow response to hRS. 

the renin substrate. was also abolished (Figure 6). Furthemore. the inhibitory effect of 

pepstatin A was shown to be renin-specific. since the flow response to i.v. injections of 

[Asn'. Val5, GIfl-ANG I (Figure 4) were not prevented by prior administration of 

Pepstatin A. This result was expected since the conversion of [Asn'. Vals. Glfl-ANG I 

to [Asn'. Val)-ANG II the active peptide. depends only upon AC€ which is not blocked 

by Pepstatin A. Finally. Pepstatin A had no measurable effect on CVBF or DABF 

responses to ANG II (Figure 5) because no enzymatic conversion of the peptide takes 

place in the RAS. ANG II is therefore able to act with full force. 

The functional connection between the CS and the RAS has been investigated 

previously using a variety of different experimental approaches. In each case. the 

investigators concluded that the CS contain a renin-like pressor that is capable of 

forming ANG 1 .  It is known that extracts made from the CS of freshwater eels contain a 

powerful pressor that has many of the physical and functional properties of mammalian 

renin (Chester-Jones 1966). Studies show that the CS from the Japanese eel (Ogawa 

et al. 1982), the chum salmon (Takernoto et al. 1983) and the goosefish (Hasegawa et 

al. 1984) can produce ANG I when it is incubated with homologous plasma. In our 

study, we compared the fiow response to CS-EXT in intact anirnals with the same 



response under the condition of renin-inhibition, carried out by a 1 mg. kg bw-' injection 

of pepstatin A. For instance (Fig. 7). in the unblocked state, blood flows in the dorsal 

aorta and the caudal vein becornes significantly elevated for 24 to 33 min following CS- 

EXT injection. compared to blood flow during the preceding (55 min) vehicle injected 

period (Duncan's Multiple Range Test. p < 0.05). However. in the blocked state, CS- 

EXT failed to elicit any significant increase in flow. Therefore. we clearly demonstrated 

that renin activity underscores the flow and presumably the pressor response to CS- 

EXT. 

Depending on the species examined. the total renin activity of teleost CS is 

estirnated to be only 0.1 to 0.7 % that of the kidney (Sokabe et al. 1970). However. I 

showed that the renin-like activity found in just 1.25 mg. kg bw-' of CS-EXT (equivalent 

to approximately one quarter of a CS. kg bw-'), could elicit significant increases in 

arterial and venous blood flow (Figure 3). One may consider the fact that the posterior 

or functional kidney of eels contains relatively few large nephrons (Audige 1910). 

Therefore one may hypothesize that the actual number of putative renin-secreting 

granulated cells may be far greater in the two functioning CS, where their nurnber 

exceeds 90% of the total cell content. Of particular relevance is the fact that compared 

to renal renin. isorenins found in both rat brain and hog spleen. exhibit a 1000-fold 

greater sensitivity to the inhibitory action of Pepstatin A (Hackenthal et al. 1978). On the 

basis of rny study. the CS of North American eels may also contain isorenins that are 

highly sensitive to Pepstatin A. and are capable of forming angiotensins with a higher 

than expected efficiency. 



Blood flow responses to putative renin in eel CS-EXT and to hRS: 

(A) Inhibition of the second-step endogenous conversion of ANG 1 to ANG II with 

cap topril 

Captopril is a potent inhibitor of angiotensin-converting enzyme (ACE). and blocks the 

-enzymatic conversion of ANG I to ANG II (Ondetti et al. 1977). In my study. Captopril 

completely blocked the flow responses to i-v. injections of CS-UCT (Figure 11) . hRS 

(Figure 10) and ANG 1 (Figure 9) but not to ANG II (Figure 8). as would be predicted- 

In ma mmals, Captoprif reduces blood pressure and blocks the pressor response 

to i.v. injections of ANG 1. without affecting the response to ANG II (Ferguson et al. 

1977. Gavaras et al. 1978. Rotmensch et al. 1988). In the rainbow trout. 0. Mykiss, 

Captopril inhibits ACE-activity which is located primarily in the gills- As a result. there 

follows a significant reduction in dorsal aortic blood pressure presumably because of 

decreased circulating levels of ANG II (Lipske et al. 1987). Captopril and its natural 

analogue, teprotide (SQ 20881). block the pressor effects of exogenous goosefish 

[Asn'. Val5. Hisq-ANG I or chum salmon [Asn', Val5. TyflANG 1. in unconscious- 

vagotomized rats (Nakajima et al. 1971). Similarly. SQ 20881 and presumably Captopril 

can inhibit the pressor response to ANG I in North Arnerican eels but not the pressor 

response to ANG II (Nishimura et al. 1978). Such studies confirrn not only the presence 

of ACE in North American eels. but also the absolute requirement of ACE-activation in 

the fl ow and pressor responses to ANG I and its precursor. hRS. 

In mammals, ACE catalyzes not only the formation of ANG II, but also the 

degradation of bradykinins (Erdos 1977). Bradykinins are powerful vasodepressors that 

act by stimulating the production of arachidonic acid metabolites, nitric oxide and 



endothelium-derived hyperpotarized factor (Vanhoutte 1989). Therefore, ACE inhibition 

should restrict the formation of ANG II. and promote the accumulation of bradykinins. 

Studies show that bradykinins may also be present in teleosts (Olson et al. 1997), 

although their function is unclear. For instance, kinin-like substances have been 

identified in the carp, Cyprinus carpio (lnouye et al. 1961) and the rainbow trout (Dunn 

& Perks 1975). The occurrence of kinin-like substances in other teleost species, such - 

as the North American eel, cannot be discounted. As stated above, my study shows 

that the ACE inhibitor Captopril can abolish the blood flow response to CS-EXT, hRS 

and ANG 1 .  Under these conditions, when AC€ is inhibited, kinin-like substances may 

accumulate in tissues and possibly affect blood flow and pressure. If so, one should 

interpret the flow responses with caution and consider that the changes in fiow in 

response to Captopril may not be caused only by a reduction in blood levels of ANG II. 

In my study, one may Iargely discount any interference from putative kinins because the 

extent and duration of the fiow responses to [Asn', Va15]ANG II are similar before 

treatment with Pepstatin A (Figure 5). before treatrnent with Captopni (Figure 9) and 

after treatment with Captopril (Figure 9). 

(B) Effects of the AT, and AT, receptor antagonist Sarile 

In this study, i-v. injection of 50 ug.kg bw-' of Sarile. a potent ANG II- receptor 

antagonist (Yamamoto et al. 1972). abolished the increased CVBF and DABF which 

followed the i.v. injection of 2.5 mg. kg bw-' of CS-EXT (Figure 13). This implies that 

renin-like activity is contained within the CS-EXT's. and had ultimately generated 

endogenous [Asn', ValS]-ANG II which in turn, increased CVBF and DABF. When i.v. 



injection of the same amount of CS-EXT was preceded by mammalian AT, and AT, 

receptor blocken. the extract failed to generate the earfier increases in CVBF and 

DABF (Figure 13). The next experiment (Figure 12) showed that the amplitude and 

duration of the increased CVBF and DABF responses to ANG Il almost matched the 

responses to CS-EXT (Figure 13). If an i-v. injection of 50 ug.kg bw-' of Sarile was given 

before the second injection of [Asnl. Val)-ANG II. the flow responses were blocked 

completely (Figure 12). Sarile was fully effective as an ANG II inhibitor in these 

freshwater eels. a finding that is in accordance with earlier observations showing that 

Sarile inhibits the pressor effects of ANG II in rats and canines (Johnson et al. 1972. 

Turker et al. 1972). Moreover. Sarile can inhibit the other actions of ANG II. including 

the stimulation of aldosterone synthesis and the myotrophic effects on vascular smooth 

muscle (Johnson et al. 1973, Hall et al. 1974). Through the use of radioimmunoassays. 

Sarile has been shown to bind indiscriminately to both AT, and AT, recepton 

(Timmermans et al. 1993). 

Sarile also blocks the pressor responses to ANG II in birds, reptiles. amphibians 

and fishes other than eels. For example. Sarile can block the pressor response to ANG 

II in Pekin ducks. Anas platyrhynchos (Butler et al. 1998) and chickens. Gallus 

domesticus (Moore et al. 1981. Nakamura et al. 1982). Moreover. a clear inhibitory 

effect of Sarile on the pressor response to ANG II has been observed in Western 

painted turtles, Pseudemys scripta elegans (Zehr et al. 1981) and in bullfrogs. Rana 

catesbeiana (Harper et al. 1985). 

In some cases. ANG II receptors which were unaffected by nonpeptide 

antagonists such as Losaratan or PD 123319 were fully blocked by peptide antagonists 



such as Sarile. For example, ANG II receptors in the adrenal gland of Pekin ducks. A. 

platyrhynchos (Gray et al- 1989) and the heart of African clawed toads. Xenopus laevis 

(Bergsma et al. 1993) bind Sarile but not other known ANG II antagonists such as 

Losaratan and PD 123319. On the other hand, my experirnents have shown that in A. 

rostrata, ANG II receptors respond to both Sarile (Figures 12 and 13) and nonpeptide 

antagonists such as the AT, receptor blocker Losartan (Figures 14 and 15) and the AT, 

blocker PD1 2331 9 (Figures 16 and 17). The latter experiments with nonpeptide ANG II 

receptor antagonists reveal further that these receptors may represent two distinct 

subtypes, similar to AT, and AT, receptors in mammals. 

(C )  Effects of the AT, receptor antagonist Losartan and the AT, receptor 

antagonist PD 123319 

My experiments are the first to show that i-v. injection of the synthetic nonpeptide ANG 

II receptor antagonists. Losartan and PD123319 have inhibitory effects on the CVBF 

and DABF responses to CS-EXT (Figure 15 and 17) and ANG II (Figure 14 and 16) in 

freshwater eels. Eariier studies on rat and bovine tissues have shown that Losartan and 

PD1 2331 9 bind discriminately to 2 subpopulations of ANG II receptors. designated as 

AT, (Losartan) and AT, (PD1 23319) receptors (Chang et al. 1990. Bumpus et al. 1991 ). 

AT, receptors are found in the heart, vascular tissues, adrenal cortex, renal tubules and 

the circurnventricular organs of the brain (Chiu et al. 1989. Herblin et al. 1991 ). As such. 

these receptors mediate al1 of the classical responses to ANG II including 

vasoconstriction, blood pressure elevation, aldosterone release, renal tubule sodium 

reabsorption, thirst. sodium appetite, as well as hyperplesia and hypertrophy of vascular 



and cardiac smooth muscle (Timmermans 1993). All of the aforementiohd central and 

peripheral actions of ANG II are inhibited by the AT, receptor antagonist Losartan, (see 

reviews by Griendling et al. 1994. Messerli et ai. 1996). In studies on rats and dogs, i.v. 

injections of Losartan blocked the pressor effects of ANG If, while the pressor response 

to other hormones such as norepinephrine or vasopressin were unaffected (Chiu et al. 

1990, Wong et al. 1991 ). 

AT, receptors on the other hand. are less prevalent and their function is 

unknown. In rats. the highest concentrations of AT, receptors occur in the adrenal 

medulla. utenis. thalamus and the developing fetus. though their numbers dirninish 

dramatically post-partum (Smith et ai. 1992. Viswanathan et al. 1991). Inhibition of AT, 

receptors with PD1 2331 9, PD1 231 77 or CGP42112 does not affect the responses to 

ANG II, including pressor responses (Wong et al. 1990. Dudley et ai. 1990, Griendling 

et al. 1994). 

The results of our study show that blood flow responses to ANG II in freshwater 

eels. may be mediated concurrently by AT, receptors and AT, receptors. The fint 

experiment showed that the increase in CVBF and DABF which followed the i.v. 

injection of CS-EXT (Figure 15) were only partially blocked by an i-v. injection of 5 

mg-kg bw" of the mammalian AT, antagonist losartan (Figure 15). The reduced flow 

response was not due to a failure of the CS-EX1 initiated [Asnl, Val)-ANG II generating 

system (Figure 15) because in a second expenment using [Asn'. Val?-ANG II. the 

result was much the same. Figure 14 shows that an i.v. injection of 50 ng-kg bw-' of 

[Asnl. v~I~]-ANG II gave a typical and clear increase in both CVBF and DABF which 

again. as in the CS-EXT experiment was only partially blocked with Losartan. 



Since only partial blockade of the flow responses to [Asnl. VaqANG II was 

achieved with the marnmalian AT, antagonist Losartan, it was important to repeat the 

experiment using the AT, antagonist PD 123319. Figure 17 shows that eel CVBF and 

DABF both increased, as before (Figure 15) following an i.v. injection of 2.5 mg of fresh 

CS. This increase was diminished partially if the eels were given an i.v. injection of 5 

mg-kg bw" of the AT, antagonist PD 123319 before the subsequent injection of CS- 

EXT (Figure 17). This result implied that the CS extract generated endogenous ANG II. 

In the second experiment (Figure 17). 1 observed that. as with Losartan, PD 123319 

only partially blocked the fiow responses to ANG II (Figure 17). 1 concluded that both 

AT, and AT, receptors may collaborate to directly andlor indirectly regulate CVBF and 

DABF. Although AT, or AT, inhibition alone. failed to abolish the DABF and CVBF 

responses to i-v. injections of ANG II or CS-EXT. their combined inhibitory effect on 

DABF and CVBF is close to 100%. Therefore, one can argue that AT, and AT, 

receptors effectively rnediate al1 of the DABF and CVBF responses to ANG II or CS- 

EXT. 

My studies augment previous findings on the characterization of ANG II 

receptors in teleost fishes. In the rainbow trout. 0. Mykiss, ANG II receptors have been 

found in many tissues including the heart, gills, kidney. brain and the adrenocortical 

homologue (Cobb et al. 1992). Of particular relevance to my investigation is the 

identification of AT,-like receptors in the liver. gill. kidney and intestines of freshwater 

European eels, A. anguilla. In addition to the AT,-like receptors, in these eels, there is 

evidence for a second receptor subtype in the liver (Manigliante et al. 1994. 1995). 

Similarly, AT,-like receptors have been identified in toadfish vascular smooth muscle 



(Nishimura & Qin 1994). The existence of multiple ANG II receptor subtypes in the eel 

is strongly supported by the results of our study which show that the blood flow 

response, and presumably the pressor response to [Asnl. Val7-ANG II (Butler et al. 

1995), is rnediated by two subtypes of ANG II recepton. akin to mammalian AT, and an 

AT, receptors. 

Alternatively. ANG II receptors in North American eels rnay represent a unique 

receptor subtype that has characteristics of both AT, and AT, receptors. Experirnental 

evidence suggests that ANG II receptor heterogeneity is prevalent among lower 

vertebrates. Receptors for ANG II have been well characten'zed in birds and 

amphibians. where they mediate rnany of the classical responses to ANG II. including 

pressor effects (see review by Nishimura 1980). Avian ANG II recepton may also differ 

from mammalian AT, and AT, receptors. since the predicted effects of nonpeptide ANG 

II receptor antagonists on the actions of ANG II. are not observed. In Pekin ducks. A. 

platyrhynchos, i.v. injections of both losartan and PD123319 failed to block either the 

pressor response. or the attenuation of nasal salt gland secretion following i.v. infusion . 

of ANG II (Butler et al. 1998). Furthermore. studies on the domestic fowl. G. 

domesticus, showed that neither losartan nor PD123319 inhibit the actions of ANG II on 

isofated blood vessels and adrenal tissues (Le Noble et al. 1991, Hasegawa et al. 1993. 

Gray et al. 1989). In clawed toads. Xenopus laevis ANG II receptors are found in the 

heart, kidney, interrenais and ovarian follicles. They have a low affinity for Losartan 

(Kloas et al. 1992. Sandberg et al. 1990. Sandberg et al. 1991 ). Thus the presence of 

novel ANG II receptors that mediate the flow and pressor effects of ANG II in North 

American eels would not be inconsistent with evolutionary trends. 



Figure 1 9. Stepwise pharrnacological inhibition of the blood flow responses to peptide 

components of the eef RAS, incuding the possible rote of the CS. 

DABF (Dorsal Aortic Blood Flow), CO (Cardiac Output) 

CVBF (Caudal Venous Blood Flow), VR (Venous Retum) 
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SUMMARY 

1) DABF and CVBF increased in freshwater North Amencan eels, A. mstrata, in a 

dose-dependent manner following i.v. injection of 5. 10. 20 and 50 ng. kg bw" [Asnl. 

Vals. Glfl-ANG I or [ A d .  Val5]-ANG II. The effects of [Asn'. Vals. Glfl-ANG I and 

[Asnl. va15]4NG II on DABF and CVBF were identical, the minimum effective dose was 

5 ng. kg bw-'. 

2) Physiological doses of pal?-ANG 111 (5. 10. 20 and 50 ng. kg bw-') increased DABF 

and CVBF in a dose-dependent manner. The minimum effective dose of pal4]-ANG III 

was 10 ng. kg bw? 

3) lntravenous injection of 0.5. 1.25 or 2.5 mg. kg bw-' CS-EXT caused immediate and 

sustained dose-dependent increases in DABF and CVBF. Similar increases in DABF 

and CVBF was observed following the i.v. injection of 50. 100 or 150 ng. kg bw-' hRS. 

The DABF and CVBF responses to the 2.50 mg. kg bw" injection of CS-EXT were 

comparable to the responses to 50 ng. kg bw-' of [Asnl. Val5. Glfl-ANG I or [Asnl. 

Val5]-ANG II. 

4) Renin-like activity mediates the DABF and CVBF responses to hRS and CS-EXT. 

The blood flow responses to 150 ng. kg bw-' hRS or 2.5 mg. kg bw-' CS-EXT were 

completely blocked by a prior injection of 1 mg. kg bw" of the mammalian renin 



inhibitor. Pepstatin A. Pepstatin A did not affect the Row responses to 50 ng. kg bw-' of 

[Asn'. Vals. Glfl-ANG I or [Asn'. ValS]ANG II. 

5) The DAEF and CVBF responses to [Asnl, Val5. Glfl-ANG 1. hRS or CS-EXT are 

ACE-dependent. 1 mg. kg bw-' of the mammalian ACE-inhibitor, Captopfil completely 

abolished the flow responses to 50 ng. kg bw" [Asnl. Val5, Glfl-ANG I , 150 ng. kg bw- 

' hRS or 2.5 mg. kg bw-' CS-EXT. Captopnl did not affect the flow responses to 50 ng. 

kg bw-' of [Asn'. ValS]-ANG II. 

6) The marnmalian AT, and AT, receptor antagonist [Sar'. Ile7-ANG II (Sarile) is a 

potent in hibitor of the DABF and CVBF responses to [Asn'. Val5]-ANG II or CS-EXT. 50 

ug. kg bw-' Sarile completely blocked the flow responses to 50 ng. kg bw-' of [Asnl. 

Val5]-ANG II or 2.5 mg. kg bw-' CS-EXT. 

7) The CS of freshwater North American eels. A. rostrata, contain a potent renin-like 

pressor substance which participates in the synthesis of ANG II. in conjunction with 

other endogenous elements of the eel RAS 

8) Losartan. the mammalian AT, receptor antagonist or PD1 233 19. the mammalian 

AT, receptor antagonist partially blocks the DABF and CVBF responses to 50 ng. kg 

bw-' of [Asn'. Valq-ANG II or 2.5 mg. kg bw-' CS-EXT. 



9) Cardiovascular regulation in A. rostrata may be mediated through two subtypes of 

ANG II receptors; an AT,-like, Losartan sensitive subtype and an ATJike, PD123319 

sensitive subtype. 
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